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A B S T R A C T   

β-Lactamases are bacterial enzymes that inactivate β-lactam antibiotics and, as such, are the most prevalent cause 
of antibiotic resistance in Gram-negative bacteria. The ever-increasing production and worldwide dissemination 
of bacterial strains producing carbapenemases is currently a global health concern. These enzymes catalyze the 
hydrolysis of carbapenems – the β-lactam antibiotics with the broadest spectrum of activity that are often 
considered as drugs of last resort. The incidence of carbapenem-resistant pathogens such as Pseudomonas aeru
ginosa, Acinetobacter baumannii and carbapenemase or extended spectrum beta-lactamase (ESBL)-producing 
Enterobacterales, which are frequent in clinical settings, is worrisome since, in some cases, no therapies are 
available. These include all metallo-β-lactamases (VIM, IMP, NDM, SMP, and L1), and serine-carbapenemases of 
classes A (KPC, SME, IMI, and GES), and of classes D (OXA-23, OXA-24/40, OXA-48 and OXA-58). Consequently, 
the early diagnosis of bacterial strains harboring carbapenemases is a pivotal task in clinical microbiology in 
order to track antibiotic bacterial resistance and to improve the worldwide management of infectious diseases. 
Recent research efforts on the development of chromogenic and fluorescent chemical sensors for the specific and 
sensitive detection and quantification of β-lactamase production in multidrug-resistant pathogens are summa
rized herein. Studies to circumvent the main limitations of the phenotypic and molecular methods are discussed. 
Recently reported chromogenic and fluorogenic cephalosporin- and carbapenem-based β-lactamase substrates 
will be reviewed as alternative options to the currently available nitrocefin and related compounds, a chromo
genic cephalosporin-based reagent widely used in clinical microbiology laboratories. The scope of these new 
chemical sensors, along with the synthetic approaches to synthesize them, is also summarized.   

1. Bacterial resistance to β-lactam antibiotics 

According to the World Health Organization (WHO), Centers for 
Disease Control and Prevention (CDC) and European Centre for Disease 
Prevention and Control (ECDC), the emergence and worldwide spread of 
multidrug-resistant bacteria is dangerously compromising our ability to 
cure bacterial infections [1–4]. These pathogens are also limiting the 
success of much of the recent progress in modern medicine since anti
biotics play a pivotal role in other therapies. Thus, these drugs are 
essential therapeutic tools to successfully overcome common secondary 
infections resulting from common life-saving procedures, such as 
chemotherapy, dialysis, surgery, organ transplantation, etc. The impact 
that this scenario has on healthcare-associated patients, the older pop
ulation, or those with a compromised immune system is a matter of great 
concern given the lack of efficient therapies in certain cases. In 

particular, the treatment of infections caused by Gram-negative bacte
ria, such as the critical priority pathogens highlighted by the WHO, 
carbapenem-resistant Pseudomonas aeruginosa, carbapenem-resistant 
Acinetobacter baumannii and carbapenemase or extended spectrum 
beta-lactamase (ESBL)-producing Enterobacterales, is getting more and 
more challenging. These bacteria are resistant to carbapenems, which 
are often considered as the antibiotic of last resort, and are frequently 
found in hospitalized patients fitted with invasive devices or exposed to 
extended antibiotic regimens. It has been estimated that infections 
caused by multidrug-resistant pathogens were directly responsible for 
1.27 million deaths and contributed to 4.95 million worldwide in 2019. 
In addition, they also represent related costs of over 1.5 billion € 
annually in healthcare expenses and productivity losses [5]. 

Bacterial resistance to antibiotics is a global health challenge 
resulting from the combination of several factors, including: (i) the 
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inappropriate and excessive use of these drugs in medicine, veterinary 
medicine, and agriculture over the years; (ii) the limited development of 
novel antibiotics by the pharmaceutical industry since the 1990 s; and 
(iii) the lack of innovative strategies in the development of antibiotics, 
which have mainly focused on optimizing previous scaffolds that inhibit 
the same type of bacterial targets against which resistance mechanisms 
have spread worldwide [6–8]. All these factors have contributed to 
stimulating the intrinsic evolutionary character and adaptability of 
bacteria to survive in hostile environments to the present alarming levels 
[9]. 

Bacteria become drug resistant by developing challenging and smart 
mechanisms that are increasingly difficult to combat. The most relevant 
mechanisms are: (i) drug excretion by activation of efflux pumps that are 
able to remove antibiotics from the periplasmic space to the external 
environment; (ii) a reduction of drug uptake by implementing chemical 
modifications of the bacterial outer membrane; (iii) a reduction of 
antibiotic efficacy by introducing changes to the target amino acid 
sequence that alter drug binding and/or adduct formation; and (iv) 
production of drug-inactivating enzymes, which results in inactivated 
forms of the antibiotic [10–12]. Of these, the production of β-lactamase 
enzymes that catalyze hydrolysis of the β-lactam ring in β-lactam anti
biotics (penicillins, cephalosporins, monobactams and carbapenems), 
thus preventing the inhibition of its therapeutic target (PBP, Penicillin- 
Binding Proteins), represents the most prevalent cause of antibiotic 
resistance in Gram-negative bacteria (Fig. 1) [13–15]. Their increasing 
incidence and continuing evolution are a direct consequence of natural 
selection by exposure to β-lactam agents. Since this type of antibiotic 

still remains at the forefront of antimicrobial chemotherapy, repre
senting about 70 % of antibiotics prescribed in the clinic and having 
proven to be safe and effective over more than 50 years, the impact of 
evolved pathogens harboring more challenging and sophisticated 
β-lactamases significantly narrows the therapeutic options and, in some 
cases, solutions are not available [16]. 

To overcome this problem, the development of novel antibiotics with 
alternative mechanisms of action is an important task, which is currently 
performed mainly by small biotechnology companies, academic 
research groups or large public–private partnerships such as CARB-X 
(Combating Antibiotic Resistant Bacteria Biopharmaceutical Acceler
ator; https://carb-x.org/). Although bacteria will always develop some 
resistance, it is necessary to achieve optimal mechanisms to keep this 
exponential increase under control. As such, the rapid and sensitive 
diagnosis of the presence of multidrug-resistant strains is needed to track 
the development of bacterial resistance and to improve the worldwide 
management of infectious diseases. This diagnosis will both guide the 
physician’s treatment decisions and avoid inappropriate prescription of 
ineffective antibiotics or the use of unnecessary ones. Nowadays, the 
early diagnosis of bacterial pathogens that are resistant to carbapenems 
is a crucial task in the practice of clinical microbiology [17]. These 
compounds have the broadest spectrum of activity and resistance to 
β-lactamases of all β-lactam antibiotics and are therefore considered 
drugs of restricted use, either alone or in combination with others, for 
difficult-to-treat infections, especially in a clinical setting. In this review, 
recent efforts to develop chemical probes for the early detection of 
β-lactamase production in multidrug-resistant pathogens in microbi
ology laboratories will be discussed. In particular, recently reported 
chromogenic and fluorogenic cephalosporin- and carbapenem-based 
β-lactamase substrates will be reviewed, including the scope of the 
diagnosis along with the synthetic approaches for their preparation. 

2. Challenges in β-Lactamase detection 

According to the Beta-Lactamase Database (BLDB; http://www.bldb. 
eu/; last updated 08 March 2024), around 8200 β-lactamases have been 
identified to date. They are typically classified into four groups (A–D) 
based on their sequence identities [18]. β-Lactamases of classes A 
(approx. 24 %) and C (approx. 47 %) are the most numerous group of 
enzymes, followed by classes D (approx. 16 %) and B (approx. 11 %). All 
of them constitute a highly diverse group of enzymes in terms of efficacy 
and specificity due to differences in the architecture and topology of the 
catalytic center and adjacent sites, as well as their mechanism of action 
(Fig. 2). An analysis of the three-dimensional structures available in the 
Protein Data Bank (PDB) for enzymes of classes A–D, both as wild-type 
form and bound or covalently modified by ligands (substrates or in
hibitors), clearly reveals these differences (Fig. 2A). Thus, factors such as 
accessibility, topology, hydrophobicity of key recognition sites, along 
with the presence (class B enzymes) or absence (enzymes of classes A, C 
and D) of catalytic anions, which are key for catalysis and binding, can 
explain the diversity in specificity and catalytic efficacy. Enzymes of 
classes A, C and D, namely serine-β-lactamases, hydrolyze β-lactam an
tibiotics in an acylation/deacylation-based process using a catalytic 
serine residue as the reactive nucleophile (Fig. 2B), whereas no enzyme 
adducts are involved for class B enzymes (metallo-β-lactamases). 
Instead, a Zn(II)-bound hydroxide anion is used as a nucleophile to give 
an anionic intermediate after cleavage of the β-lactam C–N bond. 
Metallo-β-lactamases are divided into three subclasses: B1 and B3 are 
mainly di-zinc-dependent enzymes, while B2 are mono-zinc-dependent 
hydrolases. 

The aforementioned features result in a great variation in substrate 
specificity and hydrolytic capacity, even within the same class (Fig. 3). 
Class A enzymes (known primarily as penicillinases) are a good example 
since they hydrolyze from penicillins to narrow- and extended-spectrum 
cephalosporins up to carbapenems. Of these, the most challenging class 
A enzymes are carbapenemases KPC, SME, IMI, NMC-A, and GES-like, 

Fig. 1. Chemical structure of β-lactam antibiotics (penicillins, cephalosporins, 
monobactams and carbapenems) and schematic representation of their inacti
vation catalyzed by β-lactamase enzymes. 
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which deactivate carbapenems. Class B enzymes (metallo-β-lactamases) 
show an extremely broad-spectrum substrate specificity. Thus, except 
for monobactams, such as aztreonam, virtually all β-lactam antibiotics 
are substrates for classes B1 and B3, while B2 enzymes specifically 
deactivate carbapenems. Metallo-β-lactamases such as IMP (B1), VIM 
(B1), NDM (B1), CphA (B2), and L1 (B3) currently represent a huge risk 
to hospitalized patients because they can potentially confer extremely 
broad-spectrum resistance to β-lactam antibiotics and no inhibitors of 
these enzymes have yet been approved by the US Food and Drug 
Administration (FDA). Cephalosporins are the preferred substrate for 
class C enzymes (cephalosporinases). Of these, the chromosomal class C 
β-lactamase (AmpC, encoded by ampC gene), also known as PDC (for 

Pseudomonas-derived cephalosporinase), is particularly challenging in 
clinical isolates of P. aeruginosa. The basal expression of AmpC is 
generally low, but high expression levels can be induced following 
exposure to some β-lactam antibiotics, thus making this bacterium 
intrinsically resistant to these drugs. Finally, class D enzymes, which are 
also known as oxacillinases (OXA), are the most genetically and bio
chemically diverse β-lactamases [23,24]. In general, they are charac
terized by their outstanding ability to hydrolyze cloxacillin/oxacillin 
along with carbenicillin. A large group of OXA-type enzymes have also 
evolved to hydrolyze expanded-spectrum cephalosporins (e.g., cefotax
ime, ceftazime, and cefepime), such as OXA-14 and OXA-15. Among 
class D enzymes, the most dangerous group in terms of epidemiology 

Fig. 2. (A) Close-up view of the active site of representative examples of classes A (KPC2, PDB ID 4ZBE, [19]), B (VIM-1, PDB ID 5N5I, [20]), C (AmpC, PDB ID 4HEF, 
[21]) and D (OXA-24/40, PDB ID 3FV7, [22]). The hydrophobic surface is shown in red. The catalytic serine residue is highlighted in blue and Zn2+ ions are shown as 
spheres. Note the different architectures and hydrophobicity of the enzyme active site for each example, as well as their overall arrangements. (B) Schematic 
representation of carbapenem hydrolysis catalyzed by serine-β-lactamases, which involves the formation of an acyl-enzyme adduct and subsequent hydrolysis, and 
metallo-β-lactamases, which implies the nucleophilic attack of a stabilized hydroxide anion. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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and incidence is the carbapenem-hydrolyzing class D β-lactamases, 
which are a further expansion of the substrate profile of class D enzymes 
to include carbapenem antibiotics. Except for OXA-48, the majority of 
class D carbapenemases have been identified in clinical isolates of Aci
netobacter spp., notably in Acinetobacter baumannii [25,26]. OXA-23, 
OXA-24/40 and OXA-58 are widely dispersed in clinical isolates of 
A. baumannii. OXA-48 is the most remarkable class D carbapenemase in 
Klebsiella pneumoniae and is also spread among other members of 
Enterobacterales. These enzymes are characterized by using a carba
mylated lysine residue as catalytic residue and having a highly hydro
phobic active site (Fig. 2A). 

The most widely employed methods for the detection of β-lactamases 
in clinical microbiology laboratories are currently phenotypic tech
niques [27–32]. These include tests that imply bacterial culture for 
12–24 h or even longer periods for slow growing bacteria, such as 
modified carbapenem inactivation method (mCIM) [33,34], Modified 
Hodge Test (MHT) [35], and the Double-Disk Synergy Test (DDST) [36]. 
For rapid diagnosis, qualitative colorimetric tests, such as the Carba
penemase Nordmann-Poirel (Carba NP) test [37,38] and its variants or β 
CARBA® test (Bio-Rad, Marnes-la-Coquette, France) are very useful 
[39,40]. Carba NP is the only carbapenemase-specific chromogenic 
assay for the rapid detection of carbapenemases implemented by the 
Clinical and Laboratory Standards Institute (CLSI) (~2h). It is based on 
the hydrolysis of imipenem by a bacterial lysate, which is detected by a 
change in pH, using phenol red as an indicator, which turns from red to 
orange/yellow. β CARBA® is a point of care test (~30 min) based on the 
color change due to the hydrolysis of a chromogenic substrate (unpub
lished) in the presence of active carbapenemase activity. All these 
colorimetric phenotypic methods are rapid, affordable and easy to 
implement, but usually show poor specificity and sensitivity, especially 
for carbapenemase detection, thus sometimes offering false-negative 
results [41–44]. 

Molecular tests, such as polymerase chain reaction (PCR)-based 
methods and real-time quantitative reverse transcriptase PCR (rt qRT- 
PCR), which are based on detection of the mRNA expression of 
carbapenemase-encoding genes [45], or proteomics-based methods 
(MALDI-TOF/MS, matrix-assisted laser desorption/ionization time-of- 
flight mass spectrometry) [46,47], are important alternative options 
that circumvent some of the diagnostic limitations of phenotypic tech
niques [48]. These technologies provide a precise and accurate diagnosis 
of carbapenemase activity, but fail to detect unknown carbapenemase 
genes or enzymes not included in the search test. In addition, their 
implementation as part of the daily routine practice of microbiology 
services is not universal given the high costs and need for sophisticated 
instrumentation and trained laboratory personnel. Furthermore, 
immunochromatographic lateral flow assays based on monoclonal an
tibodies generated by immunization of mice have emerged as a cost- 
effective method for the sensitive and specific detection of the five 

most relevant carbapenemases, namely OXA-48 (class D) and KPC (class 
A), VIM, IMP and NDM (classes B) [49–53]. However, as noted previ
ously, their main disadvantage is that they are unable to detect novel 
carbapenemases produced by the pathogen. 

In recent years, a great deal of effort has been devoted to the 
development of chemical sensors with an ultrabroad spectrum of ac
tivity for clinical microbiology use. In addition to allowing the accurate 
monitoring of carbapenemase production in life-threatening pathogens, 
the objective of these studies is to develop specific and sensitive reagents 
for biochemical purposes, such as determination of the kinetic profile of 
new isolated serine- and metallo-carbapenemases resulting from bacte
rial evolution and the inhibitory potency of novel β-lactamase inhibitors 
under development, which is a blooming strategy in antibacterial drug 
discovery [13]. The marked differences between β-lactamases, particu
larly in their substrate profile, makes this goal a difficult task. Research 
efforts in this regard will be discussed in the following sections. 

3. Cephalosporin-based reagents 

The development of chemical probes based on the cephalosporin 
scaffold is the most developed and explored area, partly due to its more 
friendly chemistry and the intrinsically higher stability of cephalospo
rins compared with carbapenems. The most relevant examples of chro
mogenic and fluorogenic cephalosporin-based substrates are discussed 
below. 

3.1. Chromogenic reagents 

Nitrocefin, which was developed by Glaxo Laboratories Ltd. in 1971, 
was the first commercially available chromogenic cephalosporin that 
could be used to detect bacterial strains producing β-lactamase enzymes 
in biological samples (Fig. 4) [54,55]. The remarkable colorimetric 
change from yellow to deep red when its β-lactam ring is hydrolyzed by 
β-lactamase enzymes explains the success of this reagent, which is used 
in microbiology laboratories worldwide. Nitrocefin has an (E)-2,4- 
dinitro-1-(prop-1-en-1-yl)phenyl group in the C3 position that is 
responsible for the colorimetric change. The assay usually involves the 
detection of a bathochromic shift from around 380 nm to around 485 nm 
in the UV–Vis spectrum caused by extension of the conjugation chain 
upon β-lactam hydrolysis, which is quantified by measuring the ab
sorption at 485 nm (ε485 nm = 15600 M− 1 cm− 1; ε = molar extinction 
coefficient). 

Nitrocefin is an expensive reagent largely due to its great demand 
and issues associated with its preparation. The synthetic approaches 
described to date incorporate the chromogenic group in nitrocefin in a 
similar manner to the original work of the Glaxo researchers, in other 
words via a Wittig reaction between a phosphonium salt and 2,3-dinitro
benzaldehyde [55]. One of the main problems with this approach is the 

Fig. 3. Classification of β-lactamases (classes A–D), including distinctive substrates for each class and relevant enzyme(s). The most challenging carbapenemases 
produced by multidrug-resistant gram-negative pathogens, which are the worst-case scenario in clinical settings, are highlighted with a green shadow. Early 
cephalosporins correspond to the first developed drugs such as cefazolin and cephalexin, extended-spectrum cephalosporins include fourth- and fifth-generation 
derivatives such as ceftolozane. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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intrinsic reactivity of cephalosporins to undergo undesirable isomeri
zation of the dihydrothiazine ring after protection of the carboxylate 
group [56]. To avoid this problem, Barendse et al. reported the use of 
commercially available sulfoxide 1, which allows a multigram-scale 
synthesis of nitrocefin in five steps in a 25 % overall yield (Scheme 
1A) [57]. In this case, the 2-thienylacetyl side chain is introduced in the 
final stages of the synthesis, performing the most difficult trans
formations (deprotection of the ester group with concomitant Z/E 
isomerization) with 2-phenylacetyl derivatives such as compounds 2–4. 
Subsequently, Lee et al. [58] reported an improved version of the Glaxo 
process in which the use of potassium trimethylsilanolate as base was 
shown to be key for both acylation to give amide 7 and for the Wittig 
reaction between the phosphonium salt 8 and 2,4-dinitrobenzaldehyde 
(Scheme 1B). This synthetic approach also facilitates clean conversion 
of the major Z isomer into the desired E isomer while avoiding decom
position processes resulting from prolonged treatments with TFA or 
Lewis acids, such as TiCl4 and SnCl4, directed to promote Z/E isomeri
zation. Smooth deprotection/isomerization is achieved by performing 

the TFA deprotection in 15 min at 0 ◦C, followed by stirring a 10 % 
DMSO in chloroform solution of the reaction mixture for 24 h. As a 
result, nitrocefin is obtained in a three-step synthesis from commercially 
available chloride 6 in 44 % overall yield. 

The success of nitrocefin led to further studies aimed at developing 
structurally similar chromogenic cephalosporins. Examples include 
CENTATM and PADAC®, which were developed by researchers from 
Hoechst AG (Germany), in which, unlike nitrocefin, hydrolysis of the 
β-lactam ring releases the probe into the medium (Fig. 5). CENTATM 

provides a color change from light yellow (characteristic band at λ =
340 nm) to chrome yellow, which can be quantified by measuring the 
absorption in the UV–Vis spectrum at 405 nm associated with the gen
eration of 2-mercapto-5-nitrobenzoic acid [59,60]. PADAC® (pyridine- 
2-azo-p-dimethylaniline cephalosporin) is a purple reagent (character
istic band λ = 570 nm) which turns light yellow (λ = 465 nm) upon 
hydrolysis due to the release of (E)-N,N-dimethyl-4-(pyridin-4-yldia
zenyl)aniline [61,62]. CENTATM and PADAC® are used less often than 
nitrocefin since either the color change is less pronounced (yellow 

Fig. 4. Hydrolysis of nitrocefin catalyzed by β-lactamases. The moiety responsible for the color change is highlighted in blue. The wavelength in the UV–Vis spectrum 
usually employed to monitor the process is also indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 

Scheme 1. Reagents and conditions: (a) Ph3P, MeOAc, MeOH, Δ. (b) 1. PCl3, CH2Cl2, –10 ◦C; 2. 2,4-dinitrobenzaldehyde, NaHCO3, CH2Cl2, RT. (c) TiCl4, CH2Cl2, 0 ◦C. 
(d) Penicillin acylase, 32 ◦C, pH 7.5. (e) 1. 1,3-Bis(trimethylsilyl)urea, CH2Cl2, Δ; 2. 2-thiopheneacetyl chloride, –10 ◦C. (f) KOTMS, 2-thiopheneacetyl chloride, 
CH3CN/CH2Cl2, 0 ◦C to RT. (g) NaI, Ph3P, butanone, RT, dark. (h) 1. KOTMS, CH3CN, –10 ◦C, dark; 2. 2,4-dinitrobenzaldehyde, CH2Cl2, –10 ◦C to RT. (i) 1. TFA, 
anisole, CH2Cl2, 0 ◦C, dark; 2. DMSO/CH2Cl2. 
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range) or they are less reactive. 
Ghavami et al. [63] described three nitrocefin analogs, compounds 

11–13, in which the dinitrophenyl group in nitrocefin was replaced by 
5-nitrofuran-2-yl and 5-nitrothiophen-2-yl groups (Fig. 5). For com
pound 13, the thiophen-2-yl substituent of nitrocefin was also 
substituted by a phenyl group, providing a synthetically more accessible 
derivative. Upon enzymatic hydrolysis, compounds 11–13 provide a 
color change from yellow to purple, along with a large bathochromic 
shift in the UV–Vis spectrum from about 426, 437 and 434 nm to about 
498, 529 and 520 nm, respectively. These compounds, which also have a 
high molar extinction coefficient thus providing an excellent signal-to- 
noise ratio for β-lactamase detection, were assayed against enzymes of 

classes A (KPC-2), B (VIM-2, LMP-1, NDM-1, SPM-1, L1), C (GC-1) and D 
(OXA-10). In general, the catalytic efficiency (kcat/Km) of these com
pounds against the latter enzymes is comparable with nitrocefin. 

For point-of-care diagnosis, disposable and inexpensive devices 
(paper-based, discs) containing the principal reagent of CENTATM, 
PADAC®, and nitrocefin, which do not require instrumentation or 
trained laboratory personnel for analysis, have been developed [64]. 
Furthermore, Chantemesse et al. [65] reported an amperometric assay 
based on the electrochemical detection of the β-lactamase activity using 
nitrocefin as substrate. This disposable carbon screen-printed sensor 
allowed the rapid and quantitative detection of Escherichia coli strains 
harboring extended spectrum β-lactamases (ESBLs) in urban 

Fig. 5. Chromogenic cephalosporin-based reagents related to nitrocefin. HMRZ-86 is the main reactant in the βLACTATM test. For CENTATM and PADAC®, the 
wavelength in the UV–Vis spectrum usually employed for monitoring the process is also indicated. 
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wastewaters by detecting the oxidation peak of the hydrolyzed nitro
cefin (~0.2 V vs Ag/AgCl). ESBLs are enzymes that confer resistance to 
penicillins, cephalosporins, and the monobactam aztreonam. In addi
tion, Alkekhia et al. [66] also demonstrated the utility of a poly(ethylene 
glycol) (PEG) polymer matrix for similar purposes by linking a deriva
tive structurally related to the main reagent of CENTATM via its C6 po
sition (14; Fig. 5). Similarly, Hanaki et al. developed HMRZ-86, in which 
the 1R side chain of the nitrocefin cephem core was replaced to increase 
susceptibility to third-generation cephalosporins (Fig. 5).[67,68] This 
compound is now commercialized as the βLACTATM test (Bio-Rad), a 
new chromogenic method that has been shown to be useful for the 
detection of ESBL-producing bacteria, but not for bacterial strains 
harboring plasmid-mediated or chromosomally mediated AmpC en
zymes [69,70]. The test is suitable for either isolated Enterobacterales 
colonies or bacterial pellets from positive blood cultures or urine. 

3.2. Fluorogenic reagents 

Several fluorogenic cephalosporin-based substrates for β-lactamase 
activity detection based on fluorescence activation upon hydrolysis of 
the β-lactam ring have been reported. In most cases, the fluorescent 
probe, which is covalently linked to the side chain in the 2R position of 
the cephem core, is released into the medium to activate the fluores
cence signal. The most relevant examples are summarized in Table 1. 

Gao et al. described a fluorogenic cephalosporin-based biosensor 
(compound 15) based on release of the phenolic dye resorufin, which 
fluoresces at 585 nm when excited at 550 nm, from a vinylogous 
cephalosporin (Table 1) [71]. The sulfoxide form of the cephalosporin 
was used to improve the stability of the compound in living media, as 
well as its Z-isomer, which is the major product in the Wittig coupling 
reaction employed, thus avoiding tricky Z/E isomerization process for 
this type of scaffold. Introduction of the resorufin moiety at the cephem 
core provides up to a 153-fold enhancement in the fluorescence in
tensity, thus facilitating detection of the production of β-lactamases at 
concentrations of less than 500 fM. The utility of compound 15 for im
aging β-lactamase gene expression was demonstrated using TEM-1 (class 
A enzyme) as a biosensor.[71]. 

Cephalosporin 16 functionalized with a caged 3,7-diesterphenoxa
zine probe as a precursor of the fluorescent resorufin was reported by 
Xie et al. [72] The process requires sequential activation mechanisms for 
fluorescence detection, starting with hydrolysis of the β-lactam ring, 
followed by cleavage of the acetyl groups catalyzed by esterase enzymes, 
and final oxidation of the reduced resorufin with H2O2 (1 mM). The 
authors proved the utility of the assay for the efficient detection of 
bacterial strains producing TEM-1 (class A), KPC-3 (class A) and IMP-1 
(class B) enzymes in 2 h. 

The fluorogenic compound 17, which enables the detection of 
Mycobacterium tuberculosis and bacillus Calmette–Guérin (BCG) in vitro 
and in living mice, has also been described (Table 1) [73]. This assay is 
based on specific detection of the chromosomal BlaC enzyme encoded by 
the blaC gene, which makes these bacteria intrinsically resistant to 
cephalosporin antibiotics and is an excellent biomarker for tuberculosis 
(TB) diagnosis. By taking advantage of the flexibility of the BlaC Ω-loop, 
which contains the residue E166 involved in hydrolysis of the enzyme 
adduct (deacylation process), the authors designed specific modifica
tions at the C6 position in the cephalosporin scaffold. The introduction 
of a methoxy group with an S configuration at the latter position proved 
to be key for achieving an 8900-fold selectivity for BlaC over TEM-1, 
which was supported by resolution of the three-dimensional structure 
of the E166A BlaC variant enzyme covalently modified by 17 (PDB 
3VFF, 2.78 Å). To monitor the process by fluorescence (λexc = 490 nm 
and λem = 535 nm), the TokyoGreen probe was incorporated into the 2R 
group of the cephem core. Further optimization of 17 by introduction of 
a cyclopropyl group at the C2 position of the cephem core allowed the 
identification of compound 18, with a 120,000-fold selectivity for BlaC 
enzyme over TEM-1 (Table 1) [74]. The specificity of compound 18 for 

BlaC expressing bacteria is excellent since no fluorescence signal is 
observed in incubation assays with other β-lactamase-expressing bac
teria (106 colony forming unit per milliliter, CFU mL− 1), specifically 
producing KPC, AmpC and SHV-18 β-lactamase enzymes. Compound 18 
allows the detection of TB-positive samples with 90 % sensitivity and 
TB-negative samples with 73 % specificity. Subsequent optimization of 
compound 18 led to cephalosporin 19, which showed a good diagnosis 
profile since it: (i) efficiently discriminates live from dead BCG; (ii) 
shows high specificity for M. tuberculosis over other bacterial species, 
including 43 non-TB mycobacteria; and (iii) is able to image 
M. tuberculosis in patients’ sputum and BCG phagocytosis in real time 
[75]. Assuming one copy of BCG in the loading mixture, a detectable 
concentration of 100 CFU/mL could be detected by cephalosporin 19. 

TokyoGreen caged by dinitrophenyl arylation was also employed in 
cephalosporin 20 for fluorophore-releasing detection (Table 1) [76]. In 
this case, fluorescence activation was promoted by the thiophenyl group 
released upon hydrolysis, which undergoes a nucleophilic substitution 
reaction to produce fluorescence activation [84]. Compound 20 showed 
good selectivity for metallo-β-lactamases, specifically VIM-27, IMP-1 
and NDM-1, over other carbapenemases such as KPC-3 (class A) and 
OXA-48 (class D) and ESBL, such as TEM-1 and BlaC (class A). This 
compound demonstrated ability to detect metallocarbapenemases in 
carbapenem-resistant Enterobacterales clinical isolates (105 CFU mL− 1). 

The first bioluminogenic substrate (compound 21) for β-lactamase 
detection in vivo was reported by Yao et al. (Table 1) [77]. The basis of 
this assay is use of the light-emitting enzyme firefly luciferase, which 
catalyzes the oxidation of D-luciferin into oxyluciferin and offers huge 
sensitivity in small living systems. To this end, the authors introduced 
the firefly luciferase substrate D-luciferin at the 2R position of the 
cephem core via an ether linkage, which is released upon β-lactam ring 
opening. Compound 21 was tested to image the activity of TEM-1 
β-lactamase in vivo. Further functionalization of compound 21 with a 
DABCYL quencher in the 1R group of the cephalosphorin core, com
pound 22, improves the signal-to-background ratio (>1200-fold) of the 
detection by a relevant reduction of the initial background emission 
[78]. The assessment of the catalytic efficacy of several β-lactamases of 
clinical relevance, specifically KPC-3, TEM-1 and BlaC (Class A), IMP-1 
(Class B), AmpC (Class C), and OXA-48 (Class D) against this compound, 
revealed that 22 is a good substrate for the tested enzymes of classes A 
and B (range 104 to 106 M− 1 s− 1), but less efficient for AmpC and OXA- 
48 (range 102 to 103 M− 1 s− 1). This bioluminogenic reagent allows the 
identification the β-lactamase production at the femtomolar level, 
detecting 102 to 103 CFU mL− 1 of β-lactamase-producing Enter
obacterales in urine samples within 30 min. 

Furthermore, inspired by the chemical structure of ceftazidime, Thai 
et al. developed a pyridyl BODIPY derivative 23 that can be used to 
detect strains harboring ESBL resistant to cefotaxime and ceftazidime 
(third-generation cephalosporins), such as CTX-M− 14, CTX-M− 15, 
SHV-28, TEM-1, and CTX-M− 9 (Table 1) [79]. A 2.5-fold increase in the 
intrinsic fluorescence intensity of 23, which was quantified at 512 nm, 
was obtained upon reaction with these enzymes. 

After analysis of the main structural differences between carbape
nems and cephalosporins, Shi et al. designed the fluorogenic cepha
losphorin 24, which contains a 7-hydroxycoumarin moiety as 
fluorescent probe and is detected after hydrolysis (Table 1) [80]. For the 
design, it was considered that carbapenems have a carbon atom in their 
five-membered ring replacing the sulfur atom present in penicillins and 
cephalosporins [85]; and, unlike penicillins and cephalosporins, also 
have an S-configuration at the 1R group, which prevents hydrolysis by 
most β-lactamases (except carbapenemases). Compound 24 showed 
good specificity and sensitivity for the detection of Enterobacterales 
strains producing carbapenem-resistant β-lactamase enzymes, specif
ically IMP-1, VIM-27 and NDM-1 (class B) and KPC-3 (class A). The 
detection limit of compound 24 for all these carbapenemases showed to 
be as low as 5 fmol. 

Compound 25, which is covalently modified with a highly sensitive 
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Table 1 
Examples of fluorogenic cephalosporine-based reagents in which the released probe is detected.  

Cephalosporin reagent Species or process detected Assay method, type of β-lactamase 
detected, refence 

Fluorescence, TEM-1, [71] 

Fluorescence; assay also involving 
oxidation with H2O2, TEM-1, [72] 

Fluorescence, TEM-1, BlaC, [73]  

Fluorescence, TEM-1, BlaC, [74]  

Fluorescence, TEM-1, BlaC, [75]  

(continued on next page) 
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Table 1 (continued ) 

Cephalosporin reagent Species or process detected Assay method, type of β-lactamase 
detected, refence 

Fluorescence, VIM-27, IMP-1, NDM-1,  
[76]  

Bioluminescence, TEM-1, [77]  

Bioluminescence, KPC-3, TEM-1, BlaC, 
IMP-1, [78] 

Fluorescence, TEM-1, SHV-12, CTX- 
M− 14, SHV-28, [79] 

Fluorescence, IMP-1, VIM-27, NDM-1, 
KPC-3, [80] 

(continued on next page) 
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near-infrared fluorescent probe that emits at 707 nm when excited at 
680 nm, has been used to detect and quantify different expression levels 
of β-lactamase production in methicillin-resistant and penicillin- 
resistant strains of Staphylococcus aureus with a detection limit of 0.02 
nM (Table 1) [81]. A ratiometric fluorescent probe (compound 26) for 
the selective detection of bacterial strains producing ESBL, including 
CTX-M− 9− expressing Enterobacter cloacae, TEM-3-expressing E. coli, 
multidrug-resistant A. baumannii, VIM-1-expressing Klebsiella pneumo
niae, and NDM-1 expressing K. pneumoniae, has been described by Mao 
et al. [82] The detection limits of compound 26 for the NDM-1, KPC-3, 
VIM-27, and IMP-1 enzymes were 0.4, 0.5, 0.6, and 0.9 pM, respectively. 

The fluorogenic suicide substrate 27 was developed to detect and 
label bacterial strains producing β-lactamase enzymes with a fluorescent 
probe (Table 1) [83]. This process implies initial hydrolysis of the 
β-lactam ring in 27, which triggers the release of a fluorescent precursor 
of a quinone-methide species. The latter intermediate is mainly hydro
lyzed by the water solvent to generate another electrophilic species—an 
aldehyde—which reacts with a nucleophilic residue of the target. The 
authors validated their proposal in assays with multidrug-resistant 
strains of A. baumannii and K. pneumoniae producing VIM-1 and NDM- 
1 enzymes. No details of the enzyme sites undergoing covalent modifi
cation(s) at a molecular level, or the type of residues involved, were 
disclosed. 

Approaches intended to quantify formation of the hydrolyzed 
cephalosporin have also been described (Table 2). Thus, Zlokarnik et al. 
developed compound 28 to visualize gene expression in single living 

mammalian cells by using TEM-1 β-lactamase—a class A enzyme—as a 
reporter [87]. The assay is based on the fact that TEM-1 β-lactamase is 
normally secreted into the periplasmic space but accumulates in the 
bacterial cytoplasm when its signal sequence is genetically deleted [88]. 
The authors designed an ester proform that is converted into its active 
species by esterase hydrolysis in the cytosol. Cephalosporin 28 and its 
active form are non-fluorescent compounds because the two fluo
rophores—a donor (7-hydroxycoumarin derivative) and an acceptor 
(fluorescein)—in its structure overlap sufficiently to allow efficient 
fluorescence resonance energy transfer (FRET). This effect is destroyed 
upon hydrolysis and the release of fluorescein into the medium. As a 
result, the hydrolyzed cephalosporin is detected by its strong fluores
cence signal at 447 nm when excited at 409 nm, thus allowing real-time 
gene expression determination. Galarneau et al. [89] showed that this in 
vitro assay can also be used to quantify protein–protein interactions. 
Shao et al. [90] also applied FRET strategies to develop fluorogenic 
cephalosporin-based reagents by incorporating the fluorophore (fluo
rescein, water-soluble Cy3 and near-infrared Cy5.5) and the quencher 
[DABCYL (4-([4-(dimethylamino)phenyl]azo)benzoic acid), BHQ2 
(black hole quencher-2) and BHQ3 (black hole quencher-3) derivatives] 
at the 2R group of the cephem core. These reagents are essential assay 
components for the GeneBLAzer™ technology for sensing gene expres
sion in living mammalian cells using fluorescence microscopy. 

A near-infrared fluorogenic cephalosporin 29 for imaging β-lacta
mase expression in living mammalian cells was developed by Xing et al. 
(Table 2).[91,92] The authors designed a non-fluorescent substrate by 

Table 1 (continued ) 

Cephalosporin reagent Species or process detected Assay method, type of β-lactamase 
detected, refence 

Fluorescence, [81] 

Fluorescence, CTX-M− 9, TEM-3, VIM-1, 
NDM-1, [82] 

Fluorescence, TEM-1, VIM-1, NDM-1,  
[83]  

R. Canabal and C. González-Bello                                                                                                                                                                                                          



Bioorganic Chemistry 150 (2024) 107528

11

Table 2 
Examples of fluorogenic cephalosporin-based reagents in which the hydrolyzed cephalosporin is detected.  

Cephalosporin reagent Species or process detected Assay method/type of β-lactamase 
detected/reference 

Fluorescence 
TEM-1 

[87,89] 

Near-infrared fluorescence 
TEM-1 

[91–93] 

Ratiometric fluorescence 
TEM-1, NDM-1, AmpC, ESBL 

[94]  
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introducing a fluorescent and a quencher group into the scaffold. Thus, 
compound 29 contains a fluorogenic probe at the 1R position, which 
emits at 670 nm when excited at 650 nm, and a quencher group (QSY21) 
at the 2R position linked to the cephem core via a thiol moiety, which is 
readily released upon hydrolysis. The latter group is also functionalized 
with a peracetylated D-glucosamine group to facilitate cell internaliza
tion. The hydrolysis of 29 catalyzed by a β-lactamase enzyme triggers 
release of the quencher group into the medium, thus giving a fluorescent 
hydrolyzed cephalosporin. It is important to highlight that the sulfoxide 
form of the cephalosporin was employed to improve the stability of the 
compound, which also proved to be useful for real-time imaging of 
pulmonary infections caused by M. tuberculosis and BCG, as well as rapid 
quantification in living mice without needing to sacrifice them [93]. The 
assay is based on detection of the chromosomal BlaC enzyme. 

Alternatively, Zhang et al. developed a fluorescent cephalosporin 
(compound 30) with a single emission peak at 590 nm when excited at 
440 nm, which is achieved using the FRET approach (Table 2) [94]. In 
the presence of β-lactamase enzyme, one of the probes in 30 is released 
into the medium, thus cancelling the FRET effect. As a result, the enzyme 
activity is quantified by monitoring the ratio of fluorescence intensity at 
two wavelengths. Compared to assaying absolute fluorescence intensity, 
this ratiometric approach provides more accurate and reliable sensing of 
the enzyme activity. Compound 30 proved to be useful for selectively 
detecting two clinically important β-lactamases, namely NDM-1, which 
is a metallo-β-lactamase, and AmpC, which is a chromosomal class C 
β-lactamase encoded by the ampC gene, which can be induced in most 
clinical isolates by some of the β-lactam antibiotics themselves. 

4. Carbapenem-based reagents 

Carbapenemases are enzymes that hydrolyze nearly all β-lactam 
antibiotics, including carbapenems. Most carbapenemases are plasmid- 
mediated and are frequently found in life-threatening pathogens such 
as multidrug-resistant A. baumannii, P. aeruginosa and Enterobacterales. 
Infections caused by bacteria that produce this type of enzymes are of 
great concern as they are seriously compromising the use of carbape
nems, which are considered to be the antibiotics of last resort [95]. A 
comparative analysis of the overall geometry of carbapenems and 
cephalosporins highlights important differences between both sub
strates. Thus, superposition of the minimum-energy conformation of 
cephalosporin (1R = Me, 2R = H) and carbapenem cores (R = Me) by 
molecular modelling calculations (Gaussian 09 W; [96]) revealed the 
more pronounced envelope-like conformation of carbapenems, with an 
angle between the rings of around 109◦ compared with around 128◦ for 
cephalosporins (Fig. 6a). As a result, the position of the carboxylate 
group, which is a key group for binding and recognition, is also dis
placed. Both features, along with the opposite stereochemistry of the 
β-lactam ring substituent, would induce differences in the recognition 
pattern (mainly carboxylate and carbonyl groups) and their reactivity 
against nucleophiles [serine residues (serine-β-lactamases) or hydroxide 
anion (metallo-β-lactamases)] in addition–elimination reactions that 
lead to hydrolysis (Fig. 6b and 6c). As such, for the specific detection and 
quantification of carbapenemase activity, chromogenic/fluorogenic 
probes based on the carbapenem scaffold appear to be the best option. 
Recent research efforts to develop carbapenem-based devices for the 
specific detection of carbapenemases are discussed below. 

Mao et al. reported a carbapenem derivative modified with a BODIPY 
moiety (compound 31) the UV–Vis spectrum of which shows a broad 
absorption band centered at 544 nm in sodium phosphate buffer pH 7.4 
and is mainly non-fluorescent (Fig. 7).[99] In the presence of the met
allocarbapenemase IMP-1, intermediate I is initially detected by UV–Vis 
spectroscopy but rapidly degrades to give BODIPY species 32 (detailed 
structure not disclosed). Overall, and after incubation for about 40 min, 
the color of the solution changes from purple to dark purple and finally 
pink, along with a 200-fold increase in the green fluorescence signal at 
512 nm (λexc = 365 nm), which corresponds to species 32. Carbapenem 

31 also proved to be specific for other carbapenemases such as VIM-27 
(class B), NDM-1 (class B), KPC-3 (class A) and OXA-48 (class D), with a 
relative selectivity between them: IMP-1, NDM-1 ≫ VIM-27, KPC-3 ≫ 
OXA-48. Only negligible fluorescence was detected upon incubation 
with ESBLs, such as TEM-1, TEM-3 and CTX-M− 9, which are enzymes 
that confer resistance to penicillins, cephalosporins, and the mono
bactam aztreonam. Furthermore, high sensitivity was achieved with 
compound 33 upon replacing the BODIPY moiety in 31 by a phenyl 
group para substituted with an electron-withdrawing group (− NMe3

+; 
Fig. 7) [100]. Compound 33 allows the highly sensitive detection of 
metallo-carbapenemases NDM-1, IMP-4 and VIM-27, as well as the 
serine-carbapenemases KPC-3 and OXA-48, exhibiting a color change 
from pale-yellow to red. The specificity of 33 for NDM-1 and IMP-4 was 
found to be very high, followed by KPC-3 and VIM-27, although it is less 
sensitive for OXA-48. In addition, after loading this chemical probe into 
a portable paper chip in combination with quantitative analysis via a 
smartphone, the presence of carbapenemases in diverse clinical sputum 
samples from sepsis patients with lung infections can be quickly 
diagnosed. 

Inspired by the high sensitivity and specificity of compound 33 for 
carbapenemase detection, the 4-(NMe3

+)phenyl group was also incor
porated in the cephalosporin core, compounds 34–36, to explore their 
specificity in the detection of other β-lactamase subtypes in clinical 
samples, including broad-spectrum β-lactamase (BSBL), extended- 
spectrum β-lactamase (ESBL), and AmpC (Table 3). To this end, two 
1R groups in the cephalosporin structure, as well as the additional 
introduction in C6 of a methoxy group with S configuration, were 
studied. While compound 34 detects all the β-lactamases explored, 
compound 36 specifically reacts with strains producing AmpC and 
carbapenemases. Compound 35 has an intermediate reactivity being 
substrate for all the type of β-lactamase tested unless BSBL. A sensor 
device created with these reagents is able to detect β-lactamase-pro
ducing bacteria in 100 clinical samples with 100 % accuracy within 
0.25–3 h, enhancing the accuracy of the diagnosis from 48 % to 83 %, 
and further from 50.6 % to 97.6 % after removal of fungal interference. 
This sensor detects multidrug-resistant isolates with the lowest detect
able concentration at 104 CFU mL− 1, which is about 1–2 orders of 
magnitude lower than paper-based nitrocefin reagent [64]. 

Alternatively, carbapenemase-based substrates linked to a probe via 
an ether bond susceptible to undergo a conjugated elimination to deliver 
the sensing species to the media have been described (Fig. 8). Thus, 
compound 29, in which the 7-hydroxycoumarin probe is linked to the 
carbapenem core via an ether linkage, showed good specificity for 
metallo-carbapenemases, specifically VIM-27, NDM-1, and IMP-1, but 
failed to detect KPC-3 and OXA-48 enzymes, which are serine- 
carbapenemases of classes A and D, respectively [86]. Further studies 
varying the spacer between the carbapenem core and the coumarin 
probe (benzyl ethers, allyl carbamates, allyl ethers, and secondary 
amines) led to the discovery of compound 30, which has a 4-hydroxy
benzyl alcohol as spacer [102,103]. The latter spacer was found to be 
the best option for providing a good chemical sensor for diagnosis in 
terms of stability, rapid fluorescence signal and high sensitivity.[102] 
Indeed, compound 30 exhibited a more than 10-fold higher sensitivity 
for carbapenemase detection than that obtained with the Carba NP test, 
providing 100 % sensitivity in detecting carbapenemases KPC-2 and 
NDM-1. When comparing compounds 29 and 30, it is worth highlighting 
the relevant sensitivity improvement for 30 as regards detecting OXA-48 
(66.7 %, class D) and KPC-2 (100 %, class A). 

To further improve the sensitivity of this type of chemical sensor 
against class D carbapenemases such as OXA-48, Ma et al. developed 
compound 31 (Fig. 8).[104] Unlike the previous examples, the carba
penem core in 31 lacks the S-methyl group in the five-membered ring, 
like imipenem, feropenem and panipenem. It was considered that the 
steric hindrance introduced by this methyl group was, to a significant 
extent, responsible for their more limited effectiveness, which is sup
ported by the two orders of magnitude higher catalytic efficiency of 
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OXA-48 against imipenem and panipenem compared to meropenem, 
ertapenem or doripenem, which bear this S-methyl group [105,106]. A 
comparison of the available crystal structures for OXA-48 inhibited by 
imipenem (PDB ID 6P97, 1.80 Å, [107]), faropenem (PDB ID 6PSG, 2.13 
Å, [108]), meropenem (PDB ID 6ZRP, 1.74 Å, [109]), and ertapenem 
(PDB ID 6ZRJ, 1.94 Å,[110]) (acyl-enzyme adducts), also reveals 
distinct interactions with key residues involved in recognition and 
binding, specifically R250 (helix α10) and T209 (motif III; K208, T209, 
G210, Y211), as well as differences in the arrangement of the carbape
nem side chains (Fig. 9) [111,112]. The side chain of the modified 
carbapenems lacking the S-methyl group establishes a salt bridge be
tween the carboxylate group and the guanidinium group in R250. In 
contrast, for those carbapenems bearing a methyl group, the carboxylate 
group is only anchored to the bottom part of the active site via one of its 
oxygen atoms. Compound 31, which includes a resorufin probe linked to 
the carbapenem core via a longer spacer than for compound 30, was 
found to have excellent sensitivity against metallo-carbapenemases 
NDM-1 and IMP-1, around 10-fold lower for VIM-2 and KPC-2, and 
around 100-fold lower for OXA-48, but in all cases in the picomolar 
range. 

The synthetic approaches most frequently employed in the prepa
ration of carbapenem-based chemical sensors are exemplified by the 
synthesis of compounds 26, 29 and 30 (Scheme 2). The chemical probes 
are introduced via Stille cross-coupling reaction between triflate 34 and 
an organotin compound (Bu3SnCH = CH2, Bu3SnCH2OH) using 
Pd2(dba)3 as catalyst, followed by subsequent transformation of the 
resulting new functionality (compounds 35 and 38). Triflate 34 is 
readily prepared in three steps from commercially available diazo de
rivative 32: (i) TBS-protection of the free hydroxyl group; (ii) Rh- 
catalyzed intramolecular cyclization of the protected diazo dicarbonyl 
compound; and (iii) triflate formation. The BODIPY moiety is introduced 
by way of a Heck coupling reaction between the conjugated ester 35 and 
iodide 47 using Pd(OAc)2 as catalyst. Removal of the TBS group by 
treatment with NH4⋅HF2, followed by deprotection of the ester group by 
reaction with Zn(0) in sodium phosphate buffer solution (pH 6) affords 
compound 26. Final deprotection of the ester group is usually quite a 
tricky step due to the lability of carbapenems against hydrolysis in basic 
and acidic media, thus usually providing moderate or even low yields. 

The coumarin moiety in compound 29 is introduced by Pd-catalyzed 
Trost allylic alkylation using carbonate 39, followed by removal of the 
protecting groups in 40 (Scheme 2). Carbonate 39 can be prepared in 
three steps from the conjugated ester 35: (i) dihydroxylation of the 
exocyclic alkene with oxidative cleavage using catalytic osmium te
troxide and NaIO4; (ii) reduction of the resulting aldehyde 36; and (iii) 
carbonate formation. Compound 30 can be prepared via a Mitsunobu 
reaction between phenol 46 and alcohol 38, which was obtained directly 
from the triflate 34 via a Stille reaction using Bu3SnCH2OH and 
Pd2(dba)3.CHCl3 as catalyst, and subsequent removal of the protecting 
groups. 

Finally, Das et al. [113] reported a chemiluminescent assay based on 
compound 48 for the detection of carbapenemase activity by introduc
tion of a phenoxy-dioxetane luminophore, which is suitable for use 
under physiological conditions, in the carbapenem (Fig. 10). This pro
cess relies on formation of the phenolate-dioxetane intermediate I upon 

(caption on next column) 

Fig. 6. (a) Overlapping of the minimum-energy conformation of cephalosporin 
(1R = Me, 2R = H) and carbapenem cores (R = Me) calculated using the AM1 
method in the Gaussian 09 W program. (b) Binding mode of ceftolozane (CAZ, 
3er generation cephalosporin) in the active site of AmpC for the acylation re
action (Michaelis complex) obtained by molecular dynamics simulation studies. 
[97] (c) Binding mode of imipenem (IMI) in the active site of OXA-24/40 for the 
acylation reaction (Michaelis complex) obtained by molecular docking.[98] 
The positions of the catalytic serine (blue) and relevant side chain residues are 
shown and labelled. Relevant hydrogen-bonding interactions are shown as red 
dashed lines. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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hydrolysis catalyzed by a carpenemase enzyme, which rapidly de
composes via a chemical excitation process to afford the excited ben
zoate ester II. Subsequent decay of II to its ground state releases energy 
in the form of green photon that it is measured as chemiluminescence. 

Assays carried out with P. aeruginosa and K. pneumoniae strains 
harboring IMP-2 and KPC-2 enzymes, respectively, along with non- 
carbapenem resistant strains of E. coli, demonstrated the utility of 
compound 48 for carbapenemase detection. The sensitivity against IMP- 

Fig. 7. Carbapenem-based reagents for carbapenemase detection in which the probe signal is detected upon hydrolysis of the carbapenem core either by fluorescence 
or color change. The chemical probes are highlighted in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Table 3 
Chromogenic reagents containing a 4-(NMe3

+)phenyl group, compounds 33–36, and its ability to detect the production of different types of β-lactamase enzymes in 
clinical isolates.[101].  

Compound BSBLa ESBLb AmpC Carbapenemase 

£ £ £ √ 

√ √ √ √ 

£ √ √ √ 

£ £ √ √ 

aBSBL = broad-spectrum β-lactamase; bESBL = extended-spectrum β-lactamase. 
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2 (class B) was found to be higher than for KPC-2 (class A). 

5. Outlook 

The methods based on the use of chromogenic and fluorogenic 
substrates for the early detection of β-lactamase activity represents a 
great advance in the treatment of infectious diseases. Bypassing the need 
for time-consuming culture (petri discs, broth culture) or isolation 
(bacteria lysis) procedures prior to diagnosis facilitates the rapid selec
tion of the most suitable therapy for each patient, thus avoiding the use 
of ineffective drugs or preserving the use of antibiotics of last resort. 
Inspired by the success of nitrocefin, a chromogenic cephalosporin- 
based substrate developed in the 1970s, alternative reagents using the 
same scaffold have been described. Most substrates reported are based 
on fluorescent detection, some of them on the hydrolyzed reagent, but 
mostly on release of the fluorescent form of the probe upon hydrolysis. 
In general, these fluorogenic reagents show outstanding selectivity and 
sensitivity for clinically relevant metallo-carbapenemases (VIM, NDM, 

IMP), while their efficacy against carbapenem-hydrolyzing class D en
zymes, such as OXA-48, OXA-23 and OXA-24/40, is less remarkable. It is 
worth highlighting that metallo-carbapenemases are broad-spectrum 
hydrolases that transform virtually all β-lactam antibiotics, except 
monobactams, while carbapenems are the distinctive substrate for class 
D carbapenemases. Therefore, it seems that the use of cephalosporin 
scaffolds should not be a good option for detecting the latter enzymes, as 
seen for nitrocefin and related compounds/kits. Furthermore, in some of 
the fluorogenic reagents reported, larger and less affordable fluorescent 
probes were introduced to enhance the detection. However, these are 
bulky substituents, and expensive groups from a synthetic point of view, 
that need to be accommodated in the catalytic site for enzyme trans
formation, which might be a disadvantage for those enzymes with a 
more rigid or/and less accessible active site, such as OXA-23 or OXA-24/ 
40. In these cases, design of the optimal spacer between the scaffold and 
the probe that is able to provide flexibility, as well as promote attractive 
interactions with the macromolecule, would be an important task to 
achieve a good diagnostic kit. 

Fig. 8. Carbapenem-based reagents for carbapenemase detection in which the detected species is released to the medium. The chemical probes are highlighted in 
blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. (A,B) Detailed views of the active site of the OXA-48 acyl-enzyme complex after reaction with imipenem (A, PDB ID 6P97, 1.80 Å, [107]) and meropenem (B, 
PDB ID 6ZRP, 1.74 Å, [108]). Relevant hydrogen-bonding and electrostatic interactions between the ligands and the enzyme are shown as dashed lines (blue) and 
highlighted with a blue shadow. Relevant residues are shown and labeled. (C) Superposition of the crystal structure of OXA-48 covalently modified with ertapenem 
(PDB ID 6ZRJ, 1.94 Å, [109]), faropenem (PDB ID 6PSG, 2.13 Å, [110]), imipenem (panel A) and meropenem (panel B). The catalytic serine residue S70 is shown in 
yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Although studies into the development of carbapenem-based re
agents are still in their infancy, the diagnostic enhancement achieved by 
some of the reagents reported against OXA-48 enzyme are excellent. 
Finally, despite the greater synthetic difficulties of the chemistry of the 
carbapenem scaffold, mainly resulting from its greater sensitivity to 

hydrolysis, especially in the final deprotection stage of the carboxylate 
group, the advantages of this scaffold are evident. Although fluorogenic 
substrates are very sensitive reagents because of the fluorescence 
detection, the visual identification of β-lactamase activity by using 
chromogenic reagents, which do not require the use of sophisticated 

Scheme 2. Reagents and conditions: (a) TBSCl, imidazole, DMF, RT. (b) Rh2(OAc)4, ZnCl2, CH2Cl2, Δ. (c) 2,2,6,6-tetramethylpiperidine, DIPEA, Tf2O, –50 ◦C. (d) 
Bu3SnCH = CH2, Pd2(dba)3, P(2-furyl)3, ZnCl2, N-methyl-2-pyrrolidone, 30 ◦C. (e) 47, Pd(OAc)2, P(o-Tol)3, Et3N, DMF, 80 ◦C. (f) NH4.HF2, N-methyl-2-pyrrolidone, 
DMF, RT. (g) Zn, THF/phosphate buffer (pH 6.0). (h) OsO4, NaIO4, H5IO6, THF/H2O, RT. (i) BH3⋅THF, − 15 ◦C. (j) Bu3SnCH2OH, Pd2(dba)3.CHCl3, P(2-furyl)3, ZnCl2, 
N-methyl-2-pyrrolidone, 70 ◦C. (k) isobutyl chloroformate, Py, CH2Cl2, 0 ◦C. (l) Umbelliferone, Pd2(dba)3.CHCl3, P(OEt)3, PhMe/THF, 30 ◦C. (m) H2, Pt/C, THF/PBS 
(pH 7.0), RT. (n) 46, DIAD, PPh3, PhMe, 0 ◦C. (o) H2, Rh/C, 1 M NaHCO3, THF/H2O, RT. (p) NIS, MeOH, RT. (q) Umbelliferone, DIAD, Ph3P, PhMe, RT. (r) AcOH, 
TBAF, THF, RT. 

Fig. 10. Chemiluminescent carbapenem-based assay for detecting carbapenemase production. Schematic representation of the chemical excitation activa
tion mechanism. 
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instrumentation and qualified personal, are more practical and partic
ularly suitable for rapid point-of-care detection. In this context, the 
recent research efforts to provide chromogenic carbapenem-based re
agents are excellent. As such, an exciting future is predicted for this type 
of reagent in terms of translation to the clinic. 
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