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Abstract

Antimicrobial resistance (AMR) constitutes one of the foremost threats to global public health in the XXI 
century: according to the data of the World Health Organization for 2025, one of the six laboratory-confirmed 
bacterial infections exhibits resistance to standard antibiotic therapy, with annual resistance rates increasing by 
5–15 % across more than 40 % of pathogen–antibiotic combinations. Amid the declining efficacy of single-target 
antibiotics, the development of multitarget hybrid antibacterial agents – single molecules incorporating two or 
more pharmacophoric moieties capable of simultaneously engaging distinct bacterial targets – has gained critical 
relevance. This review systematically outlines the principal strategies for designing such hybrids: linked, fused, 
and merged pharmacophores. It also addresses key pharmacokinetic and toxicological considerations, limitations 
inherent to conventional combination therapy, and the advantages conferred by hybrid molecules, including a 
unified pharmacokinetic profile, elimination of chemical incompatibilities between components, and simplified 
dosing regimens. Particular emphasis is placed on the mechanisms of action of hybrid compounds. Several re-
viewed hybrids demonstrate low minimum inhibitory concentrations, reduced frequencies of spontaneous resist-
ance emergence, and favourable fractional inhibitory concentration indices (FIC ≤ 0.5), underscoring the thera-
peutic potential of this approach. Some examples of compounds are highlighted for their potent activity against 
diverse resistant bacterial strains and biofilms. A number of hybrid compounds have successfully advanced 
through clinical trials (TNP-2092, TNP-2198, cefilavancin, DNV-3837).

Keywords: antimicrobial resistance, multitarget antibiotics, hybrid molecules, pharmacophore, antibacterial 
activity

Funding: the work was carried out within the State Assignment for the Institute of Chemical Biology and Fun-
damental Medicine SB RAS (Project No. 125012300656-5).

For citation: Zadvornykh D. A., Koroleva L. S., Silnikov V. N., Multitarget antibacterial hybrids, Chemistry for 
Sustainable Development, 2026, Vol. 34, No. 1, P. 111–127. DOI: 10.15372/CSD2026731. EDN: UNYEQA.

© Zadvornykh D. A., Koroleva L. S., Silnikov V. N., 2026

INTRODUCTION

Antibiotic resistance is one of the ten critical 
dangers to public health in the XXI century. Ac-
cording to the data of the World Health Organi-
sation for 2025, for one in six laboratory-con-

firmed cases of bacterial infections, application of 
the standard antibiotic-based therapy turned out 
to be ineffective because of the resistance of in-
fectious agents. Annual increase in resistance is 
5–15 % over more than 40 % of pathogen–antibi-
otic combinations [1].
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Modern medicine is essentially dependent on 
antibiotics not only to treat infections but also 
to prevent complications after surgical interven-
tions, chemotherapy, organ transplantation and 
other invasive procedures. The loss of their effi-
ciency brings threats to the achievements of the 
entire public health system: even planned sur-
geries or childbearing can again pose a mortal 
threat [2, 3].

Predictions of the consequences of the absence 
of effective measures against antibiotic resistance 
are extremely anxious: according to the study 
published in The Lancet in 2024 [4], infections 
caused by antibiotic-resistant strains can become 
the reason of more than 39 mln deaths during the 
period from 2025 to 2050. The annual number of 
direct lethal outcomes due to resistance to anti-
biotics will increase from 1 mln in 2025 to about 
1.91 mln by 2050. If the cases in which resistance 
to antibiotics is an accompanying factor, the total 
number of related deaths can exceed 8 to 10 mln 
per year. These figures surpass the mortality from 
cancer and emphasise the urgent necessity to ex-
pand the range of antibacterial agents [4].

Under these conditions, development of new 
antibacterial agents, innovative approaches and 
rational strategies able to overcome the existing 
resistance mechanisms and provide sustainable 
efficiency becomes not just a research problem 
but also an imperative for modern medicine.

For a long time, the search and development 
of new antibiotics gave preference to substances 
that affected only one specific target. A general 
opinion was that molecules with a sole target are 
ideal antibiotics because their high specificity to 
the target is associated with not so many side ef-
fects. This resulted in the preferable usage of a 
target-based approach in the discovery of anti-
bacterial agents, while the compounds aimed at 
multiple or complex targets were considered to 
be non-specific and unsuitable for subsequent de-
velopment. However, it has been demonstrated 
during the recent decades that resistance to anti-
biotics with only one specific target develops too 
rapidly, and it has been recognised that agents 
aimed at more than one target deserve attention, 
and they should be used because of the lower 
rate of resistance development [5–7].

In response to the accelerating emergence of 
resistance to monotarget antibiotics, clinical prac-
tice extensively employs combined therapy, with 
simultaneous administration of two or more anti-
bacterial agents. The major theoretical substan-
tiation of this approach lies in the fact that the 

probability of simultaneous emergence of patho-
gen resistance to several agents is substantially 
lower than to a single one [8]. In addition, definite 
combinations may cause synergism, when the 
total antibacterial activity exceeds the additive 
activity [8, 9].

A typical example of the combination of two 
antibiotics is the co-administration of sulphanil
amides and trimethoprim: the former agent inhib-
its dihydropteroate synthetase, while the latter 
one inhibits dihydrofolate reductase, thus block-
ing up two sequential stages of folate synthe-
sis [10]. Another widespread combination type is 
antibiotic–adjuvant, where the second compo-
nent possesses its own weak antibacterial activity 
or does not possess any at all, but it enhances the 
action of the main preparation. An example may 
be a combination of amoxicillin with clavulanic 
acid, which inhibits β-lactamase thus protecting 
the antibiotic from enzymatic hydrolysis [11].

At the same time, combined therapy is conju-
gated with a series of substantial pharmacological 
and clinical limitations.

The incompatibility of pharmacokinetic and 
pharmacodynamic profiles of the components 
often prevents synergism in vivo, even if it is 
observed in vitro. One of the antibiotics can be 
rapidly metabolised or excreted, have a different 
distribution over tissues, or differ in the rate of 
binding with the target, which causes inconsist-
ent presence of both agents in the site of infection 
in therapeutic concentrations [11, 12].

Combinations may enhance toxicity. For ex-
ample, a combination of aminoglycosides with 
cephalosporins is associated with an increased 
risk of renal toxicity, which limits their clinical 
application [13, 14].

Chemical incompatibility of agents is also 
possible. For instance, if certain aminoglycosides 
(for example, gentamycin or tobramycin) are 
mixed with β-lactams (for example, penicillin, 
ticarcillin or carbenicillin) in the same solution for 
infusion, inactive complexes are formed, which 
reduces the efficiency of both agents [15, 16].

In addition, combined therapy brings compli-
cations into the dosing regimen, reduces the pa-
tients’ compliance to treatment and increases the 
cost of therapy [17].

Taking into account the listed limitations and 
shortcomings of combined therapy, increasing at-
tention has been paid in recent years to multitar-
get hybrid antibacterial agents (hybrids). A hy-
brid is a united molecule containing two (or 
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more) pharmacophore fragments that can inter-
act with different targets after penetration into 
cells [17, 18].

This approach allows combining the advantag-
es of antibiotic combinations and avoiding their 
key disadvantages:

–  provision of the united pharmacokinetic 
profile;

–  elimination of negative interactions between 
components;

–  reduction of the risk of chemical incompat-
ibility;

–  simplification of dosing.
In the present review, the major approaches 

to the design of multitarget antibacterial agents 
based on hybrid structures are considered, along 
with recent achievements in this area. 

CLASSIFICATION OF ANTIBACTERIAL HYBRID AGENTS

Multitarget hybrids can be divided into sev-
eral groups based on their chemical structure. 
Judging from the presence or absence of a linker 
between two pharmacophore groups, they are di-
vided into two classes: linker-containing and linker-
free. Hybrid molecules without linker groups, in 
turn, are divided relying on the degree of phar-

macophore overlap into fused and merged struc-
tures (Fig. 1) [18, 19].

The choice of a certain strategy for the devel-
opment of hybrid structures is to a high extent 
determined by the possibility to modify a frag-
ment of molecular structure without the loss of 
antibacterial properties. Antibiotics of many class-
es contain reactive groups which can be modified 
without any loss or with only an insignificant de-
crease in their antibacterial activity. For instance, 
among antibacterial hybrids described in the lit-
erature, most of the structures have been devel-
oped on the basis of fluoroquinolone antibiotics – 
inhibitors of DNA-topoisomerase. It is easy to 
introduce substituents at the 7th position of qui-
noline structure without any loss of antibacterial 
activity, which opens broad possibilities to design 
hybrid molecules (Fig. 2). In addition, the antibi-
otics of this class are chemically stable under con-
ditions that are typical for organic synthesis, in-
cluding a broad temperature range, acidity (pH) 
variations, and most standard solvents, which 
makes it possible to carry out multistage modi-
fications. Therefore, antibiotics containing these 
reactive groups in their structure are ideal pre-
cursors for the synthesis of hybrid structures 
using a linker group.

Fig. 1. Different types of pharmacophore combinations.
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Another class of compounds possessing anti-
bacterial activity includes synthetic analogues of 
antimicrobial peptides – cationic amphiphiles. 
The structure of cationic amphiphiles contains 
one or several positively charged groups and lipo-
philic fragments. These compounds interact first 
of all with bacterial cells, promoting the penetra-
tion of hybrid structures into cells. In addition, 
they can cause disturbance of transmembrane 
potential, cytoplasm leakage, and finally cell 
death [20]. The diverse architecture of cationic 
amphiphiles allows easier implementation of hy-
brid molecule synthesis by pharmacophore frag-
ment fusing or merging.

LINKED HYBRID STRUCTURES 

To make stable hybrids, it is necessary to use 
a linking group based on chemical bonds that 
would not be affected by enzymatic and non-en-
zymatic cleavage in the host organism.

Examples of compounds of this kind are hy-
brids based on two antibiotics – trimethoprim 
and various fluoroquinolones linked through alkyl 
groups (ethylene, propylene, and propane-1,3-
diyl) [21]. Biological activity of the obtained com-
pounds was evaluated by measuring the mini-
mum inhibitory concentration (MIC) against 
two strains of gram-positive staphylococci 
(Staphylococcus aureus and S. epidermidis) and 
gram-negative Escherichia coli. The strains used 
in the work were S. aureus and E. coli sensitive 
both to trimethoprim and to ciprofloxacin, one 
strain of S. aureus sensitive to trimethoprime but 
resistant to ciprofloxacin, and one strain of S. ep­
idermidis sensitive to ciprofloxacin but resistant 
to trimethoprime. The activities of the obtained 
compounds were compared with the activities of 
individual drugs (ciprofloxacin, trimethoprime) 
and their equimolar mixture. The antibacterial 

activity of all hybrid compounds turned out to be 
substantially higher than the activity of trimeth-
oprime and comparable with the activity of cip-
rofloxacin, the most active compound was 
BP-4Q-002 (Fig. 3, a). It should also be noted that 
several hybrids remained active against strains 
resistant to one of the parent antibiotics, display-
ing superior activity compared to the correspond-
ing equimolar mixture. There are also published 
data on the hybrids of fluoroquinolones with 
various fravonoids in which pharmacophores are 
also bound through the ethylene linker [22]. Fla-
vonoids possess a broad biological activity range, 
there are experimental confirmations that fla-
vonoids efficiently inhibit efflux pumps in bac-
terial cells. Activity of the resulting compounds 
was evaluated against the multi-resistant E. coli 
strain, tetracycline-resistant Bacillus subtilis strain, 
methicillin-resistant S. aureus strain and ampho-
tericin B-resistant Candida albicans strain. The 
most active agent was determined to be the hy-
brid composed of flavonoid naringenin and cipro-
floxacin (see Fig. 3, b), demonstrating activity lev-
els 8, 43, 23 and 88 times higher against the listed 
strains, respectively, in comparison with cipro-
floxacin. The activity of this hybrid against DNA-
gyrase of E. coli is 25 times higher, and the ex-
tent of outflow from cells is about 5 times lower 
in comparison with ciprofloxacin. The most evi-
dent explanation of these data is that the incor-
poration of a flavonoid into the fluoroquinolone 
structure to form the hybrid compound may ren-
der inhibiting activity against efflux pumps or at 
least prevent the compounds themselves from 
becoming their substrate. 

The authors of [23] describe the synthesis and 
biological activity of various hybrids of ciproflox-
acin with isatin and its derivatives. Isatin is an 
endogenous compound detected in many organ-
isms, it possesses a broad range of biological ac-
tivity (antibacterial, anticancer, anti-HIV, anti-
malarial and antituberculous). The antibiotic was 
combined with isatin using a propane-1,3-diyl 
linker. Ciprofloxacin was modified both at the 
amino group of the piperazine ring and at the 
carboxyl group to form bis-isatin hybrids (Fig. 4). 
Antibacterial activity of the obtained compounds 
was evaluated against methicillin-sensitive and 
methicillin-resistant strains of gram-positive S. epi­
dermidis and S. aureus, the strains of gram-nega-
tive Enterococcus faecalis and Enterococcus fae­
cium, and compared with the activity of cipro-
floxacin and levofloxacin. The antimycobacterial 
activity of the compounds was also assessed against 
the strain H37Rv and multiresistant strain of My­
cobacterium tuberculosis, and compared with the 

Fig. 2. Structural formula and numbering of quinoline atoms (a). 
The general structural formula of fluoroquinolones (b): 4-oxo-
3-carboxyl fragment playing the key role in binding with 
DNA-topoisomerases is marked with an oval, and the sub-
stituent at position 7 is marked with a circle.
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activity of ciprofloxacin, isoniazid and rifampicin. 
Finally, it has been demonstrated that bis-isatin 
hybrids (see Fig. 4, c, d) possess substantially 
lower activity in comparison with mono-isatin 
hybrids (see Fig. 4, a, b) and reference compounds, 
which is explained by the key role of non-modi-
fied 4-oxo-3-carboxylic fragment (see Fig. 2) of 
quinoline antibiotics for their antibacterial activ-
ity. The activity of mono-isatin hybrids against 
gram-positive bacteria turned out to be higher on 
average than against gram-negative bacteria. 
Among these molecules, the highest activity was 
demonstrated by the hybrid with the following 
substituents: R1 = Me; R2 = NOMe (see Fig. 4, b).

Cadazolid (Fig. 5, a) is a hybrid of ciprofloxacin 
derivative and tedizolid residue [24]. Tedizolid is a 
derivative of 1,3-oxazolidin-2-one, which is able 
to inhibit translation in bacteria by integrating 
into the P-site on the 50S ribosomal subunit and 
blocking peptidyl-tRNA transfer from A-site to 
P-site. Pharmacophore parts in the hybrid struc-
ture are linked through a methylene bridge. It 
has been determined during the studies that the 
frequency of spontaneous resistance to cadazolid 
was 1–4 orders of magnitude lower than in refer-
ence antibiotics. Thus, a powerful translation in-
hibitor with weakly pronounced inhibition of rep-
lication was developed. In 2018, the third phase of 

the clinical trial of cadazolid for the treatment of 
infections caused by Clostridioides difficile had 
been completed. However, in spite of the fact 
that cadazolid proved itself to be an efficient 
translation inhibitor in vitro (in particular against 
linezolid-stable strains), the level of DNA-gyrase 
turned out to be lower in comparison with cipro-
floxacin and moxifloxacin. After analysis of the 
results of in vivo tests, further advancement was 
ceased because the hybrid was inferior to vanco-
mycin in therapeutic efficiency [25].

The pair of compounds DNV-3837 / DNV-3681 
(see Fig. 5, b), similarly to cadazolid, are hybrids 
based on a ciprofloxacin derivative and linezolid, 
a derivative of oxazolidine. DNV-3837 is a water-
soluble compound, rapidly dephosphorylised after 
intravenous injection, with the formation of DNV-
3681, which is the active form of this hybrid. 
Preclinical trials have shown that DNV-3837 is 
efficient against 114 different clinical isolates of 
C. difficile, including hypervirulent C. difficile 
NAP1 strain [26]. The efficiency of DNV-3837 ex-
ceeds the efficiency of most standard antibiotics, 
including vancomycin, metronidazole and fidax-
omicin. Moreover, DNV-3837 was determined to 
be active against C. difficile isolates stable to 
both moxifloxacin and linezolid [27]. In 2022, the 
second phase of the clinical trial (NCT03988855) 

Fig. 3. Structural formulas of the hybrids with ethylene linker group: a – hybrid of tri-
methoprim and fluoroquinolone (BP-4Q-002); b – hybrid of naringenin and ciprofloxacin.
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of DNV-3837 for the treatment of infections 
caused by C. difficile was completed, however, at 
present there are no actual data on trial results in 
open sources.

Attempts to develop antibacterial hybrids based 
on tobramycin with fluoroquinolones connected 
with an extended C12 alkyl linker have been de-
scribed (Fig. 6, a) [28, 29]. Tobramycin is an ami-
noglycoside antibiotic inhibiting bacterial transla-
tion by binding with the 30S ribosomal subunit. 
However, activity investigation showed that the 
synthesised compounds did not possess full-scale 
bifunctional action: the translation inhibiting ac-
tivity of the tobramycin fragment is lost, while 
the replication inhibiting activity of the fluoro-
quinolone fragment is only partially preserved. It 
turned out that these hybrids possess another ef-
fect: they can cause damage to the outer mem-
branes of gram-negative bacteria and dissipate 
the proton-motive force (PMF). Therefore, they 
can enhance the action of other antibiotics acting 
as adjuvants. After that, hybrids of tobramycin 
with various inhibitors of efflux pumps, amino 
acid derivatives and polymyxin were obtained 
(see Fig. 6, b–f), in which tobramycin acts as a 
vector. These hybrids have demonstrated a very 
promising ability to synergism with other anti-
biotics if used in combination (Fractional Inhibi-
tory Concentration, FIC-index ≤ 0.5), which al-
lowed retrieving their efficiency against resist-
ant strains [30–34].

Fig. 4. Structural formulas of ciprofloxacin hybrids with isatin and its derivatives, with propane-1,3-diyl linker. Mono-
isatin hybrids (a, b), bis-isatin hybrids (c, d).

Fig. 5. Structural formulas of cadazolid (a) and compounds 
DNV-3837 / DNV-3681 (b).
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Researchers from Theravance Biopharma, Inc. 
described the synthesis and studied antimicrobial 
properties of hybrids based on vancomycin and 
cephalosporin [35]. Vancomycin is a glycopeptide 
antibiotic inhibiting the synthesis of bacterial cell 
walls by binding to the D-Ala-D-Ala peptide 
moiety. This hybrid was expected to inhibit two 

sequential stages of cell wall synthesis at a time. 
Three positions to introduce modification were 
chosen in vancomycin molecule (Fig. 7, a): the 
amino group of vancosamine (VV), C-end carbox-
yl group of the peptide chain (VC) and the resor-
cinol residue (VR). Similarly, three positions have 
been chosen in the cephalosporin structure to add 

Fig. 6. Structural formulas of tobramycin: with moxifloxacin (a), with 1-(1-naphthylmethyl)-piperazine (NMP) (b), with 
paroxetine (c), with an analogue of MC-04,124 (d), with lysine-anthracene derivative (e), with polymyxin B (f).
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Fig. 7. Structural formulas: a – vancomycin (three positions to introduce modification are marked, VV, VR 
and VOX); b – cephalosporin (three positions to introduce modifications are marked, CAM, COX and CPY); 
c – cefilavancin (TD-1792) – hybrid with linker at positions VC–COX; d – hybrid with linker at positions 
VR–CAM; e – hybrid with linker at positions VV–CPY.
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the linker group: the amino group of amino-thia-
zole fragment (CAM), the oxime group (COX), pyr-
idine residue (CPY) (see Fig. 7, b). Nine hybrids 
were synthesised, differing by the sites occupied 
by the linker group in the structure of both anti-
biotics. Examples of hybrids with three different 
methods of pharmacophore linking are shown in 
Fig. 7, c–e. All these compounds exhibited high 
activity against a broad range of gram-positive 
pathogens, including methicillin-resistant and van-
comycin-resistant S. aureus strains, which indi-
rectly confirms the bifunctional method of action. 
The highest antibacterial activity in vitro and 
high efficiency in vivo in the experiments 
with mice, in comparison with vancomycin, was 
demonstrated by the hybrid with propane-1,3-
diyl linker attached at VC–COX positions (see 
Fig. 7, c) [35–39]. At present, this hybrid, known 
as TD-1792 or cefilavancin, is commercially avail-
able after clinical trials. 

Compound TNP-2092 (Fig. 8), developed by 
TenNor Therapeutics Ltd., is a hybrid of rifampic-
in and fluoroquinolone, developed for more effi-
cient therapy of persistent bacterial infections [40]. 
Rifampicin is a broad-spectrum semi-synthetic 
antibiotic inhibiting DNA-dependent RNA-poly-
merase. A series of hybrids based on rifampic-
in were developed, synthesised and studied in 
order to discover a multitarget compound that 
would exhibit a high level of activity against per-
sistent pathogens and at the same time minimise 
the development of resistance to rifampicin. Com-
pound TNP-2092, with the linker group contain-
ing cyclopropyl fragment, was detected to be the 
most effective one. Its bactericidal activity in vitro 
against the methicillin-sensitive S. epidermidis 
strain was determined to be higher by a factor 
of 2 and 31, against methicillin-sensitive S. epi­
dermidis strain – by a factor of 2 and 500, and 

against Streptococcus pneumoniae – 2 and 17, re-
spectively, in comparison with rifampicin and 
ciprofloxacin. TNP-2092 inhibits three key bacte-
rial enzymes: RNA-polymerase, DNA-gyrase and 
topoisomerase IV, which ensures the high activ-
ity of this compound even with respect to bio-
films [41]. This compound retains activity against 
strains resistant to rifampicin and fluoroquinolo-
nes because it is not a substrate for efflux pumps, 
which often provide resistance to fluoroquinolo-
nes [42]. The incidence rate of resistance to TNP-
2092 in the wild type of S. aureus is very low 
(<1•10–12), which is substantially lower than the 
value for rifampin (2.9•10–8) and ciprofloxacin 
(5•10–9) [43]. In 2020, TNP-2092 successfully 
completed the second phase of clinical trials for 
the treatment of acute bacterial infections of the 
skin and skin structures. At present, TNP-2092 is 
in the first and second phases of clinical trials to 
evaluate the safety and pharmacokinetic pro-
files, for the treatment of early or acute hema-
togenous infection of joints (NCT06889701).

In [44], a series of ciprofloxacin hybrids with 
neomycin B, an aminoglycoside antibiotic, bound 
by various linker groups formed by azide-alkyne 
cycloaddition, has been presented. Neomycins are 
translation inhibitors due to their ability to bind 
with the 30S ribosomal subunit. Activity of these 
hybrids was evaluated against several strains of 
gram-positive and gram-negative bacteria in-
cluding kanamycin-resistant E. coli strain and 
methicillin-resistant S. aureus strain, and com-
pared with the activity of ciprofloxacin and neo-
mycin B. The most active hybrids are shown in 
Fig. 9. The hybrids demonstrated higher activity 
than neomycin B but lower than ciprofloxacin. At 
the same time, these compounds were ~18–31 times 
more active in inhibiting DNA-gyrase than cipro-

Fig. 8. Structural formula of hybrid TNP-2092.
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floxacin. So, the lower activity of hybrid struc-
tures in comparison with ciprofloxacin in experi-
ments with bacteria is most probably associated 
with the problems arising when these hybrids 
penetrate the bacterial cell walls. This can be ex-
plained by the relatively high molecular mass of the 
compounds under investigation, 1100–1200 g/mol. 
Nevertheless, in an experiment with one of the 
hybrids (see Fig. 9, b) a substantial delay in the 
development of resistance has been observed for 

the strains of gram-negative E. coli and gram-
positive B. subtilis in comparison with both neo-
mycin B and ciprofloxacin, as well as with their 
equimolar mixture.

FUSED HYDRID STRUCTURES 

Hybrids formed by fused pharmacophores are 
those having one common atom or bond. From 

Fig. 9. Structural formulas of hybrids based on ciprofloxacin and neomycin B.
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the viewpoint of synthesis, design and prepara-
tion of these structures is a substantially more 
difficult task. 

It is reported in [45] that a series of hybrids 
were obtained on the basis of pleuromutilin (trans-
lation inhibitor due to binding with the 23S ribo-
somal subunit) and a sulphonamide antibiotic (an 
inhibitor of dihydropteroate syntase). The most 
active hybrid (Fig. 10, a) in which pharmacophores 
are bound through a sulphur atom, has demon-
strated more active antibacterial activity against 
gram-positive S. aureus (including MRSA), Strep­
tococcus equi and Mycoplasma gallisepticum than 
sulphonamide, and a comparable activity with 
valnemulin. The activity against MRSA was 
31 times higher than that of valnemulin. No in-
formation on the studies of the mechanism of 
action has been published for these hybrids.

The authors of [46] proposed a series of hybrid 
structures combining ciprofloxacin with trimeth-
oprim and isatin for the therapy of HIV-associat-
ed opportunistic infections. The hybrids were de-
termined to be more active against a broad range 
of pathogenic bacteria in comparison with fluoro-
quinolones. The structure of the most active com-
pound from the indicated series is shown in 
Fig. 10, b, here trimethoprim and isatin are linked 
through the nitrogen atom of the guanidine 
group of trimethoprim. 

Another example of hybrids formed by fused 
pharmacophores is the structures prepared on 
the basis of ciprofloxacin and tetracationic am-
phiphilic compounds including two residues of 
1,4-diazabicyclo[2.2.2]octane (DABCO) [47]. Cati-
onic amphiphiles containing two DABCO residues, 
which are themselves bifunctional compounds be-
cause they can destroy bacterial membranes and 

provoke RNA hydrolysis, which provides their 
high antibacterial activity [48–52]. An example of 
an amphiphile of this kind is shown in Fig. 11, a. 
To expand the spectrum of bacterial targets, cip-
rofloxacin was included into the structure of tet-
racationic amphiphile. In the proposed hybrids, 
pharmacophores are linked through the nitrogen 
atom of the piperazine residue of the antibiotic 
and differ from each other by the length of alkyl 
fragments between the residues of DABCO and 
ciprofloxacin. The structural formula of the most 
active hybrid is shown in Fig. 11, b. The results 
of MIC determination revealed a similar level of 
activity in comparison with ciprofloxacin. Time-
kill kinetics assay against S. aureus revealed that 
the hybrid achieved a bactericidal effect 6 times 
faster than the reference antibiotic. The multitar-
get effect of the hybrid compound was confirmed 
by studies of morphological changes in S. aureus 
under the action of the hybrid, a DABCO-con-
taining amphiphile and ciprofloxacin separately 
on ultrathin sections using a transmission elec-
tron microscope [53].

MERGED HYBRID STRUCTURES

A series of ciprofloxacin hybrids with 3-aryl-
furan-2(5H)-one, which is a pharmacophore group 
able to interact with typosyl-tRNA synthetase, is 
presented in [54]. Both pharmacophores have 
similar fragments in their structure: a piperazine 
fragment in ciprofloxacin and a morpholine frag-
ment in the most active derivative of arylfura-
none. This fragment was used to combine these 
two antibacterial compounds (Fig. 12). It has 
been shown that the resulting hybrids possess 

Fig. 10. Structural formulas of the hybrid of pleuromutilin with sulphonamide (a) and a ternary hybrid of ciprofloxacin, 
isatin and trimethoprim (b).
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a broad activity range against either gram-posi-
tive or gram-negative bacteria. The compounds 
(based on 3-(2-fluorophenyl)furan-2(5H)-one and 
3-(4-fluorophenyl)furan-2(5H)-one) were deter-
mined to be the most active ones: 24 times more 
active than ciprofloxacin against multiresistant 
E. coli, 31 times more active than ciprofloxacin 
against methicillin-resistant S. aureus, 22 times 
more active than ciprofloxacin against tetracy-
cline-resistant B. subtilis. Moreover, it has been 
shown that these conjugates inhibit DNA-gyrase 
in vitro 3 times more actively than ciprofloxacin, 
and exhibit a comparable level of activity in com-
parison with 3-(4-hydroxyphenyl)-4-(2-morpho
linoethoxy)furan-2(5H)-one against tyrosyl-tRNA 
synthetase.

Another example of a hybrid molecule with 
merged pharmacophore fragments can be TNP-
2198 (rifasutenizol) [55], which is a hybrid of ri-
fabutin and metronidazole, by analogy with the 
previously considered TNP-2092. A common motif 
of two pharmacophores is the ethylene fragment 
(Fig. 13). Metronidazole is a derivative of nitro-
imidazole, antibiotic and antiprotozoal agent able 
to form nitroxide radicals that damage DNA of 
most anaerobic bacteria and protozoa. Hybrid 
TNP-2198 demonstrated higher activity than an 
equimolar mixture of rifabutin with metronida-
zole, and it was also active against strains resist-
ant to rifamycins and nitroimidazoles. According 
to the results of X-ray diffraction analysis, the 
hybrid molecule interacts through its rifabutin 

Fig. 11. Structural formulas of the tetracationic amphiphilic compound with two DABCO residues (a), the most active 
hybrid of ciprofloxacin with DABCO-containing amphiphile (b).

Fig. 12. Structural formulas of ciprofloxacin, arylfuranone derivative and their hybrid. Dash line 
marks a common similar fragment.
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part with the rifamycin-binding site of DNA-de-
pendent RNA-polymerase, while the nitroimda-
zole part interacts directly with DNA, forming 
hydrogen bonds with the base. In 2024, compound 
TNP-2198 successfully completed the third phase 
of clinical trials for the treatment of infection caused 
by Helicobacter pylori, in combination with rabe-
prazole and amoxicillin.

Some examples of the structures with merged 
pharmacophores based on cationic amphiphils and 
monoterpenes have been described. In [56], a se-
ries of compounds is presented, in which monoter-
penes carvacrol and thymol form a fragment of 
the hydrophobic part of cationic amphiphite with 
common structures shown in Fig. 14. The total 
number of compounds obtained in the work 
was 72, and their antibacterial activity was in-

vestigated. Most of these compounds demonstrat-
ed antibacterial activity against gram-negative 
(E. coli, Pseudomonas aeruginosa) and gram-pos-
itive (S. aureus, E. faecalis) microorganisms, in-
cluding their antibiotic-resistant strains. The most 
active hybrids demonstrated antibacterial activity 
within the concentration range of 2–8 μg/mL, 
while the initial compounds carvacrol and thymol 
are active in concentrations of 128 μg/mL and 
higher.

Another example of cationic amphiphils with 
merged pharmacophores is presented in the se-
ries of works [57–59], where aminoglycoside anti-
biotics neomycin, neamine, kanamycin and ami-
kacin were used as the cationic amphiphile frag-
ments (Fig. 15). The most active antibacterial 
compounds turned out to be amphiphiles based 

Fig. 13. Structural formulas of rifabutin, metronidazole and their hybrid TNP-2198. Dash line marks the motif 
belonging to both pharmacophores.

Fig. 14. General structure of hybrids based on a cationic amphiphile with carvac-
rol (a) and thymol (b) (n = 1–3; R = primary and secondary amino groups).
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on neomycin B, containing alkyl or arylalkyl hy-
drophobic fragments. These analogues demon-
strate 256 times higher antibacterial activity 
against resistant strains in comparison with neo-
mycin B. 

CONCLUSION

Development of multitarget antibacterial com-
pounds is a promising direction to combat the 
growing resistance of pathogenic microorganisms 

Fig. 15. Structural formulas of amphiphilic derivatives based on aminoglycosides.
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to traditional antibiotics. Analysis of modern re-
search shows that the strategy of designing hy-
brid molecules that combine pharmacophores of 
two or more classes of antibacterial compounds 
allows one not only to expand the range of anti-
microbial activity but also to reduce the probabil-
ity of resistance development. 

The key issue is the ability of hybrid com-
pounds to affect several targets in the pathogenic 
cell, which often provides synergism of bacteri-
cidal effect and overcomes resistance mechanisms 
characteristic of the initial components. In some 
cases, hybrid molecules demonstrate improved 
pharmacokinetic characteristics in comparison with 
the parent antibiotics: some of them can be intro-
duced either intravenously or orally, and some can 
even intentionally be accumulated in certain tis-
sues, which opens the possibilities for the therapy 
of localised infections.

Thus, the development of multitarget antibac-
terial compounds opens new frontiers in creating 
efficient and safe agents to treat complex bacte-
rial infections, particularly those associated with 
biofilms and medicinal implants. Further studies 
in the area, including optimisation of the hybrid 
structure, investigation of toxicological profile, and 
clinical trials, will promote the introduction of the 
innovative drugs into clinical practice and cope 
with one of the most urgent problems of modern 
medicine – resistance to antibiotics.
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