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Abstract

Keywords

One of the most important essential pillars in the fight against antibiotic resistance is to optimize
antibiotic treatment by developing and optimizing appropriate methods to establish the antibiotic sus-
ceptibility profiles of a specific microbial strain. Moreover, this will contribute to the surveillance
and limitation of antimicrobial resistance transmission and spread. Therefore, it is also imperative to
harmonize different approaches and techniques and to perform suitable antimicrobial susceptibility
tests in microbiology laboratories to achieve precise, reproducible, and comparable results. However,
the conventional methods for antimicrobial susceptibility testing are usually based on bacterial culture
methods, which are time-consuming, complicated, and labor-intensive. Therefore, other approaches
are needed to address these issues. In this mini-review, we will present the common and future per-
spectives in antimicrobial susceptibility testing. Microfluidic technology and electrochemical devices
have recently gained significant attention in infection management. These advantages include rapid
detection, high sensitivity and specificity, highly automated assay, simplicity, low cost, and potential
for point-of-care testing in low-resource areas.
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Introduction

The alarming increase in antimicrobial resistance leads
to the urgent need to harmonize different approaches and
techniques and to perform suitable antimicrobial suscepti-
bility tests (ASTs) in microbiology laboratories (PEELING
& al [1]).

Quantitatively, bacterial drug resistance is established by
measuring a parameter called minimum inhibitory concentra-
tion (MIC), the lowest concentration of a drug that prevents
the growth of bacteria. MIC measurements are the basis for
establishing resistance breakpoints by agencies such as CLSI
or EUCAST. A breakpoint is a drug concentration against
which a patient sample is tested — if there is growth, the bacte-
rial strain is resistant; if there is no growth, the strain is sus-
ceptible. Setting breakpoint values by medical agencies is
based on MIC and pharmacokinetics and pharmacodynamics
(PK/PD) of an antibiotic (POSTEK & al [2]). Clinicians use
breakpoint values based on the MIC but not the MIC itself.
Breakpoint values, although highly useful, do not convey the
information that a MIC screen personalized to a given patient
would: e.g., a breakpoint does not necessarily take into ac-
count a wild-type resistance distribution, which can lead to
both false positives and false negatives, or there is a possibil-
ity that a tested bacterium does have a resistance mechanism
but is still below the breakpoint (CAMA & al [3]).

Since 1976, The Clinical and Laboratory Standards In-
stitute (CLSI) has sought to find the most appropriate values
for polymyxin in the clinic by introducing polymyxin disk
diffusion breakpoints (NCCLS, 1976). Today, the threat of
MDR Acinetobacter spp. and Pseudomonas aeruginosa per-
sists, and carbapenem-resistant Enterobacterales (CRE) have
become significant global health challenges. CRE are endem-
ic in the U.S., Latin America, Asia, Greece, Italy, and Israel,
with high rates in some countries (LOGAN & al [4]; TAMMA
& al [5]). In 2013, considering this explosion of resistance
phenomenon, CLSI and the European Committee on Antimi-
crobial Susceptibility Testing (EUCAST) reviewed colistin
breakpoints for Enterobacterales, Acinetobacter spp., and P.
aeruginosa.

Common AST methods

The use of an accurate method for testing antimicro-
bial susceptibility (AST) for colistin is critical and urgent,
given the continuing increase in the number of multi-resis-
tant strains. EUCAST and CLSI have recommended broth
microdilution (BMD) as the reference for identifying MIC
(minimum inhibitory concentration) breakpoints in clini-
cal settings. However, the BMD of colistin has some lim-
itations in methodology, which is why it is rarely used in

clinical laboratories. First, colistin can bind to polystyrene
trays, solving this problem by adding a surfactant (KAUR
& al [6]). This situation was analyzed by a joint working
group, which recommended that the testing be done using
sulfate salt of colistin and standard polystyrene trays, given
that the surfactant does not improve the performance of the
method. Also, BMD requires antibiotic solutions prepared
extemporaneous or frozen solutions; it is a laborious method
that consumes time and requires experience to interpret the
results correctly (HU & al [7]; RANJAN & al [8]).

Consequently, most laboratories have focused on using
automated susceptibility testing systems and disc-diffusion
methods. However, international committees have expressed
concern about the variable results obtained from these rap-
id tests. Due to colistin molecules’ large size and cationic
nature, disc-diffusion and gradient diffusion methods have
proved unfeasible. Kulengowski et al. compared the results
obtained after performing the BMD and E-test methods in 70
CRE strains. The authors found a considerable discordance
between the E-test and BMD (a significant error of 88%).

Most importantly, E-test poorly predicted the polymyxin
B MIC for isolates exhibiting elevated polymyxin B MICs
by BMD (KULENGOWSKI & al [9]). In another study
aiming to analyze these rapid methods, the gradient tests
generally underestimated colistin MICs, resulting in many
false susceptible results, a significant mistake in the clinic
(MATUSCHEK & al [10]). Kananizadeh et al. obtained sig-
nificantly higher MICs for colistin using the BMD method
associated with brain-heart infusion (BHI) medium, Luria-
Bertani (LB) broth, tryptic soy broth (TSB), or cation-ad-
justed Mueller-Hinton broth CA-MHB supplemented with
casein, tryptone or peptone. These results suggest that the
BMD method using BHI is beneficial when performed with
the BMD method using CA-MHB to detect mcr-9-positive
isolates (KANANIZADEH & al [11]).

Although the BMD has some limitations, EUCAST and
CLSI recommend this method as the gold standard for co-
listin’s antimicrobial susceptibility testing. However, con-
sidering that many laboratories rarely use this method in
clinical routine, alternative AST methodologies are highly
desirable.

Emerging AST methods

Microfluidic-based diagnostic is one of the most prom-
ising technologies for AST. Microfluidics is an expanding
field based on using fluids in micro-volume to obtain a con-
trollable environment in an in vitro system characterized by
portability, cost-effectiveness, and reproducibility (POSTEK
& al [2]; LI & al [12]). Integrated microfluidic devices are
based on micro-total analysis systems and are used success-
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fully in molecular biology (QIN & al [13]). Given that the
amount of biological samples has been a problem over time,
using a minimum amount of samples in microfluidic tech-
nology makes this system a perfect candidate for solving
this problem. Currently, microfluidic systems can analyze
a single cell and the interaction of the cell in the signaling
network that exists within the cells in culture. However, as
mentioned earlier, the techniques commonly used to achieve
AST are laborious, time-consuming, high risk of cross-
contamination, and require resources that limit their use in
certain developed regions (GAJIC & al [14]). Microfluidics
systems can be a solution for addressing these shortcomings
(KLEIN & DIETZEL [15]).

Another possible strategy for improving AST is to cou-
ple microfluidic devices with an optical sensor to detect
MIC values within a few hours. Recent studies on single-cell
analysis have shown that microfluidic optical sensor-based
can detect MIC breakpoints in 30 minutes (QIU & NAGL
[16]; HUANG & al [17]).

ATP bioluminescence assay is a luciferase-mediated
enzymatic reaction that converts the luciferin substrate to
oxyluciferin in the presence of ATP, leading to the emission
of a quantum of light (WANG & al [18]). Dong and Zhao
analyzed the susceptibility of 13 strains associated with uri-
nary tract infections using this phenomenon. The analysis
was performed against eight antibiotics on a microfluidic
plate. The resistance is transposed into a bioluminescence
phenomenon when the bacteria grow in an antibiotic’s pres-
ence while the sensitive strains remain neutral. This method
provides MIC breakpoints that could be detected in 6-8
hours (DONG & ZHAO [19]).

Another research direction in improving AST is the use
of electrochemical devices. One of the most significant stud-
ies utilized AC electrokinetic fluid motion and Joule heating-
induced temperature elevation for the electrochemical sens-
ing of bacterial 16S rRNA, providing essential information
on the analysis of susceptible bacteria (LIU & al [20]). The
latest electrochemical biosensor can achieve AST in about
90 minutes and isolate bacteria from blood samples (SAFA-
VIEH & [21]; ZHANG & al [22]).

Diep et al. combined inexpensive portable components
for microbial cytometry to establish the feasibility of rapidly
monitoring bacterial motility in the presence of antibiotics.
They investigated whether the 3D-printed OpenFlexure mi-
croscope using a low-cost Raspberry Pi v2 camera has suf-
ficient magnification and resolution to monitor bacterial mo-
tility in microdevices. Adequate magnification and contrast
were achieved to view motile bacteria and allowed differ-
ences in behavior to be observed in the presence of antibiot-
ics above the organisms’ minimum inhibitory concentration

(MIC) for that antibiotic. The authors demonstrated that the
OpenFlexure microscope combined with microfluidic sys-
tems allows rapid antibiotic resistance detection. (DIEP &
al [23]).

Lin et al. present a microfluidic device that generates a
concentration gradient for antibiotics produced by diffusion
in the laminar flow regime along a series of lateral microw-
ells to encapsulate bacteria for antibiotic treatment. All the
AST preparation steps were performed in a single chip. Af-
ter the antibiotic treatment, the viable bacterial cells in each
microwell are then quantified by their surface-enhanced Ra-
man scattering (SERS) signals acquired after placing a uni-
form SERS-active substrate in contact with all the microw-
ells. The authors demonstrated the AST performance of this
system on ampicillin (AMP)-susceptible and -resistant E.
coli strains (LIN & al [24]).

Yamagishi et al. used the drug susceptibility testing mi-
crofluidic device (DSTM) to achieve the rapid screening of
extended-spectrum B-lactamases (ESBLs) and metallo-f3-
lactamases (MBLs). B-lactams and fB-lactamase inhibitors
were pre-fixed in the DSTM for use, and a bacterial sus-
pension in Mueller-Hinton broth was introduced into the de-
vice. The effects of B-lactamase inhibitor on morphological
changes caused by B-lactam were evaluated after three hours
of incubation. The authors conclude that the DSTM method
allows rapid detection of B-lactamases and may be a valu-
able replacement for the disc diffusion method (YAMAGI-
SHI & al [25]).

Future perspectives

The current AST design challenges are the inoculum size
and the need to select only a few isolated colonies. The first
step in performing AST is to culture bacteria from the origi-
nal sample on primary inoculum plates. Subsequently, only
a few isolated colonies are selected to prepare an inoculum,
followed by incubation for 16-18 hours. Performing AST
starting from the original sample’s inoculation on antibiotic
screening flat agar, antibiotic resistance is detected only for
certain bacteria in the inoculum. Therefore, resistant bacte-
ria will be at a low frequency, making it impossible to de-
tect them by conventional AST, which is a significant error
in clinical settings. This situation is caused by the current
standardization of the amount of inoculum and the selection
of a small number of individual colonies, reducing bacterial
diversity (BRUKNER & OUGHTON [26]). An alternative
to the problem of selecting individual colonies is to perform
population-based AST via qPCR in the context of the origi-
nal clinical sample. These amplification tests can detect spe-
cies-specific growth rates of bacteria in the original samples
(MAXSON & al [27]; BRUKNER & OUGHTON [26]).
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Microfluidics-based studies of single-cell growth in stat-
ic chambers are relatively rare, although any static chamber
device for population-level studies could be repurposed for
single cells (KLEIN & al [28]). However, single-cell ap-
proaches could be placed on a distinct niche (research only)
and not clinically applicable now due to the need for find-
ing resistant individual cells in the highly-dense bacterial
population from clinical samples (e.g., sensitive P. aerugi-
nosa and meropenem-resistant Escherichia coli). Addition-
ally, single-cell approaches do not capture fine inter- and
intra-species communications, allowing certain bacteria to
co-exist under selective antibiotic pressure in a complex
clinical sample. Thus, this communication between resis-
tant bacteria is missed at the single-cell level, leading to a
loss of clinically valuable information. Therefore, clinical
microbiology has to implement these bacterial interactions
into the predictive models and overcome individual cell ap-
proaches.

Author contributions

S.I.T., I.G.B. and 1.C.B. conceived and corrected the
manuscript. R.E.C., M.C., S.I.T. and I.C. contributed to the
literature survey and revised the manuscript. C.O.V. drafted
the manuscript. All authors have read and agreed to the pub-
lished version of the manuscript. The authors have contrib-
uted equally to this work and share first authorship.

Conflicts of interest

The authors declare that they have no conflicts
of interest.

Funding

We acknowledge the financial support of C1.2.PFE-
CDI.2021-587/Contract no. 41PFE/30.12.2021, PN-III-P1-
1.1-TE-2021-1515 (TE 112/2022) and EURO-MEDEX,
Contract no. 33/PFE/2021. The funders had no role in the
design of the study; in the collection, analyses, or interpreta-
tion of data; in the writing of the manuscript; or in the deci-
sion to publish the results.

References

1. R.W.PEELING, D. BOERAS, R. GADDE, Fongwen N.
FONGWEN, Diagnostics in the response to antimicrobi-
al resistance. Lancet Infect Dis., 20(8), 899-900 (2020).

2. W.POSTEK, N. PACOCHA, P. GARSTECKI, Micro-
fluidics for antibiotic susceptibility testing. Lab Chip.,
22(19), 3637-3662 (2022).

3. J.CAMA,R.LESZCZYNSKI, P.K. TANG,A. KHALD,
V. LOK, C.G. DOWSON, A. EBATA, To Push or To

Pull? In a Post-COVID World, Supporting and Incen-
tivizing Antimicrobial Drug Development Must Be-
come a Governmental Priority. ACS Infect Dis., 7(8),
2029-2042 (2021).

L.K. LOGAN, R.A. WEINSTEIN, The Epidemiology
of Carbapenem-Resistant Enterobacteriaceae: The Im-
pact and Evolution of a Global Menace. J Infect Dis.,
215(1), S28-S36 (2017).

P.D. TAMMA, S.L. AITKEN, R.A. BONOMO, A.J.
MATHERS, D. VAN DUIN, C.J. CLANCY, Infectious
Diseases Society of America 2022 Guidance on the
Treatment of Extended-Spectrum B-lactamase Produc-
ing Enterobacterales (ESBL-E), Carbapenem-Resistant
Enterobacterales (CRE), and Pseudomonas aeruginosa
with Difficult-to-Treat Resistance (DTR-P. acruginosa).
Clin Infect Dis., 75(2), 187-212 (2022).

N. KAUR, V. TAK, V.L. NAG, A. AGARWAL, PK.
BHATIA, N. GUPTA, D. KHERA, A.D. GOEL, Com-
parative evaluation of colistin susceptibility testing by
Disk Diffusion and Broth Microdilution methods: An
experience from a tertiary care hospital. Infect Disord
Drug Targets., (2022).

X.HU, L. SUN, T. NIE, Y. YANG, X. WANG, J. PANG,
X. LU, X. LL Y. LU, C. LI, X. YANG, Y. MENG, G.
LI, X. YOU, Evaluation of Agar Dilution Method in
Susceptibility Testing of Polymyxins for Enterobacte-
riaceae and Non-Fermentative Rods: Advantages Com-
pared to Broth Microdilution and Broth Macrodilution.
Antibiotics (Basel), 11(10), 1392 (2022).

R. RANJAN, R.N. IYER, R.R. JANGAM, N. ARORA,
Evaluation of in-vitro colistin susceptibility and clini-
cal profile of carbapenem resistant Enterobacteriaceae
related invasive infections. Indian J Med Microbiol. 41,
40-44 (2023).

B. KULENGOWSKI, J.A. RIBES, D.S. BURGESS,
Polymyxin B Etest® compared with gold-standard
broth microdilution in carbapenem-resistant Enterobac-
teriaceae exhibiting a wide range of polymyxin B MICs.
Clin Microbiol Infect., 25(1), 92-95 (2019).

. E. MATUSCHEK, J. AHMAN, C. WEBSTER, G.

KAHLMETER, Antimicrobial susceptibility testing of
colistin - evaluation of seven commercial MIC products
against standard broth microdilution for Escherichia
coli, Klebsiella pneumoniae, Pseudomonas aeruginosa,
and Acinetobacter spp. Clin Microbiol Infect., 24(8),
865-870 (2018).

. P. KANANIZADEH, T. TADA, S. OSHIRO, T. HISHI-

NUMA, M. TOHYA, Y. UEHARA, Y. KUMAGALI, IL.
NAGAOKA, K. NISHI, M. HASHIMOTO, S. WA-
TANABE, T. KIRIKAE, Modified Drug-Susceptibility

3752



Emerging antimicrobial susceptibility methods in monitoring colistin-resistant Enterobacteriaceae

12.

13.

15.

16.

18.

19.

20.

Testing and Screening Culture Agar for Colistin-Sus-
ceptible Enterobacteriaceae Isolates Harboring a Mobi-
lized Colistin Resistance Gene mcr-9. J Clin Microbiol.,
60(12), 0139922 (2022).

C. LI, S. MCCRONE, J.W. WARRICK, D.R. ANDES,
Z. HITE, C.F. VOLK, W.E. ROSE, D.J. BEEBE, Un-
der-oil open microfluidic systems for rapid phenotypic
antimicrobial susceptibility testing. Lab Chip., (2023).
N. QIN, P. ZHAO, E.A. HO, G. XIN, C.L. REN, Micro-
fluidic Technology for Antibacterial Resistance Study
and Antibiotic Susceptibility Testing: Review and Per-
spective. ACS Sens., 6(1), 3-21 (2021).

. 1. GAJIC, J. KABIC, D. KEKIC, M. JOVICEVIC, M.

MILENKOVIC, D. MITIC CULAFIC, A. TRUDIC,
L. RANIN, N. OPAVSKI, Antimicrobial Susceptibility
Testing: A Comprehensive Review of Currently Used
Methods. Antibiotics (Basel), 11(4), 427 (2022).

A.K. KLEIN, A. DIETZEL, Microfluidic Systems for
Antimicrobial Susceptibility Testing. Adv Biochem Eng
Biotechnol., 179, 291-309 (2022).

W. QIU, S. NAGL, Automated Miniaturized Digital
Microfluidic Antimicrobial Susceptibility Test Using
a Chip-Integrated Optical Oxygen Sensor. ACS Sens.,
6(3), 1147-1156 (2021).

. RUHUANG, X. CAI J. DU, J. LIAN, P. HUL, M. GU, F.

LI, J. WANG, W. CHEN, Bioinspired Plasmonic Nano-
sensor for on-Site Antimicrobial Susceptibility Testing in
Urine Samples. ACS Nano, 16(11), 19229-19239 (2022).
J. WANG, P. HUI, X. ZHANG, X. CALJ. LIAN, X. LIU,
X. LU., C. WENWEN, Rapid Antimicrobial Susceptibil-
ity Testing Based on a Bio-Inspired Chemiluminescence
Sensor. Anal Chem., 94(49), 17240-17247 (2022).

T. DONG, X. ZHAO, Rapid identification and suscep-
tibility testing of uropathogenic microbes via immuno-
sorbent ATP-bioluminescence assay on a microfluidic
simulator for antibiotic therapy. Anal Chem., 87(4),
2410-8 (2015).

Z. LIU, H. SUN, K. REN, A Multiplexed, Gradient-
Based, Full-Hydrogel Microfluidic Platform for Rapid,
High-Throughput Antimicrobial Susceptibility Testing.
Chempluschem., 82(5), 792-801 (2017).

21.

22.

23.

24.

25.

26.

217.

28.

M. SAFAVIEH, V. KAUL, S. KHETANI, A. SINGH,
K. DHINGRA, M.K. KANAKASABAPATHY, M.S.
DRAZ, A. MEMIC, D.R. KURITZKES, H. SHAFIEE,
Paper microchip with a graphene-modified silver nano-
composite electrode for ele ctrical sensing of microbial
pathogens. Nanoscale, 9(5), 1852-1861 (2017).
Y.ZHANG, H. GHOLIZADEH, P. YOUNG, D. TRAINI,
M. LI, HX. ONG, S. CHENG, Real-time in-situ elec-
trochemical monitoring of Pseudomonas aeruginosa
biofilms grown on air-liquid interface and its antibiotic
susceptibility using a novel dual-chamber microfluidic
device. Biotechnol Bioeng., 120(3), 702-714 (2023).
T.T. DIEP, S.H. NEEDS, S. BIZLEY, A.D. EDWARDS,
Rapid Bacterial Motility Monitoring Using Inexpensive
3D-Printed OpenFlexure Microscopy Allows Microflu-
idic Antibiotic Susceptibility Testing. Micromachines
(Basel), 13(11), 1974 (2022).

S.J. LIN, PH. CHAO, H.W. CHENG, J.K. WANG,
Y.L. WANG, Y.Y. HAN, N.T. HUANG, An antibiotic
concentration gradient microfluidic device integrating
surface-enhanced Raman spectroscopy for multiplex
antimicrobial susceptibility testing. Lab Chip., 22(9),
1805-1814 (2022).

Y. YAMAGISHI, N. NAKAYAMA, N. MATSUNAGA,
D. SAKANASHI, H. SUEMATSU, Y. MATSUMOTO,
H. MIKAMO, Novel approach for rapid detection of ex-
tended spectrum B-lactamase and metalloid-B-lactamase
using drug susceptibility testing microfluidic device
(DSTM). J Infect Chemother., 28(4), 526-531 (2022).

I. BRUKNER, M. OUGHTON, A fundamental change
in antibiotic susceptibility testing would better prevent
therapeutic failure: From individual to population-based
analysis. Front Microbiol., 11, 1820 (2020).

T. MAXSON, C.D. BLANCETT, A.S. GRAHAM, C.P.
STEFAN, T.D. MINOGUE, Rapid antibiotic suscepti-
bility testing from blood culture bottles with species ag-
nostic real-time polymerase chain reaction. PLoS One,
13(12), €0209042 (2018).

A.K. KLEIN, A. DIETZEL, Microfluidic Systems for
Antimicrobial Susceptibility Testing. Adv Biochem
Eng Biotechnol., 179, 291-309 (2022).

3753





