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Abstract: β-lactam antibiotics are among the most important and widely used antimicrobials world-
wide and are comprised of a large family of compounds, obtained by chemical modifications of
the common scaffolds. Usually these modifications include the addition of active groups, but less
frequently, molecules were synthesized in which either two β-lactam rings were joined to create
a single bifunctional compound, or the azetidinone ring was joined to another antibiotic scaffold
or another molecule with a different activity, in order to create a molecule bearing two different
pharmacophoric functions. In this review, we report some examples of these derivatives, highlighting
their biological properties and discussing how this strategy can lead to the development of innovative
antibiotics that can represent either novel weapons against the rampant increase of antimicrobial
resistance, or molecules with a broader spectrum of action.

Keywords: bis-azetidinone derivatives; dual antibiotics; podands; siderophores; bis beta-lactam; bis
beta-lactam macrocycles

1. Introduction

β-lactam antibiotics are a broad group of molecules that are naturally produced by
different organisms (molds belonging to Penicillium spp. and Cephalosporium spp. for
penicillins and cephalosporins, respectively, and bacteria belonging to different species for
monobactams and carbapenems) (Figure 1).

The serendipitous discovery of the first representative of this broad group of molecules,
penicillin G, is generally attributed to Alexander Fleming in 1929 [1], although there are
pieces of evidence that, about fifteen years before, an Italian physician, Vincenzo Tiberio,
had already identified in molds a “principle with bactericidal action” [2]. Only in 1949,
however, was the structure of this compound fully revealed, thanks to the pioneering
X-ray studies of Dorothy Crowfoot Hodgkin [3]. Another Italian pharmacologist, Giuseppe
Brotzu, identified the presence of other compounds with bactericidal activity in crude fil-
trates of Cephalosporium cultures in 1945 [4]. The founder of this second class of compounds,
cephalosporin C, was identified from these filtrates in 1953 and its structure was fully char-
acterized in 1961 [5,6]. The other classes of β-lactam antibiotics, namely carbapenems and
monobactams, were discovered more recently [7,8], in an effort to identify new members
of this broad group of molecules.

All these compounds share a common chemical moiety, i.e., a four-member ring with
an amidic function, commonly called “β-lactam ring” or “azetidinone”. In penicillins,
cephalosporins, and carbapenems, this ring is fused to another 5- or 6-member ring,
whereas in monobactams, the β-lactam ring is monocyclic (Figure 1). This moiety is the
mainly responsible for the antibacterial properties of all these molecules, due to their
ability to block the bacterial cell wall synthesis as a result of their covalent binding to
penicillin-binding proteins (PBPs), which are essential enzymes involved in the terminal
steps of the synthesis of peptidoglycan, the main component of the bacterial cell wall [9].
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lin-binding proteins (PBPs), which are essential enzymes involved in the terminal steps of 
the synthesis of peptidoglycan, the main component of the bacterial cell wall [9]. 

 
Figure 1. Core structures of different classes of β-lactam antibiotics. In penicillins, the β-lactam moiety is fused to a five-
member thiazolidine ring; in cephalosporins, the β-lactam moiety is fused to a six-member dihydrothiazine ring; in car-
bapenems, the β-lactam moiety is fused to a pyrroline ring; in monobactams, the β-lactam ring is not fused to any other 
ring. In all classes, the β-lactam moiety is highlighted in red; the standard numbering of the nucleus for each class is also 
reported. 

After the so-called “Golden Age” of antibiotic discovery (from the 1940s to the 1960s) 
[10], researchers had to realize the progressive increase of microorganisms that are not 
susceptive to the action of these drugs. This resistance is caused by the development of 
many different “escape strategies”, such as the alteration of the target, the development 
of pumps to export the antibiotics outside the microbial cell, and in particular for β-lactam 
antibiotics, the widespread diffusion of β-lactamases, enzymes able to inactivate their 
pharmacophoric core by hydrolysis of the β-lactam ring [11]. Therefore, during the last 
decades, a huge effort has been made worldwide to identify or synthesize new antibiotics, 
able to encompass the antimicrobial resistance that has been recently declared by WHO 
“one of the top 10 global public health threats facing humanity” 
(https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance; declaration 
of 13 October 2020). Additionally, several derivatives of the natural compounds have been 
created to modulate their pharmacokinetic properties and/or to widen their spectrum of 
action. For example, to date, hundreds of cephalosporin derivatives are available and they 
are classified into five “generations” that are characterized by different ways of admin-
istration and by an enhanced microbicidal activity towards Gram-negative bacteria (while 
the founder molecule is mainly active on Gram-positive bacteria) [12].  

The total synthesis of β-lactam antibiotics in the laboratory is difficult because these 
molecules, despite their limited size, are often extremely complex in function and chirality 
[13]. Therefore, the vast majority of the chemical modifications applied to β-lactam anti-
biotics involve the functionalization of the pharmacophoric core, typical of each class, us-
ing the total chemical or enzyme-assisted strategies. Each of the 1, 2, 3, or 4 positions on 
the β-lactam ring (Figure 1) have been considered for the introduction of numerous and 
different substituent groups in order to modulate the possibility of interactions with their 
targets, and consequently, to improve the biological activity. 

In addition to the functionalization of the pharmacophoric core of β-lactam antibiot-
ics, the development of bi- or multifunctional antibiotics is an interesting strategy to both 
increase the bactericidal activity of these compounds and to enhance their resistance to β-
lactamases. In this review, we would like to summarize the efforts made during the years 
to create two kinds of bifunctional derivatives: those in which two or more azetidinone 
rings have been associated in a single molecule, and those in which the β-lactam moiety 
has been associated to other pharmacophoric moieties with different modes of action. We 
will describe some of the most representative molecules obtained so far. We would like to 
point out that, in this review, we will not include those pro-drugs in which a new function 
has been inserted to merely improve pharmacokinetics of original β-lactam compounds. 

  

Figure 1. Core structures of different classes of β-lactam antibiotics. In penicillins, the β-lactam moiety is fused to a
five-member thiazolidine ring; in cephalosporins, the β-lactam moiety is fused to a six-member dihydrothiazine ring; in
carbapenems, the β-lactam moiety is fused to a pyrroline ring; in monobactams, the β-lactam ring is not fused to any
other ring. In all classes, the β-lactam moiety is highlighted in red; the standard numbering of the nucleus for each class is
also reported.

After the so-called “Golden Age” of antibiotic discovery (from the 1940s to the
1960s) [10], researchers had to realize the progressive increase of microorganisms that
are not susceptive to the action of these drugs. This resistance is caused by the develop-
ment of many different “escape strategies”, such as the alteration of the target, the devel-
opment of pumps to export the antibiotics outside the microbial cell, and in particular
for β-lactam antibiotics, the widespread diffusion of β-lactamases, enzymes able to in-
activate their pharmacophoric core by hydrolysis of the β-lactam ring [11]. Therefore,
during the last decades, a huge effort has been made worldwide to identify or synthe-
size new antibiotics, able to encompass the antimicrobial resistance that has been re-
cently declared by WHO “one of the top 10 global public health threats facing humanity”
(https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance; declara-
tion of 13 October 2020). Additionally, several derivatives of the natural compounds have
been created to modulate their pharmacokinetic properties and/or to widen their spec-
trum of action. For example, to date, hundreds of cephalosporin derivatives are available
and they are classified into five “generations” that are characterized by different ways of
administration and by an enhanced microbicidal activity towards Gram-negative bacteria
(while the founder molecule is mainly active on Gram-positive bacteria) [12].

The total synthesis of β-lactam antibiotics in the laboratory is difficult because these
molecules, despite their limited size, are often extremely complex in function and chiral-
ity [13]. Therefore, the vast majority of the chemical modifications applied to β-lactam
antibiotics involve the functionalization of the pharmacophoric core, typical of each class,
using the total chemical or enzyme-assisted strategies. Each of the 1, 2, 3, or 4 positions on
the β-lactam ring (Figure 1) have been considered for the introduction of numerous and
different substituent groups in order to modulate the possibility of interactions with their
targets, and consequently, to improve the biological activity.

In addition to the functionalization of the pharmacophoric core of β-lactam antibiotics,
the development of bi- or multifunctional antibiotics is an interesting strategy to both
increase the bactericidal activity of these compounds and to enhance their resistance to
β-lactamases. In this review, we would like to summarize the efforts made during the years
to create two kinds of bifunctional derivatives: those in which two or more azetidinone
rings have been associated in a single molecule, and those in which the β-lactam moiety has
been associated to other pharmacophoric moieties with different modes of action. We will
describe some of the most representative molecules obtained so far. We would like to point
out that, in this review, we will not include those pro-drugs in which a new function has
been inserted to merely improve pharmacokinetics of original β-lactam compounds.

2. β-Lactam Antibiotics Bearing More Than One β-Lactam Ring

An interesting approach aimed at improving the biological activity of β-lactam antibi-
otics and fight resistance against them has been the introduction of more than one β-lactam
unit inside the same chemical structure. The rationale behind proposing this strategy was
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to consider a possible synergistic action between the various β-lactam rings, which are
capable of improving antibacterial activity and stability.

In the early 1980s, Rodríguez-Tébar and coworkers reported the preparation of dif-
ferent radio-labeled bis-β-lactams and a study on their interaction with Escherichia coli
PBPs [14]. They synthesized bis-functional compounds derived from common β-lactam
antibiotics such as 6-aminopenicillanic acid (6-APA), ampicillin, and amoxicillin. All deriva-
tives (compounds 1–4) showed PBPs binding affinities that were higher than those of their
parent precursors and some of them were able to cross-link two molecules of PBPs (Figure 2).
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Figure 2. Chemical structures of radio-labeled bis-β-lactam compounds 1–4 (ref. [14]). Compound 3 is drawn in cis
configuration owing to space limitations, although its configuration is trans. * indicates the radio-labeled atoms.

Next, Panunzio and coworkers reported the synthesis of a series of novel compounds
derived from the coupling between cefotaxime and different monobactams [15]. The struc-
ture of the monobactams was planned from the structure of aztreonam, a commercially
available antibiotic drug, and replacing, at the N-1 position, the sulfonic acid group with a
neutral tetrazole ring, and a pyridyl group at the C-3 position to obtain compounds similar
to the third generation of antibacterial agents. Only compound 5 is shown in Figure 3 and it
exhibited activity against most bacterial strains compared to the standard drug cefotaxime.
In particular, the stereoisomer (Z,Z) of compound 5 was more active than both the reference
drug and (Z,E)-5 against one strain of E. coli and one strain of K. pneumoniae. This result
was in agreement with the hypothesis of the synergic action of the two moieties. Indeed,
(Z,E)-5 and (Z,Z)-5 differed only in the geometry of the double bond of the methoxy-imine
in the monobactam moiety. As a consequence, when the monobactam from (Z,E)-5 was
released, it was inactive, while in the case of (Z,Z)-5, it was active.
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itive bacteria in comparison to Gram-negative bacteria, and, for S. aureus and S. epider-
midis, the activity was higher than the reference drug. The compound with R = R1 = R2 = H 
was observed as the most active in the series. Additionally, in vitro cytotoxic studies 
against NIH-3T3 cell lines displayed no cytotoxic effects at concentrations higher than 
those proved to have antibiotic activity [16]. 

Next, after a computational study on the role played by two β-lactam moieties A and 
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lactam ring was joined to the cephalosporin moiety by a chain of variable lengths (n = 1 to 
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tested MRC-5 and Calu-1 cell lines at the antimicrobial active doses. 

Figure 3. Selected β-lactam antibiotics synthesized by Panunzio et al. (ref. [15]). The moiety highlighted in blue is the
portion derived from cefotaxime, the one in black is the aztreonam derivative. The methoxy-imine group mentioned in the
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More recently, two other new classes of semisynthetic penicillins and cephalosporins,
characterized by the presence of an additional β-lactam nucleus joined to the amino-
nitrogen of 6-APA or 7-aminocephalosporanic acid (7-ACA), were reported in the literature
(Figure 4) [16–19]. The additional 2-azetidinone nucleus A was characterized by the
presence of two substituted phenyl rings at the C-4 and N-1 positions to favor hydrophobic
interactions with the active site of β-lactamases and to improve the ability to inhibit them.
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All the synthesized 6-APA derivatives were tested in vitro against a variety of bacterial
strains, representative of Gram-positive (S. aureus, S. epidermidis, Bacillus sp.) and Gram-
negative bacteria (E. coli, S. typhimurium, P. fluorescens, and P. aeruginosa). The antimicrobial
data indicated that all the compounds showed better activity against Gram-positive bacteria
in comparison to Gram-negative bacteria, and, for S. aureus and S. epidermidis, the activity
was higher than the reference drug. The compound with R = R1 = R2 = H was observed
as the most active in the series. Additionally, in vitro cytotoxic studies against NIH-3T3
cell lines displayed no cytotoxic effects at concentrations higher than those proved to have
antibiotic activity [16].

Next, after a computational study on the role played by two β-lactam moieties A and
B (Figure 4) [17,18], a novel series of bis-β-lactam derivatives was synthesized, in which
the 6-APA scaffold was replaced by the 7-ACA scaffold joint through an amide bond to
the additional substituted β-lactam ring (Figure 4, right) [19]. Interestingly, the additional
lactam ring was joined to the cephalosporin moiety by a chain of variable lengths (n = 1
to 7), assuming that the increasing of the distance between two moieties could increase
the conformational flexibility and thus improve the interactions with the targets. All the
synthesized compounds were tested against selected Gram-positive and Gram-negative
bacteria strains and showed their effectiveness against Gram-positive bacteria. In particular,
the compounds with an elongated carbon chain exhibited enhanced antibacterial activity
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compared to the reference drug. All the compounds displayed no in vitro cytotoxicity on
tested MRC-5 and Calu-1 cell lines at the antimicrobial active doses.

Other studies replaced the condensed bicyclic ring structures with monocyclic 2-
azetidinone rings connected by spacers of various lengths and flexibility. The synthesized
compounds were screened for their in vitro antibacterial activity against B. subtilis, S. aureus,
E. coli, and K. pneumoniae. The results showed that all the compounds exhibited moderate
to good activity, similar to that of the standard drugs. The compounds with a methoxy-,
nitro- and amino-group on the phenyl ring at the C-4 position of the azetidinone ring were
observed as the most active in the series (Figure 5a–d) [20–22].
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Refs. [20–22], compounds (e) in Ref. [23].

Meenakshisundaram and coworkers [23] have reported related compounds with a
phenyl ring as a linker between two azetidinones. All the derivatives shared, in their
structures, two variously substituted 2-azetidinone nuclei linked at the C-3 position to the
aromatic ring in the meta or para-relationship (Figure 5e). The compounds were subjected
to an antimicrobial screening against nine strains of Gram-negative and Gram-positive bac-
teria. In general, all the compounds showed moderate activity, and usually, better activity
against Gram-negative bacteria. In particular, among 1,4-positional isomers, the derivative
with four chlorine atoms (R = R1 = Cl) in the structure exhibited good antibacterial activity
against both Gram-negative bacteria (P. mirabilis, P. vulgaris, M. morgana, and S. typhi) and
Gram-positive bacteria (S. aureus). Among the 1,3-positional isomers, the best antimicrobial
activity was shown by the dimer with a chlorine atom on the C-4 position of 2-azetidinone
nucleus (R1 = Cl), and a methyl substituent on the N-phenyl group (R = Me). Furthermore,
the compound with a p-OMe phenyl ring at the C-4 position (R1 = p-OMePh) and a p-Me
phenyl ring linked to the nitrogen N-1 of the β-lactam nucleus demonstrated an interest-
ingly activity against a methicillin-resistant strain of S. aureus (MRSA), which was better
than its corresponding monomer.

Another interesting structural class of multivalent β-lactam derivatives is β-lactam
podands. Their structure is characterized by the presence of three nuclei of cephalosporin
or penicillin arranged on a tricarboxylic acid acting as a central node (Figure 6). The an-
tibacterial activity of the podands was tested on different strains of Gram-positive and
Gram-negative bacteria, but only in some cases, significant results were found with an
activity comparable to the antibiotic references [24,25].
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Generally, the design of new potential β-lactam antibiotics has been aimed at im-
proving the susceptibility of the β-lactam ring (acylating power) towards the nucleophilic
attack of the target PBPs. An attractive approach is based on the synthesis of β-lactams
embedded into macrocycles. The main idea of this approach is that the inclusion of the
β-lactam moiety into a macrocyclic scaffold may facilitate the breaking of the N-C(O) bond
of the 2-azetidinone ring, by increasing its conformational flexibility. The assumption is
that the interaction of the β-lactam ring with the target enzymes involves a conformational
reorganization during the formation of the acyl-enzyme intermediate. In this context, an ex-
tensive study was reported by Dive and coworkers [26]. A series of 1,3-bridged β-lactams
embedded into macrocyclic scaffolds was synthesized (Figure 7) and the inhibitory activity
against PBP2a (S. aureus) and PBP5fm (E. faecium), two representative PBPs of resistant
bacteria, was evaluated. The results of the screening indicated that the series of the fully
saturated compounds showed better activity against PBP2a than that of the unsaturated
macrocycles, and the molecular shape and flexibility played a key role. In fact, for com-
pounds of the same size (28 atoms), the non-symmetrical macrocycle was more active
than the symmetrical one. In the series of the symmetrical dimers, the largest macrocycle
was the most potent one, and the lower limit size to observe activity was the ring size of
24 atoms. However, none of the compounds showed inhibitory activity versus PBP5fm.
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Arumugam and coworkers [27] reported another series of bis-β-lactam grafted macro-
cycles (Figure 8). All the compounds were tested for in vitro antibacterial activity against
four bacterial strains (B. subtilis, S. aureus, P. aeruginosa, and K. pneumoniae) and antifungal
activity against F. oxypsorium and M. phaseolina. The results obtained indicated that the
antibacterial activity was dose-dependent and the macrocycles with C2-symmetry (cis-anti-
cis bis-β-lactam macrocycles) exhibited higher activity than meso-macrocycles (cis-syn-cis
bis-β-lactam macrocycles).
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ing that the calixarene derivatives were more potent than the monomeric counterparts 
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Vatmurge and coworkers [28] have carried out the synthesis of some novel bile acid
dimers containing two β-lactams as linkers to exploit the characteristic amphiphilicity of
bile acids. The synthesized compounds were screened for their in vitro antibacterial activity
against S. aureus and E. coli bacteria. The results indicated that none of the compounds
exhibited comparable or better activity than the reference drugs against the E. coli strain.
The compound shown in Figure 8 was the most active in the series against the S. aureus
strain with an activity similar to the reference tetracycline and ampicillin.

β-Lactam Nucleus on Calixarene Scaffolds

Calixarenes are a class of macrocycle compounds that are particularly interesting with
“almost unlimited possibilities” [29]. Due to their intrinsic structural and physicochemical
characteristics, they have been applied in different fields [30–32]. Particularly, calixarene
derivatives have attracted much attention in recent years in medicinal chemistry due to
their potential biological activity and their function as carriers or spatial organizers of
various kinds of biologically active molecules [33–35]. The functionalization of the upper
and lower rims allows for the possibility of introducing different moieties on the rigid
calixarene scaffold with preorganized spatial relationships between the substituents.

Examples of calixarene scaffolds functionalized with penicillin nuclei were reported
by Pur and Dilmaghani. These calixarene-based penicillins represented a novel class of
penicillin derivatives called calixpenams [36]. The synthesized compounds were func-
tionalized at the lower or upper rim of the calixarene scaffold with four 6-APA (Figure 9).
Their in vitro antibacterial activity was evaluated against different bacteria strains, show-
ing that the calixarene derivatives were more potent than the monomeric counterparts
against S. pyogenes, S. agalactiae, and S. pneumoniae bacteria strains. This result suggested a
positive macrocyclic effect on the activity that provided a synergistic effect and a spatial
preorganization of four 6-APA moieties. The most active compound was the derivative
functionalized at the upper rim that the authors explained with a larger contact surface
with the bacterial membrane due to the bigger size of the upper rim compared to the lower
rim. The same group synthesized new calixarene derivatives with cephalosporin nuclei
linked to their scaffold (Figure 9) and called them calixcephems [37]. The calixcephems
displayed enhanced antibacterial activity, with minimum inhibitory concentration (MIC)
values from 5 to 10-fold lower in comparison to the corresponding single cephem and
parent calixpenam. Notably, the compound with all cephem moieties at the lower rim was
more effective against MRSA compared to the corresponding calixpenam.
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3. β-Lactam Antibiotics Bearing Additional Pharmacophores
3.1. Hybrid Antibiotics with a β-Lactam Moiety Associated with Another Antibiotic Moiety

A strategy to overcome the possibility of a failure during antimicrobial therapy is to
administer a combination of different drugs, to expand the spectrum of action and/or to
counteract the insurgence of resistant bacterial strains. Attempts to combine antimicrobial
drugs arose since the 1960s at the end of the “golden era” and the start of the “lean years”
in which medicinal chemistry reached the lowest point of new antibiotic discovery and
development, together with a parallel increase in antibiotic resistance [11]. This situation
pushed clinicians to combine two or more molecules with different biological targets.
In this way, many associations between different molecules became standard when they
were found to be more effective than the individual compounds. This is the case of the
well-known association of sulfonamides with trimethoprim [38]. However, examples of
formulations of fixed-dose antibiotics combinations are rare, and most combined therapies
are empirically applied in clinical practice [39]. While most of these treatments were
found to have some success, at least against infections caused by Gram-positive bacteria,
their benefit for delaying resistance development has been questioned [40]. Nonetheless,
exploring new ways to combine different drugs would probably counteract the increasing
spreading of resistance and alleviate the difficulty of discovering innovative molecules.

Some challenges in the co-administration of two different antibiotics could be over-
come by synthetically linking individually bioactive components into a single molecule.
This is the rationale for the development of the so-called “hybrid antibiotics”, i.e., molecules
composed of two or more pharmacophores with different antimicrobial properties. These
molecules appear to have a promising future since they usually behave as novel entities
with activity superior to the simple sum of the activity of the constituent agents [41]. For this
reason, they are expected to expand the current portfolio of antimicrobial weapons [42].
In this section, we will focus on those hybrid antibiotics containing at least one β-lactam
moiety. In several cases, the association of β-lactam antibiotics with other pharmacophoric
moieties was aimed at the release of the other pharmacophore once the β-lactam ring is
cleaved by β-lactamases, whereas in other cases, hybrid antibiotics behave as a truly dually
active molecule [40].

The first example of this type of compounds was probably a cephalosporin derivative
synthesized at Glaxo laboratories in 1976, bearing, in position 3, the antiseptic pyrithione,
also known as omadine (a substituent that possesses an antibacterial activity per se).
This compound showed activity against β-lactamase-bearing E. coli strains, causing bac-
terial lysis followed by a prolonged bacteriostatic effect [43,44]. Interestingly, more than
40 years later, pyrithione-containing cephalosporins were found to be effective against
strains of M. tuberculosis under both replicating and non-replicating conditions, supporting
the idea that two different mechanisms of action can kill mycobacteria in different metabolic
states [45].

Other examples were published in which a cephalosporin was coupled to an antibiotic
dipeptide [46]. More recently, Mobashery and coworkers designed dual antibiotics formed
by β-lactams and aminoglycosides, to reduce the toxicity of the latter pharmacophore and
to enhance its penetration into bacteria. Three conjugates prepared by this research group,
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in which the two pharmacophores were connected by a carbamate spacer, were biolog-
ically tested and showed lower toxicity than the aminoglycosidic compound alone [47].
Other dual antimicrobial compounds, including nitrofurantoin, clioquinol, cycloserine,
and oxolinic acid, linked to the penem β-lactam ring were obtained by Farmitalia Carlo
Erba [48]. Researchers in Bristol-Myers Squibb developed β-chloro-L-alanine-containing
carbapenems [49]. In this case, the release of the β-chloroalanine moiety occurs without
the cleavage of the β-lactam ring, revealing that those molecules are actually bifunctional
compounds [50]. Another association was attempted with phloroglucides, but the ester
derivative linked to position 3 was less active against several bacterial strains, with re-
spect to phloroglucides alone. On the contrary, the derivative linked to position 7 of the
cephalosporanic nucleus was more resistant to β-lactamase, probably because of the steric
hindrance of the phloroglucide moiety [51]. Furthermore, the cephalosporin scaffold was
associated with triclosan, acting as an enoyl-ACP-reductase inhibitor, but the activity of
triclosan was dependent on the cleavage of the β-lactam ring [52,53].

An extensively studied combination of hybrid antibiotics was the one linking β-
lactam derivatives with antibiotics belonging to the quinolone/fluoroquinolone family.
This combination seems to be the ideal one because the resulting molecules have a broad
spectrum of activity. Indeed, quinolone and fluoroquinolone derivatives act against several
bacterial targets, such as DNA gyrase, topoisomerase II, and IV, which do not interfere with
the targets of β-lactam antibiotics. Moreover, quinolone and fluoroquinolone derivatives
are highly active against Gram-negative bacteria, whereas β-lactam antibiotics are usually
more focused against Gram-positive bacteria. Thus, the hybrid compound can have a
broader spectrum of action with respect to each precursor. Additionally, both families of
compounds allow for the introduction of several chemical modifications without losing
antibacterial activity. Finally, the fabrication of these hybrid antibiotics enhances the
solubility of the fluoroquinolone moiety [54]. Roche was particularly involved in the
synthesis and evaluation of many hybrid antibiotics in which cephalosporin moieties were
bound to quinolones/fluoroquinolones [55]. Some of these hybrid compounds showed
in vitro antibacterial activity that was compatible with a two-stage activity: first, the β-
lactam moiety exerts its antimicrobial action, and once it is disrupted by β-lactamases,
the quinolone moiety can start its activity. However, cephalosporin 3′-quinolone, bound
together by carbamates and tertiary amine linkages, appeared to act as intact molecules with
complementary spectra of action. Derivatives containing a tertiary amino group showed
a broad antibacterial activity, whereas derivatives with a spacer containing a quaternary
amino group were found to be highly stable in solution, but with lower antibacterial
activity [56–60]. The design of a dual cephalosporine-quinolone compound linked by a
tetrazole-containing spacer was attempted to allow the release of the fluoroquinolone,
following cleavage of the β-lactam ring. The resulting compound was found to have
enhanced stability in solution, but moderate activity in vitro, probably because the planned
hydrolysis of the tetrazole-containing spacer is only effective at high pH values [61].

One of these cephalosporin-quinolone derivatives, Ro 23-9424 (Figure 10), was ob-
tained by combining the third-generation cephalosporin desacetylcefotaxime with the
third-generation fluoroquinolone fleroxacin. Ro 23-9424 was found to have promising
properties and reached clinical trials [62–67]. However, no further progress of this molecule
into clinics has been reported to date.
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Probably the most recent example of a combination of a cephalosporin moiety and a
quinolone is the cephalosporin-fluoroquinolone hybrid molecule developed by Evans and
coworkers [68]. Their compound has been designed to be selectively activated in bacteria
expressing β-lactamase. To achieve this goal, the researchers optimized the β-lactam
moiety in order to reduce the activity of the intact molecule and enhance the release of
quinolone moiety. In this way, it was possible to achieve a therapeutic activity minimizing
selection for resistant strains and with no damage to microbiota. This indicates that these
compounds can probably be further exploited for clinical applications.

The same principle was applied to penems and carbapenems, by synthesizing deriva-
tives in which the quinolone moiety was joined at the C-2′ position of the β-lactam scaffold
through an ester or carbamate linkage showing potent and broad antibacterial activity
reflecting the contribution of both pharmacophores [48,69–71].

Among other hybrid antibiotics bearing a β-lactam moiety, another promising as-
sociation seems to be the one with glycopeptides, in particular vancomycin. Indeed,
both pharmacophores block the cell wall synthesis in bacteria. The proximity of their
targets induces thinking that this chimeric structure can allow the 2-stage block of this
process, thus greatly enhancing the antibacterial activity of each pharmacophore. Sev-
eral derivatives of this family were studied by combining different options to couple the
two molecules [72], and the most promising one, developed by Theravance BioPharma and
R-Pharm, is the one identified as TD-1792 (Figure 11). This compound has a very complex
structure in which a third-generation cephalosporin (patented as THRX-169797) is attached
to the vancomycin core through a direct amide linkage at the C-terminus of vancomycin.

This compound, together with others, synthesized with the same strategy, was in vitro
screened against several Gram-positive bacterial strains, including MRSA, and showed ex-
cellent potency (MIC of 0.05 µg/mL), whereas the individual antibiotics were about 30-fold
less potent. A structure-activity relationship analysis revealed that the relative spatial orien-
tation of the two components was not critical to increase the potency. Thereby, the authors
inferred that the simultaneous binding of this hybrid antibiotic to two cellular targets is
unlikely, and a possible mechanism of action is the interaction with the transpeptidase site
of PBP2 and the D-Ala-D-Ala dipeptide involved in cross-links to stabilize the peptidogly-
can. This compound was also tested in an in vivo model of MRSA infection, confirming its
higher effectiveness with respect to vancomycin alone [73]. Its efficacy was further proved
against vancomycin-resistant clinical isolates of Staphylococcus spp. (MIC90 up to 8-fold
lower than that of other well-known antibiotics, even in the presence of human serum) [74]
and against several other bacteria, including clinical isolates of methicillin-sensitive strains
of S. aureus (MSSA) and MRSA [75]. Notably, in this last study, the activity of TD-1792 was
compared to that of the cephalosporin moiety alone, and the latter resulted in less activity,
suggesting a synergistic mechanism of action between the two components of this hybrid
antibiotic. Moreover, the coexistence of resistance to methicillin and vancomycin in these
strains did not affect the antibiotic activity of this compound. The activity against anaerobic
Gram-positive bacteria was also proved, whereas this molecule shows poor activity against
most Gram-negative anaerobic bacteria [76]. Pharmacokinetic and pharmacodynamics
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studies in a murine model confirmed potent antibacterial efficacy, in vivo, against all mi-
croorganisms tested at doses of 10 mg/kg and lower, and the potency was unaffected by
changing the dosing interval [77]. A further randomized, double-blind, active-control,
phase II trial in patients with complicated skin infections caused by Gram-positive or-
ganisms, including MRSA, showed that TD-1792 and vancomycin had similar cure rates,
but TD-1792 achieved the highest cure rate in patients infected with MRSA. Moreover, ad-
verse effects were mild and comparable to those caused by vancomycin alone [78]. TD-1792
is currently in phase III trials for skin and soft tissue infection in Russia and Georgia (update
31 January 2020, from https://adisinsight.springer.com/drugs/800020586).
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Some examples of dual compounds, linking a β-lactam moiety with an antitumor
agent together, were also obtained. In most cases, the main goal of these hybrid compounds
was to decrease the toxicity of the chemotherapeutic compound by employing an approach
involving a monoclonal antibody targeting tumor-associated antigens, conjugated to an
enzyme for the selective activation of a prodrug only able to release the chemotherapeutic
compound in the site of tumor [79]. Few hybrid β-lactam antibiotics bound to cytotoxic
agents such as the mitozolomide or temozolomide rings were synthesized to exploit the
cytotoxicity of the latter compound to improve the antibacterial activity, but the results
were not particularly encouraging [80].

3.2. Hybrid Antibiotics with a β-Lactam Moiety Associated with Other Non-Antibiotics Moieties

The most important mechanism in developing resistance towards β-lactam antibiotics
is mainly linked to the spreading of β-lactamase-mediated resistance [81]. A possible way
to counteract this mechanism of resistance is to co-administer β-lactam antibiotics together
with other compounds that are able to block these enzymes. This is the rationale of the
well-known association between β-lactam antibiotics and β-lactamase inhibitors, which are

https://adisinsight.springer.com/drugs/800020586
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molecules that show weak antibiotic activity but can bind to these enzymes and act as
suicide inhibitors, thus encompassing bacterial resistance [82].

Another well-known mechanism of β-lactam resistance developed by many bacteria
affects the ability of the antibiotics to encompass the bacterial cell wall [81]. Moreover,
many β-lactam antibiotics show limited activities against Gram-negative bacteria because
the structure of the cell wall of these microorganisms is much more complex than that of
Gram-positive bacteria, and is much more efficient in inhibiting the permeation of external
substances.

Many different strategies have been adopted to enhance the permeability of β-lactam
antibiotics across the bacterial cell wall [83], and some of them involve the creation of
dual compounds in which one moiety improves the passage through the cell wall of
the β-lactam derivative. For example, penicillins and cephalosporins were combined
with aminoquinoline to obtain dual-action agents in which the pharmacophoric group of
aminoquinoline served as an inhibitor of membrane efflux pumps. Only the cephalosporin
derivative, however, showed high antibacterial activity against Gram-positive strains,
but the activity against Gram-negative bacteria was still moderate [54].

Some promising approaches involve the use of siderophore-antibiotic conjugates, a so-
called “Trojan-horse approach” to enter the periplasmic space, avoiding the degradation by
several β-lactamases. Siderophores are small (150–2000 Da) molecules produced by almost
all bacterial species and involved in iron uptake from the environment. More than 500 dif-
ferent molecules have been identified; they are characterized by a large structural diversity,
but common functional groups to coordinate iron, in particular catechols, hydroxamates,
phenolates, carboxylates, and their combinations [84]. These molecules chelate extracellu-
lar iron ions with a very high affinity, and promote their passage across the cell wall by
binding specific receptors that internalize the complex via active transport. This uptake
system is therefore a very important way to overcome the barrier represented by the cell
wall of Gram-negative bacteria. Natural antibiotics called “sideromycins” formed by a
siderophore moiety and a toxic group were found to exert their activity thanks to the fact
that they can penetrate bacterial cells using this system [85]. Therefore, the conjugation of
known antibiotics with siderophores mimics these natural compounds and represents an
opportunity to increase the delivery to their molecular targets [86].

Given that the target of β-lactam antibiotics is located in the periplasmic space of
bacteria, and that this class of antibiotics tolerates well extensive substitutions (indeed,
the antibiotic activity does not require a release of the antibiotic from the conjugate),
this strategy has been extensively used, especially for this class of antimicrobial com-
pounds [87]. The siderophore group binds the iron, and the iron-antibiotic complex crosses
the outer membrane and accumulates a high concentration into the periplasmic space,
where iron dissociates, allowing the antibiotic pharmacophore to bind to PBPs.

The first examples of the conjugation of penicillins and cephalosporins with siderophores
date back to the 1980s [88–97] and it was soon probed that their enhanced activity against
Gram-negative bacteria was due to the outer membrane permeation via iron-regulated
transporters [98]. In some cases, natural siderophores, such as enterobactin, salmycins,
agrobactin, parabactin and fimsbactin, were exploited, either unmodified or slightly
modified, to create conjugates with β-lactam antibiotics (extensively reviewed in Ref-
erences [99,100]). Many other examples of a synthetic siderophore, coupled to β-lactam
antibiotics, have also been published (extensively reviewed in Reference [87]). Among the
possible synthetic siderophores, catechol- and hydroxypyridone-conjugates were preferred
for penicillins and cephalosporin-derivatives, whereas hydroxamate conjugates were less
exploited [101].

Monobactams and monocarbams (monocyclic β-lactams with a sulfonylamino car-
bonyl group bound to N-1) were mainly conjugated to hydroxypyridone and gained en-
hanced potency against Gram-negative bacteria, but no inhibition of β-lactamases [102–106].
The linker components of the conjugate were also extensively studied and many different
cleavable and non-cleavable functional groups have been tested [99], including even β-
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lactam moieties [107]. As anticipated, usually β-lactam antibiotics do not require cleavage
for being activated, whereas cleavable linkers are needed in the case of conjugates with
other antibiotics, especially those with cytoplasmic targets [108,109].

Despite the efforts worldwide to identify antibiotic-siderophore-conjugates suitable
for therapeutic use, only a few molecules have effectively entered clinical trials. For several
compounds, the reason was simply due to the lack of interest of industries in developing
these compounds [87], but in other cases, the reason was due to the variable in vivo efficacy,
often not predictable by in vitro tests. Most failures were probably due to a combination of
causes, such as the low affinity of synthetic siderophores for the iron, the lack of recogni-
tion of these compounds by bacterial receptors, the inactivation of antibiotics due to the
necessary modifications to bind the two moieties together, the use of non-optimal linkers,
and acquired resistance [110]. Surprisingly, in some cases, the conjugation of antibiotics
with siderophores was found to promote bacterial growth, because the iron uptake was
prevalent over the antimicrobial activity [111,112]. In many cases, the acquired resistance
by the bacteria was due to modifications in membrane transporters [113–115].

Among those few molecules that reached clinical trials, it is worth mentioning the
siderophore-monosulfactam BAL30072, developed by Basilea Pharmaceutica, which showed
potent activity against several Gram-negative bacteria and was a poor substrate for many
β-lactamases [116–120]. This promising molecule entered phase I clinical trials, but its
development was subsequently stopped [86]. Another compound that reached phase
I clinical trials was cefetecol, a catechol-conjugated cephalosporin with potent in vitro
activity, but poor in vivo efficacy [86]. This failure has been attributed to the methylation of
catechol moiety by mammalian catechol-O-methyltransferase, as this modification impairs
the recognition of the former siderophore by its bacterial transporter [121].

The most successful example of an antibiotic-siderophore conjugate is cefiderocol [122]
(Figure 12), a cephalosporin derivative developed in 2014 by Shionogi & Co. The cephalosporin
core is inspired by those of ceftazidime (a third-generation cephalosporin) and of cefepime
(a fourth-generation cephalosporin), both active against Gram-negative bacteria. A side
chain containing both the aminoacyl group and the aminothiazole ring attached to the
alpha carbon increases the microbiological spectrum of activity. The dimethylacetic acid
moiety attached to the imino group, similar to that of ceftazidime, increases the activity
against P. aeruginosa. The addition of the positively charged quaternary ammonium group,
as in cefepime, promotes the penetration of the molecule across the outer membrane of
Gram-negative bacteria. Finally, the catechol extending from this quaternary ammonium
group is the siderophore moiety.
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Figure 12. Chemical structure of cefiderocol. The cephalosporin core is in blue, the green part is the
sidechain inspired by ceftazidime, the purple part is the sidechain inspired by cefepime, and the red
moiety is the siderophore.

Cefiderocol has proved to be effective in vitro against a high number of Gram-negative
species, including E. coli, K. pneumoniae, S. marcescens, C. freundii, A. baumannii, P. aeruginosa,
S. maltophilia, B. cepacia, and many other multidrug-resistant bacteria [123–131]. Moreover,
this antibiotic appears to be resistant to the hydrolysis of most β-lactamases [132–134]
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and its uptake is mildly influenced by the down-regulation of porins [133]. Many clinical
trials and case reports (reviewed in Reference [122]) supported the safety and efficacy of
this antibiotic against a broad spectrum of infections caused by Gram-negative bacteria.
Currently, further information about phase III clinical trials is waiting to be published, in
order to figure out a possible role of this compound in the therapy.

3.3. Conjugates with Other Non-Antibiotic Activities

The family of tetramic acids is a large group of compounds bearing a common struc-
tural unit: a pyrrolidine-2,4-dione ring system or its corresponding enolic form, embedded
in simple heterocycles or complex structures with long chains or fused polycyclic skeletons.
Frequently, position 3 of the tetramic acid ring is substituted by an acyl moiety, and position
5 is often substituted by amino acid derivatives [135]. The first derivative isolated was
L-tenuazonic acid, in the fungus A. alternate [136], but in the last decades, many members
of this family have been isolated from diverse environments [135]. Tetramic acid deriva-
tives show a wide variety of biological activities, including antibiotic, antiviral, mycotoxic,
cytotoxic, and phytotoxic properties, with diverse modes of action [137], but although they
have been known for a long time, the study of their possible applications in medicine is
much more recent [138].

3-acyltetramic acid derivatives show the ability to coordinate many different metal
ions, including Ca2+, Mg2+, Cu2+, Fe3+, and Ni2+, and this chelation is requested to ex-
ploit their biological activity [139,140]. They were found to act as siderophores in several
bacteria [141]; thus, some researchers tried to exploit this activity by creating tetramic acid-
β-lactam derivatives. The first attempt to obtain such derivatives was made by Cherian and
coworkers, which attached the 3-acyltetramic acid moiety to the amine terminal of ampi-
cillin in order to increase its permeability across the membranes and to create molecules
similar to ureidopenicillin, known for their broad-spectrum activity [142]. The resulting
compounds showed moderate activity against some Gram-positive bacteria, but promising
activity against MSSA, Streptococcus spp. and Bacillus spp., and some activity against
Gram-negative bacteria, in particular against P. aeruginosa. Structure-activity relationship
studies of these compounds suggested that these hybrids could bind to PBPs with sub-
optimal affinity, and they were found to be substrates for both β-lactamases and efflux
pumps. Surprisingly, it turned out that they did not act as siderophores, but they probably
exploit other mechanisms for their uptake [137]. Further studies made by the same research
group allowed to obtain new β-lactam-tetramic acid derivatives with improved antibacte-
rial activity. In particular, several cefaclor and cephalexin-tetramic acid derivatives were
found to inhibit the growth of MRSA at low concentrations, with potency higher than
that of cefaclor and cephalexin alone. Generally, these compounds showed no activity
against Gram-negative bacteria. On the contrary, cephamycin-tetramic acid analogs were
inactive against Gram-positive bacteria, but showed good activity against Gram-negative
bacteria [143].

4. Conclusions

β-lactam antibiotics are among the oldest classes of antimicrobial compounds known,
but despite their venerable age, they are still used diffusely in the clinics because of their
high specificity, potency, and safety coupled to their low costs of production. A feature
that has made them able to continuously renew themselves over the years is their chemical
plasticity, which has allowed them to generate many different molecules, starting from the
common β-lactam scaffold.

Among the thousands of different modifications, a peculiar niche, perhaps less ex-
plored than others, is made of molecules coupling two β-lactam rings, either directly or
using different linkers, to obtain a bis-azetidinone molecule. Some research groups, includ-
ing us, have attempted this strategy with the focus on developing antibiotics mimicking
the combination between an antibiotic and a β-lactamase inhibitor. At present, no molecule
of this class has attained the clinics, but in our opinion, there is room for improving them
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in terms of the spectrum of action and the ability to defeat some of the most dangerous
strains of multi-drug resistant bacteria.

Other classes of bifunctional compounds involving β-lactam derivatives are those in
which another antimicrobial function is linked to the β-lactam moiety, to create a permanent
association between two different antibiotics. One promising example of such a bifunctional
compound is TD-1792, which is currently in phase III clinical trials.

Finally, a further class of bifunctional compounds is the one in which the spectrum of
action of β-lactam compounds has been broadened by exploiting some peculiar bacterial
transporters, thus allowing these molecules to overcome the cell wall, in particular in
Gram-negative bacteria. Some examples of this group include siderophore and tetramic
acid-conjugates, and one convincing molecule, cefiderocol, is completing phase III clinical
trials.

However, it cannot be ignored that most efforts in this area seem to have produced few
results. Many are the possible causes of this apparent disproportion between efforts and
results. First, all these molecules are much larger than the average size of drugs; this may
induce researchers to discard them in the early stages of the drug development process.
However, it is worth noting that several compounds in clinics violate Lipinski’s rules,
so perhaps more attention would be needed before discarding potentially valid compounds,
only for their magnitude, before evaluating their in vivo effectiveness. Second, it is true that
the synthesis of these compounds is often complex, especially when the different classes
of antibiotics to be coupled have different chemical properties. However, we think it is
worthwhile to study new chemical strategies to make these compounds because this could
also have positive effects on the synthesis of monofunctional compounds with different
substituents, thus significantly expanding the libraries of the compounds that are available.
Finally, it appears that the further development of these classes of antibiotics was also
conditioned by the strategic plans developed by the pharmaceutical industries, which,
faced with the high risks of producing antibiotics that are rapidly overcome by antibacterial
resistance and the high costs of managing the development of these compounds compared
to the low profits obtainable from them, have often decided to stop the production of
antibiotics [144]. However, the COVID-19 pandemic we are experiencing teaches us
that we must not let our guard down in the face of the possible development of lethal
microorganisms that can have dramatic consequences for humanity. Therefore, we hope
that the pressing demand for novel antibiotics will prompt pharmaceutical industries to
rethink these decisions. We also hope that a new model of cooperation among pharma,
academic research, governments, and other subjects (e.g., charitable foundations) will bring
the search for new antibiotics back into the foreground needs of pharmaceutical research.
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Abbreviations

PBP Penicillin-Binding Protein
6-APA 6-aminopenicillanic acid
7-ACA 7-aminocephalosporanic acid
MRSA Methicillin-resistant strain of S. aureus
MSSA Methicillin-sensitive strain of S. aureus
MIC Minimum inhibitory concentration

References
1. Fleming, A. On the antibacterial action of cultures of a Penicillium, with special reference to their use in the isolation of B.

influenzae. Br. J. Exp. Pathol. 1929, 10, 226–236. [CrossRef]
2. Bucci, R.; Galli, P. Vincenzo Tiberio: A misunderstood researcher. It. J. Public Health 2011, 8, 404–406.
3. Hodgkin, D.C. The X-ray analysis of the structure of penicillin. Adv. Sci. 1949, 6, 85–89. [PubMed]
4. Bo, G. Giuseppe Brotzu and the discovery of cephalosporins. Clin. Microbiol. Infect. 2000, 6 (Suppl. 3), 6–8. [CrossRef] [PubMed]
5. Abraham, E.P.; Newton, G.G.F. The structure of cephalosporin C. Biochem. J. 1961, 79, 377–393. [CrossRef] [PubMed]
6. Hodgkin, D.C.; Maslen, E.N. The X-ray analysis of the structure of cephalosporin C. Biochem. J. 1961, 79, 393–402. [CrossRef]
7. Papp-Wallace, K.M.; Endimiani, A.; Taracila, M.A.; Bonomo, R.A. Carbapenems: Past, present, and future. Antimi-

crob. Agents Chemother. 2011, 55, 4943–4960. [CrossRef]
8. Sykes, R.B.; Cimarusti, C.M.; Bonner, D.P.; Bush, K.; Floyd, D.M.; Georgopapadakou, N.H.; Koster, W.M.; Liu, W.C.; Parker, W.L.;

Principe, P.A.; et al. Monocyclic beta-lactam antibiotics produced by bacteria. Nature 1981, 291, 489–491. [CrossRef]
9. Bush, K.; Bradford, P. β-lactams and β-lactamase inhibitors: An overview. Cold Spring Harb. Perspect. Med. 2016, 6, a025247.

[CrossRef]
10. Hutchings, M.I.; Truman, A.W.; Wilkinson, B. Antibiotics: Past, present and future. Curr. Opin. Microbiol. 2019, 51, 72–80.

[CrossRef]
11. Davies, J.; Davies, D. Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol. Rev. 2010, 74, 417–433. [CrossRef]

[PubMed]
12. De Rosa, M.; Marabotti, A. Cephalosporins. In Encyclopedia of Molecular Pharmacology, 3rd ed.; Offermanns, S., Rosenthal, W., Eds.;

Springer Nature: Heidelberg, Germany, 2020; Chapter 5371–1.
13. Nikolaou, K.C.; Montagnon, T. Molecules that Changed the World; Wiley VCH: Weinheim, Germany, 2008.
14. Rodríguez-Tébar, A.; Arán, V.; Vázquez, D. Labelling and cross-linking of Escherichia coli penicillin-binding proteins with

bis-β-lactam antibiotics. Eur. J. Biochem. 1984, 139, 287–293. [CrossRef] [PubMed]
15. Panunzio, M.; Malabarba, A.; Vicennati, P. Synthesis and antibacterial activity of new antibiotics arising from cephalosporin-

monobactam coupling. ARKIVOC 2004, xiii, 36–47. [CrossRef]
16. De Rosa, M.; Vigliotta, G.; Palma, G.; Saturnino, C.; Soriente, A. Novel penicillin-type analogues bearing a variable substituted

2-azetidinone ring at position 6: Synthesis and biological evaluation. Molecules 2015, 20, 22044–22057. [CrossRef]
17. Verdino, A.; Vigliotta, G.; Giordano, D.; Caputo, I.; Soriente, A.; De Rosa, M.; Marabotti, A. Synthesis and biological evaluation of

the progenitor of a new class of cephalosporin analogues, with a particular focus on structure-based computational analysis.
PLoS ONE 2017, 12, e0181563. [CrossRef]

18. Verdino, A.; Zollo, F.; De Rosa, M.; Soriente, A.; Hernández-Martínez, M.Á.; Marabotti, A. Computational analysis of the
interactions of a novel cephalosporin derivative with β-lactamases. BMC Struct. Biol. 2018, 18, 13. [CrossRef]

19. Vigliotta, G.; Giordano, D.; Verdino, A.; Caputo, I.; Martucciello, S.; Soriente, A.; Marabotti, A.; De Rosa, M. New compounds
for a good old class: Synthesis of two β-lactam bearing cephalosporins and their evaluation with a multidisciplinary approach.
Bioorg. Med. Chem. 2020, 28, 115302. [CrossRef]

20. Pagadala, R.; Meshram, J.S.; Chopde, H.N.; Jetti, V. Synthesis of novel bis (β-lactam) from bis (ketene) and imines. Int. J. Chem.
Tech. Res. 2010, 2, 1581–1585.

21. Pagadala, R.; Kusampally, U.; Rajanna, K.C.; Meshram, J.S. Synthesis and antimicrobial studies of novel imidazole containing
bisazetidinones and bisthiazolidinone derivatives. J. Heterocycl. Chem. 2015, 52, 403–410. [CrossRef]

22. Ramsinghani, R.G.; Filmwala, Z.A. Synthesis of novel 1,1′-(ethane-1,2-diylbis(4,1-phenylene))bis(4-substituted-phenyl-3-
chloroazetidin-2-ones)form1,2-dian-ilino ethane, their characterization and evaluation of their antibacterial activity. J. Emerg.
Technol. Innov. Res. 2018, 5, 590–600.

23. Meenakshisundaram, S.; Manickam, M.; Vinayagam, V. Synthesis, antibacterial and anticancer activity of novel bis-azetidinones.
J. Chem. Pharm. Res. 2016, 8, 733–742.

24. Kovács-Kulyassa, A.; Herczegh, P.; Sztaricskai, F.J.; Szabó, P. Cephalosporin podand derivatives. J. Antibiot. 2000, 53, 1207–1211.
[CrossRef] [PubMed]

25. Agócs, A.; Herczegh, P.; Sztaricskai, F. A trimer of phenoxymethyl penicillin sulphone: Synthesis of a new β-lactam podand.
J. Antibiot. 2002, 55, 524–527. [CrossRef] [PubMed]

26. Dive, G.; Bouillon, C.; Sliwa, A.; Valet, B.; Verlaine, O.; Sauvage, E.; Marchand-Brynaert, J. Macrocycle-embedded β-lactams as
novel inhibitors of the penicilling binding protein PBP2a from MRSA. Eur. J. Med. Chem. 2013, 64, 365–376. [CrossRef]

http://doi.org/10.1093/clinids/2.1.129
http://www.ncbi.nlm.nih.gov/pubmed/18134678
http://doi.org/10.1111/j.1469-0691.2000.tb02032.x
http://www.ncbi.nlm.nih.gov/pubmed/11449655
http://doi.org/10.1042/bj0790377
http://www.ncbi.nlm.nih.gov/pubmed/13681080
http://doi.org/10.1042/bj0790393
http://doi.org/10.1128/AAC.00296-11
http://doi.org/10.1038/291489a0
http://doi.org/10.1101/cshperspect.a025247
http://doi.org/10.1016/j.mib.2019.10.008
http://doi.org/10.1128/MMBR.00016-10
http://www.ncbi.nlm.nih.gov/pubmed/20805405
http://doi.org/10.1111/j.1432-1033.1984.tb08006.x
http://www.ncbi.nlm.nih.gov/pubmed/6365551
http://doi.org/10.3998/ark.5550190.0005.d05
http://doi.org/10.3390/molecules201219828
http://doi.org/10.1371/journal.pone.0181563
http://doi.org/10.1186/s12900-018-0092-5
http://doi.org/10.1016/j.bmc.2019.115302
http://doi.org/10.1002/jhet.1979
http://doi.org/10.7164/antibiotics.53.1207
http://www.ncbi.nlm.nih.gov/pubmed/11132968
http://doi.org/10.7164/antibiotics.55.524
http://www.ncbi.nlm.nih.gov/pubmed/12139024
http://doi.org/10.1016/j.ejmech.2013.03.052


Int. J. Mol. Sci. 2021, 22, 617 17 of 21

27. Arumugam, N.; Almansour, A.I.; Kumar, R.S.; Rajesh, R.; Periyasami, G.; Raghunathan, R. Synthesis and antimicrobial evaluation
of novel bis-β-lactam grafted macrocycles. Med. Chem. 2014, 10, 730–737. [CrossRef]

28. Vatmurge, N.S.; Hazra, B.G.; Pore, V.S.; Shirazi, F.; Deshpande, M.V.; Kadreppa, S.; Chattopadhyay, S.; Gonnade, R.G. Synthesis
and biological evaluation of bile acid dimers linked with 1,2,3-triazole and bis-β-lactam. Org. Biomol. Chem. 2008, 6, 3823–3830.
[CrossRef]

29. Böhmer, V. Calixarenes, macrocycles with (almost) unlimited possibilities. Angew. Chem. Int. Ed. Engl. 1995, 34, 713–745.
[CrossRef]

30. Neri, P.; Sessler, J.L.; Wang, M.-X. Calixarenes and Beyond; Springer International Publisher: Cham, Switzerland, 2016.
31. De Rosa, M.; La Manna, P.; Soriente, A.; Gaeta, C.; Talotta, C.; Hickey, N.; Geremia, S.; Neri, P. A simple tetraminocalix[4]arene as

a highly efficient catalyst under “on water“ conditions through hydrophobic amplification of weak hydrogen bonds. Chem. Eur. J.
2017, 23, 7142–7151. [CrossRef]

32. De Rosa, M.; La Manna, P.; Talotta, C.; Soriente, A.; Gaeta, C.; Neri, P. Supramolecular organocatalysis in water mediated by
macrocyclic compounds. Front. Chem. 2018, 6, 84. [CrossRef]

33. Naseer, M.M.; Ahmed, M.; Hameed, S. Functionalized calix[4]arenes as potential therapeutics agents. Chem. Biol. Drug Des. 2017,
89, 243–256. [CrossRef]

34. Español, E.S.; Villamil, M.M. Calixarenes: Generalities and their role in improving the solubility, biocompatibility, stability,
bioavailability, detection, and transport of biomolecules. Biomolecules 2019, 9, 90. [CrossRef] [PubMed]

35. Shurpik, D.N.; Padnya, P.L.; Stoikov, I.I.; Cragg, P.J. Antimicrobial activity of calixarenes and related macrocycles. Molecules 2020,
25, 5145–5177. [CrossRef] [PubMed]

36. Pur, F.N.; Dilmaghani, K.A. Calixpenams: Synthesis, characterization, and biological evaluation of penicillins V and X clustered
scaffold. Turk. J. Chem. 2014, 38, 288–296.

37. Pur, F.N.; Dilmaghani, K.A. Calixcephems: Clustered cephalosporins analogues to calixpenams as novel potential anti-MRSA
agents. Turk. J. Chem. 2014, 38, 850–858.

38. Bushby, S.R.; Hitchings, G.H. Trimethoprim, a sulphonamide potentiator. Br. J. Pharmacol. Chemother. 1968, 33, 72–90. [CrossRef]
39. Tyers, M.; Wright, G.D. Drug combinations: A strategy to extend the life of antibiotics in the 21st century. Nat. Rev. Microbiol.

2019, 17, 141–155. [CrossRef]
40. Parkes, A.; Yune, I.A. Hybrid antibiotics—Clinical progress and novel designs. Expert. Opin. Drug Discov. 2016, 11, 665–680.

[CrossRef]
41. Long, D.D.; Marquess, D.G. Novel heterodimer antibiotics: A review of recent patent literature. Future Med. Chem. 2009,

1, 1037–1050. [CrossRef]
42. Domalaon, R.; Idowu, T.; Zhanel, G.G.; Schweizer, F. Antibiotic hybrids: The next generation of agents and adjuvants against

Gram-negative pathogens? Clin. Microbiol. Rev. 2018, 31, e00077-17. [CrossRef]
43. Greenwood, D.; O’Grady, F. Dual-action cephalosporin utilizing a novel therapeutic principle. Antimicrob. Agents Chemother. 1976,

10, 249–252. [CrossRef]
44. O’Callaghan, C.H.; Sykes, R.B.; Staniforth, S.E. A new cephalosporin with a dual mode of action. Antimicrob. Agents Chemother.

1976, 10, 245–248. [CrossRef] [PubMed]
45. Lopez Quezada, L.; Li, K.; McDonald, S.L.; Nguyen, Q.; Perkowski, A.J.; Pharr, C.W.; Gold, B.; Roberts, J.; McAulay, K.;

Saito, K.; et al. Dual-pharmacophore pyrithione-containing cephalosporins kill both replicating and nonreplicating Mycobacterium
tuberculosis. ACS Infect. Dis. 2019, 5, 1433–1445, Erratum in: ACS Infect. Dis. 2019, 5, 2175. [CrossRef] [PubMed]

46. Mobashery, S.; Lerner, S.A.; Johnston, M. Conscripting β-lactamase for use in drug delivery. Synthesis and biological activity of a
cephalosporin C10-ester of an antibiotic dipeptide. J. Am. Chem. Soc. 1986, 108, 1685–1686. [CrossRef]

47. Grapsas, I.; Lerner, S.A.; Mobashery, S. Conjoint molecules of cephalosporins and aminoglycosides. Arch. Pharm. 2001,
334, 295–301. [CrossRef]

48. Perrone, E.; Jabés, D.; Alpegiani, M.; Andreini, B.P.; Della Bruna, C.; Del Nero, S.; Rossi, R.; Visentin, G.; Zarini, F.; Franceschi, G.
Dual-action penems. J. Antibiot. (Tokyo) 1992, 45, 589–594. [CrossRef]

49. Rao, V.S.; Fung-Tome, J.C.; Desiderio, J.V. Use of amino acid N-carboxy anhydride in the synthesis of peptide prodrug derivatives
(including β-chloroalanyl) of C4-β-aminoalkylcarbapenems. In vitro and in vivo activities. J. Antib. 1993, 46, 167–176. [CrossRef]

50. Hamilton-Miller, J.M.T. Dual action antibiotic hybrids. J. Antimicrob. Chemother. 1994, 33, 197–202. [CrossRef]
51. Hwu, J.R.; Moshfegh, A.A.; Tsay, S.-C.; Lin, C.C.; Tseng, W.N.; Azaripour, A.; Mottaghian, H.; Hakimelahi, G.H. Cephalosporin

3’-phloroglucide esters and 7-(phloroglucidamido) cephalosporins as novel antibacterial agents. J. Med. Chem. 1997, 40, 3434–3441.
[CrossRef]

52. Li, Q.; Lee, J.Y.; Castillo, R.; Hixon, M.S.; Pujol, C.; Doppalapudi, V.R.; Shepard, H.M.; Wahl, G.M.; Lobl, T.J.; Chan, M.F.
NB2001, a novel antibacterial agent with broad-spectrum activity and enhanced potency against beta-lactamase-producing strains.
Antimicrob. Agents Chemother. 2002, 46, 1262–1268. [CrossRef]

53. Stone, G.W.; Zhang, Q.; Castillo, R.; Doppalapudi, V.R.; Bueno, A.R.; Lee, J.Y.; Li, Q.; Sergeeva, M.; Khambatta, G.;
Georgopapadakou, N.H. Mechanism of action of NB2001 and NB2030, novel antibacterial agents activated by beta-lactamases.
Antimicrob. Agents Chemother. 2004, 48, 477–483. [CrossRef]

54. Tevyashova, A.N.; Olsufyeva, E.N.; Preobrazhenskaya, M.N. Design of dual action antibiotics as an approach to search for new
promising drugs. Russ. Chem. Rev. 2015, 84, 61–97. [CrossRef]

http://doi.org/10.2174/1573406410666140226115258
http://doi.org/10.1039/b809221d
http://doi.org/10.1002/anie.199507131
http://doi.org/10.1002/chem.201701247
http://doi.org/10.3389/fchem.2018.00084
http://doi.org/10.1111/cbdd.12818
http://doi.org/10.3390/biom9030090
http://www.ncbi.nlm.nih.gov/pubmed/30841659
http://doi.org/10.3390/molecules25215145
http://www.ncbi.nlm.nih.gov/pubmed/33167339
http://doi.org/10.1111/j.1476-5381.1968.tb00475.x
http://doi.org/10.1038/s41579-018-0141-x
http://doi.org/10.1080/17460441.2016.1187597
http://doi.org/10.4155/fmc.09.87
http://doi.org/10.1128/CMR.00077-17
http://doi.org/10.1128/AAC.10.2.249
http://doi.org/10.1128/AAC.10.2.245
http://www.ncbi.nlm.nih.gov/pubmed/984765
http://doi.org/10.1021/acsinfecdis.9b00112
http://www.ncbi.nlm.nih.gov/pubmed/31184461
http://doi.org/10.1021/ja00267a045
http://doi.org/10.1002/1521-4184(200109)334:8/9&lt;295::AID-ARDP295&gt;3.0.CO;2-3
http://doi.org/10.7164/antibiotics.45.589
http://doi.org/10.7164/antibiotics.46.167
http://doi.org/10.1093/jac/33.2.197
http://doi.org/10.1021/jm960810e
http://doi.org/10.1128/AAC.46.5.1262-1268.2002
http://doi.org/10.1128/AAC.48.2.477-483.2004
http://doi.org/10.1070/RCR4448


Int. J. Mol. Sci. 2021, 22, 617 18 of 21

55. Bremner, J.B.; Ambrus, J.I.; Samosorn, S. Dual action-based approaches to antibacterial agents. Curr. Med. Chem. 2007,
14, 1459–1477. [CrossRef] [PubMed]

56. Albrecht, H.A.; Beskid, G.; Chan, K.-K.; Christenson, J.G.; Cleeland, R.; Deitcher, K.H.; Georgopapadakou, N.H.; Keith, D.D.;
Pruess, D.L.; Sepinwall, J.; et al. Cephalosporin 3’-quinolone esters with a dual mode of action. J. Med. Chem. 1990, 33, 77–86.
[CrossRef] [PubMed]

57. Albrecht, H.A.; Beskid, G.; Christenson, J.G.; Durkin, J.W.; Fallat, V.; Georgopapadakou, N.H.; Keith, D.D.; Konzelmann,
F.M.; Lipschitz, E.R.; McGarry, D.H.; et al. Dual action cephalosporins: Cephalosporin 3’-quaternary ammonium quinolones.
J. Med. Chem. 1991, 34, 669–675. [CrossRef] [PubMed]

58. Albrecht, H.A.; Beskid, G.; Christenson, J.G.; Georgopapadakou, N.H.; Keith, D.D.; Konzelmann, F.M.; Pruess, D.I.; Rossman, P.I.;
Wei, C.C. Dual action cephalosporins: Cephalosporin 3’-quinolone carbamates. J. Med. Chem. 1991, 34, 2857–2864. [CrossRef]
[PubMed]

59. Georgopapadakou, N.H.; Bertasso, A. Mechanisms of action of cephalosporin 3’-quinolone esters, carbamates, and tertiary
amines in Escherichia coli. Antimicrob. Agents Chemother. 1993, 37, 559–565. [CrossRef]

60. Bryskier, A. Dual β-lactam-fluoroquinolone compounds: A novel approach to antibacterial treatment. Exp. Opin. Investig. Drugs
2005, 6, 1479–1499. [CrossRef]

61. Dax, S.L.; Pruess, D.L.; Rossman, P.L.; Wei, C.-C. Synthesis and mechanistic studies of a “tetrazole-tethered” cephalosporin-
quinolone hybrid. Bioorg. Med. Chem. Lett. 1993, 3, 209–214. [CrossRef]

62. Jones, R.N.; Barry, A.L.; Thornsberry, C. Antimicrobial activity of Ro 23–9424, a novel ester-linked codrug of fleroxacin and
desacetylcefotaxime. Antimicrob. Agents Chemother. 1989, 33, 944–950. [CrossRef]

63. Jones, R.N.; Barry, A.L. In vitro activity of Ro 23–9424, ceftazidime, and eight other newer beta-lactams against 100 gram-positive
blood culture isolates. Diagn. Microbiol. Infect. Dis. 1989, 12, 143–147. [CrossRef]

64. Beskid, G.; Fallat, V.; Lipschitz, E.R.; McGarry, D.H.; Cleeland, R.; Chan, K.; Keith, D.D.; Unowsky, J. In vitro activities of
a dual-action antibacterial agent, Ro 23–9424, and comparative agents. Antimicrob. Agents Chemother. 1989, 33, 1072–1077.
[CrossRef] [PubMed]

65. Georgopapadakou, N.H.; Bertasso, A.; Chan, K.K.; Chapman, J.S.; Cleeland, R.; Cummings, L.M.; Dix, B.A.; Keith, D.D. Mode of
action of the dual-action cephalosporin Ro 23–9424. Antimicrob. Agents Chemother. 1989, 33, 1067–1071. [CrossRef] [PubMed]

66. Gu, J.W.; Neu, H.C. In vitro activity of Ro 23–9424, a dual-action cephalosporin, compared with activities of other antibiotics.
Antimicrob. Agents Chemother. 1990, 34, 189–195. [CrossRef] [PubMed]

67. Pace, J.; Bertasso, A.; Georgopapadakou, N.H. Escherichia coli resistant to cephalosporins and quinolones is still susceptible to
the cephalosporin-quinolone ester Ro 23–9424. Antimicrob. Agents Chemother. 1991, 35, 910–915. [CrossRef]

68. Evans, L.E.; Krishna, A.; Ma, Y.; Webb, T.E.; Marshall, D.C.; Tooke, C.L.; Spencer, J.; Clarke, T.B.; Armstrong, A.; Edwards,
A.M. Exploitation of antibiotic resistance as a novel drug target: Development of a β-lactamase-activated antibacterial prodrug.
J. Med. Chem. 2019, 62, 4411–4425. [CrossRef]

69. Corraz, A.J.; Dax, S.L.; Dunlap, N.K.; Georgopapadakou, N.H.; Keith, D.D.; Pruess, D.L.; Rossman, P.L.; Then, R.; Unowsky, J.;
Wei, C.C. Dual-action penems and carbapenems. J. Med. Chem. 1992, 35, 1828–1839. [CrossRef]

70. Alex, R.R.; Kulkarni, V.M. Design and synthesis of penicilloyl oxymethyl quinolone carbamates as a new class of dual-acting
antibacterials. Eur. J. Med. Chem. 1995, 20, 815–818. [CrossRef]

71. Smyth, T.P.; O’Donnell, M.E.; O’Connor, M.J.; St. Ledger, J.O. S-Aminosulfeniminopenicillins: Multimode β-lactamase inhibitors
and template structures for penicillin-based β-lactamase substrates as prodrugs. J. Org. Chem. 1998, 63, 7600–7618. [CrossRef]

72. Long, D.D.; Aggen, J.B.; Christensen, B.G.; Judice, J.K.; Hegde, S.S.; Kaniga, K.; Krause, K.M.; Linsell, M.S.; Moran, E.J.; Pace, J.L.
A multivalent approach to drug discovery for novel antibiotics. J. Antibiot. (Tokyo) 2008, 61, 595–602. [CrossRef]

73. Long, D.D.; Aggen, J.B.; Chinn, J.; Choi, S.K.; Christensen, B.G.; Fatheree, P.R.; Green, D.; Hegde, S.S.; Judice, J.K.; Kaniga, K.; et al.
Exploring the positional attachment of glycopeptide/beta-lactam heterodimers. J. Antibiot. (Tokyo) 2008, 61, 603–614. [CrossRef]

74. Leuthner, K.D.; Vidaillac, C.; Cheung, C.M.; Rybak, M.J. In vitro activity of the new multivalent glycopeptide-cephalosporin
antibiotic TD-1792 against vancomycin-nonsusceptible Staphylococcus isolates. Antimicrob. Agents Chemother. 2010, 54, 3799–3803.
[CrossRef] [PubMed]

75. Blais, J.; Lewis, S.R.; Krause, K.M.; Benton, B.M. Antistaphylococcal activity of TD-1792, a multivalent glycopeptide-cephalosporin
antibiotic. Antimicrob. Agents Chemother. 2012, 56, 1584–1587. [CrossRef] [PubMed]

76. Tyrrell, K.L.; Citron, D.M.; Warren, Y.A.; Goldstein, E.J.C. In vitro activity of TD-1792, a multivalent glycopeptide-cephalosporin
antibiotic, against 377 strains of anaerobic bacteria and 34 strains of Corynebacterium species. Antimicrob. Agents Chemother. 2012,
56, 2194–2197. [CrossRef] [PubMed]

77. Hedge, S.S.; Okusanya, O.O.; Skinner, R.; Shaw, J.-P.; Obedenclo, G.; Ambrose, P.G.; Blais, J.; Bhavnani, S.M. Pharmacodynamics
of TD-1792, a novel glycopeptide-cephalosporin heterodimer antibiotic used against Gram-positive bacteria, in a neutropenic
murine thigh model. Antimicrob. Agents Chemother. 2012, 56, 1578–1583.

78. Stryjewski, M.E.; Potgieter, P.D.; Li, Y.-P.; Barriere, S.L.; Churukian, A.; Kingsley, J.; Corey, G.R. TD-1792 versus vancomycin
for treatment of complicated skin and skin structure infections. Antimicrob. Agents Chemother. 2012, 56, 5476–5483. [CrossRef]
[PubMed]

79. Guang, X.; McLeod, X. Strategies for enzyme/prodrug cancer therapy. Clin. Cancer Res. 2001, 7, 3314–3324.

http://doi.org/10.2174/092986707780831168
http://www.ncbi.nlm.nih.gov/pubmed/17584056
http://doi.org/10.1021/jm00163a013
http://www.ncbi.nlm.nih.gov/pubmed/2153215
http://doi.org/10.1021/jm00106a031
http://www.ncbi.nlm.nih.gov/pubmed/1847430
http://doi.org/10.1021/jm00113a026
http://www.ncbi.nlm.nih.gov/pubmed/1910090
http://doi.org/10.1128/AAC.37.3.559
http://doi.org/10.1517/13543784.6.10.1479
http://doi.org/10.1016/S0960-894X(01)80878-7
http://doi.org/10.1128/AAC.33.6.944
http://doi.org/10.1016/0732-8893(89)90005-9
http://doi.org/10.1128/AAC.33.7.1072
http://www.ncbi.nlm.nih.gov/pubmed/2782857
http://doi.org/10.1128/AAC.33.7.1067
http://www.ncbi.nlm.nih.gov/pubmed/2675755
http://doi.org/10.1128/AAC.34.2.189
http://www.ncbi.nlm.nih.gov/pubmed/2327765
http://doi.org/10.1128/AAC.35.5.910
http://doi.org/10.1021/acs.jmedchem.8b01923
http://doi.org/10.1021/jm00088a019
http://doi.org/10.1016/0223-5234(96)88301-2
http://doi.org/10.1021/jo970737f
http://doi.org/10.1038/ja.2008.79
http://doi.org/10.1038/ja.2008.80
http://doi.org/10.1128/AAC.00452-10
http://www.ncbi.nlm.nih.gov/pubmed/20585126
http://doi.org/10.1128/AAC.05532-11
http://www.ncbi.nlm.nih.gov/pubmed/22203585
http://doi.org/10.1128/AAC.06274-11
http://www.ncbi.nlm.nih.gov/pubmed/22290981
http://doi.org/10.1128/AAC.00712-12
http://www.ncbi.nlm.nih.gov/pubmed/22869571


Int. J. Mol. Sci. 2021, 22, 617 19 of 21

80. Wang, Y.; Lambert, P.; Zhao, L.; Wang, D. Synthesis and antibacterial activity of dual-action agents of a β-lactam antibiotic with
cytotoxic agent mitozolomide or temozolomide. Eur. J. Med. Chem. 2002, 37, 323–332. [CrossRef]

81. Drawz, S.M.; Bonomo, R.A. Three decades of β-lactamase inhibitors. Clin. Microbiol. Rev. 2010, 23, 160–201. [CrossRef]
82. Jalde, S.S.; Choi, H.K. Recent advances in the development of β-lactamase inhibitors. J. Microbiol. 2020, 58, 633–647. [CrossRef]
83. Graef, F.; Gordon, S.; Lehr, C.M. Anti-infectives in drug delivery—Overcoming the Gram-negative bacterial cell envelope.

Curr. Top. Microbiol. Immunol. 2016, 398, 475–496.
84. Hider, R.C.; Kong, X. Chemistry and biology of siderophores. Nat. Prod. Rep. 2010, 27, 637–657. [CrossRef] [PubMed]
85. Braun, V.; Pramanik, A.; Gwinner, T.; Köberle, M.; Bohn, E. Sideromycins: Tools and antibiotics. Biometals 2009, 22, 3–13.

[CrossRef] [PubMed]
86. Page, M.G.P. The role of iron and siderophores in infection, and the development of siderophore antibiotics. Clin. Infect. Dis. 2019,

69 (Suppl. 7), S529–S537. [CrossRef] [PubMed]
87. Lin, Y.M.; Ghosh, M.; Miller, P.A.; Möllmann, U.; Miller, M.J. Synthetic sideromycins (skepticism and optimism): Selective

generation of either broad or narrow spectrum Gram-negative antibiotics. Biometals 2019, 32, 425–451. [CrossRef] [PubMed]
88. Basker, M.J.; Branch, C.L.; Finch, S.C.; Guest, A.W.; Milner, P.H.; Pearson, M.J.; Ponsford, R.J.; Smale, T.C. Studies on semi-synthetic

7 alpha-formamidocephalosporins. I. Structure-activity relationships in some semi-synthetic 7 alpha-formamidocephalosporins.
J. Antibiot. (Tokyo) 1986, 39, 1788–1791. [CrossRef]

89. Burton, G.; Best, D.J.; Dixon, R.A.; Kenyon, R.F.; Lashford, A.G. Studies on 6 alpha-substituted penicillins. II. Synthesis and
structure-activity relationships of 6 beta-(2-aryl-2-sulfoacetamido)-6 alpha-methoxy penicillanic acids. J. Antibiot. (Tokyo) 1986,
39, 1419–1429. [CrossRef]

90. Ohi, N.; Aoki, B.; Shinozaki, T.; Moro, K.; Noto, T.; Nehashi, T.; Okazaki, H.; Matsunaga, I. Semisynthetic beta-lactam antibiotics.
I. Synthesis and antibacterial activity of new ureidopenicillin derivatives having catechol moieties. J. Antibiot. (Tokyo) 1986,
39, 230–241. [CrossRef]

91. Ohi, N.; Aoki, B.; Moro, K.; Kuroki, T.; Sugimura, N.; Noto, T.; Nehashi, T.; Matsumoto, M.; Okazaki, H.; Matsunaga, I. Semisyn-
thetic beta-lactam antibiotics. II. Effect on antibacterial activity of ureido N-substituents in the 6-[(R)-2-[3-(3,4-dihydroxybenzoyl)-
1- ureido]-2-phenylacetamido]penicillanic acids. J. Antibiot. (Tokyo) 1986, 39, 242–250. [CrossRef]

92. Ohi, N.; Aoki, B.; Kuroki, T.; Matsumoto, M.; Kojima, K.; Nehashi, T. Semisynthetic beta-lactam antibiotics. III. Effect on antibacte-
rial activity and comt-susceptibility of chlorine-introduction into the catechol nucleus of 6-[(R)-2-[3-(3,4-dihydroxybenzoyl)-3-(3-
hydroxypropyl)-1-ureido]-2-phenylacetamido]penicillanic acid. J. Antibiot. (Tokyo) 1987, 40, 22–28.

93. Ohi, N.; Aoki, B.; Shinozaki, T.; Moro, K.; Kuroki, T.; Noto, T.; Nehashi, T.; Matsumoto, M.; Okazaki, H.; Matsunaga, I.
Semisynthetic beta-lactam antibiotics. IV. Synthesis and antibacterial activity of new ureidocephalosporin and ureidocephamycin
derivatives containing a catechol moiety or its acetate. Chem. Pharm. Bull. (Tokyo) 1987, 35, 1903–1909. [CrossRef]

94. Mochida, K.; Shiraki, C.; Yamasaki, M.; Hirata, T.; Sato, K.; Okachi, R. Aminothiazolylglycyl derivatives of carbacephems. I.
Synthesis and antibacterial activity of novel carbacephems with substituted aminothiazolyl groups. J. Antibiot. (Tokyo) 1987,
40, 14–21. [CrossRef] [PubMed]

95. Mochida, K.; Ono, Y.; Yamasaki, M.; Shiraki, C.; Hirata, T.; Sato, K.; Okachi, R. Aminothiazolylglycyl derivatives of carbacephem
antibiotics. II. Synthesis and antibacterial activity of novel aminothiazolyl cephem compounds with hydroxypyridone moiety.
J. Antibiot. (Tokyo) 1987, 40, 182–189. [CrossRef] [PubMed]

96. Nakagawa, S.; Sanada, M.; Matsuda, K.; Hazumi, N.; Tanaka, N. Biological activity of BO-1236, a new antipseudomonal
cephalosporin. Antimicrob. Agents Chemother. 1987, 31, 1100–1105. [CrossRef] [PubMed]

97. Watanabe, N.A.; Nagasu, T.; Katsu, K.; Kitoh, K. E-0702, a new cephalosporin, is incorporated into Escherichia coli cells via the
tonB-dependent iron transport system. Antimicrob. Agents Chemother. 1987, 31, 497–504. [CrossRef]

98. Curtis, N.A.; Eisenstadt, R.L.; East, S.J.; Cornford, R.J.; Walker, L.A.; White, A.J. Iron-regulated outer membrane proteins of
Escherichia coli K-12 and mechanism of action of catechol-substituted cephalosporins. Antimicrob. Agents Chemother. 1988,
32, 1879–1886.

99. Negash, K.H.; Norris, J.K.S.; Hodgkinson, J.T. Siderophore-antibiotic conjugate design: New drugs for bad bugs? Molecules 2019,
24, 3314. [CrossRef]

100. Kong, H.; Cheng, W.; Wei, H.; Yuan, Y.; Yang, Z.; Zhang, X. An overview of recent progress in siderophore-antibiotic conjugates.
Eur. J. Med. Chem. 2019, 182, 111615. [CrossRef]

101. Page, M.G.P. Siderophore conjugates. Ann. N. Y. Acad. Sci. 2013, 1277, 115–126.
102. Sykes, R.B.; Koster, W.H.; Bonner, D.P. The new monobactams: Chemistry and biology. J. Clin. Pharmacol. 1988, 28, 113–119.

[CrossRef]
103. Barbachyn, M.R.; Tuominen, T.C. Synthesis and structure-activity relationships of monocarbams leading to U-78608. J. Antibiot.

(Tokyo) 1990, 43, 1199–1202. [CrossRef]
104. Zurenko, G.E.; Truesdell, S.E.; Yagi, B.H.; Mourey, R.J.; Laborde, A.L. In vitro antibacterial activity and interactions with beta-

lactamases and penicillin-binding proteins of the new monocarbam antibiotic U-78608. Antimicrob. Agents Chemother. 1990,
34, 884–888. [CrossRef] [PubMed]

105. Han, S.; Zaniewski, R.P.; Marr, E.S.; Lacey, B.M.; Tomaras, A.P.; Evdokimov, A.; Miller, J.R.; Shanmugasundaram, V. Structural
basis for effectiveness of siderophore-conjugated monocarbams against clinically relevant strains of Pseudomonas aeruginosa.
Proc. Natl. Acad. Sci. USA 2010, 21, 22002–22007. [CrossRef] [PubMed]

http://doi.org/10.1016/S0223-5234(01)01331-9
http://doi.org/10.1128/CMR.00037-09
http://doi.org/10.1007/s12275-020-0285-z
http://doi.org/10.1039/b906679a
http://www.ncbi.nlm.nih.gov/pubmed/20376388
http://doi.org/10.1007/s10534-008-9199-7
http://www.ncbi.nlm.nih.gov/pubmed/19130258
http://doi.org/10.1093/cid/ciz825
http://www.ncbi.nlm.nih.gov/pubmed/31724044
http://doi.org/10.1007/s10534-019-00192-6
http://www.ncbi.nlm.nih.gov/pubmed/30919118
http://doi.org/10.7164/antibiotics.39.1788
http://doi.org/10.7164/antibiotics.39.1419
http://doi.org/10.7164/antibiotics.39.230
http://doi.org/10.7164/antibiotics.39.242
http://doi.org/10.1248/cpb.35.1903
http://doi.org/10.7164/antibiotics.40.14
http://www.ncbi.nlm.nih.gov/pubmed/3558115
http://doi.org/10.7164/antibiotics.40.182
http://www.ncbi.nlm.nih.gov/pubmed/3570966
http://doi.org/10.1128/AAC.31.7.1100
http://www.ncbi.nlm.nih.gov/pubmed/3116919
http://doi.org/10.1128/AAC.31.4.497
http://doi.org/10.3390/molecules24183314
http://doi.org/10.1016/j.ejmech.2019.111615
http://doi.org/10.1002/j.1552-4604.1988.tb05734.x
http://doi.org/10.7164/antibiotics.43.1199
http://doi.org/10.1128/AAC.34.5.884
http://www.ncbi.nlm.nih.gov/pubmed/2193625
http://doi.org/10.1073/pnas.1013092107
http://www.ncbi.nlm.nih.gov/pubmed/21135211


Int. J. Mol. Sci. 2021, 22, 617 20 of 21

106. Tomaras, A.P.; Crandon, J.L.; McPherson, C.J.; Nicolau, P. Potentiation of antibacterial activity of the MB-1 siderophore-
monobactam conjugate using an efflux pump inhibitor. Antimicrob. Agents Chemother. 2015, 59, 2439–2442. [CrossRef] [PubMed]

107. Liu, R.; Miller, P.A.; Vakulenko, S.B.; Stewart, N.K.; Boggess, W.C.; Miller, M.J. A synthetic dual drug sideromycin induces
Gram-negative bacteria to commit suicide with a Gram-positive antibiotic. J. Med. Chem. 2018, 61, 3845–3854. [CrossRef]

108. Brochu, A.; Brochu, N.; Nicas, T.; Parr, T.R., Jr.; Minnick, A.A.J.; Dolence, E.K.; McKee, J.A.; Miller, M.J.; Lavoie, M.C.; Malouin, F.
Modes of action and inhibitory activities of new siderophore-beta-lactam conjugates that use specific iron uptake pathways for
entry into bacteria. Antimicrob. Agents Chemother. 1992, 36, 2166–2175. [CrossRef]

109. Wencewicz, T.A.; Möllmann, U.; Long, T.E.; Miller, M.J. Is drug release necessary for antimicrobial activity of siderophore-drug
conjugates? Syntheses and biological studies of the naturally occurring salmycin “Trojan Horse” antibiotics and synthetic
desferridanoxamine-antibiotic conjugates. Biometals 2009, 22, 633–648. [CrossRef]

110. Zheng, N.T.; Nolan, E.M. Enterobactin-mediated delivery of β-lactam antibiotics enhances antibacterial activity against pathogenic
Escherichia coli. J. Am. Chem. Soc. 2014, 136, 9677–9691. [CrossRef]

111. McKee, J.A.; Sharma, S.K.; Miller, M.J. Iron transport mediated drug delivery systems: Synthesis and antibacterial activity of
spemidine- and lysine-based siderophore-beta-lactam conjugates. Bioconjugate Chem. 1991, 2, 281–291. [CrossRef]

112. Möllmann, U.; Ghosh, A.; Dolence, E.K.; Dolence, J.A.; Ghosh, M.; Miller, M.J.; Reissbrodt, R. Selective growth promotion and
growth inhibition of gram-negative and gram-positive bacteria by synthetic siderophore-beta-lactam conjugates. Biometals 1998,
11, 1–12.

113. Nikaido, H.; Rosenberg, E.Y. Cir and Fiu proteins in the outer membrane of Escherichia coli catalyze transport of monomeric
catechols: Study with beta-lactam antibiotics containing catechol and analogous groups. J. Bacteriol. 1990, 172, 1361–1367.
[CrossRef]

114. Minnick, A.A.; McKee, J.A.; Dolence, E.K.; Miller, M.J. Iron transport-mediated antibacterial activity of and development
of resistance to hydroxamate and catechol siderophore-carbacephalosporin conjugates. Antimicrob. Agents Chemother. 1992,
36, 840–850. [CrossRef] [PubMed]

115. Tomaras, A.P.; Crandon, J.L.; McPherson, C.J.; Banevicius, M.A.; Finegan, S.M.; Irvine, R.L.; Brown, M.F.; O’Donnell, J.P.;
Nicolau, D.P. Adaptation-based resistance to siderophore-conjugated antibacterial agents by Pseudomonas aeruginosa.
Antimicrob. Agents Chemother. 2013, 57, 4197–4207. [CrossRef]

116. Page, M.G.P.; Dantier, C.; Desarbre, E. In vitro properties of BAL30072, a novel siderophore sulfactam with activity against
multiresistant Gram-negative bacteria. Antimicrob. Agents Chemother. 2010, 54, 2291–2302. [CrossRef] [PubMed]

117. Mushtaq, S.; Warner, M.; Livermore, D. Activity of the siderophore monobactam BAL30072 against multiresistant non-fermenters.
J. Antimicrob. Chemother. 2010, 65, 266–270. [CrossRef] [PubMed]

118. Mima, T.; Kvitko, B.H.; Rholl, D.A.; Page, M.G.; Desarbre, E.; Schweizer, H.P. In vitro activity of BAL30072 against Burkholderia
pseudomallei. Int. J. Antimicrob. Agents 2011, 38, 157–159. [CrossRef]

119. Russo, T.A.; Page, M.G.P.; Beanan, J.M.; Olson, R.; Hujer, A.M.; Hujer, K.M.; Jacobs, M.; Bajaksouzian, S.; Endimiani, A.;
Bonomo, R.A. In vivo and in vitro activity of the siderophore monosulfactam BAL30072 against Acinetobacter baumannii.
J. Antimicrob. Chemother. 2011, 66, 867–873. [CrossRef]

120. Higgins, P.G.; Stefanik, D.; Page, M.G.P.; Hackel, M.; Seifert, H. In vitro activity of the siderophore monosulfactam BAL30072
against meropenem-non-suceptible Acinetobacter baumannii. J. Antimicrob. Chemother. 2012, 67, 1167–1169. [CrossRef]

121. Bird, T.G.; Arnould, J.C.; Bertrandie, A.; Jung, F.H. Pharmacokinetics of catechol cephalosporins. The effect of incorporating
substituents into the catechol moiety on pharmacokinetics in a marmoset model. J. Med. Chem. 1992, 35, 2643–2651.

122. Abdul-Mutakabbir, J.C.; Alosaimy, S.; Morrisette, T.; Kebriaei, R.; Rybak, M.J. Cefiderocol: A novel siderophore cephalosporin
against multidrug-resistant Gram-negative pathogens. Pharmacotherapy 2020, 40, 1228–1247. [CrossRef]

123. Dobias, J.; Denervaud-Tendon, V.; Poirel, L.; Nordmann, P. Activity of the novel siderophore cephalosporin cefiderocol against
multidrug-resistant Gram-negative pathogens. Eur. J. Clin. Microbiol. Infect. Dis. 2017, 36, 2319–2327. [CrossRef]

124. Ito, A.; Sato, T.; Ota, M.; Takemura, M.; Nishikawa, T.; Toba, S.; Kohira, N.; Miyagawa, S.; Ishibashi, N.; Matsumoto, S.; et al.
In vitro antibacterial properties of Cefiderocol, a novel siderophore cephalosporin, against Gram-negative bacteria. Antimicrob.
Agents Chemother. 2017, 62, e0145-17. [CrossRef] [PubMed]

125. Hackel, M.A.; Tsuji, M.; Yamano, Y.; Echols, R.; Karlowsky, J.A.; Sahm, D.F. In vitro activity of the siderophore cephalosporin,
Cefiderocol, against a recent collection of clinically relevant Gram-negative bacilli from North America and Europe, including
carbapenem-nonsusceptible isolates (SIDERO-WT-2014 Study). Antimicrob. Agents Chemother. 2017, 61, e00093-17. [CrossRef]
[PubMed]

126. Hackel, M.A.; Tsuji, M.; Yamano, Y.; Echols, R.; Karlowsky, J.A.; Sahm, D.F. In vitro activity of the siderophore cephalosporin,
Cefiderocol, against carbapenem-nonsusceptible and multidrug-resistant isolates of Gram-negative bacilli collected worldwide in
2014 to 2016. Antimicrob. Agents Chemother. 2018, 62, e01968-17. [CrossRef] [PubMed]

127. Karlowsky, J.A.; Hackel, M.A.; Tsuji, M.; Yamano, Y.; Echols, R.; Sahm, D.F. In vitro activity of Cefiderocol, a siderophore
cephalosporin, against Gram-negative bacilli isolated by clinical laboratories in North America and Europe in 2015–2016:
SIDERO-WT-2015. Int. J. Antimicrob. Agents 2019, 53, 456–466. [CrossRef] [PubMed]

http://doi.org/10.1128/AAC.04172-14
http://www.ncbi.nlm.nih.gov/pubmed/25605364
http://doi.org/10.1021/acs.jmedchem.8b00218
http://doi.org/10.1128/AAC.36.10.2166
http://doi.org/10.1007/s10534-009-9218-3
http://doi.org/10.1021/ja503911p
http://doi.org/10.1021/bc00010a013
http://doi.org/10.1128/JB.172.3.1361-1367.1990
http://doi.org/10.1128/AAC.36.4.840
http://www.ncbi.nlm.nih.gov/pubmed/1503447
http://doi.org/10.1128/AAC.00629-13
http://doi.org/10.1128/AAC.01525-09
http://www.ncbi.nlm.nih.gov/pubmed/20308379
http://doi.org/10.1093/jac/dkp425
http://www.ncbi.nlm.nih.gov/pubmed/19996139
http://doi.org/10.1016/j.ijantimicag.2011.03.019
http://doi.org/10.1093/jac/dkr013
http://doi.org/10.1093/jac/dks009
http://doi.org/10.1002/phar.2476
http://doi.org/10.1007/s10096-017-3063-z
http://doi.org/10.1128/AAC.01454-17
http://www.ncbi.nlm.nih.gov/pubmed/29061741
http://doi.org/10.1128/AAC.00093-17
http://www.ncbi.nlm.nih.gov/pubmed/28630181
http://doi.org/10.1128/AAC.01968-17
http://www.ncbi.nlm.nih.gov/pubmed/29158270
http://doi.org/10.1016/j.ijantimicag.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30471402


Int. J. Mol. Sci. 2021, 22, 617 21 of 21

128. Kazmierczak, K.M.; Tsuji, M.; Wise, M.G.; Hackel, M.; Yamano, Y.; Echols, R.; Sahm, D.F. In vitro activity of cefiderocol,
a siderophore cephalosporin, against a recent collection of clinically relevant carbapenem-non-susceptible Gram-negative
bacilli, including serine carbapenemase- and metallo-beta-lactamase-producing isolates (SIDERO-WT-2014 Study). Int. J.
Antimicrob. Agents 2019, 53, 177–184. [PubMed]

129. Yamano, Y. In vitro activity of Cefiderocol against a broad range of clinically important Gram-negative bacteria. Clin. Infect. Dis.
2019, 69 (Suppl. 7), S544–S551. [CrossRef] [PubMed]

130. Zhanel, G.G.; Golden, A.R.; Zelenitsky, S.; Wiebe, K.; Lawrence, C.K.; Adam, H.J.; Idowu, T.; Domalaon, R.; Schweizer, F.;
Zhanel, M.A.; et al. Cefiderocol: A siderophore cephalosporin with activity against carbapenem-resistant and multidrug-resistant
Gram-negative bacilli. Drugs 2019, 79, 271–289. [CrossRef]

131. Golden, A.R.; Adam, H.J.; Baxter, M.; Walkty, A.; Lagacé-Wiens, P.; Karlowsky, J.A.; Zhanel, G.G. In vitro activity of Cefiderocol,
a novel siderophore cephalosporin, against Gram-negative bacilli isolated from patients in Canadian intensive care units. Diagn.
Microbiol. Infect. Dis. 2020, 97, 115012. [CrossRef]

132. Ito-Horiyama, T.; Ishii, Y.; Ito, A.; Sato, T.; Nakamura, R.; Fukuhara, N.; Tsuji, M.; Yamano, Y.; Yamaguchi, K.; Tateda, K. Stability
of novel siderophore cephalosporin S-649266 against clinically relevant carbapenemases. Antimicrob. Agents Chemother. 2016,
60, 4384–4386. [CrossRef]

133. Ito, A.; Nishikawa, T.; Ota, M.; Ito-Horiyama, T.; Ishibashi, N.; Sato, T.; Tsuji, M.; Yamano, Y. Stability and low induction
propensity of cefiderocol against chromosomal AmpC beta-lactamases of Pseudomonas aeruginosa and Enterobacter cloacae.
J. Antimicrob. Chemother. 2018, 73, 3049–3052. [CrossRef]

134. Poirel, L.; Kieffer, N.; Nordmann, P. Stability of cefiderocol against clinically significant broad-spectrum oxacillinases. Int. J.
Antimicrob. Agents 2018, 52, 866–867. [CrossRef] [PubMed]

135. Mo, X.; Li, Q.; Ju, J. Naturally occurring tetramic acid products: Isolation, structure elucidation and biological activity. RSC Adv.
2014, 4, 50566. [CrossRef]

136. Rosett, T.; Sankhala, R.H.; Stickings, C.E.; Taylor, M.E.; Thomas, R. Studies in the biochemistry of micro-organisms. 103.
Metabolites of Alternaria tenuis auct; culture filtrate products. Biochem. J. 1957, 67, 390–400. [CrossRef]

137. Cherian, P.T.; Deshpande, A.; Cheramie, M.N.; Bruhn, D.F.; Hurdle, J.G.; Lee, R.E. Design, synthesis and microbiological
evaluation of ampicillin tetramic acid hybrid antibiotics. J. Antibiot. (Tokyo) 2017, 70, 65–72. [CrossRef] [PubMed]

138. Zhao, H.; Cui, Z.; Gu, Y.; Liu, Y.; Wang, Q. The phytotoxicity of natural tetramic acid derivatives. Pest. Manag. Sci. 2011,
67, 1059–1061. [CrossRef]

139. Steyn, P.S.; Rabie, C.J. Characterization of magnesium and calcium tenuazonate from Phoma sorghina. Phytochemistry 1976,
15, 1977–1979. [CrossRef]

140. Lebrun, M.-H.; Duvert, P.; Gaudemer, F.; Gaudemer, A.; Deballon, C.; Boucly, P. Complexation of the fungal metabolite tenuazonic
acid with copper (II), iron (III), nickel (II), and magnesium (II) ions. J. Inorg. Biochem. 1985, 24, 167–181. [CrossRef]

141. Vinale, F.; Nigro, M.; Sivasithamparam, K.; Flematti, G.; Ghisalberti, E.L.; Ruocco, M.; Varlese, R.; Marra, R.; Lanzuise, S.;
Eid, A.; et al. Harzianic acid: A novel siderophore from Trichoderma harzianum. FEMS Microbiol. Lett. 2013, 347, 123–129.
[CrossRef]

142. Ferres, H.; Basker, M.J.; Best, D.J.; Harrington, F.P.; O’Hanlon, P.J. Beta-lactam antibiotics. II Structure-activity relationships of
6-[alpha-(alpha-ureidoacylamino)acylamino] penicillanic acids. J. Antibiot. (Tokio) 1978, 31, 1013–1022. [CrossRef]

143. Cherian, P.T.; Cheramie, M.N.; Marreddy, R.K.R.; Fernando, D.M.; Hurdle, J.G.; Lee, R.E. New β-lactam-tetramic acid hybrids
show promising antibacterial activities. Bioorg. Med. Chem. Lett. 2018, 28, 3105–3112. [CrossRef]

144. Projan, S. Why is big Pharma getting out of antibacterial drug discovery? Curr. Opin. Microbiol. 2003, 6, 427–430. [CrossRef]
[PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/30395986
http://doi.org/10.1093/cid/ciz827
http://www.ncbi.nlm.nih.gov/pubmed/31724049
http://doi.org/10.1007/s40265-019-1055-2
http://doi.org/10.1016/j.diagmicrobio.2020.115012
http://doi.org/10.1128/AAC.03098-15
http://doi.org/10.1093/jac/dky317
http://doi.org/10.1016/j.ijantimicag.2018.11.005
http://www.ncbi.nlm.nih.gov/pubmed/30415004
http://doi.org/10.1039/C4RA09047K
http://doi.org/10.1042/bj0670390
http://doi.org/10.1038/ja.2016.52
http://www.ncbi.nlm.nih.gov/pubmed/27189120
http://doi.org/10.1002/ps.2210
http://doi.org/10.1016/S0031-9422(00)88860-3
http://doi.org/10.1016/0162-0134(85)85001-7
http://doi.org/10.1111/1574-6968.12231
http://doi.org/10.7164/antibiotics.31.1013
http://doi.org/10.1016/j.bmcl.2018.07.018
http://doi.org/10.1016/j.mib.2003.08.003
http://www.ncbi.nlm.nih.gov/pubmed/14572532

	Introduction 
	-Lactam Antibiotics Bearing More Than One -Lactam Ring 
	-Lactam Antibiotics Bearing Additional Pharmacophores 
	Hybrid Antibiotics with a -Lactam Moiety Associated with Another Antibiotic Moiety 
	Hybrid Antibiotics with a -Lactam Moiety Associated with Other Non-Antibiotics Moieties 
	Conjugates with Other Non-Antibiotic Activities 

	Conclusions 
	References

