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Design and synthesis of hybrid compounds as nhovel
drugs and medicines

Abdulaziz H. Alkhzem, Timothy J. Woodman and lan S. Blagbrough@*

The development of highly effective conjugate chemistry approaches is a way to improve the quality of drugs
and of medicines. The aim of this paper is to highlight and review such hybrid compounds and the strategies
underpinning their design. A variety of unique hybrid compounds provide an excellent toolkit for novel
biological activity, e.g. anticancer and non-viral gene therapy (NVGT), and as templates for killing bacteria
and preventing antibiotic drug resistance. First we discuss the anticancer potential of hybrid compounds,
containing daunorubicin, benzyl- or tetrahydroisoquinoline-coumarin, and cytotoxic NSAID-pyrrolizidine/
indolizine hybrids, then NVGT cationic lipid-based delivery agents, where steroids or long chain fatty acids
as the lipid moiety are bound to polyamines as the cationic moiety. These polyamines can be linear as in
spermidine or spermine, or on a polycyclic sugar template, aminoglycosides kanamycin and neomycin B,
the latter substituted with six amino groups. They are highly efficient for the delivery of both fluorescent
DNA and siRNA. Molecular precedents can be found for the design of hybrid compounds in the natural
world, e.g., squalamine, the first representative of a previously unknown class of natural antibiotics of
animal origin. These polyamine-bile acid (e.g. cholic acid type) conjugates display many exciting biological
activities with the bile acids acting as a lipidic region and spermidine as the polycationic region. Analogues
of squalamine can act as vectors in NVGT. Their natural role is as antibiotics. Novel antibacterial materials
are urgently needed as recalcitrant bacterial infection is a worldwide problem for human health. Ribosome
inhibitors founded upon dimers of tobramycin or neomycin, bound as ethers by a 1,6-hexyl linker or
a more complex diether-disulfide linker, improved upon the antibiotic activity of aminoglycoside
monomers by 20- to 1200-fold. Other hybrids, linked by click chemistry, conjugated ciprofloxacin to
neomycin, trimethoprim, or tedizolid, which is now in clinical trials.
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Introduction

In recent decades, there has been a general decrease in the
registration of new medications for treating pathologies. Some
therapeutic areas have suffered as a result of this decrease,
including the treatment of infectious diseases, neurodegener-
ative diseases, and cancers that have a huge economic impact.
This contrasts with the growth of technologies and science
aimed to improve human quality of life." Some of the reap-
pearing diseases linked to resistant microorganisms such as
malaria, novel viruses (as now need no introduction), tropical
diseases, and autoimmune diseases still present significant
challenges to the pharmaceutical sector." These challenging
conditions call for further ongoing effort in the development of
new treatment strategies that are more selective, efficient, and
economically acceptable. The potential of novel hybrid
compounds over more traditional combinations of medicines is
discussed.

Combination therapy

Combination therapy has been used against bacteria for at least
40 years. It is common for clinicians to prescribe two or more
antibiotics at the same time with the aim of ensuring that
bacterial pathogens and potential routes for resistance devel-
oping are covered.> For instance, Augmentin is a clinically
useful broad spectrum antibiotic combination of amoxicillin
augmented by clavulanic acid.? Clavulanic acid is a B-lactamase
inhibitor that acts together with the f-lactam amoxicillin to stop
the proliferation of bacteria. B-Lactamase inhibitors, including
clavulanic acid, prevent such f-lactam-hydrolysing enzymes
from functioning.® Antibiotic-adjuvant combination is the
name given to this combination. Antibiotic-antibiotic therapy
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is another type of combination of drugs. Here the aim is to
achieve synergies between the different drug components in
a manner that boosts treatment efficacy and affects several
pathogens, especially working together to overcome the devel-
opment of bacterial resistance in some strains to some
antibiotics.>®

Even though some successes have been scored recently with
antibiotic-antibiotic combinations, the strategy still has its
weaknesses; a number of pharmacological questions remain
unanswered. For example, there is clinical evidence supporting
the idea that antibiotic-antibiotic combinations suppress
antibiotic resistance in tuberculosis (TB).** Multidrug-resistant
(MDR)-TB is present in ~4% of new TB patients. Moreover,
~20% of TB patients have a history of previous treatment.
Indeed, it is estimated that ~10% of MDR-TB cases have
extensively drug-resistant (XDR)-TB.” Isoniazid (INH), rifam-
picin (RIF), ethambutol (EMB), and pyrazinamide (PZA), as
a combination therapy, are first-line anti-TB medications. The
initial phase of such combination treatment is vital in order to
prevent the emergence of drug resistance due to the differences
in the mechanism of action, which are inhibiting the mycolic
acid synthesis that interferes with cell wall synthesis, for INH,
inhibiting DNA-dependent RNA polymerase, leading to
a suppression of RNA synthesis, for RIF, inhibiting the arabi-
nosyltransferase that interferes with cell wall synthesis, for
EMB, and inhibiting the synthesis of coenzyme A that play an
important role in the synthesis of fatty acids, according to the
current hypothesis, for PZA.* Added to this, a lack of pharma-
cokinetic (PK) information between various medications could
also lead to inconsistencies between clinical observations and
in vitro data,” where each drug may be absorbed or distributed
in the human body to varying levels.® It is therefore sensible to
come up with a new approach that is able to solve these chal-
lenges, for example, hybrid compounds, rather than combina-
tion therapies.

Critical review of hybrid compounds

A hybrid compound is an artificial assembly of two or more
pharmacophores that can be categorised under a recognised
agent acknowledged for triggering the desired activity.'*** Such
artificial scaffolds could produce antibiotics with the ability to
overcome drug resistance, intensify activity, and increase
binding affinity. Scientific creativity has resulted in the estab-
lishment of molecular hybrids, see Fig. 1. Such hybrids were
created by covalently binding various biologically active agents
with the aim of retaining the pharmacological actions of each
counterpart. A molecular linker is usually employed to attach
the constituent agents through a covalent bond. The method of
covalent binding can also be made cleavable or non-cleavable
(see Fig. 1). It is expected that a cleavable linker will be bio-
transformed as soon as the hybrid gets to the site of action.
On the other hand, a non-cleavable linker maintains its struc-
ture right through the period it remains in the body. The
cleavable linker is a pro-drug strategy. The non-cleavable linker
is a hybrid drug approach.
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Fig. 1 A linker that can be degraded enzymatically (by bacterium-
specific enzymes with regard to a hybrid antibacterial drug) results in
two useful drugs in a hybrid pro-drug approach. A linker that cannot be
degraded enzymatically and holds two the same or different phar-
macophores bound together represents the hybrid drug strategy.
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Pharmacophore B

Pharmacophore B

The hybrid compound hypothesis assimilates the working
idea of decreasing drug resistance, escalating the binding
affinity and biological activity in combination therapy into
monotherapy, in the process offering a single molecular agent
with one PK profile. Even though not predictable, it is possible
that antibacterial effectiveness can be retained in fighting
pathogens that retain resistance to the drug components. This
is because the hybridisation process may also introduce
supplementary physicochemical properties with the potential to
change the pharmacological spectrum of the hybrid. For
example, hybridisation of two therapeutic agents could improve
the effectiveness or even convey a novel antibacterial action to
the resultant hybrid agent.

Challenges of hybrid compounds

For hybrid agents with a molecular mass higher than 600 Da,
inadequate cellular penetration through the protecting outer
and inner layers of Gram-negative bacteria is the main initial
concern. At present, no infallible permeation guidelines exist to
help medicinal chemists design therapeutic agents with the
ability to pass through bacterial lipid bilayers. If the molecular
mass of antibacterial agents is high, the agents might not
permeate nonselective porin channels, hampering cellular entry
by passive diffusion. It is possible that a hybrid drug can be
designed to maintain the uptake mechanism of the parent
drugs and deal with this permeability challenge. For example,
aminoglycosides are known to penetrate Gram-negative bacte-
ria's outer membrane by a self-promoted uptake mechanism
followed by inner membrane uptake that is via two energy
dependant phases as it follows a path to the cytosol to trigger
the antibacterial properties.”® Therefore, an aminoglycoside
containing hybrid can be developed potentially maintaining the
aminoglycoside's intrinsic uptake mode. Undoubtedly, the
impairments linked to permeability as a result of the high
molecular mass (>600 Da) of hybrid drugs are a leading reason
the majority of such agents have restricted activity against dual

19472 | RSC Adv, 2022, 12, 19470-19484

View Article Online

Review

membrane Gram-negative bacteria.>* Emerging reports,
however, project a good prognosis for this strategy, as several
hybrid drugs that are capable of eradicating MDR Gram-
negative bacteria and presumably are able to delay the onset
of drug resistance are in preclinical/clinical evaluation (https://
www.pewtrusts.org/en/multimedia/data-visualizations/2014/
antibiotics-currently-in-clinical-development).*®

The first ligand in such a dimeric molecule (where the two
ligands might be the same or different) on binding to its target,
e.g. RNA for aminoglycosides, will bring the second covalently
linked ligand closer to its binding site.'**® This effect has
experimental support with a synthetic dimer of tobramycin,
Tob-Tob, 1 uM, which achieved more than was achieved with 2
uM of (free) Tob.'® Perhaps the mechanism is partial dissocia-
tion of one ligand, followed by rapid re-association due to the
dissociated moiety being held near to its binding site by the
linked molecule remaining bound at one binding site, see
Fig. 2. Another challenge can be found within the major
concept of covalently binding two pharmacological agents. The
general activity of the hybrid relies on the choice of physico-
chemical properties of the selected linker and the point of
attachment. A pharmacophore is composed of “the collective
steric and electronic properties of a molecule that are essential
for interaction with the biological target and to elicit
response”.*® Preferably, the covalent bonding of the two ligand
molecules should not be in the pharmacophoric region in order
to maintain the integrity of the biological activity. Any such
group bound in the area of the pharmacophores of the drugs
attached may well adversely affect the biological activity of the
created hybrid.

Examples of hybrid compounds
Anticancer

Combination therapy has been used against cancer for
approximately 60 years since acute lymphocytic leukemia (ALL)
was treated with the combination of methotrexate, 6-mercap-
topurine, vincristine and prednisone (the POMP regimen)
which was successful in reducing tumour burden and pro-
longing remission. Anti-cancer research then became more
focused on investigating combination therapies that target
different pathways to create a synergistic or additive effect.
Sabutoclax, a pan-Bcl-2 inhibitor, in combination with mino-
cycline, an antibiotic that has previously displayed anti-cancer
effects acted synergistically on the intrinsic apoptotic
pathway. This combination displayed selective toxicity and
a reduction in tumour growth in vitro and in vivo on pancreatic
ductal adenocarcinoma. There is therefore the potential now to
develop anticancer hybrid compounds and investigate if they do
deliver an improvement. A challenge is the choice of linker. The
synthesis of compounds containing two pharmacophores
linked by a simple spacer functional group or a longer linker is
a promising approach to not only minimize the drawbacks of
using medications in combination therapy, but also to improve
their affinity and potency.

Amino groups of two daunorubicin molecules were linked to
form a bis-daunorubicin, leading to potent bis-intercalating

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Dimeric ligands possess potential advantages over monomers. The hypothetical model for monomeric ligand binding shown in /, 2/, and
3’ show that monomeric ligands, L1 and L2 (which may possess different biological activity, e.g., aminoglycoside antibiotics, DNA intercalators,
polyamines), may dissociate rapidly after binding to their binding sites (al and a2) in an independent manner. The hypothetical model for dimeric
ligands, shown in panels 1-6, will allow for changed kinetics. Thus in 1-3, L2 may be brought into close proximity to a2 by the binding of L1 to al,
and may be held close to the site even after dissociation, and thus will have an increased chance of binding again. In addition, should both
moieties dissociate there is an increased chance that one of the moieties will interact with the other binding site, as shown in panels 4—6. This is
therefore an advantage of incorporating the linker (shown in green) that might then allow the additional association of L2 to al.

compounds.”*** The linker was chosen for its suitable length
(~6 A) and its ability to lie in the DNA minor groove without
steric effects based on the high-resolution crystal structure of
daunorubicin intercalating to its target DNA. In the crystal

structure, a 2 : 1 stoichiometry of the compound intercalating
the DNA was observed, with the sugar moieties of the dauno-
rubicin molecules directed towards each other, see Fig. 3. This
arrangement brought the -NH, groups of the two ligands to
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Fig. 3 Daunorubicin dimer linked by a p-xylene (WP631) (left), monomeric daunorubicin bound to DNA, the NH, groups are within 6 A of one
another (middle), daunorubicin dimer linked by a triazole via click-chemistry (right).
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Fig. 4 Daunorubicin secondary amine conjugates (centre) prepared from the aldehyde piperonal (left) and its dimethoxy derivative (centre) and

daunorubicin amide from piperonylic acid (right).

within 6 A. Crucially, daunorubicin linked-dimers exhibited
more cytotoxic activity than daunorubicin itself. Over-long
linkers might not fit well into the DNA minor groove. For this
reason, a p-xylene (WP631) and a (click chemistry product) tri-
azole were selected and synthesised as linkers. In tests on the
MDR breast carcinoma MCF-7/VP-16 cell line, WP631 exhibited
more cytotoxicity than free doxorubicin, although the opposite
effect was noted for the daunorubicin dimer linked via a triazole
against the leukaemia cell line K562, than the parent dauno-
rubicin (Fig. 3).2°>

There has been extensive research with polyamine conju-
gates as anti-cancer agents. Polyamines and their biochemistry
and metabolism as targets, polyamine transporters for the
cellular uptake of anti-cancer cargoes, and using polyamines for
their high affinity electrostatic binding to DNA or (si)RNA. With
their wide variety of cellular effects, polyamine containing
hybrid compounds may yet be useful agents in the chemo-
prevention of cancer.”

Brel and co-workerrs** showed that covalently linking can-
cerostatic daunorubicin and a natural antiproliferative agent,
piperonal and its dimethoxy derivative by a simple amine spacer
makes a designed conjugate with higher anticancer activity
compared to an amide spacer synthesised from piperonylic acid
(Fig. 4). These conjugates were tested in four types of cancer
cells: lung carcinoma (A549), rhabdomyosarcoma (RD), large
intestine carcinoma (HCT116), and breast adenocarcinoma
(MCF7). The analogues linked with an amide spacer were shown
to be 100-times less toxic to normal healthy cells and had lower
anticancer activity compared to analogues linked with an amine
spacer, which showed higher toxicity both to healthy and to the
four cancer cell lines.*

Benzylcoumarin has good anticancer activity by inhibiting
several targets, e.g., 17b-HSD3, MEK1, and NQO1.*** Wang
et al reported the synthesis of a series of coumarin-
benzimidazole analogues.”® However, unsubstituted A, mono-
and di-methyl, B and C, respectively, substituted
benzimidazole-coumarin hybrids showed no activity against
five human cancer cell lines, HL-60, SMMC-7721, A549, MCF-7,
and SW480 (Fig. 5). On the other hand, naphthylation at

19474 | RSC Adv, 2022, 12,19470-19484

position N-1 on the benzimidazole D was found to be active
against those five cancer cell lines (Fig. 5).>

Rullo et al. synthesised a conjugate consisting of 1,2,3,4-
tetrahydroisoquinoline (THIQ) moiety linked to a coumarin
moiety via a penta-methylene linker.?* The hybrid (Fig. 6) was
tested in Madin-Darby Canine Kidney (MDCK) cells over-
expressing P-glycoprotein (P-gp) and MRP1. The THIQ-
coumarin analogue showed a nanomolar P-gp inhibition
potency.” In some cases, amidation or esterification of the
carboxylic acid functional group in ibuprofen showed an
improvement in the anti-inflammatory activity’*** as well as
antiproliferative activity compared to the parent drug.*
Encouraged by the above findings, Abourehab et al. designed
and synthesised a new series of hybrids by linking the
pyrrolizine/indolizine derivatives with ibuprofen or ketoprofen
NSAIDs.** These two scaffolds were selected based on their

R
2
RZQB‘\;U @» TBT

soaclivens

Inactive Active

A:R'=H,R>*=H D
B:R!=CH;,R?>=H
C:R!=CH;, R?=CHj,

Fig. 5 Coumarin-benzimidazole hybrids.
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Fig. 6 THIQ-coumarin hybrid.
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Fig. 7 Ibuprofen or ketoprofen-pyrrolizine hybrids.

promising cytotoxic activity. The antiproliferative activities of
these compounds/hybrids were investigated and showed 4-71%
inhibition of the growth of three cancer cell lines, MCF-7, A549,
and HT-29. Compounds A, B, and C, see Fig. 7, the most active
compounds, revealed ICs, values of 7.6, 1.1, and 3.2 uM,
respectively, against MCF-7 cells.*

Non-viral gene therapy (NVGT)

The application of using two pharmacophores attached by
a linker is not limited to improvements in the binding affinity.
This approach can also be used to design a compound that
might help in gene delivery where therapeutic strategies are
based on supplementing genes where faulty ones exist, intro-
ducing genes with new functions, or interrupting (silencing)
gene expression. These strategies are growing in terms of scope
and diversity in their use to treat diseases resulting from gene
malfunction. Gene therapy is a technique based on introducing
genetic materials into cells to assist with producing therapeutic
proteins or obstructing the production of harmful (signalling)
proteins. The production of therapeutic proteins involves
amending genetic defects in target cells. The strategy is used
chiefly when treating diseases with single-gene disorders (such
as cystic fibrosis, combined immunodeficiency
syndromes, muscular dystrophy, haemophilia, B-thalassemia,
or sickle cell anaemia) and malignant tumours, including
ovarian carcinoma. The strategy involving the obstruction of
harmful proteins' production involves destroying target cells
using a cytotoxic pathway. It is mainly used in treating malig-
nant tumours, e.g., breast, ovarian, and endometrial carci-
33 The last decade has witnessed a remarkable

severe

noma.
improvement in gene therapy technologies, as shown by many
clinical trials reported.

Systems for gene delivery can be divided into two categories:
viral vectors and non-viral vectors. Research in gene therapy is
divided into two broad fields. One relates to developing

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a therapeutic gene, which involves developing an effective
therapeutic gene for specific diseases or a regulated gene
expression system. The second area of research is focused on
the development of a safe and efficient delivery system. If gene
therapy is to be developed into a successful therapeutic method,
optimising delivery vectors is an area that will need to be given
(still more) serious attention. Developing effective and safe
delivery methods is one of the most significant challenges
preventing the use of gene therapy and DNA vaccines. The non-
viral delivery systems include physical methods (naked DNA)
and chemical techniques, which include those with cationic
polymers (polyplexes) or synthetic cationic lipids (lipoplexes).
Notwithstanding the reality that lipopolyamines are not as
efficient as viral vectors, however, they are less toxic when
compared to viral vectors. This has spurred efforts to develop
novel lipopolyamines with enhanced transfection efficiency.****
Selecting a delivery system is guided by the characteristics of
the disease being treated and the period of the gene expression
in question. Even though clinical trials are primarily focused on
viral systems, numerous clinical trials focus on cationic lipids
when used to treat cancer, fibrosis, and recently, cardiovascular
diseases (an exhaustive list of clinical trials can be found at:
www.wiley.co.uk/genmed/clinical/). Even though some
encouraging results have been reported, it is an essential
requirement if NVGT is to succeed that the vectors must be
more efficient. There are several benefits linked to non-viral
vectors, even though the most efficient way of delivering
genes to cells is viral vectors. The main differences between viral
and non-viral vectors are that the latter is cheaper and has low
immunogenicity and cytotoxicity. Several gene carriers have
been developed to meet the needs of gene delivery to humans.
Such delivery mechanisms protect and condense plasmid DNA
from the DNase enzyme, resulting in improved efficiency in
gene delivery. However, some issues still need to be resolved,
such as overall transfection efficiency and biocompatibility.
The majority of cationic lipid non-viral gene carriers possess
positive charges on amine functional groups. These positive
charges interact with the phosphate groups' negative charges in
the plasmid DNA, leading to condensation of the plasmid DNA
or siRNA. There is the interaction between the negatively
charged cell membranes and the positively charged complexes,
a process that facilitates lipoplex/plasmid DNA complexes’
cellular uptake through endocytosis. When nucleases degrade
plasmid DNA, the result is a loss of gene expression. This is why
plasmid DNA needs to be protected from the nucleases by the
cells. When plasmid DNA is condensed by the carriers, the
nucleases are prevented from accessing the plasmid DNA,
a process that boosts plasmid DNA resistance against enzymatic
degradation. In the non-viral delivery system, cationic lipids are
seen as the main gene carriers. They assist in delivering to the
nucleus by their ability to condense DNA into particles that can
freely be endocytosed by cultured cells and then escape. In the
cellular transfection achieved and DNA condensation, the
covalent adding of lipid moiety, usually a single or two alkenyl
chains or alkyl, or a steroid introduces more efficiency. There-
fore, efficient RNA or DNA condensation and the resulting drug
delivery is possible through the use of novel polyamine

RSC Adv, 2022, 12, 19470-19484 | 19475
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conjugates.®® Usually, the charged head group is linked to
between one and three hydrocarbon chains by a spacer. The
type of linkage between the cationic and lipophilic moieties
determines how stable the cationic lipids in biological systems
are. It was concluded that the ester bond was easily hydrolysed
by endogenous esterase in the cell. Carbamate bonds, were,
however, observed to have better stability when compared to
ester bonds. Thus, carbamate bonds tend to be used more

Hydrophilic moiety =~ Lipophilic moiety

Fig. 8 The three parts of a cationic lipid: the hydrophilic moiety (L1),
e.g., a polyamine, the linker (shown here as a green line), e.g.,
a carbamate or amide functional group, and a lipophilic moiety (L2).
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often.’”** The covalent addition of a lipid moiety usually
involves a single or two alkenyl chains, alkyl, or a steroid.
Usually, the hydrocarbon chains consist of 14 or more carbon
atoms (Fig. 8).

Geall and Blagbrough synthesised novel lipopolyamines by
coupling selectively protected triBoc-spermine with fatty acids.
They found that the binding affinity of these lipophilic poly-
amines to DNA is fully dependent on the lipid part attached by
a linker to positively charged polyamines, see Fig. 9.*°

Five different long-chain fatty acids with different chain
length and oxidation state (C22:1, C18:2, C18:1, C18:0,
C12:0), were linked to the naturally occurring polyamine,
spermine (Fig. 10). Compounds 1-5 were tested for gene, siRNA
delivery, and knock-down. The results showed that the unsat-
urated fatty acid amides of spermine are non-toxic and efficient
for gene and siRNA delivery.*'

Another type of cationic cholesterol conjugate with an ami-
noglycoside head-group has also been synthesised. Kanamycin

H H
HoN E
n

O

n=0, 1, 1 cis-C=C, 1 trans-C=C

Fig. 9 Coupling spermine with long chain fatty acids.

A O
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HZN/\/\N/\/\/N\/\/NHZ

0)\/\/\/\/\/\

N* N°-Dilauroylspermine (12:0) 2

N? N°-Dioleoylspermine (18:1) 4

/\/\/\/\/\/\/\/\/Yo
HZN/\/\N/\/\/NV\/NPE

O)\/\/\/\/\/\/\/\/\

N* N°-Distearoylspermine (18:0) 5

Fig. 10 Di-fatty acid amides of spermine.

19476 | RSC Adv, 2022, 12, 19470-19484

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03281c

Open Access Article. Published on 06 July 2022. Downloaded on 11/7/2025 7:03:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

OH
OH
HO ] HO
H,oN o)
HO ) HO
(0]
H,N
0 OH
OH

HO HN k OH

NH,

View Article Online

RSC Advances

2

- OH

Fig. 11 Coupling kanamycin (upper) or neomycin (lower) to a cholesteryl moiety.

with a cholesterol lipid moiety is effective in NVGT (Fig. 11).*
Moreover, we demonstrated that a synthetic cholesteryl conju-
gate with neomycin B (substituted with six amino groups) is
highly efficient for the delivery of fluorescent siRNA (85-90%)
and DNA (65-80%) (Fig. 11).** Such findings agree with the
hypothesis that for an efficient nucleic acid delivery system, the
positively charged polyamines and the lipophilic moiety both
play significant roles. Thus, such rationally designed and easily
prepared novel conjugates can find a crucial role in NVGT.
Molecular precedents can be found for the design of hybrid
compounds in the natural world. Such conjugates and their
derivatives can be used as natural product leads for drugs or
even as medicines for their formulation in NVGT. In terms of
sharks healing their wounds and certainly possessing antibac-
terial agents, the 1993 report of squalamine was a novel
discovery.** Squalamine (Fig. 12) is the first representative of
a previously unknown class of natural antibiotics of animal
origin. These polyamine-bile acid (e.g. cholic acid type) conju-
gates display many exciting biological activities.*> Squalamine
analogues also demonstrate the possibility to form supramo-
lecular networks, opening up many possibilities in their use in
drug delivery systems in serum or other body fluids. The
research area of steroid polyamines, e.g., squalamine, tro-
dusquemine, ceragenins, claramine, and their diverse
analogues has been comprehensively

and derivatives,

Fig. 12 Squalamine, a naturally occurring spermidine bile acid
conjugate found in sharks.

© 2022 The Author(s). Published by the Royal Society of Chemistry

reviewed.*® As well as an antibacterial, such compounds display
antiviral, neuroprotective, antiangiogenic, antitumor, antiobe-
sity and weight-loss activity, antiatherogenic, regenerative, and
anxiolytic properties. We and others have shown that cholic
acid and other bile acids act as a lipidic region,**** so that after
the many phosphate negative charges along the DNA or siRNA
drug have been neutralised by the polycationic polyamine
region, the nucleic acid thereby being condensed, the formed
nanoparticle is coated in the steroid lipid.**~** Taken together,
these hybrid compounds act as efficient delivery devices in
NVGT‘SZ,SS

Antimicrobial

The fast proliferation of Gram-positive and Gram-negative
bacterial pathogens resistant to prevailing antimicrobial ther-
apies, whether in community or hospital settings across the
world, is an indication of the advent of potentially grave global
health crises. Out of all such pathogens, the ESKAPE (Entero-
coccus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enter-
obacter species) bacteria are responsible for most of the global
nosocomial infections, with an annual escalation of drug
resistance.>*

The prevalence of clinical isolates that can be grouped
under the ESKAPE category that shows either pandrug resis-
tance (PDR), extensively drug resistant (XDR), or multidrug
resistant (MDR) has reached levels that some scholars have
started to call alarming.***” MDR denotes a situation of non-
susceptibility to a minimum of one agent in three antibiotic
classes that are chemically different. XDR involves non-
susceptibility to a minimum of one agent in all except two
antibiotic classes that are chemically different. PDT denotes
a situation where nonsusceptibility is in all agents in every
antibiotic class.”®*®* There have been few novel antibacterial
drug entities containing new modes of action approved for use
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Fig. 13 Aminoglycoside antibiotics.
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in a clinical setting in over half a century, except novel
combinations of drugs.**

Numerous organisations involved in healthcare provision
have voiced concern about the pressing need to develop novel
antibiotics, particularly for dealing with drug-resistant Gram-
negative ESKAPE bacilli. The World Health Organisation
(WHO), for instance, has been referring to the idea of the post-
antibiotic era, characterised by rising mortality and morbidity
rates even for minor injuries and common infections.®® The
inadequate accessibility of antibiotics for treating MDR Gram-
negative bacterial infections continues to be a grave challenge.

Another strategy for some kinds of bacteria to develop anti-
microbial resistance is by forming biofilms. More than 70% of
human bacterial infections are related to biofilm formation.**
The existence of microbial cells within the biofilm affords the
protection of bacteria cells from both antibacterial compounds
and the human immune system.®>** A biofilm grows in three
stages: attachment, micro colonies formation, and matura-
tion.**” Initially, the free cells attach to a surface which can be
biotic or abiotic. These free bacterial cells can either attach on
their own or form aggregated colonies.®»®> After irreversible
attachment which allows the bacteria to stick to a surface
without being washed off, biofilm maturation begins.®” Several
factors play a role in developing the irreversible attachment to
the surface such as hydrophobicity, quorum sensing (QS) and
surface roughness.®*"°

One of the effective strategies for dealing with the challenge
of antibiotic resistance lies in the development of agents that
are not bactericidal but still indirectly stop the bacterial
communication.”"”* For instance, obstructing bacterial quorum
sensing is a practical approach. The concept of quorum sensing
involves the creation, and discharge of molecules by bacteria as
a way through which adjacent bacteria communicate.®*”°
Environmental factors, such as chemical or physical, in
microbial communities activate this network  of

Fig. 14 Dimeric neomycin bound by a disulfide containing chain linker.

OH

HO 0
H,N
H,N N 0
HO Q

Y 0

Fig. 15 Dimeric tobramycin bound by a 1,6-hexyl diether linker.

© 2022 The Author(s). Published by the Royal Society of Chemistry

H /OW /
NH, R! o

View Article Online

RSC Advances

communication. The detection of these signalling molecules
activates metabolic and physiological changes in the gene
expression of bacteria. Consequently, the bacteria produce bio-
molecules that are required for biofilm formation. It can
therefore be predicted that preventing QS could lead to the
pathogen being unable to harm the host.” There are several
compounds that have been suggested and evaluated for their
antibiofilm ability, such as QS modifying molecules and
polyamines.”7”*

Tor and co-workers led the way utilising aminoglycoside-
RNA interactions for the design and synthesis of hybrid
compounds where dimerized aminoglycosides achieved
enhanced RNA binding by electrostatic interactions.”
Following experimental results, 2-deoxystreptamine (DOS)
fragment I and fragment II, that are present in neomycin,
paromomycin, kanamycin, tobramycin, amikacin, and genta-
micin aminoglycosides,””® are important for electrostatic
binding with the rRNA of prokaryotic (blue part, Fig. 13).'® The
primary amines at positions 1 and 3 in the 2-DOS ring provide
extra electrostatic interactions with the rRNA binding
sites.'®'®7 On the other hand, other studies have shown that the
OH groups at position 6” in fragment III of kanamycin and
tobramycin and the OH group at position 5” in fragment III of
neomycin and paromomycin are not essential for rRNA binding
(highlighted hydroxy groups in red, Fig. 13).'%7?

Tor and co-workers reported that they synthesised a dimeric
neomycin linked by a disulfide linker containing 12 other atoms
(Fig. 14).**” This was designed, linking via an ether of the not
essential OH group at position 5” in fragment III of neomycin,
in order to allow the aminoglycosides to find or scan for the
second RNA binding site. The activity as a ribosome inhibitor of
this derivative improved from 20- to 1200-fold compared to the
monomeric counterpart. This enhancement in its activity might
be due to the interaction with two sites in bacterial RNA.” This
has experimental support with a dimer of tobramycin, Tob-Tob

R! = neomycin

Rl

R! = tobramycin
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Fig. 16 A homo-dimeric tobramycin linked triazole synthesized via
click-chemistry.

(1 M) covalently bound by a chain linker containing a disulfide
which decreased the substrate cleavage rate more than was
achieved with 2 uM of (free) Tob."® Another related method was
reported by Santana et al. who synthesised, in 75% yield, Tob
dimers using 1,6-dibromohexane as a source of the linker
through DOS ethers (Fig. 15). They argued that the increase in
cationic charge might reinforce the overall binding of amino-
glycosides to RNA.”®

Idowu et al. reported that combining a homo dimeric Tob
(Fig. 16) with ceftolozane potentiates the antimicrobial activity
of ceftolozane against MDR/XDR in P. aeruginosa in vitro. In
contrast, the combination of tobramycin monomer and cefto-
lozane does not potentiate the antimicrobial activity of cefto-
lozane against MDR/XDR in P. aeruginosa under the same
conditions.”

Remarkably, the majority of the reported antimicrobial
hybrid compounds possess a chemical stable fluoroquinolone

moiety, such as ciprofloxacin. These hybrids showed
NH,
O,
HO
HO
H,N NH
NH
OM/
y o HO
o) HO
HIQIO . %, neomycin
) NH, OH
O
H,N

o O

™

H?{N\)

ciprofloxacin
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antibacterial activity against Gram-negative bacteria. Moreover,
the structure-activity relationship (SAR) and the broad-
spectrum of activity of fluoroquinolone antibiotics are well-
known.”®”® Pokrovskaya et al. reported that neomycin B-
ciprofloxacin hybrid compounds were covalently bound via
different linkers in order to achieve the optimum linker length
and physicochemical properties required for the best activity.*
Neomycin B-ciprofloxacin hybrids, with an aromatic triazole
linker and aliphatic triazole linker (Fig. 17), exhibited more
antibacterial activity than (free) neomycin B, but not cipro-
floxacin. In a different experiment, selected neomycin B-
ciprofloxacin hybrid compounds showed up to 32-fold more
potent inhibition of TopoIV and DNA gyrase than ciprofloxacin.
The presence of six amino groups (positively charged) in
neomycin B might increase the binding affinity of ciprofloxacin
to its target site (DNA). Moreover, a significant delay in any
resistance formation was noticed in both Gram-positive and
negative bacteria that were treated with neomycin B-
ciprofloxacin hybrid compounds compared to neomycin B
and ciprofloxacin separately or their 1 : 1 equivalent mixture.®

Pyrimidine-fluoroquinolone hybrids have been reported in
a patent.®" Trimethoprim was linked to ciprofloxacin and other
fluoroquinolone moieties through an aryl ether bond (Fig. 18).
Ciprofloxacin and trimethoprim MICs are 32 and 4 pg mL™},
respectively, and the MIC of the 1:1 mixture is 8 ug mL™".
However, these hybrids displayed a better antibacterial activity
than trimethoprim against S. aureus and S. epidermidis (Gram-

NH,
OCH;

NS
A A
H,N™ N o)
OCHj;
Trimethoprim

Ciprofloxacin

Fig. 18 Trimethoprim-ciprofloxacin hybrid.

R2
O,
) ],\]:N >_R1

O

OH N:N H
PGP g

R! = neomycin

R? = ciprofloxacin

Fig. 17 Neomycin B-ciprofloxacin hybrids, with aromatic and aliphatic bound triazole linkers.
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Tedizolid-derived Ciprofloxacin-derived

Fig. 19 Cadazolid was synthesised by linking tedizolid and
ciprofloxacin.
I j\ S I
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H H
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D

Fig. 20 Dithiourea-diamine (A and B) and lipidic polyamine (C and D)
hybrid molecules with antibacterial and antibiofilm activity.

positive) and Escherichia coli (Gram-negative). Indeed, they have
potent activity against ciprofloxacin-resistant S. aureus strain
NRS19, as low as MIC = 1 ug mL ™ *.%

Cadazolid, a hybrid consisting of two pharmacophores
derived from tedizolid and ciprofloxacin, see Fig. 19, has
successfully completed phase III clinical trials for the treatment
of Clostridium difficile Associated Diarrhoea (CDAD) in
comparison to vancomycin (https://clinicaltrials.gov/show/
NCT01987895).*> Two polyamine-based analogues, A and B,
with two hydrophobic moieties were linked to linear poly-
amines via thioamides, see Fig. 20. The analogue B inhibits
biofilm formation of P. aeruginosa at 64 ug mL " by targeting
the bacterial membrane.®® Long lipophilic chains were linked to
norspermidine-di-amino acid analogues (compounds C and D,
see Fig. 20). These analogues displayed antibacterial activity
against several Gram-positive and Gram-negative bacteria, e.g.,
S. aureus, E. coli, and K. pneumoniae. Moreover, compound D

© 2022 The Author(s). Published by the Royal Society of Chemistry
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showed antibiofilm activity at 60 ug mL ™' against S. aureus
MTCC 737.%*

Conclusions

There is a need to develop new drugs/medications that can treat
infectious diseases, especially those caused by MDR bacteria
and the many different cancers. We have highlighted several
approaches to develop new antibiotics and anticancer agents.
Considering their potential advantages, the concept of hybrid
compounds 1is attractive. However, molecular complexity,
inflexible/indirect chemical synthesis, and the effort needed to
find the mechanism of action over conventional medications
need to be considered. Despite these related challenges,
employing the hybrid technique is a practical approach to
enlarge the chemotherapeutic space of our current medica-
tions. The application of using two pharmacophores attached
by a covalent linker is not limited to improvements in the
binding affinity or reducing the side effects of antibiotics or
anticancer drugs and medicines, this approach can also be used
to design compounds that might be applied to treat other
diseases or in gene or siRNA delivery.
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