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The appearance and spread of antibiotic-resistant pathogens known as antimicrobial resistance (AMR)
is one of the major worldwide health crises that humanity have to deal with over the next decades.
One of the main methods for addressing AMR is the effective screening for antimicrobial insensitivity
in clinical and environmental monitoring. Current clinical laboratory procedures use traditional culture-
based antibiotic susceptibility testing (AST) methods, which can take up to 24h to identify which drug
is suitable for the infection inhibition. Therefore, it is vital to develop novel strategies that offer quick,
simple, affordable, reliable, sensitive and accurate AMR monitoring. Sensors for AMR markers detection
could possess the essential qualities for quickly identifying resistant microorganisms and could give vital
data for the selection of antibacterial drugs administration. This review offers a summary of the inno-
vative application of these AMR markers detection strategies focusing on healthcare and environmental

Protein labeling

surveillance for the AMR genotypic or phenotypic assessment.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Antimicrobial resistance (AMR) is ranked among the top ten
worldwide public health problems by the World Health Organiza-
tion (WHO) [1,2]. According to the WHO Priority Pathogens List,
Gram-negative bacteria (such as Klebsiella pneumoniae, Acinetobac-
ter baumannii and Pseudomonas aeruginosa) urgently require novel
treatment options [3,4]. Broad-spectrum antibiotics abuse uncon-
sciously fueling the AMR pathogens increase, multi-drug-resistant
micro-organisms have capability to adapt through multiple AMR
mechanisms when facing antibiotic treatment [5,6]. In order to
prevent the emergence of a post-antibiotic era, the impending
challenge of antibiotic resistance necessitates multifaceted strat-
egy studies of antibiotic susceptibility testing (AST), AMR markers
identification, and AMR detection, which may help the develop-
ment of better medications and provide insight into bacterial per-
sistence and resistance mechanisms [1,7].

The key issues in AMR detection include employing simple,
low-cost technologies to provide credible results rapidly (in min-
utes or hours, as opposed to days with traditional approaches).
Automated systems have aided in efforts to reduce analysis times
during AST deployment, and several approaches and methodolo-
gies on the basis of optical microscopy imaging have been estab-
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lished to estimate the growth of bacteria [8-10]. The traditional
and improved AST techniques provide AST magnetic, mass, and
mechanical (bio) sensors, AST optical (bio) sensors, and chemical
sensors for the monitoring of phenotypic AMR. Additionally in-
cluded are the AST electrochemical (bio) sensors, chemical sen-
sors for the monitoring of genotypic AMR. To address issues with
low starting pathogen numbers and contaminated sample matri-
ces, a variety of approaches must be integrated. Future iterations
of these technologies will be one step closer to a clinical diag-
nosis that enables data-driven antimicrobial prescribing, decreases
costs, and mitigates the issue of growing antibiotic resistance if
these advances are successfully incorporated [11,12]. As a result,
the markers for AMR monitoring have been widely explored. Until
now, several reviews have summarized the advances in AMR mon-
itoring using sensors and biosensors [11,13,14]. Thus, an all-round
yet timely review of the markers family for AMR monitoring is of
urgence [11,14]. The general idea behind the AMR markers moni-
toring technology is to target AMR biomarkers or pathways with an
imaging contrast agent, like a radionuclide or fluorophore. Due to
the specificity of these tracers, these approaches have the potential
to provide a dynamic, rapid and real-time assessment of the AMR
microenvironment (such as the presence of particular enzymes or
the pH of the surrounding tissue) and host-pathogen interactions.

Herein, as shown in Fig. 1, this review represents an effort
to provide current research events in the AMR monitoring areas
and an attempt to meld these results into an overall and de-
tailed list of the progress of AMR markers testing, followed by de-
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Fig. 1. An overview of markers for antimicrobial resistance monitoring. Produced
by Figdraw (www.figdraw.com).

tails on emerging drug-induced proliferation (DIP) quantification,
pH of bacterial growth sensing, genotypic determination, enzymes
(such as B-lactamases, carbapenemase and prolyl aminopeptidase)
or metabolites detection, endotoxins detection, bacteriophage iden-
tification, drug efflux pump efficiency determination, monoclonal
M3038 antibody labeling, staphyloferrin labeling, PBP2a protein la-
beling. This review will contribute to the further research for full
use of novel markers detection and do promoting effects on hu-
mans’ health and technical advancement in AMR monitoring tech-
nology worldwide.
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2. Bacterial growth rate determination
2.1. Drug-induced proliferation (DIP) quantification

It is essential to appropriately quantify drug-induced prolifera-
tion (DIP) in order to detect partial AMR [15]. The turbidity test is
useful for tracking the development of bacteria, but it also has a
limited sensitivity and a high experimental error rate. In a high-
throughput (HTS) method, the drug-induced proliferation rate may
be precisely quantified by combining bacteria, an inhibitor, and
EZMTT dye [16,17]. Hu and colleagues were able to generate re-
liable ICsq values using the EZMTT approach on clinically obtained
pathogenic bacteria in 4 h [18]. The test is also sensitive enough to
spot variations in ICsg in response to shifting incubation durations
or cell densities. The EZMTT-dye can be used to detect of AMR in-
stances with 30% growth (5% growth in the bacteriostatic condi-
tion, which would have gone undetected under conventional clin-
ical recommendations. HTS mode DIP rate can realize 10-fold bet-
ter sensitivity than the turbidity assay. As a consequence, lengthy
medical treatment can be avoided and the development of mi-
croorganisms resistant to antibiotics is prevented.

2.2. pH of bacterial growth sensing

While fixed standards are necessary to link the biochemical pa-
rameters and bacterial growth rates, indirect approaches like bio-
chemical activity assessment through concentration measuring of
molecules such as O, [19], CO, and ATP can be used to estimate
bacterial growth rates [20,21]. Since bacterial growth will change
the pH of the medium, many research groups have used pH detec-
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Fig. 2. (a) Diagram of the equipment used to create alginate microgels. (b) Diagram illustrating how the growth of encapsulated E. coli increases fluorescence intensity as a
result of a pH change. (c) Fluorescence microscopy photos of live E. coli upon encapsulation (scale bar: 100 pm). (d) Fluorescence intensity ratios that are pH-dependent and
change over time for different sizes of E. microgels containing E. coli. (e) The ratio of pH-dependent fluorescence intensity changes with E. coli. (f) The difference between
non-resistant and ampicillin-resistant E. coli in terms of the fluorescence intensity ratio when ampicillin is present. Reproduced with permission [25]. Copyright 2018, Royal
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tion as an indicator of growth. In the majority of cases, the pH
of the culture becomes acidic over time. Due to this, a number
of technologies that use fluorescence as a pH-sensitive readout
have been established, however, the majority of them have photo-
bleaching or instability issues with their sensing probes in growth
media [22]. To create sensors for a series of parameters, carbon-
based nanoprobes with adjustable characteristics and established
photobleaching stability have been utilized [23,24]. As Fig. 2 pre-
sented, Chandra and colleagues developed a system to detect bac-
terial growth by observing pH changes through changes in fluo-
rescence [25]. In this study, they described how micron-sized algi-
nate hydrogels (microgels) containing pH-sensitive carbon dots can
be used to measure the pH of bacterial life. The platform can also
monitor the microorganism’s medication AMR profile within 4-6 h,
which is presently impossible using any other clinically employed
approaches. The pH ratiometric platform ensures the detection of
real-time pH changes in the bacterial population boom point, can
achieve sensitively detection of bacteria densities as low as ~10%
CFUs. Microgels culture platform offers multiplexing possibilities.
The sensor can be applied to high-throughput evaluation of sam-
ples for AST with various antibiotics, quickly offering assessment
on the most feasible high-quality antibiotic combination.

3. Genotypic determination

The use of green fluorescent protein (GFP) derivatives as fluo-
rescent reporters is increasingly common in research on biologi-
cal processes in cells and at the molecular level these days [26].
For the case of AMR infection, Valdivia and colleagues applied GFP
to fluorescently label bacteria to learn about host-pathogen in-
teractions, achieving unparalleled sensitivity down to single cell
resolution [27]. However, some strains may be resistant to an-
tibiotics applied to select transformants carrying transgenic fluo-
rogenic protein. Therefore, the investigation of host cell interac-
tions with drug-resistant bacteria using fluorogenic labeling has
lagged. Schulte and colleagues synthesized and studied a new far-
red fluorescent cyanine derivative: 6-TramTO-3, which is a fluo-
rescent probe used for tracking live bacterial cells (Fig. 3) [28]. In
the presence of double strain DNA, the signal increases 27 times,
and has no significant effect on bacterial activity. Therefore, their
exemplary study of pathogenic microorganisms revealed different
interaction patterns between multidrug-resistant and antibiotic-
sensitive Klebsiella and macrophages.

As shown in Fig. 4, Lee and colleagues stated the improvement
of a new fluorescent in situ hybridization nanoprobe (FISH) and
its utility in the identification of Escherichia coli that is ampicillin-
resistant [29]. They developed a new fluorescent nanoprobe for
FISH technology and successfully applied it to the identification of
microorganisms resistant to antibiotics. The stable nanoprobe was
chemically prepared by improved sol-gel and consisted of fluoro-
genic dye supported poly(Dp,L-lactide-co-glycolide) (PLGA) and sil-
ica nanoparticles (NPs). The fluorescent dyes that are highly loaded
in the nanoprobe provide a high-powered fluorescent signal, and
silica nanoparticles enable us to modify single-stranded DNA sim-
ply. This is the first study using the FISH method and a nanoprobe
to identify bacteria that are resistant to antibiotics. They predicted
that FISH method based on nanoprobe would be used to detect
various pathogens and diagnose the emergence of infectious drug-
resistant bacteria.

A novel low-density microarray for commercial use was evalu-
ated to identify typical wide spectrum of carbapenemase (blanpy
and blagpc) genes and cephalosporinase genes mediated by lac-
tamase plasmids. In general, by using the reference technique of
bla gene sequencing, the specificity and sensitivity of microarray
testing of plasmid-mediated blaampc, blagpc and blaypy genes can
be 100%. Due to its fast and accurate diagnostic performance, the
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Fig. 3. (a) Bacterial labeling that is compatible with growth is represented schemat-
ically. (b) Chemical structure of the synthesized and tested far-red dyes. (c) On ex-
ample dot plots of human macrophages exposed to 6-TramTO-3-labeled bacteria, a
movement toward the red channel indicates bacterial uptake. (d) Macrophages with
red shifts are quantified. (e) Measuring the number of macrophages that have been
propidium iodide (PI) positive with or without bacteria. (f) An experimental plan
and qRT-PCR using RNA from both fractions to compare the relative abundance of
bacterial housekeeping RNA GyrA to human U6 snRNA. Reproduced with permis-
sion [28]. Copyright 2018, Wiley-VCH.

microarray seems to be very suitable for infection or epidemi-
ological research, in which a large number of isolates need to
be characterized. In most countries, the low prevalence between
carbapenemase- and pAmpC-producing strains, and the long test-
ing process (7h) still hamper the routine use of this technol-
ogy. Bogaerts and colleagues realized that additional targets can
be added and verified at any time as needed, such as oxacillin
enzyme coding-genes, especially for non-fermenting bacteria, sec-
ondary ESBLs (BEL, VEB, PER and GES) and carbapenem oxygenase
[30].

4. Enzyme or metabolites detection
4.1. B-Lactamases detection

In a high-throughput method, Chan and colleagues used the
E166Cf (a B-lactamase mutant labeled by fluorescein) mutant
which is a fluorogenic device to display the B-lactamases of bac-
teria mentioned above in relation to penicillins and cephalosporins
[31]. They further demonstrate that the effects of the E166Cf mu-
tant’s fluorescence emission alterations consistent with the bac-
terial B-lactamases’ reactive behavior. When antibiotics that are
B-lactamase resistant and bacterial S-lactamases are present to-
gether, the E166Cf mutant maintains its fluorescence emission sig-
nals. On the contrary, the fluorescence emission signals of the
E166Cf mutant were diminished in the attendance of drugs that
are both bacterial B-lactamases and S-lactamase-sensitive. The flu-
orescence markers from the E166Cf mutant permit an explicit dis-
tinction of B-lactamase-resistant drugs from S-lactamase sensitive
ones in the monitoring of bacterial S-lactamases against a series
of antibiotic drugs. This straightforward method may also provide
a tool for selecting robust B-lactam antibiotics toward the AMR in-
fection treatment.
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Fig. 5 showed a unique protein labeling method created
by Mizukami and colleagues combined a genetically altered -
lactamase with small organic fluorescent S-lactam probes [32]. It
was designed according to the FRET principle, the genetically mod-
ified hydrolytic enzyme was covalently bonded to a well-crafted
fluorogenic probe. They labeled proteins with a delicate fluorescent
dye for in vitro or living cells application. The EI66NTEM tag pro-
tein can also be utilized to accurately identify proteins in higher
eukaryotes because it is not present in mammalian cells.

Chen and colleagues published a groundbreaking probe de-
rived from relebactam for the covalent tagging of each serine 8-
lactamases as well as S-lactamases (Fig. 6) [33]. This imaging agent
showed exceptional selectivity against several proteins identified in
tilted bacteria. Additionally, the binding of NIR (near-infrared) P-
Mero4 with serine S-lactamases produced a sensitively fluorescent
response, and the fluorescence intensity may increase by over 300
times. The wash-free imaging for expression of serine S-lactamase
in bacterial microorganisms has been used to demonstrate the util-
ity and advantage of this reagent. One way for determining AMR
is the identification of certain enzymes or metabolites [34-36].
As depicted in Fig. 7, Zhang and colleagues innovatively synthe-
sized C-2 as a fluorogenic f-lactamase probe [37]. When excited
at 440 nm, the fluorescent molecule C-2 showed fluorescent emis-
sion at 590 nm. This is brought on by the F-1 and F-2 fluorophores’
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effective FRET in its composition. When C-2 is broken down by -
lactamase, the FRET fluorescence will diminish as one fluorophore
molecule leaves away. As C-2 degrades, the 590 nm fluorescence
intensity at declines while the fluorescence intensity at 520 nm
rises. The molecule has a methoxyimino chain, triggering its re-
sistance to the TEM-1 enzyme, yet it should be vulnerable to the
overexpressed AmpC and NDM-1 enzymes. In fact, when C-2 was
incubated with highly pure TEM-1, there was very little degrada-
tion. Contrarily, under identical conditions, its counterpart (C-1)
without the large methoxyimino group was instantly destroyed.
Therefore, C-2 is able to discriminate between B-lactamases that
have the ability to hydrolyze methoxyimino cephalosporins and
those that do not. This assay would promptly offer helpful guid-
ance on antibiotic choice and discourage the overuse of broad-
spectrum antimicrobials.

The TEM-1 fluorescent probe design, which uses
methoxyimino-substituted cephalosporin as the enzymatic recog-
nition moiety and has bulky substituents on B-lactam rings to
prevent hydrolysis by narrow-spectrum JB-lactamases, was in-
spired by the distinctive extended-spectrum S-lactam antibiotics
structures [37-39]. With the core structure of cefotaxime serving
as the enzymatic recognition moiety, Mao and colleagues had
created the first-ever ratiometric fluorescent probe CTX-HN for the
selective testing of extended-spectrum S-lactamase (ESBL) activity
[40]. Because of the probe concentration is independent from
environmental factors, the fluorescence intensity ratio (Isg3 nm/
I450 nm) of this probe, which rises over 2500 times following
hydrolysis by ESBLs, is especially appealing in the monitoring of
AMR. The detection limits of CTX-HN for NDM-1 B-lactamase
within 30min were 0.4pmol/L with high sensitivity. The speedy
identification of extended-spectrum antibiotic-resistant mi-
croorganisms from a series of clinically enormous bacteria has
additionally confirmed the probe’s utility. Our group created
the novel self-assembled nano fluorescent probe DPS NP, which
was proposed for a specific diagnostic approach for bacterial
B-lactam antibiotic resistance (Fig. 8) [41]. It is capable of sen-
sitively and selectively measuring changes in H,S concentration
for imaging and screening of H,S-related AMR, as well as using

colorimetric and ratiometric fluorogenic visualization to measure
the concentration of H,S. Direct confirmation of the existence
of H,S-related AMR pathways may be made by screening assays
against methicillin-resistant S. aureus (MRSA) with four different
antibiotics displayed by DPS NP. Additionally, effective microscopy
fluorescence imaging for bacterial H,S suggests DPS NP can be
employed to investigate the mechanism of AMR. DPS NP can
significantly increase the effectiveness and visualize monitoring
accuracy for H,S-related hazardous biochemical environments
because of its quick, sensitive, and non-invasive qualities.

Mao and colleagues created a reagent that is fluorogenic and
immobilizable to precisely identify bacteria that are antibiotic-
resistant [42]. A monofluoromethyl (CFC-1) or difluoromethyl (CFC-
2) substituted coumarin was used as an activatable fluorophore
in the B-lactamase probes [43]. These probes are selectively acti-
vated by B-lactamase to produce quinone methides [44], which act
as extraordinarily reactive Michael acceptors to react with nearby
proteins or potential B-lactamase nucleophiles (such as the thiol
of Cys, the hydroxyl of Tyr-or Ser, the amine of Lys), covalently
linking the proteins around the factor of interest. The antibiotic-
hydrolyzing f-lactamase is used as an activator for selectively la-
beling antibiotic-resistant bacteria and activating their fluorescence
emission. In spite of the fact that its blue fluorescence emission
might limit the sensitivity of detection because of its relatively
weaker fluorescence or autofluorescence background interference,
CFC-2 stops the activated fluorophore from diffusing away from the
point of interest once it has been activated by enzymatic reaction.
Due to its fluorescence emission, it is perfect for cell-labeling in-
vestigations that enable quick screening for bacteria that are resis-
tant to antibiotics. This probe has many advantages, such as sim-
ple structural design, great labeling efficiency, and high sensitivity.
Thai and colleagues developed a fluorogenic S-lactamase substrate
used as a probe that incorporates the pyridinium moiety of cef-
tazidime (CAZ) in the chemical structure of the BODIPY-based fluo-
rescent dye and the oxyimino moiety of cefotaxime (CTX) in order
to detect bacteria that are resistant to antibiotics [38]. The probe
fluorescence emission signal was increased with enzyme, suggest-
ing that it would be useful for testing drug-resistant enzymes and
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determining the kinetic properties of enzymes. It is demonstrated
that the fluorogenic cephalosporin analogue can provide detection
signals in response to bacterial CAZ- and/or CTX-resistance.

By fabricating a substrate of penicillin G on the surface of a
pH-responsive fluorophore-doped mesoporous silica nanoparticle
[45], Tummala and colleagues provided a quick and sensitive mon-
itoring approach for the f-lactamase activity assessment in bac-
teria resistant to antibiotics [46]. Fluorescein isothiocyanate (FITC),
a water-soluble fluorescent molecule with a high quantum yield,
was chemically integrated into the particle surface. Then, the sub-
strate of B-lactamase (penicillin G, PenG) was loaded with flu-
orescent mesoporous particles Penicilloic acid was created when
the substrate and f-lactamase interacted, and the environmental
pH reduction contributed to the particle fluorescence quenching.
The strains both sensitive and resistant to antibiotics of 25 clini-
cal samples of bacteria were examined. In less than an hour, the
suggested approach might identify the existence of B-lactamases
in clinically important tests. Additionally, the B-lactamase activity
detection limit was 7.8 x 10~4 U/mL, which is very low.

4.2. Carbapenemase detection

Fluorescent f-lactamase probes have received a lot of interest
in this field due to their high sensitivity, simplicity of use, and af-
fordability [38,47,48]. However, most of the current B-lactamase
probes are on the basis of the core cephalosporins structure, which
can be hydrolyzed by mainstream S-lactamases and lack specificity
for carbapenemases. A stereochemically changed cephalosporin
served as the enzyme recognition motif for the beautifully con-
structed carbapenemase-selective probes that Shi and colleagues
recently realized [49]. Though structurally distinct from carbapen-
ems, these probes are selective to particular carbapenemases due
to various substituents (R1) on their surfaces. As shown in Fig.
9, using carbapenemase activity as a target, Mao and colleagues
created a highly particular probe containing a core carbapenem
structure [50]. The carbapenemase core structure was used as the
enzymatic recognition moiety in the probe design. Moreover, the
activatable fluorophore in this study was an alkenyl-linked boron
dipyrromethene (BODIPY) dye, since most carbapenems lack leav-
ing groups. Fluorescent reagents can reproduce carbapenem hy-
drolysis profiles, increasing fluorescence intensity by over 200 folds
after carbapenemases activation; the detection limit of CB-1 for
IMP-1 within 30 min was 1.1 pmol/L. Because CB-1 emits green flu-
orescence, it reduces potential interference from bacteria’s autoflu-
orescence or culture medium’s fluorescence. Additionally, this re-
search has shown that the usage of caged enamine-BODIPY flu-

orophore switches with fluorescence emission turn-on activation,
may serve as an inspiration for a general approach to the develop-
ment of fluorogenic imaging reagents based on BODIPY.

The most significant AMR clinically mechanism in carbapenem-
resistant pathogens, aside from practically all other S-lactams, is
the production of carbapenemases, microbial enzymes that cat-
alyze the carbapenems hydrolytic degradation [51]. Kim and col-
leagues employed benzyl ether to both improve the probe’s inter-
action with the active sites of several carbapenemase types and
to generate a cascade reaction with the probe following enzy-
matic hydrolysis for the testing of a variety of carbapenemase-
producing Enterobacteriaceae (CPE) [52]. After carbapenemase hy-
drolyzes the B-lactam ring of probe 1, a cascade reaction occurs
that releases hydroxy benzyl alcohol 3 and umbelliferone 4 in an
anionic form, leading to intense fluorescence emission. They also
examined the fluorescent assay performance using the pellet ob-
tained from blood cultures which are positive, had directly evalu-
ated with matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS) and tests for antibiotic sensi-
tivity are performed using Vitek 2. This is the first demonstration
of a fluorescence assay for detecting carbapenemases directly from
positive blood cultures as well as bacterial isolates.

Kim and colleagues described a fluorescent probe library based
on carbapenem, utilizing hydroxymethyl carbapenem 7a or hy-
droxyalkyl carbapenem 7b as crucial intermediates [53]. They have
synthesized a set of compound materials with three various sorts
of connectors (e.g., benzyl ethers, carbamate, and amines), used
to detect bacteria that produce carbapenemase. The fluorescence
emission signal was improved after several types of carbapene-
mases hydrolyzed compound 1b with a benzyl ether linker, prov-
ing that the active junction is essential for the stability of the
probes and its capacity to increase activity. In particular, clini-
cal sample screening showed that probe 1B had better selectiv-
ity to carbapenemase-producing organisms (CPOs) than other kind
B-lactamase or non-carbapenemase-producing bacteria and could
be used for the quick and precise identification of CPOs for quick
identification and treatment.

Feng and colleagues developed B-LEAF (fS-lactamase triggered
fluorescence probe) for B-lactamase fluorescence test [54]. When
broken by p-lactamases such as penicillinases, ESBL, AmpC S-
lactamases, and carbapenemases, the B-LEAF fluorescence emis-
sion turns on. They show that carbapenemases generation in bac-
teria may be quickly and precisely identified in only one step in
10 min by means of fluorescence identification of B-lactamase ac-
tivity (FIBA). The increase rate, sometimes referred to the rate
of fluorescence intensity rise, is a measure of the bacterial 8-
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lactamase activity that declines as the activity is blocked. The ad-
dition of imipenem, which binds to the enzyme active site and
prevents B-LEAF access, will lessen the rising rate for a noncar-
bapenemase S-lactamase. In contrast, the addition of imipenem
did not have any effect on the increase of carbapenemase since
carbapenemase can rapidly cleave imipenem and release inhibi-
tion. Accordingly, the growth rate with and without imipenem
may be compared to identify bacteria that generate carbapene-
mases.

Song and colleagues described a brand-new caging approach for
creating fluorogenic probes and how it may be used to monitor -
lactamase activity. The typical technique is caging the fluorophore
chemically using a group that the analyte can selectively remove
[55]. The ‘off-state’ probe may be provided by the caging section,
which could be connected to the fluorophore directly. If a direct
sealing method cannot be used, or if a directly sealed fluorescence
intensity detector is used, poor performance will result, for exam-
ple, because of the steric effect of a large number of fluorophores,
so, for design convenience, it is often designed to connect two
components connector. In their caging method, a thiophenyl linker
is attached to a fluorescent dye that is caged by dinitrophenyl, an
excellent sensing group. To increase intramolecular reaction speed
and subsequently fluorescence activation rate, the linker’s length
has been examined and improved. On this basis, they developed a
new green fluorescent probe Cephalosporin-arylated Tokyo green
(CAT) and tested the selectivity of this probe for distinguishing
Metallo-carbapenemases (NDM-1, IMP-1, VIM-27) in carbapenem
Enterobacter (CRE).

Using alkenyl-linked boron dipyrromethene (BODIPY) dye as
an activatable fluorescent dye and a carbapenem with a carbon-
carbon double bond attached as an enzyme recognition motif,
Wang and colleagues combined carbapenem and umbelliferone to
create the fluorescent probe CPC-1 [56]. All carbapenemases can
selectively activate probes, and can significantly increase fluores-

cence intensity, but for other B-lactamases, even extended spec-
trum B-lactamase, have no effect.

The first potent pan-carbapenemase reporter, CARBA-H, was re-
ported by Ma and colleagues (Fig. 10) [34]. CARBA-H targets the
top five applicable carbapenemases, including OXA-48, whose de-
tection limit is picomolar. One of the most clinically significant car-
bapenemases is OXA-48, yet none of the chemical probes in use
could handle the difficulty of detecting it. A number of mecha-
nistic investigations have shown that the 18-methyl group signif-
icantly alters the OXA-48 enzyme’s hydrolytic kinetics. When the
1-methyl substituent is absent, pancarbapenemase can be recog-
nized and strains that encode carbapenemase, such as OXA-48,
0OXA-181 and OXA-232, can be identified. The instrument’s chro-
mogenic and fluorescent readouts are easily distinguishable within
15min of current detection technology. In addition, CARBA-H can
also be used to measure carbapenemase activity in urine samples
of labeled CPE.

As depicted in Fig. 11, Feng and colleagues used f-lactam ac-
tivity (FIBA) for fluorescence identification to rapidly detect and
classify bacterial carbapenemases [57]. Within 10 min, by combin-
ing the B-lactamase substrate B-LEAF (B-lactamase-activated fluo-
rophore) with isolates of pathogens and corresponding inhibitors
(imipenem, for non-carbapenem enzyme S-lactamase, clavulanic
acid for type A carbapenemase, EDTA for type B carbapenemase),
the sensitivity is 95%—100%. FIBA is about $1/test and consists of
only one mixing procedure. Future research should focus on ex-
panding FIBA testing to include additional medical isolates, espe-
cially those that are not currently included in the test plate and
those together with weaker hydrolytic characteristics and lower
carbapenem MICs (such as OXA-48, VIM, and SME). It is impor-
tant to highlight that the diversity of isolates examined includes
147 isolates from 19 different species, including 18 carbapenemase
subtypes and 31 noncarbapenemase B-lactamases, indicating the
applicability of this unique technique.
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4.3. Prolyl aminopeptidase detection

Prior studies have demonstrated that the enzymatic detec-
tion of bacteria is possible by affixing amino acids to derivatives
of 2-aminoacridones [58]. Furthermore, Hibbard and colleagues
chose 2-aminoacridone derivative as the fluorogenic reporter to
pathogens monitoring, they developed materials which can both
recognize and eliminate the dangerous lethal multi-drug resistant
microorganism stress Pseudomonas aeruginosa (Fig. 12) [59]. They
do this by synthesizing a nitric oxide donor connected to a flu-
orogenic molecule. A synthetic method is created to join proline
to Pro/Fluoro 6, a fluorescent amino acridone molecule. In the ex-
istence of Pseudomonas aeruginosa, a new prolyl aminopeptidase-
specific indicator, experiments demonstrate a clear color change
from blue to yellow under UV light. These findings show that
Pro/Fluoro/NO 8 is a remarkably adaptable molecule that has two
distinct functions: it can fluorescently identify P. aeruginosa and
destroy it by producing NO.

5. Endotoxins detection

The Limulus Amebocyte Lysate (LAL) test [60,61], electrochemi-
cal and colorimetric detection [62], surface-enhanced Raman scat-
tering (SERS) [63], and peptide nucleic acid fluorescence in situ
hybridization (PNA-FISH) [64-66] are the most common methods
used to identify free endotoxin, a significant pyrogen whose defile-
ment in medications and drugs is severely controlled by adminis-
tration. As shown in Fig. 13, Gupta and colleagues designed a se-
ries of water-soluble metal-based aggregation-induced emission lu-
minogens (AlEgens). Cyclometalated iridium(Ill) polypyridine com-
plexes [Ir(PQ),(N~N)]Cl (1-3), where PQ is 2-phenyl quinoline
and N”N is 2,2’-bipyridine derivatives, exhibit dual functional-
ity for monitoring and removing of drug-resistant micro-organism
in aqueous solutions [67]. Ir(PQ),(N~N)]Cl (1-3) exhibited a dis-
tinct luminescence response to target these naturally biomarker
on the outer wall/membrane of the microbe in water samples
within 5min, resulting in unprecedentedly detection limits as
low as 1.2 CFU/mL. It is remarkable that microorganism may be
detected with naked eye at a high concentration. Additionally,
toward highly antibiotic-resistant pathogens such as MRSA and
carbapenem-resistant A. baumannii (CRAB), the complexes showed
strong antibacterial activity.

6. Bacteriophage identification

TM4 mycobacteriophage phAE87::hsp60-EGFP (EGFP-phage) in-
clude the improved GFP gene was designed and evaluated for iden-
tifying drug-resistant Mycobacterial tuberculosis strains [68]. Similar
to the luciferase phage, EGFP-phage is used to infect M. tuberculo-
sis that is being grown in the presence of antibiotics. After these
strains have been inactivated, they are spotted onto glass slides,
and the fluorescent bacilli that signify AMR are then imaged by
using a fluorescence microscope. Rondén and colleagues described
the principal check of the EGFP-phage for AMR identifying in natu-
rally occurring M. tuberculosis [69]. The consequences obtained are
superior to the majority of the D29 phage replication assay, while
the luciferase phage has been claimed to have 100 percentage re-
sponsiveness and particularity. Improved results have additionally
been accounted by the microscopic observation drug susceptibil-
ity (MODS) approach [70], as well as more current Xpert methods
[71]. The EGFP-phage approach sensitivity can be raised to 98% for
use with scientific samples, and the protocol can be made simpler,
it might be helpful as a quick and affordable method to detect M.
tuberculosis strains that are extensively or multidrug resistant in
environments with limited resources and infrastructure [69].
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Further developed diagnostics and medication treatment
for Mycobacterial tuberculosis are desperately required [72,73].
Fluorescence-activated cell sorting (FACS) allows for quick count-
ing of metabolically active bacteria following phage infection [74].
O’Donnell and colleagues contrasted the correspondent phage ex-
amine to Quality Xpert MTB/RIF for sputum analysis for M. tubercu-
losis and rifampin (RIF) blockage [75]. Metabolically active bacteria
in sputum from patients were directly imaged using fluorescence
microscopy or FACS. These results represent a significant improve-
ment over earlier-generation phages reporter and are encouraging
the reporter for identification of phenotypic AMR to RIF.

7. Drug efflux pump efficiency determination

Blair and colleagues examined a variety of techniques, includ-
ing minimum inhibitory concentration (MIC) assays, to assess the
drug efflux pump efficiency of transporters [76]. It is a challenge to
make it certain that no drug translocation with comparable MICs
has occurred [77]. Lu and colleagues used MALDI-TOF MS in their
investigation to evaluate drug efflux from a few drug transporters
and compared the result to those of more consequences [78]. E.
coli drug transporter AcrB (RND family) was firstly assessed using
the MIC method, and this investigation revealed that the E. coli
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with overexpression of AcrB show a variety of antibiotic and dye
resistance. The research which was based on fluorescence emis-
sion revealed that AcrB in E. coli may reduce intracellular dye ac-
cumulation and exhibit a range of constants for diverse dyes’ efflux
rates, indicating the efflux efficiency of AcrB. In addition, the MS
data revealed that E. coli with overexpression of AcrB resulted in
enhanced abundance of different drugs and dyes at varying rates
over time in the extracellular space, using AcrB to realize contin-
uous substrate efflux. The study is aimed to develop a quick, ac-
curate method for measuring drug and dye efflux by drug trans-
porters using MALDI-TOF MS. E. coli’s secondary drug transporter
AcrB was selected as the permeability model to calculate drug ef-
flux (erythromycin and rifampicin) and dyes (Hoechst 33342, Nile
red, and EtBr) over time. The advantages of using MALDI-TOF MS
for drug efflux assessment are minimum sample preparation pro-
cedures, quick manipulation, and accurate analysis.

Stone and colleagues synthesized and characterized two novel
fluorescent derivatives of erythromycin [79]. Erythromycin was
modified site-selectively to add an azide substituent, which was
then used in azide-alkyne ‘click’ chemistry to link two different
color fluorophores with an alkyne substituent to create two new
fluorescent roxithromycin derivatives. Fluorescence emission was
seen to be localized within the efflux-inhibited Gram-negative bac-
teria, showing significantly higher absorption. On the contrary, ef-
flux increased Gram-positive bacteria did not exhibit reduced up-
take. Single-cell microfluidics were employed to analyze the kinet-
ics of the accumulation of these probes, and the results showed
significant population heterogeneity that may be related to persis-
tence and/or resistance. This exploratory study demonstrates the
potential value of macrolide fluorescence probes in optical imag-
ing of the interactions between bacteria and antibiotics and offers
a fresh understanding of AMR mechanisms. Future applications in-
clude quantifying macrolide AMR pathways and identifying varia-
tions in antibiotic sensitivity among bacterial populations.

8. Protein labeling
8.1. Monoclonal M3038 antibody labeling

It is one of today’s greatest challenges in addressing the prob-
lem of multiple drug-resistant bacteria (MDRBs) Salmonella en-
terica serovar Typhimurium definitive type 104 (DT104) [80,81].
Ronholm et al. have demonstrated that by using particular mon-
oclinic antibodies for Salmonella DT104’s O:4 antigen, one may
identify the bacteria with minimum to no cross-reactivity to other
relative pathogens [82]. Khan and colleagues published a M3038
antibody-conjugated popcorn-shaped gold nanoparticle-based SERS
assay for the first time, with remarkable selectivity for various
drug-resistant Salmonella DT104 pathogens (ATCC 700408) at the
10 colony-forming unit (CFU)/mL threshold from contaminated wa-
ter and romaine vegetables [83]. It has been demonstrated that this
colorimetric test has a strong selectivity for MDRB Salmonella ty-
phimurium DT104 with an outstanding detection limit (103 CFU/g)
when used to identify the pathogen in water and lettuce samples
within 5 min.

8.2. Targeted protein labeling

The primary method by which S. aureus gets iron in scarce
conditions is siderophore-mediated iron absorption. Because of
this, the siderophore-derived probe was able to distinguish S.
aureus from other germs [84]. It was able to specifically tar-
get vancomycin-sensitive S. aureus (VSSA), further separating
vancomycin-resistant S. aureus (VRSA) and VSSA, through perfect-
ing the vancomycin-derived probes [85]. Wang and colleagues had
established that siderophore-based probes are potential bacterial

1
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targeting agents. The two main siderophores for S. aureus are
staphyloferrin A (SA) and B (SB). The fluorescent probes based on
Vancomycin (Van) have been utilized to visualize kinetics of bac-
terial cell walls and identify Gram-positive microorganism as di-
agnostic agents for the identification of Van resistance (Fig. 14)
[86,87]. The majority of applications depended on the affinity
between Van and the mobile wall D-Ala-D-Ala-residues in cell
walls. They effectively targeted and distinguished between VRSA
and VSSA in complex pathogens mixture using the siderophore-
derivative probe SA-DORS-FL in combination with the vancomycin-
derivative probe VanC-SulfoCy5.5. The MECA gene, which produces
the PBP2a protein and causes B-lactam to become resistant to an-
tibiotics, causes methicillin AMR [88]. Verifying the correspond-
ing relationship between protein expression and gene vectors and
quickening the diagnosis of methicillin AMR are very important for
improving the management of antibiotics and reducing the spread
of AMR [89]. Silvwstri and colleagues examined the utility of im-
munofluorescence toward PBP2a protein to discover a novel poten-
tial technique for methicillin AMR monitoring [90]. They proved
that PBP2a protein can be identified via immunofluorescence in
Staphylococcus pseudintermedius (SP) isolates, so as to methicillin-
resistant bacteria. To hasten the detection of methicillin AMR in SP,
it is worthwhile to examine its effectiveness on cytological sam-
ples.

9. Conclusions and perspectives

Enzymes, genes, and proteins are excellent models of chemo-
and bio-markers that are the subject of AMR monitoring research.
These markers will aid in increasing selectivity and, in turn, bac-
terial identification, which is a vital step for enhancing the va-
lidity of the (bio)sensing method of AMR surveillance. Antimicro-
bial peptides, for example, are currently regarded to be intriguing
biorecognition components for the identification and detection of
bacteria. These peptides have the ability to interact with bacteria,
enfeebled them and preventing their further development. Antimi-
crobial peptides can recognize many different types of bacteria, but
few can realize AMR monitoring. The ability to interact with a vari-
ety of bacterial species can be potentially used for AMR monitoring
probes creation. The creation of enhanced and quicker biosensor-
based pathogenic risk detection methods are, therefore, unques-
tionably the most attractive aims in the context of the global
growth of AMR. This naturally implies the future development of
more effective markers as well as sufficient biorecognition compo-
nents to enable the precise identification of diverse AMR.
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