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Preface

I want to thank my friend, Professor Ruth Ruprecht, for critically reviewing the draft of the

Editorial and advising me regarding its content.

The introduction of antibiotics into clinical practice in the 20th century has revolutionised

modern medicine, extending the average human lifespan by more than two decades. The discovery

of penicillin in 1928 was the beginning of the golden age of antibiotic discovery, which peaked in the

1950s. However, today, only a few new antibiotics are in the clinical trial pipeline.

Antibiotics are mostly derived from natural sources, and antibiotic resistance has been known

to exist since prehistoric times. Extensive use of antibiotics has resulted in a strong selective pressure

and, consequently, the advancement of resistant bacterial strains, leading to the current antibiotic

resistance crisis. New antibiotic compounds are urgently needed.

Financial incentives for the development of new antibiotics are limited, as antibiotics are usually

inexpensive and only used for a short time. Additionally, new antibiotics are often reserved as a

last resort, potentially limiting their use even further. This highlights the need for publicly funded

academic laboratories to take on the task of antibiotic discovery.

This Special Issue welcomed manuscripts that describe new compounds with antibiotic activity.

Charlotte A. Huber

Editor
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Editorial

Bacterial and Fungal Pathogens: New Weapons to Fight Them
Charlotte A. Huber

Centre for Clinical Research, The University of Queensland, Herston, Brisbane, QLD 4029, Australia;
ca.prestonhuber@gmail.com

In high-income countries, degenerative diseases are the primary cause of death. In
the past, however, most people worldwide were killed by infections and did not live long
enough to die from degenerative diseases. Life expectancy was much lower, and in many
cases, infant mortality exceeded ten percent.

One highly virulent pathogen was Yersinia pestis, the causative agent of the plague. It
is considered to have killed between one- and two-thirds of Europe’s population in one of
its pandemics (1347–1352). Centuries later, but still in the pre-antibiotic era, the plague was
held at bay by human intervention. Nowadays, the plague is treatable with antibiotics and
is no longer such a menace [1].

The introduction of antibiotics has revolutionised modern medicine. In addition to
the treatment of infectious diseases, antibiotics are used for prevention during medical
procedures, such as cancer treatment and surgery. However, bacteria have been around
for billions of years and have developed methods to evade compounds that are toxic to
them. Extensive use of antibiotics has resulted in selection pressure in favour of resistant
strains, causing the prevalence of antibiotic resistance to rise steadily. As a result, we run
the risk of approaching a post-antibiotic era, and some pandrug-resistant bacterial strains
are already untreatable.

Decades ago, the emergence of resistance was met with the introduction of new antibi-
otics into clinical practice. More recently, a lack of success and rising costs have resulted in
large pharmaceutical companies discontinuing antibiotic discovery and development. As a
result, few candidates are in the clinical trial pipeline while resistance continues to evolve
and disseminate. Deaths associated with antibiotic resistance have exceeded one million,
and, unless the situation improves, millions more are expected to die from previously easily
treatable infections. New weapons to combat bacterial infections are imperative [2].

This Special Issue sought contributions on molecular methods in antibiotic discovery.
Eleven papers were published, describing novel compounds, formulations, or repurposed
drugs (https://www.mdpi.com/journal/antibiotics/special_issues/Molecular_Methods;
accessed on 30 March 2024).

Most papers describe novel compounds, including homopolymers (contribution 1),
cyclic imides (contribution 2), antimicrobial peptides (contribution 3), nucleic acids (con-
tribution 4), and derivatives of quinone (contribution 5), benzamidine (contribution 6),
thiazole (contribution 7), and pyrazole (contribution 8). Two papers describe novel galenic
formulations of titanate (contribution 9) or silver nanoparticles (contribution 10), respec-
tively. One contribution describes repurposed drugs (contribution 11).

Fungi, being eukaryotes, are distinctly different from bacteria. However, drug resis-
tance has also become a concern for fungal infections, particularly in the immunocom-
promised. Resistance to antimicrobials is prevalent among several microbial kingdoms.
Although systemic treatment of fungal infections has relied on only four classes of anti-
fungals, fungi have been neglected when aiming to address the threat of antimicrobial
resistance [3]. Furthermore, fungi are able to build interkingdom biofilms with bacteria,
potentially worsening the outcome. While most of the contributions to this Special Issue
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describe compounds with antibacterial activity, two papers describe antimicrobial candi-
dates that have both antibacterial and antifungal properties (contributions 7 and 9), and
one paper describes compounds with antifungal activity (contribution 3).

Biofilms protect microorganisms from external influences, such as host immune re-
sponses and pharmaceuticals. This further exacerbates the problem of antimicrobial resis-
tance. Three papers contributing to this Special Issue describe compounds (contributions 3
and 8) or formulations (contribution 10) with antibiofilm activity.

In vitro toxicity testing using cell lines was performed in many cases. Although
describing a novel antibacterial mechanism of action, one contribution to this Special Issue
describes repurposed drugs. Having undergone extensive safety testing, including in
humans, repurposed drugs can undergo clinical trials relatively quickly and inexpensively
(contribution 11).

Antimicrobials in preclinical research are innovative and diverse. However, less
than 50 antibiotic candidates were in the clinical trial pipeline in December 2020. At the
same time, the number of candidates for cancer treatment was estimated to be in excess
of 1300. Not only did large pharmaceutical companies discontinue the development of
new antibiotics, but smaller companies that took over suffered great financial loss or even
insolvency. Paradoxically, this happened upon successful introduction of their product into
clinical practice. New antibiotics are often inexpensive, and being used as last-line options,
they have low sales volumes. A satisfactory return on investment cannot be guaranteed,
even if a product successfully reaches the market. Therefore, antibiotic candidates are
abandoned because of a lack of funding in preclinical and early clinical research stages
(referred to as the “valleys of death”). What complicates the issue even further is that many
experts in antibiotic development have retired, and there is little financial incentive for
young scientists to enter the field.

Meanwhile, the development of novel antifungals faces similar issues. The clinical
trials necessary for market approval are time-consuming and may cost hundreds of millions
of US dollars. In the case of antifungals, too, it is a challenge to reach a market big enough
to make a development project financially viable [3].

It has become clear that classic financing models give little incentive for the phar-
maceutical industry to develop new antimicrobials. However, some funding strategies
have been suggested, such as grants for basic antimicrobial drug discovery and preclinical
research, and market entry rewards.

Finding new weapons to fight bacterial and fungal pathogens is of great urgency and
importance to the public. However, free-market principles may not get us there, and we
may instead depend on foundations and well-invested taxpayers’ money [2–4].

Conflicts of Interest: The author declares no conflicts of interest.
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Size-Controlled Ammonium-Based Homopolymers as
Broad-Spectrum Antibacterials
Meltem Haktaniyan 1, Richa Sharma 1 and Mark Bradley 1,2,*

1 EaStCHEM, School of Chemistry, University of Edinburgh, Joseph Black Building, West Mains Road,
Edinburgh EH9 3FJ, UK; meltemhaktaniyan@gmail.com (M.H.); cftri.ftbe.richa@gmail.com (R.S.)

2 Precision Healthcare University Research Institute, Queen Mary University of London, Whitechapel,
Empire House, London E1 1HH, UK

* Correspondence: m.bradley@qmul.ac.uk

Abstract: Ammonium group containing polymers possess inherent antimicrobial properties, effec-
tively eliminating or preventing infections caused by harmful microorganisms. Here, homopolymers
based on monomers containing ammonium groups were synthesized via Reversible Addition Frag-
mentation Chain Transfer Polymerization (RAFT) and evaluated as potential antibacterial agents.
The antimicrobial activity was evaluated against Gram-positive (M. luteus and B. subtilis) and Gram-
negative bacteria (E. coli and S. typhimurium). Three polymers, poly(diallyl dimethyl ammonium
chloride), poly([2-(methacryloyloxy)ethyl]trimethylammonium chloride), and poly(vinyl benzyl
trimethylammonium chloride), were examined to explore the effect of molecular weight (10 kDa,
20 kDa, and 40 kDa) on their antimicrobial activity and toxicity to mammalian cells. The mechanisms
of action of the polymers were investigated with dye-based assays, while Scanning Electron Mi-
croscopy (SEM) showed collapsed and fused bacterial morphologies due to the interactions between
the polymers and components of the bacterial cell envelope, with some polymers proving to be
bactericidal and others bacteriostatic, while being non-hemolytic. Among all the homopolymers, the
most active, non-Gram-specific polymer was poly([2-(methacryloyloxy)ethyl]trimethylammonium
chloride), with a molecular weight of 40 kDa, with minimum inhibitory concentrations between
16 and 64 µg/mL, showing a bactericidal mode of action mediated by disruption of the cytoplasmic
membrane. This homopolymer could be useful in biomedical applications such as surface dressings
and in areas such as eye infections.

Keywords: antimicrobial; bactericidal; quaternary ammonium; RAFT polymerization

1. Introduction

Infection and contamination caused by microorganisms has a long, global, historical
precedence, with diseases such as tuberculosis (TB), leprosy, syphilis, and “plagues” causing
enormous levels of death and social challenge. The reduced effectiveness of existing
antibiotics due to abuse, misuse, or overuse has led to huge increases in antimicrobial
resistance and is, for example, a major problem in the area of TB, with drug-resistant and
extreme drug-resistant organisms. According to a systematic analysis of the global burden
associated with drug-resistant infections (excluding TB), it was estimated that 1.27 million
deaths were attributable to resistant bacteria (notably E. coli, S. aureus, and K. pneumonia) [1].
Thus, antimicrobial agents or materials that act by alternative processes and mechanisms
are important in eradicating pathogenic microorganisms. Over the past few decades,
antimicrobial polymers have emerged as promising agents in surface coatings [2–5] and
as materials that might, in certain situations, replace existing antimicrobials, e.g., for skin
infections and topical wound dressings [6–8]. As such, huge efforts have been made in the
synthesis and application of polymers as broad-spectrum antimicrobials [9–13].

Bacteria are generally classified into two groups, either Gram-positive or Gram-
negative, based on their distinguishable cell envelopes. Although the inner or cytoplasmic

Antibiotics 2023, 12, 1320. https://doi.org/10.3390/antibiotics12081320 https://www.mdpi.com/journal/antibiotics4
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membranes of both bacteria resemble each other, the outer envelopes are highly distinc-
tive, with a thick, crosslinked peptidoglycan surrounding the cytoplasmic membrane in
Gram-positive bacteria. In Gram-negative bacteria, a thinner peptidoglycan layer, with an
additional outer membrane layer containing phospholipids and lipopolysaccharides, is
found [14]. As might be imagined, the interaction between cationic polymers and bacteria
happens due to a variety of reasons, depending on the bacterium in question. Thus, the
lipopolysaccharides within the outer layer of the cell membrane in Gram-negative bac-
teria are formally negatively charged at physiological pH [14–16] and will interact with
positively charged polymers. The cell membranes of Gram-positive bacteria are likewise
formally “negatively charged”, in this case due to high levels of teichoic and lipoteichoic
acids [17,18]. In addition, it is well known that cationic materials bind or target specific
bacterial components, such as conventional cationic antibiotics including polymyxin, which
binds Lipid A [19,20], brevibacillin, which binds lipoteichoic acid [21], and nisin, which
binds lipids on the cytoplasmic membranes of Gram-positive bacteria to disturb peptido-
glycan synthesis [22]. As such, the rationale for cationic polymers (with their enormous
diversity) being able to interact with microorganisms is strong. In addition, cationic an-
timicrobial polymers are chemically robust compared to conventional antibiotics [23], and
their applicability in wound healing [24], contact lenses [25], and as surface coatings in
biomedical devices [26,27] makes them attractive tools in the fight against pathogens.

An important class of cationic antimicrobial polymers are those that contain ammo-
nium groups [28–30], which have often been added to enhance the antimicrobial activity of
existing materials [31–33] and have been shown to impart algistatic [34], bacteriostatic or
bactericidal [35], tuberculostatic [36], sporostatic [5], fungistatic [37] or fungicidal [38], and
virucidal [39] activity. The antimicrobial mode of action of ammonium-group-containing
polymers is not fully understood but is believed to start with the binding of the cationic
groups of the polymer onto the various negatively charged bacteria cell envelope compo-
nents (mentioned above) via electrostatic interactions, leading to the disorganization of its
structure and the leakage of low-molecular-weight components [40,41]. The strength of the
antimicrobial activity of the ammonium polymers depends on the molecular weight of the
polymer [42,43], the position of the cationic center (i.e., side chain or main chain) [44], the
morphology and architecture of the polymer [45], the polymer’s hydrophobic/hydrophilic
balance [46,47], and perhaps the nature of the counter anion [48].

Ammonium-group-containing polymers are typically synthesized either directly from
ammonium-group-bearing monomers or the quaternization of the amine groups of poly-
mers by alkyl halides/reductive amination or protonation. Over the past few decades,
controlled living polymerization techniques have enabled the fine regulation of the molecu-
lar weight distributions of synthesized polymers. One such method is Reversible Addition
Fragmentation Chain Transfer Polymerization (RAFT), a powerful technique that allows
the design and building of complex, versatile polymer architectures and is applicable
to a wide range of monomers and solvents, including water [49]. Importantly, it does
not use toxic metal salts, making it a perfect method for the synthesis of polymers for
biomedical applications [50]. Antimicrobial polymers offer broad chemical scope, as
they can be readily prepared from numerous monomers, with control of the molecular
weights of polymers [51–53]. Although antibacterial polymers with ammonium groups
as copolymers have been reported extensively [46,47,52], few reports have looked at the
antimicrobial activity of the homopolymers of ammonium-based monomers that have
been used here [36,38,54–58]. Among the cationic polymers, poly(2-(dimethylamino)ethyl
methacrylate (PDMAEMA) is probably the most commonly used material (the amine
becoming an ammonium ion upon protonation) for use in biomedical applications, with
its incorporation into films, surface coatings, and synthesis via various polymerization
techniques, such as Atom Transfer Radical Polymerization (ATRP), RAFT, etc. A report [36]
on polymers (again cationic via physiological protonation) synthesized through RAFT
polymerization, including poly(2-(dimethylamino)ethyl methacrylate) (4.5 kDa, 6.1 kDa,
and 11.2 kDa), poly(2-(dimethylamino)ethyl acrylate) (11 kDa and 3.2 kDa), and poly(2-
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aminoethylmethacrylate) (11.2 kDa), showed antimicrobial activity against M. smegmatis
and Gram-negative (E. coli and P. putida) bacteria. PDMAEMAs selectively killed mycobac-
teria over Gram-negative bacteria, while the membrane lytic activity of PDMAEMA was
comparatively low, giving a good selectivity window.

Cationic polymers can show cytotoxic effects [59] due to their interactions with the cell
membrane via non-specific electrostatic interactions [60–62]. It has been shown that poly-
cations possessing a higher molecular weight may exhibit greater toxicity; however, this
was based upon a restricted range of polymers [63]. Amine- and guanidine-functionalized
copolymers showed a correlation between the number of cationic groups and their min-
imum inhibitory concentration, although the degree of polymerization breadth made it
complex to ascertain the effect of the larger and smaller polymers within the ensemble.
Increased ratios of cationic groups can induced hemolysis [64] and an investigation to
determine the cytotoxicity of PDMAEMAs (43 kDa–915 kDa) showed that the smallest
polymer (43 kDa) exhibited extremely high toxicity on human brain microvascular endothe-
lial cells [65], while the cytotoxicity and cellular membrane disruption of HepG2 cells by
rhodamine B end-labeled PDMAEMAs (11–48 kDa) synthesized via ATRP showed that the
shorter polymers (Mw < 17 kDa) showed reduced toxicity [60].

In this study, we focused on ammonium group containing homopolymers synthe-
sized via RAFT polymerization. Specifically, we explored the impact of molecular weight
on the antimicrobial activity, cytotoxicity, and biocompatibility, as well as their antimi-
crobial mode of action. A key advantage of these polymers is the fact that there is no
need for modification, such as quaternization which typically requires alkylating agents
to drive full functionalization. At the outset, five different monomers were polymerized
via RAFT polymerization to give 20 kDa polymers, and the antimicrobial activity of the
homopolymers was analyzed on Gram-negative (S. typhimurium, E. coli) and Gram-positive
(B. subtilis, M. luteus) bacteria. Poly(diallyl dimethyl ammonium chloride) (PDADMAC)
showed the best inhibition across all the bacterial strains and, due to their limited toxic-
ity, poly([2-(methacryloyloxy)ethyl]trimethylammonium chloride) and poly(vinyl benzyl
trimethylammonium chloride) were also selected, to investigate the effect of molecular
weight (10, 20, and 40 kDa) on their antimicrobial activity and mechanisms of action.

2. Results and Discussion
2.1. Synthesis and Characterization of the Homopolymers

It is known that the antimicrobial activity of cationic polymers can be dependent
on the type of monomer used and their hydrophobic content, charge density, molecular
weight, and/or architecture [43,44,46,48]. The selected monomers have been reported as
cationic blocks for copolymers to prepare surface coatings, hydrogels, and for gene delivery.
Five cationic homopolymers, using commercially available ammonium-group-containing
monomers, were hereby synthesized by RAFT polymerization, as described in Figure 1. The
monomers were chosen as having either quaternary ammonium groups (diallyldimethyl
ammonium chloride, [2-(methacryloyloxy)ethyl]trimethylammonium chloride, vinylbenzyl
trimethylammonium chloride, 3-[(methacryloylamino)propyl]trimethylammonium chlo-
ride) or a tertiary amine (2-(dimethylamio)ethyl methacrylate, which will be protonated at
physiological pH (average pKa of 7.5)) [66].

PDMAEMAs and their antibacterial actions have been studied in the literature [51,55].
It has been reported that lower-molecular-weight polymers can penetrate into Gram-
positive bacteria more efficiently than their higher-molecular-weight counterparts, with
cationic polyacrylates (5–10 kDa) optimal for antimicrobial activity against S. aureus [67];
however, there is little else known about the effect of their molecular weights on their
activity or toxicity in biomedical applications. Here, we synthesized homopolymers using
five different monomers, initially looking at polymers with a molecular weight of 20 kDa,
before the synthesis of the chosen polymers with three different molecular weights (10,
20, and 40 kDa) to explore their antibacterial activity/mechanism and toxicity towards
mammalian cells. GPC analysis of the polymers typically showed narrow, unimodal peaks
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with the polymerizations carried out in an aqueous environment, with the exception of
2-(dimethylamino)ethyl methacrylate, which was polymerized in ethanol (see Table 1).
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Figure 1. RAFT polymerization of quaternary ammonium-group-bearing monomers with fi-
nal monomer conversion levels. (a) 2-(dimethylamino)ethyl methacrylate); (b) [2 (methacryloy-
loxy)ethyl]trimethylammonium chloride); (c) [3 (methacryloylamino)propyl]trimethylammonium
chloride; (d) vinylbenzyl trimethylammonium chloride; and (e) diallyldimethylammonium chlo-
ride. Chain transfer agents: CTA1:4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic
acid), CTA2:4-cyano-4-(phenylcarbonothioylthio)pentanoic acid, CTA3:S-ethoxythiocarbonyl mer-
captoacetic acid. Initiators: ACVA: 4,4-azobis(4-cyanovaleric acid), AAPH:2,2′-azobis(2-
methylpropionamidine)dihydrochloride.

The polymerization of [2-(methacryloyloxy)ethyl]trimethylammonium chloride in
water with 4-cyano-4-[(dodecyl sulfanyl thiocarbonyl)sulfanyl]pentanoic acid) (CTA1)
was not achieved due to the limited solubility of CTA1 in aqueous environments. Water
was the best solvent for the chain transfer agent 4-cyano-4-(phenylcarbonothioylthio)
pentanoic acid (CTA2) with [2-(methacryloyloxy)ethyl]trimethylammonium chloride and
gave the polymer in 5 h with 95% monomer conversion. GPC analysis showed a narrow,
unimodal peak for the polymers (Mn calc 39.7 kDa, Mn GPC 37 kDa, Mw 39 kDa, PDI
1.03). It is worth noting that this is the first reported homopolymer synthesis of poly
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[2-(methacryloyloxy)ethyl]trimethylammonium chloride (PMEATCL) in the presence of
the chain transfer agent 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid and the water-
soluble azo initiator 4,4-azobis (4-cyanovaleric acid). Similarly, the polymerization of vinyl
benzyl trimethylammonium chloride was achieved with high conversion of the monomer
to the polymer under similar conditions (Mn calc: 37.5 kDa, Mn GPC 23 kDa, Mw GPC
27 kDa, PDI 1.18). Meanwhile, 10 and 20 kDa polymers of PVMBT and PMETACL were
synthesized by changing the [chain transfer agent]/[initiator] ratios. The polymerization
of 3-[(methacryloylamino)propyl]trimethylammonium chloride was carried out under
similar conditions; however, only 44% conversion was obtained after 24 h reaction (giving a
polymer of approximately 20 kDa). GPC analysis of PVMBT and PMET3 showed polymers
smaller than those calculated, perhaps explained by the structural differences in these
homopolymers and the standard polymers used in GPC calibration (polyethylene glycols).

Table 1. Cationic homopolymers synthesized via RAFT polymerization. Monomer to initiator
ratios, chain transfer agent to initiator ratios, calculated molecular weights (obtained from monomer
conversions as analyzed by 1H NMR and molecular weight obtained by GPC), and PDI values.

Code Polymer CTA [M]/[I] [CTA]/[I] Mn Calc. Mn-GPC Mw-GPC PDI

P1 PDMAEMA 1 167 6 23.0 kDa 22 kDa 28 kDa 1.29

P2 PMETACL 2 100 5 17.1 kDa 17 kDa 20 kDa 1.19

P3 PMET3 2 215 5 23.1 kDa 14 kDa 16 kDa 1.18

P4 PVMBT 2 190 7 20.8 kDa 14 kDa 16 kDa 1.11

P5 PDADMAC 3 175 3.3 17.5 kDa 18 kDa 24 kDa 1.36

The RAFT polymerization of diallyldimethylammonium chloride was challenging
due to poor monomer reactivity; indeed, monomers such diallyldimethylammonium
chloride are typically classified as “less activated” and require xanthate- or dithiocarbamate-
based chain transfer agents [68]. Thus, the water-soluble xanthate-based chain transfer
agent S-ethoxythiocarbonyl mercaptoacetic acid (CTA3) was synthesized [69] by reacting
potassium ethyl xanthogenate with bromoacetic acid (91% yield) (see Figure S1), and the
polymerization was carried out at 60 ◦C in the presence of the chain transfer agent and
the water-soluble azo initiator 2,2′-azobis(2-methylpropionamidine)dihydrochloride. GPC
analysis showed a narrow, unimodal peak for the polymer (Mn 18 kDa and Mw 25 kDa
(PDI of 1.40) at 62% conversion (after 24 h). Figure 1 shows the details of the polymerization
conditions and GPC analysis of the polymers (NMR spectra of the synthesized polymers
are provided in the Supplementary Materials, Figures S2–S6).

2.2. Minimum Inhibitory Concentrations of the Polymers

The minimum inhibitory concentrations (MIC) of the polymers were determined
against Gram-negative (B. subtilis, E. coli) and Gram-positive (M. luteus, S. typhimurium)
bacteria by the resazurin-based microtiter viability assay. The blue dye, resazurin (7-
hydroxy-3H-phenoxazin-3-one-10-oxide), can be irreversibly reduced to the pink, and
highly red fluorescent, resorufin, by oxidoreductase within viable cells (resorufin can
be further reduced to a colorless and non-fluorescent molecule, hydroresorufin). Briefly,
serially diluted polymers were added to bacterial cultures to assess the concentration at
which bacterial growth ceased. Color changes were observed visibly and spectrometrically.
All assays were carried out in triplicate and the results of this are shown in Table 2. The MICs
varied in the range of 16–64 µg/mL (Table 2). Expressing the data in terms of molarity
(based on the average molecular weights of the polymers) displays their comparative
strengths in an alternative manner and perhaps enables a fairer comparison between
polymers with different molecular weights, and with conventional antibiotics, which have
much lower molecular weights. As can be seen from Table 2, PDADMAC showed the best
inhibition against all bacteria screened.
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Table 2. Minimum inhibitory concentrations of the synthesized homopolymers. Concentrations in
µM are based on the average molecular weight of the polymer.

Polymer Code
MICs for Different Target Microorganisms

B. subtilis E. coli M. luteus S. typhimurium
µg/mL µM µg/mL µM µg/mL µM µg/ mL µM

PDMAEMA P1 32 1.6 32 1.6 32 1.6 32 1.6
PMETACL P2 64 1.9 64 1.9 64 1.9 64 1.9
PMET3 P3 32 1.4 32 1.5 16 0.7 64 2.8
PVBMT P4 32 0.9 64 1.7 64 1.7 64 1.7
PDADMAC P5 16 0.9 16 0.9 16 0.9 32 1.8
Standard Antibiotics Clindamycin Gentamicin Gentamicin Chloramphenicol

4 9.4 0.5 1.1 0.5 1.1 1 3.1

The toxicity of the homopolymers was analyzed on HeLa cells via an MTT assay
1.25–10 µM (25–200 µg/mL—see Figure S7). This showed that PMETACL and PVMBT were
the least toxic cytotoxic polymers (to HeLa cells), and since neither of these homopolymers
has been investigated previously, with respect to antimicrobial activity, they were selected
alongside PDADMAC for further investigation.

2.3. Investigation of the Molecular Weight and Antimicrobial Activity

The antimicrobial activity of cationic polymers is influenced by several factors, in-
cluding the molecular weight, the hydrophobicity/hydrophilicity balance, the positions
of cationic units, and the polymer architecture [13,70]. Literature [71] suggests that the
larger the polymer (Mw > 100 kDa), the greater the biocidal effects, until supposed perme-
ability limitations come into play and activity falls. However, such studies have typically
used polydisperse polymers. Here, we targeted monodisperse polymers with molecular
weights between 10 and 40 kDa, rationalizing that smaller polymers would be more likely
to penetrate into bacteria while the largest polymers might be expected to interact with the
outer membranes of Gram–negative bacteria, although the cumulative effect of additional
monomer units could contribute to the antibacterial properties of the polymers. Small
polymers have advantages over small molecules as, due to their mechanisms of action, they
are unlikely to be subjected to classic resistance mechanisms. In this context, three different
molecular weights of PDADMAC, PMETACL, and PVBMT were synthesized via RAFT
polymerization (Table 3) (for GPC analysis of polymers see Figure S8).

Table 3. Properties of PDADMAC, PMETACL, and PVMBT synthesized with different molecu-
lar weights (approx. 10 kDa, 20 kDa, and 40 kDa) via RAFT polymerization using CTA2 for the
PMETACLs and PVMBTs and CTA3 for the PDADMACs in aqueous media.

Polymer Mn Calc. Mn-GPC Mw-GPC PDI

PMETACI-10 10.4 kDa 11 kDa 14 kDa 1.24
PMETACI-20 17.1 kDa 17 kDa 20 kDa 1.19
PMETACI-40 39.7 kDa 39 kDa 40 kDa 1.03
PDADMAC-10 11.9 kDa 11 kDa 15 kDa 1.36
PDADMAC-20 17.5 kDa 18 kDa 24 kDa 1.36
PDADMAC-40 36.8 kDa 35 kDa 48 kDa 1.37
PVMBT-10 13.7 kDa 6 kDa 7 kDa 1.20
PVMBT-20 20.8 kDa 14 kDa 16 kDa 1.11
PVMBT-40 37.4 kDa 23 kDa 27 kDa 1.18

The minimum inhibitory concentration of the low (10 kDa), medium (20 kDa), and
high (40 kDa) molecular weights of a particular polymer at three different concentrations
were evaluated (see Table 4) and showed that the higher-molecular-weight polymers were
more effective in inhibiting bacterial growth, an effect confirmed by an agar diffusion assay
against all four tested bacterial species (see Figure S9, Table S1).
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Table 4. Effect of molecular weight on the polymers’ MICs as determined by a resazurin assay. The
molecular weights corresponding to the nominal low (10 kDa), medium (20 kDa), and high (40 kDa)
polymers are given in Table 3 (n = 3). The three polymers in bold were explored in more detail as
they showed good levels of antibacterial activity and low cytotoxicity.

Polymer Mn Polymer Name
MICs for Different Target Microorganisms

B. subtilis E. coli M. luteus S. typhimurium
µg/mL µM µg/mL µM µg/mL µM µg/ mL µM

10 kDa PDADMAC-10 16 1.4 32 2.7 32 2.7 64 5.4

17 kDa PDADMAC-20 16 0.9 16 0.9 16 0.9 32 1.8

40 kDa PDADMAC-40 16 0.4 16 0.4 16 0.4 32 0.9

12 kDa PMETACL-10 64 6.2 64 6.2 64 6.2 64 6.2

18 kDa PMETACL-20 64 3.7 64 3.7 64 3.7 64 3.7

37 kDa PMETACL-40 32 0.9 32 0.9 32 0.9 64 1.7

14 kDa PVMBT-10 64 4.7 64 4.7 64 4.7 128 9.3

21 kDa PVMBT-20 32 1.5 32 1.5 64 3.1 64 3.1

37 kDa PVMBT-40 32 0.9 32 10.9 32 0.9 64 1.7

Among the tested polymers, PDADMAC-40 showed the best inhibition of all bacteria
strains, with an MIC in the range of 0.43–0.86 µM (16–32 µg/mL). However, it is worth
mentioning that increased polymer chain length was also found to lead to enhanced
cytotoxicity, with PDADMAC-40 being highly cytotoxic to HeLa cells even at the lowest
concentration (1.25 µM) tested. Importantly, PDADMAC-20, PMETACL-40, and PVMBT-40
showed similar MIC values (0.9 µM), but were much less cytotoxic.

2.4. Antimicrobial Mechanisms of the Polymers

A live/dead assay was used for the assessment of bacterial membrane integrity after
treatment with the polymers, with double staining using SYTO 9 and propidium iodide
(PI). Figure 2 shows images of bacteria after a 4-h incubation period with each of the three
polymers (PDADMAC-20, PMEATCL-40, and PVMBT-40) at 2×MIC (Figure 2). The loss
of membrane integrity (structural disturbance of the membrane) signified the bactericidal
action of the compounds, the generally accepted mechanism for ammonium-group-bearing
polymers [13].

In order to understand the mechanism of action, E. coli and M. luteus were treated with
the most active polymers (PDADMAC-20, PVMBT-40, and PMETACL-40) and analyzed
by SEM to observe the bacterial morphology. As shown in Figure 3, the distortion of the
bacteria suggested that the polymers were disrupting/distorting the bacterial envelopes of
both Gram-positive and Gram-negative bacteria, with changes in membrane roughness,
shrinking, and involutions. The E. coli “outer envelope” showed wrinkles and deep hollows,
while a misshaped and raptured membrane of M. luteus was observed. Moreover, pores
were found on the surface of M. luteus, suggesting the permeabilization of the plasma
membrane and leakage of cellular content. These phenomena suggest that these polymers
kill bacteria by destroying their cell membranes.

2.5. Membrane Depolarization Assays

Perturbation of the bacterial outer membrane (Gram-negative bacteria) was assessed
using the fluorescent probe (1-N-phenyl-naphthylamine) (NPN) that enters and binds
damaged membranes. Supported by the SEM images, the assay results suggested that
the outer membrane of E. coli was depolarized by the polymers, with PVMBT-40 giving a
10-fold increase in fluorescence (Figure 4). Presumably, the ammonium groups accumulate
on the membranes via electrostatic interactions, and the hydrophobic aryl groups inter-
digitate with the lipophobic membrane, promoting the interlacing of the polymer, leading
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to enhanced permeability. Gram-positive bacteria have a thick layer of crosslinked pepti-
doglycan decorated with negatively charged teichoic acid, surrounding their cytoplasmic
membranes. Cationic polymers can accumulate onto this via electrostatic interactions and
then penetrate deep into the peptidoglycan layer by virtue of nano-sized pores or defects.
These accumulated cationic polymers can then disturb the integrity of the cytoplasmic
membrane, leading to bacterial death. This effect of the polymers on Gram-positive bac-
teria (B. subtilis) was measured by the polymer-induced leakage of the fluorescent dye
calcein. Analysis (Figure 5) showed that the polymers accessed the cytoplasmic membrane,
even in the presence of the thick cell wall. PDADMAC-20 and PMETACL-40 showed a
similar fluorescence increase to Triton X-100 (1% v/v), with PDADMAC-20 acting faster
than PMEATCL-40, presumably due to its lower molecular weight. The more hydrophilic
polymer chains of PMEATCL-40 penetrated into the peptidoglycan layer more efficiently
than PVMBT-40.
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Figure 2. Fluorescent microscopy images of E. coli stained using a live/dead assay (live are shown
in green (SYTO 9) and dead are shown in red (PI)). Control bacteria (a–c) and bacteria following
treatment with the three lead polymers (PDADMAC (d–f); PMETACL (g–i) and PVMBT (j–l)).
Bacteria were imaged on a Zeiss Axiovert 200M, with a 40× objective, in the FITC channel (λex
488 nm) (a,d,g,i) and the Texas red channel (λex 561 nm) (b,e,f,j) with the merged images shown
(c,f,h,k). Red fluorescence indicates loss of membrane integrity and signifies the bactericidal action of
the compound (scale bar: 20 µm).
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M. luteus. Scale bars: 500 nm.
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Figure 4. Permeabilization of the outer membrane of E. coli was measured using a 1-N-
phenyl-naphthylamine (NPN) assay in the presence of polymers PVMBT-40, PDADMAC-20, and
PMETACL-40 after 20 min. Bacteria were incubated with NPN for 30 min to stabilize the fluorescence
(data are not shown) and polymers added at 4×MIC (3.6 µM). Bacteria without polymer treatment
were used as a negative control, while Triton X-100 (1% v/v)-treated bacteria served as the positive
control (n = 3).
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Figure 5. Permeabilization of the membrane of B. subtilis by polymers PVMBT-40, PDADMAC-20,
and PMEATCL-40 (at 4×MIC) and the increase in fluorescence of calcein monitored over 30 min.
Calcein-AM-loaded bacteria without polymer treatment were used as a negative control, while Triton
X-100 (1% v/v)-treated bacteria served as the positive control (n = 3).

2.6. Cytotoxicity and Hemolytic Activity of Polymers

As shown above, the higher-molecular-weight polymers showed better antimicro-
bial activity. An MTT cytotoxicity assay showed that the homopolymers (see Figure 6)
displayed greater toxicity with increasing concentration and the higher-molecular-weight
polymers were more toxic than the corresponding lower-molecular-weight analogues
(Figure S10) [60]. This is due to the multiple positively charged segments, interacting with
components of the negatively charged membrane (in both extracellular and intracellu-
lar compartments), ultimately initiating apoptosis [60,63]. Much of this will be entropic-
and polymer-flexibility driven—once bound, the adjacent cations will be in proximity to
bind additional elements of the cell membrane. Figure 6 shows HeLa cell viability after
incubation with polymers for 24 h, with the three homopolymers of PMETACL being the
least toxic (Figure S10), even at 1280 µM (far beyond the antibacterial MIC of the polymer
(16–32 µg/mL); over half the cells were viable).

The hemolytic activity was investigated as a biocompatibility indicator (PDADMAC-20,
PMETACL-40, and PVMBT-40 (as seen in Figure 7)); all showed limited hemolysis, even at
the highest concentrations used (1280 µM).

A practical approach to assessing selectivity towards bacterial vs. mammalian cells is
to measure the HC50/MIC ratio, where HC50 is the polymer concentration required to lyse
50% of red blood cells [51], with many of the polymers described herein selective against
bacteria over mammalian cells across the concentration range evaluated (Table 5).

Table 5. Selective toxicity of PDADMAC-20, PMETACL-40, and PVMBT-40.

Polymer
MIC (µg/mL) HC50

mg/mL
Selectivity
HC50/MICE. coli B. subtilis M. luteus S.typhimurium

PDADMAC-20 16 16 16 32 >26 >800

PVMBT-40 32 32 32 64 >51 >800

PMETACL-40 32 32 32 64 >51 >800
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Figure 7. The hemolytic activity (sheep erythrocytes) of the polymers PDADMAC-20, PMETACL-40,
and PVMBT-40. A hemolysis test was used to assess the biocompatibility of polymers with varying
concentrations of the polymers. The amount of leaked hemoglobin (% hemolysis) was measured
relative to a positive control (Triton X-100 (1% v/v) defined as giving 100% lysis of red blood cells
and a negative control (PBS-treated red blood cells) giving no lysis.

3. Materials and Methods

All monomers and common chemical reagents, 2,2-azobis(2-methylpropionamidine)di-
hydrochloride (AAPH, 97%), potassium ethyl xanthogenate (96%), bromoacetic acid (97%),
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4,4′-azobis(4-cyanopentanoic acid) (ACVA), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfa-
nyl]pentanoic acid (CTA1), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CTA2),
NaOH, anhydrous acetonitrile, ethanol, acetone, hexane, and deuterated solvents (D2O,
CDCl3) were purchased from Sigma Aldrich (St. Louis, MO, USA), Fluorochem (Glossop,
UK), Fisher Scientific (Hampton, NH, USA), or Alfa Easer (Haverhill, MA, USA) and
used as received, unless otherwise noted. Except for diallyldimethylammonium chloride
(65% wt. in H2O), all monomers were passed through a basic alumina column to remove
inhibitors before polymerization reactions. The chain transfer agent, S-ethoxythiocarbonyl
mercaptoacetic acid (CTA3), was synthesized according to the literature [69]. Deionized
(DI) water was from a Milli-Q system. Dulbecco’s Modified Eagle Medium (DMEM),
Opti-MEM (OMEM), 0.25% trypsin−EDTA, fetal bovine serum (FBS), and streptomycin
(5000 µg/mL)/penicillin (5000 U/mL) were obtained from ThermoFisher Scientific, Hor-
sham, UK, while 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide was pur-
chased from Alfa Easer. Phosphate buffer solution (PBS) was prepared from PBS tablets (Ox-
oid Ltd., ThermoFisher Scientific, Horsham, UK). Defibrinated sheep blood (SB054-100 mL)
was provided by TCS Biosciences. The LIVE/DEAD™ BacLight™ Bacterial Viability Kit
for microscopy was purchased from Sigma-Aldrich. Calcein-AM was purchased from
Sigma-Aldrich. N-Phenyl-1-naphthylamine (98%) was purchased from Thermo Scientific.
Escherichia coli (DH5α), Salmonella typhimurium SLI344, Micrococcus luteus (ATCC 4698), and
Bacillus subtilis (ATCC 6051) were used as Gram-positive and Gram-negative test strains.
Microbial culture broths and agar medium (Invitrogen, Inchinnan, UK; Fisher Scientific,
UK; and Merck, Inchinnan, UK), buffers, and water were sterilized by autoclaving before
use. Polymer solutions were filter-sterilized (0.22 µ, Millipore Inc., Burlington, MA, USA)
before use.

3.1. Methods
3.1.1. General Synthesis of Homopolymers via Reversible Addition Fragmentation Chain
Transfer Polymerization

Monomers were subjected to free radical polymerization to determine the reaction
conditions and understand the compatibility of monomers, initiators, and solvent. Subse-
quently, all monomers were subjected to RAFT polymerization with a suitable chain transfer
agent. During the polymerization reactions, aliquots were taken to follow monomer conver-
sion (by 1H NMR spectrometry in D2O or CDCl3). The experimental molecular weights of
the polymers were calculated based on the integration of the disappearing vinyl protons of
the responsible monomer and the appearance of the methylene peak of the formed polymer
via 1H NMR. Theoretical molecular weights were calculated according to the literature [50]
based on the formula below, where [M]0, and [CTA]0 are the initial concentrations of the
monomer and chain transfer agent; p is the monomer conversion; and MwM and MwCTA
are the molar masses of the monomer and chain transfer agent, respectively.

Mn,th =

(
[M]0·p·MwM

[CTA]0

)
+ MwCTA

The monomer DADMAC was polymerized using the initiator 2,2′-azobis (2-methylpro-
pionamidine) dihydrochloride (AAPH) and the xanthate-type chain transfer agent S-
ethoxythiocarbonyl mercaptoacetic acid (CTA3) at 60 ◦C. The other monomers were
polymerized using the initiator 4,4-azobis (4-cyanovaleric acid) (ACVA) and either 4-
cyano-4-(phenylcarbonothioylthio) pentanoic acid (CTA2) or 4-cyano-4-[(dodecyl sulfanyl
thiocarbonyl)sulfanyl]pentanoic acid) (CTA1) at 70 ◦C as the chain transfer agents. In order
to synthesize the desired different molecular weights of the polymers, the chain transfer
and initiator concentrations in the reaction were tuned while the monomer concentrations
were kept constant (Figure 1).
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3.1.2. P1-RAFT Polymerization of Poly(2-(dimethylamino)ethyl methacrylate)

First, 2-(dimethylamino)ethyl methacrylate (5 mL), radical initiator 4,4′-azobis(4-
cyanopentanoic acid) (ACVA), (0.0084 g), chain transfer agent CTA1-(4-cyano-4-[(dodecylsu-
lfanyl thiocarbonyl)sulfanyl] pentanoic acid) (0.0726 g), and 10 mL ethanol were mixed in
a septum sealable glass tube (50 mL). The solution was degassed by argon bubbling for
30 min. The polymerization was carried out at 70 ◦C for 24 h. The polymer was purified
by removal of the ethanol, redissolution in THF, and precipitation using n-hexane. The
polymer was dried under vacuum at 40 ◦C for 2 days to give a yellow-colored polymer
(78% yield).

3.1.3. P2-RAFT Polymerization of Poly([2-(methacryloyloxy)ethyl]trimethylammonium
chloride)

First, [2-(methacryloyloxy)ethyl]trimethylammonium chloride) (6 g, 75% wt in H2O),
initiator 4,4-azobis (4-cyanovaleric acid (8 mg), raft agent CTA2 (40 mg), and water (17.9 mL)
were mixed in a 50 mL Schlenk flask and the reaction solution was purged with nitrogen
for 30 min. The polymerization reaction was carried out at 70 ◦C for 24 h. Aliquots were
taken at different time intervals to check monomer to polymer conversion via 1H NMR
analysis. The resulting polymer was purified by precipitation using acetone, redissolved in
methanol, and again precipitated using acetone and dried under vacuum at 40 ◦C to give a
salmon-colored polymer (94% yield). This polymer was synthesized with three different
molecular weights by changing the chain transfer agent to initiator ratio.

3.1.4. P3-RAFT Polymerization of Poly[3-(methacryloylamino)propyl]trimethylammonium
chloride

First, [3-(methacryloylamino)propyl]trimethylammonium chloride (13 g 50% wt in
H2O), initiator 4,4-azobis(4-cyanovaleric acid (8 mg), CTA2 (40 mg), and water (17.5 mL)
were mixed in a 100 mL flask and the reaction solution was purged with nitrogen for a
30 min. It was then placed into a preheated oil bath at 70 ◦C for 24 h. The resulting polymer
was purified by precipitation with excess acetone, redissolved in methanol, re-precipitated
with acetone, and dried under vacuum at 40 ◦C (51% yield).

3.1.5. P4-RAFT Polymerization of Poly(vinylbenzyl trimethylammonium chloride)

The monomer (4 g), 4,4-azobis(4-cyanovaleric acid) (ACVA) as an initiator (7.84 mg),
CTA2 (28 mg), and water (25 mL) were mixed in a 50 mL Schlenk flask and purged with
nitrogen for 30 min. The polymerization reaction was carried out at 70 ◦C for 24 h. The
resulting polymer was purified by precipitation using THF and dried under vacuum at
40 ◦C (89% yield). This polymer was synthesized with three different molecular weights by
changing the changing the chain transfer agent to initiator ratio.

3.1.6. P5-RAFT Polymerization of Poly(diallydimethyl ammonium chloride)

The polymerization of diallyldimethyl ammonium chloride was carried out by the
protocol of Demarteau [72]. Diallyldimethyl ammonium chloride (10 mL, 65% wt in H2O),
initiator 2,2′-azobis (2-methylpropionamidine)dihydrochloride (AAPH) (0.019 g), CTA3
(0.041 g), and water (8 mL) were mixed in a 50 mL Schlenk tube. Then, the reaction mixture
was degassed by bubbling with argon for 30 min and placed in preheated oil bath at 60 ◦C
for 24 h. The resulting polymer was precipitated in a mixture of acetone/ethanol (1:1) three
times and dried under vacuum at 40 ◦C (70% yield). This polymer was synthesized with
three different molecular weights by changing the chain transfer agent to initiator ratio.

The synthesized polymers were numbered as follows: PDMAEMA (P1), PMETACL
(P2), PMET3 (P3), PVBMT (P4), and PDADMAC (P5).

3.1.7. Synthesis of Chain Transfer Agent S-Ethoxythiocarbonyl Mercaptoacetic Acid (CTA3)

Water-soluble xanthate-type chain transfer agent CTA3 was synthesized according
to the literature [69]. Sodium hydroxide (1.25 g, 62.4 mmol) was dissolved in chilled
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water (50 mL) and then bromoacetic acid (1 eq, 4.37 g, 62.4 mmol) was added until a clear
solution was obtained. Potassium ethyl xanthogenate (1 eq, 5 g, 62.4 mmol) was then
added to the mixture over 30 min. The solution was stirred at room temperature for 24 h
and then acidified with 4 M HCl. The resulting mixture was extracted with chloroform
(3 × 50 mL). The organic extracts were dried over anhydrous magnesium sulfate, filtered,
and concentrated under vacuum. The solid was washed with hexane and dried under
vacuum to give white crystals. 1H NMR (500 MHz, D2O) δ 4.63 (q, J = 7.1 Hz, 2H, CH2),
3.93 (s, 2H, CH2), 1.34 (t, J = 7.1 Hz, 3H, CH3). 13C NMR (126 MHz, D2O) δ 213.95, 172.80,
71.72, 37.32, 12.79) (Figure S1b). LC-MS (ESI) for C5H8O3S2: [M–H]+ calcd.: 179.1; found:
179.1. Data were consistent with the literature [69].

3.2. Characterization of Homopolymers
3.2.1. Nuclear Magnetic Resonance Spectroscopy

All monomers, polymers, and RAFT agents were analyzed on a Bruker AVA500
spectrometer in CDCl3 or D2O at either 500 MHz (H1 NMR) or 125 MHz (C13).

3.2.2. Molecular Weight Determination of Polymers by GPC analysis

Aqueous-based GPC analysis of the polymers was carried out on an Agilent Technolo-
gies 1100 system, 8 µm Agilent PL Aquagel-OH 30, and 8 µm Agilent PL Aquagel-OH
40 columns with an RI detector. The eluent was 0.50 M acetic acid, 0.30 M NaH2PO4, at pH
2.5, with a flow rate of 1.0 mL min−1 at 25 ◦C. Calibration was achieved using InfinityLab
EasiVial poly(ethylene oxide) standards with Mn values ranging from 1.1 to 905 kDa. GPC
analysis of poly (2-(dimethylamino)ethyl methacrylate) (PDMAEMA) was carried out on
an Agilent 1260 Infinity system on two PL-GEL mixed-c columns (5 µm) with both UV and
RI detectors. The eluent used was THF at a flow rate of 1.0 mL min−1 at 35 ◦C. Molecular
weights were obtained relative to poly(methyl methacrylate) standards.

3.3. Antimicrobial Activity of the Polymers
3.3.1. Primary Screening: Determination of Minimum Inhibitory Concentration

Antibacterial activity was assessed using a resazurin colorimetric assay [73]. Five µL of a
cryopreserved glycerol stock of the bacterial culture (Escherichia coli, Salmonella typhimurium,
Micrococcus luteus, and Bacillus subtilis) was streaked onto Luria–Bertani, nutrient agar,
tryptic soy agar, and nutrient agar plates, respectively. A single bacterial colony was
transferred to 5 mL of the respective broth medium and incubated at 37 ◦C and grown until
the mid-log phase. The culture was diluted and the concentration adjusted to 0.5 McFarland
standard with sterile Mueller–Hinton broth (2 × 107 CFU/mL). The resazurin solution
was prepared in a brown glass vial by dissolving 34 mg of resazurin in sterile distilled
water (5 mL) with vortexing for 1 h to ensure homogeneity. A single 96-well microtiter
plate (Corning, black 96-well flat-bottomed plates) was dedicated to each bacterial species
to prevent contamination. The design of the assay was prepared with two rows and two
columns from each end filled with sterile water to avoid edge effects. The assay was adapted
from previously reported protocols [73]. Two columns of broth sterility controls, 1 column
of a growth control, 2 columns of polymer sterility controls (P1-5 with one polymer in
each well), 1 column of a positive antibiotic control, and, lastly, 2 columns of polymer
test samples (P1-5 with one polymer in each well) were used. All wells were filled with
100 µL of Mueller–Hinton broth. The broth sterility and growth control columns contained
100 µL of sterile water; the polymer sterility control and test wells contained 100 µL of
polymers (final concentration 128 µg/mL) in the designated wells. Antibiotic wells, all
at 64 µg/mL, contained chloramphenicol (for S. typhimurium), gentamicin (for E. coli and
M. luteus), and clindamycin (for B. subtilis). Five µL of the diluted bacterial suspension
(2 × 107 CFU/mL) was added into all wells (except the broth sterility and polymer sterility
control columns) and mixed thoroughly. After overnight incubation at 37 ◦C, resazurin
solution (5 µL, 6.75 mg/mL) was added to all wells and incubated at 37 ◦C for another 4 h.
Changes in color from blue (resazurin, no bacterial growth) to pink (resorufin, bacterial
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growth) were recorded at 595 nm on a microplate reader (BioTek Synergy HT). The lowest
concentration that did not show a color change was considered as the minimum inhibitory
concentration (MIC). Each assay was performed in triplicate.

3.3.2. Effect of Molecular Weight on Antimicrobial Activity of Polymers

In order to determine the effect of the molecular weight on the antibacterial activity,
three differently sized polymers were synthesized for PDADMAC, PMETACL, and PVBMT.

Zone diffusion assays and growth kinetics: Agar plates were inoculated by spreading
100 µL bacteria (1 × 106 CFU/mL), 1-cm-diameter wells were punched into the agar, and
100 µL of polymer solution (at 2×MIC) was added into the wells and the zones of inhibition
were measured after 8 h.

3.4. Live/Dead Assay

Bacterial cultures (5 mL) grown to the late log phase were harvested by centrifugation.
The cell pellet was resuspended in 5 mL 0.85% NaCl, aliquoted (each aliquot was 1 mL),
and incubated with 4×MIC concentrations of the selected polymers for 4 h at 37 ◦C. The
live cell control consisted of an aliquot incubated with only 0.85% NaCl. After incubation,
all samples were washed with 0.85% NaCl twice. A Live/Dead BacLight Bacterial Viability
Kit (Invitrogen) was used to check cell viability. The assay was performed according to
the kit instructions. Component A (200 µL of a 3.34 mM solution in DMSO) was mixed in
equal proportions with Component B (200 µL of a 20 mM solution in DMSO) and 3 µL of
this combined dye mixture was added to 1 mL of all bacterial samples before incubation for
30 min in the dark. Samples were analyzed using an AxioVert 200M inverted fluorescent
microscope to analyze for green (λex 488 nm, λem 520 nm) and red (λex 561 nm, λem
646 nm) fluorescence.

3.5. Bacterial Membrane Integrity Assays

Outer membrane permeabilization assay: The method for the determination of the outer
membrane depolarization assay was adapted from the literature [74]. First, 1-N-phenyl-
1-naphthylamine was dissolved in acetone (3 mM). Gram-negative bacteria E. coli were
grown to 1.0 OD. Cells were harvested by centrifugation, washed, and resuspended to
0.1 OD in 5 mM HEPES with 5 mM glucose at pH 7.2. Then, 10 µL of NPN stock was added
to each 1 mL of bacteria to give a concentration of NPN of 30 µM. Next, 200 µL of bacterial
suspension was added to each well of a 96-well plate as five replicates at 37 ◦C, followed
by analysis on a fluorescent microplate spectrometer (BioTek Synergy HT) over 30 min
(every 1 min) (λex 350 nm λem 429 nm). Then, 10 µL of polymer solution (4×MIC) was
added to each well. Moreover, 1% v/v Triton X-100 was used as a positive control, while a
bacterial suspension without polymer was used as a negative control. The increase in the
fluorescence of NPN was monitored at 5-min intervals and the fluorescence values after
30 min plotted. All experiments were repeated three times independently.

Cytoplasmic depolarization assay: The method for the determination of the inner mem-
brane depolarization assay was adapted from the literature [75]. A stock solution of
calcein-AM was prepared in DMSO (1 mM) and stored in the dark at−20 ◦C. B. subtilis was
cultured in media overnight and centrifuged (3000× g—5 min) to give a pellet. The pellet
was washed with PBS and resuspended to a 0D600 of 1.0 with PBS containing 10% (v/v)
broth. The bacteria were incubated with 3 µM calcein-AM for 1 h at 37 ◦C. The dye-loaded
cells were collected by centrifugation (3000× g—5 min) and suspended to 0.1 OD in PBS.
Then, 200 µL of bacterial suspension was added to sterile black-wall 96-well plates (three
replicates) and monitored for 30 min (λex 622 nm, λem 670 nm) on a fluorescence plate
reader. Then, 10 µL of polymer solution (4×MIC) was added to each well. Bacteria without
polymers were used as a negative control, while 1% v/v Triton X-100 was used as a positive
control. All experiments were repeated three times independently.
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3.6. Scanning Electron Microscopy

Aliquots (10 mL of OD 0.5 of Gram-positive (M. luteus) and Gram-negative (E. coli))
of bacteria were incubated with 0.85% NaCl (control) and the polymers PDAMAC-mid
(20 kDa), PVMBT-high (40 kDa), and PMETACL-high (40 kDa) (all 2×MIC) for two hours.
After pelleting, the bacteria were fixed in a solution of 3% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.3) for 2 h and washed (3 × 10 min changes of 0.1 M sodium
cacodylate buffer). Samples were then post-fixed in 1% osmium tetroxide (in 0.1 M sodium
cacodylate buffer) for 45 min, before further 3 × 10 min washes were performed in 0.1 M
sodium cacodylate buffer. Dehydration in graded concentrations of acetone (50%, 70%, 90%,
and 3 × 100%—each for 10 min) was followed by critical point drying using liquid carbon
dioxide. After mounting on aluminum stubs with carbon tabs attached, the specimens
were sputter-coated with 20 nm thickness of gold–palladium and viewed using a Hitachi
S-4700 scanning electron microscope.

3.7. MTT Assay

In vitro cytotoxicity tests were carried out using an MTT assay on HeLa cells, based
on a previously published protocol, with some modifications [76]. Cells were grown in
complete medium (Dulbecco’s Modified Eagle Medium, DMEM, Gibco) supplemented
with 2 mM L-glutamine, 10% fetal bovine serum, and 1% antibiotics (penicillin 100 U/mL
and streptomycin 100 µg/mL) until sub-confluent at 37 ◦C and 5% CO2 in a cell incubator
(HERAcell ®150, Kendro, Hereaeus Group, Hagen, Germany). HeLa cells were used
at passage numbers below 15 and tested for mycoplasma contamination regularly. For
cytotoxicity tests, cells were seeded in a 96-well plate at the density of 1 × 104 cells per well
and cultured in a 100 µL of growth medium. After 24 h, the culture medium was replaced
with polymer solutions (50 µL) prepared in growth media at increasing concentrations. The
cells were further incubated for 24 h under the same conditions. After the incubation of
cells with polymers containing media, all the solutions were carefully removed from the
wells and 100 µL MTT solution (5 mg of MTT dissolved in 1 mL PBS and 9 mL serum-free
DMEM without phenol-red) was added to each well in a light-protected environment.
After 4 h, unreacted dye was removed by aspiration. Cells were carefully washed with
PBS twice. Then, 100 µL of solubilizing solution (a mixture of 2-propanol and dimethyl
sulfoxide in a 1:1 volume ratio) was added to each well to dissolve the formed formazan
crystals. The solution was shaken for at least 30 min to ensure the dissolution of all crystals
before measuring the absorbance at 570 nm on a BioTek Synergy H1 plate reader. Cells
treated with complete medium only were taken as a positive control (100% viability) and
cells treated with DMSO (100%) were taken as a negative control. All tests were repeated
three times. The relative cell viability (%) with respect to the control was determined using
the formula below:

Cell viability(%) =

(
ODsample −ODnegative control

ODpositive control −ODnegative control

)
× 100

where OD is the optical density at 570 nm.
The test was applied in the range of 1.25 µM to 1280 µM for the polymers (PDADMACs,

PMEATCLs, and PVMBTs).

3.8. Hemolysis Assays

Assays were carried out following previously published protocols [77]. Sheep red
blood cells (RBCs) were diluted 1:20 in PBS (pH 7.4), pelleted by centrifugation, and washed
three times in PBS (20 mL, 1000 g, 10 min). The RBCs were then resuspended to 5% (v/v)
in PBS. Different concentrations of PDAMAC-mid (20 kDa), PVMBT-high (40 kDa), and
PMETACL-high (40 kDa) (150 µL, in the range of 1.25–1280 µM) were prepared, followed
by the addition of the 5% RBC suspension (150 µL). PBS buffer was used as a negative
control, and Triton X-100 (1% v/v in PBS) was used as a positive hemolysis control. Tubes
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were incubated at 37 ◦C for 1 h with 300 rpm shaking in an incubator. Samples were then
centrifuged (2000× g, 4 min), and 100 µL aliquots of supernatants were transferred into a
96-well microplate, where absorbance values were read at 405 nm using a plate reader. The
hemolysis percentage was calculated using the absorbance values and the formula below:

Hemolysis(%) =

(
Apolymer −Anegative

Apositive −Anegative

)
× 100

where Apolymer is the absorbance of the polymer-treated cells’ supernatant, Anegative is
the absorbance of the negative control (1% v/v Triton X-100-treated cells’ supernatant),
and Apositive is the absorbance of the positive control (PBS-treated cells’ supernatant). All
experiments were performed as independent triplicates, each consisting of triplicates.

4. Conclusions

In this study, five quaternary homopolymers were screened on Gram-negative and
Gram-positive bacteria to detect the most active antimicrobial polymer. Selected poly-
mers (PDADMACs, PVMBTs, and PMETACLs) were synthesized with varying molecular
weights (~10, ~20, and ~40 kDa) and with the higher-molecular-weight polymers show-
ing (on a mole/mole bases) higher activity (lower MIC values). PVMBT (40 kDa) and
PMETACL (40 kDa) and PDADMACs (20 kDa) showed good growth inhibition against
both Gram-positive (B. subtilis, M. luteus) and Gram-negative (S. typhimurium, E. coli) bac-
teria, with MIC values as low as 0.9 µM. The antimicrobial action mechanisms of the
polymers were determined using dye permeabilization assays and visualization by SEM,
which showed the formation of “holes” on the bacteria and a highly distorted cell enve-
lope. Cytotoxic evaluations of the polymers were carried out using MTT and hemolysis
assays, and the best polymers showed great selectivity towards bacteria over eukaryotic
cells. Overall, the polymer PMETACL, in its higher-molecular-weight form, showed strong
inhibition of bacterial growth (MIC = 0.9–1.8 µM (16–32 µg/mL)), with a bactericidal mode
of action against both Gram-negative and Gram-positive bacteria, and it also showed low
mammalian cell toxicity, making it a potential candidate for biomedical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12081320/s1. Figure S1. (a) 1H NMR spectra of chain
transfer agent 3 recorded in D2O, with peak assignments, (b) 13C NMR of the chain transfer agent 2
recorded in D2O, with peak assignments. Figure S2. 1H NMR spectra of poly(2-(dimethylamino)ethyl
methacrylate) recorded in CDCl3, with peak assignments. E, D represent the peaks of the polymer’s
main chain; A, B, C represent the peaks of the polymer’s side chain. Figure S3. 1H NMR spectra
of poly([2-(methacryloyloxy)ethyl]trimethylammonium chloride) recorded in D2O, with peak as-
signments. E, D represent the peaks of the polymer’s main chain; A, B, C represent the peaks of the
polymer’s side chain. Inset (F, G, H) shows the region of the RAFT agent. Figure S4. 1H NMR spectra
of poly[3-(methacryloylamino)propyl]trimethylammonium chloride recorded in D2O, with peak
assignments. E, D represent the peaks of the polymer’s main chain; A, B, C represent the peaks of the
polymer’s side chain. Inset (F, G, H) shows the region of the RAFT agent. Figure S5. 1H NMR spectra
of poly(vinylbenzyl trimethylammonium chloride) recorded in D2O, with peak assignments. E, D
represent the peaks of the polymer’s main chain; A, B, C represent the peaks of the polymer’s side
chain. Figure S6. 1H NMR spectra of poly(diallyldimethyl ammonium chloride) recorded in D2O,
with peak assignments. C and D represent the peaks of the polymer’s main chain; A and B represent
the peaks of the polymer’s side chain. Figure S7. Assessment of HeLa cell viability in the presence of
five homopolymers (Mw ~20 kDa) using an MTT assay. Figure S8. GPC analysis of three different
molecular weight of PDADMACs, PMETCLs, PVMBTs with elution using an aqueous buffer of 0.50 M
acetic acid and 0.30 M NaH2PO4 (pH 2.5) at a flow rate of 1.0 mL min−1 at 25 ◦C. Peaks relative to
poly(ethylene glycol) standards. Figure S9. Agar plates were inoculated with the target bacterial
species, wells of 1 cm diameter were punched into the plates, and 100 µL of polymer solutions (at
2× MIC) were added into the wells and incubated overnight before the zones of inhibition were
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measured. Figure S10. Cytotoxicity of different molecular weights of the polymers (PDADMACs,
PVMBTs, and PMEATCLs). Table S1. Zones of inhibition (agar well diffusion assay) in cm.
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Abstract: We report that phthalimides may be cyclized using a Mukaiyama-type aldol coupling to
give variously substituted fused lactam (1,2,3,9b-tetrahydro-5H-pyrrolo[2,1-a]isoindol-5-one) systems.
This novel process shows a high level of regioselectivity for o-substituted phthalimides, dictated by
steric and electronic factors, but not for m-substituted phthalimides. The initial aldol adduct is prone
to elimination, giving 2,3-dihydro-5H-pyrrolo[2,1-a]isoindol-5-ones, and the initial cyclisation can
be conducted in such a way that aldol cyclisation-elimination is achievable in a one-pot approach.
The 2,3-dihydro-5H-pyrrolo[2,1-a]isoindol-5-ones possess cross conjugation and steric effects which
significantly influence the reactivity of several functional groups, but conditions suitable for epoxi-
dation, ester hydrolysis and amide formation, and reduction, which provide for ring manipulation,
were identified. Many of the derived lactam systems, and especially the eliminated systems, show
low solubility, which compromises biological activity, although in some cases, antibacterial and
cytotoxic activity was found, and this new class of small molecule provides a useful skeleton for
further elaboration and study.

Keywords: pyrrolidinone; aldol; antibacterial

1. Introduction

The critical importance of natural products in the development of pharmaceutically
active compounds has been thoroughly documented, and although popularity of this ap-
proach has waned in recent years in favour of combinatorial and rational design, there have
been strong calls for its reinvigoration [1]. These calls are particularly relevant for antibacte-
rial agents, for which there is a serious deficit of new candidates in the drug pipeline [2,3],
at a time when there is considerable urgency to expand therapeutics as a result of the
rapid emergence of resistant bacterial strains [4]. The challenges peculiar to antibacterial
drug discovery [5–8] imply that natural products often provide biologically validated start
points suitable for immediate elaboration in the quest for new pharmaceutically useful
agents [9,10]. It has recently been recognised that existing strategies for the discovery of
new antibacterials have not been effective [11], probably as a result at least in part of over-
reliance of combinatorial approaches leading to structurally narrow libraries [12,13], and
there is an urgent need for the identification of novel leads for expanding the antibacterial
drug development pipeline [14,15]. The work of Waldmann [16,17] and Danishefsky [18]
has reiterated the importance of natural products as a starting point for drug discovery,
and our contribution to this area has been to show that chemical libraries modelled on
natural products [19], including equisetin [20], reutericyclin [21], kibdelomycin [22], and
streptolydigin [23], which all possess a core tetramate unit, or oxazolomycin [24] and
pramanicin [25], which possess an α-hydroxypyroglutamate core, may exhibit significant
antibacterial activity and provide useful opportunities for further optimisation. Critical
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to the success of this work has been the finding that C-acyl or C-carboxamide side chains
may be introduced under mild conditions to tetramate and pyroglutamate skeletons [19]
and that this leads to enhanced antibacterial activity. It would appear, therefore, that an α,
α, α-tricarbonyl unit comprises, at least in part, the active pharmacophore, and this was
corroborated by the finding that the core tetramate without an α, α, α-tricarbonyl unit had
little intrinsic antibacterial activity [26].

The recent discovery of pyrrolizilactone [27], UCS1025A and B [28–30] and CJ-16264 [31],
is of interest since all are comprised of a common lactam-lactone fused ring core and C-
acyl decalin side chain. Studies of the biosynthesis [32], synthesis [33–36], and SAR [37] of
UCS1025A suggest that the core skeleton might offer an opportunity for development, not least
because of its similarity with bioactive tetramates, which are also appended with decalins [38].
Of significance is the antibacterial bioactivity of these systems, with MIC values of typically
1–15 ug/mL against Gram-positive MDR strains and some Gram-negative ones [31]. Limited
SAR analysis with three CJ-16,264 stereoisomers shows MIC values of 2–16 ug/mL against
MRSA, E. faecelis, and E. faecium [39]. As a result, the development of methodology for their
total synthesis has attracted attention [40,41] and the total synthesis of myceliothermophins C,
D, and E [42], a related structural type, has also recently been achieved. The synthesis of the
azabicyclo[3.3.0]octane core provides a key background [43] and an unusual approach to the
pyrrolizidine core from an 8-membered ring by transannular cyclisation has been reported [44].
Of particular interest was the elegant ring cyclisation methodology originally reported by
Lambert [34] and developed later by both Hoye [35,45] and Christmann [33,46,47], since this
provided rapid entry to the core lactam system from maleimides by an aldol-like ring closure,
using in situ generated silyl enolates as nucleophiles. We have recently reported that this
approach is suitable for substituted maleimides, and can be used to access a small library
of novel pyrrolidinones [48]; of interest was their lack of antibacterial activity, but a similar
phenomenon had been observed for unsubstituted tetramates [19]. We report here that the
aldol cyclisation may be further extended to phthalimides, and that this gives rise to a range
of functionalised systems whose biological activity has been assessed.

2. Results and Discussion

Substituted phthalic anhydrides 1a–d (Scheme 1) and 2a–e (Scheme 2) and γ-aminobutyric
acid (GABA) were condensed by heating without solvent to 170 ◦C for 6 h, during which
the molten mixture slowly turned to a straw yellow colour, using the previously reported
procedure [49–53], and successfully gave a range of substituted systems in excellent yields.
Upon completion of the reaction, the cooled solid mass was dissolved in dichloromethane
and washed using 0.5 N HCl, giving the desired products 3a–d and 4a–e in excellent yields
(Schemes 1 and 2, and Table 1). Esterification of acids 3a–d and 4a–e to their corresponding
methyl esters 5a–d and 6a–e using thionyl chloride and MeOH at rt over 16 h gave the products
in quantitative yields in many cases (Table 1); however, this was ineffective for 4b due to
its unexpectedly low solubility, and synthesis of 6b required direct condensation of methyl
γ-aminobutanoate hydrochloride with the anhydride in toluene with DIPEA under reflux for
16 h, giving the desired product 6b (quantitative yield), the structure of which was confirmed
by single crystal X-ray diffraction (Figure S1, Supporting Information (SI)) [54–57]. Protection
of the free hydroxyl group of hydroxyphthalimide 5d as the OBn and OMe ethers 5e and 5f
was achieved using standard procedures in excellent yields. Benzylation of 3a using thionyl
chloride/benzyl alcohol gave benzyl ester 7 in up to 60% yield (Scheme 1) and conversion to
anilide 7b and 8-amidoquinoline 7c using the appropriate amine was similarly possible.
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Table 1. Yields for Phthalimides 3,4, Esters 5,6 and Lactams 8, 12 and 13 (Schemes 1 and 2). 
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NO2 4a 175 100 6a 100 12a,13a 72 * 
Br 4b 170 84 6b 0 (100) 12b,13b 55 * 
F 4c 170 100 6c 100 12c,13c 55 * 

CO2H 4d 205 74 - - - - 
CO2Me - - - 6d 62 12d,13d 92 * 

CH3 4e 170 100 6e 100 12e,13e 85 * 
* Yields are the total for both isomers. 
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Table 1. Yields for Phthalimides 3,4, Esters 5,6 and Lactams 8, 12 and 13 (Schemes 1 and 2).

R Phthalimide Temperature
(◦C)

Yield
(%) Ester Yield (%) Lactam Yield

(%)

H 3a 170 100 5a 100 8a 97

NO2 3b 175 93 5b 80 8b 82

F 3c 170 100 5c 100 8c/9 61 *

OH 3d 195 92 5d 96 - -

OBn - - - 5e 73 8d 70

OMe - - - 5f 100 8e 87

NO2 4a 175 100 6a 100 12a,13a 72 *

Br 4b 170 84 6b 0 (100) 12b,13b 55 *

F 4c 170 100 6c 100 12c,13c 55 *

CO2H 4d 205 74 - - - -

CO2Me - - - 6d 62 12d,13d 92 *

CH3 4e 170 100 6e 100 12e,13e 85 *

* Yields are the total for both isomers.

With the required phthalimides in hand, 5a was treated with N,N-diisopropylethylamine
(DIPEA) and t-butyldimethylsilyl triflate (TBDMSOTf) according to a modification of the
literature’s procedure [34], and purification using flash column chromatography afforded the
silyl containing tricyclic pyrrolizidinone 8a with a good yield of 97% (Scheme 1 and Table 1). This
material was readily characterised by standard spectroscopic techniques; of interest were the
non-equivalent silyl dimethyl groups that had shifted upfield to−0.08 and−0.51 ppm due to the
anisotropy of the adjacent aromatic ring, consistent with ring closure. The stereochemistry was
confirmed by a combination of one and single crystal X-ray diffraction (Figure S1, ESI) [54–57];
the trans-relationship of the methyl ester and silyloxy moiety were evident, placing the methyl
ester into a pseudoaxial position, and with one of the silyl methyl groups located over the
aromatic ring, accounting for the shielding observed in the NMR spectrum. While the structure
of 8a was further confirmed by LRMS and HRMS, with the major mass ions being 362 [MH+]
and 384 [MNa+] as expected, importantly these signals were accompanied by a mass ion of 132
less than the desired product at 230 [MH+]; this was consistent with in situ desilyloxylation
giving 10a. In fact, the cyclisation of 5a was found to be unreliable, instead often giving 10a
directly and quantitively by in situ elimination. Synthesis of similar tetrahydro-1H-pyrrolo[2,1-
a]isoindoles [58–60] and their unsaturated systems [61–63] has been reported. In order to
understand the progress of this reaction, varying equivalents of TBDMSOTf were used with
phthalimides 5a,b and it was found that while the formation of the products 8a,b was achievable
in high yields with 1.1 equivalents of TBDMSOTf, nearly quantitative direct conversion of 8a
to unsaturated pyrrolizidinones 10a,b could be achieved using 2.0 equivalents of TBDMSOTf
(Table S1, ESI).

Application of these cyclisation conditions to phthalimides 5b–f successfully gave
cyclised products 8b–e in good to excellent yield (Schemes 1 and 2 and Table 1). TLC and
1H NMR spectroscopic analysis indicated formation of only a single regioisomer, except for
5c which gave an isomeric mixture of 8c also containing 9 (ratio 7:1). Structural assignment
was confirmed in the case of 8b,c, 9 and 12a by single crystal X-ray diffraction (Figure
S1, ESI) [54–57]. The mode of cyclisation appeared to be dictated by the sterically bulky
substituents on the aromatic ring, but in the case of 5c was biased by both the small size
and electronegativity of the fluorine substituent which also gave the alternative isomer 9.
Substituted phthalimides 6a–e were subjected to the same ring-closing conditions, giving
good to excellent yields of products 12a–e and 13a–e (Schemes 1 and 2, and Table 1), usually
as an approximately equal mixture of isomers, which proved to be difficult to separate by
flash column chromatography, and arising by ring closure onto either phthalimide carbonyl
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group. While the cyclisations using methyl esters were very high yielding and reliable
reactions, of interest was whether reactions of substrates with bulkier esters would be as
effective; benzyl ester variant 7a in fact cyclised to 11 with an excellent yield of 91% using
the standard conditions (1.1 eq TBDMSOTf, 3 eq DIPEA) fully diastereoselectively, as the
trans- isomer (Scheme 1), although both anilide 7b and quinoline 7c did not.

The solventless phthalimide synthesis proved to be very effective with phthalic anhydride
and glutamic acid, giving the desired diacid product 14a in 60% yield (Scheme 3) [64–66].
However, this material was not easily soluble, but L-glutamic acid 5-methyl ester along with
phthalic anhydride gave the desired and much more soluble product 14b in 72% yield after
heating at 175 ◦C for 6 h; this reaction remained effective on a multigram scale. In addition,
L-glutamic dimethyl ester hydrochloride and phthalic anhydride under the same conditions
gave the product 14c in a yield of 30%; the same product could be prepared by esterification of
diacid 14a and with a similar yield (38%). This approach was similarly suitable for L-glutamic
acid 5-benzyl ester, which gave the product 14d with a yield of 38% [67,68]. The most effective
method for the monomethyl esterification of benzyl glutamate 14e used MeI, Cs2CO3, DMF,
which gave the desired product 14f in 40% yield. This approach could also be used for imide
formation with phthalic anhydride and 2-aminophenylacetic acid via solventless conditions
to give 15a, followed by esterification which gave the desired ester 15b with a yield of 38%
(Scheme 4); however, a better alternative proved to be direct condensation of the methyl ester
of aminophenylacetic acid to give 15b and in quantitative yield. Nitrile 18, was also readily
available, prepared as shown (Scheme 4).
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Mukaiyama-like addition in which formation of a silyl ketene acetal is followed by addi-
tion to one of the imide carbonyls via in situ silyl activation [45], and Christmann pro-
posed the intermediacy of a bis-silylketene acetal formed in situ from the starting 
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Cyclisation of these analogues was examined using the conditions optimised above.
The L-dimethyl ester glutamic acid appended phthalimide 14c cyclised in excellent yield
of 79% to give 16a as a diastereomeric mixture (Scheme 3); one of these was successfully
crystallised and the structure for the major one determined by single crystal X-ray diffrac-
tion (Figure S1, ESI). This clearly shows that the two methyl esters are cis-related, with
all substituents in a pseudoaxial-like arrangement [54–57]. The cyclisation of 14d under
the same conditions gave a single diastereomer of 16b, most likely due to the greater
steric hindrance of the two substituents, the structure of which was confirmed by single
crystal X-ray diffraction (Figure S1, ESI) [54–57]. Benzyl glutamate 14f was subjected to
TBDMSOTf mediated cyclisations, but gave poor yields of 16c of around 35% when using
1.1 eq of TBDMSOTf, although this improved to much higher yields (89%) with 3.0 eq of
TBDMSOTf, as a mixture of inseparable diastereomers (d.r of 1:0.6), the major of which was
assumed to have the same stereochemistry as 16a, based on comparison to established NMR
spectroscopic data. When compound 15b (Scheme 4) was subjected to standard cyclisation
conditions, product 17 was successfully obtained as a single stereoisomer in 39% yield. Of
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interest is that nitrile 18 also readily cyclised to the analogous product 19 as a mixture of
diastereomers; a related material has previously been reported by photocyclisation [69].
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Since TFA elimination reactions had been previously reported on silyloxyethers [60,70–73],
similar reactions were then carried on 8a–d and 12a–e, 13a–e, giving quantitative conversions
to the eliminated products 10a–d, 20a–e, 21a–e, 22a–b (Schemes 1–4). When the diastereomeric
mixture of 19 was stirred in TFA/H2O (9:1) for 30 min, only the trans- isomer reacted, leaving
the cis-isomer unconverted, consistent with a fast antiperiplanar elimination; the structure of
the unsaturated product 23 was confirmed by single crystal X-ray diffraction (Scheme 4 and
Figure S2, (SI)) [54–57]. Moreover, it was found that the eliminated cyclised products could
also be obtained directly by using TBDMSOTf (2 equiv.) for the ring closure reaction of both
phthalimides 5a,b,c,e and 14c,f adducts and in excellent yield (Scheme 5).
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Hoye described the mechanism of this ring-closing process as an intramolecular
Mukaiyama-like addition in which formation of a silyl ketene acetal is followed by addition
to one of the imide carbonyls via in situ silyl activation [45], and Christmann proposed the
intermediacy of a bis-silylketene acetal formed in situ from the starting carboxylic acid [46].
Although the Mukaiyama aldol addition [74] is very well known [75–80], Mukaiyama-type
additions to imides are not; however, a one-pot approach, in which silyl ketene acetals
are intermediates, has been described for addition to imines [81]. We propose a similar
mechanism for a Mukaiyama-imide aldol addition involving the formation of the silyl
ketene acetal followed either by coordination of the imide carbonyl giving a 5,6-bicyclic
transition state that undergoes aldol addition (Route A), or cyclisation involving separate
imide activation by a second molecule of TBDMSOTf (Route B) (Figure 1).
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Figure 1. Possible mechanism for aldol ring closure.

With the pyrrolidinones in hand, of interest was an examination of their further
reactivity; it was expected that this might not be straightforward, since low solubility
was found for many compounds, especially the planar derivatives such as 10, 20 and 21.
Additionally, the high level of cross-conjugation along with significant steric effects in
these densely functionalised systems was expected to significantly modify their chemical
behaviour. Functionalisation of the (electron deficient) carbon-carbon double bond of the
unsaturated system of cyclised adducts, for which there was some precedent literature [82],
was examined [83] using 35% aqueous hydrogen peroxide in the presence of 4-methyl
morpholine. The unsubstituted variant 10a proved to be unreactive under these conditions,
although when dissolved in dichloromethane with mCPBA and left stirring for 16 h at room
temperature, α-ketoester 24 was obtained in low yield (Scheme 6). Such a product would be
expected to arise by initial epoxidation of the double bond, followed by a further attack by
mCPBA leading to a ring opening. However, it was found that if this reaction was conducted
in the presence of calcium carbonate, successful epoxidation was achieved, giving 25. This
approach proved not to be successful for 10b, since 1.2 equivalents of mCPBA gave not
the expected epoxide but adduct 26 (Scheme 6), whose structure was confirmed by careful
NMR spectroscopic analysis. Catalytic hydrogenation gave highly efficient conversion of
lactams 10a–d, 20a–e, 21a–e to lactams 27a–j, in a reaction in which the strong yellow colour
of the starting material was fully discharged, consistent with the removal of the extended
conjugation (Table 2 and Scheme 7). In the case of the nitro derivatives 10b, 20a, and 21a,
concomitant reduction to the amine derivatives 27b–d occurred. The structures of 27b and
27f were confirmed by single crystal X-ray diffraction (Figure S2, ESI) [54–57]. Reduction
of 10d also involved hydrogenolysis and afforded phenol 27h. Glutamate derivatives 22a,b
were subjected to the same hydrogenation conditions and gave cis-dimethyl esters 29a,b
(Scheme 3), whose stereochemistry was shown from nOe analysis.
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Table 2. Reduction of unsaturated bicyclic lactams 10a–d, 20a–e, 21a–e.

Substrate Product R1 R2 R3 R4 Yield (%)

10a 27a H H H H 100

10b 27b NH2 H H H 100

20a 27c H NH2 H H 100

21a 27d H H NH2 H 100

10c 27e F H H H 50

10c’ 27f H H H F 14

20c 27g H F H H 100

10d 27h OH H H H 86

20e 27i H Me H H
95

21e 27j H H Me H
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With 27b in hand, conversion to corresponding amide 28 using 1-adamantanecarbonyl
chloride (Scheme 8) was made, as this group had given some of the highest levels of
antibacterial activity seen for tetramates [19]; although this reaction proceeded successfully,
the yield was low (28%), and this most likely arose by the combination of an electronically
and sterically deactivated amine with a hindered acid chloride.

Of interest was whether this approach might be able to be adjusted to allow the ready
introduction of ring substituents on the core skeleton, including C-H functionalisation,
since related systems had been shown to be amenable to such manipulation [84]. Since the
use of 8-aminoquinoline as a directing group for C-H activation is now well-known [85–87],
8-hydroxyquinoline ester 30 was prepared via N,N’-dicyclohexylcarbodiimide coupling
with 8-hydroxyquinoline (64%), and although this could be effectively cyclised to 31 under
standard conditions, in subsequent reactions 31 did not undergo remote C-H arylation.
However, 31 when treated with TFA:H2O afforded the desired unsaturated system 32 quan-
titatively (Scheme 8). While ester hydrolysis of 8a and 11 was found to be straightforward,
giving acids 33 and 34, the attempted DCC/DMAP coupling of 33 with 8-aminoquinoline
proved to be unsuccessful, giving only the rearranged N-acylurea intermediate; 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) along with 1-hydroxybenzotriazole (HOBt)
gave a similar outcome. It was also found that 10a could be hydrolysed directly under
basic conditions in excellent yield to give 33 directly, and that this, when treated with
TFA, water, and methanol, gave acid 34 in quantitative yield (Scheme 8). With 34 in hand,
amide formation was examined (Scheme 8) but the products 35a–c could be obtained only
in modest yield, and aniline was completely unreactive. This likely reflects the unusual
electronic character of the extended conjugated push-pull system in the starting material.
Alternatively, 36 could be obtained by direct reduction of acid 34 or by hydrolysis of 27a in
good yield (Scheme 8) and conversion to the picolyl amide 37 under a variety of conditions
gave a modest yield of product.
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3. Bioassays

The compounds were tested using a primary 96-well plate screening assay against
MRSA (Gram+) and E. coli (Gram−) bacterial strains and MIC values and along with the
calculated molecular weights, ClogP, tPSA along with HBD and HBA (Table S2, ESI). The
only systems showing activity were 12e/13e, 31, and 32. This probably reflects the high
level of hydrophobicity of the silyloxy ethers and the particularly low solubility of the
unsaturated systems, even though their cheminformatic descriptors are broadly desirable.
This outcome suggests that some fragments might be suitable for further elaboration to
identify better antibacterial activity. Some compounds were also tested for cytotoxic activity
against four different cell lines: HeLa, HEK 293, CaCo, and MDCK (Table S3 (SI)). Nearly
all the compounds that were tested showed some weak activity, but 35c was found to be
moderately active against HeLa and HEK 293 with lesser activity against CaCo and MDCK.
Once again, the low solubility of these compounds under assay conditions is likely to be an
important limitation of this compound class.

4. Materials and Methods

Full experimental details are provided in the Supplementary Materials File S1.

5. Conclusions

We have shown that phthalimides may be effectively cyclized using a Mukaiyama-
type aldol coupling leading to variously substituted fused lactam (1,2,3,9b-tetrahydro-5H-
pyrrolo[2,1-a]isoindol-5-one) systems. This novel process shows a high level of regiose-
lectivity for o-substituted phthalimides, dictated by steric and electronic factors, but not
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for m-substituted phthalimides. The initial aldol adduct is prone to elimination, and the
cyclisation can be conducted in such a way that aldol cyclisation-elimination is achievable
in one pot. The eliminated skeletal systems (2,3-dihydro-5H-pyrrolo[2,1-a]isoindol-5-one)
possess cross-conjugation and steric effects which significantly influence the reactivity of
several functional groups, but conditions suitable for epoxidation, ester hydrolysis and
amide formation, and reduction, were identified. Many of the derived lactam systems,
and especially the eliminated systems, show low solubility, which compromises biological
activity, although in some cases, antibacterial and cytotoxic activity was found and this
new class of small molecule provides a useful skeleton for further elaboration and study.
We have earlier shown that a core bicyclic tetramate displays no intrinsic antibacterial ac-
tivity [26], but that this can be restored after appropriate heterocyclic ring substitution [19].
The work herein shows that the core tetrahydro-5H-pyrrolo[2,1-a]isoindol-5-one system
is now synthetically readily available, and further investigation is needed to develop the
understanding of both its medicinal chemistry and biological activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12010009/s1. File S1: Supporting Information (SI).
References [88–96] occur only in the supplementary materials.
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Abstract: C. albicans and C. parapsilosis are biofilm-forming yeasts responsible for bloodstream in-
fections that can cause death. Synthetic antimicrobial peptides (SAMPs) are considered to be new
weapons to combat these infections, alone or combined with drugs. Here, two SAMPs, called Mo-
CBP3-PepI and Mo-CBP3-PepIII, were tested alone or combined with nystatin (NYS) and itraconazole
(ITR) against C. albicans and C. parapsilosis biofilms. Furthermore, the mechanism of antibiofilm activ-
ity was evaluated by fluorescence and scanning electron microscopies. When combined with SAMPs,
the results revealed a 2- to 4-fold improvement of NYS and ITR antibiofilm activity. Microscopic
analyses showed cell membrane and wall damage and ROS overproduction, which caused leakage of
internal content and cell death. Taken together, these results suggest the potential of Mo-CBP3-PepI
and Mo-CBP3-PepIII as new drugs and adjuvants to increase the activity of conventional drugs for
the treatment of clinical infections caused by C. albicans and C. parapsilosis.

Keywords: antibiofilm activity; candidiasis; synergism; synthetic peptides; antifungal drugs

1. Introduction

Biofilms are established by microbial cells on an inert or living surface, promoting the
development of microcolonies with polymeric matrices and enhancing the resistance to
various antimicrobial agents [1,2]. Candida species are biofilm-forming yeasts responsible
for up to 15% of hospital-acquired cases of sepsis [3]. A mature biofilm produced by Candida
spp. consists of an extracellular matrix composed of glycoproteins (55%), carbohydrates
(25%), lipids (15%), and nucleic acids (5%) [4]. The National Institute of Health (NIH) in
the USA considers biofilms to be a public health problem and estimated that they can
be responsible for 80% of the difficulties in curing human infections [1,2,4,5]. The most
susceptible people are immunocompromised patients, AIDS+ patients, patients under
chemotherapy treatment or immunosuppressive therapies, and patients fitted with medical
devices (catheters, pacemakers, and heart valves) [6,7].

C. albicans and C. parapsilosis are common opportunistic fungal pathogens that asymp-
tomatically colonize the mucosal surfaces and skin of healthy individuals. However, in
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some circumstances they can cause an infection called candidiasis [8]. In addition, C. albi-
cans and C. parapsilosis are responsible for bloodstream infections termed candidemia, which
are common in immunocompromised patients, including those in intensive care units [9].
Currently, the treatment of infections caused by C. albicans and C. parapsilosis involves the
use of antifungal agents that interrupt different metabolic pathways of the cell. However,
some studies have reported Candida resistance to these antifungal molecules [10–12]. A
study by Katiyar and collaborators [13] described Candida clinical isolates that contain
genes responsible for resistance to some commercial antifungal agents [13]. To counter
this problem, synthetic antimicrobial peptides (SAMPs) have been described as new alter-
natives, either alone or combined with commercial antifungal drugs, to control Candida
infection and overcome the pathogens’ resistance [1]. SAMPs have some important antimi-
crobial characteristics found in natural antimicrobial peptides, such as positive net charge,
α-helical structure, low molecular weight (600–1200 Da), high hydrophobic ratio (40–60%)
and amphipathicity [1,14].

Recently, our research group designed, characterized, and evaluated the antimicrobial
activity of two synthetic peptides, called Mo-CBP3-PepI (CPIAQRCC) and Mo-CBP3-PepIII
(AIQRCC). These peptides were designed based on the structure of Mo-CBP3, a chitin-
binding protein purified from Moringa oleifera seeds [15,16]. The anticandidal activity and
mechanism of action of these peptides were evaluated by Oliveira et al. (2019) and Lima
et al. (2020). Therefore, the aim of this study was to evaluate the antifungal activity and
action mechanism of Mo-CBP3-PepI and Mo-CBP3-PepIII, alone or combined with NYS
and ITR, against C. albicans and C. parapsilosis biofilms.

2. Results
2.1. Antibiofilm Activity of Synthetic Peptides and Two Commercial Drugs

The activities of Mo-CBP3-PepI and Mo-CBP3-PepIII (50 µg mL−1) against C. albicans
and C. parapsilosis biofilms are shown in Figure 1. The biofilm formation of C. albicans
was inhibited 10% by Mo-CBP3-PepI, whereas Mo-CBP3-PepIII did not show any activity.
Interestingly, the commercial drugs ITR and NYS inhibited biofilm formation by only 7%
and 40%, respectively (Figure 1A). Regarding the synergistic effect, the combination of both
peptides Mo-CBP3-PepI and Mo-CBP3-PepIII with ITR or NYS significantly enhanced the
inhibition of C. albicans biofilm formation. For instance, the two peptides combined with
NYS increased the inhibition of C. albicans biofilm formation by 40% to 80% (Figure 1A). ITR
and NYS inhibited C. parapsilosis biofilm formation by 45% and 43%, respectively. In con-
trast, Mo-CBP3-PepI and Mo-CBP3-PepIII inhibited this by only 15% and 25%, respectively
(Figure 1B). On the other hand, combinations of Mo-CBP3-PepI + ITR, Mo-CBP3-PepIII +
ITR, Mo-CBP3-PepI + NYS, and Mo-CBP3-PepIII + NYS inhibited the biofilm formation by
about 98%, 96%, 79%, and 82%, respectively (Figure 1B).

Regarding the degradation of mature C. albicans biofilm, ITR and NYS decreased
the biofilm mass by about 50% and 30%, while Mo-CBP3-PepI and Mo-CBP3-PepIII only
degrading it by 60% and 30%, respectively (Figure 1C). Remarkably, the combinations Mo-
CBP3-PepI + ITR and Mo-CBP3-PepIII + ITR did not have any effect (Figure 1C). However,
the combinations Mo-CBP3-PepI + NYS and Mo-CBP3-PepIII + NYS degraded 85% and
50% of the mature C. albicans biofilm (Figure 1C). Concerning the degradation of mature
C. parapsilosis biofilm, only the combination Mo-CBP3-PepI + NYS showed activity, reducing
the biofilm biomass by 50% (Figure 1D).

2.2. Analysis of Candida Biofilm Morphology

Scanning electron microscopy (SEM) was used to evaluate damage to C. albicans and
C. parapsilosis biofilms after all treatments (Figures 2 and 3). The control cells did not
show any damage or alterations on the surface; only spherical-shaped cells were observed
without cracks or scars. The treatment with peptides or drugs caused only mild damage,
such as wrinkles and slight changes to the morphology of cells, which had a very similar
appearance to the control (Figures 2 and 3). In contrast, the combination of both peptides
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with the two drugs caused a significant reduction in the mature biofilm compared to
control, and it was possible to see damage such as small blebs, new buds, scars, and rings of
truncated bud scars. Mo-CBP3-PepI + NYS and Mo-CBP3-PepIII + NYS were by far the most
lethal to C. albicans and C. parapsilosis. In those treatments, the cells were greatly damaged,
with high roughness levels, severe alterations in morphology, and a clear indication of cell
lysis leading to loss of cytoplasm (Figures 2 and 3).

 

 

 

 

 

 

 

Figure 1. (A,B) Inhibitory activity of biofilm formation and (C,D) degradation of 
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Figure 1. (A,B) Inhibitory activity of biofilm formation and (C,D) degradation of mature biofilm
of C. albicans and C. parapsilosis. DMSO-NaCl was used as a negative control and ITR and NYS as
positive controls. The letters represent the mean ± standard deviation of three replicates. Different
lowercase letters indicate a statistically significant difference compared to DMSO-NaCl by analysis of
variance (p < 0.05).

Because Mo-CBP3-PepI + NYS showed the best inhibitory activity against biofilm
formation, this sample was chosen to investigate alteration of mature biofilms of C. albicans
and C. parapsilosis (Figure 4). The control biofilm (treated with DMSO-NaCl) did not present
any damage, while the biofilms treated with NYS or Mo-CBP3-PepI presented mild damage,
such as altered morphology and wrinkles, distortion, and apparent reduction in biomass
compared to the controls. However, Mo-CBP3-PepI + NYS was highly lethal to mature
C. albicans and C. parapsilosis biofilms (Figure 4). These biofilms had a large reduction in
biomass, as well as severe cell damage, such as depression-like cavities and damage to the
cell wall, alterations in cell shape, wrinkles and scars, and loss of internal content (Figure 4).
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Figure 4. SEM images showing alterations of mature biofilm of C. albicans and C. parapsilosis after
treatment with Mo-CBP3-PepI, NYS and Mo-CBP3-PepI + NYS. Control: DMSO-NaCl solution.

2.3. Membrane Pore Formation

The propidium iodide (PI) uptake assay was used to evaluate possible damage to the
yeast cell membranes. PI interacts with DNA, releasing red fluorescence, but this is only
possible when the membrane is damaged, since healthy membranes are impermeable to
PI. As expected, the control (DMSO-NaCl solution) did not damage the cell membranes,
because no fluorescence was detected. Similarly, cells treated with NYS and ITR did
not show any fluorescence. However, Mo-CBP3-PepI and Mo-CBP3-PepIII, alone or in
combination with NYS or ITR, induced red fluorescence in C. albicans and C. parapsilosis
cells, indicating these cells membranes were damaged (Figures 5–9).
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Figure 5. Fluorescence images showing membrane pore formation and ROS overproduction on
inhibition of biofilm of C. albicans cells. Control solution of DMSO-NaCl, treated with Mo-CBP3-PepI
and Mo-CBP3-PepIII at 50 µg mL−1 and synergistic activity of both peptides with NYS. Membrane
pore formation was measured by the propidium iodide (PI) uptake assay, and ROS overproduction
was detected using 2′, 7′ dichlorofluorescein diacetate (DCFH-DA). Bars: 100 µm.
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Figure 6. Fluorescence images showing membrane pore formation and ROS overproduction on in-
hibition of the biofilm of C. parapsilosis cells. Control solution of DMSO-NaCl, treated with Mo-CBP3-
PepI and Mo-CBP3-PepIII at 50 μg mL−1 and synergistic activity of both peptides with ITR. Mem-
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Figure 6. Fluorescence images showing membrane pore formation and ROS overproduction on
inhibition of the biofilm of C. parapsilosis cells. Control solution of DMSO-NaCl, treated with Mo-
CBP3-PepI and Mo-CBP3-PepIII at 50 µg mL−1 and synergistic activity of both peptides with ITR.
Membrane pore formation was measured by the PI uptake assay, and ROS overproduction was
detected using 2′, 7′ dichlorofluorescein diacetate (DCFH-DA). Bars: 100 µm.
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Figure 7. Fluorescence images showing membrane pore formation and ROS overproduction on
inhibition of the biofilm of C. parapsilosis cells. Control solution of DMSO-NaCl, treated with Mo-
CBP3-PepI and Mo-CBP3-PepIII at 50 µg mL−1 and synergistic activity of both peptides with NYS.
Membrane pore formation was measured by the PI uptake assay, and ROS overproduction was
detected using 2′, 7′ dichlorofluorescein diacetate (DCFH-DA). Bars: 100 µm.

ROS overproduction is another mechanism employed by peptides to inhibit biofilm
formation. The results showed that treatment of C. albicans cells with NYS or ITR did
not induce ROS overproduction, whereas both peptides and their combination with NYS
induced a slight production of ROS. None of the treatments induced ROS overproduction
by C. parapsilosis biofilms (Figures 5–9).
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Figure 8. Fluorescence images showing membrane pore formation and ROS overproduction on
degradation of the biofilm of C. albicans cells. Control solution of DMSO-NaCl, treated with Mo-CBP3-
PepI at 50 µg mL−1 and synergistic activity with NYS. Membrane pore formation was measured by
the PI uptake assay, and ROS overproduction was detected using 2′, 7′ dichlorofluorescein diacetate
(DCFH-DA). Bars: 100 µm.
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2.4. Molecular Docking

The molecular docking assays were performed to evaluate the possible interactions of
the peptides with NYS and ITR. Mo-CBP3-PepI interacted with ITR and NYS with binding
interaction energy (LBIE) values of −4.5 and −4.2 kcal.mol−1, respectively (Figure 10A,B).
The amino acid residues Pro2 and Ile4 of the Mo-CBP3-PepI peptide showed Pi-Alkyl inter-
actions with the phenyl (4.5 Å), piperazine (4.2 Å), and dichlorophenyl (4.5 Å) groups of ITR.
Cys8 had a Pi-Anion (3.4 Å, triazole group) and a Pi-Sulfur (5.1 Å, dichlorophenyl group)
interaction with ITR, and Arg6 presented only van der Waals interaction (Figure 10C).
Mo-CBP3-PepI interacted with NYS by van der Waals forces between Cys8, Gln5, and Cys1.
An Alkyl (5.0 Å) interaction with Pro2 and an unfavorable donor-donor (1.3 Å) with Arg6
were also observed (Figure 10D).
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Mo-CBP3-PepIII presented docking scores of −4.0 and −4.1 kcal.mol−1 with ITR and
NYS, respectively (Figure 10E,F). Mo-CBP3-PepIII interacted through van der Waals forces
through residues Ala1, Gln3, and Cys6 with ITR. Cys5 interacted through an Amide-Pi
stacked (3.8 Å) with the phenyl group of ITR. The Arg4 of Mo-CBP3-PepIII established a Pi-
Cation interaction with the dichlorophenyl group (3.8 Å) and a Pi-Alkyl interaction (4.7 Å)
with the methoxyphenyl group of itraconazole (Figure 10E,G). The interaction between
Mo-CBP3-PepIII and NYS was supported by hydrogen bonds between residues Arg4 (2.0 Å)
and Cys6 (1.9 Å), as well as through van der Waals interactions through residues Gln3 and
Cys5 (Figure 10F,H).

2.5. Hemolytic Assay

As shown in a previous study [16], Mo-CBP3-PepI and Mo-CBP3-PepIII had no
hemolytic activity against any human blood type tested (Table 1), even at 50 µg mL−1. In
contrast, NYS (1000 µg mL−1) caused 100% hemolysis in all human blood types, and ITR
(1000 µg mL−1) caused 75%, 68%, and 58% hemolysis to Type A, B, and O red blood cells,
respectively (Table 1).

Table 1. Hemolytic activity of Mo-CBP3-PepI and Mo-CBP3-PepIII, antifungal drugs, and combined
solutions on human red blood cells.

Peptides/Combinations
% Hemolysis

Type A Blood Type B Blood Type O Blood

0.1% Triton X-100 100 ± 0.002 100 ± 0.001 100 ± 0.007
DMSO-NaCl Solution 0 0 0
NYS (1000 µg mL−1) 100 ± 0.005 100 ± 0.001 100 ± 0.002
ITR (1000 µg mL−1) 75 ± 0.007 68 ± 0.004 58 ± 0.003

Mo-CBP3-PepI (50 µg mL−1) 0 0 0
Mo-CBP3-PepIII (50 µg mL−1) 0 0 0

Mo-CBP3-PepI (50 µg mL−1) + NYS (1000 µg mL−1) 14 ± 0.006 23 ± 0.009 2 ± 0.001
Mo-CBP3-PepI (50 µg mL−1) + ITR (1000 µg mL−1) 0 4 ± 0.003 8 ± 0.005

Mo-CBP3-PepIII (50 µg mL−1) + NYS (1000 µg mL−1) 45 ± 0.001 30 ± 0.001 18 ± 0.007
Mo-CBP3-PepIII (50 µg mL−1) + ITR (1000 µg mL−1) 50 ± 0.005 15 ± 0.008 2 ± 0.001

The mean ± standard deviation of three replicates according to ANOVA (p < 0.05).

In general, the combination of synthetic peptides decreased the hemolytic effect of
both drugs (Table 1). The combination of Mo-CBP3-PepI with NYS resulted in hemolytic
effects of 14%, 23%, and 2%, and the combination of Mo-CBP3-PepI with ITR resulted
in 0%, 4%, and 8% hemolysis to Type A, B, and O red blood cells, respectively (Table 1).
The combination of Mo-CBP3-PepIII with NYS hemolyzed 45%, 30%, and 18%, while the
combination of Mo-CBP3-PepI with ITR resulted in 50%, 15%, and 2% for Type A, B, and O
red blood cells, respectively (Table 1).

3. Discussion

Natural antimicrobial peptides (AMPs) are promising molecules to act as substitutes or
adjuvants to treat infections. However, they have some disadvantages, such as toxicity, low
resistance to proteolysis, and the high cost of isolation and purification. The development
of synthetic antimicrobial peptides (SAMPs) is an alternative solution to overcome these
drawbacks, since they have low or no toxicity to mammalian cells, and low chance of
developing antimicrobial resistance based on their mechanism of action [1,14].

Bioinspired SAMPs based on natural AMPs can have attributes that are not present
in the natural molecule [17,18]. A good example is the synthetic peptide LAH4, designed
based on the Magainin 2 sequence, which presented potent activity against Escherichia coli
and Staphylococcus aureus compared with the natural peptide Magainin 2 [17,18]. Recently,
our research group designed peptides derived from Mo-CBP3 and antifungal chitin-binding
protein from M. oleifera seeds. Mo-CBP3-PepI and Mo-CBP3-pepIII inhibited the growth of
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C. albicans and C. parapsilosis planktonic cells by the stimulation of ROS production, cell
wall damage, and membrane pore formation, leading to death [15,16]. It is important to
mention that Mo-CBP3 did not present anticandidal activity. Based on that, we decided to
evaluate the potential of Mo-CBP3-PepI and Mo-CBP3-pepIII to inhibit biofilm formation
and its capacity to promote degradation of mature biofilms of C. albicans and C. parapsilosis.

Regarding degradation of the mature biofilms of C. albicans, Mo-CBP3-PepI and Mo-
CBP3-PepIII had activity of 40% and 70%, respectively (Figure 1). These results corroborate
those involving gH625, a peptide analog from gH625-M, which reduced by 61% the biomass
of mature biofilms of C. albicans [19]. SEM analysis of C. albicans and C. parapsilosis treated
with Mo-CBP3-PepI and Mo-CBP3-PepIII showed that the biofilms suffered severe structural
damage. Furthermore, SEM images suggested that the two peptides induced rupture of
the cell wall and membrane pore formation, leading to internal content loss and death.
The images also showed the presence of scars, buds, and cracks. These results corroborate
those reported by Belmadani and collaborators [20], who observed that Dermaseptin-S1, an
antimicrobial peptide from Phyllomedusa sauvagii, decreased C. albicans biofilm formation
by causing changes in the cell wall structure, membrane pore formation, and leakage of
internal content. Similar behavior was observed by Sierra et al., where a C. albicans biofilm
suffered severe damage by the antimicrobial peptide called Histatin-5 [21]. This severe
damage observed in the cell wall of both cells via SEM analysis can be explained since
Mo-CBP3-PepI and Mo-CBP3-PepIII are designed based on the sequence of Mo-CBP3, which
is a chitin-binding protein from M. oleifera seeds [16]. Both peptides can interact with the
chitin present in the fungal cell wall and cause destabilization of the cell, leading to rupture,
electrolyte imbalance, and thus cell death.

Unlike many commercial drugs that have specific targets, SAMPs target the cell
membrane and/or the cell wall [14]. The ability of SAMPs to alter the microbial membrane
permeability is considered the most common mechanism of action of these molecules,
making the development of resistance mechanisms by microorganisms very difficult [1,14].
Fluorescence microscopy analyses were performed to evaluate if our peptides could induce
membrane damage. Mo-CBP3-PepI and Mo-CBP3-PepIII induced PI uptake in C. albicans
and C. parapsilosis biofilms, suggesting pore formation or cell membrane damage, as
observed by SEM analysis. Furthermore, the peptides induced ROS overproduction in
C. parapsilosis and C. albicans biofilms. A similar profile was observed using the peptides
KP and MCh-AMP1, which are synthetic peptides able to induce ROS overproduction
in C. albicans biofilm, leading to cell death. ROS are involved in the damage of essential
molecules such as proteins, lipids, and DNA [22].

There are some explanations for the synergistic effect of the peptides and antifungal
drugs tested here. First, the interactions between both peptides and NYS and ITR (Figure 6)
can explain the synergistic activity obtained, where both peptides enhanced the activ-
ity of both drugs. Additionally, molecular docking studies were performed to evaluate
whether both peptides could interact with NYS and ITR. Similar behavior was detected by
Souza et al. [23], where Mo-CBP3-PepI and Mo-CBP3-PepIII interacted with griseofulvin by
weak interactions, such as hydrogen bonds and hydrophobic interactions. The interaction
of peptides with griseofulvin enhanced its activity against dermatophytes and reduced the
toxicity of the drug, as was also shown in this study.

Two hypotheses can could explain the synergistic action between peptides and NYS.
First, peptides target membranes and NYS targets the ergosterol. The interaction between
peptides and NYS could result in a coordinated attack on the Candida membrane, enhancing
the deleterious effect on it. Second, besides targeting the ergosterol in the membrane, NYS
also has intracellular targets [24]. Once within the cytoplasm, NYS can attack the vacuole,
causing its enlargement and impairing its function. Due to membrane-pore formation,
the peptides might facilitate the access of NYS to the cytoplasm. It is known that Mo-
CBP3-PepI and Mo-CBP3-PepIII form pores of 6 and 20 kDa, respectively, in C. albicans and
C. parapsilosis membranes [15,16]. NYS has a molecular weight of 926.1 Da, so it is feasible
to suggest that NYS passes through the membrane and attacks the cellular vacuole.
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The synergistic effect of peptides with ITR, which has a molecular weight of 705 Da,
could be explained by its the passage through the membrane by the pores formed in it as a
result of the peptides’ action. The facilitated passage of ITR through the pores formed by
peptides in the membrane enhances its activity of inhibiting the cholesterol biosynthesis
pathways, and thus the ergosterol synthesis [25]. One relevant fact is that both Mo-CBP3-
PepI and Mo-CBP3-PepIII improved the activity of NYS and ITR by up to 50% regarding
the inhibition of biofilm formation of C. albicans and C. parapsilosis. Moreover, the results
showed that Mo-CBP3-PepI enhanced NYS activity up to 60% in degrading the mature
biofilms and preformed biofilm of both yeasts. The peptides also enhanced the antifungal
activity of NYS and ITR against C. albicans and C. parapsilosis biofilms.

ITR and NYS can cause undesired effects, such as vomiting, nausea, diarrhea, anorexia,
abdominal pain, and dizziness. Besides these side effects, cardiotoxicity and hypertension
have been attributed to ITR usage. An unexpected and interesting result was that the
association of peptides with antifungal drugs reduced their toxicity to human erythrocytes.
For example, NYS alone caused hemolysis of 100% in type-A erythrocytes, while Mo-CBP3-
PepI + NYS and Mo-CBP3-PepIII + NYS induced hemolysis of 0 and 45%, respectively, for
type A blood. All treatments combining peptides with antifungal drugs were able to reduce
the drugs’ hemolytic effects.

Molecular docking analysis between peptides and drugs revealed a clue about how
peptides reduced these hemolytic effects. The membrane of erythrocytes has neutral phos-
pholipids, which means that any interaction with those membranes must be driven by
hydrophobic interactions [24]. It is known that NYS and ITR are hydrophobic drugs [25,26].
Thus, hydrophobic interactions with membranes of erythrocytes may drive the hemolytic
activity of NYS and ITR. The molecular docking experiments revealed that peptides had
hydrophobic interactions with NYS and ITR, suggesting that the hydrophobic interac-
tions between peptides and both drugs prevented the interaction with the erythrocyte
membranes, reducing their hemolytic effect.

4. Materials and Methods
4.1. Ethics Statement

Does not apply to this study.

4.2. Biological and Chemical Materials

C. albicans (ATCC 10231) and C. parapsilosis (ATCC 22019) were obtained from the
Laboratory of Plant Toxins of the Department of Biochemistry and Molecular Biology of
Federal University of Ceará, Brazil. All chemicals were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA).

4.3. Peptide Synthesis

The synthetic peptides Mo-CBP3-PepI (CPIAQRCC) and Mo-CBP3-PepIII (AIQRCC)
were chemically synthesized by the company GenOne (São Paulo, Brazil), and the quality
and purity (≥95%) were analyzed by reverse-phase high-performance liquid chromatogra-
phy (RP-HPLC, Jasco, Easton, MD, USA) and mass spectrometry (Waltham, MA, USA).

4.4. Biological Activity
Antibiofilm Assay

The assays against C. albicans and C. parapsilosis biofilms were performed following
the method described by [27–29], with some modifications. To evaluate the inhibition of the
biofilm formation, 100 µL of C. albicans or C. parapsilosis suspension (2.5 × 103 CFU/mL in
Sabouraud liquid medium) was incubated in 96-well plates with 100 µL of Mo-CBP3-PepI,
Mo-CBP3-PepII or Mo-CBP3-PepIII (50 µg mL−1, as defined by [14–16,23]), at 37 ◦C for 48 h.
The supernatant was removed and the wells were washed three times with sterile 0.15 M
NaCl. Next, the cells were fixed with 100 µL of 100% methanol for 15 min at 37 ◦C and
the plates were air-dried under the same conditions. Then, 200 µL of an aqueous solution
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of 0.1% crystal violet was added and incubated for 30 min at 24 ◦C. To remove the excess
crystal violet, the plates were washed three times with distilled water and finally 100 µL of
33% acetic acid to solubilize the dye bound in the biofilm. After 15 min, the absorbance was
measured at 600 nm using an automated microplate reader (Epoch, Biotek, Santa Clara,
CA, USA).

To evaluate the degradation of mature biofilm, the cell suspensions of both yeasts
(100 µL, 2.5 × 103 CFU/mL in Sabouraud liquid medium) were first incubated at 37 ◦C for
24 h in 96-well plates. Then, the supernatant was removed, and 100 µL of the Sabouraud
liquid medium and 100 µL of each peptide (50 µg mL−1) were added and incubated again
for 24 h. The culture medium was again discarded, and the same procedure that used
0.1% crystal violet was employed to quantify the biofilm mass. In both experiments, a
solution of 5% DMSO in 0.9% NaCl was used as a negative control. NYS (1000 µg mL−1)
and ITR (1000 µg mL−1) were used as positive controls. The synergism assays were carried
out by combining the peptides (50 µg mL−1) with NYS or ITR (1000 µg mL−1) and the
effectiveness was compared with the activity of the peptides and drugs alone.

4.5. Overproduction of Reactive Oxygen Species (ROS)

The ROS overproduction was determined following the method described by Dias et al. [29],
with some modifications. C. albicans and C. parapsilosis were incubated with the three pep-
tides under the same conditions as described above. Then, 50 µL of cell suspension
(2.5 × 103 CFU/mL) was incubated with 50 µL of each peptide (50 µg mL−1) for 24 h and
the formed biofilm was washed with 0.15 M NaCl three times to remove the Sabouraud
liquid medium. Next, 20 µL of 2′,7′ dichlorofluorescein diacetate (DCFH-DA, Sigma, St.
Louis, MI, USA) was added and incubated in the dark for 30 min at 24 ◦C. Finally, the
biofilms were washed with 0.15 M NaCl and observed under a fluorescence microscope
(Olympus System BX 41, Tokyo, Japan) with an excitation wavelength of 488 nm and
emission wavelength of 525 nm.

4.6. Cell Membrane Integrity Assay

The cell membrane integrity of C. albicans and C. parapsilosis was tested as described
by Dias et al. [29], with some modifications. The biofilms were treated as described for ROS
overproduction analysis. Thus, 20 µL of propidium iodide (PI, Sigma, St. Louis, MI, USA)
was added and incubated in the dark for 30 min at 24 ◦C. Then the samples were washed
three times with 0.15 M NaCl to remove the excess of PI and observed with a fluorescence
microscope (Olympus System BX 41, Tokyo, Japan) with an excitation wavelength of 535 nm
and emission wavelength of 617 nm.

4.7. Scanning Electron Microscopy (SEM) Analysis

The morphological changes in the cells of C. albicans and C. parapsilosis were evaluated
by SEM (Billerica, MA, USA), using the method described by Staniszewska et al. [30].
Biofilms were fixed with 1% (v/v) glutaraldehyde in 0.15 M sodium phosphate buffer at pH
7.0 for 16 h. Then the biofilms were washed with 0.15 M sodium phosphate buffer (pH 7.0)
three times. Next, 0.2% (v/v) osmium tetroxide was added to the samples and incubated
for 30 min at 37 ◦C and washed again under the same conditions described above. Samples
were successively dehydrated with increased ethanol concentrations (30%, 50%, 70% 100%
and 100% [v/v]) for 10 min each at 24 ◦C. Last, the final dehydration was realized with 50%
hexamethyldisilane (HMDS, Sigma, St. Louis, MI, USA) diluted in ethanol for 10 min and
then 100% HDMS. The biofilms were placed on stubs and coated with a 20 nm gold layer
using a positron-emission tomography (PET) coating machine (Emitech-Q150TES, Quorum
Technologies, Lewes, England). The images were obtained with an FEI inspectTM50
scanning electron microscope, equipped with a low energy detector (Everhart-Thornley),
and the acceleration used was 20,000 kV and 20,000× detector magnification.
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4.8. Obtainment, File Preparation, and Molecular Docking

The three-dimensional (3D) structures of Mo-CBP3-PepI and Mo-CBP3-PepIII were
predicted using the PepFold server 3 (https://bioserv.rpbs.univ-paris-diderot.fr/services/
PEP-FOLD/ accessed on 15 February 2022) [31]. The amino acid protonation of the peptides
was adjusted to pH 7.4 using Protein Prepare [32]. NYS (accession number CID 16219709)
and ITR (accession number CID 55283) 3D structures were obtained from the database of
PubChem (https://pubchem.ncbi.nlm.nih.gov/ accessed on 15 February 2022) [33]. The
protonation of the ligands was adjusted using the Marvin Sketch software version 15.6.15.
The energy minimization of the peptide hydrogens and the ligand was conducted using
Discovery Studio v. 20.1 (https://discover.3ds.com/discovery-studio-visualizer-download
accessed on 15 March 2022) and Open Babel version 2.4.0 (https://osdn.net/projects/sfnet_
openbabel/downloads/openbabel/2.4.0/OpenBabel-2.4.0.exe/ accessed on 5 March 2022).

Molecular docking assays were carried out using Autodock Vina, version 1.1.2 [34].
Additionally, the Autodock graphical interface version 1.5.6 was used to maintain polar
hydrogens and provide charges to peptides and drugs using Kollman united charges [35].
The Mo-CBP3-PepI and Mo-CBP3-PepIII were considered rigid molecules, and NYS and
ITR were docked as flexible molecules. The grid box was defined as a 24 Å × 24 Å × 24 Å
cube with the peptides in the center. The exhaustiveness was set to 16, and all other
parameters were used as default. The software Discovery Studio v. 20.1 and the 3D
interaction representations were realized using the Pymol program (https://pymol.org/2/
accessed on 8 March 2022).

4.9. Hemolytic Assay

The hemolytic activities of Mo-CBP3-PepI, Mo-CBP3-PepIII, NYS, and ITR, alone and in
their different combinations, were assessed using A, B, and O types of human erythrocytes
as described by Souza et al. [14]. The concentrations of all solutions were the same as
used in the synergism assays. The blood types were provided by the Hematology and
Hemotherapy Center of Ceará (Fortaleza, Brazil).

The blood was collected in a tube with heparin (5 IU mL−1, Sigma Aldrich, São Paulo,
Brazil), centrifuged at 300× g for 5 min at 4 ◦C, washed with sterile 0.15 M NaCl, and diluted
to a concentration of 2.5%. Each blood type was incubated (100 µL) with solutions of Mo-
CBP3-PepI, Mo-CBP3-PepIII (50 µg mL−1), NYS (1000 µg mL−1), or ITR (1000 µg mL−1)
for 30 min at 37 ◦C, followed by centrifugation (300× g for 5 min at 4 ◦C, centrifuge
Eppendorf 5810, Hannover, Germany). Supernatants were collected and transferred to
96-well microtiter plates and the hemolysis (%) was calculated by reading the absorbance at
414 nm using an automated absorbance microplate reader using DMSO-NaCl solution (0%)
and 0.1% Triton X-100 (100%) as negative and positive controls for hemolysis, respectively.
The hemolysis was calculated by the equation: [(Abs414nm of sample treated with peptides
or drugs-Abs414nm of samples treated with DMSO-NaCl)/[(Abs414nm of samples treated
with 0.1% TritonX-100-Abs414nm of samples treated with DMSO-NaCl] × 100.

4.10. Statistical Analysis

All the assays were performed individually three times and the values are expressed
as the mean ± standard error. The data were submitted to ANOVA followed by the Tukey
test. GraphPad Prism version 5.01 (GraphPad Software company, Santa Clara, CA, USA)
was used to generate all graphics, with a significance of p < 0.05.

5. Conclusions

The antibiofilm activity, absence of toxicity, and synergistic effect enhancing the activity
of NYS and ITR, strongly indicated that Mo-CBP3-PepI and Mo-CBP3-PepIII are promising
antibiofilm peptides which could act as new antimicrobial agents. We also highlight their
use for clinical application or adjuvants to conventional drugs to overcome resistance
developed by Candida species.
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Abstract: This review is focused on antisense and functional nucleic acid used for completely rational
drug design and drug target assessment, aiming to reduce the time and money spent and increase the
successful rate of drug development. Nucleic acids have unique properties that play two essential
roles in drug development as drug targets and as drugs. Drug targets can be messenger, ribosomal,
non-coding RNAs, ribozymes, riboswitches, and other RNAs. Furthermore, various antisense and
functional nucleic acids can be valuable tools in drug discovery. Many mechanisms for RNA-based
control of gene expression in both pro-and-eukaryotes and engineering approaches open new avenues
for drug discovery with a critical role. This review discusses the design principles, applications, and
prospects of antisense and functional nucleic acids in drug delivery and design. Such nucleic acids
include antisense oligonucleotides, synthetic ribozymes, and siRNAs, which can be employed for
rational antibacterial drug development that can be very efficient. An important feature of antisense
and functional nucleic acids is the possibility of using rational design methods for drug development.
This review aims to popularize these novel approaches to benefit the drug industry and patients.

Keywords: antisense oligonucleotides; antisense therapies; drug delivery; drug discovery; nucleic
acid engineering; ribozymes; riboswitches

1. Introduction

Nucleic acids have been suitable tools for engineering biosensors for various in vitro
and in vivo applications over the last two decades. At the same time, new natural mech-
anisms for the control of gene expression have been discovered based on various types
of RNAs, including micro(mi)RNAs, small interfering(si)RNAs, riboswitches [1], and ri-
bozymes. There are currently four different nucleic acid engineering strategies to inhibit
the expression of specific RNAs in the cell, such as siRNAs [2], antisense oligonucleotides
(ASOs) [3], ribozymes [4,5], and CRISPR-Cas9 systems [6]. All tools used for nucleic acid-
based drug development are inherited based on rational design methods, being novel and
the main point of this review.

This review discusses all distinct strategies for RNA inhibition and the engineering
methods that make them possible. We also describe the applications of the mRNA inhibition
approaches in drug development [7,8], providing validated, proven examples.

Nucleic acids have unique properties that play two essential roles in drug discovery,
including drug targets and drugs. Various RNAs can be employed as drug targets, including
messenger, ribosomal, non-coding RNAs, ribozymes, riboswitches, etc. Various antisense
and functional nucleic acids can be employed as RNA targeting tools. Thus, nucleic acids
can be drug targets and drugs themselves.

RNA has the most diverse roles of all biomacromolecules in the cell. The most impor-
tant roles of RNA are the transcription and translation of genetic instructions involving
messenger (m), transfer (t), and ribosomal (r) RNAs. RNAs can also have a catalytic func-
tion through the ribozymes and gene regulatory roles through the non-coding (nc) RNAs
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and the riboswitches. The new high-throughput sequencing and many bioinformatics and
biochemical methods are new insights into the role of RNA in biological systems [9].

RNA can exhibit a catalytic function when it works as a ribozyme and a biosensing
function as a riboswitch. Naturally occurring RNAs, such as the glmS gene control element,
have biosensing and catalytic functions [10]. The proteins are usually responsible for the
catalytic and biosensing functions in the cell.

RNA executes essential and complex biochemical functions in the cell and uniquely
combines different biochemical properties. Functional RNAs like riboswitches can form
complex tertiary structures similar to proteins. For instance, riboswitches can precisely
sense the presence of small molecules in the cell, such as guanine, adenine, thiamine
pyrophosphate (TPP), and many others, as proteins can. RNA can also specifically hybridize
with other nucleic acids [10]. Thus, some RNAs work via Watson-Crick base-paring while
others operate via their 3D structures. These unique biochemical properties make functional
RNA molecules very promising targets for drug discovery.

RNA is less chemically stable than DNA due to a 2′-hydroxyl group of the ribose,
which, in inline conformation, leads to transesterification of the phosphodiester bond
of RNA [11]. Many catalytic RNAs, such as hammerhead ribozymes, can speed up the
transesterification reaction up to a million times [11].

The mRNA destabilization is an essential mechanism in regulating gene expression in
eukaryotic and prokaryotic organisms. However, for eukaryotic organisms that possess
RNA-interfering pathways for sequence-specific mRNA decay [12], the non-coding RNAs
(ncRNAs) are classified into three groups such as long non-coding RNA (lncRNA), short
non-coding RNA (sncRNA), and translational/structural RNA, which possess diverse func-
tions [13]. Their regulation can enhance treatments against different diseases by chromatin
modification, inducing immunity via RNA-based vaccination, targeting mRNA for its cleav-
age via antisense oligonucleotides (ASOs), RNA alternative splicing, RNA masking, shRNA
or miRNA-based gene silencing, and transcriptional or translational interference [14,15].
The discovery of gene silencing by ncRNAs in many different organisms, from plants to
mammalians, including humans, has extended our understanding of the role of RNA in
the cell and given us the opportunities to use non-coding RNA molecules as new targets
for drug discovery and drug development.

Understanding RNA interference (RNAi) mechanisms for controlling gene expression
has provided us with novel molecular tools that can be used to develop novel drugs. The
RNAi pathway regulates mRNA stability and translation in human cells. siRNAs could
trigger the RNA silencing of specific genes [16].

Rational design approaches of functional and ASOs can significantly reduce the time
and overall cost and increase the rate of successful drug development.

2. ASO-Based Strategies for Drug Development

mRNAs are universally present in all forms of life. Therefore, they are more often
becoming targets for treating various RNA-associated diseases such as cancer, neurode-
generative diseases, and many others. One promising method that has attracted more
attention in the past decade is antisense oligonucleotide technology (ASOT), which has
various applications in drug development, including specific gene silencing [17]. ASOs are
single-stranded synthetic oligonucleotides that hybridize to a particular mRNA or other
type of RNA and inhibit gene expression [18]. Typically, the length of an ASO is between
15 and 25 nucleotides, which, via Watson-Crick base-pairing, binds complementarily to the
target RNA to form a duplex. The ASO-based inhibition is achieved by steric blocking of
translation or splicing or by cleavage of the target RNA in the duplex via the RNase H or
RNase P enzymes, exon skipping [19], and exon inclusion (Figure 1). Apart from that, ASO
can be employed to block the transcription by targeting the genome DNA (Figure 1A).
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Figure 1. Control of gene expression in eukaryotes by ASOs. (A) In the nucleus, genomic DNA
has promoter sites. The binding of RNAP to the promoter site (1) triggers pre-mRNA-1 and pre-
mRNA-2 (2). These pre-mRNAs undergo post-transcriptional modifications and become mRNA-1
and mRNA-2 (3). ASOs can be transferred into the nucleus (4). One of these ASOs, PNA, can bind to
the promoter and inhibit transcription (5). PNA can bind to one of the DNA strands (6) and induce
the transcription of pre-mRNA-3 (7). ASOs present in the nucleus can hybridize to complementary
sequences of pre-mNA-3 (8); hybridizing of LNA leads to 5‘-capping inhibition (9); hybridizing of
PNA leads to splicing inhibition of mRNA-3 (10); hybridizing of PS-DNA leads to the formation of a
chimeric structure that is a substrate for RNase H, which recognizes, binds and cleaves mRNA-3 (11).
(B) The spliced mRNAs are transferred from the nucleus (1). Ribosomal subunits recognize RBS and
bind (2). The ribozyme binding triggers translation (3) and protein expression (4). When ASOs are
transferred from the cytoplasm into the cytosol (5), they hybridize with complementary sequences
of mRNA-2 (6); hybridizing of LNA leads to the prevention of ribosomal binding to mRNA-2 (7);
hybridizing of PS-DNA leads to the formation of a chimeric structure (duplex) which is a substrate
for RNase H, which recognizes, binds and cleaves mRNA-2 (8) leading to non-protein expression (9).

The unmodified ASOs quickly degrade due to the circulating nucleases and are rapidly
excreted by the kidneys. This makes them unsuitable for creating therapeutic drugs. Hence,

57



Antibiotics 2024, 13, 221

chemical modifications play a crucial role in increasing the stability of ASOs in vivo and
the success of an antisense strategy [20]. According to their modifications, there are three
generations of antisense oligonucleotides.

2.1. First-Generation ASOs

The first-generation ASO (Figure 2A) has a sulfur atom instead of one of the non-
bridging oxygen atoms in the phosphodiester bond (i.e., PS modification). Another substi-
tute for the same oxygen atom can be methyl or amine. This modification makes the ASO
more resistant to nucleases and prolongs its half-life in vivo compared with non-modified
DNA. The PS-modified ASOs activate RNase H, and, as a result, the target RNA is cleaved
right after the hybridization with the ASO under multiple-turnover conditions. However,
this generation of ASOs has a few shortcomings, such as the possibility of non-specific bind-
ing with proteins by forming S-S bonds and slightly reduced affinity to the target RNAs. The
first-generation ASOs have a reduced affinity for mRNA hybridization by approximately
0.5 ◦C per nucleotide. First-generation ASOs are still widely used in vitro and in vivo,
particularly in combination with second-generation ASOs. This combination decreases the
shortcomings of first-generation ASOs by reducing the number of PS-modified bases.
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Figure 2. Chemical modifications of various ASOs. (A) First-generation ASOs: phosphorothioate,
phoshoroamidate, and thiophosphoramidate. They contain phosphodiester bonds in which one of
the non-bridging oxygen is replaced by a sulfur atom, an amide group, and a sulfur and amide group.
(B) In the second-generation ASOs, the nuclease resistance is increased by 2′-alkyl modifications of
the ribose and fluorine. (C) Third generation ASOs: phosphoramidite morpholino oligomer (PMO),
locked nucleic acid (LNA), and ethylene-bridged nucleic acid (ENA).
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2.2. Second-Generation ASOs

The second-generation ASO is characterized mainly by 2′-O-methyl and 2′-O-methoxyethyl
(i.e., 2′-alkyl) modifications of the ribose (Figure 2B). These modifications correct the flaws
of the previous generation by increasing the specific binding affinity and the hybridization
stability of the formed duplex. However, on the other hand, a new disadvantage occurs
since the 2′-alkyl modification prevents the cleavage of the target RNA because RNase H
cannot be activated and, thus, works under single-turnover conditions. Thus, a chimeric
design that combines the first and second generation of modifications is often employed.
The ASO has a central part built of a PS-modified 2′-deoxynucleotide and flanking regions
on both sides made of 2′-alkyl-modified nucleotides. The main feature is typically between
8 and 16 nt long [21], whereas the flanking wings are between 5 and 10 nt long. Such
chimeric ASOs activate RNase H-mediated cleavage while the flanking wings had better
protect the ASO from nuclease degradation [22].

2.3. Third-Generation ASOs

Third-generation ASO modifications (Figure 2C) mainly involve the furanose ring of
the nucleotides. They are primarily electric neutral, unlike the previous two generations,
and therefore, they can easily pass the phospholipid bilayer of the cells [23]. Moreover,
third-generation ASOs have improved nuclease resistance, target affinity, and pharma-
cokinetics [24]. Frequently used ASOs from this generation are locked nucleic acid (LNA),
peptide nucleic acid (PNA), 2′-O,4′-C-ethylene-bridged nucleic acid (ENA), and phosphoro-
diamidate morpholino oligomer (PMO) (Figure 2C). However, these ASOs cannot induce an
RNA cleavage via RNase H and inhibit RNA by blocking translation under single-turnover
conditions [22,25].

2.3.1. LNA

LNA follows the Watson–Crick base-pairing rules and forms duplexes with com-
plementary DNA or RNA with increased stabilities and selectivities [26]. Imanishi’s col-
lective presents bicyclic nucleoside analogs—2′-O,4′-C-methylene uridine, and -cytidine,
with fixed N-type conformation incorporated into oligonucleotides. Typically, 2′-O,4′-C-
methylene uridine, and -cytidine analogs have a C3′-endo sugar puckering, synthesized
from uridine [27]. LNA has a modified ribose with an extra bridge connecting the 2′-oxygen
and 4′-carbon (Figure 2C). As a result, the ribose is locked in the 3′-end (north) conforma-
tion, often found in A-form duplexes, which significantly increases the melting temperature
and specificity of hybridization. For instance, LNA/DNA hybrids possess increased Tm
from 2 ◦C to 6 ◦C per monomer compared with DNA/DNA hybrids with the same se-
quence. LNA/RNA hybrids have even higher Tm, rising from 3 ◦C to 8 ◦C per monomer.
LNA oligomers can be synthesized by conventional phosphoramide chemistry, allowing
automated synthesis that will be inexpensive when its intellectual property rights expire.
Furthermore, LNA oligomers can be easily synthesized as chimeras having DNA, RNA, and
other modified bases or labels. For example, two sets of iso-LNA-modified gapmers were
tested in HeLa cells for target knockdown activity, systematically changing the number
and positions of the long nucleic acid modifications. Based on the structure specifications,
the results showed 768 different gapmers targeting the HeLa cells for target knockdown
activity and cytotoxic potential because of the binding affinity between the ASOs and
the mRNA target [28]. When the accessible regions in the specific target are chosen or
identified, it is possible to optimize the LNA gapmers with improved pharmacological
profiles to target them.

Usually, the chimeric ASOs, like phosphorothioate DNA, are flanked by stability-
enhancing modified nucleotides such as D-2-O-methylribose modifications [29]. Nucleotide
modifications of D-2-O-methylribose in the central DNA gap could disturb the RNase H
function [29]. LNA gapmers can activate RNase H. One of the first experiments conducted
with LNA/DNA gapmers was performed on the central nervous system of rats, targeting
their delta-opioid receptor mRNA [28]. It was designed superior to dose-dependent and
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sequence-specific inhibition by an iso-sequential DNA antisense oligonucleotide [30]. Subse-
quent experiments based on receptor binding showed that LNA, DNA, and PS ASOs reduce
the delta-opioid receptor density by 35% to 55%. In another experiment, LNAs/DNAs
were tested targeting the 3′-UTR of intercellular adhesion molecule-1 mRNA [31]. Results
showed that an LNA/DNA/LNA gapmer with nine consecutive DNA nucleotides in
the gap is a dose-dependent and sequence-specific inhibitor of the intercellular adhesion
molecule-1 expression in the primary human umbilical vein endothelial cells [31]. In other
experiments, LNA/DNA/LNA gapmers showed results as activators of RNase H-mediated
RNA degradation and the known iso-sequential 2′-O-methyl gapmers [32].

2.3.2. PNA

Peptide nucleic acid (PNA) was first synthesized by Danish scientists in 1991 [33]. PNA
is a misnomer because it is not an acid. Unlike the phosphodiester backbone of DNA, RNA,
and LNA, PNA has a peptide backbone usually built of N-(2-amino-ethyl)-glycine repeats.
As a result, PNA possesses a unique combination of chemical, physical, and biological
properties used in various antisense therapies. PNA can hybridize with RNA or DNA
via Watson-Crick and also via Hoogsteen base pairing [34]. It is much more chemically
stable and resistant to enzymatic decay than DNA and RNA. Due to the lack of electrostatic
repulsion, PNA hybridizes with single-stranded RNAs and DNA molecules much more
robustly and faster than the complementary DNA and RNA strands.

Moreover, PNA binds to nucleic acid target molecules both in vitro and in vivo. One
PNA antisense nucleic compound, conjugated to the (RXR)4XB (cell-penetrating peptide),
was targeted to carA, an essential gene for the MDR human pathogen Acinetobacter baumannii.
The minimal medium in vitro experiments demonstrated that the PNA inhibited four
strains at 1.25 µM concentration. The tested PNA compound did not affect the bacteria in
lower concentrations [35].

2.3.3. PMO

Morpholino oligonucleotides (PMOs) are neutrally charged DNA analogs with mor-
pholino rings instead of ribose ones. Their syntheses are inexpensive and combined with
characteristics such as solid nuclease resistance, binding affinity, and stability in serum
and plasma, making PMOs a preferred object for pharmaceutical research. However,
they have a lower melting temperature than DNA, therefore, higher concentrations are
needed for successful inhibition. Also, their cellular uptake is inferior, but that can be
significantly improved by attaching arginine-rich CPP to the PMO [36]. Other techniques
to deliver PMO into the target cells are microinjection and scraping (electroporation or
endosomal escape reagents). One designed and tested PMO reduces the neurofilament
synthesis and inhibits axon regeneration in lamprey reticulospinal neurons [37]. Another
two PMOs—peptide-conjugated PMO (PPMO) and non-conjugated PMO have been tested
against Ebola virus infection in vitro and in vivo. The PPMO oligomers with a length
of 22 nt targeted the translation start site region of EBOV VP35 positive-sense RNA and
showed inhibitor effects in vitro. The in vivo experiments showed that PMO plus is an
effective antisense oligonucleotide agent against Ebola infection in monkeys [38].

2.4. ASOs as Drugs

ASO-based technologies have certain advantages when applied to drug development
for two main reasons. The mRNA is a universal target for drug development, which
is present in every organism. Therefore, the antisense approach can be considered a
versatile and universal drug development strategy. Also, we can easily design ASOs, which
target predefined mRNA(s) using rational methods based on nucleic acid hybridization.
Therefore, we can promptly engineer the ASOs that will down-regulate the expression of
the desired gene.

Most medicines developed now are small molecules that specifically bind to a target
molecule in the cell. Most of the target molecules for these drugs are proteins and some func-
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tional RNAs with complex 3D structures and form binding pockets where small molecules
can specifically bind. Unfortunately, finding such small molecules that specifically bind
their molecular targets in the cell is a time-consuming and costly process with no guarantee
of success. Much more effort will be needed to find a small molecule that specifically binds
a protein of interest and inhibits its function, a general and universal approach in drug
discovery compared with the design of ASOs.

Half of the approved ASOs as therapeutic agents are splice-switching oligonucleotides
(SSOs). They are short, modified synthetic antisense oligonucleotides complementary to
pre-mRNA, disturbing the regular splicing repertoire of the transcript, causing a block of
the RNA–RNA base-pairing or protein–RNA binding interactions [39]. The splicing of
pre-mRNA is required to express most protein-coding genes, regulating gene expression
and protein production. Splice-switching oligonucleotides target and alter the splicing in a
therapeutic healing effect. In 2016, the U.S. Food and Drug Administration (FDA) approved
another antisense drug called Eteplirsen (Exondys 51), a 30 nt neutrally charged PMO.
Eteplirsen alters the splicing of the Duchenne muscular dystrophy pre-mRNA by hybridiz-
ing to exon 51 of the DMD gene, which leads to the correction of the translational reading
frame and the production of shortened but functional dystrophin proteins. Duchenne
muscular dystrophy is an X-linked recessive disease that affects one in 3500–5000 males,
leading to progressive muscular deterioration that until now was untreatable [40]. Fortu-
nately, with the approval of Eteplirsen, 14% of all DMD patients can be treated to slow
down the progression of the disease. However, there has been controversy about the drug’s
efficiency because of insufficient patients and inconsistent results [41,42]. That is why
there are currently four additional trials to confirm its therapeutic effect: NCT01540409,
NCT02255552, NCT02286947, and NCT02420379.

Three more nucleic acid-based drugs have been accepted and used to treat Duchenne
muscular dystrophy. The first is Vyondys, also known as Dolodirsen injection, approved by
the FDA in 2019. Vyondys also treats patients with DMD with a confirmed mutation in the
dystrophin gene that can be treated by skipping exon. As a result, dystrophin production
in skeletal muscle is increased. Viltepso, also known as Viltolarsen, is an approved therapy
developed by NS Pharma, with its parent company Nippon Shinyaku (Kyoto, Japan),
treating DMD resulting from mutations amenable to exon skipping. It is administered as an
infusion into the bloodstream. Its application is possible at home as well as in the hospital.
The FDA approved it in 2020. The third Amondys, known as Casimersen, was approved
by FDA in 2021 as the first treatment for patients with DMD with a mutation amenable to
skipping exon. That is the third Sarepta-approved RNA exon-skipping therapy for DMD
after Exondys and Vyondys.

The FDA accepted one more ASO-based drug in December 2016 called Nusinersen
(Spinraza). It is meant to treat spinal muscular atrophy (SMA), an autosomal recessive
neurodegenerative disease affecting 1 in 10,000 live births and leading to motor neuron
degeneration in the spinal cord and brainstem, concluding with muscle atrophy and general
weakness [43,44]. Nusinersen is a second-generation modified ASO (2′-O-2-methoxyethyl
phosphorothioate) administered mainly intrathecally into the CSF and modulates the
splicing of SMN2 mRNA. This increases levels of the otherwise insufficient full-length SMN
protein and helps patients with all three types of SMA. Moreover, it averts the manifestation
of spinal muscular atrophy when treated earlier.

3. Synthetic Non-Coding RNAs as Therapeutic Agents
3.1. RNAi

RNAi is found in a broad spectrum of eukaryotic organisms. Small interfering RNAs
(siRNAs) are approximately 21–22 bp double-stranded molecules with two nucleotides
overhanging at the 3′-end specific sequences and direct mRNA cleavage [45], which leads
to inhibition of the translation of the targeted RNA due to its degradation. Therefore,
synthetic siRNAs can be used in mammalian cells to tackle disease-causing genes (Figure 3).
Synthetic non-coding RNAs can also specifically inhibit a target RNA via its microRNA
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(miRNA) function. For instance, short hairpin RNA (shRNA) and bifunctional short hairpin
RNA (bi-shRNA) can inhibit target wild mRNAs or mutate mRNAs [46].
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RNAi is also used to develop novel approaches for viral infections, cancer, and au-
toimmune diseases [47]. Approximately 20 clinical trials have been initiated using mi-
cro(mi)RNA and siRNA, and 19 ongoing trials are with siRNA only [48,49]. The first
RNAi-based drug accepted and approved by the FDA (the U.S. Food and Drug Administra-
tion) is Patisiran (ONPATTRO™) [48,50–52]. Patisiran, a siRNA drug administered by IV
infusion to treat hereditary TTR amyloidosis (hATTR), was accepted by the US FDA. hATTR
is a medication for treating polyneuropathy caused by the rare lethal disease hereditary
transthyretin-mediated amyloidosis. It is an effective gene-silencing drug. In the same
month, another drug treating hTTR applied for NDA called Inotersen (ASO-based) by Ionis
Pharmaceuticals (Carlsbad, CA, USA). As a result, the production of an abnormal form of
transthyretin is inhibited (a genetic autosomal dominant disease caused by a mutation in
the TTR gene, rapidly progressive, and affecting approximately 50,000 people worldwide).
In November 2017, Alnylam Pharmaceuticals announced positive results from the APPOLO
Phase 3 study and submitted an enrollment to the FDA for new drug discovery. In addition
to their precise mechanism of action, siRNAs have higher specificity, higher potency, and
greater reduced toxicity than protein-based drugs or other small molecules, making them
apposite for cancer researchers [53,54].

Moreover, multiple genes (oncogenes, mutated tumor suppressors) can be targeted.
More modifications are being constantly made to improve their biological safety, serum
stability, off-target effects, and appropriate in vivo delivery [55]. For example, adding a
2′-modification of the ribose ring increases the endonuclease resistance of the siRNA.

Silenseed’s drug, siG12D-LODER, targets pancreatic cancer and, combined with
chemotherapy, shows improvement in Phase I clinical trials [56]. In 2017, the company
announced that they would continue with Phase II trials with clinical trials gov. identifier:
NCT01676259. Another up-and-coming drug is RXI-109 by RXi Pharmaceuticals. It is
a self-delivering siRNA that decreases the expression of connective tissue growth factor
(CTGF) and improves the visual appearance of fibrosis and post-surgical scars. In August
2018, positive results were announced by Rxi Pharmaceuticals in Phase 1/2 clinical trial
with RXI-109 for retinal scarring.

3.2. Guide RNA

CRISPR (clustered, regularly interspaced short palindromic repeats) is the name at-
tributed to a family of DNA segments containing short repeated sequences from viruses,
bacteriophages, or plasmids that have infected the bacterium in the past. CRISPRs are
present in the locus CRISPR and other gene elements in bacteria and archaea. The bacterium
uses short repeats to recognize and destroy the genomes of viruses similar to those that
originated CRISPRs, thus constituting a form of acquired immunity system of prokary-
otes [57]. CRISPRs are one of the essential elements of the CRISPR/Cas system, which is
also involved in the acquired immunity of prokaryotes. The specificity of action of the
CRISPR/Cas9 system is performed by a guide (g) RNA, which has specific primary and
secondary structures.

A simplified version of this system has been created to provide a robust and precise
genetic editing tool, which is much easier to use and, at the same time, cheaper than
previous technologies. The new CRISPR-based strategies expand the possibilities, resulting
in better diagnostics and environmental monitoring [58]. Thanks to the CRISPR/Cas9
system, it has been possible to modify the genes of multiple organisms permanently.

Recently, a technique was used to inhibit the urothelial cancer-associated 1 (UCA1)
long non-protein-coding RNA by CRISPR/Cas9 to prove that the target has a role in
the progression of bladder cancer [59]. UCA1 regulates embryonic development and
bladder cancer invasion and advances as a regulator of the expression of different genes
involved in tumorigenesis and embryonic development [60]. Several studies show that
UCA1 is pivotal in anti-cancer drug resistance [61]. Its overexpression correlates with
chemotherapeutic resistance (cisplatin, gemcitabine, EGFR-TKIs, imatinib, tamoxifen, and
5-FU). In that case, UCA1’s knockdown results in a drug sensitivity restoration and is
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expected to be a suitable diagnostic marker [61]. UCA1’s knockdown was revealed to
restrain cell proliferation, migration, and invasion in large B-cell lymphoma by suppressing
miR-331-3p expression [62]. It was also suggested as a possible medicinal target and
biomarker for large B-cell lymphoma.

4. Functional Synthetic Nucleic Acids as Tools for Drug Discovery
Synthetic Hammerhead Ribozymes as Therapeutics

Ribozymes are RNA enzymes that catalyze a chemical reaction like any other protein
enzyme. They are highly applicable to manipulating various biological systems [63]. Since
the identification of the first ribozyme in 1980 by Thomas R. Chech, applications of new
synthetic ribozymes have been of great interest. The hammerhead ribozyme (HHRz) is one
of the most frequently used types of catalytic RNA in drug discovery and development
(Figure 4). Allosteric HHRz can be engineered as a biosensor by computational [64] and
in vitro selection methods [65]. HHRz is a small ribozyme well-known for its capability
of catalyzing the site-specific cleavage of a phosphodiester bond by hydrolyzes. HHRz
consists of approximately 30 nucleotides that form 3 base-paired stems and a core of non-
complementary nucleotides responsible for catalysis. The great interest in research in
hammerhead ribozymes is due to their ability to block gene expression; therefore, they take
place in developing new therapeutic agents [66].
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Hammerhead ribozymes cleave the HIV-1 sequences in a cell-free environment in
research. This has led to the development of human cells expressing the hammerhead
ribozyme that, once treated with HIV-1, decreases the levels of HIV-1 gag RNA, which has
been observed [67].

In gene therapy research, a HHRz was introduced to gastric carcinoma cells over-
expressing a carrier protein responsible for multidrug resistance (MDR) in breast cancer
cells (BPCR). The hammerhead ribozyme in question is an anti-BPCR agent that targets
the BPCR-mRNA. By this method, the expression of the BPCR decreased dramatically
(Figure 4) [68].

Investigations in trans-activating ribozymes showed that HHRz can be developed to
attack the desired RNA and consequently block its gene expression. This represents a pow-
erful tool in gene therapy against pathogens or genetic diseases [69]. There are results for the
pseudoknot-type hammerhead ribozyme PK-HHRz, activated by a pseudoknot interaction
between loops I and II, with higher cleavage activity than the wild-type sequence [70]. The
increased activity of the pseudoknot-type hammerhead ribozyme PK-HHRz is achieved by
elongating loop II. PK-HHRz could be used as a fundament for designing new variants
of gene-regulating drugs. Recently, M1 ribozymes have been successfully used to target
various RNA viruses in vitro and in vivo. This ribozyme is based on the RNA part of the
RNase P of E. coli [71].

5. Factors Affecting Therapeutic Potency

Several essential factors generally affect the therapeutic potency of functional nucleic
acids and ASOs, such as delivery in vivo, nuclease resistance, renal filtration, and toxicology.

5.1. Delivery

Although in the last 20 years, a lot of progress has been made in ASOs, one of the
biggest challenges is still the successful delivery of the drug to its target in vivo [72].
The delivery of ASO in the human body depends on its generation. ASOs have different
modifications and varying physical and chemical properties. Thus, they must be considered
when choosing the methods for ASO delivery. Highly charged ASOs (PS-ASO) cannot
passively diffuse across the lipid bilayer [23]. Examples of specific uptake of various
charged and uncharged ASOs by different cultured cells and mouse models, known as
gymnotic uptake, are exceptions to the rule. There are also results showing the uptake of
uncomplexed ASOs, which occur in vivo in lung tissues [73].

There are different ways of administering ASOs, such as systematic applications
that include subcutaneous, intradermal, intravenous, intrathecal, and topical applications.
ASOs can be directly administered to cerebrospinal fluid (CSF) by intracerebroventricular or
intrathecal infusion and via intranasal administration for delivery to brain cells. Once ASOs
are in the organism, there are two main barriers to delivering them to their target. The first
is the tissue barrier that the therapeutic ASO has to reach. Whether ASOs can successfully
pass the vascular endothelial barrier, reticuloendothelial system (RES), blood-brain barrier,
or renal excretion depends significantly on their size. Molecules transported between the
blood and the parenchymal space are of limited size, up to 70 nm. Even if individual ASOs
fit this criterion, they can still be removed by phagocytes or ultrafiltered by the kidneys.
Different methods exist to avoid it, such as applying modified surfaces with polyethylene
glycol or PS-ASOs that bind to specific plasma proteins [74]. The other main barrier is the
permeation into the cells (cellular uptake), intracellular transport, and endosome escape.
Generally, ASOs are taken into the cells by endocytosis, caveolar potocytosis, or pinocytosis.

There is an additional difference in the delivery of the ASO to its target cell depending
on whether it is only the ASO or ASO attached to a carrier to facilitate the transportation.
These carriers can be liposomes, lipids, nanoparticles, polymers, cell-penetrating peptides
(CPPs), antibody conjugates, etc.

Liposomes and charged lipids are often used for ASO and siRNA delivery. Liposomes
are spherical vesicles with at least one phospholipid bilayer [75]. On their inside, they are
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aqueous and can contain polar therapeutic molecules, including first and second-generation
ASOs. On the other hand, cationic lipids are effective at transportation because they form
strong complexes with ASOs due to their opposite charges. Liposomes are taken into the
cells by membrane fusion, while the cationic lipids are via endocytosis.

CPPs have shown promising results as carriers of therapeutic molecules for different
diseases. They are oligopeptides (6–30 residues) and can move through the cell membrane
at low concentrations in vitro and in vivo [76]. They can be covalent or noncovalent to their
cargo, but the covalent bond provides more stable conjugates [77]. It can be considered that
negatively charged ASOs coupled with conjugated cationic CPPs could interact and lose
their antisense or delivery properties. However, this does not affect neutrally charged ASOs
such as LNA, PMO, and chimeric first and second-generation ASOs. Another occurrence
is that the bond position matters, too, as CPP coupled at the 5′-end of the PMO is more
active than at the 3′-end. CPP-PMO is an example of successful ASO transportation and
general therapeutic effects, which passes the blood-brain barrier (BBB) and corrects aberrant
splicing in ataxia-telangiectasia [78].

Antibodies have proven pharmaceutical significance as therapeutic agents. Specifically,
monoclonal antibodies (mAbs) come from a single clone of cells designed to target specific
antigens available in particular cells or tissues [79]. They can be used for conjugation with
ASOs, and once administered, they are recognized by specific receptors, which will help
them with cellular uptake by endocytosis. For instance, radioactively labeled anti-luciferase
PNA conjuring to OX26 mAb successfully passes the blood-brain barrier and shows the
luciferase-expressing brain tumors in rats in vivo [80].

N-acetylgalactosamine (GalNAc) is an amide derivative of the monosaccharide galac-
tose. It involves intercellular communication and can be a targeting ligand of specific
ASOs and siRNA. It binds to the asialoglycoprotein receptors on hepatocytes and ensures
the introduction of the drug into the liver. Most of the recently approved siRNAs are
conjugated with GalNAc. For example, GalNAC-siRNA conjugates have been used for
delivery to the liver and eliminate the siRNA delivery problem for liver hepatocytes [81].

As many tissues can be reached only by systemic administration in vivo, the small
RNAi therapeutic molecules must be conjugated with bigger carriers for filtration resistance
and successful delivery to their target [82]. Such carriers are often non-viral vectors, such
as nanotechnology-based ones. Among the frequently used are lipid-based—liposomes
and lipoplexes. A cholesterol conjugate is another transporter that can carry inside the
designed RNAi. As cholesterol is a component of the cell membranes, the conjugate passes
quickly through the membrane and releases the RNAi inside the cell [83].

5.2. Stability

The drug’s half-life depends directly on its volume of distribution or on how widely
it is distributed in the body. As much as the drug is widespread in the patient’s body, its
half-life is longer. In addition, the half-life of this same drug is inversely dependent on its
release from the body, which means the half-life is shorter when the drug release rate from
the body is higher.

One of the most significant limitations in achieving the required effective dose of
antisense oligonucleotide without reaching toxic therapy levels is that ASOs have a short
cell half-life. That means the amount of drug needed to reach the effective dose will be
achieved with a daily intake of common medications with a supporting role. Because the
drug will be taken on a schedule, the half-life in the body plays a role to the extent that it
determines the frequency of taking medicine. If we talk about drugs taken sporadically
and at longer intervals than their half-life, the drug will not stay in the body long enough,
and its short half-life will negatively affect its effectiveness.

DNA and RNA have phosphodiester backbones, which are susceptible to nuclease
degradation. This limits the application of antisense oligonucleotides as therapeutic agents
if they are not modified. The chemical modification of the ASO could enhance metabolic
stability. The phosphorothioate modification (PS modification) is the most widely used
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modification, which replaces a single oxygen atom from the backbone with a sulfur atom.
This chance increases the stability of the antisense oligonucleotides and enhances their bind-
ing affinity to their target [84]. Unmodified ASOs have a short half-life in vivo—around one
hour in human serum. First-generation ASOs have half-lives of 9–10 h in human serum and
19 h in the cerebrospinal fluid of rats due to their PS modification and ability to attach to
plasma proteins (thus, be safe from filtration). The LNA antisense oligonucleotide lifespan
depends on the design of the chemical structure and could be up to 5–8 days. Laboratory
tests showed that unmodified oligodeoxynucleotides had a half-life of 1.5 h. Another four
LNA have been tested, increasing human serum lifespan ∼10-fold to ∼15 h. The main
conclusion from the monitored results is that the stability of chimeric LNA/DNA oligonu-
cleotides is much higher compared with 2′-O-methyl and phosphorothioate gapmers with
half-lives of 12 and 10 h, respectively [32]. The half-life of the PMO-based Eteplirsen is 2 to
6 h in plasma.

Regarding RNA interference, unmodified siRNA has a shorter half-live in serum
than the modified [83]. For example, it is proven that cholesterol conjugates added to
siRNA increase their half-life in human serum and protect it from renal clearance. There
are statistical analyses of PS-ASO experiments with enhanced antisense efficiency, which
found motifs like: “CCAC”, “TCCC”, “ACTC”, “GCCA”, and “CTCT”. When the PS-ASO
shows diminished antisense efficiency, found in motifs like “GGGG”, “ACTG”, “AAA”,
and “TAA” [85].

5.3. Toxicity of ASOs

In contrast to many synthetic proteins, ASOs rarely induce or induce an immune
response in humans, which is a significant advantage for their clinical usage. ASOs tend
to produce transient toxicities in rodents, primates, and humans. Sometimes, however,
the toxicities can have mild to moderate effects. The toxicities of ASOs can be sequence-
independent or sequence-dependent. The sequence-independent toxicity is caused by
backbone chemical modifications that may lead to unwanted non-specific protein binding.
For instance, PS-ASOs may form disulfide bonds with peptides. A vigorous bioinformatics
search can avoid the sequence-independent toxicities that can reduce off-target hybridiza-
tion to a minimum during the designer stage of ASOs. The most common types of acute
toxicity are high serum transaminase levels, partial thromboplastin prolongation, and tran-
sient activation of complement cascades. ASO toxicity can lead mainly to proinflammation,
nephrotoxicity, hepatotoxicity unrelated to lysosomal accumulation, and thrombocytope-
nia [86]. There is a clear dependency between the accuracy and the thermodynamic stability
of ASO/mRNA hybridization and ASO’s cytotoxicity published by us this year in Antibi-
otics [65]. These findings can be used by the design of the ASOs to reduce their non-specific
cytotoxicity.

For example, the CpG-motif ASOs trigger a proinflammatory response, causing ac-
tivation of Toll-like receptor 9, also known as TLR9. CpG motif ASO’s properties have
been tested for therapeutics for cancer therapies. However, antisense oligonucleotides have
a specific design and minimize the proinflammatory responses by avoiding CpG motifs.
They can elicit a proinflammatory reaction if their dose level is high in the body and weaker
than the CpG-motifs [87].

The human immune system possesses a specific innate immune pathway that senses
cytosolic DNA [88]. It is known as the STING pathway and is responsible for activating
downstream signaling events such as interferon regulatory factor 3 (IRF3) activation and
human interferon-beta protein (IFN-β) gene expression [88]. IFR3 is an analog of the in-
terferon regulatory factors 1 and 2, with functional domains like a nuclear export signal,
a DNA-binding domain, a C-terminal IRF association domain, and regulatory phospho-
rylation sites. It is part of the interferon transcription factors family. In the cytoplasm, it
is inactive. After phosphorylation with serine or threonine, it forms a complex, which
translocates to the nucleus. It manifests its transcriptional activity role affecting the in-
terferons alpha and beta genes [89]. The fibroblasts‘ antiviral activity mainly involves
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the innate immune response by producing IFN-β proteins. Multiple post-translational
modifications regulate different steps of the STING pathway. The STING pathway detects
sequence-nonspecific cytosolic DNA species with more than ~70 bp in human cells [90].
It also senses different RNAs, cyclic-di-GMP, and cyclic-di-AMP generated by numerous
intracellular bacteria, such as Listeria monocytogenes, essential in microbial pathogenesis
mechanisms of host defense causes of inflammatory disease and cancer.

6. Riboswitches as a Target for Antibacterial Drug Discovery

Riboswitches are strongly conservative gene control elements, primarily found in
the 5′-UTR region of mRNA, where they control the gene expression of some vitamin
precursors like riboflavin, thiamin, and cobalamin, amino acids like methionine and lysine,
the synthesis of some nucleotides like adenine, and guanine, and other essential metabolites
by two main regulatory mechanisms such as termination of transcription, and prevention of
translation [91,92]. Some riboswitches regulate gene expression by trans-acting regulatory
mechanisms and self-cleavage. As biosensors, they sense the presence of small molecules
and bind to specific essential ligands that trigger conformational changes or have an
essential role in biofilm formation [93]. The riboswitches are found in many bacteria,
archaea, plants, and fungi but are still not in the human genome. There are criteria to classify
the suitability of each riboswitch class for targeting antibacterial drugs [10,94]. The first one
is the riboswitch found in human bacterial pathogen bacteria. The second is the riboswitch
to control the biochemical pathway(s) to synthesize essential metabolites in the bacterium,
which does not have an alternative biosynthetic pathway without riboswitch control.

The third criterion is the synthesis of transporter protein for the essential metabolite to
be under riboswitch control. It must fulfill all requirements to be classified as a promising
riboswitch class for an antibacterial target. The design of therapeutic molecules, such as
ASOs, which can bind in vivo to the aptamer domain, might be the answer to successfully
creating entirely new classes of antibiotics [64]. Recent studies prove the inhibition effect of
chimeric ASOs on the bacterial growth of S. aureus targeting SAM-I riboswitch [95]. The
combined application of the first two ASOs, which target the glucosamine-6-phosphate
(glmS) riboswitch and the nagA mRNA, block the synthesis of glucosamine-6-phosphate
entirely and inhibits the bacterial growth of S. aureus [3]. Other engineered ASOs have
been tested as antibacterial agents that target the flavine mononucleotide (FMN) riboswitch
and inhibit the growth of E. coli, L. monocytogenes, and S. aureus [96]. Moreover, we have
successfully targeted thiamine pyrophosphate (TPP) riboswitch in S. aureus for antibacterial
drug development [97]. The compounds with proven antibiotic effects include Roseoflavin
(RoF) and 8-dimethyl-8-amino-riboflavin (AF), where the latter has lower toxicity [98].

7. Prospective of Applying Antisense Nucleic Acid-Based Strategies for
Drug Development

Antisense nucleic acid-based therapies can offer suitable treatment for genetic disor-
ders or infectious diseases. The antisense therapies must be adaptable, precisely created,
and selectively target the specific gene(s). ASOs are stable single-stranded molecules that
directly bind to the targeted mRNA by penetrating different tissues and cells when mod-
ified and attached to a cell-penetrating protein. When an RNA(s) sequence is known to
be causative of a specific disease, it is possible to prevent the function of this RNA(s) by
introducing different types of antisense nucleic acids in the cell. Many different types of
nucleic acids, such as PS-DNA, LNA, PNA, and other modified DNA oligomers, can be
employed in various antisense therapeutic strategies. These methods are generally based
on Watson-Crick’s complementary base-pairing between the ASOs and the targeted mRNA.
We can promptly design and synthesize such antisense oligonucleotides. Furthermore,
well-established methods exist for antisense oligonucleotide delivery in various cell types.

Moreover, we use various bioinformatics databases to find the most suitable (specific)
part of the targeted mRNA. Such databases include KEGG for biochemical pathways,
GeneBank for DNA and RNA sequences, Rfam, and Rswitch [99]. This will allow us
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to achieve a high selective antisense oligonucleotide-based inhibition, which can avoid
non-specifically targeting other RNAs and, therefore, may reduce many adverse effects of
our particular ASOs. Thus, we apply rational approaches to select our RNA targets [10].

In addition, we have established computational algorithms [11] and software [100]
for the design of allosteric ribozymes and postulated rational rules for the design of ASOs
that have all been proven to be over 90% successful [64]. They are all based on computing
secondary RNA structures and DNA/RNA hybridization using the partition function for
RNA folding in conjunction with thermodynamic parameters.

Since synthesizing the first ASOs in the 1960s, a few drugs based on antisense tech-
nology have been approved for patient treatment. The first approved drug is Fomivirsen
(Vitravene), a 21 nt-long PS-modified oligonucleotide. Its role was local cytomegalovirus
(CMV) retinitis treatment in patients with acquired immunodeficiency syndrome (AIDS)
by targeting CMV mRNA and inhibiting essential viral proteins [101]. However, in 2002, it
was withdrawn from the European Union market for commercial reasons [102].

The second drug is mipomersen (Kynamro), a second-generation 20 nt-long chimeric
ASO approved in 2013 and accu{ulated in the liver (Table 1) [103,104]. It inhibits apolipopro-
tein B-100 and increases the survival of patients with a rare genetic disease called homozy-
gous familial hypercholesterolemia (HoFH). HoFH is an autosomal dominant disease that
leads to increased low-density lipoprotein (LDL) and higher risks for atherosclerosis and
cardiovascular disease in approximately 1/1,000,000 people in Western Europe [105]. While
it has been approved only for the homozygous form of the disease, it is also being tested
for its therapeutic role in the heterozygous form of HoFH.

A new antisense drug already applied to a rolling submission to the FDA is alicaforsen
to treat pouchitis. It is a 20-base oligonucleotide that targets the intracellular adhesion
molecule-1 (ICAM-1) mRNA. It shows promising results in patients with pouchitis and
other inflammatory diseases, such as left-sided ulcerative colitis or proctitis.

Many antisense oligonucleotides are being designed and tested for their therapeutic
effects in cancer, neurodegenerative diseases, and cardiovascular or metabolic diseases. As
of this moment, one of the biggest pharmaceutical companies, Ionis (previously known as
ISIS), has over a thousand patents on RNAi and antisense oligonucleotides and 47 ASO
drugs (according to the Ionis Pharmaceutical pipeline website) under different phases of
clinical trials, including Volanesorsen, Inotersen (applied for NDA in November 2017)
and IONIS-HTTRx. The ASOs are in the cardio-renal, metabolic, neurological, infectious
diseases, rare cancer, ophthalmology, pulmonary and allergy, hematology, and other ther-
apeutic areas. Currently, there are 16 FDA-approved drugs based on oligonucleotides.
Ten are based on ASOs, with two withdrawn (Table 1), 5 are based on siRNAs, and 1 is
based on an aptamer and is withdrawn. ASO-based drugs have the highest number
among all oligonucleotide-based FDA-approved drugs. The main reason for that is the
single-stranded nature of ASO in contrast to siRNA and the lack of secondary and tertiary
structures in contrast to the aptamers.

Regarding antibacterial resistance and overgrowing global problems, antisense oligonu-
cleotides inhibit the expression of crucial genes in pathogenic bacteria, leading to their
death [106]. Examples of such ASOs are third-generation PNA and PMO, which, combined
with CPP, have a much increased cellular effect in vitro and in vivo [8,107]. Therefore, there
are reasonable expectations that some ongoing preclinical experiments and clinical trials
will successfully produce approved medicines.

In recent years, artificial intelligence (AI) has had an increasing number of applications
in drug discovery. Various techniques, such as reasoning, solution search, and machine
learning (ML), are parts of AI, and ML applies algorithms that recognize patterns in a
database. An essential area of ML is deep learning (DL) based on artificial neural networks
(ANNs) [108]. AI algorithms such as solution search and ML can establish promising RNA
targets in different diseases using ASOs or ribozymes. ML is applied for drug design and
target discovery [109].
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Table 1. ASO-based drugs approved by the FDA. There are 10 ASO-based drugs approved, of which
the first 2 are withdrawn.

No. Names Target Year of Approval Administration Chemical
Modification Company

1 Fomivirsen
(Vitravene®)

Cytomegalovirus—the
gene for CMV

immediate-early
2 protein

1998
Withdrawn Intravitreal PS Ionis

(Carlsbad, CA, USA)

2 Mipomersen
(Kynamro®)

Hypercholesterolemia
(FH)—the gene APOB

encoding
apolipoprotein B

2016
Withdrawn Subcutaneous 2′-O-MOE, PS Genzyme

(Cambridge, MA, USA)

3 Eteplirsen
(Exondys 51®)

Duchenne muscular
dystrophy

(DMD)—Rescue the
expression of

dystrophin through
exon-51

2016 Intravenous PMO Sarepta
(Cambridge, MA, USA)

4 Nusinersen exon-7 inclusion of the
mRNA of SMN2 gene 2016 Intrathecal 2′-O-MOE, PS,

5-methyl cytosine
Biogen

(Cambridge, MA, USA)

5 Inotersen
(Tegsedi®)

Hereditary
transthyretin

(TTR) amyloidosis
2018 Subcutaneous 2′-O-MOE, PS Ionis

(Carlsbad, CA, USA)

6 Milasen DMD—dystrophin
through exon-45 2018 Intrathecal 2′-O-MOE, PS,

5-methyl cytosine

Boston Children’s
Hospital

(Cambridge, MA, USA)

7 Golodirsen
(Vyondys 53®)

DMD—rescue the
expression of

dystrophin through
exon-53 of DMD gene

2019 Intravenous PMO Sarepta
(Cambridge, MA, USA)

8 Waylira
(Volanesorsen) Apolipoprotein C3 2019 Intravenous 2′-O-MOE Akcea Therapeutics

(Cambridge, MA, USA)

9 Viltolarsen
(Viltepso) Exon 53 of DMD 2020 Intravenous PMO NS Pharma

(Kyoto, Japan)

10 Casimersen
(Amondys 45) Exon 53 of DMD 2021 Intravenous PMO Sarepta

(Cambridge, MA, USA)

Moreover, such AI algorithms can be employed for side effects and toxicity prediction
of ASOs, which are significant problems in light of the broad applications of ASOs as
therapeutic agents. In addition, HTS and HCS arrays can be used to test side effects and
the general and specific toxicity of many ASOs [110]. Such arrays are also applicable for
fully automated evaluation of the efficiency of various methods for ASO delivery, general
toxicity, and specific RNA inhibition in various cells.

Several issues are using ASOs to develop new drugs, including the half-life of ASOs
in vivo, toxicity, accuracy, and delivery methods that can be tackled rationally. For instance,
the half-life of ASOs in vivo can be increased by increasing their molecular weight by
reducing the renal filtration rate of ASOs. The main advantage of ASO technology is that
all these issues can be tackled rationally and systemically because the primary mechanism
of action of ASOs is based on DNA/RNA hybridization with Watson–Krick hydrogen
bonding that is easy to predict and engineer. The ASOs can quickly be delivered in the cell
if coupled with CPP [3,97].

The AI and genome-wide analyses can be used to find and avoid the mis-hybridization
of ASOs to unintended RNAs. To address this problem, thermodynamic and kinetic
parameters can be computed [11] for the gap between the perfectly matching ASO and
its RNA target and the unintended RNA(s). In addition, the non-specific binding of some
thiol-modified ASOs from the first generation to proteins can be limited by reducing the
number of thiol-modified nucleotides or applying second or third generations of ASOs.
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Kidney filtration removes the ASOs from the bloodstream within several hours, which
worsens their pharmacokinetic properties to increase the molecular weight of the ASOs
and decrease the rate of their kidney filtration; glycoproteins can be attached to them.
There are many different glycoprotein types; some aggregate with other proteins, causing
problems. Therefore, the glycoproteins used for attachment to ASOs must be chosen wisely,
considering the possibility of binding to other proteins in the cell. It is also possible to use
proteins that target a specific cell type. Apart from that, there are three other theoretical
possibilities for the cell to develop resistance against the ASO that are very difficult to make
because more than one mutation in many genes is needed for the cell to degrade the ASO
quickly to export it outside the cell, etc.

To achieve significant inhibition, the type of ASO must be carefully chosen following
the targeted RNA expression level. For instance, if the targeted RNA has a relatively low
expression level, a single-turnover acting ASOs of the second or third generation can be
employed. On the contrary, if the targeted RNA has a relatively high expression level,
multi-turnover acting ASOs via RNase H of first or chimeric of first and second-generation
can be applied. Moreover, such ASOs can also work via RNAse P if three nucleotides CCA
at the 3′-terminus of ASOs do not hybridize with the targeted RNA. In addition, the ASOs
must not self-hybridize and form stable secondary structures to achieve high inhibition
efficiency because that will prevent them from hybridizing with the targeted RNA.

The targeted site of the RNA has to be single-stranded to be fully accessible for
hybridization with the ASO. This can be assessed with programs for the computation of
RNA secondary structures to reduce the possibility of mutations in the targeted RNA site
that are non-complementary to the ASO, thus the targeted RNA sequence must be highly
conserved. However, mutations in the targeted RNA can arise, rendering the ASO cab
inefficient. When this happens, the targeted RNA can be sequenced, and the ASO sequence
can be altered to complement its targeted RNA site.

Administration and delivery methods are essential in applying ASOs in vivo [111].
ASOs can be used locally via topical administration or intramuscular or intravenous
injections. ASOs can enter the cell via attached cell-penetrating oligopeptides (CPPs) and
various nanoparticles. Some of the carriers can have specificity to particular cells. For
instance, CPPs enter only bacterial cells, reducing the side effects of antibacterial ASOs on
human cells. There are 5 siRNA-based drugs and only 1 aptamer-based drug, which is
withdrawn (Table 2).

Table 2. siRNA and aptamer-based drugs approved by the FDA. There are 5 siRNA-based approved
drugs and only 1 aptamer-based drug, which is withdrawn.

Type Drug FDA Approval Company Disease

siRNA

Patisiran 2018 Ionis
(Carlsbad, CA, USA)

Hereditary transthyretin-mediated
amyloidosis

Givosiran 2019 Alnylam
(Carlsbad, CA, USA) Acute hepatic porphyria

Lumasiran 2020 Alnylam
(Carlsbad, CA, USA) Primary hyperoxaluria type 1

Inclisiran 2021 Novartis
(Basel. Switzerland) Primary hypercholesterolemia

Vutrisiran 2022 Alnylam
(Carlsbad, CA, USA)

Hereditary transthyretin-mediated
amyloidosis

Aptamer Pegaptanib 2004 (withdrawn) Pfizer/Eyetech
(New York City, NY, USA)

Neovascular (wet) age-related
macular degeneration

8. Conclusions

Functional and antisense nucleic acids are essential molecules for drug discovery
and development. They can be used as drug targets and discovery and development
tools. The results from the Human Genome Project showed that only ∼2% of the human
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genome encodes for proteins; the rest are noncoding RNAs. Many efficient methods exist
for delivering nucleic acid oligomers in vitro and in vivo. Modern nucleic acid chemistry
lets us synthesize various oligomers, inducing modified DNAs and RNAs, LNAs, and
PNAs [112]. These four oligonucleotides possess different thermodynamic stabilities when
hybridizing to target RNA. They have other methods for administration, half-life time in
the cell, and pharmacokinetic properties. Therefore, antisense nucleic acid technologies
offer flexible tools that can successfully adapt to a broad range of clinical trials. These
nucleic acids can be used as ASOs based on Watson-Crick’s complementary base pairing to
target any mRNAs in the cell.

Since mRNAs are present in all life forms, antisense technologies can be regarded as
versatile tools for drug development. The full potential of these technologies will be reached
in the next several years since there are over 20 antisense drug candidates in various phases
of clinical trials. These clinical trials tackle various disorders and include antiviral and
anti-cancer treatments. Several ASO drugs, such as Mipomersen, Eteplirsen, Vyondys,
Viltepso, and Amondys, are in use, and their number is expected to grow. Functional
nucleic acids such as riboswitches and ribozymes serve as molecular targets and tools for
drug development. At least 28 riboswitches regulate the gene expression of many critical
biochemical pathways in 59 human bacterial pathogens [1,113]. Rational designer methods
can be employed for all functional and antisense nucleic acids for drug development with
a 100% success rate [64] that can benefit the pharmaceutical industry.
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Abstract: Resistance to antibacterial agents is a growing global public health problem that reduces
the efficacy of available antibacterial agents, leading to increased patient mortality and morbidity.
Unfortunately, only 16 antibacterial drugs have been approved by the FDA in the last 10 years, so it is
necessary to develop new agents with novel chemical structures and/or mechanisms of action. In
response to this, our group takes up the challenge of designing a new family of pyrimidoisoquino-
linquinones displaying antimicrobial activities against multidrug-resistant Gram-positive bacteria.
Accordingly, the objective of this study was to establish the necessary structural requirements to
obtain compounds with high antibacterial activity, along with the parameters controlling antibacterial
activity. To achieve this goal, we designed a family of compounds using different strategies for drug
design. Forty structural candidates were synthesized and characterized, and antibacterial assays
were carried out against high-priority bacterial pathogens. A variety of structural properties were
modified, such as hydrophobicity and chain length of functional groups attached to specific carbon
positions of the quinone core. All the synthesized compounds inhibited Gram-positive pathogens
in concentrations ranging from 0.5 to 64 µg/mL. Two derivatives exhibited minimum inhibitory
concentrations of 64 µg/mL against Klebsiella pneumoniae, while compound 28 demonstrated higher
potency against MRSA than vancomycin.

Keywords: synthesis; antibacterial agents; quinonic-antibiotics; structure–activity relationships;
Craig plot; methicillin-resistant Staphylococcus aureus; Enterococcus faecium; Klebsiella pneumoniae;
antibacterial activity; drug discovery; quinone-antibiotics; Free-Wilson

1. Introduction

Resistance to antibacterial agents is a global problem that often eliminates treatment
options in remote locations for several infectious diseases to directly increase mortality [1].
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There will be approximately 10 million increased deaths caused by resistant microorganisms
by 2050 if no initiatives solve this problem [2]. Investment in creating new antimicrobials
has steadily decreased over the last ten years despite the alarming increase in drug re-
sistance [3]. The development of compounds with new mechanisms of action has also
decreased in the last decade [3,4]. This problem is worsened by a general lack of interest
from the pharmaceutical industry in this market [5,6]. The insufficient investment can
be attributed to the perceived low economic return for these types of drugs compared
to other pharmacological targets, including treatments for chronic diseases [3,6]. More-
over, this lack of interest is further compounded by various factors. These factors include
the focus on short-term curative treatments [3,6], the strict control and restricted use of
new antibiotics [7,8], the emergence of generic forms after the expiration of intellectual
property patents [6], increased demands by the FDA to demonstrate the efficacy of new
antibacterial agents [7], and lastly, the occurrence of drug resistance prior to or shortly after
their introduction to the market. Each of these reasons contributes to a decrease in their
use and expected economic return [5]. This sentiment is reflected in the fact that only 16
antibacterial compounds have been introduced to the market since 2013 [9–11].

To address this problem, public and non-governmental organizations (NGOs) have
started more than 50 initiatives to develop new antibacterial drugs based on known com-
pounds that would likely never be developed in the private pharmaceutical sector. These
public-private initiatives include the Joint Programming Initiative on Antimicrobial Re-
sistance (JPIAMR), the Innovative Medicines Initiative’s (IMI’s) New Drugs for Bad Bugs
(ND4BB) Program, the Biomedical Advanced Research and Development Authority’s
(BARDA) Broad Spectrum Antimicrobials Program, and the Combating Antibiotic Resis-
tant Bacteria Biopharmaceutical Accelerator (CARB-X) [12]. The World Health Organization
(WHO) published a list of priority pathogens to guide R&D efforts in the development of
new antibacterial drugs called [10].

Within the critical priority group are bacteria such as Pseudomonas aeruginosa and
enterobacteria (such as Escherichia coli and Klebsiella sp.) resistant to carbapenems and
third-generation cephalosporins. On the other hand, bacteria such as vancomycin-resistant
Enterococcus faecium and methicillin- and vancomycin-resistant Staphylococcus aureus are
still under-served and remain classified as high-priority pathogens [10].

In this context, we previously described the synthesis and evaluation of a collection
of arylmercaptoquinonic derivatives that exhibit activity against vancomycin-resistant
Enterococcus faecium (VREF) and methicillin-resistant Staphylococcus aureus. These com-
pounds demonstrated 128-fold higher activity against clinical isolates of VREF compared
to vancomycin while not affecting the viability of HeLa, HTC-116, SH-SY5Y, or Vero cells
in toxicity assays [13,14]. However, there is still a significant gap in our understanding
regarding how modifications to the quinone core can impact their biological activity. Based
on this, we designed an extensive series of new pyrimidoisoquinolinquinone derivatives
and synthesized them to test their antibacterial activities against high-priority pathogens
declared by the WHO. The objective of this study was to investigate the structure–activity
relationship of this novel family of antibiotic compounds.

To explore this possibility, we designed an extensive series of new pyrimidoisoquino-
linquinone derivatives, carrying out their synthesis and testing antibacterial activities using
high-priority pathogens declared by the WHO.

The structural requirements necessary to obtain compounds with high antibacterial
activity were identified together with the defined parameters that modulated antibacterial
profiles. Computational chemistry and crystallographic studies were incorporated to
explain the obtained results. The structure–function relationships of these compounds were
explored in the context of developing lead drugs for further investigation.
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2. Results and Discussion
2.1. Drug Design

Recently, we reported a new kind of quinone-antibiotic exhibiting anti-infective proper-
ties against different Gram-positive pathogens [13]. In this study, only a few modifications
on the thiophenolic ring substituent were carried out; this reason led us to develop extents
on the study of the structure–activity relationship considering a rational design, synthe-
sis, and evaluation of the antibacterial activity of novel compounds of general structure
pyrimidoisoquinolinquinone. The P1 structure (Table 1) was selected as a prototype for
further optimization using five optimization strategies. First, the Craig model allowed us to
analyze the influence of para-aromatic substituents on biological activity. To contextualize
the chemical activities of the derivatives, we grouped theoretical structures in a cartesian
graph whose X and Y axes corresponded to the lipophilicity (π) and Hammett substituent
constant (σ) parameters of the substituents. For the development of this strategy, we used
the compounds previously synthesized in Campanini et al. work [13]. We created a theoret-
ical derivative space in which all possible substituent combinations in the four quadrants
of π and σ were displayed in the para position. We calculated molar refractivity (MR)
to evaluate the steric influence of substituents on antibacterial activity. Next, we tested
classic isosteric replacement by substituting the sulfur atom with nitrogen to determine
whether another heteroatom could be used in this position. Third, we performed double
substitutions on the thiophenolic ring using a Free-Wilson analysis as a tool to evaluate
if the disubstituted compounds had antibacterial activity. Fourth, we performed three
homology substitution studies to explore: (1) the effect of the distance between the aromatic
ring and the sulfur atom, (2) the effect of the addition of thioalkyl derivatives instead
of thioaryl substitutions with the purpose of determining whether the compounds with
alkylic chain possess antibacterial activity and the influence of its carbon chain length on
the activity, and (3) the effect of modifying position 6 of the tricyclic quinone core on overall
activity. We finally added a second chemical group to the tricyclic quinone core to create
homodisubstituted derivatives in positions 8 and 9.

A summary of the modifications performed is shown in Figure 1.
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2.2. Synthesis

The compounds were synthesized in two consecutive stages. In the first stage, the
tricyclic quinone cores 3, 4, and 5 were obtained according to the general procedure A,
described by Valderrama et al. [15] and Campanini et al. [13]. This step proceeds via a
‘one-pot’ reaction, starting with the oxidation of the respective hydroquinone precursor to
the quinone ring with silver oxide I at room temperature. The activated quinone reacted
with the aminouracil via [3 + 3] cyclization giving rise to the tricyclic hydroquinone
intermediate, which was rapidly oxidized aerobically to the respective quinone core. The
proposed reaction mechanism is shown in Figure 2.
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In the second stage, regioselective addition to the quinone is performed using four
different procedures based on the reactivity of the precursors. For compounds with aniline
derivatives, the direct addition of the complete reagent, in equimolar amounts relative to
the tricyclic quinone, to the reaction mixture resulted in the predominant formation of only
the C-8 regioisomer, corresponding to the derivative with the nitrogen atom attached to
the 8-position of the tricyclic quinone core. In this way, the addition of higher proportions
of reagent to quinone (2:1) did not generate diaddition products (substituted in 8- and
9-positions). The C-9 regioisomer was not detected in any case. On the other hand,
compounds with thiophenol and alkylthio derivatives were slowly added dropwise to the
reaction mixture in order to avoid the formation of diaddition compounds. Through this
procedure, it was observed that the major products corresponded to the C-8 regioisomers.
Similar to the compounds with aniline derivatives, the formation of the C-9 regioisomer
was not observed. Finally, considering the possibility of diaddition with thiophenol or
alkylthio derivatives, a new procedure (“D”) was developed to obtain compounds C-8 and
C-9 substitution in order to include this type of structure in the analysis of structure–activity
relationship. A summary of the general procedures for obtaining the compounds is shown
in Figure 3, and the Supplementary Materials in Figures S1–S4.
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Figure 3. General scheme for obtaining target compounds through the general procedures used.

The regioselectivity observed in these reactions with quinones 3 and 4 can be explained
by the effect of the cerium ion, which acts as a catalyst [16] that favors the nucleophilic attack
at position C-8 by coordination with the nitrogen heteroatom and/or with the carbonyl
group at position C-10, favoring its electron-attractor character and thus allowing the
nucleophilic substitution at C-8 [17]. With these results, general procedure B was employed
for the thiophenolic compounds 7–9, 11–21, 30–34, and 38–47, and general procedure
C for the arylamines compounds 22, 24, and 26–29. Given the synthetic possibility of
obtaining homodisubstituted compounds via aerobic oxidation, the general procedure D
was developed, affording compounds 35–37.

Interestingly, the synthetic route described in general procedure B for the tricyclic
quinonic core 5 produced a mixture of C-8 and C-9 isomers in a 73:27 ratio. These results
were similar to those reported by Valderrama et al., who studied the addition of cycloalkyl-,
n-alkyl-, and arylamines to the phenanthridin-7,10-quinone core [18].

Additionally, compound 11 was subjected to an aryl nitro reduction reaction with
iron powder in an acidic medium which allowed obtaining compound 6 [18]. Due to the
reactivity of the precursors, some modifications to the corresponding general procedures
were necessary to obtain compounds 10, 23, and 25.

2.3. Antibacterial Activity

Compounds target were tested in vitro against Staphylococcus aureus methicillin-susceptible
strain (ATCC® 29213), Staphylococcus aureus methicillin-resistant strain (ATCC® 43300),
Enterococcus faecalis (ATCC® 29212), Escherichia coli (ATCC® 25922), Pseudomonas aeruginosa
(ATCC® 27853), and Klebsiella pneumoniae (ATCC® 700603) by minimum inhibitory concen-
tration (MIC) using microbroth dilutions technique using Müeller–Hinton broth, according
to recommendations of the Clinical and Laboratory Standards Institute (CLSI) [13].

The screening results of these new compounds for antibacterial activity in vitro are
reported in Table 1. Previously synthesized compounds are designated by the letter P.
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls.
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

Compounds MIC (µg/mL)

Label SP a R1 R2 R3

MSSA
(ATCC
29213)

MRSA
(ATCC
43300)

E. faecalis
(ATCC
29212)

E. coli
(ATCC
25922)

P. aeruginosa
(ATCC
27853)

K. pneumoniae
(ATCC
700603)

3 A H H Et >32 >32 >32 >32 >32 >32
4 A H H Me >32 >32 >32 >32 >32 >32
5 A H H H >32 >32 >32 >32 >32 >32

6 -b
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et >32 >32 32 >32 >32 >32

7 B
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et 16 16 16 >32 >32 >32

8 B
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Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et 16 16 16 >32 >32 >32

9 B
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et 8 8 8 >32 >32 >32

10 -b
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et 32 16 32 >32 >32 >32

11 B
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et 8 8 8 >32 >32 64

12 B
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et 16 8 16 >32 >32 >32

13 B
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et >32 >32 >32 >32 >32 >32

14 B
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et 4 4 8 >32 >32 >32

15 B
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et >32 4 >32 >32 >32 >32

16 B
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et >32 >32 >32 >32 >32 >32

17 B
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et >32 >32 >32 >32 >32 >32
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

Compounds MIC (µg/mL)

Label SP a R1 R2 R3

MSSA
(ATCC
29213)

MRSA
(ATCC
43300)

E. faecalis
(ATCC
29212)

E. coli
(ATCC
25922)

P. aeruginosa
(ATCC
27853)

K. pneumoniae
(ATCC
700603)

18 B

Antibiotics 2023, 12, x FOR PEER REVIEW 6 of 25 
 

Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et >64 >64 64 >64 >64 >64

19 B

Antibiotics 2023, 12, x FOR PEER REVIEW 6 of 25 
 

Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

H Et >32 >32 >32 >32 >32 >32

20 B

Antibiotics 2023, 12, x FOR PEER REVIEW 6 of 25 
 

Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 H Et >32 >32 >32 >32 >32 >32

21 B

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 25 
 

21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et >32 >32 >32 >32 >32 >32

22 C

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 25 
 

21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et >32 >32 >32 >32 >32 >32

23 -b
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21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et >32 >32 >32 >32 >32 >32

24 C

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 25 
 

21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et >16 >16 >16 >16 >16 >16

25 -b
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21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et >32 >32 >32 >32 >32 >32

26 C
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21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et >32 >32 >32 >32 >32 >32

27 C

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 25 
 

21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et 1 1 4 >32 >32 >32

28 C

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 25 
 

21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et 0.5 0.5 4 >32 >32 >32

29 C

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 25 
 

21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et >32 >32 >32 >32 >32 >32

30 B
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21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et >8 >8 >8 >8 >8 >8

31 B

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 25 
 

21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et 8 4 8 >32 >32 >32

83
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Table 1. Antibacterial activities of compounds 3–43, P1–P7, and antibiotics controls. 

 

Compounds MIC (µg/mL) 

Label SP a R1 R2 R3 

MSSA 

(ATCC 

29213) 

MRSA 

(ATCC 

43300) 

E. faecalis 

(ATCC 

29212) 

E. coli 

(ATCC 

25922) 

P. aeruginosa 

(ATCC 27853) 

K. pneumoniae 

(ATCC 700603) 

3 A H H Et >32 >32 >32 >32 >32 >32 

4 A H H Me >32 >32 >32 >32 >32 >32 

5 A H H H >32 >32 >32 >32 >32 >32 

6 -b 
 

H Et >32 >32 32 >32 >32 >32 

7 B 

 

H Et 16 16 16 >32 >32 >32 

8 B 

 

H Et 16 16 16 >32 >32 >32 

9 B 

 

H Et 8 8 8 >32 >32 >32 

10 -b 

 

H Et 32 16 32 >32 >32 >32 

11 B 

 

H Et 8 8 8 >32 >32 64 

12 B 
 

H Et 16 8 16 >32 >32 >32 

13 B 
 

H Et >32 >32 >32 >32 >32 >32 

14 B 

 

H Et 4 4 8 >32 >32 >32 

15 B 

 

H Et >32 4 >32 >32 >32 >32 

16 B 
 

H Et >32 >32 >32 >32 >32 >32 

17 B 
 

H Et >32 >32 >32 >32 >32 >32 

18 B 

 

H Et >64 >64 64 >64 >64 >64 

19 B 
 

H Et >32 >32 >32 >32 >32 >32 

20 B 

 

H Et >32 >32 >32 >32 >32 >32 

Compounds MIC (µg/mL)

Label SP a R1 R2 R3

MSSA
(ATCC
29213)

MRSA
(ATCC
43300)

E. faecalis
(ATCC
29212)

E. coli
(ATCC
25922)

P. aeruginosa
(ATCC
27853)

K. pneumoniae
(ATCC
700603)

32 B

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 25 
 

21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 

 

H Et >32 >32 >32 >32 >32 >32 

26 C 

 

H Et >32 >32 >32 >32 >32 >32 

27 C 

 

H Et 1 1 4 >32 >32 >32 

28 C 

 

H Et 0.5 0.5 4 >32 >32 >32 

29 C 

 

H Et >32 >32 >32 >32 >32 >32 

30 B 
 

H Et >8 >8 >8 >8 >8 >8 

31 B 
 

H Et 8 4 8 >32 >32 >32 

32 B 
 

H Et 4 4 4 >32 >32 >32 

33 B 
 

H Et >16 >16 >16 >16 >16 >16 

34 B 
 

H Et >16 >16 >16 >16 >16 >16 

35 D 
  

Et >16 >16 >16 >16 >16 >16 

36 D 

  

Et >16 >16 >16 >16 >16 >16 

37 D 
  

Et >32 >32 >32 >32 >32 >32 

38 B 

 

H Et >4 4 >4 >4 >4 NT 

39 B 

 

H Et 2 2 2 >64 >64 >64 

40 B 

 

H Et >32 >32 >32 >32 >32 >32 

41 B 

 

H Et >64 4 32 >64 >64 64 

H Et 4 4 4 >32 >32 >32

33 B

Antibiotics 2023, 12, x FOR PEER REVIEW 7 of 25 
 

21 B 

 

H Et >32 >32 >32 >32 >32 >32 

22 C 

 

H Et >32 >32 >32 >32 >32 >32 

23 -b 

 

H Et >32 >32 >32 >32 >32 >32 

24 C 

 

H Et >16 >16 >16 >16 >16 >16 

25 - b 
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a SP = Structure Procedure. b See section of structural procedures. c vancomycin, quality control for 

Gram-positive ATCC® strains is 0.5–2 µg/mL against MRSA and MSSA; 1–4 µg/mL against E. faecalis 

according to CLSI [19]. d gentamicin, quality control for Gram-negative ATCC® strains are 0.25–1 

µg/mL against E. coli and 0.25–2 against P. aeruginosa according to CLSI [19]. NT = Not tested; MIC 

= Minimum inhibitory concentration; VAN = vancomycin; GEN = gentamicin. 

The results show that the compounds present antibacterial activity on Gram-positive 

bacteria within the range of 0.5 to 64 µg/mL. The most active compounds of the series 

correspond to molecules 28, 27, 39, 32, and 14, with activities 0.5, 1, 2, 4, and 4 µg/mL, 

respectively, for MSSA and MRSA. On the other hand, for E. faecalis, the same molecules 

presented activities of 4, 4, 2, 4, and 8 µg/mL, respectively. On the other hand, no activity 

was observed against Gram-negative bacteria except for compounds 11 and 41 which were 

active against K. pneumoniae ATCC® 700603 at a concentration of 64 µg/mL. 

A detailed study of the structure–activity relationship of the compounds is presented 

as follows. 

3. Structure-Activity Relationship 

3.1. Craig Model 

For the development of the Craig model [20], p-substituted compounds 6–17 were 

used, including the previously reported compounds P1–P6. 

First, p-substituted target compounds were designed using substituents from the 

four quadrants of a Craig plot to explore the electronic and hydrophobic space around the 

benzylthio moiety and their effect on activity. We added previously synthesized com-

pounds to this list to expand the landscape to compare these new derivatives. Our results 

showed that the lipophilic character of the substituent in the para position increases the 

antibacterial activity of these compounds against Gram-positive bacteria with two outlier 

compounds (10 and 13). These data establish a maximum value of lipophilicity for the 
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a SP = Structure Procedure. b See section of structural procedures. c vancomycin, quality control for Gram-
positive ATCC® strains is 0.5–2 µg/mL against MRSA and MSSA; 1–4 µg/mL against E. faecalis according to
CLSI [19]. d gentamicin, quality control for Gram-negative ATCC® strains are 0.25–1 µg/mL against E. coli and
0.25–2 against P. aeruginosa according to CLSI [19]. NT = Not tested; MIC = Minimum inhibitory concentration;
VAN = vancomycin; GEN = gentamicin.

The results show that the compounds present antibacterial activity on Gram-positive
bacteria within the range of 0.5 to 64 µg/mL. The most active compounds of the series
correspond to molecules 28, 27, 39, 32, and 14, with activities 0.5, 1, 2, 4, and 4 µg/mL,
respectively, for MSSA and MRSA. On the other hand, for E. faecalis, the same molecules
presented activities of 4, 4, 2, 4, and 8 µg/mL, respectively. On the other hand, no activity
was observed against Gram-negative bacteria except for compounds 11 and 41 which were
active against K. pneumoniae ATCC® 700603 at a concentration of 64 µg/mL.

A detailed study of the structure–activity relationship of the compounds is presented
as follows.

3. Structure–Activity Relationship
3.1. Craig Model

For the development of the Craig model [20], p-substituted compounds 6–17 were
used, including the previously reported compounds P1–P6.

First, p-substituted target compounds were designed using substituents from the
four quadrants of a Craig plot to explore the electronic and hydrophobic space around
the benzylthio moiety and their effect on activity. We added previously synthesized
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compounds to this list to expand the landscape to compare these new derivatives. Our
results showed that the lipophilic character of the substituent in the para position increases
the antibacterial activity of these compounds against Gram-positive bacteria with two
outlier compounds (10 and 13). These data establish a maximum value of lipophilicity for
the substituents in compounds 14 (4-ethyl) and 15 (4-CF3). The compounds with the most
lipophilic substituents, 16 (4-iso-propyl) and 17 (4-tert-butyl), did not exhibit antibacterial
activity at the concentrations tested (>32 µg/mL).

We observed that the electronic character (Hammett substituent constant) of the
substituent had a minimal influence on the antibacterial activity. For example, when
comparing compounds 6 (4-NH2) and 12 (4-N(CH3)2), which present similar values of
σ and different values of π present MIC values of >32 and 8 µg/mL, respectively, in
MRSA. On the other hand, compounds such as P1 (4-H), P4 (4-F), and 11 (4-NO2), which
have similar π values, have the same MIC value (8 µg/mL) in all the Gram-positive
bacteria studied. Additionally, the volume of the substituent, calculated through the molar
refractivity parameter, does not show a direct relationship with the antibacterial activity
of these compounds. Thus, the lipophilic p-thiophenolic substitution would favor the
antibacterial activity of this series of a compound.

3.2. Bioisosteric Replacement

For the bioisosteric replacement analysis, the antibacterial activity of compounds
bearing a sulfur atom P1, 6, 10, and P4–P6 were compared with the compounds having a
nitrogen atom in 22, 23, 25–28, respectively.

The replacement of the sulfur atom by nitrogen (22–28) caused the loss of activity for
compounds 22–26. In contrast, derivatives 27 (p-Cl aniline) and 28 (p-Br aniline) showed
activity in Gram-positive bacteria in a range of 0.5–4 µg/mL, establishing themselves as
the most active compounds of the entire series. It is observed that the aniline derivatives
(27–28) are between 2 and 16 times more potent than their thiophenolic analogs, P5 and
P6, respectively. In addition, the antibacterial activity of compound 28 is twice that of
vancomycin (0.5 µg/mL vs. 1 µg/mL) in MSSA and MRSA.

To study the effect of bioisosteric replacement on the geometry of the compounds, the
compounds with nitrogen atoms 23, 27, and 28 were crystallized and resolved by X-ray
diffraction to compare them with the compounds with sulfur atoms P5 and P6. The data
for compound P5 were extracted from the study by Campanini et al. [13]. (Figure 4).
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The three-dimensional models showed that the dihedral angle of the sulfur derivatives
is 76.4◦ and 72.3◦ for the compounds P5 and P6, respectively, while for the compounds
with nitrogen, they correspond to 31.9◦ and 32.3◦, respectively. Since compounds 27 and 28
are at least four times more active than their bioisosteres P5 and P6, this result suggests
that the activity improves when both aromatic systems are more coplanar, probably due
to the conjugation between the benzene ring and the aromatic system aromatic of the
quinone core. In addition, it is interesting to note that within the series of compounds with
a nitrogen atom, the presence of an electron-attracting group, as is the case of the chlorine
and bromine atoms in the 4′ position of the benzene ring, since a monovalent bioisosteric
replacement by an amino group (compound 23), maintains the dihedral angle (38.6◦) close
to compounds 27 and 28 but eliminates the activity completely.

In addition, considering the results of the Craig plot and the bioisosteric change, it was
decided to synthesize the derivative 6-ethyl-8-((4-iodophenyl)amino)-2,4-dimethylpyrimido
[4,5-c]isoquinolin-1,3,7,10(2H,4H)-tetraone (compound 29). This compound did not present
activity in the evaluated bacteria (MIC > 32 µg/mL), which can be explained by the fact
that the hydrophobicity value of iodine is higher than that of the ethyl and CF3 groups,
established as the substituents with the highest hydrophobicity allowed for the series of
thiophenolic compounds.

Thus, bioisosteric replacement allowed the generation of the two most active com-
pounds of the series against Gram-positive bacteria, presenting in vitro antibacterial activity
similar to vancomycin against MRSA.

3.3. Free-Wilson Study

Considering the clinical relevance of MRSA infections, this antibacterial data was
selected for use in the Free-Wilson statistical analysis to understand the contribution of
each substituent in the aromatic ring with the aim of generating new active compounds. A
Free-Wilson analysis is a numerical method that directly relates structural features with
biological properties [21]. In our case, we have correlated the presence or absence of
the different substituents in ortho, meta, and para positions on the benzene ring with the
biological activity of every compound expressed as pMIC (−logMIC, in Molar units). For
this purpose, we constructed a matrix in which the presence of a substituent (Me, MeO,
F, Cl, or Br) is represented by 1 and absent a 0. Then, through a multilinear regression,
we correlated the biological activity (dependent variable) with the matrix of 1 and 0. The
results of the Free-Wilson analysis are shown in Table 2.

Table 2. Summary of the Free-Wilson coefficients analysis.
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Coef. FW

R Me MeO F Cl Br

2′ (ortho) −0.9653 0.255 0 0 0.602
3′ (meta) −0.0622 −0.046 −0.0581 0.2594 0.301
4′ (para) −0.0622 −0.6481 −0.3591 −0.0416 0

Intercept: 5.0849

The coefficient will be positive for the presence of a substituent that improves the
biological activity when it is placed in that position and is the opposite when the coefficient
is negative. As can be seen in Table 2, the worst substituents are Me in the ortho, and MeO
in the para position; therefore, such substituents should be avoided to improve anti-MRSA
activity. On the other hand, the best substituents are MeO in the ortho position, Cl and
Br in the meta position, and Br in the para position. This could be explained by both the
increase in the lipophilicity of the compounds and by the capacity of these halogens to
establish electrostatic interactions with their target.

Based on these results, the following compounds were synthesized to challenge the
model Table 3.
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Table 3. Compounds designed from the Free-Wilson analysis.

Compound 38 39 40 41

Structure
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FWc = Free-Wilson coefficient.

The antibacterial activity results showed that compounds 38, 39, and 41 exhibited
antibacterial activities of 4, 2, and 4 µg/mL against MRSA. In addition, compound 39
exhibited activity against MSSA and E. faecalis at 2 µg/mL, and compound 41 was active
against E. faecalis at 32 µg/mL. This compound stands out for presenting activity against
K. pneumoniae at 64 µg/mL. Compound 40 did not exhibit activity against the bacteria
tested (>32 µg/mL). To explore the structural aspects of these derivatives, we crystallized
compound 38 and compared it with compounds P5 and P7 reported in the study by
Campanini et al. [13] (Figure 5A).
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Figure 5. Three-dimensional models obtained by X-ray diffraction of individual crystals of com-
pounds 30, 32, 38, P5, and P7. (A) Comparison of dihedral angles among derived thiophenolic
compounds; (B) Comparison of geometry of alkylthiol derivatives.

We observed that the dihedral angle of compound 38 is 70.6◦, minor than P5 and P7,
which correspond to 76.4◦ and 81.5◦. Due to the low solubility of these compounds, it is
possible to only observe antimicrobial activity in MRSA with a value of 4 µg/mL, which is
similar for P5 but low for P7, which presents 4 and 1 µg/mL, respectively. These results
indicated that it is possible to perform a second substitution on the thiophenolic ring to
obtain active compounds.
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3.4. Homology Study

Three chain extensions were performed in different sections of the structure to un-
derstand its relationship with activity. In the first scenario, the compounds P1 (p-H) and
P5 (p-Cl) [13] were used as references for studying the effect of the distance between the
phenyl ring and the sulfur atom on the antibacterial activity. The comparison of P1 with 18
shows that homologation by one methylene group decreased the antibacterial activity of de
8 µg/mL (P1) a 64 µg/mL (18) in E. faecalis and produced the loss of activity (>64 µg/mL)
in MRSA and MSSA. When the distance was extended by inserting a second methylene
group, the solubility decreased (18 vs. 19) and resulted in the complete loss of antibacterial
activity (>64 µg/mL). For the substituted p-Cl pair P5 and 20, the loss of antibacterial
activity from 4 µg/mL (P5) to >32 µg/mL (20) is reproducible when a methylene group is
added between the thioether and the aromatic ring. These results suggest that extending
the distance between the thioether and the aromatic ring and thus increasing the degrees
of freedom of the molecule has a deleterious effect on antibacterial activity in the three
Gram-positive bacteria evaluated, possibly due to the loss of conjugation between the aro-
matic system and quinonic nucleus.. The addition of a benzo[d]thiazole-2-thiol derivative
was performed to determine the effect on the biological activity if increasing the size and
rigidity of the system was associated with a change. In this way, we synthesized compound
21, which did not exhibit antibacterial activity (>32 µg/mL) in any of the bacteria tested.
Thus, the optimal antibacterial activity was obtained when there were no carbon atoms
between the thiophenolic ring and the tricyclic quinone core.

The second homology study sought to evaluate the addition of thioalkyl chains from 2
to 6 carbon atoms (30–34) to core 3 as an alternative to thiophenolic derivatives. This gave
rise to two active compounds, derivatives 31 (3C) and 32 (4C), which presented antibacterial
activity in Gram-positive bacteria with MIC values between 4 and 8 µg/mL, establishing
the ideal number of carbons as 4. The compounds with fewer carbon atoms (30) or more
(33 and 34) did not present antibacterial activity in any of the bacteria evaluated.

Chemical models obtained by crystallography showed that compounds 30 and 32 do
not adopt differences in the structural geometry of the quinone nucleus or in the alkyl
chain (Figure 5B). This evidence indicated that the activity exhibited by 32 is due mainly to
the increase in lipophilicity of the molecule. It is important to note that alkyl substitutions
at position 8 of the tricyclic quinone core can be considered only if their length is 3 or
4 carbons. Other chain lengths generate inactive compounds.

Finally, the impact of the alkyl chain at position 6 of the tricyclic quinone core was
evaluated. In such a sense, compounds 42–44 (Series 6-Me) were synthesized from com-
pound 4. When comparing the 6-Et vs. 6-Me series, no differences in antimicrobial activity
were observed, showing that shortening of the alkyl radical a methylene group does not
affect activity. To extend the analysis and consider the obtaining of the tricyclic quinone
core 5, procedure B was carried out in an exploratory manner to obtain the 6-H series,
with the thiophenol, 4-methoxy-thiophenol, and 4-fluoro-thiophenol substituents. NMR
analysis showed the presence of a mixture of isomers of C-8 y C-9 in a 73:27 ratio (data not
shown). When evaluating the activity of these isomer mixtures, we observed antibacterial
activity (data not shown). These findings open the possibility of characterizing the antimi-
crobial activity of the different isomers, which until now has not been possible due to the
regioselective addition of the substituents.

3.5. Homodisubstitution Study

The addition of a second substitution in the quinone tricyclic core gives rise to the com-
pounds called homodisubstituted, whose positions 8 and 9 are occupied. From derivatives
P1, P5, and 31, compounds 35, 36, and 37, respectively, were synthesized. These results
indicated that homodisubstitution resulted in the loss of antibacterial activity.
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4. Conclusions

We used drug optimization tools to establish the structure–activity relationship of this
new family of 2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-tetraone deriva-
tives with antimicrobial activity. Nineteen compounds exhibited antibacterial activity
against ATCC® Gram-positive bacteria in a range of 0.5 to 64 µg/mL, with compound 28
being the most active of the series. Compound 28 was twice as potent as vancomycin on
MRSA. In addition, compounds 11 and 41 showed activity against K. pneumoniae ATCC®

700603 at a concentration of 64 µg/mL. This work supports the conclusion that rational
drug design can provide useful insights to guide derivative synthesis that accelerates new
drug discovery with potentially novel targets of bioactivity.

For compounds with the bridging sulfur atom bearing a para-substituted benzene
ring, the antimicrobial activity is favored when the lipophilicity of the molecule increases.
A second substitution on the benzene ring generates active compounds; however, these
compounds do not show greater activity than the monosubstituted derivatives. Both the
introduction of carbons between the sulfur atom and the benzene ring, as well as the
replacement of the aromatic ring by an alkyl chain, annuls the activity of the compounds.
The replacement of an ethyl group by a methyl group at the C-6 position of the quinone
tricyclic core generates active compounds with similar activity. On the other hand, the
elimination of the group in position 6 modifies the reactivity of the quinone tricyclic core,
generating a mixture of isomers exhibiting less antimicrobial activity. Homo disubstitution
of thiophenolic or thioalkyl groups on the quinone core generated inactive compounds.

In addition, the bioisosteric replacement of the sulfur atom by one of nitrogen pro-
duced a change in the geometry by reducing the dihedral angle between the substituted
benzene ring and the quinone nucleus. This change increased the activity when the benzene
ring presented an electro-attracting atom such as chlorine or bromine; on the other hand,
the presence of electron donor groups such as amines lowered the activity.

These results showed that this new family of compounds displayed a high potential
for improvement in their performance as potent antimicrobial drugs against Gram-positive
bacteria. Finally, it is important to highlight the bioactivity of compounds 11 and 41, which
open the way for studying new active structures on K. pneumoniae, a pathogen considered a
priority by the WHO.

5. Materials and Methods
5.1. Materials

All reagents were purchased from AK-scientific, Union City, United States; Enamine,
Kyiv, Ukraine; Merck, Darmstadt, Germany; or Sigma–Aldrich, Burlington, United States
and were used without purification. Melting points (mp) were determined on a Stuart Sci-
entific SMP3 apparatus and were uncorrected. 1H-NMR spectra were recorded on Bruker
AM-400 instruments in deuterochloroform (CDCl3) or dimethylsulfoxide (DMSO-d6). 13C-
NMR spectra were obtained in CDCl3 or DMSO-d6 at 100 MHz. The assignments of
chemical shifts are expressed in ppm downfield relative to tetramethylsilane (TMS, δ scale),
and the coupling constants (J) are reported in Hertz. Silica gel (70–230 and 230–400 mesh)
and TLC aluminum foil 60 F254 (Merck, Darmstadt, Germany) were used for preparative
column chromatography and analytical TLC, respectively. High-resolution mass spectra
were obtained on a mass spectrometer with flight time analyzer (TOF) and Triwave® system
model SYNAPT™ G2 (WATERS, Milford, MA, USA), using atmospheric pressure ioniza-
tion with electro spray (ESI+/−), Capillarity 3.0, source temperature 100 ◦C, desolvation
temperature 500 ◦C.

5.2. Chemical Synthesis
5.2.1. General Procedure A for the Synthesis of 3–5

A suspension of hydroquinone precursor corresponding (1a–1c) (1.90 mmol), 6-amino-
1,3-dimethyl-2,4(1H,3H)-pyrimidinedione (2) (1.90 mmol), Ag2O (5.7 mmol) and anhydrous
MgSO4 (5.7 mmol), in 40 mL of dichloromethane was stirred vigorously at room tempera-
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ture for 3 h. The mixture was filtered with celite and washed with dichloromethane. The
solvent was removed under reduced pressure, and the crude reaction was purified using
65 g of silica gel (230–400 mesh) using a mix of dichloromethane and ethyl acetate = 9:1 as
eluent. The resulting solution was concentrated to dryness under reduced pressure. The
obtained products were yellow solids for all tricyclic quinone cores.

5.2.2. General Procedure B for Synthesis of 8-Thioaryl
(thioalquil)-pyrimidoisoquinolinequinones Derivatives (7–9, 11–21, 30–34, 38–47)

A solution of 3 (150 mg, 0.4909 mmol 1.0 equiv.) and CeCl3·7H2O (5% mmol respect
to 3) in a mix of ethanol: dichloromethane = 1:1 (10 mL) was added dropwise slowly a solu-
tion of benzenethiol or alquilthiol derivate (0.5 equiv.) in ethanol: dichloromethane = 1:1
(30 mL). The reaction mixture was stirred at room temperature for 16 h. The progress of
the reaction was followed by thin-layer chromatography (TLC). The reaction mixture was
concentrated under reduced pressure, and the crude of the reaction was purified using
65 g of silica gel (70–230 mesh) and a mix of dichloromethane, light petroleum, and ethyl
acetate as an eluent in determinate proportions. The resulting solution was concentrated to
dryness under reduced pressure.

5.2.3. General Procedure C for Synthesis of 8-Arylamino-pyrimidoisoquinolinequinones
Derivatives (22, 24, 26–29)

A solution of 3 (150 mg, 0.4909 mmol 1.0 equiv.), the required amine (2 equiv.),
CeCl3·7H2O (5% mmol respect to 3), in a mix of ethanol: dichloromethane = 1:1 (10 mL),
was left with stirring at room temperature until completion of the reaction indicated by
thin-layer chromatography (TLC). The reaction mixture was concentrated under reduced
pressure. The crude reaction was purified by column chromatography using 65 g of silica
gel (70–230 mesh) and a mix of dichloromethane, chloroform, light petroleum and/or
ethyl acetate as eluent in different proportions. The resulting solution was concentrated to
dryness under reduced pressure.

5.2.4. General Procedure D for Synthesis of 8,9-Bisthioaryl
(Thioalquil)-pyrimidoisoquinolinequinones Derivatives (35–37)

The bis-substituted derivatives were achieved by preparing a solution of 3 (150 mg,
0.4909 mmol 1.0 equiv.), the corresponding thiophenol derivative (2.5 equiv.), and CeCl3·7H2O
(5% mol of 3) in ethanol (40 mL) under reflux conditions for 1–4 h, the progress of the
reaction was followed by thin-layer chromatography (TLC). Once the reaction was over,
the mixture was cooled to room temperature and stirred under aerobic conditions for
18 h. The reaction mixture was concentrated under reduced pressure, and the crude was
purified by column chromatography using 65 g of silica gel (70–230 mesh) using a mix of
dichloromethane, light petroleum, and ethyl acetate as eluent in determined proportions.
The resulting solution was concentrated to dryness under reduced pressure.

5.2.5. Structural Characterization for Compounds (3–47)

The 6-Ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-tetraone(3): Pre-
pared from 1-(2,5-dihydroxyphenyl)propan-1-one 1a and 2; yellow solid; mp 167.6–167.9 ◦C;
1H-NMR (CDCl3, 400 MHz) δ 7.11 (d, J = 10.3 Hz, 1H, H-9), 6.81 (d, J = 10.3 Hz, 1H, H-8),
3.76 (s, 3H, 2-NCH3), 3.47 (s, 3H, 4-NCH3), 3.40 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.34 (t,
J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (CDCl3,100 MHz) δ 185.0 (1C, C-10), 183.9 (1C, C-7),
171.2 (1C, C-6), 159.0 (1C, C-4a), 152.9 (1C, C-1), 151.5 (1C, C-3), 146.6 (1C, C-10a), 138.7
(1C, C-8), 138.7 (1C, C-9), 121.2 (1C, C-6a), 105.4 (1C, C-10b), 32.0 (1C, 6-CH2CH3), 30.6 (1C,
2-NCH3), 29.5 (1C, 4-NCH3), 12.5 (1C, 6-CH2CH3); HRMS m/z 299.09070 (Calculated for
C15H13N3O4 [M]+, 299.09061); purified in column chromatography with dichloromethane:
ethyl acetate = 9:1; yield: 84%.

The 2,4,6-Trimethylpyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-tetraone (4): Prepared
from 1-(2,5-dihydroxyphenyl)ethan-1-one 1b and 2; yellow solid; mp 197.5–198.5 ◦C (d);
1H-NMR (CDCl3,400 MHz) δ 7.13 (d, J = 10.5 Hz, 1H, 8-H), 6.83 (d, J = 10.5 Hz, 1H, 9-H),
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3.75 (s, 3H, 2-NCH3), 3.47 (s, 3H, 4-NCH3), 2.99 (s, 3H, 6-CH3); 13C-NMR (CDCl3,100 MHz)
δ 184.2, 183.4, 166.2, 158.3, 152.3, 150.9, 145.8, 138.4, 138.1, 121.1, 105.2, 30.1, 28.9, 26.6;
HRMS m/z 285.0828 (Calculated forC14H11N3O4 [M + H]+: 286.0832); purified by column
chromatography, dichloromethane: ethyl acetate = 9:1; yield: 86%.

The 2,4-Dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-tetraone (5): Prepared
from 2,5-dihydroxybenzaldehyde 1c and 2; yellow solid; mp 203.5–205.5 ◦C (d);1H-NMR
(400 MHz, CDCl3) δ 9.30 (s, 1H, 6-H), 7.15 (d, J = 10.5 Hz, 1H, 9-H), 6.88 (d, J = 10.5 Hz, 1H,
8-H), 3.79 (s, 3H, 2-NCH3), 3.51 (s, 3H, 4-NCH3); 13C-NMR (100 MHz, CDCl3) δ 182.8, 182.1,
158.2, 154.8, 153.1, 150.8, 142.9, 140.6, 136.3, 122.6, 106.3, 30.5, 29.1; HRMS m/z 272.0671
(Calculated for C13H9N3O4 [M + H]+: 272.06); purified by column chromatography with a
mixture of dichloromethane: ethyl acetate = 9:1; yield: 86%.

The 8-(4-Aminobenzenethio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (6).A suspension of 11 (150.0 mg, 0.33 mmol), iron powder (370 mg,
6.63 mmol) in a 1:1:1 mixture of water/methanol/acetic acid (30 mL) was stirred for 1 h
at 50–60 ◦C. The mixture was neutralized with NaHCO3 and then extracted with ethyl
acetate (2 × 15 mL). The organic extract was dried over anhydrous Na2SO4, filtered, and
evaporated under reduced pressure. The organic crude was purified using 45g of silica
gel 60 (230–400 mesh). The resulting solution was concentrated to dryness under reduced
pressure; brown solid; mp > 250 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.24 (d, J = 8.5 Hz, 2H,
3′-H y 5′-H), 6.73 (d, J = 8.5 Hz, 2H, 2′-H y 6′-H), 6.22 (s, 1H, 9-H), 4.01 (s, 2H, 4′-NH2),
3.74 (s, 3H, 2-NCH3), 3.42 (s, 3H, 4-NCH3), 3.40 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.35 (t,
J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3): δ 181.5, 181.2, 170.7, 158.5, 158.1,
152.7, 151.1, 148.9, 147.5, 137.0 (2C), 127.7, 120.8, 116.3 (2C), 113.4, 105.4, 31.7, 30.2, 29.0, 12.2.
HRMS m/z 423.1125 (Calculated for C21H19N4O4S[M + H]+: 423.1127); purified by column
chromatography with a mixture of dichloromethane: ethyl acetate: petroleum ether = 9:1:1;
yield: 31%.

The 8-(4-Acetamidobenzenethio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (7): Prepared from 3 and 4-acetamidothiophenol using general procedure
B; orange solid; mp 170.2–173.0 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.99 (s, 1H, NHCO),
7.69 (d, J = 8.3 Hz, 2H, 3′-H and 5′-H), 7.43 (d, J = 8.4 Hz, 2H, 2′-H and 6′-H), 6.15 (s, 1H,
9-H), 3.75 (s, 3H, 2-NCH3), 3.42 (s, 3H, 4-NCH3), 3.40 (q, J = 7.5 Hz, 2H, 6-CH2CH3), 2.21
(s, 3H, COCH3), 1.36 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3): δ 181.3,
180.8 (2C), 170.8, 168.9, 158.5, 157.2, 152.7, 151.0, 147.2, 140.6, 136.5 (2C), 127.7, 121.1 (2C),
120.6, 105.4, 31.7, 30.2, 29.1, 24.7, 12.1; HRMS m/z 465.1246 (Calculated for C23H21N4O5S
[M + H]+: 465.1233); purified in column chromatography with dichloromethane: ethyl
acetate = 3:1; yield: 69%.

The 8-(4-hydroxybenzenethio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone(8): Prepared from 3 and 4-mercaptophenol using general procedure B;
orange solid; mp 208–210 ◦C (d); 1H-NMR (400 MHz, CDCl3) δ 7.38 (d, J = 8.7 Hz, 2H,
3′-H and 5′-H), 6.96 (d, J = 8.7 Hz, 2H,2′-H and 6′-H), 6.21 (s, 1H, 4′-OH), 6.15 (s, 1H, 9-H),
3.77 (s, 3H, 2-NCH3), 3.46 (s, 3H, 4-NCH3), 3.43 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.38 (t,
J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 181.5, 181.0, 171.0, 159.1, 158.2,
157.6, 155.8, 152.7, 151.0, 147.4, 137.4 (2C), 127.7, 120.8, 117.6 (2C), 117.0, 31.8, 30.3, 29.2, 12.2;
HRMS m/z 424.0963 (Calculated for C21H18N3O5S [M + H]+: 424.0967); purified in column
chromatography with ethyl acetate: petroleum ether = 9:0.8; yield: 72%.

The 4-((6-ethyl-2,4-dimethyl-1,3,7,10-tetraoxo-1,2,3,4,7,10-hexahydropyrimido[4,5-c]
isoquinolin-8-yl)thio)benzonitrile (9): Prepared from 3 and 4-mercaptobenzonitrile using
general procedure B; orange solid; mp 203–205 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.80 (d,
J = 8.0 Hz, 2H, 3′-H and 5′-H), 7.69 (d, J = 8.0 Hz, 2H, 2′-H and 6′-H), 6.21 (s, 1H, 9-H), 3.76
(s, 3H, 2-NCH3), 3.44 (s, 3H, 4-NCH3), 3.41 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.37 (t, J = 7.3 Hz,
3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 181.1, 180.2, 171.0, 158.3, 158.2, 154.6, 152.9,
151.0, 146.9, 136.2 (2C), 134.0, 133.7 (2C) 128.4, 120.3, 117.6, 114.6, 105.5, 31.8, 30.2, 29.1, 12.1;
HRMS m/z 433.0892 (Calculated for C22H17N4O4S [M + H]+: 433.0971); purified in column
chromatography with dichloromethane: ethyl acetate = 9:1; yield: 72%.
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Synthesis of 8-(4-carboxibenzenethio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-
1,3,7,10(2H,4H)-tetraone (10). Prepared from 3 and 4-mercaptobenzoic acid; A solution
of 3 (150 mg, 0.4909 mmol) and CeCl3·7H2O (5% mmol respect to 3) in a mix of ethanol:
dichloromethane = 1:1 (10 mL), was added dropwise slowly a solution of 4-mercaptobenzoic
acid (0.5 equiv.) in ethanol: dichloromethane = 1:1 (30 mL). The reaction mixture was stirred
at room temperature for 16 h. The progress of the reaction was followed by thin-layer
chromatography (TLC). Then, 10 mL of distilled water and NaOH (0.1 M) are added
to the solution until pH 10 is reached. The extractions were carried out with ethyl ac-
etate (10 mL × 2), the precipitate solid, filtered under vacuum, and washed with ethanol
(15 mL × 3). Finally, the obtained product was recrystallized from ethanol. Orange solid,
mp > 250 ◦C; 1H-NMR (400 MHz DMSO6) δ 13.29 (s, 1H, 4′-COOH), 8.10 (d, 2H, 3′-H
and 5′-H), 7.76 (d, 2H, 2′-H and 6′-H), 6.07 (s, 1H, 9-H), 3.59 (s, 3H, 2-NCH3), 3.30 (q,
J = 7.3 Hz, 2H, 6-CH2CH3) 3.23 (s, 3H, 4-NCH3), 1.29 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-
NMR (100 MHz DMSO6) δ 181.1, 180.4, 169.3, 167.0, 158.3, 155.1, 152.9, 151.2, 146.4, 135.8,
133.1, 133.0, 131.5 (2C), 127.8 (2C), 120.6, 105.8, 31.4, 30.3, 29.0, 12.3; HRMS m/z 452.0912
(Calculated for C22H18N3O6S [M + H]+: 452.0916); yield: 38%.

The 8-(4-nitrobenzenethio)-6-ethyl-2,4-dimethyl-pyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (11): Prepared from 3 and 4-nitrobenzenethiol using general procedure
B; yellow solid; mp 188.8–190.1 ◦C (d); 1H-NMR (400 MHz, CDCl3) δ 8.34 (d, 2H, 3′-H
and 5′-H), 7.75 (d, 2H, 2′-H and 6′-H), 6.24 (s, 1H, 9-H), 3.75 (s, 3H, 2-NCH3), 3.42 (s,
3H, 4-NCH3), 3.40 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.36 (t, J = 7.3 Hz, 3H, 6-CH2CH3);
13C-NMR (100 MHz, CDCl3) δ 181.0, 181.0, 170.9, 158.3, 154.3, 152.9, 151.0, 149.1, 146.9,
136.4 (2C), 136.1, 128.6, 125.1 (2C), 120.2, 105.4, 31.8, 30.3, 29.1, 12.1; HRMS m/z 453.0871
(Calculated for C21H17N4O6S [M + H]+: 453.0869); purified in column chromatography
with dichloromethane: ethyl acetate: petroleum ether = 10:1:4; yield: 96%.

The 8-(4-dimethylaminobenzenethio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-
1,3,7,10(2H,4H)-tetraone (12): Prepared from 3 and 4-(dimethylamino)benzenethiol using
general procedure B; burgundy red; mp 134.6–137.0 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.31
(d, J = 8.6 Hz, 2H, 2′-H and 6′-H), 6.75 (d,J = 8.6 Hz, 2H, 3′-H and 5′-H), 6.21 (s, 1H, 9-H),
3.74 (s, 3H, 2-NCH3), 3.43 (s, 3H, 4-NCH3), 3.40 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 3.03 (s,
6H, 4′-N(CH3)2), 1.36 (t, J = 7.3 Hz, 3H, 6-CH2CH3);13C-NMR (100 MHz, CDCl3) δ 181.7,
181.5, 170.7, 158.7, 158.6, 152.8, 151.9, 151.3, 147.7, 136.7 (2C), 127.8, 121.0, 113.6 (2C), 110.6,
105.5, 77.2, 40.3, 31.8, 30.3, 29.2, 12.3; HRMS m/z 451.1447 (Calculated for C23H23N4O4S
[M + H]+: 451.1440); purified in column chromatography with dichloromethane: ethyl
acetate: petroleum ether = 9:0.5:1; yield: 43%.

The 8-(4-(methylthio)benzenethio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-
1,3,7,10(2H,4H)-tetraone (13): Prepared from 3 and 4-(methylthio)benzenethiol using gen-
eral procedure B; red solid; mp 181.6–184.0 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.41 (d,
J = 8.1 Hz, 2H, 2′-H and 6′-H), 7.33 (d, J = 8.2 Hz, 2H, 2′-H and 6′-H), 6.19 (s, 1H, 9-H), 3.75
(s, 3H, 2-NCH3), 3.43 (s, 3H, 4-NCH3), 3.41 (q, J = 7.4 Hz, 2H, 6-CH2CH3), 2.53 (s, 3H, SCH3),
1.36 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 181.33, 180.8, 170.7, 158.4,
156.8, 152.7, 151.1, 147.3, 143.1, 135.8 (2C), 127.9, 127.4 (2C), 122.4, 120.6, 105.4, 31.7, 30.2, 29.1,
15.2, 12.1; HRMS m/z 454.0894 (Calculated for C22H20N3O4S2 [M + H]+: 454.0895); purified
in column chromatography with dichloromethane: ethyl acetate: petroleum ether = 3:2:0.5;
yield: 46%.

The 6-ethyl-8-(4-ethylbenzenethio)-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (14): Prepared from 3 and 4-ethylbenzenethiol using general procedure B;
yellow solid; mp 172–174 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.43 (d, J = 7.9 Hz, 2H, 3′-H and
5′-H), 7.33 (d, J = 7.9 Hz, 2H, 2′-H and 6′-H), 6.18 (s, 1H, 9-H), 3.75 (s, 3H, 2-NCH3), 3.43 (s,
3H, 4-NCH3), 3.41 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 2.72 (q, J = 7.6 Hz, 2H, 4′-CH2CH3), 1.37 (t,
J = 7.3 Hz, 3H, 4′-CH2CH3), 1.28 (t, J =7.6 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3)
δ 181.4, 180.9, 170.7, 158.4, 157.2, 152.7, 151.1, 147.4, 135.7 (2C), 130.1 (2C), 127.8, 123.7, 120.6,
105.4, 31.7, 30.2, 29.0, 28.7, 15.3, 12.2; HRMS m/z 436.1253 (Calculated for C23H22N3O4S
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[M + H]+: 436.1331); purified in column chromatography with dichloromethane: ethyl
acetate: petroleum ether = 12:0.5:5; yield: 83%.

The 6-ethyl-2,4-dimethyl-8-((4-trifluoromethyl)phenyl)thio)pyrimido[4,5-c]isoquinoline-
1,3,7,10(2H,4H)-tetraone(15): Prepared from 3 and 4-(trifluoromethyl)benzenethiol using
general procedure B; yellow solid; mp 204–206 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.77 (d,
J = 8.1 Hz, 2H, 3′-H and 5′-H), 6.96 (d, J = 8.1 Hz, 2H, 2′-H and 6′-H), 6.18 (s, 1H, 9-H),
3.76 (s, 3H, 2-NCH3), 3.43 (s, 3H, 4-NCH3), 3.42 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.37 (t,
J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 181.2, 181.4, 170.9, 158.3, 155.3,
152.8, 151.0, 147.1, 136.1 (2C), 132.8 (q, J = 33.1 Hz, 1C), 132.2, 128.2, 127.2 (q, J = 3.6 Hz,
2C), 123.5 (q, J = 272.8 Hz, 1C), 120.4, 105.5, 31.8, 30.2, 29.1, 12.1; HRMS m/z 476.0814
(Calculated for C22H17F3N3O4S [M + H]+: 476.0812); purified in column chromatography
with dichloromethane: ethyl acetate: petroleum ether = 12:0.5:5; yield: 89%.

The 8-(4-(isopropyl)benzenethio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (16): Prepared from 3 and 4-isopropylbenzenethiol using general proce-
dure B; orange solid; mp 134.6–137.0 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.43 (d, J = 8.0 Hz,
2H, 3′-H and 5′-H), 7.35 (d, J = 8.0 Hz, 2H, 2′-H and 6′-H), 6.17 (s, 1H, 9-H), 3.74 (s, 3H,
2-NCH3), 3.42 (s, 3H, 4-NCH3), 3.40 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 3.03–2.90 (m, 1H,
4′-CH(CH3)2), 1.36 (t, J = 7.3 Hz, 3H, 6-CH2CH3), 1.28 (d, J = 6.9 Hz, 6H, 4′-CH(CH3)2);
13C-NMR (100 MHz, CDCl3) δ 181.6, 181.0, 170.8, 158.5, 157.3, 152.8, 152.1, 151.2, 147.5,
135.8(2C), 128.7 (2C), 127.9, 123.9, 120.7, 105.5, 34.2, 31.8, 30.2, 29.1, 23.9 (2C), 12.2; HRMS
m/z 450.1499 (Calculated for C24H24N3O4S [M + H]+: 450.1488); purified in column chro-
matography with dichloromethane: ethyl acetate: petroleum ether = 12:0.5:1; yield: 43%.

The 8-(4-(tertbutyl)benzenethio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (17): Prepared from 3 and 4-(tert-butyl)benzenethiol using general proce-
dure B; orange solid, mp 157.6–160.7 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.52 (d, J = 8.2 Hz,
2H, 3′-H and 5′-H), 7.45 (d, J = 8.1 Hz, 2H, 2′-H and 6′-H), 6.19 (s, 1H, 9-H), 3.75 (s, 3H,
2-NCH3), 3.43 (s, 3H, 4-NCH3), 3.42 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.37 (t, J = 7.4 Hz, 3H,
6-CH2CH3), 1.36 (s, 9H, 4′-C(CH3)3); 13C-NMR (100 MHz, CDCl3) δ 181.7, 181.0, 170.9,
158.6, 157.3, 154.4, 152.8, 151.2, 147.5, 135.5(2C), 128.0, 127.9, 127.7, 126.2, 123.7, 120.7, 105.5,
35.1, 31.8, 31.4, 31.3, 30.3, 29.2, 12.3; HRMS m/z 464.1653 (Calculated for C25H26N3O4S
[M + H]+: 464.1644); purified in column chromatography with dichloromethane: ethyl
acetate: petroleum ether = 12:0.5:5; yield: 61%.

The 8-(benzylthio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (18): Prepared from 3 and phenylmethanethiol using general procedure B; orange
solid; mp 181.0–182.0 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.40–7.28 (m, 5H, C6H5), 6.76
(s, 1H, 9-H), 4.06 (s, 2H, Ph-CH2-S), 3.74 (s, 3H, 2-NCH3), 3.44 (s, 3H, 4-NCH3), 3.36 (q,
J = 7.3 Hz, 2H, 6-CH2CH3), 1.33 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3)
δ 180.8 (2C), 170.8, 158.5, 154.6, 152.8, 151.2, 147.1, 134.0, 129.1 (2C), 129.0 (2C), 128.2, 127.1,
120.7, 105.4, 35.8, 31.8, 30.2, 29.1, 12.2. HRMS m/z 422.1171 (Calculated for C22H20N3O4S
[M + H]+: 422.1175); purified in column chromatography with dichloromethane: ethyl
acetate: petroleum ether = 9:1:3; yield: 66%.

The 8-(phenethylthio)-6-ethyl-2,4-dimethyl-pyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (19): Prepared from 3 and 2-phenylethanethiol using general procedure B; yellow
solid; mp 170.0–171.0 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.33 (t, J = 7.3 Hz, 2H, 3′-H and
5′-H), 7.26–7.24 (m, 3H, 2′-H, 4′-H and 6′-H), 6.70 (s, 1H, 9-H), 3.75 (s, 3H, 2-NCH3), 3.46
(s, 3H, 4-NCH3), 3.37 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 3.13–3.00 (m, 4H, Ph-C2H4S), 1.34 (t,
J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 180.7 (2C), 170.7, 158.5, 154.9,
152.7, 151.1, 147.0, 138.9, 128.8 (2C), 128.5 (2C), 127.0, 126.5, 120.7, 105.4, 33.7, 32.3, 31.7, 30.2,
29.1, 12.1; HRMS m/z 436.1332 (Calculated for C23H22N3O4S [M + H]+: 436.1331); purified
in column chromatography with dichloromethane: ethyl acetate: petroleum ether = 10:1:6;
yield: 79%.

The (4-(chlorobenzyl)thio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (20): Prepared from 3 and (4-chlorophenyl)methanethiol using general
procedure B; orange solid; mp 191.0–191.8 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.33 (m, 4H,
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2′-H, 3′-H, 5′-H, and 6′-H), 6.72 (s, 1H, 9-H), 4.02 (s, 2H, Ph-CH2-S), 3.74 (s, 3H, 2-NCH3),
3.45 (s, 3H, 4-NCH3), 3.36 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.33 (t, J = 7.3 Hz, 3H, 6-CH2CH3);
13C-NMR (100 MHz, CDCl3) δ 180.7, 180.6, 170.7, 158.4, 154.1, 152.7, 151.0, 146.9, 134.0, 132.4,
130.2 (2C), 129.2 (2C), 127.1, 120.6, 105.4, 35.0, 31.7, 30.2, 29.1, 12.1; HRMS m/z 456.0775
(Calculated for C22H19ClN3O4S [M + H]+: 456.0785); purified in column chromatography
with dichloromethane: ethyl acetate: petroleum ether = 10:1:5; yield: 32%.

The 8-(benzo[d]thiazol-2-ylthio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone(21): Prepared from 3 and benzo[d]thiazole-2-thiol using general procedure
B; yellow solid; mp > 250 ◦C; 1H-NMR (400 MHz, CDCl3) δ 8.07 (d, J = 8.1 Hz, 1H, 7′-H),
7.89 (d, J = 8.1 Hz, 1H, 4′-H), 7.54 (d, J = 7.6 Hz, 1H, 5′-H), 7.47 (d, J = 7.6 Hz, 1H, 6′-H), 6.25
(s, 1H, 9-H), 3.74 (s, 3H, 2-NCH3), 3.42 (s, 3H, 4-NCH3), 3.38 (q, J = 7.3 Hz, 2H, 6-CH2CH3),
1.34 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 181.5, 179.9, 170.9, 158.2,
156.7, 153.6, 152.9, 151.0, 150.5, 146.8, 136.9, 131.4, 126.7, 123.6, 121.5, 105.4 31.7, 30.2, 29.1,
12.1; HRMS m/z 465.0690 (Calculated for C22H17N4O4S 2 [M + H]+: 465.0691); purified
in column chromatography with dichloromethane: ethyl acetate: petroleum ether = 9:1:3;
yield: 72%.

The 8-(phenylamino)-6-ethyl-2,4-dimethyl-pyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (22): Prepared from 3 and aniline using general procedure C; purple solid; mp
189.0–190.0 ◦C; 1H -NMR (400 MHz, CDCl3) δ 7.60 (s, 1H, NH), 7.42 (t, J = 7.8 Hz, 2H, 3′-H
and 5′-H), 7.23 (m, 3H, 2′-H, 4′-H and 6′-H), 6.46 (s, 1H, 9-H), 3.76 (s, 3H, 2-NCH3), 3.47
(s, 3H, 4-NCH3), 3.41 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.37 (t, J = 7.3 Hz, 3H, 6-CH2CH3);
13C-NMR (100 MHz, CDCl3) δ 182.2, 180.0, 170.2, 158.7, 153.1, 151.2, 149.3, 144.6, 137.2,
129.8(2C), 125.8, 122.3(2C), 119.5, 105.9, 103.7, 31.8, 30.2, 29.1, 12.1; HRMS m/z 391.1412
(Calculated for C21H19N4O4 [M + H]+: 391.1406); purified in column chromatography with
dichloromethane: ethyl acetate: petroleum ether = 1:2:4; yield: 76%.

Synthesis of 8-(4-amino-phenylamino)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline
-1,3,7,10(2H,4H)-tetraone (23): A solution of 3 (150 mg, 0.4909 mmol) and CeCl3*7H2O (5%
mmol respect to 1) in a mix of ethanol: dichloromethane = 1:1 (10 mL), was added dropwise
slowly a solution of benzene-1,4-phenylendiamine (26.60 mg, 0.2454 mmol) in ethanol:
dichloromethane = 1:1 (30mL). The reaction mixture was stirred at room temperature for
16 h. The progress of the reaction was followed by thin-layer chromatography (TLC). The
reaction mixture was concentrated under reduced pressure, and the crude reaction was
purified using 30 g of silica gel (70–230 mesh) and a mix of chloroform and ethyl acetate as
eluent; green solid; mp > 250 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.26 (d, J = 8.3 Hz, 2H, 2′-H
and 6′-H), 7.26 (s, 1H, NH), 6.75 (d, J = 8.4 Hz, 2H, 3′-H and 5′-H), 6.23 (s, 1H, 9-H), 3.99 (s,
2H, 4′-NH2), 3.75 (s, 3H, 2-NCH3), 3.44 (s, 3H, 4-NCH3), 3.41 (q, J = 7.3 Hz, 2H, 6-CH2CH3),
1.36 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 181.5, 181.2, 170.7, 158.5,
158.1, 152.7, 151.1, 148.9, 147.5, 137.0 (2C), 127.7, 120.8, 116.4 (2C), 113.5, 105.4, 31.7, 30.2,
29.0, 12.2; HRMS m/z 406.1528 (Calculated for C21H20N5O4 [M + H]+: 406.1515); purified
in column chromatography with chloroform: ethyl acetate = 8:1; yield: 51%.

The 8-(4-(methoxycarbonyl)phenylamino)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-
1,3,7,10(2H,4H)-tetraone (24): Prepared from 3 and methyl 4-aminobenzoate using general
procedure C; red solid; mp > 250 ◦C; 1H-NMR (400 MHz, CDCl3) δ 8.10 (d, J = 8.1 Hz, 2H,
3′-H and 5′-H), 7.76 (s, 1H, NH), 7.31 (d, J = 8.1 Hz, 2H, 2′-H and 6′-H), 6.63 (s, 1H, 9-H),
3.93 (s, 3H, 4′-COOCH3), 3.77 (s, 3H, 2-NCH3), 3.47 (s, 3H, 4-NCH3), 3.41 (q, J = 7.3 Hz, 2H,
6-CH2CH3), 1.38 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 182.4, 179.6,
170.4, 155.4, 151.9, 143.3, 141.6, 134.5, 132.6 (2C), 131.4, 123.9 (2C), 120.6, 118.9, 110.4, 108.9,
105.5, 57.6, 31.9, 30.2, 29.1, 12.0; HRMS m/z 449.1469 (Calculated for C23H21N4O6 [M + H]+:
449.1461); purified in column chromatography with chloroform: ethyl acetate = 20:1; yield:
42%.

Synthesis of methyl 4-(6-ethyl-2,4-dimethyl-1,3,7,10-tetraoxo-1,2,3,4,7,10-hexahydropyrimido
[4,5-c]isoquinolin-8-yl)amino)benzoic acid (25). Prepared from 3 and 4-aminobenzoic acid;
A solution of 3 (150 mg, 0.4909 mmol) and CeCl3*7H2O (5% mmol respect to 3) in a mix
of ethanol: dichloromethane = 1:1 (10 mL), was added dropwise slowly a solution of
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4-aminobenzoic acid (34.40 mg, 0.2506 mmol) in ethanol: dichloromethane = 1:1 (30 mL).
The reaction mixture was stirred at room temperature for 16 h. The progress of the reaction
was followed by thin-layer chromatography (TLC). The reaction mixture was concentrated
under reduced pressure, and the obtained solid was washed three times with 30 mL of
dichloromethane. Finally, the solid was purified using 10 g of silica gel (70–230 mesh) and
ethyl acetate as eluent; red solid; mp > 250 ◦C; 1H-NMR (400 MHz DMSO-d6) δ 9.47 (s, 1H,
NH), 7.97 (d, J = 8.6 Hz, 2H, 3′-H and 5′-H), 7.54 (d, J = 8.7 Hz, 2H, 2′-H and 6′-H), 6.40 (s,
1H, 9-H), 3.61 (s, 3H, 2-NCH3), 3.27 (q, J = 7.5 Hz, 2H, 6-CH2CH3) 3.23 (s, 3H, 4-NCH3),
1.32 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (400 MHz DMSO6): Not obtained due to low
solubility of the compound; HRMS m/z 435.1299 (Calculated for C22H19N4O6 [M + H]+:
435.1305); purified in column chromatography with ethyl acetate; yield: 12%.

The 6-ethyl-8-((4-fluorophenyl)amino)-2,4-dimethylpyrimido[4,5-c]isoquinoline -1,3,7,10
(2H,4H)-tetraone (26): Prepared from 3 and 4-fluoroaniline using general procedure C;
burgundy red solid; mp 216.1–216.9 ◦C (d); 1H-NMR (400 MHz, CDCl3) δ7.49 (s, 1H, NH),
7.22 (dt, JH,H = 7.9, JF,H = 2.6 Hz, 2H, 2′-H and 6′-H), 7.13 (t, JH,H = 8.5, JF,H = 8.5 Hz,
2H, 3′-H and 5′-H), 6.30 (s, 1H, 9-H), 3.76 (s, 3H, 2-NCH3), 3.47 (s, 3H, 4-NCH3), 3.41
(q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.37 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz,
CDCl3) δ 182.1, 179.9, 170.2, 160.4 (d, 1C, JF,C = 253.5 Hz, 4′), 158.8, 153.1, 151.2, 149.3,
145.1, 133.1(d, 1C, JF,C = 2.9 Hz, 1′), 124.7 (d, 2C, JF,C = 8.3 Hz, 2′ and 6′), 119.4, 116.8
(d, 2C, JF,C = 22.8 Hz, 3′ and 5′), 106.0, 103.3, 31.8, 30.2, 29.1, 12.1; HRMS m/z 409.1307
(Calculated for C21H18FN4O4 [M + H]+: 409.1312); purified in column chromatography
with chloroform: ethyl acetate = 9:1; yield: 70%.

The 8-((4-chlorophenyl)amino)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (27); Prepared from 3 and 4-chloroaniline using general procedure C;
purple solid; mp 206.0–207.0 ◦C (d); 1H-NMR (400 MHz, CDCl3) δ 7.56 (s,1H, NH), 7.39
(d, J = 8.8 Hz, 2H, 3′-H and 5′-H), 7.20 (d, J = 8.8 Hz, 2H, 2′-H and 6′-H), 6.40 (s, 1H, 9-H),
3.76 (s, 3H, 2-NCH3), 3.47 (s, 3H, 4-NCH3), 3.40 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.36 (t,
J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 182.2, 179.8, 170.3, 158.6, 153.1,
151.2, 149.1, 144.3, 135.8, 131.0, 129.3 (2C), 123.5 (2C), 119.3, 105.9, 104.0, 31.8, 30.2, 29.1,
12.1; HRMS m/z 425.1021 (Calculated for C21H18ClN4O4 [M + H]+: 425.1017); purified in
column chromatography with chloroform: ethyl acetate: petroleum ether = 2:1:2; yield:
53%.

The 8-((4-bromophenyl)amino)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (28): Prepared from 3 and 4-bromoaniline using general procedure C; red
solid; mp > 250.0 ◦C; 1H-NMR (400 MHz, CDCl3) δ7.55 (s, 1H, NH), 7.54 (d, J = 8.7 Hz,
2H, 3′-H and 5′-H), 7.15 (d, J = 8.7 Hz, 2H, 2′-H and 6′-H), 6.42 (s, 1H, 9-H), 3.76 (s, 3H,
2-NCH3), 3.47 (s, 3H, 4-NCH3), 3.40 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.36 (t, J = 7.3 Hz, 3H,
6-CH2CH3);13C-NMR (100 MHz, CDCl3) δ 182.2, 179.8, 170.3, 158.6, 153.1, 151.2, 149.1,
144.2, 136.4, 132.9 (2C), 123.7 (2C), 119.3, 118.7, 105.9, 104.1, 31.8, 30.2, 29.1, 12.1; HRMS
m/z 469.0515 (Calculated for C21H18BrN4O4 [M + H]+: 469.0511); purified in column
chromatography with dichloromethane: ethyl acetate: petroleum ether = 4:1:4; yield: 67%.

The 6-ethyl-8-((4-iodophenyl)amino)-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (29): Prepared from 3 and 4-iodoaniline using general procedure C;
purple solid; mp > 250 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.1 Hz, 3H, 3′-H
and 5′-H), 7,55 (s, 1H, NH), 7.02 (d, J = 8.2 Hz, 2H, 2′-H and 6′-H), 6.43 (s, 1H, 9-H),
3.76 (s, 3H, 2-NCH3), 3.47 (s, 3H, 4-NCH3), 3.40 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.36 (t,
J = 7.3 Hz, 3H, 6-CH2CH3);13C-NMR (100 MHz, CDCl3) δ 182.2, 179.8, 170.3, 158.6, 153.1,
151.2, 149.4, 144.0, 138.8 (2C), 137.1, 123.8 (2C), 119.3, 105.9, 104.3, 89.3, 31.8, 30.2, 29.1, 12.0;
HRMS m/z 517.0372 (Calculated for C21H18IN4O4 [M + H]+: 517.0373); purified in column
chromatography with chloroform; yield: 94%.

The 6-ethyl-8-(ethylthio)-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (30); Prepared from 3 and ethanethiol; orange solid; mp 171.3–172.8 ◦C; 1H-NMR
(400 MHz, CDCl3) δ 6.67 (s, 1H, 9-H), 3.75 (s, 3H, 2-NCH3), 3.46 (s, 3H, 4-NCH3), 3.37 (q,
J = 7.3 Hz, 2H, 6-CH2CH3), 2.85 (q, J = 7.4 Hz, 2H, 8-S-CH2CH3), 1.43 (t, J = 7.4 Hz, 3H,
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8-S-CH2CH3), 1.33 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 180.8,
180.7, 170.7, 158.5, 155.1, 152.7, 151.1, 147.1, 126.5, 120.8, 105.4, 31.7, 30.2, 29.1, 24.9, 12.5 12.1;
HRMS m/z 360.1010 (Calculated for C17H18N3O4S [M + H]+: 360.1018); purified in column
chromatography with dichloromethane: ethyl acetate: petroleum ether = 15:3:4; yield: 48%.

The 6-ethyl-2,4-dimethyl-8-(propylthio)pyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (31): Prepared from 3 and propane-1-thiol using general procedure B; orange
solid; mp 163.8–164.9 ◦C; 1H-NMR (400 MHz, CDCl3) δ 6.68 (s, 1H, 9-H), 3.76 (s, 3H,
2-NCH3), 3.48 (s, 3H, 4-NCH3), 3.39 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 2.81 (t, J =7.3 Hz, 2H,
8-S-CH2CH2CH3), 1.82 (m, 2H, 8-S-CH2CH2CH3), 1.35 (t, J =7.3 Hz, 3H, 6-CH2CH3), 1.11
(t, J =7.4 Hz, 3H, 8-S-CH2CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 180.84, 180.78, 170.7,
158.6, 155.4, 152.7, 151.1, 147.2, 126.5, 120,8, 105.4, 32.8, 31.7, 30.2, 29.1, 20.9, 13.7, 12.1;
HRMS m/z 374.1172 (Calculated for C18H20N3O4S [M + H]+: 374.1175); purified in column
chromatography with dichloromethane: ethyl acetate: petroleum ether = 2:1:4; yield: 40%.

The 8-(butylthio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (32): Prepared from 3 and butane-1-thiol using general procedure B; orange
solid; mp 158.8–160.5 ◦C; 1H-NMR (400 MHz, CDCl3) δ 6.67 (s, 1H, 9-H), 3.75 (s, 3H,
2-NCH3), 3.46 (s, 3H, 4-NCH3), 3.37 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 2.82 (t, J = 7.4 Hz, 2H,
8-S-CH2CH2CH2CH3), 1.75 (dt, J = 15.0, J = 7.4 Hz, 2H, 8-S-CH2CH2CH2CH3),1.51 (dq,
J = 14.6, J = 7.3 Hz, 2H, 8-CH2CH2CH2CH3), 1.34 (t, J = 7.3 Hz, 3H, 6-CH2CH3), 0.97 (t,
J = 7.4 Hz, 3H, 8-CH2CH2CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 180.82, 180.75, 170.7,
158.5, 155.4, 152.7, 151.1, 147.1, 126.4, 120.8, 105.4, 31.7, 30.6, 30.2, 29.3, 29.1, 22.2, 13.5, 12.1;
HRMS m/z 388.1326 (Calculated for C19H22N3O4S [M + H]+: 388.1331); purified in column
chromatography with dichloromethane: ethyl acetate: petroleum ether = 4:0.5:3; yield: 58%.

The 8-pentylthio-6-ethyl-2,4-dimethyl-pyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (33): Prepared from 3 and pentane-1-thiol using general procedure B; orange
solid; mp 158.6–160.4 ◦C; 1H-NMR (400 MHz, CDCl3) δ 6.67 (s, 1H, 9-H), 3.75 (s, 3H,
2-NCH3), 3.46 (s, 3H, 4-NCH3), 3.37 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 2.81 (t, J = 7.3 Hz, 2H,
8-S-CH2CH2CH2CH2CH3), 1.77 (dt, J = 7.5, J = 7.4 Hz, 2H, 8-S-CH2CH2CH2CH2CH3), 1.46
(dt, J = 14.2, J = 6.9 Hz, 2H, 8-S-CH2CH2CH2CH2CH3), 1.37–1.28 (m, 5H, 6-CH2CH3 and
8-S-CH2CH2CH2CH2CH3), 0.97 (t, J = 7.4 Hz, 3H, 8-S-CH2CH2CH2CH2CH3); 13C-NMR
(100 MHz, CDCl3) δ 180.95, 180.86, 170.81, 158.64, 155.54, 152.78, 151.23, 147.24, 126.54,
120.93, 105.51, 31.81, 31.26, 30.93, 30.27, 29.17, 27.14, 22.28, 13.99, 12.22; HRMS m/z 402.1483
(Calculated for C20H24N3O4S [M + H]+: 402.1488); purified in column chromatography
with dichloromethane: ethyl acetate: petroleum ether = 12:1:9; yield: 43%.

The 8-hexylthio-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (34): Prepared from 3 and hexane-1-thiol using general procedure B; orange
solid; mp 134.6–137.0 ◦C; 1H-NMR (400 MHz, CDCl3) δ 6.65 (s, 1H, 9-H), 3.73 (s, 3H,
2-NCH3), 3.44 (s, 3H, 4-NCH3), 3.35 (q, J = 7,3 Hz, 2H, 6-CH2CH3), 2.80 (t, J = 7.3 Hz, 2H,
8-S-CH2CH2CH2CH2CH2CH3), 1.74 (q, J = 7.3 Hz, 2H, 8-S-CH2CH2CH2CH2CH2CH3),
1.47 (q, 2H, 8-CH2CH2CH2CH2CH2CH3), 1.47 (m, 4H, 8-CH2CH2CH2CH2CH2CH3 and
8-CH2CH2CH2CH2CH2CH3), 1.32 (t, J = 7.3 Hz, 3H, 6-CH2CH3), 0.88 (t, J = 7.3 Hz, 3H,
8-CH2CH2CH2CH2CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 180.8, 180.7, 170.7, 158.4,
155.4, 152.5, 151.1, 147.1, 126.4, 120.8, 105.4, 31.7 31.2, 30.8, 30.1, 29.0, 28.7, 27.3, 22.5, 14.0,
12.1; HRMS m/z 402.1483 (Calculated for C20H24N3O4S [M + H]+: 402.1488); purified in
column chromatography with dichloromethane: ethyl acetate: petroleum ether = 2:1:4;
yield: 52%.

The 6-ethyl-2,4-dimethyl-8,9-bis(phenylthio)pyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (35): Prepared from 3 and benzenethiol using general procedure D; red solid;
mp 188.9–191.5 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.58–7.54 (m, 2H, 8-C6H5 or 9-C6H5),
7.43–7.37 (m, 5H, 8-C6H5 or 9-C6H5), 7.34–7.27 (m, 3H, 8-C6H5 or 9-C6H5), 3.71 (s, 3H,
2-NCH3), 3.31 (s, 3H, 4-NCH3), 3.06 (q, J = 7.4 Hz, 2H, 6-CH2CH3), 1.13 (q, J = 7.4 Hz,
3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 179.3, 176.8, 169.9, 157.6, 152.1, 151.1,
150.5, 147.7, 143.7, 133.3, 133.2 (2C), 131.2 (2C), 130.2, 129.4 (2C), 129.3 (2C), 128.9, 127.9,
122.1, 104.8, 31.0, 30.1, 28.8, 12.3; HRMS m/z 516.1058 (Calculated for C27H22N3O4S2
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[M + H]+: 516.1052); purified in column chromatography with dichloromethane: ethyl
acetate: petroleum ether = 4:1:5; yield: 39%.

The 8,9-bis(4-chlorophenylthio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (36): Prepared from 3 and 4-chlorobenzenethiol using general procedure
D; brown solid; mp 207.8–209.8 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.5 Hz, 2H,
2”-H and 6”-H), 7.36 (d, J = 8.6 Hz, 2H, 3”-H and 5”-H), 7.35 (d, J = 8.7 Hz, 2H, 2′-H and
6′-H), 7.29 (d, J = 8.5 Hz, 2H, 3′-H and 5′-H), 3.71 (s, 3H, 2-NCH3), 3.33 (s, 3H, 4-NCH3),
3.10 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 1.17 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz,
CDCl3) δ 179.4, 176.40, 170.1, 157.6, 152.1, 151.2, 151.0, 147.8, 142.3, 135.7, 134.8 (2C), 134.3,
132.6 (2C), 131.4, 129.7 (2C), 129.5 (2C), 128.2, 121.7, 104.8, 31.2, 30.1, 28.8, 12.3; HRMS
m/z 584.0263 (Calculated for C27H20Cl2N3O4S2 [M + H]+: 548.0272); purified in column
chromatography with dichloromethane: ethyl acetate: petroleum ether = 1:1:3; yield: 49%.

The 8,9-bis(propylthio)-6-ethyl-2,4-dimethyl-pyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (37): Prepared from 3 and propane-1-thiol using general procedure D; red solid;
mp 138.9–140.2 ◦C; 1H-NMR (400 MHz, CDCl3) δ 3.75 (s, 3H, 2-NCH3), 3.46 (s, 3H, 4-
NCH3), 3.34 (q, J = 7.3 Hz, 2H, 6-CH2CH3), 3.27 (t, J = 7.2 Hz, 2H, 9-CH2CH2CH3), 3.08 (t,
J = 7.3 Hz, 2H, 8-CH2CH2CH3), 1.76 (h, 2H, 9-CH2CH2CH3), 1.60 (h, 2H, 8-CH2CH2CH3),
1.33 (t, J = 7.3 Hz, 3H, 6-CH2CH3), 1.07 (t, J = 7.3 Hz, 3H, 9-CH2CH2CH3), 1.00 (t, J = 7.3 Hz,
3H, 8-CH2CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 180.4, 176.6, 169.8, 158.6, 152.4, 151.8,
151.1, 148.7, 142.2, 122.0, 104.6, 36.0, 35.1, 31.2, 30.1, 28.9, 24.2, 23.9, 13.3, 13.1, 12.5; HRMS
m/z 448.1365 (Calculated for C21H26N3O4S2 [M + H]+: 448.1365); purified in column
chromatography with dichloromethane: ethyl acetate: petroleum ether = 5:1:14; yield: 86%.

The 8-((2-bromo-4-chlorophenyl)thio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-
1,3,7,10(2H,4H)-tetraone (38); Prepared from 3 and 2-bromo-4-chlorobenzenethiol using
general procedure B; orange solid; mp 198.4–200.2 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.82
(d, J = 1.9 Hz, 1H, 3′-H), 7.59 (d, J = 8.3 Hz, 1H, 6′-H), 7.44 (dd, J = 8.3, J = 1.9 Hz, 1H,
5′-H), 6.06 (s, 1H, 9-H), 3,76 (s, 3H, 2-NCH3), 3,44 (s, 3H, 4-NCH3), 3.42 (q, J = 7.2 Hz,
2H, 6-CH2CH3), 1.37 (t, J = 7.2 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 181.0,
180.5, 170.8, 158.3, 153.4, 152.8, 151.0, 147.1, 138.5, 138.2, 132.3, 131.2, 129.5, 128.0, 127.3,
120.5, 105.5, 31.7, 30.2, 29.1, 12.1; HRMS m/z 519.9739 (Calculated for C21H16BrClN3O4S
[M + H]+: 519.9733); purified in column chromatography with dichloromethane: ethyl
acetate: petroleum ether = 1:5:4; yield: 70%.

The 8-((2,6-dimethoxyphenyl)thio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-
1,3,7,10(2H,4H)-tetraone (39): Prepared from 3 and 2,6-dimethoxybenzenethiol using gen-
eral procedure B; red solid; mp 223.0–223.7 ◦C (d); 1H-NMR (400 MHz, CDCl3) δ 7.45 (t,
J = 8.4 Hz, 1H, 4′-H), 6.66 (d, 2H, 3′-H and 5′-H), 6.07 (s, 1H, 9-H), 3.84 (s, 6H, 2′-OCH3
and 6′-OCH3), 3.74 (s, 3H, 2-NCH3), 3.43 (s, 3H, 4-NCH3), 3.41 (q, J = 7.2 Hz, 2H, 6-
CH2CH3), 1.36 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3) δ 181.3 (2C),
170.5, 161.3 (2C), 158.6, 154.1, 152.6, 151.1, 147.5, 133.2, 126.8, 121.0, 105.4, 104.5 (2C),
102.0, 56.4 (2C), 31.7, 30.2, 29.0, 12.2; HRMS m/z 468.1226 (Calculated for C23H22N3O6S
[M + H]+: 468.1229); purified in column chromatography with dichloromethane: ethyl
acetate: petroleum ether = 9:1:3; yield: 63%.

The 8-((5-bromo-2-methoxyphenyl)thio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-
1,3,7,10(2H,4H)-tetraone (40): Prepared from 3 and 5-bromo-2-methoxybenzenethiol using
general procedure B; orange solid; mp 221.0–222.0 ◦C (d); 1H-NMR (400 MHz, CDCl3)
δ 7.63 (q, J = 2.4 Hz, 1H, 6′-H), 7.61 (d, J = 8.7, J = 2.6 Hz, 1H, 4′-H), 6.93 (d, J = 8.6 Hz,
1H, 3′-H), 6.11 (s, 1H, 9-H), 3.85 (s, 3H, 2′-OCH3), 3.75 (s, 3H, 2-NCH3), 3.44 (s, 3H, 4-
NCH3), 3.41 (q, J = 7.2 Hz, 2H, 6-CH2CH3), 1.36 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR
(100 MHz, CDCl3) δ 181.2, 180.8, 170.7, 159.2, 158.4, 153.8, 152.7, 151.1, 147.2, 139.5, 135.7,
127.7, 120.7, 116.7, 113.5, 113.3, 105.4, 56.4, 31.7, 30.2, 29.1, 12.1; HRMS m/z 516.0237
(Calculated for C22H19BrN3O5S [M + H]+: 516.0229); purified in column chromatography
with dichloromethane: ethyl acetate: petroleum ether = 20:1:4; yield: 76%.

The 8-((3,5-dichlorophenyl)thio)-6-ethyl-2,4-dimethylpyrimido[4,5-c]isoquinoline-1,3,7,10
(2H,4H)-tetraone (41): Prepared from 3 and 3,5-dichlorobenzenethiol using general proce-
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dure B; yellow solid; mp 179.8–182.0 ◦C; 1H-NMR (400 MHz, CDCl3) δ 7.44 (s, 2H, 2′-H and
6′-H), 7.52 (s, 1H, 4′-H); 6.24 (s, 1H, 9-H), 3.75 (s, 3H, 2-NCH3), 3.43 (s, 3H, 4-NCH3), 3.40 (q,
J = 7.3 Hz, 2H, 6-CH2CH3), 1.36 (t, J = 7.3 Hz, 3H, 6-CH2CH3); 13C-NMR (100 MHz, CDCl3)
δ 181.1, 180.3, 170.9, 158.6, 145.9, 152.8, 151.0, 147.0, 136.6, 133.6 (2C), 131.1, 130.5, 128.4 (2C),
120.3, 105.5, 31.7, 30.2, 29.1, 12.1; HRMS m/z 476.0235 (Calculated for C21H16Cl2N3O4S
[M + H]+: 476.0239); purified in column chromatography with dichloromethane: ethyl
acetate: petroleum ether = 20:1:7; yield: 69%.

The 8-phenylthio-2,4,6-trimethyl-pyrimido[4,5-c]isoquinoline-1,3,7,10 (2H,4H)-tetraone
(42): Prepared from 4 and benzenethiol using general procedure B; yellow solid; mp
206.0–208.0 ◦C (d); 1H-NMR (400 MHz, CDCl3) δ 7.53 (m. 5H, 2′-H, 3′-H, 4′-H, 5′-H and
6′-H), 6.18 (s, 1H, 9-H), 3.74 (s, 3H, 2-NCH3), 3.43 (s, 3H, 4-NCH3), 3.01 (s, 3H, 6-CH3);
13C-NMR (100 MHz, CDCl3) δ 181.1, 180.9, 166.3, 158.3, 156.5, 152.7, 151.0, 146.9, 135.7
(2C), 130.7, 130.5 (2C), 128.1, 127.1, 120.9, 105.7, 30.2, 29.1, 26.9; HRMS m/z 394.0862 (Cal-
culated for C20H16N3O4S [M + H]+: 394.0862); purified in column chromatography with
dichloromethane: ethyl acetate: petroleum ether = 12:1:8; yield: 65%.

The 8-(4-methoxy-phenylthio)-2,4,6-trimethylpyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (43): Prepared from 4 and 4-methoxybenzenethiol using general procedure B;
orange solid; mp 198.0–199.0 ◦C (d); 1H-NMR (400 MHz, CDCl3) δ 7.43 (d. 2H, 3′-H
and 5′-H), 7.02 (d. 2H, 2′-H and 6′-H), 6.16 (s, 1H, 9-H), 3.86 (s, 3H, 4′-OCH3), 3.73 (s,
3H, 2-NCH3), 3.43 (s, 3H, 4-NCH3), 3.00 (s, 3H, 6-CH3); 13C-NMR (100 MHz, CDCl3) δ
181.2, 181.0, 166.2, 161.6, 158.3, 157.3, 152.6, 151.0, 147.0, 137.2 (2C), 128.0, 121.0, 117.2,
116.1 (2C), 105.7, 55.5, 30.2, 29.0, 26.9; HRMS m/z 424.0963 (Calculated for C21H18N3O5S
[M + H]+: 424.0967); purified in column chromatography with dichloromethane: ethyl
acetate: petroleum ether = 3:1:4; yield: 69%.

The 8-((4-fluorophenyl)thio)-2,4,6-trimethylpyrimido[4,5-c]isoquinoline-1,3,7,10(2H,4H)-
tetraone (44): Prepared from 4 and 4-fluorobenzenethiol using general procedure B; yel-
low solid; mp 211.0–212.0 ◦C (d); 1H-NMR (400 MHz, CDCl3) δ 7.52 (dd, JH,H = 8.7,
JH,H = 5.2 Hz, 2H, 2′-H and 6′-H), 7.21 (t, JH,H = 8.5, JF,H = 8.5 Hz, 2H, 3′-H and 5′-H), 6.15
(s, 1H, 9-H), 3.73 (s, 3H, 2-NCH3), 3.43 (s, 3H, 4-NCH3), 3.01 (s, 3H, 6-CH3); 13C-NMR
(100 MHz, CDCl3) δ 181.2, 180.9, 166.4, 164.4 (d, 1C, JF,C = 252.9 Hz, 4′), 158.4, 156.4, 152.8,
151.1, 146.9, 138.0 (d, 2C, JF,C = 8.8 Hz, 2′ and 6′), 128.2, 122.5 (d, 1C, JF,C = 3.6 Hz, 1′),
121.0, 118.0 (d, 2C, JF,C = 22.1 Hz, 3′ and 5′), 105.8, 30.4, 29.2, 27.0; HRMS m/z 412.0771
(Calculated for C20H15FN3O4S [M + H]+: 412.0767); purified in column chromatography
with dichloromethane: ethyl acetate: petroleum ether = 1:1:2; yield: 69%.

5.3. Crystallography
5.3.1. Preparation of Single Crystals

Single crystals were grown by solvent evaporation at room temperature from the
synthesis products. Crystals suitable for X-ray diffraction studies were obtained from
crystallization in saturated solutions: tetrahydropyran for 7 and benzene for 16.

5.3.2. Single Crystal X-ray Diffraction

Crystals were prepared under inert conditions and immersed in perfluoropolyether as a
protective oil for manipulation. Suitable crystals were mounted on MiTeGen MicromountsTM,
and these samples were used for data collection. Data were collected with a D8 Venture
diffractometer CuKα, 298 K (Bruker, Karlsruhe, Germany). The data were processed with
the APEX3 program [22] and corrected for absorption using SADABS [23]. The structures
were resolved using direct methods [24], which revealed the position of all nonhydrogen
atoms. These atoms were refined on F2 by a full-matrix least-squares procedure using
anisotropic displacement parameters. All hydrogen atoms were located in different Fourier
maps and were included as fixed contributions riding on attached atoms with isotropic
thermal displacement parameters 1.2 (C–H) or 1.5 (methyl) times those of the respective
atom. CCDC 2023040 (Compound 38), CCDC 2023047 (Compound 30), CCDC 2023048
(Compound 27), CCDC 2023049 (Compound 28), CCDC 2023045 (Compound P7), CCDC
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2023064 (Compound 32), and CCDC 2023061 (Compound 23) contain the crystallographic
data listed in Table S1 and Figures S5–S11. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre.

5.4. Images of 3D-Models

We processed with the BIOVIA Discovery Studio Visualizer software [25] from the
.cif files. The 3D models were superimposed considering the quinone tricyclic core as
temperate. The dihedral angle was measured by the same software. The images were
created with the script/Visualization/Publication Quality.

5.5. Evaluation of Antibacterial Activity

Antimicrobial activity in vitro against Staphylococcus aureus methicillin-susceptible
strain (ATCC® 29213), Staphylococcus aureus methicillin-susceptible strain (ATCC® 43300),
Enterococcus faecalis (ATCC® 29212), Escherichia coli (ATCC® 25922), Pseudomonas aeruginosa
(ATCC® 25923), and Klebsiella pneumoniae (ATCC® 700603) were investigated by minimum
inhibitory concentration (MIC) of a broth microdilution method, according to recommen-
dations of the Clinical and Laboratory Standards Institute (CLSI) [26]. All compounds
tested were dissolved in dimethyl sulfoxide (DMSO) to levels not exceeding 1% per well.
Vancomycin and gentamicin were used as references against the strains, and the results
were compared to the MIC ranges reported by the CLSI as a quality control measure [19].
In addition, one well in each plate with medium without antibiotics was used as a positive
control for bacterial growth. We also used a well containing only medium without the
bacterial inoculum as a sterility control of the procedure. The compounds were tested from
the maximum concentration reached and standard drugs since 16 µg/mL. The inoculum
was prepared to a turbidity equivalent of an 0.5 McFarland standard, diluted in broth media
to give a final concentration of 5 × 105 CFU/mL in the test tray; they were covered and
placed in plastic bags to prevent evaporation. The plates were incubated at 35 ◦C for 18–20
h. The MIC was defined as the lowest concentration of the compound giving complete
inhibition of visible growth. All experiments were performed three times in triplicate.

6. Patents

PatentWO2017113031A1, PCT/CL2015003780A1, USAUS11390622B2, EPO EP3404026A4;
China CN109121411B. MX/a/2018/008192A titled: “Pyrimidine-Isoquinoline-Quinone
Derived Compounds, their Salts, Isomers, Pharmaceutically Acceptable Tautomers; Phar-
maceutical Composition; Preparation Procedure; and their Use in the Treatment of Bacterial
and Multi-Resistant Bacterial Diseases”.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12061065/s1, Figures S1–S4: General procedures A to D,
Table S1: Crystallographic data. Figures S5–S11: Diagrams and crystallographic parameters.
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Abstract: Periodontal disease (PD) is multifactorial oral disease that damages tooth-supporting
tissue. PD treatment includes proper oral hygiene, deep cleaning, antibiotics therapy, and surgery.
Despite the availability of basic treatments, some of these are rendered undesirable in PD treat-
ment due to side effects and expense. Therefore, the aim of the present study is to develop
novel molecules to combat the PD triggering pathogens. The study involved the synthesis of
4-((5-(substituted-phenyl)-1,3,4-oxadiazol-2-yl)methoxy)benzamidine (5a-e), by condensation of 2-
(4-carbamimidoylphenoxy)acetohydrazide (3) with different aromatic acids; and synthesis of 4-((4-
(substituted benzylideneamino)-4H-1,2,4-triazol-3-yl)methoxy)benzamidine (6a-b) by treatment of
compound 3 with CS2 followed by hydrazination and a Schiff reaction with different aromatic alde-
hydes. Synthesized compounds were characterized based on the NMR, FTIR, and mass spectrometric
data. To assess the effectiveness of the newly synthesized compound in PD, new compounds were
subjected to antimicrobial evaluation against P. gingivalis and E. coli using the micro-broth dilution
method. Synthesized compounds were also subjected to cytotoxicity evaluation against HEK-293
cells using an MTT assay. The present study revealed the successful synthesis of heterocyclic deriva-
tives of benzamidine with significant inhibitory potential against P. gingivalis and E. coli. Synthesized
compounds exhibited minimal to the absence of cytotoxicity. Significant antimicrobial potential and
least/no cytotoxicity of new heterocyclic analogs of benzamidine against PD-triggering bacteria
supports their potential application in PD treatment.

Keywords: periodontal disease; periodontitis; heterocyclics; antibacterial; benzamidine

1. Introduction

Periodontal disease (PD) is a noncommunicable oral inflammatory disease that af-
fects the tissue of the teeth, causing severe damage to the periodontal ligament, leading
to tooth loss and reducing the quality of life [1]. PD affects around 11% of the global
population [2]. Risk factors such as osteoporosis, metabolic disorder, diabetes, and obesity
are strongly linked with chronic PD; however, lifestyle (smoking, alcohol consumption,
and poor oral hygiene), poor dietary vitamin D, and calcium intake also play a role [3].
Increasing evidence showed that there is a link between PD and other ailments such as
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respiratory infections, adverse pregnancy outcomes, cardiovascular diseases, chronic kid-
ney disease, diabetes, cancer, Alzheimer’s, and Parkinson’s disease [4–8]. The onset and
progression of PD are associated with the synergy among the organisms found in the
microbiota, which then interacts with the host immune defense, leading to severe oral
inflammation [9]. The oral microbiota is composed of several organisms that are important
in the regulation and protection of the oral cavity against the colonization of non-essential
organisms. However, dysregulation of these organisms can cause gingivitis which has
the potential to progress to PD [10]. PD is known to be associated with diverse species
of bacteria, especially P. gingivalis and E. coli [11,12]; that are strongly linked to and im-
plicated in the initial onset, progression, and severity of PD and its associated systemic
diseases [13,14]. The strategies for prevention and treatment of PD are relatively simple, yet
difficult to apply. The reduction of risk factors, the use of probiotic agents, and antioxidants,
along with mechanical treatment (scaling) and/or a combination of antibiotics such as
metronidazole and amoxicillin or metronidazole and ciprofloxacin can greatly contribute
to the reduction or elimination of periodontal associated pathogens [15,16]. Furthermore,
they aid the treatment of PD associated systemic diseases [17,18]. Although the systematic
adjuvant use of mechanical and combination of antibiotics is the best strategy now, other
evidence showed that P. gingivalis and its related pathogens are developing resistance to
commonly available antibiotics and rendering them less effective by degradation using
their virulence factors [19–22]. Concerning antibiotic resistance, an alternative treatment
strategy for periodontal pathogens is the use of synthetic inhibitors. Recent evidence
showed that synthetic molecules have the potential to ease the burden of oral infections
caused by P. gingivalis with no significant cytotoxicity observed [23,24]. Facts suggest that
incorporation of heterocyclic groups into the organic moieties enhances their biological po-
tential [25,26]. A study reported that benzamidine and its derivatives displayed inhibition
against gingipains, a major virulence factor produced by P. gingivalis [27]. Our previous
study showed that benzamidine and its derivatives (ester, hydrazides, and Schiff bases)
inhibit P. gingivalis and its associated pathogens [12]. Recent studies showed effectiveness
of oxadiazoles and triazoles against periodontitis triggering pathogens [28–30]. To combat
antibiotic resistance, oxadiazoles have been used due to their sensitive antimicrobial ac-
tivity [31]. Hence, based on the severity of PD, associated pathogens and their resistance,
potential of benzamidine analogs against PD, and the enhancement of inhibitory poten-
tial by incorporation of oxadiazoles and triazoles groups in different chemical moieties,
researchers are motivated to perform the synthesis, characterization, cytotoxicity analysis,
and evaluation of novel heterocyclic derivatives (oxadiazoles and triazoles) of benzamidine
against periodontal-disease-triggering bacteria. In the continuation of a previous study, our
present study highlights that the synthesis of new oxadiazole and triazole derivatives of
benzamidine analogs possess high inhibition potential against triggering bacteria, which
makes them the forefront of potential PD treatment.

2. Materials and Methods
2.1. General Information

The reagents, solvents, and chemicals used for the synthesis of compounds in the
present study were acquired from Sigma-Aldrich Co. (St. Louis, MO, USA), HmbG®

Chemicals, Hamburg, Germany, Friendemann Schmidt Chemical, Washington, DC, USA,
Merck KGaA (Darmstadt, Germany), and Qrec Chemicals, Rawang, Malaysia. The Ashless
Whattman No. 1 filter paper was used for filtration. To verify compounds’ purity, the
open capillary tube method was used. The melting points of all synthesized compounds
were determined using SMP11 Analogue apparatus. The compounds’ characterization
was recorded by 1H-NMR and 13C-NMR (NMR 700 MHz ASCEND™ spectrometer) using
deuterated DMSO solvent, on a δ value scale as the downfield chemical shift in ppm against
tetramethylsilane (TMS). The NMR signals are stated as s, single; d, doublet; t, triplet; m,
multiplet. The IR of synthesized compounds was recorded using a Jasco ft/ir-6700 instru-
ment in a wavelength range of 400–4000 cm−1. The analysis of mass spectra was recorded
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from a Direct Infusion IonTrap MS Full Scan (Thermo Scientific Q Exactive HF-X hybrid
quadrupole-Orbitrap mass spectrometer, Waltham, MA, USA). Elemental analysis was
performed on a Perkin Elmer 240 B and 240 C. Elemental analysis (C, H, N), indicated
by employing element symbols, was within ±0.4% of theoretical values. The purity of
compounds and monitoring of reactions were assessed by TLC on aluminum sheets with
silica gel 60 F254 (0.2 mm) (Merck Millipore, Darmstadt, Germany) using methanol: chloro-
form (0.3: 1.7) as a solvent system in a UV chamber using a SPRECTROLINE® CM-26 UV
viewing chamber. The 4-hydroxybenzenecarboximidamide analogs were synthesized as
per the protocol given by previous authors with slight modifications [32–36].

2.2. Synthesis
2.2.1. General Procedure for the Synthesis of
4-((5-(Substituted-phenyl)-1,3,4-oxadiazol-2-yl)methoxy)benzamidine (5a-e)

To synthesize the oxadiazole derivatives of benzamidine (5a-e), an equal molar con-
centration of compound (3) (0.02 M) and 3-phenoxy benzoic acid was dissolved in 10 mL
of phosphoryl chloride and refluxed for 8 h. At the end, the mixture was cooled, washed
with ice, filtered, and recrystallized to obtain the pure compound 5a. The synthetic scheme
for synthesis of compound 5a-e is given in Figure 1. During the experiment, anhydrous
reaction conditions were maintained, and the recrystallization was done using methanol
and activated charcoal. The synthesized compound 5a was further characterized based on
the spectrometric data (Figures S1–S4). Similarly, other compounds 5b-e were synthesized,
purified, and characterized.
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4-((5-(4-Chlorophenyl)-1,3,4-oxadiazol-2-yl)methoxy)benzamidine (5a)

White crystalline (Yield 73%, m.p. 184 ◦C); IR (KBr, cm−1): 3051 (Aromatic C–H), 2978
(Aliphatic H–C), 1681 (C=N), 1591, 1425 (Aromatic C=C), 1238, 1066 (C–O–C of oxadiazole
ring); 1H-NMR (DMSO-d6, ppm) δ: 3.21 (s, 2H, O–CH2), 3.71 (brs, 2H, NH2), 7.25–7.79
(m, 8H, Ar–H), 8.41 (s, 1H, C=NH); and 13C–NMR (DMSO, ppm) δ: 68.17 (CH2), 122.93,
128.35, 128.88, 129.29, 130.79, 130.95, 131.432, 133.62, 138.86 (Ar-C), 167.47 (C=N); Mass
(m/z): Calcd. 328.75, found 328.4; Anal. Calcd. for C16H13ClN4O2: C, 58.45; H, 3.99; N,
17.04%, Found: C, 58.53; H, 3.91; N, 17.12%.

4-((5-(2-Chlorophenyl)-1,3,4-oxadiazol-2-yl)methoxy)benzamidine (5b)

Beige crystalline (Yield 70%, m.p. 124 ◦C); IR (KBr, cm−1): 3065 (Aromatic C–H),
2998, 2888 (Aliphatic C–H), 1682 (C=N), 1569, 1474 (Aromatic C=C), 1265, 1043 (C–O–C of
oxadiazole ring); 1H-NMR (DMSO-d6, ppm) δ: 3.21 (s, 2H, O–CH2), 3.72 (brs, 2H, NH2),
7.46–7.83 (m, 8H, Ar-H), 8.12 (s, 1H, C=NH); 13C-NMR (DMSO, ppm) δ: δ 68.18 (O–CH2),
122.51, 127.64, 131.01, 131.17, 131.50, 131.97, 132.07, 132.93 (Ar-C), 167.24 (C=N); Mass
(m/z): Calcd. 328.75, found 328.5; Anal. Calcd. for C16H13ClN4O2: C, 58.45; H, 3.99; N,
17.04%, Found: C, 58.58; H, 3.93; N, 17.16%.

4-((5-(2-Fluorophenyl)-1,3,4-oxadiazol-2-yl)methoxy)benzamidine (5c)

Light brown crystalline (Yield 75%, m.p. 138 ◦C); IR (KBr, cm−1): 3051 (Aromatic
C–H), 2917 (Aliphatic C–H), 1675 (C=N), 1508, 1426 (Aromatic C=C), 1292, 1067 (C–O–C
of oxadiazole ring); 1H-NMR (DMSO-d6, ppm) δ: 3.20 (s, 2H, CH2), 3.49 (brs, 2H, NH2),
7.30–8.01 (m, 8H, Ar–H), 8.01 (s, 1H, C=NH); 13C-NMR (DMSO, ppm) δ: 68.44 (O-CH2),
115.99, 117.20, 122.63, 123.90, 127.79, 128.77, 129.87, 131.40, 132.35, 134.56 (Ar–C), 164.67
(C=N); Mass (m/z): Calcd. 312.3, found 312.1; Anal. Calcd. for C16H13FN4O2: C, 61.53; H,
4.20; N, 17.94%, Found: C, 61.61; H, 4.25; N, 17.88%.

4-((5-(4-Aminophenyl)-1,3,4-oxadiazol-2-yl)methoxy)benzamidine (5d)

Brown crystalline (Yield 70%, m.p. 134 ◦C); IR (KBr, cm−1): 3229 (N–H), 3065 (Aromatic
C–H), 2918 (Aliphatic C–H), 1653 (C=N), 1593, 1407 (Aromatic C=C), 1243, 1062 (C–O–C
of oxadiazole ring); 1H-NMR (DMSO-d6, ppm) δ: 3.22 (s, 2H, O-CH2), 3.70–4.20 (brs, 4H,
NH2 and Ar–NH2), 7.03–8.11 (m, 8H, Ar-H), 8.12 (s, 1H, C=NH); 13C-NMR (DMSO, ppm)
δ: 68.11 (O–CH2), 113.06, 116.17, 119.70, 120.03, 123.24, 130.09, 130.62, 131.82 (Ar–C), 167.19
(C=N); Mass (m/z): Calcd. 384.3, found 384.10; Anal. Calcd. for C16H15N5O2: C, 62.13; H,
4.89; N, 22.64%, Found: C, 62.22; H, 4.93; N, 22.71%.

4-((5-(3,5-Dinitrophenyl)-1,3,4-oxadiazol-2-yl)methoxy)benzamidine (5e)

Yellowish brown crystalline (Yield 75%, m.p. 130 ◦C); IR (KBr, cm−1): 3051 (Aromatic
C–H), 2919 (Aliphatic C–H), 1680 (C=N), 1589, 1474 (Aromatic C=C), 1310 (N-O), 1242, 1042
(C–O–C of oxadiazole ring); 1H-NMR (DMSO-d6, ppm) δ: 3.16 (s, 2H, O–CH2), 3.71 (brs,
2H, NH2), 7.41–7.78 (m, 7H, Ar–H), 8.02 (s, 1H, C=NH); 13C-NMR (DMSO, ppm) δ: 67.98
(O–CH2), 122.12, 123.26, 127.7, 128.07, 129.21, 130.56, 131.06, 132.01, 133.28, 134.55 (Ar–C),
167.23 (C=N); Mass (m/z): Calcd. 309.32, Found 309.20; Anal. Calcd. for C16H12N6O6: C,
50.01; H, 3.15; N, 21.87%, Found: C, 50.12; H, 3.11; N, 21.79%.

2.2.2. General Procedure for the Synthesis of
4-((4-3-Phenoxybenzylideneamino)4-4-nitrobenzylideneamino)-4H-1,2,4-triazole-3-yl
methoxy)benzamidine (6a-b)

To synthesize the compound 6a,b, a mixture of compound 3 (0.1 M), potassium
hydroxide (0.15 M), and CS2 (0.15 M) in absolute ethanol was stirred for 18 h. To the
resulting solution, 250 mL of anhydrous ether was added to precipitate potassium dithio-
carbazinate. The 0.02 M of dithiocarbazinate was hydrazinated with 0.04 M of hydrazine
hydrate. The hydrazinated product was treated with different aromatic aldehydes sepa-
rately in equimolar concentration. The synthesized compounds were recrystallized using
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absolute ethanol to offer pure compounds 6a,b. The synthetic scheme for synthesis of
compound 6a-b is given in Figure 1. During the experiment, anhydrous reaction condi-
tions were maintained, and the recrystallization was done using methanol and activated
charcoal. The synthesized compound 6a was further characterized based on spectrometric
data (Figures S5, S6, S7a–c and S8). Similarly, compound 6b was also synthesized, purified,
and characterized.

4-((4-(3-Phenoxybenzylideneamino)-4H-1,2,4-triazole-3-yl)methoxy)benzamidine (6a)

Yellow crystalline (Yield 85%, m.p 193 ◦C); IR (KBr, cm−1): 3034 (Aromatic C–H), 2918
(Aliphatic C–H), 1687 (C=N), 1481, 1447 (Aromatic C=C); 1H-NMR (DMSO-d6, ppm) δ: 3.35
(s, 2H, O–CH2), 7.06 (s, 1H, S–H), 7.17–7.71 (m, 22H, Ar–H), 9.29 (s, 1H, N=CH), 9.99 (s, 1H,
C=NH); 13C-NMR (DMSO, ppm) δ: 67.89 (O–CH2), 117.82, 118.59, 119.75, 119.81, 123.23,
124.52, 124.58, 124.75, 124.89, 125.22, 130.71, 130.77, 130.83, 131.51, 133.30, 138.42, 163.33
(Ar–C), 157.75 (C=N), 167.38 (1H, C=NH), 193.01 (N=C-S); Mass (m/z): Calcd. 624.71,
Found 624.20; Anal. Calcd. for C36H28N6O3S: C, 69.21; H, 4.52; N, 13.45%, Found: C, 69.18;
H, 4.59; N, 13.51%.

4-((4-(4-Nitrobenzylideneamino)-4H-1,2,4-triazole-3-yl)methoxy)benzamidine (6b)

Yellow crystalline (Yield 88%, m.p 180 ◦C); IR (KBr, cm−1): 3052 (Aromatic C–H), 2919
(Aliphatic C–H), 1703 (C=N), 1537, 1444 (Aromatic C=C); 1H-NMR (DMSO-d6, ppm) δ: 3.36
(s, 2H, O–CH2), 7.06 (s, 1H, S–H), 8.16–8.42 (m, 12H, Ar–H), 9.29 (s, 1H, N=CH), 9.98 (s, 1H,
C=NH); 13C-NMR (DMSO, ppm) δ: 68.01 (O–CH2), 124.73, 125.32, 127.12, 131.11, 131.57,
135.28, 133.67, 136.59, 138.45, 139.17, 139.82, 140.54 (Ar–C), 151.09 (C=N), 167.82 (C=NH),
192.79 (N=C-S); Mass (m/z): Calcd. 530.52, Found 530.20. Anal. Calcd. for C24H18N8O5S:
C, 54.34; H, 3.42; N, 21.12%, Found: C, 54.29; H, 3.39; N, 21.08%.

2.3. Determination of Antimicrobial Activity

In the present study, the micro-broth dilution method was used to determine the
inhibition susceptibility of synthesized compounds against P. gingivalis (ATCC 33277) and
E. coli (ATCC 25922). The strain of P. gingivalis and E. coli were obtained from ATCC. The
bacteria were cultured in blood-enriched tryptic soy agar (eTSA) (Merck KGaA, Darmstadt,
Germany), supplemented with sterile filtered 5% L-cysteine (Bio-Basic, Markham, ON,
Canada), 1% dithiothreitol (Sigma Life Sciences, Burlington, MA, USA), and 0.5 mg/mL
vitamin K (Sigma Life Sciences, Burlington, MA, USA) with an adjusted pH of 7.4 [37]. As
per CLSI guidelines, the micro broth dilution method was used to determine the minimum
inhibition concentration (MIC) of P. gingivalis. The synthesized compounds were diluted
in two-fold serial dilution, starting with the highest concentration at 500 µg/mL, and the
lowest concentration at 7.8125 µg/mL. Ampicillin was used as a control (Akum Drugs and
Pharmaceuticals, New Delhi, India), with final concentrations of 250 µg/mL to 1.6 µg/mL.
All of these dilutions were carried out aseptically. To inoculate bacterial culture for MIC, the
0.5 McFarland standard was used (1.5 × 108 CFU/mL) [38,39]. To the microtiter plate, an
equal volume of 1.5 × 108 CFU/mL of P. gingivalis was added, excluding only the negative
control. The microtiter plates were incubated in an anaerobic jar (Oxoid, Winchester, UK)
supplemented with a gas pack (Merck KGaA, Darmstadt, Germany) that generate 90% N2,
5% CO2, and H2 and a gas indicator (Thermo Fisher Scientific, Waltham, MA, USA) for
46 h at 37 ◦C.

Cation-adjusted Mueller–Hinton broth (CAMHB) and agar (CAMHA) (HiMedia,
Mumbai, India) were used for E. coli MIC evaluation. The MIC of E. coli was determined
using the same method as that of P. gingivalis. The final concentration of the ampicillin was
250 µg/mL to 1.6 µg/mL (CSC Pharmaceuticals, Mumbai, India). The microtiter plates
were incubated at 37 ◦C in aerobic conditions for 18 h.

To determine P. gingivalis minimum bactericidal concentration, MIC results of the clear
wells of samples where there was no visible bacterial growth were aseptically plated on
eTSB agar and incubated in an anaerobic jar at 37 ◦C with a gas indicator and gas pack
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for 46 h. The MBC of E. coli was determined by plating the MIC results of the clear wells
on CAMHA and incubating for 18 h at 37 ◦C according to the guidelines given by CLSI.
After incubation, MBC was recorded as the lowest concentration of a compound with no
visible growth of bacteria with agar clarity, the same as that of the negative control. All
experiments were performed in triplicate.

2.3.1. Cell Viability Assay

MTT is the most common cell viability assay used and it depends on the conversion of
substrate to a chromogenic product by live cells. This assay involves the conversion of the
water-soluble MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to an
insoluble formazan by the action of mitochondrial reductase. The solubilized formazan
concentration is then determined by an optical density at 570 nm [40]. To determine cell
viability, HEK 293 cells obtained from ATCC were revived and cultured using DMEM
(Dulbecco’s modified Eagle medium) supplemented with 5% fetal bovine serum (FBS)
(Sigma life science, Burlington, MA, USA) and 1% antibiotic (GIBCO, Waltham, MA, USA)
and incubated at 37 ◦C, with 5% CO2, and relative humidity of about 95% (Heal Force/HF90,
Hong Kong, China).

2.3.2. Cell Counting

Cells were counted using the hemocytometer (Hirschmann Laborgerate, Darmstadt,
Germany) counting technique. Here, cells were washed with PBS (First base, Axil Scientific,
Singapore), treated with trypsin (Sigma life science, Burlington, MA, USA), and incubated
at 37 ◦C to detach them from the flask surface. After trypsinization, 0.1 mL of cells were
added to 0.9 mL of 0.2% trypan blue (Sigma life science, Burlington, MA, USA) in a sterile
microcentrifuge tube. A 10 µL sample of stained cells were loaded into both sides of
the chamber of the hemocytometer, covered with microscopic cover glass, and cells were
viewed under the inverted microscope (Olympus/CK40-F200, Shinjuku, Japan). The viable
cells were not stained with trypan blue, whereas the dead cells were stained [41]. Using
Equations (1) and (2), the total viable cells were calculated:

Total number of viable cells =
Total number of cells from 4 grids

4
(1)

Number of live cells = Total number of viable cells × Dilution factor × 104/mL (2)

2.3.3. Cell Treatment

After 24 h of incubation, the counted cells were treated with different concentrations
(50–7.8125 µg/mL) of the synthesized compounds. All seeded cells were treated with
synthesized compounds except the controls, and cells were further incubated until MTT
analysis [42].

2.3.4. 3-[4,5-Dimethylthiazol-2-yl]2,5-diphenyl Tetrazolium Bromide (MTT) Assay

A 20 µL sample of MTT reagent (0.5 mg/mL) (Sigma life science, Burlington, MA,
USA) in PBS was added to each well, including the controls, and the plates were covered
with aluminum foil paper and incubated at 37 ◦C for 4 h. After incubation, the cells were
treated with MTT detergent (DMSO) (Sigma life science, Burlington, MA, USA) and further
incubated for 1 h. After 1 h of incubation, the sample OD was measured at 570 nm with
the reference of 630 nm using Infinite 200 PRO (Tecan Microplate Reader, Mannedorf,
Switzerland). A triplicate experiment was carried out for all synthesized compounds.
Below is the formula used for calculating the percentage (%) of cell viability:

Cytotoxicity (%) =
Sample Absorbance (mean)
Control Absorbance (mean)

(3)

108



Antibiotics 2023, 12, 306

2.3.5. Statistical Analysis

GraphPad Prism software version 5 (GraphPad Software, Inc., San Diego, CA, USA)
was used to analyze cytotoxicity statistical data. One-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s post-hoc test to determine the source of significant difference between
the groups using SPSS software (IBM SPSS Statistics, Version 25). Results are presented as
mean ± standard error of experiment performed in triplicate.

3. Results and Discussion
3.1. Chemistry

In a previous study, the authors of the present study, described the synthesis of com-
pounds 2, 3, and 4a-c, that involved preparation of ethyl-2-(4-carbamimidoylphenoxy)acetate
2, by esterification of 4-hydroxybenzenecarboximidamide (1), followed by hydrazination to
form 2-(4-carbamimidoylphenoxy)acetohydrazide (3), which was further treated with differ-
ent aromatic aldehydes to offer N-(substituted benzylidene)-2-(4-(N-(4-ydroxybenzylidene)
carbamimidoyl)phenoxy)acetohydrazide (4a-c) [12].

In the current study, compound 3 was subjected to different types of reactions. In
one part of the experiment, compound (3) was treated with different aromatic acids (4-
chlorobenzoic acid, 2-chlorobenzoic acid, 4-flurobenzoic acid, 4-aminobenzoic acid, and
3,5-dinitrobenzoic acid) in the presence of POCl3 to offer new oxadiazoles derivatives
of benzamidine (5a-e). The stated experiment involved cyclo-condensation reaction of
aromatic acids with hydrazide (3) in the presence of POCl3 to form compound 5a-e. The
physical and chemical properties of newly synthesized compounds in the present study are
also supported by other investigations [43,44]. Whereas, in another part of the experiment,
compound (3) was treated with carbon disulfide in the presence of potassium hydroxide to
offer potassium dithiocarbazinate, which was further subjected to hydrazination followed
by treatment with different aromatic aldehydes to offer compounds (6a,b) [45–47]. The
synthetic scheme for all new compounds 5a-e and 6a-b is given in Figure 1.

Figure 1 shows synthetic route of novel analogs obtained in this study. The purity
of synthesized compounds was determined based on melting point, single spot TLC
(thin-layer chromatography) pattern, and CHN analysis. In the present study, the spec-
trometric analysis of synthesized compounds using mass spectrometry, FTIR, 1H, and
13C-NMR confirmed the structure of compounds 5a-e and 6a-b. The successful synthesis
of compound 5a-e was confirmed based on the presence of the characteristic IR bands at
1042–1295 (C–O–C of oxadiazole ring), disappearance of 1H-NMR signals at 8.27, appear-
ance of extra 13C-NMR signals for aromatic carbons raging between 113 and 166, and the
appearance of a mass spectrum ion peak ranging between 309 and 384 confirmed the struc-
ture of the synthesized compounds 5a-e. The successful synthesis of the compound (6a-b)
was confirmed based on the appearance of the characteristic IR bands at 1687 and 1703
(C=N), 1H-NMR signals at 7.06 (1H, s, S-H), 9.2 (N=CH), 9.9–10.17 (C=NH), 13C-NMR
signals at 193 (N=C–S), and the appearance of mass signals at 624 and 530.

3.2. Biological Activity
3.2.1. In Vitro Antibacterial Activity of Synthesized Compounds

In vitro antibacterial assay consists of numerous biological assays such as agar dilution,
well-diffusion, disk-diffusion, and broth dilution methods [48]. The antibacterial screening
of all synthesized compounds 5a-e and 6a,b against P. gingivalis and E. coli resulted in a
minimum inhibition concentration (MIC) between 31 µg/mL and 250 µg/mL (Table 1).
However, not all the synthesized compounds yielded a result for minimum bactericidal
concentration (MBC). The synthesized compounds 5b, 5d, 5e, and 6b have all displayed
an MBC against P. gingivalis with a range of 250 µg/mL to 125 µg/mL. While for E. coli,
only compounds 5c, 5e, and 6b have yielded MBC results with a range of 125 µg/mL to
250 ug/mL (Table 2). Moreover, both compounds 5a and 6a displayed no MBC activity
against P. gingivalis and E. coli, respectively. On the contrary, compounds 5e and 6b are the
only two compounds to yield MBC against both P. gingivalis and E. coli.
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Table 1. MIC values of synthesized compounds.

Compound
(µg/mL)

Organisms

P. gingivalis E. coli

1 62.5 ± 0.00 c 31.25 ± 0.00 b

2 62.5 ± 0.00 c 55.5 ± 12.03 c

3 62.5 ± 0.00 c 31.5 ± 0.00 b

5a 62.5 ± 0.44 c 250 ± 1.76 d

5b 31.25 ± 0.11 b 250 ± 0.00 d

5c 62.5 ± 0.00 c 250 ± 1.76 d

5d 31.25 ± 0.00 b 250 ± 0.00 d

5e 31.25 ± 0.88 b 250 ± 1.76 d

6a 125 ± 0.00 d 250 ± 0.00 d

6b 31.25 ± 0.00 b 62.5 ± 0.00 c

Ampicillin 15.63 + 0.00 a 1.600 + 0.00 a

MIC: Minimum inhibitory concentration. Data presented as mean ± standard error of each experiment performed
in triplicate values. Means with different superscripts (a–d) were significantly different (p < 0.05).

Table 2. MBC values of synthesized compounds.

Compound
(µg/mL)

Organisms

P. gingivalis E. coli

1 125 -
2 125 -
3 125 -
5a - -
5b 125 -
5c - 250
5d 125 -
5e 125 250
6a - -
6b 125 125

Ampicillin 62.5 7.8
MBC: Minimum bactericidal concentration.

The synthesis of oxadiazole compounds in recent years has spiked up tremendously,
solely due to their biological activities. Their antibacterial activity against pathogenic
microorganisms has exceeded some of the known antibiotics, making them an alternative
to combat drug resistance organisms [31]. It was previously reported by [49], that evalua-
tion of scaffold oxadiazoles has resulted in MIC against gram-positive and gram-negative
organisms. In addition, multiple other studies have shown that oxadiazoles have sup-
pressed bacterial growth at low concentrations [50–53], similar to the observation that was
noted in this study. Although oxadiazoles have broad-spectrum antibacterial activities [54],
and their activities have been evaluated in both gram-positive and gram-negatives some
of which are associated with oral diseases [55,56], there is no data on its evaluation and
inhibition activity against P. gingivalis. This study may be the first one to report the ability
of oxadiazoles to inhibit P gingivalis growth, a putative organism that promotes PD.

In the continuous search for alternatives to antibiotics, triazole Schiff bases derivatives
possess the biological properties that inhibit the growth of drug-resistant organisms [57]. In
the present study, it is worth knowing that compound 6b has yielded MIC and MBC against
both P. gingivalis and E. coli compared to other synthesized compounds (Tables 1 and 2).
But this is not a surprise considering its known activity against pathogenic organisms [58],
with some studies reporting that it is twice as active as ciprofloxacin [59], whereas other
studies reported that it has activity comparable to that of chloramphenicol [60]. Further-
more, it was reported by [61,62], that triazole Schiff bases have an inhibition activity against
multi-drug resistance organisms. Despite triazole Schiff base’s diverse antibacterial activity,
there’s less evaluation of its activities against P. gingivalis. Nevertheless, a study showed
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that synthesized triazoles have the activity to inhibit adherence of P. gingivalis [30]. An-
other study showed that triazole has an inhibitory influence against HmuY and fimA gene
expression (hemin binding proteins) which are responsible for P. gingivalis growth [63]. In
the present study, all synthesized compounds have yielded antibacterial effects against
tested pathogens with some having higher potential than others, making them a promising
therapeutic alternative. Although all synthesized compounds exhibited significant activity
against P. gingivalis and E. coli; however, among all, compound 6b was found to be most
active, as it exhibited the best MIC and MBC values against P. gingivalis and E. coli.

3.2.2. Cytotoxicity Analysis of Synthesized Compounds

In drug development, cytotoxicity is an important aspect of biological evaluation. In
the present study, the MTT assay of all synthesized compounds was evaluated against
HEK 293 cells. A previous study suggested that oxadiazole compounds yielded no to
less toxicity when tested against NIH/3T3 cells due to cell viability greater than 75% [64].
Testing synthesized compounds of oxadiazoles against A549, L929, and HpG2 cells [65],
showed that most synthesized compounds yielded no cytotoxicity against tested cell lines
with cell viability greater than 75%, with only a few compounds resulting in cell death.
Satisfactory results and minimal cytotoxicity of oxadizoles evaluation were previously
described [66,67], which is in agreement with this study. In the current study, it was
observed that all synthesized oxadiazoles (5a-e) yielded more than 70% cell viability when
tested against HEK 293 cells at 62.5 µg/mL (Table 3 and Figure 1). At 125 µg/mL, all
synthesized oxadiazoles showed no sign of cytotoxicity, except for 5b, having only 66%
cell viability. At the maximum concentration tested (500 µg/mL), only compound 5d-e
showed no signs of cytotoxicity compared to other synthesized compounds (5a-c). Hence
the minimal cytotoxicity at high concentrations and high antibacterial at low concentrations
of these synthesized compounds are their major advantages.

Table 3. Cytotoxicity values of synthesized compounds.

Concentration
(µg/mL)

Cell Viability (%)

1 2 3 5a 5b 5c 5d 5e 6a 6b

7.8125 122.87
± 17.59

116.06 ±
19.78

116.06 ±
19.78

97.67 ±
0.90

92.67 ±
1.62 *

92.83 ±
1.35 *

96.00 ±
2.52

93.87 ±
1.78 *

90.53 ±
1.00

86.83 ±
10.09

15.625 105.89
± 19.53

100.67 ±
29.35

100.67 ±
29.35 *

93.33 ±
2.08

87.93 ±
0.87 *

90.10 ±
2.19 *

89.13 ±
1.35 *

92.80 ±
2.12 *

87.47 ±
1.35 *

82.13 ±
7.81

31.25 94.83 ±
17.46 *

107.65 ±
29.99 *

107.65 ±
29.99

93.53 ±
0.84

82.77 ±
1.40 *

87.37 ±
1.85 *

88.00 ±
1.04 *

90.23 ±
1.19 *

84.83 ±
2.15 *

78.20 ±
6.30 *

62.5 93.56 ±
10.72 *

111.10 ±
16.38 *

111.10 ±
16.38 *

91.03 ±
2.66

76.10 ±
3.72 *

80.23 ±
2.83 *

87.00 ±
1.23 *

88.57 ±
2.11 *

72.80 ±
7.50 *

78.77 ±
10.12 *

125 94.41 ±
9.93

100.71 ±
6.74

100.71 ±
6.74

84 ±
8.22 *

66 ±
1.69 *

72 ±
2.15 *

83 ±
2.05 *

87 ±
2.51 *

62 ±
0.86 *

74 ±
9.77 *

250 96.03 ±
17.65 *

114.80 ±
10.81 *

114.80 ±
10.81

71 ±
8.42 *

62 ±
0.70 *

72 ±
2.48 *

71 ±
4.86 *

74 ±
3.71 *

62 ±
3.06 *

72 ±
11.41 *

Control 100 ±
0.00

100 ±
0.00

100 ±
0.00

100 ±
0.00

100 ±
0.00

100 ±
0.00

100 ±
0.00

100 ±
0.00

100 ±
0.00

100 ±
0.00

Data presented as mean ± standard error with each experiment were performed in triplicate. Mean values having
superscript ‘*’ statistically indicates by * p < 0.05.

Triazole has exemplary biological activity and due to its minimal cytotoxicity, it is
ideal for many biological studies. Triazole Schiff bases have shown to be safe and have
relatively less cytotoxicity when tested against HEK-293 and WI-38, respectively [68–70].
Triazole Schiff bases analysis against kidney, red blood cells, and lung cells all yielded
no cytotoxicity, hence supporting their minimal cytotoxicity, and it is even suggested to
be safer than cisplatin [71–73]. Here in this study, it was observed that 6a-b resulted in
more than 70% cell viability when tested against HEK-293 cells at 62.5 µg/mL (Table 3 and
Figure 1). However, at 250 µg/mL, only 6b resulted in more than 70% cell viability. Among
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6a and 6b, the compound 6b is found to be much safer with 68% cell viability (Table 3) at
the maximum tested concentration (500 µg/mL).

Based on the resultant MIC data of synthesized compounds 5a-e and 6a,b given in
Table 1, the structure of benzamidine and its analogues synthesized in the present study,
were related to their inhibitory potential (MIC) against PD triggering bacteria. The study
revealed that incorporation of heterocyclic ring (oxadiazole and triazole) increases their
inhibitory potential by twofold against P. gingivalis in comparison to parent benzamidine
compound 1. It is observed that incorporation of Cl at ortho, NO2 at ortho and meta,
and NH2 group at para position of benzene ring that is directly attached to oxadiazole
ring containing benzamidine analogues 5b, 5d, and 5e, enhances their inhibitory potential
against P. gingivalis in comparison to compound 1. However, incorporation of Cl at para
position of benzene ring in compound 5a offers activity similar to compound 1. Whereas
incorporation of NO2 group at para position on benzene ring attached to triazole containing
benzamidine analogue 6b further enhances their inhibitory potential against P. gingivalis
in comparison to compound 1. The resultant MBC data of compound 5b, 5d, 5e, and
6b given in Table 2, revealed their equipotent MBC value when compared with parent
compound 1. As per the resultant cyto-toxicity study data given in Table 3 and Figure 2,
the compounds 5a, 5c-e, and 6b can be considered as nontoxic and safer alternatives for the
treatment of PD. However, compound 5a containing para substituted Cl on benzene and
compound 6a containing phenoxy group at meta position of benzene offers lesser safety
when compared with other synthesized compounds. Free hydroxy group is not essential for
the activity, conversion into ether linkage further enhances the inhibitory activity. Based on
the MIC, MBC, and cytotoxicity data it is recommended that these synthesized compounds
should be further subjected to preclinical and clinical evaluation.
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4. Conclusions

In conclusion, compounds were successfully synthesized by the condensation of
hydrazides with different aromatic benzoic acids, and cyclo-condensation of a triazole with
imine Schiff bases. The synthesized compounds were further confirmed based on sharp
melting point, single spot TLC pattern, and spectral data. All synthesized compounds
displayed minimum to high inhibition activity against tested pathogens. Addiontally,
all the synthesized compounds showed less cytotoxicity when tested against HEK-293
cells. Despite the present study showing the ability of benzamidine derivatives to inhibit
the growth of periodontal pathogens with an absence of cytotoxicity of some of these
derivatives, additional in-vivo and clinical studies are required to establish their safety
and efficacy.
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Figure S4: MASS spectrum of compound 5a; Figure S5: FTIR spectrum of compound 6a; Figure S6: 1H-
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B.; Vaickelionienė, R.; Sapijanskaitė-
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LT-50254 Kaunas, Lithuania

2 Transplantation-Oncology Infectious Diseases Program, Division of Infectious Diseases, Department of Medicine,
Weill Cornell Medicine of Cornell University, 1300 York Ave., New York, NY 10065, USA

3 Institute for Genome Sciences, School of Medicine, University of Maryland, 655 W. Baltimore Street,
Baltimore, MD 21201, USA

4 Institute of Infectious Diseases and Pathogenic Microbiology, Birštono Str. 38A, LT-59116 Prienai, Lithuania
* Correspondence: kazimieras.anusevicius@ktu.lt; Tel.: +370-646-21841

Abstract: The growing antimicrobial resistance to last-line antimicrobials among Gram-positive
pathogens remains a major healthcare emergency worldwide. Therefore, the search for new small
molecules targeting multidrug-resistant pathogens remains of great importance. In this paper, we
report the synthesis and in vitro antimicrobial activity characterisation of novel thiazole deriva-
tives using representative Gram-negative and Gram-positive strains, including tedizolid/linezolid-
resistant S. aureus, as well as emerging fungal pathogens. The 4-substituted thiazoles 3h, and 3j
with naphthoquinone-fused thiazole derivative 7 with excellent activity against methicillin and
tedizolid/linezolid-resistant S. aureus. Moreover, compounds 3h, 3j and 7 showed favourable ac-
tivity against vancomycin-resistant E. faecium. Compounds 9f and 14f showed broad-spectrum
antifungal activity against drug-resistant Candida strains, while ester 8f showed good activity against
Candida auris which was greater than fluconazole. Collectively, these data demonstrate that N-
2,5-dimethylphenylthioureido acid derivatives could be further explored as novel scaffolds for
the development of antimicrobial candidates targeting Gram-positive bacteria and drug-resistant
pathogenic fungi.

Keywords: 2-aminothiazoles; antifungal; antibacterial; anticancer activity; hydrazone; benzimidazole;
sulphanilamide

1. Introduction

Infections caused by Gram-positive pathogens, such as methicillin-resistant Staphy-
lococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE) remain among one
of the most common infectious agents worldwide. Infections caused by MRSA and VRE
are responsible for increased mortality rates among hospitalised patients with chronic
illness [1,2]. Numerous virulence factors are harboured by MRSA and VRE as well as
biofilm production often leading to infections in surgically implanted catheters, especially
in patients receiving cancer chemotherapy, hematopoietic stem-cell transplantation, and
solid-organ transplantation. The profound antimicrobial resistance among MRSA and
VRSA shortens the available treatment options, resulting in the systemic manifestation
of the pathogen and death. Therefore, it is important to develop and investigate novel
compounds with antimicrobial activity directed to MRSA and VRE.

The ability of pathogens to form biofilms on indwelling catheters has previously
been associated with greater morbidity [3,4]. Moreover, the formation of interkingdom
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biofilms, consisting of bacterial pathogens and Candida species worsens the clinical progno-
sis. Despite being the most common fungal pathogen in clinical settings responsible for
great morbidity worldwide, Candida spp. can form synergistic relationships with S. aureus
leading to bacterial protection from antimicrobial treatment. Moreover, there is evidence
that S. aureus provides a niche for C. albicans to evade antifungal drugs and thus survive
the treatment [5,6]. Moreover, the recent emergence of the highly resistant C. auris with an
instinctive resistance to azoles remains an increasing hardcore threat. Therefore, it is critical
to apply novel concepts and develop multifunctional compounds with the ability to evade
pre-existing antimicrobial activity in Gram-positive pathogens and clinically important
fungi [7–9].

The development of new antimicrobials is focused on aspects of enhancing antimicro-
bial properties as well as evading antimicrobial resistance of bacterial and fungal pathogens
or restoring the susceptibility of the pathogens to clinically approved antimicrobials [10–15].
In addition, compounds should remain minimally toxic to the host and show good phar-
macological properties. However, the main aspect of developing effective drugs is their
structural characteristics and the rate of activity. Lipophilicity is a significant physico-
chemical parameter that influences the membrane’s transport and the binding’s ability to
act [16–19]. The study of lipophilicity-related parameters of thiazole derivatives showed
these compounds to be promising drug candidates [20].

Thiazole derivatives are a family of heterocyclic compounds with large-scale biologi-
cal properties [21] and are well-known in medicinal chemistry as promising drug candi-
dates [22–24]. Synthesis of variously substituted thiazole ring led to novel compounds
with numerous interesting pharmacological properties, including antibacterial [25–29],
antifungal [15,20,23,30,31], antiviral [32–35], anthelmintic [36], antihypertensive, antihis-
taminic [37,38] and analgesic [39–41] effect. For instance, a naphthyl-substituted thiazole
was established to inhibit the allosteric cysteine in the p10 subunit of caspase-5, thus acting
as a cell’s protective compound [42]. Furthermore, benzimidazole-thiazole hybrid [43] was
shown to be a privileged scaffold with a potent anti-inflammatory effect [40], and benzene
sulphonamide thiazoles revealed its potent inhibitory properties against DPP-4 [27].

The 2,5-dimethylphenyl scaffold is a common structural feature in many antimicro-
bial compounds, particularly in the class of compounds known as phenylpropanoids [44].
These compounds have been found to have antimicrobial activity against a wide range
of microorganisms, including bacteria, fungi and viruses [45–47]. They have been the
subject of extensive research for the development of new antimicrobial agents, particu-
larly in the fight against antibiotic-resistant infections [48]. Some examples of drugs that
have been developed from the 2,5-dimethylphenyl scaffold include antifungal echinocan-
dins and antibacterial agents such as linezolid. Therefore, novel compounds bearing
2,5-dimethylphenyl substituents may pose antimicrobial activity against Gram-positive
and Gram-negative pathogens with novel or emerging resistance mechanisms. To explore
aminothiazole derivatives as novel candidates targeting clinically important and multidrug-
resistant WHO priority pathogens, we generated a series of aminothiazole derivatives
bearing N-2,5-dimethylphenyl and β-alanine and characterised their antimicrobial activity
using pathogens with defined resistance mechanisms. In addition to that, we characterised
anticancer activity using A549 and Caco-2 cell culture models. A SAR investigation of
aminothiazole derivatives revealed the influence of modification to a carboxylic acid moiety
on the antimicrobial activity of the synthesized compounds [49]. In this paper, we describe
the synthesis and in vitro characterisation of antimicrobial and anticancer properties of
a series of novel thiazole derivatives bearing 4-quinolone, quinoxaline, naphthoquinone,
hydrazone, benzimidazole, and benzenesulphonamide moieties. It is known that thiazoles
can be synthesized from α-bromoketone and thiourea via Hantzsch thiazole synthesis in
high yields.

118



Antibiotics 2023, 12, 220

2. Results and Discussion
2.1. Synthesis

This research work is a continuation of projects on the synthesis and biological eval-
uation of various thiazole derivatives. 3-(1-(2,5-Dimethylphenyl)thioureido)propanoic
acid (1) as the starting compound was synthesized by multistep reactions according to the
method described in [50]. It is known that thiazoles can be synthesised from α-haloketone
and a thioamide via Hantzsch thiazole synthesis in high yields [51]. To synthesize thiazolone
2 (Scheme 1), thioureido acid 1 was reacted with monochloroacetic acid in an aqueous
10% potassium carbonate solution at room temperature followed by the acidification with
acetic acid to pH 6. In this reaction, the conventional reaction conditions at reflux were
not suitable due to the formation of a large number of impurities. A singlet at 3.91 ppm of
CH2 group protons in the 1H NMR spectrum and resonance lines at 183.3 ppm (C=O) and
187.0 ppm (C=N) in the 13C NMR spectrum of compound 2 confirmed the formation of the
thiazolone ring. 2-Amino-1,3-thiazole derivative 3a was obtained from thioureido acid 1
and a chloroacetaldehyde 50% aqueous solution. The reaction was performed by refluxing
acetone for 12 h. Product 3a was obtained in the form of water-soluble hydrochloride
salt [52]. The convenience of the method is the crystallisation of the product from the
reaction mixture already during the process. The data of the 1H and 13C NMR spectra of
synthesized compounds 1, 2 3a are included in the Supplementary Material (Figures S1–S6).
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Scheme 1. Synthesis of thiazole derivatives 2–7. R1 = (a) H; (b) CH3; (c) C6H5; (d) 4-F-C6H4;
(e) 4-CN-C6H4; (f) 4-Cl-C6H4; (g) 4-NO2-C6H4; (h) 3,4-diCl-C6H4; (i) 4-Br-C6H4; (j) naphthalen-2-
yl; (k) chromenon-3-yl. Reagents and conditions: (i) ClCH2COOH, 10% K2CO3, r.t. 24 h, AcOH
to pH 6; (ii) a 50% ClCH2CHO, acetone, reflux, 12 h; b ClCH2COCH3, water, rt, 24 h, AcONa,
heated to boil; c–k α-bromoacetophenone, acetone, reflux, 2–5 h, (iii) PPA, 120 ◦C, 2–3 h, crushed ice;
(iv) 3-chloropentane-2,4-dione, acetone, reflux, 2 h; (v) 2,3-dichloroquinoxaline or (vi) 2,3-dichloro-
1,4-naphthoquinone, AcOH, AcONa, rt, 24 h, 70–80 ◦C, 10 h, water.

Next, the 4-methyl substituted thiazole 3b was synthesized as shown in Scheme 1.
Previously, in [53], 4-methyl-2-aminothiazole was prepared in acetone, but for 3b, the
interaction of thioureido acid 1 with chloroacetone proceeded better in water than in
acetone. The reaction at room temperature for 24 h and the following addition of sodium
acetate to the reaction mixture gave the desired 4-methyl-1,3-thiazole derivative 3b, the
structure of which was easily confirmed by the NMR spectral data (Supplementary Material,
Figures S7 and S8).

119



Antibiotics 2023, 12, 220

According to the publication [54], 4-substituted thiazoles and especially those with
chromen-3-yl and naphthalen-2-yl moieties demonstrate convincing antibacterial properties.
Based on this, we have prepared a library of 4-substituted thiazoles 3c–k. The well-
known Hantzsch thiazole synthesis method was applied and the generation of the target
products 3c–k was performed by condensation of thioureido acid 1 with a series of α-
bromoacetophenones without the use of a base. The isolated hydrobromide salts were
transformed to free-based by dissolving them in 10% aqueous sodium carbonate and
acidifying the solutions with acetic acid to pH 6. The structures of the obtained compounds
3c–k were confirmed by the data of the 1H and 13C NMR spectra (Supplementary Material,
Figures S9–S26).

The activity of broad-spectrum quinolone-based antibiotics against both Gram-positive
and Gram-negative bacteria, including mycobacteria and anaerobes, promotes the syn-
thesis and development of new quinolone-type compounds which are relevant to the
development of knowledge on this topic [55]. Heating of N-aryl-β-alanines with strong
dehydrating agents such as Eaton’s reagent [56], polyphosphoric acid [57,58] or phosphorus
pentoxide [59] causes the formation of compounds containing 2,3-dihydroquinolin-4(1H)-
one moiety. To obtain quinolone-type compounds 4i–k, thiazoles 3i–k were treated with
polyphosphoric acid at 120 ◦C. The intramolecular cyclisation occurred over 2–3 h and
2,3-dihydroquinolin-4(1H)-ones 4i–k were obtained in 71–88% yield. The data of the 1H
and 13C NMR spectra of synthesized compounds 4i–k are included in the Supplementary
Material (Figures S27–S32).

Compounds bearing a 5-acetyl-4-methylthiazole structure were found to exhibit high
cytotoxicity against the MCF-7 cell line [60] as well as demonstrate up-and-coming antimi-
crobial properties [61,62]. For that purpose, we have included the synthesis of a compound
containing this fragment into the goals of our study, and 5-acetyl-4-methylthiazole 5 was
prepared by the same technique as for 3c–k. The product was separated in 75% yield and its
structure was confirmed by the methods of IR, NMR spectroscopy and the data of elemental
analysis (NMR data are included in the Supplementary Material, Figures S33 and S34).

The previous study [63] on the synthesis and the assessment of biological properties
of thiazole derivatives revealed naphthoquinone-fused derivatives to demonstrate good
antimicrobial properties against Gram-positive and Gram-negative bacteria strains. The ef-
forts to synthesize quinoxaline- and naphthoquinone-fused thiazoles 6 and 7 by the interac-
tion of thioureido acid 1 with 2,3-dichloroquinoxaline or 2,3-dichloro-1,4-naphthoquinone,
respectively, were successful. The stirring of the reaction mixture in glacial acetic acid
with the presence of sodium acetate in the mixture at room temperature for 24 h and the
additional stirring at the higher temperature of 70–80 ◦C for 10 h afforded thiazoles 6 and 7
(NMR data are included in the Supplementary Material, Figures S35–S38). An even higher
temperature of the reaction mixture strongly reduces the yield of the products due to the
formation 1-(2,5-dimethylphenyl)-2-thioxotetrahydropyrimidin-4(1H)-one caused by the
intramolecular cyclisation of thioureido acid 1 [64]. Noteworthy, Matsuoka et al. state that
in some cases the reactions of 2,3-dichloro-1,4-naphthoquinone with thioamides, thiourea
and dithiooxamide led to the formation of dibenzo[b,i]thianthrene-5,7,12,14-tetraone as
the main product of the reaction [65–67]. The same by-product was identified in the
synthesis route of 3-[(2,5-dimethylphenyl)(4,9-dioxo-4,9-dihydronaphtho [2,3-d][1,3]thiazol-
2-yl)amino]propanoic acid (7).

The carboxyl functional group can be an important constituent of a pharmacophore [68].
Its functionalisation can greatly expand the library of biological properties of
compounds [69,70]. To expand the library of thiazole derivatives and to evaluate the
influence of substituents on their biological properties, some transformations of the car-
boxyl group were performed (Scheme 2). Firstly, acid 3f was esterified with methanol to
obtain ester 8f. No additional catalyst was required for this reaction with hydrobromide
analogue. Afterwards, ester 8f was refluxed in 1,4-dioxane with hydrazine monohydrate
and the resulting acid hydrazide 9f was then condensed with aldehydes and ketones. The
structure of 9f was confirmed by the NMR techniques and microanalysis data. The presence
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of the CONHNH2 group protons were indicated by the singlets at 9.11 (NH) and 4.07 (NH2)
ppm in the 1H NMR spectrum of 9f, whereas the spectral line of the carbon of the C=O
group resonated at the characteristic area of the 13C NMR spectrum, i.e., at 169.4 ppm
(Supplementary Material, Figures S39 and S42).
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Scheme 2. Chemical transformations of carboxylic acids 3c, f, h and hydrazide 9f. (3, 16, 17c) R1 = H;
(3, 16, 17f) R1 = 4-Cl; (3, 16, 17h) R1 = 2,4-diCl; (10f) R2 = 5-nitrothiophen-2-yl; (11f) R2 = 5-nitrofuran-
2-yl; (12f) R2 = indol-3-yl; (14f) R3 = Et; (15f) Hex. Reagents and conditions: (i) MeOH, a few drops
of conc. H2SO4, reflux, 4 h; 5% Na2CO3 (ii) N2H4·H2O, 1,4-dioxane, reflux, 5 h; (iii) corresponding
aldehyde, 1,4-dioxane, a few drops of glacial acetic acid, reflux, 2–12 h; (iv) cyclopentanone, 1,4-
dioxane, a few drops of conc. acetic acid, reflux, 3 h; (v) corresponding ketone, 1,4-dioxane, a
few drops of conc. acetic acid, reflux, 4 (14) or 8 (15) h; (vi) o-phenylenediamine, 15% HCl, reflux
72 h, water, 10% K2CO3; (vii) sulphanilamide, TEA, DMF, rt, 0.5 h, HBTU, DMF, argon, r.t. 72 h,
10% K2CO3.

As previously reported in [71], 4-aryl substituted thiazoles bearing hydrazonyl frag-
ments appeared to be an eligible scaffold for the future development of antifungal and
antibacterial agents targeting highly resistant pathogenic microorganisms. Further, a series
of various hydrazones were synthesized and investigated for their bioactivity. To obtain hy-
drazones 10–15f, hydrazide 9f was condensed with heterocyclic and aliphatic ketones. The
products were isolated in a 75–85% yield. The NMR spectra of the synthesized hydrazones
10–15f showed that in the DMSO-d6 solution, they exist as a mixture of E/Z conformers due
to the presence of a CO-NH fragment in the molecule and the restricted rotation around it;
in the studies [57,72], the Z-form predominate are described NMR data are included in the
Supplementary Material, Figures S43–S54).

One of the methods for the synthesis of a benzimidazole heterosystem involves to
condensation of carboxylic acids with 1,2-diaminobenzenes. The target compounds 16c,
f, h were synthesized by Phillip’s method (heating of both reagents in 4 M hydrochloric
acid). The reflux for 72 h gave benzimidazoles 16c, f, h in good yields (NMR data are in the
Supplementary Material, Figures S45–S60).

Finally, amides 17c, f, h were prepared by direct coupling of acids 3 with the sulphanil-
amide using HBTU as the coupling reagent and triethylamine as the base (Scheme 2).

The reactions were performed in dimethylformamide at room temperature in an inert
argon atmosphere. The products were isolated by the dilution of the reaction mixture with
an aqueous 10% potassium carbonate and were characterised using NMR and IR spec-
troscopy and elemental analysis (NMR data are included in the Supplementary Material,
Figures S61–S66).

It is worth noting that the analysis of NMR spectra revealed that the CH2N protons
are often observed as two broad singlets. The characteristic splitting of resonances was
observed for all compounds except 4i–k. The literature in [64] suggests that such splitting
of the proton resonances of the compounds possessing methyl group in the 2nd position of
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the benzene ring was caused by the restricted rotation of benzene and other N-substituents
around the C(1′)-N(1) bond and the possibility of diastereomers.

2.2. Antibacterial Activity of Compounds 1–17 against Multidrug-Resistant Pathogens

In order to understand the structure-dependent antibacterial activity of novel thiazole
derivatives 1–17, we first used a representative collection of multidrug-resistant Gram-
positive and Gram-negative bacterial pathogens with genetically defined antimicrobial
resistance profiles [73]. The bacterial strains were selected to represent WHO ESKAPE
group pathogens with emerging and challenging antimicrobial resistance mechanisms.
To do so, the compounds were screened by using clinically approved minimal inhibitory
concentration (MIC) determination by using the Clinical Laboratory Standard Institute
(CLSI) recommendations.

Novel thiazole derivatives 1–17 exhibited structure-dependent antibacterial and anti-
fungal activity. Interestingly, compounds 1–17 failed to show antimicrobial activity against
multidrug-resistant Gram-negative pathogens, such as K. pneumoniae, P. aeruginosa, A. bau-
mannii and E. coli (MIC > 64 µg/mL), suggesting the possible existence of Gram-positive
bacteria-derived targets of compounds 1–17 (Table 1). On the other hand, only 4-substituted
thiazoles 3h, 3j and ring-fused 7 showed favourable activity against Gram-positive bacteria
(S. aureus and E. faecium) harbouring multidrug-resistance profiles (Table 2). Compound 3h
bearing 3,4-diCl-C6H3 moiety showed antimicrobial activity against S. aureus TCH 1516
(MIC 8 µg/mL) harbouring mecA gene conferring resistance to β-lactam antibiotics [1].
Moreover, 3h showed one-fold lover antimicrobial activity against E. faecium AR-0783
(MIC 16 µg/mL) strain-harbouring vanB gene conferring resistance to vancomycin. The
chlorines on the 3,4-diCl-C6H4 substituent could pose a synergistic activity by targeting
multiple cellular targets on bacterial cells, in comparison to mono chlorine derivatives, thus
exerting more potent antimicrobial activity. Moreover, dichloro substitutions could poten-
tially greatly enhance lipophilicity, thus increasing compound penetration to bacterial cells.
Finally, chlorine atoms are electron-windrowing groups and diCl substitution can greatly in-
crease the electrophilicity of the compounds, thus greatly increasing reactivity and stronger
interaction with microbial targets. Therefore, the chlorines at 3,4-positions of the phenyl
ring are important for antimicrobial activity against Gram-positive multidrug-resistant
pathogens [53]. The introduction of the 4-Cl-C6H4 substitution (3f) or the replacement of
3,4-diCl-C6H4 with 4-fluoro (3d) or 4-bromo (3i) phenyl substituents results in a complete
loss of antimicrobial activity (MIC >64 µg/mL) against S. aureus and E. faecium suggesting
the high importance of 3,4-diCl-C6H4 for the antimicrobial activity. Interestingly, the in-
troduction of naphthalen-2-yl substitution (3j) greatly enhances the antimicrobial activity
against S. aureus and E. faecium (MIC 2 µg/mL).

The replacement of the thiazole ring with the ring-fused structure strongly enhanced
the antibacterial activity against S. aureus TCH 1516 strain (MIC 1 µg/mL), while the
antibacterial activity against E. faecium AR-0783 increased two-fold (MIC 8 µg/mL) if
compared to 3h (Table 1). The antibacterial activity of compound 7 against S. aureus was
similar to daptomycin (MIC 1 µg/mL) and twice stronger than vancomycin (MIC 2 µg/mL)
and excellent if compared to ampicillin (MIC > 64 µg/mL).

The emerging resistance to oxazolidinones (linezolid and tedizolid) which are last-line
antimicrobial pharmaceuticals used to treat infections caused by Staphylococcus remains
one of the major healthcare threats worldwide. Therefore, we further evaluated if the
most promising thiazole derivatives 3h, 3j and 7 will be active against linezolid/tedizolid-
resistant S. aureus strains (Table 2). The compounds 3h, 3j and 7 showed promising activity
against linezolid/tedizolid-resistant S. aureus strains with MIC ranging from 1 to 32 µg/mL
(Table 2). Compound 3j showed the highest activity against tested strains (MIC 1–2 µg/mL),
and its antimicrobial activity was greater than linezolid (8–32 µg/mL).
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Table 1. In vitro antibacterial activity of compounds 1–17 against the representative, multidrug-resistant
Gram-positive and Gram-negative bacterial strains harbouring genetically defined resistance mechanisms.

Compounds
Minimal Inhibitory Concentration (µg/mL)

S. aureus TCH
1516 1

E. faecium
AR-0783 2

K. pneumoniae
AR-0139 3 E. coli AR-0149 4 A. baumannii

AR-0037 5
P. aeruginosa

AR-0100 6

1 >64 >64 >64 >64 >64 >64
2 >64 >64 >64 >64 >64 >64
3a >64 >64 >64 >64 >64 >64
3b >64 >64 >64 >64 >64 >64
3c >64 >64 >64 >64 >64 >64
3d >64 >64 >64 >64 >64 >64
3e >64 >64 >64 >64 >64 >64
3f >64 >64 >64 >64 >64 >64
3g >64 >64 >64 >64 >64 >64
3h 8 16 >64 >64 >64 >64
3i >64 >64 >64 >64 >64 >64
3j 2 2 >64 >64 >64 >64
3k >64 >64 >64 >64 >64 >64
4i >64 >64 >64 >64 >64 >64
4j >64 >64 >64 >64 >64 >64
4k >64 >64 >64 >64 >64 >64
5 >64 >64 >64 >64 >64 >64
6 >64 >64 >64 >64 >64 >64
7 1 8 >64 >64 >64 >64
8f >64 >64 >64 >64 >64 >64
9f >64 >64 >64 >64 >64 >64

10f >64 >64 >64 >64 >64 >64
11f 16 >64 >64 >64 >64 >64
12f >64 >64 >64 >64 >64 >64
13f >64 >64 >64 >64 >64 >64
14f >64 >64 >64 >64 >64 >64
15f >64 >64 >64 >64 >64 >64
16c >64 >64 >64 >64 >64 >64
16f >64 >64 >64 >64 >64 >64
16h >64 >64 >64 >64 >64 >64
17c >64 >64 >64 >64 >64 >64
17f >64 >64 >64 >64 >64 >64
17h >64 >64 >64 >64 >64 >64

Vancomycin 2 64 N/A N/A N/A N/A
Ampicillin >64 64 >64 64 >64 >64

Daptomycin 1 4 N/A N/A N/A N/A
Aztreonam N/A N/A 4 2 2 16
Meropenem N/A N/A 8 16 32 32
Imipenem N/A N/A >64 >64 >64 >64

1 S. aureus TCH 1516 mecA, USA300 lineage. 2 E. faecium AR-0783 VanB. 3 K. pneumoniae AR-0193 ac(6′)-IIa, armA,
ARR-3, cmlA1, CMY-4, CTX-M-15, dfrA1, fosA, mph(E), msr(E), NDM-1, oqxA, oqxB, OXA-10, SHV-11, strA, strB, sul1,
sul2. 4 E. coli AR-0149 CMY-42, NDM-7. 5 A. baumannii AR-0037 NDM-1, OXA-94, sul2. 6 P. aeruginosa AR-0100
aac(3)-Id, aadA6, dfrB5, OXA-50, PAO, sul1, VIM-2.

Table 2. In vitro antibacterial activity of the most promising thiazole derivatives 3h, 3j and 7 against
tedizolid/linezolid resistant S. aureus strains.

Compounds S. a AR-0701 S. a AR-0702 S. a AR-0703 S. a AR-0704 S. a AR-0705

3h 4 8 8 32 8

3j 2 2 1 2 2

7 4 16 8 8 8

Vancomycin 1 2 1 1 1

Daptomycin 0.5 1 0.5 0.5 1

Linezolid 16 16 32 8 16
Abbreviations: S. a—Staphylococcus aureus (S. aureus).
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Collectively, these results demonstrated that substituted thiazoles exert in vitro antibac-
terial activity against Gram-positive bacterial pathogens harbouring emerging antibacterial
resistance profiles. Moreover, 3,4-diCl-C6H3 and naphthalen-2-yl substitutions, as well as
naphthothiazoledione moiety, are important for the potent in vitro antibacterial activity
against S. aureus with challenging resistance mechanisms.

2.3. Antifungal Activity of Thiazoles 1–17 against Drug-Resistant Candida Species

Antifungal drugs of the azole group are one of the most widely used for the treatment
of invasive and systemic fungal infections [74]. Candida species are responsible for the
majority of fungal infections, as rapidly rising resistance to azole antifungals among Can-
dida species, in particular C. albicans is responsible for increased morbidity and mortality
worldwide [75]. We, therefore, evaluated novel thiazoles 1–17 for their in vitro antifungal
activity against multidrug-resistant Candida species by exposing the fungal strains with
clinically relevant concentrations of each compound or control antifungal drug (Table 3).

Table 3. In vitro antifungal activity of compounds 1–17 against the representative, multidrug-resistant
fungal pathogens.

Compounds
Minimal Inhibitory Concentration (µg/mL)

C. auris
AR-0383

C.
albicans

C. glabrata
AR-315

C. parapsilosis
AR-0335

C. haemulonii
AR-395

1 >64 >64 >64 >64 >64

2 >64 >64 >64 >64 >64

3a >64 >64 >64 >64 >64

3b >64 >64 >64 >64 >64

3c >64 >64 >64 >64 >64

3d >64 >64 >64 >64 >64

3e >64 >64 >64 >64 >64

3f >64 >64 >64 >64 >64

3g >64 >64 >64 >64 >64

3h >64 >64 >64 >64 >64

3i >64 >64 >64 >64 >64

3j >64 >64 >64 >64 >64

3k >64 >64 >64 >64 >64

4i >64 >64 >64 >64 >64

4j >64 >64 >64 >64 >64

4k >64 >64 >64 >64 >64

5 >64 >64 >64 >64 >64

6 >64 >64 >64 >64 >64

7 >64 >64 >64 >64 >64

8f 2 1 4 8 2

9f >64 8 4 4 2

10f >64 >64 >64 >64 >64

11f >64 >64 >64 >64 >64

12f >64 >64 >64 >64 >64

13f >64 >64 >64 >64 >64

14f >64 8 16 32 32
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Table 3. Cont.

Compounds
Minimal inhibitory Concentration (µg/mL)

C. auris
AR-0383

C.
albicans

C. glabrata
AR-315

C. parapsilosis
AR-0335

C. haemulonii
AR-395

15f >64 >64 >64 >64 >64

16c >64 >64 >64 >64 >64

16f >64 >64 >64 >64 >64

16h >64 >64 >64 >64 >64

17c >64 >64 >64 >64 >64

17f >64 >64 >64 >64 >64

17h >64 >64 >64 >64 >64

Amphotericin B <0.5 <0.5 <0.5 <0.5 <0.5

Fluconazole 32 16 16 8 4

Posaconazole 0.5 1 0.5 1 1

Interestingly, only thiazoles 8f, 9f and 14f showed in vitro antifungal activity against
Candida strains, expressing the multidrug-resistance phenotype to azoles (Table 3). The
transformation of thiazole 3f (MIC > 64 µg/mL) to ester 8f was observed to result in strik-
ing changes in antifungal activity. (Table 3). The derivative 8f showed antifungal activity
against all tested strains (1–8 µg/mL) including Candida auris AR-0383 strains to harbour
instinctive resistance to clinically approved antifungal drugs. The ester 8f transformation
to hydrazide 9f greatly affected the antifungal activity. The hydrazide 9f was no longer
active against C. auris (MIC > 64 µg/mL) and had decreased activity against C. albicans
(MIC 8 µg/mL) in comparison to ester 8f (MIC 1 µg/mL). Interestingly, despite the loss of
activity against C. auris, hydrazide 9f showed increased activity against C. parapsilosis AR-
0335 (MIC 4 µg/mL). Numerous hydrazones were previously reported to show antifungal
activity [76–78]; therefore, we further transformed hydrazide 9f to the corresponding hy-
drazones 10–15f and evaluated their structure-dependent antifungal activity in vitro. Hy-
drazone 14f bearing the butan-2-ylidene substitution exhibited antifungal activity against
the majority of tested fungi (MIC 8–32 µg/mL) with the exception of C. auris (MIC > 64
µg/mL). The substitution of this moiety with a longer octan-2-ylidene carbon chain (15f)
results in a complete loss of antifungal activity against all tested strains.

Thus, these results demonstrate novel thiazole derivatives 9f, 14f and, especially, 8f
with a moderately functionalised carboxyl group exert the most promising antifungal
activity against highly multidrug-resistant fungal pathogens. On the other hand, the
functionalization of the carboxyl group is important for the broad-spectrum antifungal
activity since bulky substitutions result in decreased antifungal activity spectrum or potency
in these novel compounds.

2.4. Anticancer Activity of Compounds 1–17

The thiazole scaffold of often explored by medicinal chemists as an attractive pharma-
cophore for the development of novel antineoplastic drug candidates [79–81]. Therefore, we
used two well-described pulmonary (A549) [82] and corectal adenocarcinoma (Caco-2) [83]
models to evaluate the anticancer activity of compounds 1–17. We exposed the cells to
100 µM of each compound or cisplatin (CP) that was used as a clinically approved drug for
the neoplastic disease treatment. The treatment was initiated for 24 h and after that, the
cellular viability was measured by using MTT assay.

The novel thiazoles 1–17 demonstrated structure-dependent anticancer activity on
A549 and Caco-2 cells. Interestingly, Caco-2 corectal adenocarcinoma cells showed sig-
nificantly higher susceptibility to the treatment compounds in comparison to A549 cells
(p < 0.05) suggesting the possible existence of selective novel thiazole-response involved
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targets in Caco-2. The starting compound 1 showed no significant anticancer activity
against A549 human pulmonary adenocarcinoma cells. On the other hand, compound
1 significantly decreased the viability of Caco-2 cells (39.8%) in comparison to untreated
control (UC) (p < 0.001) (Figure 1B). Thiazolone 2 resulted in slightly enhanced anticancer
activity against Caco-2 (31.9%) while 2-amino-1,3-thiazole derivative 3a showed decreased
(56.9%) anticancer activity in comparison to UC (p = 0.0019). The addition of a 4-methyl
group on the 1,3-thiazole ring (3b) enhanced the anticancer activity against Caco-2 cells
(p = 0.004). Interestingly, compounds 2–3b showed no anticancer activity against A549 cells
(Figure 1A).
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Figure 1. The in vitro anticancer activity of compounds 1–17 on A549 (A) and Caco-2 (B) adenocarci-
noma cell line. Cells were exposed with fixed 100 µM of compounds 1–17 or cisplatin (CP) that served
as a cytotoxicity control for 24 h. After the treatment, the remaining viability was determined by using
MTT assay. Data represent the mean ± SD of triplicate experiments (n = 3). Statistical differences were
determined using the Kruskal–Wallis test. * p < 0.05; ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Amongst 4-substituted thiazoles, only 3e bearing 4-CN-C6H4 and 3k with chromenon-
3-yl substitutions showed anticancer activity against A549 and Caco-2 cells. Thiazole 3e
(R: 4-CN-C6H4) was able to significantly reduce the Caco-2 viability (54.9%) (p = 0.0011)
while having no significant effect against A549 cells. Interestingly, the incorporation of
chromenon-3-yl moiety (3k) significantly enhances the anticancer activity against Caco-2
(p = 0.001) as well as A549 cells (p = 0.0084) (Figure 1A,B).

Quinolone-type compound 4i bearing 4-Br-C6H4 substituent failed to significantly
decrease the Caco-2 and A549 viability (106.1 and 101.4%, respectively). The incorporation
of naphthalen-2-yl substitution (4j) significantly enhanced the anticancer activity against
Caco-2 cells (p = 0.002) while chromenon-3-yl substitution (4k) resulted in significant 40.2%
post-treatment viability of Caco-2 cells (p < 0.001) (Figure 1B).
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5-Acetyl-4-methylthazole 5 did not significantly reduce the viability of A549 or Caco-2,
although the compound was able to decrease the viability to 63 and 55%, respectively.
Thiazole fusion with quinoxaline (compound 6) did not result in significant viability
reduction, although fusion with naphthoquinone lead to compound 7 with significantly
high anticancer activity. Compound 7 exhibited broad-spectrum anticancer activity and
was able to reduce A549 and Caco-2 viability to 14.0 and 13.1% compared to UC (p < 0.001)
(Figure 1A,B).

The carboxyl group transformation to ester 8f in compound 3f slightly enhanced the
anticancer activity if compared to parent acid 3f and showed similar anticancer efficacy
against A549 and Caco-2 by reducing the viability to 48.1 and 56.4%, respectively. Interest-
ingly subsequent ester 8f transformation to hydrazide 9f greatly enhanced the anticancer
activity against Caco-2 cells (20.6%) while ameliorating compound-mediated cytotoxic
activity against A549 cells (Figure 1A,B).

On the other hand, hydrazones 10–15f showed highly structure-dependent activity.
Hydrazones 10f and 11f bearing the 5-nitrothien-2-yl and 5-nitrofuran-2-yl substitutions
showed no anticancer activity against both tested cancer cell lines. Compound 12f contain-
ing indol-3-yl substitution demonstrated greater anticancer activity against A549 (35.0%)
than Caco-2 (53.1%). The incorporation of cyclopentyl substitution resulted in compound
13f with a complete loss of anticancer activity against both cell lines, while the incorporation
of ethyl radical (14f) significantly enhanced the anticancer activity against Caco-2 cells,
but not A549. On the other hand, the incorporation of the hexyl chain (15f) resulted in
a complete loss of anticancer activity against Caco-2, suggesting the importance of ethyl
radical in novel thiazole structures (Figure 1A,B).

Benzimidazoles 16c,f,h demonstrated similar anticancer activity in both A549 and
Caco-2 cell lines by decreasing viability to approximately 47–60%. Amide 17c containing
4-phenyl substituted thiazole showed potent anticancer activity against Caco-2 cells (27.2%)
and little activity against A549 cells (55.4%). Compound 17f bearing 4-Cl-C6H4 substituent
at 4th position of the thiazole cycle showed similar activity in both cell lines (44.3 and 46.0%,
respectively, while the incorporation of 2,4-diCl-C6H3 into the same position resulted in
strong anticancer activity against both cell lines (Figure 1A,B).

These results demonstrate that novel thiazole derivatives possess strong anticancer
activity against different adenocarcinoma cell lines. The structure–activity relation studies
showed that naphthoquinone-fusion and 2,4-diCl-C6H3 substitution are required for broad-
spectrum anticancer activity.

3. Materials and Methods
3.1. Synthesis

All reagents and used solvents were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used as received without any purification. Reaction progress and compound
purity were monitored by TLC using aluminium plates precoated with Silica gel with F254
nm (Merck KGaA, Darmstadt, Germany). Melting points were determined in an open
capillary with a B-540 melting point apparatus (Büchi Corporation, New Castle, DE, USA)
and were uncorrected. A Perkin–Elmer Spectrum BX FT–IR spectrometer (Perkin–Elmer
Inc., Waltham, MA, USA) was used to record the IR spectra (ν, cm−1) and the pellets
were prepared using KBr. The NMR spectra were recorded on Bruker Ascend 400 (1H
400 MHz, 13C 101 MHz) and Bruker Ascend (1H 700 MHz, 13C 176 MHz) spectrometers
(Bruker BioSpin AG, Fällanden, Switzerland) using DMSO-d6 and CDCl3 as solvents and
TMS as an internal reference. The spectra data are presented as follows: chemical shift,
multiplicity, integration, coupling constant [Hz] and allocation. The Elemental Analyzer
CE-440 was used for elemental analyses (C, H, N) in good agreement (±0.3%) with the
calculated values.

3-[Carbamothioyl(2,5-dimethylphenyl)amino]propanoic acid (1). The thioureido acid 1 was
synthesized according to the method described in the literature [64]. Yield 85%, m.p.
134–135 ◦C (from water).
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IR (KBr): ν 1167 (C=S), 1746 (C=O), 3342 (NH2), 3445 (OH) cm−1.
1H NMR (400 MHz, CDCl3): δ 2.13 (s, 3H, CH3), 2.29 (s, 3H, CH3), 2.49–2.56 (m, 2H,

CH2CO), 3.76 (br. s„ 1H, NCH2), 4.44 (br. s, 1H, NCH2), 5.95 (br. s, 1H, NH2), 6.96 (s, 1H,
HAr), 7.10 (s, 1H, HAr), 7.21 (s, 1H, HAr), 7.50 (br. s, 1H, NH2), ppm.

13C NMR (101 MHz, CDCl3): δ 16.9 (CH3), 21.6 (CH3), 32.9 (CH2CO), 50.3 (NCH2),
128.4, 130.3, 132.1, 132.3, 138.1, 138.9 (CAr), 176.9 (COOH), 181.6 (C=O) ppm.

Anal. Calcd for C12H16N2O2S: C, 57.12%; H, 6.39%; N, 11.10%; Found: C, 57.33%; H,
6.10%; N, 10.84%.

3-[(2,5-Dimethylphenyl)(4-oxo-4,5-dihydro-1,3-thiazol-2-yl)amino]propanoic acid (2). A mix-
ture of thioureido acid 1 (1.26 g, 5 mmol), 40 mL of aqueous 10% potassium carbonate
and chloroacetic acid (0.57 g, 6 mmol) was stirred at room temperature for 24 h. Then, the
mixture was acidified with acetic acid to pH 6. Obtained the precipitate was filtered off,
washed with water, and crystallized. Yield 0.88 g, 60%; m.p. 159–160 ◦C (from 2-propanol
and water mixture 1:1).

IR (KBr): ν 1581 (C=N), 1674, 1725 (2C=O), 3290 (OH) cm−1.
1H NMR (700 MHz, DMSO-d 6): δ 2.16 (s, 3H, CH3), 2.30 (s, 3H, CH3), 2.57 (t, 2H,

J = 7.5 Hz, CH2CO), 3.72–3.81 (m, 1H, NCH2), 3.91 (s, 2H, SCH2), 4.24–4.39 (m, 1H, NCH2),
7.16 (s,1H, HAr), 7.22 (d, J = 7.8 Hz, 1H, HAr), 7.29 (d, J = 7.7 Hz, 1H, HAr), 11.07 (br. s, 1H,
OH) ppm.

13C NMR (176 MHz, DMSO-d6): δ 16.5 (CH3), 20.3 (CH3), 32.3 (CH2CO), 40.5 (SCH2),
49.5 (NCH2), 129.2, 130.6, 131.4, 132.7, 136.9, 138.7 (CAr), 172.2 (COOH), 183.2 (C=O), 187.0
(C=N) ppm.

Anal. Calcd for C14H16N2O3S: C, 57.52%; H, 5.52%; N, 9.58%; Found: C, 57.27%; H,
4.28%; N, 9.39%.

3-[(2,5-Dimethylphenyl)(1,3-thiazol-2-yl)amino]propanoic acid (3a). A mixture of the
thioureido acid 1 (0.5 g, 2 mmol), aqueous 50% chloroacetaldehyde solution (0.79 g,
10 mmol) and acetone (20 mL) was refluxed for 12 h. After that, the formed precipi-
tate was filtered, washed with acetone and dried. Purification was performed by dissolving
the crystals in aqueous 10% sodium carbonate (75 mL), filtering, and acidifying the filtrate
with acetic acid to pH 6 (the procedure was repeated 2 times). Yield 0.35 g, 64%, m.p.
112–113 ◦C.

IR (KBr): ν 3076 (OH), 1717 (CO), 1514 (CN) cm−1.
1H NMR (700 MHz, DMSO-d 6): δ 2.10 (s, 3H, CH3), 2.29 (s, 3H, CH3), 2.62 (t, J = 7.3 Hz,

2H, CH2CO), 3.98 (br. s, 2H, NCH2), 6.66, 7.16 (2d, 2H, J = 3.6 Hz, SCH, NCH), 7.11 (s, 1H,
HAr), 7.13–7.16 (m, 1H, HAr), 7.26 (d, 1H, J = 7.8 Hz, HAr), 12.29 (s, 1H, OH) ppm.

13C NMR (176 MHz, DMSO-d6): δ 16.7 (CH3), 20.4 (CH3), 32.4 (CH2CO), 48.1 (NCH2),
108.0, 129.1, 129.2, 131.6, 133.0, 137.2, 139.3, 143.0 (CAr + SCH + NCH), 170.1 (C=N), 172.7
(COOH) ppm.

Anal. Calcd for C14H16N2O2S: C, 60.85%; H, 5.48%; N, 10.14%; Found: C, 60.67%; H,
5.62%; N, 9.87%.

3-[(2,5-Dimethylphenyl)(4-methyl-1,3-thiazol-2-yl)amino]propanoic acid (3b). A mixture of
thioureido acid 1 (1.26 g, 5 mmol), chloroacetone (0.64 g, 7 mmol) and water (20 mL) was
stirred at room temperature for 24 h. Then, sodium acetate (0.82 g, 10 mmol) was added
and the reaction mixture was brought to reflux. After cooling, the formed precipitate was
filtered off and washed with water. Obtained organic salt was transformed to free-base by
dissolving the crystals in 10% aqueous sodium carbonate (75 mL), filtering, and acidifying
the filtrate with acetic acid to pH 6 (the purification procedure was repeated 2 times). Yield
0.88 g, 67%, m.p. 155–156 ◦C.

IR (KBr): ν 1527 (C=N), 1706 (C=O), 3392 (OH) cm−1.
1H NMR (700 MHz, DMSO-d 6): δ 2.09 (s, 3H, CH3), 2.15 (s, 3H, CH3), 2.28 (s, 3H,

CH3), 2.60 (t, 2H, J = 7.3 Hz, CH2CO), 3.96 (br. s, 2H, NCH2), 6.20 (d, 1H, J = 1.1 Hz, SCH),
7.09 (d, 1H, J = 1.2 Hz, HAr), 7.12 (dd, 1H, J = 7.9, 1.3 Hz, HAr), 7.25 (d, 1H, J = 7.8 Hz, HAr),
12.35 (s, 1H, OH) ppm.
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13C NMR (176 MHz, DMSO-d6): δ 16.8 (CH3), 17.6 (CH3), 20.4 (CH3), 32.4 (CH2CO),
47.9 (NCH2), 102.1 (SCH), 129.2, 129.4, 131.6, 133.1, 137.1, 142.8, 148.5 (CAr + NC), 169.3
(C=N), 172.8 (COOH) ppm.

Anal. Calcd for C15H18N2O2S: C, 62.04%; H, 6.25%; N, 9.65%; Found: C, 62.02%; H,
6.28%; N, 9.40%.

General procedure for the synthesis of compounds 3c–k. A mixture of the thioureido acid 1
(0.5 g, 2 mmol), the appropriate α-bromoacetophenone (2.2 mmol) and acetone (20 mL) was
refluxed for 2–5 h and cooled down. The precipitate was filtered off, washed with acetone
and dried. Obtained organic salts were transformed to free-base by dissolving the crystals
in 10% aqueous sodium carbonate (75 mL), filtering and acidifying the filtrate with acetic
acid to pH 6 (the purification procedure was repeated 2 times).

3-[(2,5-Dimethylphenyl)(4-phenyl-1,3-thiazol-2-yl)amino]propanoic acid (3c)
Yield 0.47 g, 67%, m.p. 104–105 ◦C.
IR (KBr): ν 1537 (C=N), 1710 (C=O), 3390 (OH) cm−1.
1H NMR (700 MHz, DMSO-d6): δ 2.14 (s, 3H, CH3), 2.29 (s, 3H, CH3), 2.63 (t, 2H, J = 7.3 Hz,

CH2CO), 4.07 (br. s, 2H, NCH2), 7.08 (s, 1H, SCH), 7.11–7.17 (m, 2H, HAr), 7.25–7.30 (m,
2H, HAr), 7.39 (t, 2H, J = 7.7 Hz, HAr) ppm.

13C NMR (176 MHz, DMSO-d6): δ 16.8 (CH3), 20.4 (CH3), 33.1 (CH2CO), 48.5 (NCH2),
102.6 (SCH), 125.7, 127.4, 128.5, 129.2, 129.3, 131.5, 133.1, 134.8, 137.2, 142.7, 150.5 (CAr +
NC), 169.3, (C=N), 173.1 (COOH) ppm.

Anal. Calcd for C20H20N2O2S: C, 68.16%; H, 5.72%; N, 7.95%; Found: C, 68.08%; H,
5.66%; N, 7.73%.

3-{(2,5-Dimethylphenyl)[4-(4-fluorophenyl)-1,3-thiazol-2-yl]amino}propanoic acid (3d)
Yield 0.56 g, 75%, m.p. 91–92 ◦C.
IR (KBr): ν 1223 (C-F), 1540 (C=N), 1711 (C=O), 3384 (OH) cm−1.
1H NMR (700 MHz, DMSO-d6): δ 2.14 (s, 3H, CH3), 2.30 (s, 3H, 2CH3), 2.68 (t, 2H,

J = 7.2 Hz, CH2CO), 4.07 (br. s, 2H, NCH2), 7.07 (s, 1H, SCH), 7.12–7.17 (m, 2H, HAr), 7.22
(t, 2H, J = 8.8 Hz, HAr), 7.28 (d, 2H, J = 8.2 Hz, HAr), 7.85–7.95 (m, 2H, HAr) ppm.

13C NMR (176 MHz, DMSO-d6): δ 16.8 (CH3), 20.4 (CH3), 32.6 (CH2CO), 48.2 (NCH2),
102.5 (SCH), 115.3, 115.4, 127.7, 129.3, 129.4, 131.3, 131.6, 133.0, 137.2, 142.7, 149.4, 160.9,
162.3 (CAr + NC), 169.4 (C=N), 172.8 (COOH) ppm.

Anal. Calcd for C20H19FN2O2S: C, 64.85%; H, 5.17%; N, 7.56%; Found: C, 64.87%; H,
5.20%; N, 7.18%.

3-{[4-(4-Cyanophenyl)-1,3-thiazol-2-yl](2,5-dimethylphenyl)amino}propanoic acid (3e)
Yield 0.60 g, 80%, m.p. 132–133 ◦C.
IR (KBr): ν 1536 (C=N), 1737 (C=O), 2223 (C≡N), 3261 (OH) cm−1.
1H NMR (700 MHz, DMSO-d6): δ 2.15 (2s, 3H, CH3), 2.30 (2s, 3H, CH3), 2.65–2.75 (m,

2H, CH2CO), 3.86–4.28 (m, 2H, NCH2), 7.12–7.21 (m, 2H, HAr + SCH), 7.25–7.32 (m, 1H,
HAr), 7.41 (d, 1H, J = 8.0 Hz, HAr), 7.85 (dd, 2H, J = 8.0, 4.9 Hz, HAr), 8.05 (m, 2H, J = 8.3 Hz,
HAr) ppm.

13C NMR (176 MHz, DMSO-d6): δ 16.6 (CH3), 20.4 (CH3), 32.2 (CH2CO), 47.4 (NCH2),
91.8 (SCH), 109.5, 119.0, 126.3, 129.5, 131.7, 132.61, 132.63, 133.0, 137.3, 138.8, 142.5, 148.7
(CAr + C≡N + NC), 169.6 (N=C), 172.7 (COOH) ppm.

Anal. Calcd for C21H19N3O2S: C, 66.82%; H, 5.07%; N, 11.13%; Found: C, 66.63%; H,
5.04%; N, 11.06%.

3-{[4-(4-Chlorophenyl)-1,3-thiazol-2-yl](2,5-dimethylphenyl)amino}propanoic acid (3f)
Yield 0.64 g, 83%, m.p. 94–95 ◦C.
IR (KBr): ν 835 (C-Cl), 1536 (C=N), 1710 (C=O), 3391 (OH) cm−1.
1H NMR (700 MHz, DMSO-d6): δ 2.14, 2.16 (s, 3H, CH3), 2.30 (s, 3H, CH3), 2.57–2.75

(m, 2H, CH2CO), 4.10 (br. s, 2H, NCH2), 7.18 (d, 2H, J = 7.5 Hz, HAr + SCH), 7.30 (d, 1H,
J = 7.6 Hz, HAr), 7.47, 7.54 (2d, 2H, J = 8.4 Hz, HAr), 7.80–8.01 (m, 2H, HAr) ppm.

13C NMR (176 MHz, DMSO-d6): δ 16.8 (CH3), 20.4 (CH3), 32.4 (CH2CO), 48.1 (NCH2),
103.7 (SCH), 127.4, 128.4, 128.6, 129.3, 129.4, 129.7, 131.7, 131.9, 133.0, 133.5, 137.3, 142.6,
149.1 (CAr + NC), 169.5 (C=N), 172.7 (COOH) ppm.
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Anal. Calcd for C20H19ClN2O2S: C, 62.09%; H, 4.95%; N, 7.24%; Found: C, 62.27%; H,
4.91%; N, 7.03%.

3-{(2,5-Dimethylphenyl)[4-(4-nitrophenyl)-1,3-thiazol-2-yl]amino}propanoic acid (3g)
Yield 0.63 g, 79%, m.p. 136–137 ◦C.
IR (KBr): ν 1334, 1509 (NO2), 1540 (C=N), 1712 (C=O); 3430 (OH) cm−1.
1H NMR (700 MHz, DMSO-d6): δ 2.13 (s, 3H, CH3), 2.28 (s, 3H, CH3), 2.46–2.61 (m, 2H,

CH2CO), 3.85–4.22 (m, 2H, NCH2), 7.08–7.18 (m, 2H, HAr + SCH), 7.26 (d, 1H, J = 8.2 Hz,
HAr), 7.45 (s, 1H, HAr), 8.10 (d, 2H, J = 8.8 Hz, HAr), 8.24 (d, 2H, J = 8.9 Hz, HAr) ppm. 13C
NMR (176 MHz, DMSO-d6): δ 16.8 (CH3), 20.4 (CH3), 34.1 (CH2CO), 49.2 (NCH2), 107.3
(SCH), 124.0, 126.4, 129.3, 129.4, 131.6, 133.0, 137.2, 140.8, 142.5, 146.1, 148.5 (CAr + NC),
169.7 (C=N), 173.8 (COOH) ppm.

Anal. Calcd for C20H19N3O4S: C, 60.44%; H, 4.82%; N, 10.57%; Found: C, 60.50%; H,
4.64%; N, 10.35%.

3-{[4-(3,4-Dichlorophenyl)-1,3-thiazol-2-yl](2,5-dimethylphenyl)amino}propanoic acid (3h)
Yield 0.71 g, 84%, m.p. 114–115 ◦C.
IR (KBr): ν 1535 (C=N), 1710 (C=O), 3320 (OH) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.11, 2.27 (2s, 6H, 2CH3), 2.46–2.61 (m, 2H, CH2CO),

3.85–4.22 (m, 2H, NCH2), 7.04–7.19 (m, 2H, HAr + SCH), 7.20–7.38 (m, 2H, HAr), 7.61 (d,
1H, J = 8.4 Hz, HAr), 7.83 (dd, 1H, J = 8.2, 1.4 Hz, HAr), 8.06 (s, 1H, HAr) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.8, 20.4 (2CH3), 33.8 (CH2CO), 48.9 (NCH2), 103.8
(SCH), 125.8, 127.1, 129.3, 129.4, 129.6, 130.8, 131.4, 131.6, 133.0, 135.3, 137.3, 142.5, 147.9
(CAr, N–C), 169.5 (C=N), 171.7 (COOH) ppm.

Anal. Calcd for C20H18Cl2N2O2S: C, 57.01%; H, 4.31% N, 6.65%; Found: C, 57.25%; H,
4.42%; N, 6.73%.

3-{[4-(4-Bromophenyl)-1,3-thiazol-2-yl](2,5-dimethylphenyl)amino}propanoic acid (3i)
Yield 0.64 g, 76%, m.p. 127–128 ◦C.
IR (KBr): ν 1539 (C=N), 1710 (C=O), 3310 (OH) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.12 (s, 3H, CH3), 2.28 (s, 3H, CH3), 2.50–2.62 (m,

2H, CH2CO), 4.02 (br. s, 2H, NCH2), 7.06–7.30 (m, 4H, HAr + SCH), 7.56 (d, 2H, J = 8.5 Hz,
HAr), 7.81 (d, 2H, J = 8.6 Hz, HAr) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.8 (CH3), 20.4 (CH3), 33.7 (CH2CO), 49.0 (NCH2),
103.4 (SCH), 120.4, 127.7, 129.3, 129.4, 131.5, 131.6, 133.1, 134.0, 137.2, 142.7, 149.3 (CAr,
N–C), 169.5 (C=N); 173.7 (COOH) ppm.

Anal. Calcd for C20H19BrN2O2S: C, 55.69%; H, 4.44%; N, 6.49%; Found: C, 55.93%; H,
4.46%; N, 6.28%.

3-{(2,5-Dimethylphenyl)[4-(naphthalen-2-yl)thiazol-2-yl]amino}propanoic acid (3j)
Yield 0.68 g, 84%, m.p. 121–122 ◦C.
IR (KBr): ν 1536 (C=N), 1707 (C=O), 3363 (OH) cm−1.
1H NMR (700 MHz, DMSO-d6): δ 2.16 (s, 3H, CH3), 2.29 (s, 3H, CH3), 2.48–2.54 (m,

2H, CH2CO), 4.09 (br. s, 2H, NCH2), 7.06–7.18 (m, 2H, HAr + SCH), 7.21 (s, 1H, HAr), 7.27
(d, 1H, J = 7.7 Hz, HAr), 7.36–7.61 (m, 2H, HAr), 7.88, 7.95 (2d, 2H, J = 7.7 Hz, HAr), 7.90 (d,
1H, J = 8.6 Hz, HAr), 8.00 (d, 1H, J = 8.5 Hz, HAr), ppm.

13C NMR (176 MHz, DMSO-d6): δ 16.8 (CH3), 20.4 (CH3), 34.6 (CH2CO), 49.3 (NCH2),
103.1 (SCH), 124.1, 124.2, 125.8, 126.3, 127.5, 128.0, 128.1, 129.2, 129.4, 131.5, 132.3, 132.4,
133.1, 133.2, 137.1, 142.7, 150.5 (CAr, N–C), 170.0 (C=N), 174.3 (COOH) ppm.

Anal. Calcd for C24H22N2O2S: C, 71.62%; H, 5.51%; N, 6.96%; Found: C, 71.79%; H,
5.57%; N, 6.91%.

3-{(2,5-Dimethylphenyl)[4-(2-oxo-2H-chromen-3-yl)thiazol-2-yl]amino}propanoic acid (3k)
Yield 0.72 g, 86%, m.p. 164–165 ◦C.
IR (KBr): ν 1540 (C=N), 1711, 1736 (2C=O), 3510 (OH) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.15 (s, 3H, CH3), 2.31 (s, 3H, CH3), 2.70 (t, 2H,

J = 7.0 Hz, CH2CO), 3.95–4.35 (m, 2H, NCH2), 7.13–7.23 (m, 2H, HAr + SCH), 7.30 (d, 1H,
J = 7.9 Hz, HAr), 7.39 (t, 1H, J = 7.5 Hz, HAr), 7.44 (d, 1H, J = 8.3 Hz, HAr), 7.57 (s, 1H,
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HAr), 7.62 (t, 1H, J = 7.8 Hz, HAr), 7.90 (d, 1H, J = 7.7 Hz, HAr), 8.67 (s, 1H, HAr), 12.30 (s,
1H, OH) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.7 (CH3), 20.4 (CH3), 32.4 (CH2CO), 47.7 (NCH2),
110.0, 115.9, 119.3, 120.5, 124.8, 128.9, 129.4, 129.6, 131.6, 131.7, 133.1, 137.3, 138.5, 142.4,
144.0, 152.3 (CAr, N–C, SCH), 158.8 (O–C=O), 168.8 (C=N), 172.8 (COOH) ppm.

Anal. Calcd for C23H20N2O4S: C, 65.70%; H, 4.79%; N, 6.66%; Found: C, 65.89%; H,
4.89%; N, 6.75%.

General procedure for the synthesis of compounds 4i–k. A mixture of the corresponding
compound 3i–k (2 mmol) and polyphosphoric acid (15 g) was stirred at 120 ◦C for 2–3 h;
then, the reaction mixture was cooled down and crushed ice (150 g) was added. The
precipitate was filtered off, washed with water and dried. Purification was performed by
recrystallization from 2-propanol.

1-[4-(4-Bromophenyl)-1,3-thiazol-2-yl]-5,8-dimethyl-2,3-dihydroquinolin-4(1H)-one (4i)
Yield 0.73 g, 88%, m.p. 145–146 ◦C.
IR (KBr): ν 1507 (C=N), 1673 (C=O) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.21 (s, 3H, CH3), 2.53 (s, 3H, CH3), 2.79 (t, 2H,

J = 6.1 Hz, CH2CO), 4.28 (t, 2H, J = 6.0 Hz, NCH2), 7.18 (d, 1H, J = 7.9 Hz, HAr), 7.42–7.49
(m, 2H, HAr + SCH), 7.57, 7.78 (2d, 4H, J = 8.5 Hz, HAr) ppm.

13C NMR (101 MHz, DMSO-d6): δ 18.1 (CH3), 22.4 (CH3), 39.3 (CH2CO), 49.8 (NCH2),
106.8, 121.3, 127.3, 128.2, 130.7, 131.9, 132.0, 133.9, 136.1, 139.1, 146.7, 149.9 (CAr, SCN, N-C),
168.5 (C=N), 196.7 (C=O) ppm.

Anal. Calcd for C20H17BrN2OS: C, 58.12%; H, 4.15%; N, 6.78%; Found: C, 58.32%; H,
4.23%; N, 6.80%.

5,8-Dimethyl-1-[4-(naphthalen-2-yl)-1,3-thiazol-2-yl]-2,3-dihydroquinolin-4(1H)-one (4j)
Yield 0.62 g, 81%, m.p. 141–142 ◦C.
IR (KBr): ν 1547 (C=N), 1740 (C=O) cm−1.
1H NMR (400 MHz, (CDCl3): δ 2.34 (s, 3H, CH3), 2.66 (s, 3H, CH3), 2.91 (t, 2H,

J = 6.1 Hz, CH2CO), 4.48 (t, 2H, J = 6.0 Hz, NCH2), 6.96 (s, 1H, SCH), 7.12, 7.36 (2d, 2H,
J = 7.8 Hz, HAr), 7.39–7.56 (m, 2H, HAr), 7.74–7.98 (m, 4H, HAr), 8.38 (s, 1H, HAr) ppm.

13C NMR (101 MHz, (CDCl3): δ 18.2 (CH3), 22.9 (CH3), 39.4 (CH2CO), 49.9 (NCH2),
104.6 (SCH), 124.1, 125.2, 126.1, 126.4, 127.2, 127.8, 128.4, 128.5, 130.7, 132.0, 132.1, 133.2,
133.8, 136.1, 140.3, 147.0, 152.1 (CAr, N–C), 169.0 (C=N), 196.9 (C=O) ppm.

Anal. Calcd for C24H20N2OS: C, 74.97%; H, 5.24%; N, 7.29%; Found: C, 75.01%; H,
5.20%; N, 7.35%.

5,8-Dimethyl-1-[4-(2-oxo-2H-1-benzopyran-3-yl)-1,3-thiazol-2-yl]-2,3-dihydroquinolin-4(1H)-
one (4k)

Yield 0.57 g, 71%, m.p. 205–206 ◦C.
IR (KBr): ν 1518 (C=N), 1681, 1716 (2C=O) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.23 (s, 3H, CH3), 2.54 (s, 3H, CH3), 2.81 (t, 2H,

J = 6.2 Hz, CH2CO,), 4.37 (t, 2H, J = 6.1 Hz, NCH2), 7.21 (d, 1H, J = 7.9 Hz, HAr), 7.34–7.54
(m, 3H, HAr), 7.56–7.65 (m, 1H, HAr), 7.79 (s, 1H, SCH), 7.86 (d, 1H, J = 6.9 Hz, HAr), 8.63 (s,
1H, HChrom) ppm.

13C NMR (101 MHz, DMSO-d6): δ 17.5 (CH3), 22.0 (CH3), 38.9 (CH2CO), 49.2 (NCH2),
112.0, 115.9, 119.2, 120.2, 124.7, 126.9, 128.9, 130.5, 131.3, 131.8, 135.8, 138.8, 139.1, 144.1,
146.2, 152.4 (CAr, SCN, N-C), 158.7 (O-C=O), 167.6 (C=N), 196.2 (CH2C=O) ppm.

Anal. Calcd for C23H18N2O3S: C, 68.64%; H, 4.51%; N, 6.96%; Found: C, 68.49%; H,
4.53%; N, 6.99%.

3-[(5-Acetyl-4-methyl-1,3-thiazol-2-yl)(2,5-dimethylphenyl)amino]propanoic acid (5). A mix-
ture of the thioureido acid 1 (0.5 g, 2 mmol), 3-chloropentane-2,4-dione (0.29 g, 2.2 mmol)
and acetone (20 mL) was refluxed for 2 h and cooled down. The formed precipitate was
filtered off, washed with acetone and dried. Purification was performed by dissolving the
crystals in 10% aqueous sodium carbonate, filtering and acidifying the filtrate with acetic
acid to pH 6 (the procedure was repeated 2 times).

Yield 0.50 g, 75%, m.p. 172–173 ◦C.
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IR (KBr): ν 1521 (C=N), 1656, 1717 (2C=O), 3631 (OH) cm−1.
1H NMR (700 MHz, DMSO-d6): δ 2.11 (s, 3H, CH3), 2.29 (s, 3H, CH3), 2.30 (s, 3H, CH3),

2.50 (s, 3H, CH3), 2.57–2.65 (m, 2H, CH2CO), 3.79–3.93 (m, 1H, NCH2), 4.13–4.32 (m, 1H,
NCH2), 7.13 (s, 1H, HAr), 7.20 (d, 1H, J = 7.8 Hz, HAr), 7.30 (d, 1H, J = 7.8 Hz, HAr),12.36 (s,
1H, OH) ppm.

13C NMR (176 MHz, DMSO-d6): δ 16.5 (CH3), 18.6 (CH3), 20.4 (CH3), 29.5 (CH3), 32.1
(CH2CO), 47.5 (NCH2), 122.8, 128.8, 130.0, 131.8, 132.5, 137.5, 141.5, 157.5 (CAr + SC + NC),
170.5 (C=N), 172.3 (COOH), 188.6 (CH3C=O) ppm.

Anal. Calcd for C17H20N2O3S: C, 61.42%; H, 6.06%; N, 8.43%; Found: C, 61.19%; H,
6.20%; N, 8.53%.

General procedure for the preparation of compounds 6 and 7. A mixture of thioureido
acid 1 (1.26 g, 5 mmol), 2,3-dichloroquinoxaline (6) (1 g, 5 mmol) or 2,3-dichloro-1,4-
naphthoquinone (1.18 g, 5 mmol), sodium acetate (1.64 g, 20 mmol) and glacial acetic
acid (20 mL) was stirred at room temperature for 24 h. Then, the temperature was raised
to 70–80 ◦C and the reaction was continued for another 10 h. After the completion of
the rection, the mixture was diluted with water (30 mL), the precipitate was filtered off,
washed with water and dried. Purification was performed by dissolving the crystals in 10%
aqueous sodium carbonate, filtering and acidifying the filtrate with acetic acid to pH 6 (the
procedure was repeated 2 times).

3-[(2,5-Dimethylphenyl)([1,3]thiazolo [4,5-b]quinoxalin-2-yl)amino]propanoic acid (6)
Yield 1.30 g, 70%, m.p. 132–133 ◦C.
IR (KBr): ν 1520, 1562, 1591 (3C=N), 1724 (C=O), 2922 (OH) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.20 (s, 3H, CH3), 2.33 (s, 3H, CH3), 2.50–2.61 (m,

2H, CH2CO), 3.91–4.00 (m, 1H, NCH2), 4.34–4.54 (m, 1H, NCH2), 7.06–7.37 (m, 3H, HAr),
7.58, 7.67 (2t, 2H, J = 7.3 Hz, HAr), 7.86 (t, 2H, J = 6.9 Hz, HAr)ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.6, 20.4 (2CH3), 34.2 (CH2CO), 49.6 (NCH2), 126.9,
127.9, 129.0, 129.4, 130.7, 131.8, 132.8, 137.6, 137.9, 140.0, 140.6, 154.2, 158.7, 169.5 (CAr +
3C=N), 175.3 (COOH) ppm.

Anal. Calcd for C20H18N4O2S: C, 63.47%; H, 4.79%; N, 14.80%; Found: C, 63.63%; H,
4.69%; N, 14.24%.

3-[(2,5-Dimethylphenyl)(4,9-dioxo-4,9-dihydronaphtho [2,3-d][1,3]thiazol-2-yl)amino]propanoic
acid (7)

Yield 1.32 g, 65%, m.p. 194–195 ◦C.
IR (KBr): ν 1530 (C=N), 1627, 1642, 1720 (3C=O), 3550 (OH) cm−1.
1H NMR (400 MHz, CDCl3): δ 2.21 (s, 3H, CH3), 2.35 (s, 3H, CH3), 2.75–3.01 (m, 2H,

CH2CO), 3.93–4.14 (m, 1H, NCH2), 4.30–4.92 (m, 1H, NCH2), 7.04, 7.06 (2s, 1H, HAr), 7.20,
7.27 (2d, 2H, J = 7.8 Hz, HAr), 7.42, 7.61 (2t, 2H, J = 7.4 Hz, HAr), 7.99 (d, 1H, J = 7.5 Hz,
HAr), 8.04 (d, 1H, J = 6.3 Hz, HAr) ppm.

13C NMR (101 MHz, CDCl3): δ 17.1, 21.0 (2CH3), 32.5 (CH2CO), 48.4 (NCH2), 122.30,
126.5, 127.4, 128.6, 129.7, 130.7, 130.8, 131.1, 132.3, 132.5, 132.6, 132.7, 133.5, 135.2, 138.5,
141.1, 162.0, 170.7 (CAr), 176.2 (COOH), 177.3, 181.1 (2C=O) ppm.

Anal. Calcd for C22H18N2O4S: C, 65.01%; H, 4.46%; N, 6.89%; Found: C, 64.88%; H,
4.57%; N, 6.74%.

Methyl 3-{[4-(4-chlorophenyl)-1,3-thiazol-2-yl](2,5-dimethylphenyl)amino}propanoate (8f). A
mixture of acid 3f (1.94 g, 5 mmol), methanol (50 mL) and H2SO4 (0.5 mL) was refluxed
for 4 h. Then, the mixture was cooled down and the solvent was evaporated. Sodium
bicarbonate solution (5%) was used to neutralize the residues, which was then extracted
with diethyl ether (3 × 100 mL). Afterwards, the ether was evaporated to give the title
compound 8f (brown resin, 1.84 g, 92%), Rf = 0.57 (ethyl acetate: hexane (1:10)).

IR (KBr): ν 1174 (C-O), 1733 (C=O) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.13 (s, 3H, CH3), 2.30 (s, 3H, CH3), 2.78 (t, J = 6.9 Hz,

CH2CO), 3.53 (s, 3H, OCH3), 4.12 (br. s, 2H, NCH2), 7.07–7.22 (m, 3H, HAr), 7.28 (d, 1H,
J = 7.7 Hz, HAr), 7.45 (d, 2H, J = 8.3 Hz, HAr), 7.88 (d, 2H, J = 8.3 Hz, HAr) ppm.
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13C NMR (101 MHz, DMSO-d6): δ 16.7 (CH3), 20.4 (CH3), 32.3 (CH2CO), 48.0 (NCH2),
51.4 (OCH3), 103.7 (SCH), 127.3, 128.5, 129.2, 129.5, 131.6, 131.9, 133.0, 133.5, 137.2, 142.4,
149.2 (CAr),169.4 (C=N), 171.6 (C=O) ppm.

Anal. Calcd for C21H21ClN2O2S: C, 62.91%; H, 5.28%; N, 6.99%. Found: C, 62.99%; H,
5.14%; N, 7.07%.

3-{[4-(4-Chlorophenyl)-1,3-thiazol-2-yl](2,5-dimethylphenyl)amino}propanehydrazide (9f).
A mixture of ester 8f (1.20 g, 1 mmol), hydrazine monohydrate (0,45 g, 9 mmol) and 1,4-
dioxane (20 mL) was refluxed in for 5 h. Then, the reaction mixture was cooled down, the
formed precipitate was filtered off, washed with 2-propanol and dried. Purification was
performed by recrystallization from 2-propanol.

Yield 1.02 g, 85%, m.p. 136–137 ◦C.
IR (KBr): ν 1538 (C=N), 1662 (C=O), 3046 (NH), 3248 (NH2) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.13 (s, 3H, CH3), 2.30 (s, 3H, CH3), 2.51–2.55 (m,

2H, CH2CO), 4.07 (br. s, 2H, NH2), 4.24 (br. s, 2H, NCH2), 7.08–7.24 (m, 3H, HAr), 7.28 (d,
1H, J = 7.7 Hz, HAr), 7.45 (d, 2H, J = 8.6 Hz, HAr), 7.90 (d, 2H, J = 8.5 Hz, HAr), 9.11 (s, 1H,
NH) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.8 (CH3), 20.4 (CH3), 31.9 (CH2CO), 48.7 (NCH2),
103.5 (SCH), 127.4, 128.5, 129.3, 129.4, 131.6, 131.8, 133.0, 133.6, 137.2, 142.7, 149.3 (CAr, NC),
169.35 (C=N), 169.4 (C=O) ppm.

Anal. Calcd for C20H21ClN4OS: C, 59.92%, H, 5.28%; N, 13.97%; Found: C, 59.75%; H,
5.36%; N, 13.91%.

General procedure for the synthesis of hydrazones 10–12f. A mixture of compound 8f
(0.40 g, 1 mmol), corresponding carbaldehyde (1.1 mmol), glacial acetic acid (2 drops) and
1,4-dioxane (20 mL) was heated at refluxed for 2–12 h. Then, the reaction mixture was
cooled down, the formed precipitate was filtered off, washed with 2-propanol and dried.
Purification was performed by recrystallization from 2-propanol.

(Z/E)-3-{[4-(4-Chlorophenyl)thiazol-2-yl](2,5-dimethylphenyl)amino}-N’-[(5-nitrothio-
phen-2-yl)methylene]propanehydrazide (10f)

Yield 0.43 g, 79%, m.p. 102–103 ◦C.
IR (KBr): ν 1534 (C=N), 1679 (C=O), 3121 (NH) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.15, 2.16 (2s, 3H, CH3), 2.28, 2.29 (2s, 3H, CH3),

2.75 (t, 0.8H, J = 7.0 Hz, CH2CO), 3.08 (t, 1.2H, J = 7.0 Hz, CH2CO), 4.18 (br. s, 2H, NCH2),
6.96–7.35 (m, 6H, HAr), 7.41, 7.44 (2d, 2H, J = 8.6 Hz, HAr), 7.74, 7.77 (2d, 1H, J = 3.9 Hz,
HAr), 7.86–7.90 (m, 1H, HAr), 7.91 (s, 0.6H, N=CH), 8.12 (s, 0.4H, N=CH), 11.78 (s, 0.6H,
NH), 11.88 (s, 0.4H, NH) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.8 (CH3), 20.4 (CH3), 20.5 (CH3), 30.5 (CH2CO),
33.1 (CH2CO), 47.7 (NCH2), 48.2 (NCH2), 103.5 (SCH), 103.6 (SCH), 114.4, 114.6, 115.1,
127.3, 127.4, 128.5, 129.3, 129.4, 130.9, 131.6, 131.8, 133.0, 133.1, 133.5, 133.6, 134.0, 137.2, 142.,
142.7, 149.2, 149.3, 151.6, 151.7 (CAr, N-Cthiaz), 167.4 (N-C=N), 169,4 (C=N), 169,5 (C=N),
172,9 (C=O) ppm.

Anal. Calcd for C20H21ClN4OS: C, 55.60%; H, 4.11%; N, 12.97%; Found: C, 55.63%; H,
3.97%; N, 13.06%.

(Z/E)-3-((4-(4-Chlorophenyl)thiazol-2-yl)(2,5-dimethylphenyl)amino)-N’-((5-nitrofuran-2-yl)-
methylene)propanehydrazide (11f)

Yield 0.45 g, 85%, m.p. 78–79 ◦C.
IR (KBr): ν 1535 (C=N), 1679 (C=O), 3108 (NH) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.15, 2.16 (2s, 3H, CH3), 2.28, 2.30 (2s, 3H, CH3),

2.73 (t, 0.8H, J = 7.0 Hz, CH2CO), 3.08 (t, 1.2H, J = 7.0 Hz, CH2CO), 4.15 (br. s, 2H, NCH2),
7.07–7.23 (m, 3H, HAr + SCH), 7.28 (d, 1H, J = 7.7 Hz, HAr), 7.32–7.44 (m, 2H, HAr), 7.46,
7.50 (2d, 1H, J = 4.2 Hz, HAr), 8.12, 8.41 (2s, 1H, N=CH), 11.79 (s, 0.6H, NH), 11.83 (s, 0.4H,
NH) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.7 (CH3), 16.8 (CH3), 20.4 (CH3), 30.7 (CH2CO),
33.1 (CH2CO), 47.9 (NCH2), 48.3 (NCH2), 103.5 (SCH), 103.6 (SCH), 127.3, 127.4, 128.4,
128.5, 128.8, 129.4, 129.5, 130.4, 130.5, 131.7, 131.8, 132.9, 133.0, 133.5, 133.6, 136.1, 137.2,
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139.7, 142.4, 142.6, 146.8, 146.9, 149.3, 150.3, 150.64 (CAr, N-Cthiaz), 167.3 (N-C=N), 169.4
(C=N), 169.5 (C=N), 172.7 (C=O) ppm.

Anal. Calcd for C25H22ClN5O4S: C, 57.31%; H, 4.23%; N, 13.37%; Found: C, 57.11%;
H, 4.15%; N, 13.33%.

(Z/E)-N′-((1H-Indol-3-yl)methylene)-3-((4-(4-chlorophenyl)thiazol-2-yl)(2,5-dimethylphenyl)-
amino)propanehydrazide (12f)

Yield 0.40 g, 75%, m.p. 72–73 ◦C.
IR (KBr): ν 1534, 1612 (C=N), 1660 (C=O), 3108, 3178 (2NH) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.16, 2.21, (2s, 3H, CH3), 2.27 (s, 3H, CH3), 2.69

(t, 0.8H, J = 7.2 Hz, CH2CO), 3.13 (s, 1.2H, CH2CO), 4.28 (br. s, 2H, NCH2), 6.92 (t, 1H,
J = 7.5 Hz, HAr), 7.10–7.45 (m, 8H, HAr), 7.74, 7.76 (2d, 1H, J = 2.5 Hz, HAr), 7.89, 7.92 (2d,
2.7H, J = 8.5 Hz, HAr), 8.16, 8.32 (2s, 1H, N=CH), 8.21 (d, 0.3H, J = 7.8 Hz, HAr), 11.06 (s,
0.6H, NHind), 11.13 (s, 0.4H, NHind), 11.50 (s, 0.6H, NH), 11.53 (s, 0.4H, NH) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.80 (CH3), 16.83 (CH3), 20.4 (CH3), 20.5 (CH3),
30.6 (CH2CO), 33.0 (CH2CO), 47.9 (NCH2), 48.7 (NCH2), 103.4 (SCH), 103.5 (SCH), 111.5,
111.6, 111.7, 111.8, 120.3, 121.3, 121.9, 122.5, 122.6, 124.0, 124.3, 127.3, 127.4, 128.5, 128.6,
129.3. 129.4, 129.5, 130.0, 130.2, 131.6, 131.8, 131.9, 133.0, 133.1, 133.6, 133.7, 137.0, 137.1,
137.2, 140.3, 142.6, 142.7, 143.3, 149.3 (CAr, N-Cthiaz), 165.7 (N-C=N), 169.5 (C=N), 169.6
(C=N), 171.5 (C=O) ppm.

Anal. Calcd for C29H26ClN5OS: C, 65.96%; H, 4.96%; N, 13.26%; Found: C, 66.17%; H,
4.91%; N, 13.02%.

3-{[4-(4-Chlorophenyl)thiazol-2-yl](2,5-dimethylphenyl)amino}-N’-cyclopentylidenepropaneh-
ydrazide (13f)

A mixture of compound 8f (0.40 g, 1 mmol), cyclopentanone (0.092 g, 1.1 mmol), a few
drops of glacial acetic acid and 1,4-dioxane (20 mL) was refluxed for 3 h. Then, the reaction
mixture was cooled, and the precipitate was filtered, washed with 2-propanol and dried.
Purification was performed by recrystallization from 1,4-dioxane.

Yield 0.34 g (73 %), m.p. 117–118 ◦C;
IR (KBr): ν (cm−1) 1540 (C=N), 1662 (C=O), 3187 (NH) cm−1;
1H NMR (400 MHz, DMSO-d6): δ 1.55–1.79 (m, 4H, CH2), 2.14 (s, 3H, CH3), 2.17–2.26

(m, 4H, CH2), 2.29 (s, 3H, CH3), 2.68 (t, 0.9H, J = 7.3 Hz, CH2CO), 2.97 (t, 1.1H, J = 7.3 Hz,
CH2CO), 4.13 (br. s, 2H, NCH2), 7.13–7.18 (m, 3H, HAr + SCH), 7.25–7.30 (m, 1H, HAr),
7.41–7.46 (m, 2H, HAr), 7.88, 7.90 (2d, 2H, J = 6.0 Hz, HAr), 9.93 (s, 0.45H, NH), 9.97 (s,
0.55H, NH);

13C NMR (101 MHz, DMSO-d6): δ 16.8 (CH3), 20.4 (CH3), 24.2, 24.3, 24.4, 24.5, 28.0,
28.3, 32.3,32.8 (4CH2), 30.8 (CH2CO), 32.9 (CH2CO), 48.1 (NCH2), 48.5 (NCH2), 103.38
(SCH), 103.43 (SCH), 127.3, 127.4, 128.5, 129.29, 129.33, 131.6 131.8, 132.96, 133.02, 133.58,
133.62, 137.09, 137.14, 142.6, 142.7, 149.21, 149.24, (CAr, N-Cthiaz), 162.2 (N-C=N), 165.7,
166.4 (N-C=N), 169.38 (C=N), 169.43 (C=N), 172.3 (C=O);

Anal. Calcd for C25H27ClN4OS: C, 65.96%; H, 4.96%; N, 13.26%; Found: C, 66.17%; H,
4.91%; N, 13.02%.

General procedure for the synthesis of compounds 14f and 15f. A mixture of compound
8f (0.40 g, 1 mmol), the corresponding ketone (1.1 mmol), 1,4-dioxane (20 mL) and glacial
acetic acid (2 drops) was refluxed for 4–8 h. Then, the reaction mixture was cooled down,
the obtained precipitate was filtered off, washed with 2-propanol and dried. Purification
was performed by recrystallization from 1,4-dioxane.

(Z/E)-N′-(Butan-2-ylidene)-3-{[4-(4-chlorophenyl)thiazol-2-yl](2,5-dimethylphenyl)amino}pr-
opanehydrazide (14f)

Yield 0.35 g, 77%, m.p. 86–87 ◦C.
IR (KBr): ν 1514, 1537 (2C=N), 1669 (C=O), 3187 (NH) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 1.69 (m, 5H, CH3 and CH2), 2.14 (s, 3H, CH3), 2.29 (s,

3H, CH3), 2.50 (s, 3H, CH3), 2.68 (t, 1H, J = 7.3 Hz, CH2CO), 2.98 (t, 1H, J = 7.3 Hz, CH2CO),
4.12 (br. s, 2H, NCH2), 7.13–7.18 (m, 3H, HAr + SCH), 7.28 (d, 1H, J = 7.6 Hz, HAr), 7.44 (d,

134



Antibiotics 2023, 12, 220

2H, J = 8.3 Hz, HAr), 7.89 (dd, 2H, J = 8.0, 6.1 Hz, HAr), 10.03 (s, 0.5H, NH), 10.08 (s, 0.5H,
NH) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.8 (CH3), 17.0 (CH3), 17.5 (CH3), 20.4 (CH3), 24.9
(CH2), 25.1 (CH2), 30.9 (CH2CO), 32.4 (CH2CO), 48.1 (NCH2), 48.5 (NCH2), 103.4 (SCH),
103.5 (SCH), 127.3, 127.4, 128.5, 129.3, 131.6, 131.8, 132.9, 133.0, 133.58, 133.62, 137.1, 137.2,
142.6, 142.7 149.2, 150.1, 154.7, (CAr, N-Cthiaz), 166.5 (N-C=N), 169.38 (C=N), 169.44 (C=N),
172.4 (C=O) ppm.

Anal. Calcd for C24H27ClN4OS: C, 63.35%; H, 5.98%; N, 12.31%; Found: C, 63.41%;
5.92%; N, 12.09%.

(Z/E)-3-{[4-(4-Chlorophenyl)thiazol-2-yl](2,5-dimethylphenyl)amino}-N’-(octan-2-ylidene)pr-
opanehydrazide (15f)

Yield 0.38 g, 75%, m.p. 70–71 ◦C.
IR (KBr): ν 1538 (C=N), 1669 (C=O), 3178 (NH) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 0.72–0.83 (m, 3H, CH3), 1.10–1.45 (m, 8H, 4CH2),

1.78, 1.81, 1.87 (3s, 3H, CH3), 2.01–2.25 (m, 5H, CH2 and CH3), 2.29 (2s, 3H, CH3), 2.69
(t, 0.8H, J = 7.3 Hz, CH2CO), 3.00 (t, 1.2H, J = 7.3 Hz, CH2CO), 4.12 (br. s, 2H, NCH2),
7.01–7.22 (m, 3H, HAr + SCH), 7.23–7.31 (m, 1H, HAr), 7.36–7.51 (m, 2H, HAr), 7.89 (t, 2H,
J = 8.0 Hz, HAr), 10.00 (s, 0.3H, NH), 10.08 (s, 0.1H, NH), 10.10 (s, 0.5H, NH), 10.22 (s, 0.1H,
NH) ppm.

13C NMR (101 MHz, DMSO-d6): δ 13.88 (CH3), 13.92 (CH3), 15.9 (CH3), 16.0 (CH3),
16.75 (CH3), 16.79 (CH3), 20.4 (CH3), 20.4 (CH3), 22.0 (CH2), 25.0 (CH2), 25.3 (CH2), 26.0
(CH2), 28.2 (CH2), 28.4 (CH2), 28.7 (CH2), 30.0 (CH2CO), 31.05 (CH2CO), 31.09 (CH2CO),
32.5 (CH2CO), 38.3 (CH2CO), 48.2 (NCH2), 48.5 (NCH2), 103.3 (SCH), 103.4 (SCH), 127.3,
127.4, 128.5, 129.27, 129.31, 131.5, 131.6, 131.7, 131.8, 132.95, 133.02, 133.6, 133.6, 137.1, 137.12,
142.6, 142.7, 149.2, 152.6, 157.5 (CAr, N-Cthiaz), 166.5 (N-C=N), 169.3 (C=N), 169.4 (C=N),
172.5 (C=O), 172.6 (C=O) ppm.

Anal. Calcd for C24H27ClN4OS: C, 65.80%; H, 6.90%; N, 10.96%; Found: C, 65.94%; H,
6.86%; N, 11.15%.

General procedure for the synthesis of compounds 16c, f, h. A mixture of the corresponding
compound 3c, f, h (2 mmol), o-phenylenediamine (0.32 g, 3 mmol) and 15% hydrochloric
acid (30 mL) was refluxed for 72 h. Then, the reaction mixture was cooled down, diluted
with water (150 mL), and the obtained precipitate was filtered off, washed with water and
dried. Then, the crystals were dissolved in 2-propanol and diluted with an aqueous 10%
potassium carbonate solution. The formed precipitate was filtered off, washed with water
and dried. Purification was performed by recrystallization from a mixture of toluene with
hexane (1:1).

N-[2-(1H-Benzo[d]imidazol-2-yl)ethyl]-N-(2,5-dimethylphenyl)-4-phenylthiazol-2-amine (16c)
Yield 0.55 g (65 %), m.p. 95–97 ◦C;
IR (KBr): ν 1538, 1621 (C=N), 3055 (NH) cm−1;
1H NMR (400 MHz, CDCl3): δ 2.12 (s, 3H, CH3), 2.34 (s, 3H, CH3), 3.40–3.59 (m, 2H,

CH2), 4.53, 4.67 (2br. s, 2H, NCH2), 6.72 (s, 1H, HAr), 7.01 (s, 1H, SCH), 7.14–7.47 (m, 7H,
HAr), 7.54 (t, 2H, J = 7.5 Hz, HAr), 8.00 (d, 2H, J = 7.7 Hz, HAr), 12.39 (br. s, 1H, NH) ppm;

13C NMR (101 MHz, CDCl3): δ 17.1 (CH3), 21.0 (CH3), 29.2 (CH2), 49.8 (NCH2), 102.5
(SCH), 122.1, 126.0, 128.3, 129.1, 129.6, 130.27, 132.3, 133.6, 134.6, 138.3, 141.8, 150.7, 153.2
(CAr, Cbenzimid.), 172.4 (N-C=N) ppm;

Anal. Calcd for C26H24N4S: C, 73.55%; H, 5.70%; N, 13.20%; Found: C, 73.71%; H,
5.93%; N, 13.37%.

N-[2-(1H-Benzo[d]imidazol-2-yl)ethyl]-4-(4-chlorophenyl)-N-(2,5-dimethylphenyl)thiazol-2-
amine (16f)

Yield 0.59 g (64 %), m.p. 85–86 ◦C;
IR (KBr): ν 1537, 1620 (2C=N), 3051 (NH) cm−1;
1H NMR (400 MHz, CDCl3): δ 2.04 (s, 3H, CH3), 2.11 (s, 3H, CH3), 3.36 (s, 2H, CH2),

4.16, 4.45 (2br. s, 2H, NCH2), 6.79 (s, 1H, 1H, HAr), 7.08–7.27 (m, 5H, HAr + SCH), 7.39, 7.52
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(2d, 2H, J = 6.1 Hz, HAr), 7.45 (d, 2H, J = 8.1 Hz, HAr), 7.91 (d, 2H, J = 7.8 Hz, HAr), 12.30 (s,
1H, NH) ppm;

13C NMR (101 MHz, CDCl3) δ 16.7 (CH3), 20.1 (CH3), 27.2 (CH2), 50.8 (NCH2), 103.6
(SCH), 110.8, 118.2, 120.9, 121.6, 127.4, 128.5, 129.3, 129.3, 131.5, 131.8, 132.8, 133.6, 134.2,
137.1, 142.8, 143.3, 149.4, 152.4 (CAr, Cbenzimid.), 169.3 (N-C=N) ppm;

Anal. Calcd for C26H23ClN4S: C, 68.03%; H, 5.05%; N, 12.21%; Found: C, 68.22%; H,
5.29%; N, 12.39%.

N-[2-(1H-Benzo[d]imidazol-2-yl)ethyl]-4-(3,4-dichlorophenyl)-N-(2,5-dimethylphenyl)thiazol-
2-amine (16h)

Yield 0.61 g (62 %), m.p. 100–101 ◦C;
IR (KBr): ν 1533 (2C=N), 1621, 3051 (NH) cm−1;
1H NMR (400 MHz, DMSO-d6): δ 2.04 (s, 3H, CH3), 2.10 (s, 3H, CH3), 3.30–3.34 (m,

2H, CH2), 4.13, 4.50 (br. s, 2H, NCH2), 6.78 (s, 1H, 1H, HAr), 7.05–7.15 (m, 3H, HAr + SCH),
7.25 (d, 1H, J = 7.8 Hz, HAr), 7.32 (s, 1H, HAr), 7.39 (d, 1H, J = 6.7 Hz, HAr), 7.52 (d, 1H,
J = 7.9 Hz, HAr), 7.65 (d, 1H, J = 8.4 Hz, HAr), 7.87 (dd, 1H, J = 8.4, 1.8 Hz, HAr), 8.13 (d, 1H,
J = 1.8 Hz, HAr), 12.30 (s, 1H, NH) ppm;

13C NMR (101 MHz, DMSO-d6): δ 16.6 (CH3), 20.1 (CH3), 27.2 (CH2), 50.8 (NCH2),
105.0 (SCH), 110.7, 118.2, 120.9, 121.6, 125.8, 127.2, 129.3, 129.4, 129.6, 130.7, 131.4, 131.6,
132.8, 134.2, 135.3, 137.1, 142.7, 143.3, 148.0, 152.4 (CAr, Cbenzimid.), 169.4 (N-C=N) ppm;

Anal. Calcd for C26H22Cl2N4S: C, 63.29%; H, 4.49%; N, 11.35%; Found: C, 63.10%; H,
4.55%; N, 11.47%.

General procedure for the synthesis of compounds 17c, f, h. A mixture of the corresponding
compound 3c, f, h (1 mmol), sulfanilamide (0.19 g, 1.1 mmol), triethylamine (0.30 g, 3 mmol)
and DMF (5 mL) was stirred at room temperature for 0.5 h. HBTU (0.57 g, 1.5 mmol) was
dissolved in DMF (3 mL) at room temperature in an inert atmosphere and then added to the
reaction mixture over 15 min. The reaction mixture was stirred at room temperature for 72
h, then diluted with an aqueous 10% potassium carbonate (50 mL) solution. The obtained
precipitate was filtered off, washed with water and dried. Purification was performed by
column chromatography using hexane: ethyl acetate (1:2) as eluent.

3-[(2,5-Dimethylphenyl)(4-phenylthiazol-2-yl)amino]-N-(4-sulfamoylphenyl)propanamide (17c)
Yield 0.43 g, 85%, Rf = 0.62 (hexane: ethyl acetate (1:2)), m.p. 78–79 ◦C.
IR (KBr): ν (cm−1) 1538 (C=N), 1681 (C=O), 3253 (NH), 3600 (NH2) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.15 (s, 3H, CH3), 2.22 (s, 3H, CH3), 2.71–2.93 (m,

3H, COCH2), 4.11 (br. s, 2H, NCH2), 7.11, 7.15 (2s, 3H, HAr, SCH), 7.24 (s, 2H, NH2), 7.25,
7.29 (2d, 2H, J = 6.9 Hz, HAr), 7.38, 7.89 (t, 4H, J = 7.5 Hz, HAr), 7.70, 7.74 (2d, 4H, J = 8.9 Hz,
HAr), 10.35 (s, 1H, NH) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.5 (CH3), 16.6 (CH3), 20.2 (CH3), 34.9 (CH2CO),
48.1 (NCH2), 102.6 (SCH), 118.4, 125.5, 126.4, 127.3, 128.3, 128.6, 129.0, 129.1, 131.4, 132.8,
134.5, 134.6, 136.9, 138.0, 141.8, 142.6, 150.3 (CAr, N-Cthiaz), 169.0 (N-C=N), 169.1 (N-C=N),
169.6 (C=O) ppm.

Anal. Calcd for C26H22Cl2N4S: C, 61.64%; H, 5.17%; N, 11.06%; Found: C, 61.37%; H,
5.05%; N, 10.98%.

3-[(4-(4-Chlorophenyl)thiazol-2-yl)(2,5-dimethylphenyl)amino]-N-(4-sulfamoylphenyl)propa-
namide (17f)

Yield 0.44 g, 81%, Rf = 0.63 (hexane: ethyl acetate (1:2)), m.p. 126–127 ◦C.
IR (KBr): ν 1533 (C=N), 1667 (C=O), 3248 (NH), 3600 (NH2) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.14 (s, 3H, CH3), 2.22 (s, 3H, CH3), 2.74–2.89 (m,

2H, COCH2), 4.19 (br. s, 2H, NCH2), 7.14 (s, 2H, HAr), 7.18 (s, 1H, SCH), 7.25–7.29 (m, H,
HAr), 7.44, 7.90 (2d, 4H, J = 8.4 Hz, HAr), 7.61, 7.66 (2d, 4H, J = 8.6 Hz, HAr), 8.76 (br. s, 2H,
NH2) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.7 (CH3), 20.4 (CH3), 34.9 (CH2CO), 48.4 (NCH2),
103.6 (SCH), 118.3, 126.2, 127.4, 128.5, 129.3, 129.4, 131.6, 131.8, 133.0, 133.6, 137.2, 140.7,
141.8, 142.7, 149.3 (CAr, N-Cthiaz), 169.5 (N-C=N), 169.6 (C=O) ppm.
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Anal. Calcd for C26H25ClN4O3S2: C, 57.72%; H, 4.66%; N, 10.35%; Found: C, 57.86%;
H, 4.79%; N, 10.51%.

3-((4-(3,4-Dichlorophenyl)thiazol-2-yl)(2,5-dimethylphenyl)amino)-N-(4-sulfamoylphenyl)pr-
opanamide (17h)

Yield 0.45 g, 78%, Rf = 0.62 (hexane: ethyl acetate (1:2)), m.p. 98–99 ◦C.
IR (KBr): ν 1532 (C=N), 1682 (C=O), 3253 (NH), 3653 (NH2) cm−1.
1H NMR (400 MHz, DMSO-d6): δ 2.14 (s, 3H, CH3), 2.22 (s, 3H, CH3), 2.84 (t, 2H,

J = 6.9 Hz, COCH2), 4.21 (br. s, 2H, NCH2), 7.14, 7.15 (2s, 2H, HAr, SCH), 7.24 (s, 2H, NH2),
7.28 (d, 1H, J = 8.2 Hz, HAr), 7.33 (s, 1H, HAr), 7.64 (d, 1H, J = 8.4 Hz, HAr), 7.70, 7.74 (2d,
4H, J = 8.9 Hz, HAr), 7.87 (dd, 1H, J = 8.4, 1.5 Hz, HAr), 8.12 (s, 1H, HAr), 10.35 (s, 1H,
NH) ppm.

13C NMR (101 MHz, DMSO-d6): δ 16.7 (CH3), 20.4 (CH3), 35.0 (CH2CO), 48.3 (NCH2),
105.0 (SCH), 118.6, 125.7, 126.6, 127.2, 129.2, 129.5, 129.6, 130.7, 131.4, 131.6, 132.9, 135.3,
137.2, 138.2, 141.9, 142.6, 147.9 (CAr, N-Cthiaz), 169.6 (N-C=N), 169.8 (C=O) ppm.

Anal. Calcd for C26H24Cl2N4O3S2: C, 54.26%; H, 4.20%; N, 9.74%; Found: C, 54.08%;
H, 4.12%; N, 9.83%.

3.2. Bacterial Strains and Culture Conditions

The multidrug-resistant and genetically defined isolates were obtained from the AR
isolate bank at the Centre for Disease Control (CDC, United States). S. aureus TCH 1516
(USA300) was obtained from the American Type Culture Collection. Prior to the study,
all strains were maintained in commercial cryopreservation systems at −80 ◦C. Bacterial
strains were subcultured on Columbia Sheep Blood agar or Tryptic-Soy agar (Becton
Dickenson, Franklin Lakes, NJ, USA). Fungal strains were cultured on Saburoud-Dextrose
agar. Unless otherwise specified, all antimicrobial susceptibility studies with bacterial
pathogens were performed in Cation-Adjusted Mueller–Hinton broth (CAMBH) for liquid
cultures (Liofilchem, Italy). Antifungal studies were conducted using RPMI/MOPS broth.

3.3. Minimal Inhibitory Concentration Determination
3.3.1. Antibacterial Activity Characterization

The minimal inhibitory concentrations (MICs) of compounds 1–17 as well as vari-
ous antibiotics were determined according to the recommendations of the Clinical and
Laboratory Standards Institute (CLSI). The MICs for the compounds and comparator an-
tibiotics were determined according to the testing standard broth microdilution methods
described in CLSI document M07-A8 against the libraries of Gram-positive and Gram-
negative pathogens. Compounds and antibiotics that were used as a control were dissolved
in dimethyl sulfoxide (DMSO) to achieve a final concentration of 15–30 mg/mL. A se-
ries of compound dilutions were prepared in deep, polypropylene 96-well microplates
to achieve 2× of concentrations (0.5–64 µg/mL) and were then transferred to the assay
single-use, flat bottom plates. The prepared microplates were stored at −80 ◦C until the
day of the experiment.

A standardized bacterial inoculum was prepared using the colony suspension method.
The inoculum suspension was diluted in sterile CAMBH to achieve final concentrations of
approximately 5 × 105 CFU/mL (range, 2 × 105 to 8 × 105 CFU/mL) in each well. The
inoculum was transferred to the assay plates to achieve 1× assay concentration. Inoculated
microdilution plates were incubated at 35 ◦C for 16 to 20 h in an ambient-air incubator
within 15 min of the addition of the inoculum.

3.3.2. Antifungal Activity Characterization

The MIC of compounds 1–17 as well as clinically approved antifungal drugs was de-
termined by CLSI recommendations, described in document M27-A3 [84,85]. Briefly, before
the experiments, multidrug-resistant Candida spp., strains were sub-cultured on Saburoud-
Dextrose agar for 24 h at 35 ◦C. The colonies were suspended in sterile saline to reach
approximately 5 × 106 CFU/mL. Then, the fungal suspension is diluted in RPMI/MOPS
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broth to reach 5 × 105 CFU/mL and microplates containing test compounds, prepared as
described above are inoculated using a multichannel pipette. Inoculated microdilution
plates were incubated at 35 ◦C for 16 to 20 h in an ambient-air incubator within 15 min of
the addition of the inoculum.

3.4. Cell Lines and Culture Conditions

The non-small-cell human lung carcinoma A549 cells were obtained from American
Type Culture Collection (Rockville, MD, USA). Caco-2 human corectal adenocarcinoma cells
were obtained from Dr. Iliyan IIiev’s laboratory (Institute for Research in IBD, Weill Cornell
Medicine of Cornell University). Cells were maintained in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F-12) (Gibco, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (10% FBS) (Gibco, Waltham, MA, USA) and 100 U/mL
penicillin and 100 µg/mL streptomycin (P/S). Cells were cultured at 37 ◦C humidified
atmosphere containing 5% of CO2. Cells were fed every 2–3 days and subculture upon
reaching 70–80% confluence.

3.5. In Vitro Cytotoxic Activity Determination

The viability of A549 and Caco-2 cells after the treatment with compounds or cis-
platin that served as cytotoxicity control was evaluated by using commercial MTT (3-
[4,5-methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay (ThermoFisher Scien-
tific, United States). Briefly, cells were plated in the flat-bottomed 96-well microplates
(1 × 104 cells/well) and incubated overnight to facilitate the attachment. The test com-
pounds were dissolved in hybridoma-grade DMSO (Sigma-Aldrich, St. Louis, MO, USA)
and then further serially diluted in cell culture media containing 0.25 % DMSO to achieve
100 µM of each compound.

Subsequently, the media from the cells was aspirated and the compounds were added
to the microplates. The cells were incubated at 37 ◦C, 5% CO2 for 24 h. After incuba-
tion, a 10 µL of Vybrant® MTT Cell Proliferation Reagent (ThermoFisher Scientific) was
added, and cells were further incubated for 4 h. After incubation, the media was aspi-
rated, and the resulting formazan was solubilized by the addition of 100 µL of DMSO. The
absorbance was then measured at 570 nm by using a microplate reader (Multiscan, Ther-
moFisher Scientific). The following formula was used to calculate the % of A549 viability:
([AE-AB]/[AC-AB]) × 100%. AE, AC, and AB were defined as the absorbance of experi-
mental samples, untreated samples, and blank controls, respectively. The experiments were
performed in triplicates.

3.6. Statistical Analysis

The results are expressed as mean ± standard deviation (SD). Statistical analyses were
performed with Prism (GraphPad Software, San Diego, CA, USA), using Kruskal–Wallis
test and two-way ANOVA. p < 0.05 was accepted as significant.

4. Conclusions

In the present study, a series of 2-aminothiazole derivatives containing N-2,5-dimethyl
phenyl and β-alanine moieties in the molecules were synthesized and evaluated for their
in vitro antimicrobial activity using a panel of multidrug-resistant bacterial and fungal
pathogens with emerging and genetically defined resistance mechanisms. In addition, we
characterized the cytotoxic and anticancer properties using A549 and Caco-2 pulmonary
and corectal adenocarcinoma models.

The results revealed that thiazoles with the 4-aryl substituted showed profound and
selective antimicrobial activity against Gram-positive pathogens. Compound 3j possessed
the most potent activity against tested strains multidrug-resistant S. aureus and E. faecium
(MIC 1–2 µg/mL). Strikingly, compounds 3h, 3j and 7 showed antibacterial activity against
especially clinically challenging tedizolid/linezolid-resistant S. aureus strains.
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On the other hand, the modified carboxyl group in thiazoles 8f, 9f and 14f provided
promising antifungal properties against drug-resistant Candida strains, including C. glabrata,
C. parapsilosis and C. hemulonii. Moreover, ester 8f was found to have broader antifungal
activity on multiple Candida species (1–8 µg/mL) including the emerging fungal pathogen
C. auris.

During the anticancer activity study, a structure-dependent anticancer activity against
A549 and Caco-2 cells was observed. Structure–activity relation analysis revealed naphthoq-
uinone-fused thiazole 7 structure and 2,4-diCl-C6H3 moiety 3j to provide broad-spectrum
anticancer against both A549 and Caco-2 cells.

Compounds based on 2-aminothiazole derivatives containing N-2,5-dimethyl phenyl
and β-alanine moieties could be further explored as novel scaffolds for the development of
novel and highly active compounds targeting multidrug-resistant pathogens, including
tedizolid/linezolid-resistant S. aureus as well as vancomycin-resistant Enterococcus. Fur-
thermore, a series of novel compounds based on 8f could be further explored as novel
antifungals targeting challenging and multidrug-resistant Candida auris. Further studies
are needed to better understand the safety, pharmacological properties as well as cellular
targets of 2-aminothiazole derivatives 1–17.
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mdpi.com/article/10.3390/antibiotics12020220/s1, Figure S1: 1H-NMR of compound 1, Figure S2:
13C-NMR of compound 1, Figure S3: 1H-NMR of compound 2, Figure S4: 13C-NMR of compound 2,
Figure S5: 1H-NMR of compound 3a, Figure S6: 13C-NMR of compound 3a, Figure S7: 1H-NMR of
compound 3b, Figure S8: 13C-NMR of compound 3b, Figure S9: 1H-NMR of compound 3c, Figure S10:
13C-NMR of compound 3c, Figure S11: 1H-NMR of compound 3d, Figure S12: 13C-NMR of compound
3d, Figure S13: 1H-NMR of compound 3e, Figure S14: 13C-NMR of compound 3e, Figure S15: 1H-
NMR of compound 3f, Figure S16: 13C-NMR of compound 3f, Figure S17: 1H-NMR of compound 3g,
Figure S18: 13C-NMR of compound 3g, Figure S19: 1H-NMR of compound 3h, Figure S20: 13C-NMR
of compound 3h, Figure S21: 1H-NMR of compound 3i, Figure S22: 13C-NMR of compound 3i,
Figure S23: 1H-NMR of compound 3j, Figure S24: 13C-NMR of compound 3j, Figure S25: 1H-NMR
of compound 3k, Figure S26: 13C-NMR of compound 3k, Figure S27: 1H-NMR of compound 4i,
Figure S28: 13C-NMR of compound 4i, Figure S29: 1H-NMR of compound 4j, Figure S30: 13C-NMR
of compound 4j, Figure S31: 1H-NMR of compound 4k, Figure S32: 13C-NMR of compound 4k,
Figure S33: 1H-NMR of compound 5, Figure S34: 13C-NMR of compound 5, Figure S35: 1H-NMR of
compound 6, Figure S36: 13C-NMR of compound 6, Figure S37: 1H-NMR of compound 7, Figure S38:
13C-NMR of compound 7, Figure S39: 1H-NMR of compound 8f, Figure S40: 13C-NMR of compound
8f, Figure S41: 1H-NMR of compound 9f, Figure S42: 13C-NMR of compound 9f, Figure S43: 1H-NMR
of compound 10f, Figure S44: 13C-NMR of compound 10f, Figure S45: 1H-NMR of compound 11f,
Figure S46: 13C-NMR of compound 11f, Figure S47: 1H-NMR of compound 12f, Figure S48: 13C-NMR
of compound 12f, Figure S49: 1H-NMR of compound 13f, Figure S50: 13C-NMR of compound 13f,
Figure S51: 1H-NMR of compound 14f, Figure S52: 13C-NMR of compound 14f, Figure S53: 1H-NMR
of compound 15f, Figure S54: 13C-NMR of compound 15f, Figure S55: 1H-NMR of compound 16c,
Figure S56: 13C-NMR of compound 16c, Figure S57: 1H-NMR of compound 16f, Figure S58: 13C-NMR
of compound 16f, Figure S59: 1H-NMR of compound 16h, Figure S60: 13C-NMR of compound 16h,
Figure S61: 1H-NMR of compound 17c, Figure S62: 13C-NMR of compound 17c, Figure S63: 1H-NMR
of compound 17f, Figure S64: 13C-NMR of compound 17f, Figure S65: 1H-NMR of compound 17h,
Figure S66: 13C-NMR of compound 17h. References [86,87] are cited in the supplementary materials.
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57. Parašotas, I.; Urbonavičiute, E.; Anusevičius, K.; Tumosiene, I.; Jonuškiene, I.; Kantminiene, K.; Vaickelioniene, R.; Mickevičius, V.

Synthesis and Biological Evaluation of Novel DI- and Trisubstituted Thiazole Derivatives. Heterocycles 2017, 94, 1074–1097.
[CrossRef]
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Abstract: From a library of compounds, 11 hit antibacterial agents have been identified as potent
anti-Gram-positive bacterial agents. These pyrazole derivatives are active against two groups of
pathogens, staphylococci and enterococci, with minimum inhibitory concentration (MIC) values as
low as 0.78 µg/mL. These potent compounds showed bactericidal action, and some were effective at
inhibiting and eradicating Staphylococcus aureus and Enterococcus faecalis biofilms. Real-time biofilm
inhibition by the potent compounds was studied, by using Bioscreen C. These lead compounds were
also very potent against S. aureus persisters as compared to controls, gentamycin and vancomycin.
In multiple passage studies, bacteria developed little resistance to these compounds (no more than
2 ×MIC). The plausible mode of action of the lead compounds is the permeabilization of the cell
membrane determined by flow cytometry and protein leakage assays. With the detailed antimicrobial
studies, both in planktonic and biofilm contexts, some of these potent compounds have the potential
for further antimicrobial drug development.

Keywords: pyrazole; persisters; Staphylococcus aureus; Enterococcus faecalis; resistance

1. Introduction

Antimicrobial resistance (AMR) poses one of the greatest threats to human health
around the world and it has been argued that AMR could kill 10 million people per year
by 2050 [1]. The six pathogens, SPEAKS (Staphylococcus aureus, Pseudomonas aeruginosa,
Escherichia coli, Acinetobacter baumannii, Klebsiella pneumoniae, and Streptococcus pneumo-
niae) are the leading causes of AMR deaths. S. aureus and its methicillin-resistant variant
(MRSA) caused more than 100,000 deaths worldwide in 2019. On the other hand, ESKAPE
pathogens (Enterococcus faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and
Enterobacter spp.) cause the majority of nosocomial infections and these bacteria have the
ability to evade the existing treatments [2]. S. aureus infection is a major problem in the
United States, which causes almost 100,000 infections and 20,000 deaths every year [3].
S. aureus infections are caused by different strains, including methicillin-sensitive S. aureus
(MSSA), MRSA, vancomycin-intermediate S. aureus (VISA), and vancomycin-resistant
S. aureus (VRSA). While most staphylococcal infections are due to MRSA, any S. aureus
infection can be dangerous and lethal [4]. Hospitals are the major places for highly drug-
resistant pathogens, such as MRSA, increasing the menace of hospitalization kills instead of
cures [5–8]. MRSA has emerged as a multidrug-resistant pathogen in nosocomial infections
and this pathogen is bypassing HIV in terms of fatality rate [9].

Enterococcus faecium, a Gram-positive bacterium, is a normal microbiotum of the
gastrointestinal tract (GI) and female genital tracts of humans and most other animals, in-
cluding insects. This bacterium can cause a variety of problems when introduced into other
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parts of the body. Endocarditis and bacteremia are the most serious and life-threatening
diseases caused by E. faecium [10]. E. faecium readily acquires antibiotic resistance genes
and has become 80% vancomycin and 90% ampicillin-resistant [11,12]. About 30% of all
healthcare-associated enterococcal infections are caused by vancomycin-resistant (VRE)
strains, and these resistant strains are increasingly becoming resistant to other antibi-
otics. In 2017, VRE caused 54,500 patient hospitalizations and 5400 deaths in the United
States. According to the CDC’s National Healthcare Safety Network, solid organ transplant
units reported vancomycin-resistant E. faecium as the most common cause of central line-
associated bloodstream infections [13]. Furthermore, enterococci biofilms contribute to 25%
of all catheter-associated urinary tract infections [14].

Pyrazole nucleus has widely been found in approved drugs, such as apixaban (Eliquis@),
celecoxib (Celecox@), and several others (https://go.drugbank.com/categories/DBCAT000
650 accessed on 8 July 2022). A myriad number of synthetic derivatives of this azole have
been reported for their a nticancer [15,16], antibacterial [17], antiviral [18], and several other
therapeutic properties [19]. In our research on azole derivatives as potent antibacterial [20–22]
and antineoplastic agents [23–25], we found pyrazole-derived hydrazones are potent growth
inhibitors of A. baumannii [21,26] and the aniline derivatives of pyrazoles are potent growth
inhibitors of Gram-positive bacteria [22,27]. In this article, we report data on the antimicrobial
activities, and the modes of action, of a series of hit compounds (Figure 1) [28,29]. The featured
compounds (MIC ≤ 32 µg/mL) were selected for further studies following screening for
antimicrobial activity, low toxicity against human embryonic kidney cell lines (HEK293) and
their low lipophilicity, compared to other compounds [28,29].
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Figure 1. Structure of the hit compounds.

2. Results and Discussion
2.1. MIC Studies

The identified hit compounds (1–11) were tested against 13 Gram-positive bacterial
strains (Table 1). The mono-substituted compounds were moderate growth inhibitors of
these bacterial strains. 3-Fluorophenyl aniline (1) is a weak inhibitor of tested bacterial
strains. The 3-chlorophenyl derivative (2) showed better activity than the fluoro derivative
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(1), with MIC values in the range of 50 to 6.25 µg/mL. 3-Bromo (3) and 3-trifluoromethyl
(4) derivatives showed similar antimicrobial properties. Overall, disubstituted compounds,
except the 4-fluoro-3-methyl substituted derivative (5), showed better activity than those
of the mono-substituted compounds (1–4). The 4-fluoro-3-methyl aniline derivative (5)
showed moderate growth inhibition activity, with MIC values as low as 12.5 µg/mL against
Bacillus subtilis. The 3-chloro-4-methyl derivative (6) was a potent growth inhibitor of the
tested strains. This compound (6) inhibited the growth of S. aureus strains, with MIC values
in the range of 3.12–6.25 µg/mL. This compound was also potent against enterococci,
B. subtilis, and Staphylococcus epidermidis bacteria. The 4-bromo-3-methyl aniline derivative
(7) showed similar activities as its chloro analogue (6). Bis(trifluoromethyl)aniline (8) was
the best compound in the series, with potent activity across the tested strains. This disub-
stituted aniline derivative (8) was very active in inhibiting the growth of S. aureus strains,
with MIC values as low as 0.78 µg/mL. Enterococcus faecalis and E. faecium strains were
inhibited effectively, with an MIC value of 3.12 µg/mL, by this compound (8). B. subtilis
and S. epidermidis strains were inhibited, with MIC values 0.78 and 6.25 µg/mL, respec-
tively. 4-Fluoro-3-trifluoromethyl-substituted derivative (9) showed varied activity against
different strains, with MIC values as low as 3.12 µg/mL against S. aureus Newman and
B. subtilis strains. Chloro and bromo analogues (10 and 11) were very potent across the
S. aureus strains, with an MIC value of 3.12 µg/mL. These compounds were also effective
against the enterococci and B. subtilis strains.

Table 1. MIC values of the lead compounds (µg/mL): antibiotic susceptible S. aureus ATCC 25923
(Sa23), antibiotic-resistant S. aureus ATCC 700699 (Sa99), S. aureus BAA-2312 (Sa12), S. aureus ATCC
33592 (Sa92), S. aureus ATCC 33591 (Sa91), S. aureus Newman (SaN), S. aureus USA300 (Sa00), S. aureus
UAMS-1 (Sa1), vancomycin-resistant E. faecium ATCC 700221 (Ef21), antibiotic susceptible E. faecalis
ATCC 29212 (Ef12), E. faecalis ATCC 51299 (Ef99), Bacillus subtilis ATCC 6623 (Bs), S. epidermidis ATCC
700296 (Se). Vancomycin (Van), and Daptomycin (Dap) were used as positive control. DMSO (2.5%)
and growth media were used as negative controls.

Comp Sa23 Sa99 Sa12 Sa92 Sa91 SaN Sa00 Sa1 Ef12 Ef21 Ef99 Bs Se

1 25 25 25 50 25 >50 >50 >50 >50 50 >50 25 50
2 12.5 12.5 12.5 25 12.5 12.5 12.5 12.5 12.5 50 25 6.25 25
3 12.5 12.5 12.5 25 12.5 12.5 12.5 12.5 >50 50 25 6.25 25
4 12.5 12.5 12.5 12.5 12.5 6.25 12.5 12.5 12.5 25 25 6.25 25
5 25 25 50 50 25 >50 >50 >50 50 >50 25 12.5 50
6 6.25 3.12 6.25 6.25 3.12 3.12 6.25 6.25 6.25 12.5 6.25 3.12 12.5
7 3.12 6.25 6.25 12.5 6.25 3.12 6.25 6.25 6.25 12.5 6.25 3.12 12.5
8 1.56 1.56 0.78 3.12 0.78 1.56 1.56 1.56 3.12 3.12 3.12 0.78 6.25
9 6.25 12.5 12.5 12.5 6.25 3.12 12.5 12.5 6.25 25 25 3.12 25
10 3.12 3.12 3.12 3.12 3.12 3.12 3.12 3.12 3.12 6.25 6.25 1.56 6.25
11 3.12 3.12 3.12 3.12 3.12 3.12 3.12 3.12 3.12 6.25 6.25 1.56 6.25

Van 0.78 3.12 0.78 1.56 1.56 0.78 0.78 0.78 3.12 >50 >50 0.19 3.12
Dap 1.56 6.25 0.78 3.12 6.25 3.12 3.12 3.12 12.5 12.5 12.5 0.78 0.78

2.2. Bactericidal Properties and Time-Kill Assay

The minimum bactericidal concentration (MBC) is the minimum concentration that
kills > 99.9% of a bacterial species within 18–24 h of treatment. If the MBC value of
an antibacterial agent is not more than four times the MIC value, then the antibacterial
agent is considered to be bactericidal. If the MBC/MIC value is more than four, then the
antibacterial agent is considered to be bacteriostatic. Generally, the bacteriostatic agents
inhibit protein synthesis and the bactericidal agents target the cell wall of bacteria [30]. As
Table 2 shows, the hit compounds (6–10) were bactericidal for the B. subtilis strain, except
for compound 11, which is a bacteriostatic agent. These compounds were bactericidal for
the S. epidermidis strain. Compound 6 was bactericidal or bacteriostatic, based on the strain
of S. aureus bacteria. Compounds 7–11 were bactericidal for the tested S. aureus strains.
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The bactericidal action was consistent with the compounds being membrane disruptors.
We performed the time kill assay at 4 ×MIC concentration to determine the bactericidal
properties of our hit compounds. As can be seen in Figure 2, potent compounds 8, 10, and
11 killed the bacteria within 6 h. Compound 6 did not kill the bacterial cells even after 24 h.
Vancomycin eliminated bacteria up to the level of the detection limit within 8 h. These
observations corresponded to the bacteriostatic nature of compound 6 and bactericidal
properties of compounds 8, 10 and 11. These observations agreed with the MBC values
(Table 2) of the compounds and the positive control, vancomycin. Since bactericidal activity
was determined from bacteria exposed to compounds for 20 h, it cannot be completely
ruled out that low colony counts could have arisen from a failure of a subpopulation to
recover from a viable non-culturable state brought on by antibiotic exposure [31].

Table 2. MBC values of the potent compounds against susceptible bacteria.

Comp Bs Sa12 Sa23 Sa99 Sa91 Sa92 Se

6 12.5 50 50 50 12.5 50 50
7 12.5 50 25 25 12.5 50 50
8 3.12 3.12 12.5 6.25 3.12 12.5 12.5
10 6.25 12.5 25 12.5 12.5 25 25
11 12.5 25 12.5 12.5 12.5 25 25

Van 1.56 1.56 12.5 6.25 6.25 6.25 3.12
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Figure 2. Time-kill assay (TKA) of S. aureus ATCC 700699 against the potent compounds treated at
4 ×MIC concentration. Each data point represents the mean value of viable colony counts performed
in triplicate and the error bars represent standard deviation values.

2.3. Activity against Biofilms

We studied the biofilm inhibition properties of three potent compounds against the
S. aureus ATCC 25923 strain (Figure 3). Compound (8) was very effective at inhibiting
the growth of S. aureus biofilm at 2 ×MIC concentration but potency decreased at lower
concentrations. Compounds 10 and 11 showed very strong biofilm inhibition properties
at all the tested concentrations: 2×, 1×, and 0.5 × MIC values. The positive control,
vancomycin (Van), showed good activity at 2×, and 1 ×MIC values, but this approved
drug inhibited only ~60% biofilm formation at 0.5 × MIC treatment. We studied the
biofilm eradication properties of these potent compounds. Among these compounds, the
bis(trifluoromethyl)aniline derivative (8) was a moderate biofilm eradicator of S. aureus,
which eradicated ~80% biofilm at 2 ×MIC. Decreasing the concentration of this compound
reduced the biofilm elimination property significantly. Compound 10 eliminated the
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S. aureus biofilm effectively in all three concentrations. Compound 11 showed good biofilm
eradication properties at 2× and 1 × MIC values, albeit only ~55% biofilm eradication
at 0.5 ×MIC value. The positive control, vancomycin, showed weak biofilm elimination
activity as compared to our lead compounds 10 and 11. The ability of compounds 10 and
11 to significantly inhibit and eradicate biofilm at the concentration of 0.5 × MIC was
particularly noteworthy, indicating that the observation was not just a side effect of the
bacteriostatic or bactericidal properties of the compounds.
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Figure 3. Biofilm inhibition of S. aureus (A) and E. faecalis (C) and biofilm destruction of S. aureus (B)
and E. faecalis (D) by potent compounds (8, 10, and 11). Vancomycin (Van) is the positive control.
Data based on retention of crystal violet by biofilm as compared to DMSO (the solvent of compound
diluent as negative control). Error bars represent standard deviation values of the readings obtained
in triplicates.

We also studied the biofilm inhibition properties of the molecules against E. faecalis
ATCC 29212. Compound 8 inhibited >90% biofilm growth in all three tested concentrations.
Compound 10 inhibited >90% biofilm formation at 2 × MIC value, but the inhibition
potency decreased gradually at lower concentrations. The third potent lead compound (11)
inhibited the biofilm formation of E. faecalis, at lower potency. Vancomycin showed similar
potency at 2× and 1 ×MIC values but, nevertheless, biofilm inhibition potency decreased
significantly at the sub-MIC value. In the E. faecalis biofilm eradication studies of our hit
compounds, we observed potent activity comparable to the positive control. In particular,
compound 10 again showed moderate biofilm inhibition and eradication below the MIC
and MBC concentrations.

We determined the minimal biofilm eradication concentration (MBEC), the lowest
concentration of compound sufficient to prevent growth from a treated biofilm, to further
determine the potency of the effective lead compounds. As shown in Table 3, compounds 8,
10, and 11 eradicated the established biofilms of S. aureus ATTCC 25923 and E. faecalis ATCC
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29212 at concentrations 2× and 4 × MIC, respectively. Compounds were less effective
at eradicating the biofilm of S. aureus USA300, with concentrations as high as 50 µg/mL
(16 ×MIC) needed to reach the MBEC (compound 10). Our studies showed that the
positive control used in MIC tests, vancomycin, was not effective in eradicating the tested
biofilms. These studies are very significant, as S. aureus biofilms are very challenging to
treat with the existing antibiotics [32]. Similarly, E. faecalis readily forms biofilms, which are
recalcitrant to existing treatments [33].

Table 3. MIC and MBEC values of the three lead compounds against Sa23, Sa00 and EFs12 determined
by Calgary Biofilm methods.

Comps
Sa23 Sa00 Efs12

MIC MBEC MIC MBEC MIC MBEC

8 1.56 3.12 1.56 12.5 3.12 6.25
10 3.12 6.25 3.12 50 3.12 12.5
11 3.12 6.25 3.12 25 3.12 6.25

Van 0.78 >50 0.78 >50 3.12 >50

2.4. Real-Time Monitoring of S. aureus Biofilm

Bacteria within a biofilm matrix are better protected from host defenses and antibiotics.
Regular doses of antibiotics can reduce the biofilm but rarely eliminate it [34,35]. We
treated biofilms produced by two strains of S. aureus with the lead compounds at various
concentrations, as well as with conventional antibiotics, and monitored real-time biofilm
growth/inhibition using the Bioscreen C Pro. This test depends on the production of
planktonic cells from the biofilm or any increase in the biofilm itself. The effects of various
concentrations of compounds 8, 11, vancomycin and daptomycin on S. aureus ATCC 25923
and S. aureus USA300 biofilm, as compared to the DMSO treated negative control, are
shown in Figures 4 and 5. The biofilm minimum inhibitory concentration (BMIC) is defined
as the lowest concentration of the compound at which the optical density remains at
baseline at the 24 h time point. The BMIC for compound 8 against S. aureus ATCC 25923, as
measured kinetically using Bioscreen C Pro, was observed to be 4×MIC of planktonic cells
(6.25 µg/mL) (Figure 4A) and 4 ×MIC (12.5 µg/mL) against S. aureus USA300 (Figure 4A).
BMIC for compound 11 was 2 ×MIC (6.25 µg/mL) for S. aureus ATCC 25923 and 4 ×MIC
for S. aureus USA300, while MPC against both the strains was 4 × MIC concentrations
(Figure 4B and 5B). BMIC for vancomycin was observed to be 8 ×MIC and 16 ×MIC for
S. aureus ATCC 25923 and S. aureus USA300, respectively. Daptomycin exhibited a BMIC
value to be 16 ×MIC, and an MPC value being >16 ×MIC, against S. aureus ATCC 25923
biofilm (Figure 4D).

2.5. Activity against Persisters

Persisters are dormant phenotypic variants of bacteria that are recalcitrant to killing by
antibiotics. Persisters are a chronic and continuous nidus of infection that can result in treat-
ment failure [36]. Bacteria comparable to persisters can be produced by allowing a culture
to grow until the stationary phase is well established. We tested our potent lead molecules
(8, 10, and 11) for their ability to eliminate such persister cells of S. aureus ATCC 700699
(Figure 6). Cells were incubated in phosphate buffered saline (PBS), conditions, under
which they do not resume growth. As can be seen (Figure 6A), our compounds (8, 10, and
11) reduced the persisters’ viability after 4 h at 8 ×MIC treatment. The positive controls,
approved antibiotics (gentamicin and vancomycin), did not show any effectiveness against
the persisters and showed similar viability as the negative control (2.5% DMSO). The lack
of bactericidal activity by vancomycin is to be expected, since cell wall inhibiting antibi-
otics lack effectiveness against non-growing cells. To observe the persister elimination
pattern with time, persister cells were incubated in PBS with various concentrations of
compounds (8, 10 and 11). Aliquots were drawn out every 2 h for a viable colony count for
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up to 8 h total time (Figure 6B–D). Compound 8 considerably reduced the concentration
of persisters at 2 ×, 4 ×, and 8 ×MIC values. S. aureus persisters were markedly reduced
by 16 × MIC treatment. Compound 10 was more effective in decreasing persisters at
similar concentrations. This compound (10) decreased S. aureus persisters up to the detec-
tion limit at 8 ×MIC treatment in 8 h. The 16 ×MIC treatment eliminated the persisters
in 6 h. Although the hit compound 11 showed weak activity at 2 × MIC treatment, it
showed comparable potency at higher treatment doses. It was found that 8 ×MIC and
16 ×MIC treatments eliminated persisters within 8 h and 6 h, respectively. Based on the
anti-persister activity, we could conclude that our potent compounds were very effective
at killing S. aureus persisters in vitro. This finding warrants further development of these
compounds as antibiotics.
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Figure 4. Real-Time monitoring of S. aureus ATCC 25923 biofilm. Effect of various concentra-
tions of compound 8 (A), compound 11 (B), Vancomycin (C) and Daptomycin (D) against S. aureus
ATCC 25923 biofilm growth, as monitored by Bioscreen C Pro up to 96 h. Legends indicate treatment
of preformed biofilm with DMSO control and various MIC concentrations of each compound. An
additional control consisted of growth medium with no pre-formed biofilm in the wells. Each data
point represents the mean value of the optical density readings performed in triplicates.
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Figure 5. Real-time monitoring of S. aureus USA300 biofilms. Effect of various concentrations of
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biofilm growth, as monitored by Bioscreen C Pro up to 96 h. Legends indicate treatment of preformed
biofilm with DMSO control and various MIC concentrations of each compound. An additional control
consisted of growth medium with no pre-formed biofilm in the wells. Each data point represents the
mean value of the optical density readings performed in triplicates

2.6. Multistep Resistance Studies

The success of antibiotics over the years has been threatened by the evolution of an-
timicrobial resistance (AMR). Microbial pathogens have the ability to avoid or delay death
upon exposure to antibiotics that were supposed to kill them [27,28]. We studied the ability
of S. aureus and E. faecalis strains to develop resistance against our potent lead compounds
(Figure 7). S. aureus ATCC 700699 was treated with lead compound 8 and the bacteria
became slightly less susceptible by the third day (two-fold increase in MIC). However, no
further resistance against this compound (8) was seen up to 14 days in our study. Lead
compound 11 at 1 ×MIC was effective against S. aureus up to 7 days, after which the MIC
increased only to two-fold of the original. Bacteria developed resistance to vancomycin to
two-fold on the sixth passage and four-fold after the ninth day of treatment. E. faecalis did
not develop resistance to our compounds through all 14 days of the study, while the MIC of
vancomycin increased two-fold on the 7th day. Based on these observations, S. aureus failed
to develop resistance to our compounds easily, and E. faecalis did not develop resistance at
all up to 14 days. While these studies show a failure to acquire resistance by mutations,
they do not rule out the possibility of gaining resistance by horizontal gene transfer in
natural environments if such resistance exists.
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Figure 6. Effect of the lead compounds on the S. aureus ATCC 700699 persisters viability. (A) Effect of
compounds (8, 10, and 11), positive controls (gentamicin and vancomycin), and DMSO on persisters.
Effect of different concentrations of lead compounds 8 (B), 10 (C) and 11 (D) at different time points
on S. aureus persisters. Each data point in all graphs represents the mean of viable colony counts
performed in triplicates and error bars represent the standard deviation
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Figure 7. Multistep resistance assay of potent compounds against (A) S. aureus ATCC 700699 and
(B) E. faecalis ATCC 29212. Vancomycin (van) is a positive control and resistance studies were done
for 14 days.

2.7. Membrane Permeability Studies

Determination of the mode of action of antimicrobial compounds is crucial for the de-
velopment of new drugs, as well as for new therapeutic applications for existing drugs [29].
To examine whether membrane permeabilization has a role in the mode of action, kinetic
fluorescence measurement and flow cytometry analysis were performed in the presence
of the fluorescent dye propidium iodide (PI) (Figure 8). PI fails to accumulate in cells
with healthy membranes, but if the bacterium is unable to exclude this red fluorescent
dye, it binds to DNA by intercalation increasing its fluorescence. If the test compound
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disrupts the permeability of the bacterial membrane, PI enters the cell and can be detected
fluorometrically once it binds to DNA.
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Figure 8. Kinetic fluorescence measurements to detect membrane permeabilization of S. aureus ATCC
700699 caused by compounds 8 (A), 11 (B) and Vancomycin (C) at various concentrations using pro-
pidium iodide. Each data point in the line graphs represents mean value of PI fluorescence performed
in triplicates. Protein leakage concentration against compound 11 is shown in bar graph (D). Each
value in the bar graph represents the mean of protein concentration measured in triplicates and error
bars represent standard deviation.

For kinetic fluorescence measurement, S. aureus ATCC 700699 was incubated with the
test compounds at various MIC concentrations in PBS containing 10 µg/mL Propidium
Iodide (PI) at 37 ◦C in 96-well black microtiter plate. Figure 8A–C show kinetic fluorescence
measurements of PI after treatment of bacterial cells with various MIC concentrations of the
compounds. After the addition of the compound at 5 min (red arrow indicates compound
addition), fluorescence was observed to increase rapidly at higher MIC concentrations for
both test compounds 8 and 11, while there was a slight increase in fluorescence at lower
MIC values. For compound 8, there was a rapid increase in fluorescence at 8 ×MIC until
33 min, after which the fluorescence intensity was above the detectable limit (>100,000 RFU)
for the device. At 4×MIC, which is the MBC for this compound, there was a rapid increase
in fluorescence up to the 9th minute, after which the fluorescence remained constant till
the end of the experiment (Figure 8A). For compound 11, there was a rapid increase in
fluorescence at 8× and 4 × MIC concentrations up to the 13th and 29th minutes, after
which fluorescence was above the detectable limit. A rapid increase was observed at
2 ×MIC (below the MBC) up to the 13th minute, with a slight decrease followed by
constant fluorescence till the end (Figure 8B). No increase in fluorescence was observed up
to 8 ×MIC concentration of vancomycin, indicating no membrane permeabilization for
the tested highest concentration for this conventional drug.

Figure 8D shows a protein leakage assay that was performed to determine the leakage
of cellular proteins. Once the bacterial cell membrane has been irreversibly disrupted,
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cellular contents, such as DNA, RNA, and proteins, will leak [30,31]. An increase in protein
concentration with increasing MIC doses, in comparison to negative controls, untreated
and DMSO treated samples, were observed, indicating the possibility of cell membrane
damage and protein leakage.

Flow cytometry analysis was performed to determine the membrane-disrupting ability
of the potent compounds. Various MIC concentrations of compounds 8 and 11 were treated
with S. aureus ATCC 700699, and then stained with PI to measure PI permeabilization into
the bacterium cells. As observed in Figure 9A, only 7.09% of the cells were stained in 1%
DMSO treated cells, which was our negative control. Almost 96.11% of cells were stained
in the positive control sample that was treated with 70% ethanol (Figure 9B). Vancomycin,
which was used as technical control, showed cell staining similar to DMSO treated cells,
indicating non-permeabilization of bacterial cells at 4 × MIC concentration (Figure 9C).
Compound 8 treated cells showed higher PI intensity, with a good dose-response cor-
relation. Treatment with 1×, 2×, and 4 × MIC concentrations showed 10.18%, 12.94%,
and 67.82% PI-permeant cells, respectively (Figure 9D–F). Compound 11 demonstrated
better PI permeability with dose-response in comparison to our lead compound 8. For
compound 11, PI permeability was 12.63% and 34.93%, respectively, at 1 × MIC and
2 ×MIC. Compound 11 at 4 ×MIC treatment showed 91.23% PI-permeant cells. These
results demonstrated that the compounds might have directly damaged or interfered with
the membrane functions, as shown by the failure to exclude PI. However, it cannot be ruled
out that membrane destabilization was a result of cell death, and not the direct cause.
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Figure 9. Flow cytometry analysis of bacteria treated with potent compounds. The membrane
permeability of S. aureus ATCC 700699 treated by compounds at various concentrations and controls
was measured by an increase of fluorescent intensity of propidium iodide at 4 ◦C for 30 min. (A) 1%
DMSO; (B) 70% ethanol; (C) Vancomycin at 4 ×MIC; (D) Compound 8 at 1 ×MIC; (E) Compound 8
at 2 × MIC; (F) Compound 8 at 4 × MIC; (G) Compound 11 at 1 × MIC; (H) Compound 11 at
2 ×MIC ; (I) Compound 11 at 4 ×MIC3.
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3. Materials and Methods
3.1. Antimicrobial Compounds (1–11)

The compounds (1–11) were synthesized as reported by us previously [28,29]. The
purity of the compounds was determined by 1H NMR before testing.

3.2. Minimum Inhibitory Concentration (MIC)

MIC for the compounds was determined using the standard microdilution technique
recommended by the Clinical and Laboratory Standards Institute (CLSI). The starting
concentration of the compounds was 32 µg/mL and a 2-fold dilution was performed along
the 96-honeycomb well plate column to determine the MIC. MIC was confirmed in at least
two occurrences of three replicates performed. A concentration was considered inhibitory
when no visually detectable turbidity was present after about 20 h. Slow growth (up to 2 log
increase over 20 h) could still fail to produce turbidity and would be considered inhibited.

3.3. Minimum Bactericidal Concentration (MBC)

MBC was determined for some compounds against various bacterial strains under
study. After determination of MIC in 96-well columns, non-turbid well contents, including
the MIC wells, were diluted 10-fold (100, 101 and 102) and then spot plated on TSA plates
to quantify viable cells. The plates were incubated and colonies were counted to determine
the percentage of viable cells, compared to the initial CFU/mL. The MBC was defined as
the lowest concentration that reduced bacterial concentration by at least 99.9%.

3.4. Time-Kill Assay

Time-kill assay was performed following the methodology described earlier [22]. The
exponential phase bacterial culture of S. aureus ATCC 700699 was diluted to ~5 × 106 CFU/mL
in CAMHB, then treated with 4 ×MIC of the test compounds and incubated at 35 ◦C. Every
2 h, the treated aliquot was diluted 10-fold in PBS and viable cells were quantified by viable
colony count on TSA plates.

3.5. Biofilm Inhibition and Eradication Assays

Biofilm inhibition and eradication assays were performed as described previously [32]. In
brief for biofilm inhibition assay, overnight bacterial culture was suspended to 0.5 McFarland
standard in sterile PBS, which was then diluted 1:1000 in cation adjusted Muller Hilton Broth
(CAMHB) supplemented with 1% glucose. Bacterial suspension, along with desired concentra-
tions of the compound, were placed in triplicates into 96-well flat-bottom plates and incubated
for 24 h at 35 ◦C. After incubation, each well was washed with PBS thrice to remove planktonic
cells, then dried in the oven at 60 ◦C for 15 min. The wells were stained with crystal violet
(0.1% w/v) for 15 min, then washed with deionized water to remove unstained dyes and dried
in the oven for 15 min. Acetic acid (33%) was added to the stained wells to solubilize crystal
violet, then optical density was measured using a Biotek Cytation 5 plate reader at 620 nm
excitation wavelength.

For destruction assay, bacterial biofilm was first established in 96-well plates by
culturing the overnight bacteria in CAMHB supplemented with 1% glucose and incubating
24 h at 35 ◦C. After incubation, the wells were washed thrice by PBS, then CAMHB,
containing various concentrations of the compound, were added in triplicates to challenge
the established biofilm in the wells. After an additional 24 h of incubation, washing,
drying, staining by crystal violet, solubilizing stained biofilm, and measuring optical
density were performed as described above. Percentage biofilm inhibition and destruction
were calculated using the optical density of DMSO treated wells as negative control and
media-only wells as a positive control.

3.6. Antibiofilm Studies Using Calgary Device

Calgary biofilm device was utilized to determine the minimum biofilm eradication
concentration (MBEC) following the methodology described earlier [27]. Briefly, biofilm
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was established on the lid pegs of the device using overnight bacterial culture diluted in
CAMHB supplemented with 1% glucose at 35 ◦C for 24 h. After incubation, the lid was
removed, washed with PBS in a fresh 96-well plate, then transferred to the “challenge
plate” which contained 2-fold serial diluted compounds in PBS. The challenge plate was
incubated for 24 h, then the lid was transferred to the next 96-well plate containing fresh
CAMHB with 1% glucose and further incubated for 24 h. Following the final incubation,
the plates were observed for visible turbidity to determine MBEC, which was the lowest
concentration of compound well that resulted in no turbidity. Each compound was tested
in triplicates to confirm the MBEC value.

3.7. Real-Time Monitoring of S. aureus Biofilm

Real-time monitoring of biofilm growth/inhibition was performed following the
methodology described by Elkhatib et al. [34] with few modifications. Overnight culture of
S. aureus was diluted (1 × 106 CFU/mL) in CAMHB with 1% glucose and seeded (150 µL)
into 100-well polystyrene honeycomb plates to establish biofilm. Several control wells
received only culture medium and no cells so that no biofilm would be produced. The
plate was incubated in the chamber of Bioscreen C Pro (Growth curves USA, Piscataway,
NJ, USA) for 24 h at 37 ◦C without shaking. Following incubation, each well of the plate
was washed thrice with sterile PBS to remove planktonic cells. CAMHB with 1% glucose,
containing desired concentrations of the compound, were prepared and transferred to
the biofilm established wells (200 µL). Control wells consisted of DMSO treated and
wells without bacteria (medium only). The prepared honeycomb plate was placed in the
preheated chamber of Bioscreen C Pro programmed to maintain the temperature of 37 ◦C
for 96 h without shaking. A wide-band filter with a spectrum range of 400–600 nm was
programmed to measure the optical densities every 1 h up to 96 h of real-time monitoring
of biofilm growth/inhibition.

3.8. Persister Cell Killing Assay

Persister cell killing assay was performed following the methodology described ear-
lier [22]. Briefly, S. aureus was grown in CAMHB for 24 h by shaking at 200 rpm at 35 ◦C
to the stationary phase. The stationary phase cells were washed thrice in PBS and then
diluted to around 108 CFU/mL in the same buffer. The diluted persister suspension was
treated with the desired concentration of the compound in a sterile 10 × 75 mm plastic
culture tube by shaking at 200 rpm at 35 ◦C. At a desired interval of time, aliquots were
taken in microcentrifuge tubes, washed with PBS twice, 10-fold serially diluted, and spot
plated in tryptic soy agar (TSA) plates for viable colony count to determine CFU/mL for
each treatment.

3.9. Multi-Step Resistance Assay

The ability of S. aureus ATCC 700699 (MRSA) and E. faecalis ATCC 29212 to develop
resistance to the test compounds was investigated by multi-step resistance assay. The
minimum inhibitory concentration (MIC) was determined on the first day, which was the
first passage of the assay. Sub-MIC well from the first passage 96-well plate was used as
bacterial inoculum to determine MIC for second passage. The experiment was repeated
similarly for further passages and MIC for each passage was recorded for up to 14 passages
to investigate resistance development.

3.10. Kinetic Fluorescence Measurements to Detect Membrane Permeabilization Using
Propidium Iodide

The kinetic fluorescence measurement to detect membrane permeabilization was
conducted following the methodology described by Boix-Lemonche et. al. [35] with few
modifications. Exponential phase S. aureus ATCC 700699 (MRSA) was harvested by cen-
trifugation, washed and diluted in PBS (1 × 108 CFU/mL). Propidium iodide (PI) was
added to a final concentration of 10 µg/mL, followed by incubation for 15 min in the
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dark. After incubation, the mixture was vortexed and 195 µL was transferred to wells of a
black 96-well plate. The plate was placed in the chamber of the Biotek CytationTM 5 plate
reader at 37 ◦C and fluorescence was measured at excitation and emission wavelengths
535 nm and 617 nm, respectively, every minute for 5 min, or until readings were stabilized.
After this, the plate was ejected and compounds at various concentrations (5 µL dissolved
in DMSO) were added to pre-designated wells. The plate was further monitored with
fluorescence reading parameters mentioned earlier every minute up to a total of 60 min,
shaking continuously.

3.11. Protein Leakage Assay

Protein leakage from the bacterial cells, due to damage to the bacterial cell membrane,
was determined using the methodology described by Xie et al. [36], with a few modifica-
tions. Exponential phase bacterial cells were collected by centrifugation at 5000× g for
10 min, followed by washing thrice with PBS and suspending in the same buffer. The
bacterial suspension was treated with various MIC concentrations of compound 11 at 37 ◦C
by shaking at 200 rpm for 2 h. The treatment sample was then centrifuged at 10,000× g for
5 min and the supernatant was used to estimate the protein concentration, using a standard
Bradford assay. Untreated bacterial cell samples and DMSO-treated samples, which were
negative control for this experiment, were also processed accordingly.

3.12. Flow Cytometry for Membrane Permeability

Membrane permeabilization using propidium iodide (PI) was further quantified using
flow cytometry analysis as described previously [37]. Briefly, exponential phase S. aureus
ATCC 700699 cells grown in CAMHB were harvested at 4000 rpm for 10 min, followed
by washing twice with PBS, and then diluting to ~105 CFU/mL in the same buffer. The
bacterial suspension was incubated with various desired MIC concentrations of compounds
for 30 min at 35 ◦C, while shaking at 200 rpm. The cells were again harvested from the
treatment by centrifugation, and washed with PBS to remove excess compounds. The
washed cells were incubated for 30 min with 10 µg/mL of PI in PBS at 4 ◦C in the dark.
The cells were then washed again to remove unbound dye, and, then, data were recorded
with an excitation wavelength of 488 nm (Phycoerythrin-Texas Red A filter), using BD
FASAriaTM cell sorter (BD Biosciences, Franklin Lakes, NJ, USA). After that, 1% DMSO
and 70% ethanol-treated cells were taken as the negative and positive controls, respectively.
Conventional antibiotic vancomycin was used as technical control.

4. Conclusions

We studied the antimicrobial properties of 11 lead compounds and four of these
compounds were potent growth inhibitors of different Gram-positive bacterial strains, with
some MIC values at sub-µg/mL concentration against several of the tested strains. These
potent compounds were very effective against bacteria, both in planktonic and biofilms
contexts. Two potent compounds (8 and 11) were very potent biofilm inhibitors at 2 ×MIC
doses, and were consistently better than the positive control, vancomycin. In the real-time
effect of potent compounds on biofilm inhibition studies, hit compounds were several-
fold more effective than the control antibiotics, vancomycin and daptomycin. E. faecalis
bacteria failed to develop any resistance against two of our compounds over 14 days. The
most potent compounds were bactericidal and directly, or indirectly, caused membrane
damage, as shown by protein leakage assays and propidium iodide permeability assays
using flow cytometry.
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Abstract: The majority of bone and joint infections are caused by Gram-positive organisms, specifi-
cally staphylococci. Additionally, gram-negative organisms such as E. coli can infect various organs
through infected wounds. Fungal arthritis is a rare condition, with examples including Mucormy-
cosis (Mucor rhizopus). These infections are difficult to treat, making the use of novel antibacterial
materials for bone diseases crucial. Sodium titanate nanotubes (NaTNTs) were synthesized using
the hydrothermal method and characterized using a Field Emission Scanning Electron Microscope
(FESEM), High-Resolution Transmission Electron Microscope (HRTEM), X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), Brunauer–Emmett–Teller (BET), and Zeta sizer. The
antibacterial and antifungal activity of the NaTNT framework nanostructure was evaluated using
Minimum Inhibitory Concentration (MIC), Minimum Bactericidal Concentration (MBC), Disc Dif-
fusion assays for bacterial activity, and Minimum Fungicidal Concentration (MFC) for antifungal
investigation. In addition to examining in vivo antibacterial activity in rats through wound induction
and infection, pathogen counts and histological examinations were also conducted. In vitro and
in vivo tests revealed that NaTNT has substantial antifungal and antibacterial effects on various bone-
infected pathogens. In conclusion, current research indicates that NaTNT is an efficient antibacterial
agent against a variety of microbial pathogenic bone diseases.

Keywords: bone disorders; bone infections; sodium titanate nanotubes; anti-bacterial; anti-fungal;
biomaterial; wound infections; rat model
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1. Introduction

The vast majority of bone and joint infections are caused by Gram-positive germs.
In areas with limited blood supply, bone infections can be difficult to treat and often
require prolonged antibiotic therapy in combination with surgical drainage or debridement.
Ineffective or delayed therapy can result in severe morbidities such as pain, loss of function,
and the need for additional surgery and antibiotics. Therefore, when selecting the most
appropriate systemic antibiotic therapy, consideration must be given to factors such as
the organism(s) isolated and their sensitivity profile, pharmacokinetic factors such as
penetration into bone, the presence of prosthetic material, vascular supply of the affected
limb, and the patient’s individual tolerance for the drugs [1].

Staphylococcus aureus is the most common bacterium responsible for osteomyelitis [2,3]
and septic arthritis [4,5]. Streptococcus pneumonia and Listeria monocytogenes can also cause
septic arthritis and raise concerns about underlying immune suppression [6–8]. Other
microorganisms that may contribute to osteomyelitis in vasculopathic infections [9] include
diabetic foot infections and septic arthritis caused by animal bites. Although certain
patient populations are predisposed to Gram-negative infections, they account for a small
proportion of bone and joint infections. Prior to the introduction of the Hib vaccine,
Haemophilus influenza was a leading cause of septic arthritic joints in preschool children, but
this is now less common [10].

Fungal infections are a rare but significant cause of osteomyelitis and arthritis. The
most common fungal diseases that cause osteomyelitis are Candida, Aspergillosis, and
Mucormycosis. Osteomyelitis and arthritis induced by mucormycetes are uncommon
conditions that are among the most difficult consequences in orthopedic and trauma
surgery [11]. The epidemiology of these musculoskeletal manifestations of fungal in-
fections is a significant problem in both animals and humans. The Candida species are
widespread yeasts. Candida albicans is a common human commensal, and other species
can survive in non-living conditions such as soil. Aspergillus species infections of the
bone and joints are characterized by a poor clinical prognosis and complex neurological
consequences. Host-predisposing factors include immunosuppression, intravenous drug
use, chronic underlying illnesses, and past surgical operations. Nosocomial diseases can
be transmitted by polluted air ventilation systems or water pipes. Aspergillus fumigatus
is the most common pathogen, followed by Aspergillus flavus and A. niger, but focused
and customized antifungal medication is necessary [12]. Since the development of antibi-
otic therapy in the 1940s, particularly with the widespread use of immunosuppression
and parenteral lines, candidiasis and mucormycosis have contributed to an increase in
mucocutaneous and deep-organ infections [13].

Sodium titanate is an inorganic ion exchanger with a strong affinity for numerous
metals. It acts effectively in mediums with different pH levels, either highly alkaline,
neutral, or mildly acidic fluids. Titanate has been utilized in numerous applications [14].
Their electrophoretic deposition allows them to be supported on solid substrates [15]. Zhou
and Yu developed super hydrophilic surfaces through the electrophoretic deposition of
titanate [16]. They are also effective against Gram-positive and Gram-negative pathogens,
such as Staphylococcus aureus and Escherichia coli [14]. These bacteria are among the most
prevalent causes of nosocomial infections and are transmissible through contaminated
surfaces [14]. Additionally, bacterial adherence to surfaces is an essential step in the creation
of hazardous biofilms [17]. Inhibiting early bacterial adherence is therefore a promising
antibacterial strategy [18].

Humans are often infected by microbes such as bacteria, fungi, and viruses throughout
everyday life. The use of antimicrobial agents is crucial for imparting sterility (e.g., hospital
trays) and preventing infection (e.g., wound dressing) one route from a bone infection.
Antibacterial compounds incorporating diverse natural and inorganic substrates have
been thoroughly studied [19]. In comparison to other antimicrobial compounds, TiO2
has garnered greater attention owing to its favorable qualities, such as excellent stability,
environmental friendliness, safety, and broad-spectrum antibiosis [20]. Using fine TiO2
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particles in antibacterial formulations has been the subject of a great deal of research. Yet,
the powder TiO2 catalyst has the disadvantage of slurry post-application separation [20].
Therefore, surface-immobilized TiO2 with a large specific surface area is more promising
for antibacterial applications [21], which is why we prepared it in nanotube formulations.
Therefore, in this study, the modification of titanium in the form of Na TNT is an in vitro
and in vivo study on both bacterial and fungal infections that need to be investigated.

The purpose of this work was to examine the antibacterial and antifungal activities of
a sodium titanate biomaterial generated by the hydrothermal process against a variety of
infections that affect bone in humans and animals.

2. Materials and Methods
2.1. Materials

Strains: All fungal isolates used in this investigation were obtained from the reference
collection of the Fungal Research Institute (Doki, Giza, Cairo, Egypt), while the bacterial
strains were obtained from the American Type Culture Collection (ATCC) at the Cairo
Microbiology Research Center. Strains used for phylogenetic reconstruction represented all
relevant Mucorales taxa, including the clinically significant species, CNRMA 03894 Mucor
rhizopus, which was used in this study. This study examined the effects of NaTNT as a pre-
ventive agent against wound infection for osteomyelitis and bone infection prevention. The
reference standard for doxorubicin was supplied by Pharma Swede Pharmaceutical Com-
pany, while cyclohexamide served as the standard antifungal medication. Gram-positive
strains including St. pneumonia (ATCC 49619), S. aureus (ATCC 25913), Listeria monocyto-
genes (ATCC 19115), and Gram-negative strains including E. coli (ATCC 25922), Haemophilus
influenza (ATCC 49766), and Bacillus subtilis were utilized for antibacterial research (ATCC
35021). Regional Center for Mycology and Biotechnology (RCMB) isolates for Aspergillosis
included Aspergillus flavus RCMB 02783, Aspergillus fumigatus RCMB 02564, and Aspergillus
niger RCMB 02588, Candida albicans RCMB 05035 for Candidacies, Mucor rhizopus CNRMA
03.894 for Mucormycosis, and Pencillieum notatum (NCPF 2881). The bacterial isolates were
incubated at 37 ◦C for 24 h using Muller Hinton broth and Muller Hinton Agar for bacterial
growth. For fungal growth, Sabaroud Dextrose Agar and broth were employed with the
conventional antifungal medication (cyclohexamide) at 25 ◦C for five days. Before the
experiments, each tube was sanitized using an autoclave.

2.2. Synthesis of Sodium Titanate Nanotubes

All chemicals involved in the preparation step were of analytical grade and obtained
from Sigma Aldrich Co. They were used without further purification. Na-TNT was
synthesized using the hydrothermal method [22]. Firstly, 10 g of anatase TiO2 powder
was stirred for 30 min with 500 mL of 10.0 M NaOH until a milky suspension appeared.
This milky suspension was allowed to react hydrothermally in a Teflon-lined stainless-steel
autoclave with a 500 mL volume for 23 h at 160 ◦C to produce Na-TNT. The autoclave
was then cooled to ambient temperature. Afterward, the prepared Na-TNT was filtered,
washed several times with distilled water, and finally dried at 80 ◦C overnight.

Characterization of Na-TNT was performed using several techniques. PANalytical
(Empyrean) XRD using Cu Ka radiation (wavelength = 0.154 cm−1) was used to obtain the
X-ray diffraction pattern at an accelerating voltage of 40 kV, a current of 35 mA, scan angle
ranging from 5 to 80◦, and scan step of 0.04◦. The FT-IR spectrum was measured in the
range of 400–4000 cm−1 on a VERTEX 70 FT-IR spectrometer (Bruker Optics, Ettlingen, Ger-
many) via the KBr pellet technique. Zeta potential was detected using Zetasizer Nano-ZS90
(Malvern, UK). Quanta FEG 250 (Thermo Fisher Scientific, Basel, Switzerland) electron
microscope was used for FESEM imaging. High-resolution transmission electron micro-
scope (HRTEM) imaging was performed using a JEOL-JEM 2100 (Tokyo, Japan) electron
microscope operating at 200 kV. Brunauer-Emmett-Teller (BET) surface area was detected
by the N2 sorption technique using Micromeritics TriStar II.
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2.3. Anti-Microbial Measurements
2.3.1. Fungal Isolates and Bacterial Inoculum Preparations

Recent cultures of Aspergillus flavus RCMB 02782, Aspergillus fumigatus RCMB 02564,
Aspergillus niger RCMB 02568, Candida albicans RCMB 05035, Mucor rhizopus CNRMA 03.894,
and Pencillieum notatum (NCPF 2881) were used to create suspensions, which were plated
on Sabouraud’s Dextrose Agar (SDA). After incubation, about 4–5 yeast colonies were
transferred (using a sterile loop) to test tubes containing 5 mL of 0.9% saline solution.
The final inoculum’s turbidity was standardized using a suspension of barium sulphate
1.175% and sulphuric acid 1% (tube 0.5 on the McFarland scale, turbidity or standard tube).
The final concentration was approximately 1.5 × 108 colony-forming units per milliliter
(CFU/mL) [23].

To prepare the bacterial inoculum, St. pneumonia (ATCC 49619), S. aureus (ATCC 25913),
Listeria monocytogenes (ATCC 19115), Gram-negative E. coli (ATCC 25922), Haemophilus
influenza (ATCC 49766), and Bacillus subtilis (ATCC 35021) cultures were plated on Muller
Hinton agar media and incubated at 37 ◦C for 24 h. About six colonies were then transferred
to saline to obtain 108 CFU/mL, using conventional tube matching, as described in fungal
inoculum preparation.

To determine antibacterial activity, the microdilution susceptibility test in Muller–
Hinton Broth (Oxoid) was employed to estimate the minimal inhibitory concentration
(MIC) for bacteria. Sabouraud’s Liquid Medium (Oxoid) was used to estimate the MIC for
fungus. Stock-tested chemical solutions were prepared in saline. The stock solution was
subsequently diluted with standard method broth (Difco) to manufacture twofold serial
dilutions of the broth containing approximately 108 CFU/mL of test microorganisms. The
solution was then applied to each well of the 96-well Microtiter plate. The microplates
were sealed and incubated for 24 h at 37 ◦C in a humid room. Prior to the conclusion of
the incubation period, the MIC values were determined to be the lowest concentrations of
the chemical that did not produce visible turbidity. Uninoculated medium served as the
control in studies conducted under the same conditions as the test chemicals. To confirm
their reproducibility, each experiment was conducted three times. Means and standard
deviation (SD) values were calculated using SPSS version 21, and p-values less than 0.05
were considered statistically significant.

2.3.2. Minimal Bactericidal Concentration (MBC)

On Muller Hinton Agar Plates, the MIC dilution and at least two of the more concen-
trated tested NaTNT dilutions are plated and viable CFU/mL are determined. MBC is the
lowest concentration of NaTNT at which no viable bacterial colonies are seen following a
24 h incubation at 37 ◦C (bactericidal activity).

2.3.3. Minimum Inhibitory Concentration for Fungal Isolates (MIC-f)

Using the broth microdilution method to determine the MIC of fungi [23]. 100 µL
of Sabouraud’s Dextrose broth medium (SDB) was dispensed into each well of a 96-well
microdilution plate with a “U” shaped bottom. Then, 100 µl of the tested nanomaterials
emulsion was added to the first horizontal row of plate wells. A 100 µL aliquot extracted
from the most concentrated well and transferred to the next well resulted in concentrations
ranging from 1000 to 1.9 µg/mL. In the end, 10 µL of an inoculum suspension containing
different tested strains was put into each well of the plate, where each column represented
a fungal strain. In the presence of the conventional antifungal Cyclohexamide standard
antifungal treatment for rapid-growing fungi were a positive control (medium without
fungal strains) and a negative control (fungal strains without Na TNT). On SDB plates,
each well contained 100 µL of SDB with various concentrations of tested nanomaterials in
2-fold serial dilutions (1000, 500, 250, 125, 62.5, 31.25, 15.62, 7.81, 3.95, and 1.95 µg/mL). A
total of 10 µL solutions containing 1.5 × 108 fungal strains/mL were injected after dilution.

The U-shaped plates were incubated at 25 ◦C for 72 h. After the required period
of incubation, the presence (or lack) of growth was visually evaluated. Consideration
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was given to the creation of cell clusters or “buttons” in the plate wells. The MIC was
determined as the lowest concentration that inhibited fungal growth visibly. According
to the criteria established by Morales et al., the antibacterial activity of the nanomateri-
als tested was evaluated (considered active or inactive) [24]: Strong/excellent activity
(MIC < 1000 µg/mL).

2.4. Sorbitol Assay-Effect of NaTNT on the Cell Wall of Different Tested Fungal Strains

The assay was conducted using sorbitol-containing and sorbitol-free (control) media
to examine potential antifungal processes involved in the nanomaterials’ effect on the cell
walls of various fungi. The culture medium (peptone water medium) was supplemented
with sorbitol at a concentration of 0.8 M sorbitol (5 g/L added to peptone water media
15 g/L). The test was conducted using the microdilution technique in “U”-shaped 96-well
plates. The plates were aseptically sealed and incubated at 35 ◦C, and readings were
obtained on the fifth day of incubation. Based on the ability of sorbitol to act as an osmotic
protective agent for the fungal cell wall, the higher MIC values reported in the medium
with added sorbitol compared to the standard medium suggested that the cell wall is one
of the potential cell targets for the NaTNT. Cyclohexamide was utilized as the placebo. The
assay was run in triplicate and the findings were represented as the arithmetic mean [25].

2.4.1. Minimum Fungicidal Concentration Assay (MFC)

To evaluate the MFC, we inoculated SDA-coated Petri dishes with 100 µL aliquots of
MIC, MIC 2, and MIC 4 of the investigated nanomaterials, cyclohexamide, and the negative
control for fungal growth. After 72 h of incubation at 25 ◦C, the MFC was evaluated based
on the development of the control organisms. The minimal fungicidal concentration (MFC)
was defined as the lowest product concentration that prevented the growth of the tested
microorganisms, resulting in either 50 or 99.9% fungicidal activity [26]. Assays of biological
activity were conducted in triplicate, and the results were represented as the arithmetic
mean of the MIC and MFC concentrations. Using both dilution procedures, it was feasible
to identify whether the chemical is active; however, it is not possible to determine whether
the substance will kill the fungus or simply slow its growth. The minimum fungicidal
concentration (MFC) test is performed for this purpose. Small aliquots from each broth
dilution test are subcultured on a rich solid medium and incubated for a predetermined
amount of time and temperature, depending on the tested fungus species. According to
papers standardized by the Chemical and Laboratory Standard Institute (CLSI), MFC is
regarded as the lowest concentration of the drug in which no observed subculture growth
occurs. MFC could also provide information regarding fungicide or fungiostatic activity.
If the MFC and MIC are the same, the substance is a compound fungicide; if the MFC is
higher than the MIC, it is fungiostatic [27].

2.4.2. Disc Diffusion Assay

For the standard size (50 mm diameter) disc diffusion analysis of all tested microor-
ganisms, Whatman filter paper discs were made and then stored in 10 screw-capped
wide-mouthed containers to assure sterilization. The bottles were then placed in a 150 ◦C
hot air oven. Following this, the standard discs of the sterilized filter paper were impreg-
nated with a 1000 µg/mL solution of the test substance (NaTNT) in saline. Then, they
were placed in duplicate on nutrient agar plates seeded with the appropriate test organism.
For the antibacterial assay, the usual conditions of 108 CFU/mL (Colony Forming Units
per milliliter) were applied. Utilizing Petri dishes with a diameter of 12 cm, two discs
of filter paper were inoculated in each dish. Gram-positive St. pneumonia (ATCC 49619),
S. aureus (ATCC 25913), Listeria monocytogenes (ATCC 19115), and Gram-negative E. coli
(ATCC 25922), Haemophillus influenza (ATCC 49766), and Bacillus subtilis were utilized
as test organisms (ATCC 35021). Doxycycline was used as a reference antibiotic against
Gram-negative bacteria, Gram-positive bacteria, and fungi, in that order. For bacteria and
fungi, the plates were incubated at 37 ◦C for 24 h and at 25 ◦C for 5 days, respectively.
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The twofold serial dilution approach revealed a considerable growth inhibition zone for
the derivative.

2.4.3. Agar Diffusion Method for Fungal Isolates

The Agar diffusion technique is a semi-quantitative assay that involves applying a
sample with a known concentration to a Sabaroud Agar Surface that has been inoculated
with a standard number of fungal cells (Aspergillus flavus RCMB 02782, Aspergillus fumigatus
RCMB 02564, and Aspergillus niger RCMB 02782), Candidacies (Candida albicans RCMB 05).
Various procedures can be used to apply the sample, including disc diffusion, in which discs
made of sterile filter paper (6 mm) are soaked with the sample and then applied to the agar
surface in the presence of cyclohexamide, the standard antifungal. Following inoculation,
the samples disperse into the agar medium, forming a circular concentration gradient. If
the sample exhibits antifungal action, a zone of growth inhibition will emerge around the
disc as the fungus multiplies. This inhibitory zone is measured in millimeters, and it is
categorized by some writers as entire inhibition, partial inhibition, or no inhibition [28,29].

2.4.4. Antifungal Assay

Agar dilution method for detecting antifungal activity of various tested nanomaterials.
According to the method of eff-Agboola et al. [30], the antifungal efficacy of NaTNT against
randomly selected fungus isolates was examined after 72 h of growth on SDA at 25 degrees
Celsius, the examined fungi were suspended in physiological saline (0.9% NaCl), and
adjusted to 1.5 × 108 CFU. After preparing and autoclaving SDA at 121 ◦C for 15 min and
storing it at 55 ◦C, the tested nanomaterials were created and mixed with SDA based on
the concentration tested. NaTNT was prepared at 1, 2, and 3% concentrations. The 20 mL
of solidified Sabaroud-agar medium was then put into sterilized Petri dishes. On the agar
plates, equal volumes of the fungal suspensions were inoculated and speared. The plates
were then incubated for 72 h at 25 ◦C before being evaluated on the fifth day of incubation.

2.5. In Vivo Study with Wound Healing, Antimicrobial Evaluation, and Histopathological
Investigations

Antibacterial efficacy is determined by the best in vitro (S. aureus and M. indices) and
in vivo (wound healing) results from this study (S. aureus and M. indices). The Institutional
Animal Care and Use Committee (IACUC) of Beni-Suef University approved all animal
experiments for research and testing. All animal handling, care, infliction of wounds, and
treatment were conducted in accordance with the IACUC’s requirements for approval.
A total of 24 six-week-old adult male rats weighing between 150 and 200 gm were purchased
from the faculty of pharmacy lab animals at Beni-Suef University. Each group consisted
of three rats and was divided into eight groups (4 groups for S. aureus and 4 groups for
M. indices). The rats were separated into four different groups as follows; Group 1 (G1)
were control negative non-infected normal rats, group 2 (G2) were treated with Na TNT
ointment with 10% Vaseline, group 3 (G3) rats were treated with commercial standard
ointment as woundplast (fucidin) for S. aureus infection or with cyclohexamide ointment for
M. Rhizopus infection, and finally G4 were control positive infected non-treated rats in both
tested microorganisms. After anaesthesia with ketamine (90 mg/kg b.wt.) and xylazine
(5 mg/kg b.wt.), we used a 1:1 mL ratio and injected 0.1 mg/100 gm b.wt., intraperiotineally;
subsequently, after induction of an 1 × 1 cm wound area (at the back in S. aureus and in
the top leg surface in M. indices), 100 µL of S. aureus and M. indices (1 × 108 CFU/mL)
were administered to the wounds. At the wound site of the treated groups, the final
concentration of NaTNT ointment was 10 gm:90 gm Vaseline. Rates of wound contraction
were measured daily and every three days until the 12th day. All animals are maintained in
sanitary and regulated circumstances. All rats were examined on a daily basis for wound
fluid, signs of infection, and other abnormalities. In order to evaluate wound-healing
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activity, wound contraction % and wound closure time were utilized. On days Zero, 3, 6, 9,
and 12 following surgery, the size of the wound was measured [31] (Equation (1)).

Percentage of woundsize =
Wound area on day X

Wound area on day zero
× 100 (1)

At 2, 6, and 12 days of therapy, samples of infected and treated wounds were collected
in Muller Hinton broth media and incubated at 37 ◦C for 24 h. Then, the spread-plate
method was used to determine the quantity of bacteria in solution, whereas for fungi,
the plate count method was applied (Mucor rhizopus). The shape of the fungal isolate
cultivated from debrided tissue was evaluated on potato dextrose agar (PDA) at 30 ◦C in
the dark, and temperature tolerance was evaluated on Sabouraud’s dextrose agar (SAB).
There was no growth at 40 degrees Celsius, which was the optimal temperature. After 72 h
at 30 ◦C, the diameter of the colonies was roughly 6.3 cm. The colonies on PDA were a light
brown color with elevated mycelia. A microscopic inspection revealed yellowish-brown
sporangia with walls that were finely roughened, ranging in diameter from 35 to 75 µm.
The rats were photographed at 3, 6, and 12 days and slaughtered so that the wound tissues
could be extracted for H&E staining and histological examinations using 10% formalin.
The processed samples and acquired sections (5 mm) were stained with hematoxylin and
eosin (H&E) and analyzed microscopically for cellular or immunological infiltration or
macrophages in the wound region, collagen or fibroblast percentage, and vascularization
rate [32].

2.6. Statistical Analysis

The data were presented as the mean standard deviation of the mean (S.E.M.). Accord-
ing to Snedecor, statistical significance was assessed using a one-way analysis of variance
(ANOVA) [33]. Tukey’s post-hoc test for multiple comparisons was then performed using
SPSS (version 20.0) software (IBM SPSS Statistic 20.0, Armonk, NY, USA). p-values below
0.05 were deemed statistically significant.

3. Results and Discussion
3.1. Nano Material Characterization

Figure 1 presents the HRTEM and FESEM images of Na-TNT. The images reveal that
the synthesized nanotubes are partially agglomerated to a low extent and are relatively
thick and smooth. The HRTEM images show multiwall open-ended nanotubes with an
average length between 100 and 200 nm. The inner diameter of the prepared nanotubes is
about 4 nm with an outer diameter of about 10 nm. These findings support that alkaline
hydrothermal treatment is an efficient method for converting nano-particulate morphology
into a nanotubular structure. Additionally, EDX analysis confirmed the presence of Ti, O,
and Na elements in the prepared nanotubes, as shown in Figure 1.

Figure 2a represents the FT-IR spectra of TiO2 and Na-TNT. The FT-IR spectrum of Na-
TNT shows the same main peaks of TiO2 with increased intensity for peaks corresponding
to the hydroxyl groups of Na-TNT. The broad peak appears at around 3370.0 cm−1 and
corresponds to the O-H stretching vibration, indicating the presence of a high number of
O-H functional groups in Na-TNT. The strong adsorption band at 1630 cm−1 is attributed
to the bending vibration of hydroxyl groups [34]. Another characteristic peak that appears
at 910 cm−1 is assigned to the Ti-O-Na bond [35]. The peak appears around the wave
number of 730 cm−1 and reflects the anatase phase of titanate. Furthermore, the peak
around 466 cm−1 could be attributed to the Ti-O-Ti crystal phonons due to the tubular
structure of Na-TNT [36].

Figure 2b illustrates the XRD pattern of Na-TNT, which shows peaks centered at 2θ
values of 9.9◦, 24.4◦, 28.4◦, 48.2◦, and 61.9◦, corresponding to the crystal planes (200), (110),
(600), (020), and (002), respectively. These results confirm the formation of Na-TNT with an
orthorhombic unit cell, according to ICDD card no 00-057-0123 [22]. The prepared sample
shows a crystallite size of 14.7 nm, according to the XRD results.

166



Antibiotics 2023, 12, 799

Antibiotics 2023, 12, 799 8 of 23 
 

morphology into a nanotubular structure. Additionally, EDX analysis confirmed the pres-
ence of Ti, O, and Na elements in the prepared nanotubes, as shown in Figure 1. 

  

Figure 1. FESEM (a), HRTEM (b) and EDX elemental composition of Na-TNT (c). 

Figure 2a represents the FT-IR spectra of TiO2 and Na-TNT. The FT-IR spectrum of 
Na-TNT shows the same main peaks of TiO2 with increased intensity for peaks corre-
sponding to the hydroxyl groups of Na-TNT. The broad peak appears at around 3370.0 
cm−1 and corresponds to the O-H stretching vibration, indicating the presence of a high 
number of O-H functional groups in Na-TNT. The strong adsorption band at 1630 cm−1 is 
attributed to the bending vibration of hydroxyl groups [34]. Another characteristic peak 
that appears at 910 cm−1 is assigned to the Ti-O-Na bond [35]. The peak appears around 
the wave number of 730 cm−1 and reflects the anatase phase of titanate. Furthermore, the 
peak around 466 cm−1 could be attributed to the Ti-O-Ti crystal phonons due to the tubular 
structure of Na-TNT [36].  

Figure 2b illustrates the XRD pattern of Na-TNT, which shows peaks centered at 2θ 
values of 9.9°, 24.4°, 28.4°, 48.2°, and 61.9°, corresponding to the crystal planes (200), (110), 
(600), (020), and (002), respectively. These results confirm the formation of Na-TNT with 
an orthorhombic unit cell, according to ICDD card no 00-057-0123 [22]. The prepared sam-
ple shows a crystallite size of 14.7 nm, according to the XRD results. 

Figure 1. FESEM (a), HRTEM (b) and EDX elemental composition of Na-TNT (c).

Further investigation of Na-TNT was performed using N2 sorption analysis to identify
the porous nature of the material and its specific surface area. Figure 2c presents the
nitrogen adsorption/desorption isotherms of Na-TNT with a pore size distribution curve
as an inset figure. The adsorption isotherm of Na-TNT shows a type IV isotherm pattern
with a noticeable hysteresis loop, reflecting the mesoporous nature of Na-TNT. According
to the IUPAC classification, the hysteresis loop of Na-TNT can be classified as a combination
of H1 and H3 types. The H1 type hysteresis loop is characteristic of mesoporous materials
that have a narrow range of uniform cylindrical-like pores, reflecting the tubular structure
of Na-TNT. On the other hand, the H3 type refers to a wide range of slit-shaped pores with
non-uniform size; such pores arise from solids consisting of non-rigid agglomerates or
aggregates of plate-like particles [37]. The pore size distribution curve shows two types
of pores: the first type is a narrow range of pores around 4 nm, which refers to the pores
inside the nanotubes and is in good agreement with the inner diameter obtained from the
HRTEM images, while the second type is a broad distribution of larger pores that may be
attributed to the pores between the nanotubes. The shape of the isotherm of Na-TNT, as
well as its hysteresis loop, are in agreement with those previously published for titanate
nanotubes [38]. Furthermore, the textural properties are summarized in Table 1.
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Table 1. Textural parameters of Na-TNT.

SBET (m2·g−1) Average Pore Size (nm) Total Pore Volume (cm3/g)

154.85 5.791 0.21732

According to the zeta potential results of several previous studies, the TiO2 surface is
positively charged in the acidic medium and negatively charged in and near an alkaline
medium with an isoelectric pH (pHPZC). The zeta potential of Na-TNT as a function of
pH was measured at room temperature and the results are indicated in Figure 2d. The
results indicate that the synthesized material is positively charged in the low pH medium
(pH = 2) [39]. At a low pH solution (pH = 2), a high concentration of H+ leads to a
protonation reaction of hydroxyl groups on the surface of the material, giving rise to
positively charged particles at this pH, while at pH 3–9, Na-TNT is negatively charged as a
result of a deprotonation reaction at this pH. Chemical reactions that occur on the surface
of the particles are described in Equations (2) and (3).

The isoelectric pH (pHPZC) value of Na-TNT is 2.7, implying particles of a neutral
surface at this pH. Overall, the zeta potential results revealed the formation of a dominant-
negative charge on the surface of Na-TNT particles at the pH range from 3 to 9.

–Ti–OH + H+ → –Ti–OH+
2 (protonation reaction) (2)

168



Antibiotics 2023, 12, 799

–Ti–OH + OH− → –Ti–O−+H2O (deprotonation reaction) (3)

3.2. Antimicrobial Investigations
Anti-Bacterial Assay

In terms of comparative efficacy and bone penetration, investigations on animals have
shed light on the management of bone infections. The absence of debridement in the animals,
the large initial inoculum, and the lack of experience with recurring or persistent infection are
limitations of these studies. Similarly, experimental models do not permit long-term follow-up.
Invariably, S. aureus is chosen as the infecting organism to research anti-Gram-positive drugs,
which is representative of many but not all patient infections; hence, the results cannot be
immediately applicable to streptococcal infections. The relevance of peak bone concentrations
in relation to the MIC for the isolate is not well understood, and this does not necessarily
match with the clinical outcome in animal investigations. In spite of these restrictions, useful
data about antibiotic bone and serum concentrations, time to sterilization, and percentage
cure have been published. There will be a discussion of studies on the most frequently used
antibiotics for bone and joint infections.

The MIC and MBC of the examined NaTNT against different bacterial isolates are
depicted in Figure 3. The figure reveals that the MIC value of the tested NaTNT varied sig-
nificantly from one species to the next. Additionally, the recorded values of MBC and MIC
are comparable for L. monocytogenes, indicating its bactericidal activity; however, they were
significantly different for S. aureus, St. Pyogens, and the tested Gram-negative species. The
maximum MIC value was slightly above 250 µg/mL and was recorded for E. coli, followed
by B. subtilis and H. influenza, while the minimum MIC value was approximately 15 µg/mL
for Staphylococcus aureus and St. pneumoniae. Therefore, Staphylococcus aureus, Streptococcus
pneumoniae, and Listeria monocytogenes had better values for MIC than E. coli, B. subtilis,
and H. influenza. Similarly, for MBC, E. coli also had the highest MBC value, followed by
B. subtilis and H. influenza, while Staphylococcus aureus and Streptococcus pneumoniae had the
lowest MBC values followed by L. monocytogenes, which shows the bactericidal action of
NaTNT, as shown in Figure 3.
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Plates containing several strains of bacteria, including Gram-positive St. pneumonia
(ATCC 49619), S. aureus (ATCC 25913), Listeria monocytogenes (ATCC 19115), and Gram-
negative E. coli (ATCC 25922), Haemophillus influenza (ATCC 49766), and Bacillus subtilis
(ATCC 35021). In addition, the figure illustrates the inhibition zone of each strain at different
NaTNT doses. The inhibition zone was determined by the Agar diffusion technique in
millimeters. Overall, the measured diameters of different species were distinct. As such,
Figure 4 is a bar graph depicting the computed mean of the inhibition zone (mm) at
various concentrations of NaTNT (1000, 500, 250, and 125 µg/mL) vs. the distinct types
of bacteria stated before on the X-axis. Overall, the effect of NaTNT on the examined
strains was inconsistent. Regarding Gram-positive bacteria, S. aureus, Bacillus subtilis, and
Staphylococcus had the highest response rates, while L. monocytogenes had the lowest.
Second, the reaction of Gram-negative H. influenza was greater than that of E. coil. In
addition, the picture illustrates that the inhibition zone was precisely proportional to
the NaTNT concentration in all tested species. S. aureus had the largest inhibitory zone,
measuring roughly 28.5 mm, while L. monocytogenes exhibited the smallest, measuring
around 26 mm. Notably, the tested NaTNT was compared to doxycycline for both Gram-
negative and Gram-positive organisms (24 mm), and the results revealed that the effect
of NaTNT and the compared standard drug was hardly the same in both Gram-negative
and positive organisms, with NaTNT being more effective against Bacillus subtilis. From
this perspective, the researched NaTNT could serve as an effective alternative to traditional
antibiotics in combating bacterial resistance.
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Figure 4. Illustrates the calculated mean of the inhibition zone (mm) at different concentrations of
NaTNT versus diverse species of bacteria, and the mean of the inhibition zone against standard
antibiotics (Doxycycline for both Gram-negative and Gram-positive) (Mean ± SE). Representative
clear zone of inhibition appeared in the agar plates. “1–4”: the tested different concentrations used
for NaTNT as a key on the plates which meet (1000, 500 & 250 µg/mL).

Regarding the fungal broth micro dilution assay for NaTNT, a number of studies have
explored the interaction of nanomaterials with bacteria, but few have examined their impact on
fungi. This may be related to the comparative simplicity of bacterial and fungal systems [40].
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The Mucor strain is one of the most severely affected fungi by NaTNT, according to this
study’s antifungal examination of NaTNT. Comparable to other invasive fungal illnesses,
Mucor contagious species cause immunosuppression (especially delayed and excessive
neutropenia, a serious hematological disease with or without stem cell transplantation, and
the delayed use of corticosteroids) that predisposes to Mucormycosis [41]. Inadequately
treated diabetes mellitus with or without diabetic ketoacidosis, iron overload, and medica-
tion with the iron chelator deferoxamine are additional risk factors [42]. Mucormycosis’
most prevalent mode of transmission is the inhalation of fungal spores, manifesting as
aspiratory or rhino-orbito-cerebral forms. Diseases caused by Mucorales spp. have been
monitored for expansion following significant injuries, including burns [43], induced by
direct spore inoculation into the tissue. In certain instances, infections can arise without
other risk factors. In rare instances, spores infiltrated the tissue through tiny injuries like
insect bites or animal scratches [44]. Mucormycosis of the gastrointestinal tract has also
been described, particularly from swallowed spores [45]. A significant characteristic shared
by all varieties of mucormycosis is the invasion of blood vessels and consequent thrombosis
and necrosis of tissue. Angio-invasion also explains the often seen spread of infection in
Mucormycosis [46]. Mucormycosis is distinguished from other forms of illnesses, such as
conspicuous aspergillosis, by its unique histological alterations, its rapidly dynamic charac-
ter, and the widespread tissue rot that often accompanies it. In addition, diabetes, press
overload, and deferoxamine medication are unique risk factors for Mucormycosis. Due to
the threat posed by this fungus, it is essential to seek innovative antifungal substances that
may cure or prevent this sort of severe fungal infection.

The MICs for A. niger and Fumigates, other than C. albicans, were identical to the MFCs,
confirming the fungicidal action of NaTNT, as shown in Figure 5, but were somewhat higher
for the other examined isolates. The nanomaterial NaTNT proved efficient against all fungal
species, particularly Mucor and Penicillium strains (20 and 15 µg/mL, respectively). In
higher doses, they exhibited antifungal action against additional species, such as Candida
(66 µg/mL) and A. niger (125 µg/mL). As shown in Figure 5, MFC for NaTNT had a good
antifungal efficacy against Penicillium and Mucor (27 and 31 µg/mL, respectively). Other
examined isolates were likewise impacted by NaTNT, but at greater doses.
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species while fumigatus and flavus needed higher concentrations.
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To investigate the antifungal activity of the tested nanomaterial (mechanism of action
of NaTNT as an antifungal agent), the experiment was conducted, repeated, and quantified
using sorbitol. The MIC data were repeated on a different sorbitol medium to clarify the
specific mechanism of action of the tested substances against various fungal strains, the
lower values of effective MIC are an indication of the impact on the fungal cell wall. After
evaluating the MIC in various mediums with more added sorbitol, the findings indicated
that NaTNT was more active against Penicillium, Mucor, and Candida at concentrations of
10, 10, and 17 µg/mL, as opposed to the previously reported higher values in the current
normal MIC (15.20 & 66 µg/mL, respectively). Figure 6. Sorbitol is an osmotic stabilizer
used to stabilize the protoplasts of fungi. Specific fungal cell wall inhibitors have the
property that their antifungal activities are nullified in sorbitol-containing media [47]. In
the presence of fungal cell wall inhibitors, cells protected by sorbitol may proliferate, but
growth would be impeded in the absence of sorbitol. This impact is recognized by the
decrease in MIC values reported in media containing sorbitol compared to media without
sorbitol (standard medium) [48]. Osmotic destabilizing agents and disruption of the cell
wall result in the reorganization of the cell wall, allowing for the survival of fungal cells [49].
The studied substances seemed to operate on the cell wall, altering its structure, limiting its
manufacture, and inducing cell death, as well as impeding spore germination, proliferation,
and cellular respiration.

In addition to lower effective fungicidal concentrations against Mucor and Penicil-
lium, the investigated MFC findings utilizing various mediums with additional sorbitol
concentrations revealed lower fungicidal concentrations against Mucor and Penicillium.
As also shown in Figure 6, for Penicillium and Mucor, the MFC concentrations decreased
to 16 and 16 µg/mL from 27 and 31 µg/mL for the other fungal strains.
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Figure 6. Presents the MIC and MFC values (µg/mL) of NaTNT on Sorbitol media against both
different fungal isolates (Mean ± SE). The best obtained results for NA TNT were obtained on the
Mucor and pencillieum species while fumigatus and flavus needed higher concentrations, MIC
results with sorbitol decreased, indicating its action on the fungal cell wall.

The disc diffusion method is regarded as one of the most precise techniques for
measuring antifungal or antibacterial activity. On SDA plates, inhibition zones against
several fungal strains were tested, and numerous concentrations are shown in Figure 7.
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They were evaluated at doses of 1000, 500, and 250 µg/mL; NaTNT demonstrated a good
zone of inhibition against Mucor, Candida, and A. niger in comparison to the conventional
antifungal for rapidly growing fungus (cyclohexamide). As shown in Figure 7, NaTNT
showed promising antifungal effectiveness against the other fungal strains.
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of NaTNT versus diverse species of fungi, and the mean of the inhibition zone against standard
antibiotics (cyclohexamide) (Mean ± SE). Representative clear zone of inhibition appeared in the
agar plates. “1–4”: different testes concentration 1 = 1000; 2 = 500 & 3–4 = 250.

Concerning antifungal activity (inhibition percentage), on the basis of the measurement
of antifungal activity following the addition of materials to media, the percentage of fungal
inhibition was calculated and shown in Figure 8. Mucor was inhibited at a rate of 98% by
NaTNT, whereas candida was inhibited at a rate of 83%. The antifungal action of NaTNT is a
result of its unique features, including its tiny size, wide surface area, and uniform dispersion.

After investigating the distinctive structure of NaTNT, we assessed it’s in vitro and
in vivo antibacterial activities. The in vitro antibacterial activity of NaTNT was evaluated
using the conventional colony counting technique on two different microorganism strains,
one bacterial (S. aureus) and the other a severe fungus isolate (M. Rhizopus). In this study,
the (in vitro) antimicrobial activity of NaTNT displayed outstanding inhibitory activity
against both S. aureus and Mucor rhizopus (in vitro study). Using rats with S. aureus and
Mucor rhizopus-infected skin lesions as a model, we next examined the in vivo antibacterial
effectiveness of NaTNT. Photographs of the wounds of rats in the control group and the
NaTNT group at 3, 6, and 12 days were shown in Figure 9. Compared to the control groups,
the NaTNT group demonstrated a significant decrease in wound area after 3 days. Compa-
rably; after 12 days, wound area reduced to 5% in the NaTNT group, suggesting the high
antibacterial action of NaTNT. In addition, the number of CFU in the NaTNT group after
12 days was significantly lower than in the control group with 0% inhibition percentages
(Figure 9), further proving their antibacterial activity against multidrug-resistant bacteria
in vivo. These findings indicated that NaTNT, a new antimicrobial agent, had excellent
antibacterial and antifungal properties.
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Figure 9. Size of the infected wound with S. aureus (108 CFU/mL), percentages of wound healing, and
histopathological investigations (Mean ± SE). Percentages of wound healing were the best obtained
for Na TNT at day 12 of the experiment when compared to the standard and control positive groups.

The wound pictures of rats in each group at 3, 6, and 12 days for NaTNT antifungal
activity were shown in Figure 10. Compared to the normal control and infected untreated
groups, the NaTNT group showed a significant decrease in wound area after 3 days. After
6 days, the wound area in the NaTNT group reduced below 20% (Figure 10), indicating
more rapid healing. In addition, wound tissues from each group were collected at 0 and
12 days. At 12 days, the number of colony-forming units (CFU) in the NaTNT group was
much lower than in the control and standard groups (Figure 11), revealing the remarkable
antibacterial activity of NaTNT against in vivo multidrug-resistant bacteria. Additionally,
we evaluated the antibacterial therapeutic effects of NaTNT by histological examination.
After 12 days of therapy, rats in each group had their wounds extracted for H&E staining.
On H&E staining, there are fewer infected tissues in the NaTNT group than in the control
infected group (Figures 9 and 10). Moreover, throughout the wound’s healing phase, these
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findings indicated that NaTNT exhibited remarkable antibacterial activity in vivo, indi-
cating its considerable potential for treating illnesses caused by bacteria that are resistant
to many drugs. NaTNT resulted in full wound healing with normal epithelial formation
and vasculature, as determined by histopathological examinations of skin samples from
the various treatments. In addition, the same healing activity was seen in a conventional
group, albeit at a lesser efficiency than in the two experimental groups. Other untreated
groups of rats had inadequate wound healing, including congestion and epithelial rupture
(Figures 9 and 10).
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Figure 10. Size of the infected wound with M. Rhizopus (108 CFU/mL), percentages of wound healing,
and histopathological investigations. (Mean ± SE). Higher healing percentages for the infected wound
was achieved by Na TNT at the 12th day of treatment when compared to other groups.

During daily life, microorganisms such as bacteria, fungi, and viruses often infect
humans. The use of antimicrobial drugs is essential for imparting sterility (e.g., hospital
trays) and avoiding infection (e.g., wound dressing) along one path to bone infection.
Antibacterial compounds, including a variety of natural and inorganic substrates, have
been extensively researched [19]. TiO2 has gained more attention than other antimicrobial
chemicals due to its superior stability, environmental friendliness, safety, and extensive
antibiosis [20]. The use of tiny TiO2 particles in antibacterial compositions has been the
topic of much investigation. Nonetheless, the powder TiO2 catalyst has the problem of
slurry separation post-application following photoreaction [20]. Consequently, surface-
immobilized TiO2 with a high specific surface area is more advantageous for antibacterial
applications [21].
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Wound healing and bone affections continue to be demanding clinical issues for which
effective wound management and care are required. Moreover, successful wound and
tissue regeneration remains a significant healthcare and biological problem in the twenty-
first century. In addition to being a burden on the healthcare system’s resources, infected or
chronic wounds often result in death due to the inability to fulfil the targeted function and
the rise in pain intensity [50]. Therefore, the discovery of procedures or medications that
may aid in expediting the wound healing process and decreasing the time required for full
wound recovery would reveal a treatment of major value. In addition to histopathological
results, the percentage of healing activity and the size of wound closure over the course of
12 days were employed as a marker for wound healing activity. NaTNT demonstrated a
quick and complete wound healing process in a shorter period of time than the standard
alone and the untreated group after topical application. The effective healing properties
of NaTNT may be linked to the nanomaterial’s high wound-penetrating ability, which
is a result of its enhanced surface area. Infections with bacteria are the primary cause
of unhealed wounds [51]. Thus, the hunt for new materials that are effective against
Gram-positive and Gram-negative bacteria is crucial. Staphylococcus is one of the most
prevalent bacterial pathogens responsible for the vast majority of wound infections and
is one of the leading causes of hospital-acquired infections. Bacteremia, sepsis, and/or
toxic shock syndrome may result from the ineffectiveness of antimicrobial drugs or their
low invading capability [52]. Histopathological studies revealed that the NaTNT exhibited
rapid contraction, which is crucial for the quick healing of wounds, particularly in animals
with loose skin (mice, rats). Re-epithelialization was a common step in the wound healing
process and contact epithelial surface for all species. To the best of our knowledge, no prior
trials on the effectiveness of NaTNT for wound infections have been published [53].

The benefits of topical treatment include the capacity to give a high local concentration
with minimal dosages of the drug, especially in patients with limb ischemia, so as to avoid
the first-pass action in the gastrointestinal tract and minimize the risk of systemic adverse
effects. Very high local concentrations are achieved using topical preparations [54]. No clini-
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cal evidence supports the use of topical treatments for the prevention of infection recurrence
in bone or wound or bone pathologies. All open wounds are colonized by bacteria, which
impact the healing process in general. However, if the colonization progresses into a local
infection, which then becomes systemic, the outcome might be fatal. Therefore, wound care
includes not only cleaning, debridement, and therapy of the underlying etiology, but also
steps to reduce the likelihood of colonized wounds becoming locally or even systemically
infected in order to avoid osteomyelitis or arthritis [55]. Local antibiotic therapies have
been shown to promote healing, however, treatment of the underlying etiology remains
essential [56]. The number of bacteria present on a wound’s surface is a local factor that
might impede healing.

Despite the fact that the actual mechanism or interaction between metal inorganic
framework structures and various infections has never been described, several demon-
strations might be proposed. Consistent with earlier research, the inhibitory antibacterial
activity of NaTNT may be attributed to the generation of reactive oxygen species. M.
Rhisopus and S. aureus have their adhesion inhibited in nanotube films due to the high
wettability and roughness of the nanoscale of the films. The antibacterial activity of NaTNT
may have been due to the spontaneous release of free radicals such as ROS, inducing ox-
idative stress-mediated cell damage. Consider the possibility that cell membrane damage
was generated by the electrochemical manner of interaction between the Na+ ions and
the phosphate group in the lipid layers, hence weakening cell membrane integrity and
generating membrane leakage. Similar to the suggested process, Gram-positive bacteria
with numerous pores (Porins) may have let NaTNT enter into the cell, leading to membrane
disruption, cell content release, and eventually cell death [57].

Similar to that of bacteria, the antifungal activity of NaTNT may be the result of the
electrostatic interaction between the phosphate group in the cell membrane and Na+, the
penetration of NaTNT into the cell, and the subsequent binding of Na+ with the thiol group
of proteins, which results in their denaturation. In addition, NaTNT may have triggered cell
death through ROS-mediated oxidative stress. These assumptions need close examination.
On the other hand, NaTNT may play a substantial role, in particular, its antibacterial
efficacy has been proven. In addition, it was shown that NaTNT caused permanent
alterations in membrane characteristics (charge, intra and extracellular permeability, and
physicochemical properties). Changes in cell surface hydrophobicity, charge, increased PI
uptake, and K+ leakage with local rupture or hole formation in the cell membranes of Gram-
negative and -positive bacteria were established as the mechanism for the antibacterial
action of NaTNT [58].

These findings are consistent with earlier research about the precise mechanism of
action for the antibacterial activity of NaTNT. The production of reactive oxygen species
(ROS) such as the hydroxyl radical explains the antibacterial action of nanomaterials based
on titanium. The antibacterial action of -OH radicals is linked to their capacity to destroy the
cell wall. Thus, it stimulates its perforation, destruction of the cytoplasmic membrane, and
cell lysis, resulting in the organism’s total mineralization. Additionally, H2O2 may permeate
the cell membrane, react with biological macromolecules, and serve as a precursor to -OH.
Therefore, the production of ROS may account for the enhanced antibacterial action of the
tested nanomaterials. Kuhn et al. [59] demonstrated that the superior antibacterial activity
was due to the direct action of the ROS generated by the photocatalytic process, which
caused peroxidation of the lipid components of the cell wall, including lipopolysaccharides,
phospholipids, and lipoproteins of the outer membrane, as well as plasma membrane
phospholipids [60].

Hydrophobicity plays a crucial role in the attachment of several bacterial species
to their substrates, which is another factor for the antibacterial action of NaTNT [11,47].
According to studies, there is significant interaction between bacteria and hydrophobic
surfaces, resulting in high cell attachment rates [61]. In a hospital setting, bacterial adher-
ence to biotic and abiotic surfaces may be a cause of dangerous infections [61]. Therefore,
it is desirable to produce super hydrophilic surfaces that reduce the contact between bac-
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teria and substrates. In a physiological environment, super hydrophilic surfaces create a
thin layer of water that may prevent the development of bacterial biofilms by inhibiting
bacterial adhesion [62]. Ji et al. [18] found that increasing the hydrophilicity of titanium
surfaces decreased E. coli adherence. Additionally, surface roughness might affect bacterial
adhesion. According to studies, nanoscale roughness has anti-adhesive properties. This
was found in research on both Gram-negative and Gram-positive bacteria. Thus, the rough-
ness of the nanotube films may have also contributed to their ability to impede bacterial
attachment [63].

In this research, sodium titanate nanotubes (NaTNT) had the highest antibacterial
activity; few studies have indicated antimicrobial activity for titanate nanostructures. Ti-
tanate nanotubes show substantial antibacterial activity against Gram-positive bacteria and
also Gram-negative bacteria, but at a lesser level based on the observed zone of inhibition
as compared to Gram-positive bacteria, as reported by Kundu et al. in prior research [64].
Titanate nanotubes have a considerable antibacterial impact against Bacillus subtilis, which
may be due to their interaction with the microorganism’s cell wall composition. In con-
trast to the findings of Kundu et al., this investigation demonstrates that the activity of
titanate nanostructures against Gram-positive bacteria is not necessarily superior to that
against Gram-negative bacteria [64]. The interaction between nanostructures and the bac-
terial cell wall is mostly driven by the zeta potential. Regardless of the surface area and
crystallite size, the surface charge will influence the electrostatic attraction or repulsion
between the nanostructures’ surface and the bacterial cell wall. This will determine the
kind of interaction (bacteria/fungi—nanoparticles) and, therefore, the MIC for each strain
of bacteria. Finally, NaTNT is the most effective agent for treating both Gram-positive and
Gram-negative bacteria.

In conclusion, NaTNT structures enhance several research applications; the current
work focused on one of these structures, namely NaTNT in terms of synthesis, charac-
terization, and application. The study attempted to evaluate the antibacterial efficacy of
NaTNT against types of serious disease-causing microorganisms such as Mucor and staph
that damage bone and joints by entering infected wounds. In light of this, the research
implies that NaTNT has the potential for wound protection against both bacterial and
fungal infections.

Gram-positive and mucormycosis infections are responsible for the majority of bone
and joint infections, particularly in immunocompromised individuals. Antibiotics pene-
trate effectively into the synovial fluid of infected joints, and after drainage, septic arthritis
may be treated with two to three weeks of intravenous and oral medication. Nanomaterial
penetration into bone is more varied and reliant on a number of variables. In addition to
the removal of all contaminated tissue, osteomyelitis treatment needs weeks to months
of antibiotic treatment. Traditionally, the whole course of parenteral antibiotics has been
recommended to attain adequate bone concentrations. The ultimate choice of antibiotic,
usage of oral treatment, and course length are determined by microbiological, surgical, and
patient considerations, and should be reviewed with the physician and medical microbi-
ology for each individual patient. The prevalence of more resistant infecting organisms
is worrisome, both in terms of patient care and broader implications for cross-infection.
Although the first studies are promising, the effectiveness of the ‘new’ antibiotics in treating
orthopaedic infections has yet to be shown.

4. Future Study

In the future, the most effective and commonly used coating material for immune-
compromised patients with COVID-19 or other immunosuppressive diseases, as well as
diabetic patients, will be nano-synthesized NaTNT. This material has been proven to have
antifungal and antibacterial properties against life-threatening mucormycoses and other
bacterial or fungal infections that can cause bone damage.
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Abstract: This work reports a new approach for the synthesis of extremely small monodispersed
silver nanoparticles (AgNPs) (2.9–1.5) by reduction of silver nitrate in a new series of benzyl alkyl
imidazolium ionic liquids (BAIILs)-based microemulsions (3a–f) as media and stabilizing agents.
Interestingly, AgNPs isolated from the IILMEs bearing the bulkiest substituents (tert-butyl and
n-butyl) (3f) displayed almost no nanoparticle agglomeration. In an in vitro antibacterial test against
ESKAPE pathogens, all AgNPs-BAIILs had potent antibiotic activity, as reflected by antibacterial
efficiency indices. Furthermore, when compared to other nanoparticles, these were the most effective
in preventing biofilm formation by the tested bacterial strains. Moreover, the MTT assay was used
to determine the cytotoxicity of novel AgNPs-BAIILs on healthy human skin fibroblast (HSF) cell
lines. The MTT assay revealed that novel AgNPs-BAIILs showed no significant toxic effects on the
healthy cells. Thus, the novel AgNPs-BAIILs microemulsions could be used as safe antibiotics for
skin bacterial infection treatments. AgNPs isolated from BAIIL (3c) was found to be the most effective
antibiotic of the nanoparticles examined.

Keywords: benzyl alkyl imidazolium ionic liquids; microemulsions; silver nanoparticles;
antibacterial; skin bacterial infection treatments

1. Introduction

The exponential increase in bacterial-induced pathogenic infection has created a se-
rious threat to global human health. The ESKAPE pathogens (Staphylococcus aureus (SA),
Klebsiella pneumoniae (KP), Pseudomonas aeruginosa (PA), Enterococcus faecium (EF), Acineto-
bacter baumannii (AB), and Enterobacter species) have been assigned as the most deadly
bacteria by the Infectious Diseases Society of America (IDSA). Antimicrobial agents (AMAs)
effectively protect humans from these potentially fatal pathogenic micro-organisms [1,2].
However, many bacterial strains acquired tolerance to antibiotics long before humans began
mass-producing them to prevent and cure infectious illnesses [3]. Further, the emergence of
antimicrobial-resistant microbes has sparked a worldwide crisis due to antibiotic overuse
and the limited effectiveness of conventional antibiotic therapy. Consequently, research for
novel antimicrobial agents is urgently required to address this issue.
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Recently, nanomaterials (NMs) have attracted a lot of attention from scientists and
found widespread usage in many biological applications [4–7]. Among the different
nanomaterials, noble metal nanoparticles (NMNPs) have gained great attention in the
development of a diversity of smart multifunctional NMs for biomedical applications,
owing to their non-toxicity and excellent intrinsic properties [8]. Aside from being surface
active, NMNPs can release bioactive metal ions into biological systems, resulting in the
induction of multiple modes of bioactivity.

There has been extensive research into nanosystems for drug delivery because of its at-
tractive biodegradability, biocompatibility, specificity/selectivity, and low toxicity. In addi-
tion to its useful properties including biocompatibility and durability, non-immunogenicity,
a large surface area, a high drug loading capacity, and a minimal leakage of medications,
they can also be employed to the targeted administration of pharmaceuticals [9]. Over the
past two decades, the use of metal nanoparticles (MNPs) as nanocarriers has drastically
evolved due to their numerous advantages and benefits. Their unique physical, chemical,
and biological properties are in the forefront of these advantages. Additionally, their small
size allows them to traverse through biological barriers and release drugs at a desired
target site [10]. Moreover, MNPs possess high loading capacity, surface-area-to-volume
ratio, and can be easily functionalized with a variety of ligands to modulate the drug
release profile. Therefore, MNPs have been successfully used in a range of drug delivery
systems, including transdermal, oral, and injectable delivery [11]. Despite the advantages,
the use of MNPs as nanocarriers is still in its infancy due to several current challenges. For
example, the toxicity of MNPs, the difficulty in controlling their size and shape, and poor
biocompatibility are several factors that need to be addressed [10].

Despite several studies reporting on the biological and therapeutic applications of
NMNPs, particularly AgNPs [12–14], there have been very few reports on the use of ionic
liquid-supported AgNPs (PdNPs-ILs) in these disciplines. For instance, Dorjnamjin et al.
reported the synthesis of uniform monodisperse crystalline Ag nanoparticles mediated
by two different series of hydroxyl functionalized ionic liquids (HFILs) and hydroxyl
functionalized cationic surfactants (HFCSs). AgNPs isolated from various ionic liquids
exhibited promising in vitro antimicrobial activities against a range of Gram-positive and
Gram-negative bacteria and fungi [15]. In addition, a room temperature ionic liquid
(2-amino-1-dodecylpyridinium bromide) was used to prepare AgNPs (2–20 nm) with excel-
lent antibacterial activity against S. aureus, E. coli, and P. aeruginosa [16]. AgNPs anchored in
poly(ionic liquid) mesoporous nanocomposite (Ag-PIL) were recently synthesized by in
situ reduction of AgNO3 in PIL and used for controlled anticancer drug delivery with an
antimicrobial effect. The Ag-PIL nanocomposite demonstrated outstanding bacteriostatic
and bactericidal activity against both E. coli and S. aureus [17].

Notably, one of the drawbacks of using MNPs is their proclivity to agglomerate and
aggregate as a result of the Ostwald ripening process [18]. This significantly reduces their
stability and limits their utility in pharmaceutical applications [19]. Therefore, the MNPs
should be stabilized either sterically or electrostatically to prevent agglomeration [19]. Ben-
zyl alkyl ionic liquids (BAILs) could offer a promising solution for steric and electrostatic
stabilizing of MNPs [20]. Electrostatic and steric interactions between MNPs and ILs con-
tribute to their stabilization without affecting surface characteristics [21,22]. Furthermore,
the ILs’ strong ionic strength, polarity, and dielectric constant make them suitable mediums
for the preparation and stabilization of MNPs [22]. On the other hand, among the various
reported methods for synthesizing NMNPs [23], the microemulsion approach has attracted
the attention of many researchers worldwide due to its simplicity, cost-effectiveness, and
efficiency to produce stable NPs [24,25].

Motivated by these astounding facts and as a new step in our ongoing journey to
explore and develop novel pharmacological agents [26–28], the present study reports the
synthesis of new BAIILs for application in the preparation and stabilization of AgNPs.
In this study, several BAIIL aggregation effects will be investigated as a function of the
phenyl and imidazyl substituents. Furthermore, the effects of various produced AgNPs
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on ESKAPE pathogens as well as healthy human skin fibroblast (HSF) cell lines will
be examined.

2. Results and Discussion
2.1. Synthesis

Using substituted alkylbenzenes and alkyl imidazoles as building blocks, a three-step
methodology is developed to produce the desired benzyl alkyl ionic liquids (BAIILs) (See
Figure 1). First, alkylbenzenes (cumene and tert-butylbenzene) were chloromethylated
with a chloromethylating agent mixture of dimethoxymethane-chlorosulfonic acid-ZnI
to produce the appropriate chlorobenzyl derivatives (1a–c). Following that, N-benzyl
imidazolium chlorides (2a–f) were synthesised by quaternizing 1-alkylimidazoles with
chlorobenzyl derivatives under refluxing conditions in an inert atmosphere. Eventually,
the counterparts imidazolium bis-((trifluoromethyl)sulfonyl) imide ionic liquids (3a–f)
were obtained by subjecting these ILs to anion (chloride) metathesis with LiTf2N at room
temperature. On the other hand, the AgNPs were successfully produced using hydrazine
hydrate-catalyzed AgNO3 reduction in BAIILs/TX-100/H2O microemulsions. The colour
change of water-BAIIL microemulsion containing Ag+ ions from a light yellow to a brown-
ish yellow is indicative of the AgNPs formation. In this reduction process, BAIIL acts as a
green solvent and stabilizing agent (Figure 1).
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Figure 1. Stepwise synthesis of BAIILs (3a–f) their applications in the synthesis of AgNPs.

2.2. Physical Characterization

BAIILs were produced in excellent yields (85–95%) overall and they were physically
characterized based on their appearance, solubility, lipophilicity, viscosity, and thermal
stability measurements.

2.2.1. Physical Appearance, Solubility, and Lipophilicity

It is well established that the aqueous solubility and lipophilic properties of a new
pharmacological agent are directly related to its pharmacokinetics and pharmacodynamics.
It was for this reason that the room-temperature aqueous solubility of the novel BAIILs
was studied. All BAIILs were found to be soluble in water, though each BAIIL dissolved in
different degree depending on its structure. The degree to which they are soluble in water
is controlled by the type of alkyl substituent present on the benzene and imidazole rings
(see Table 1). For example, the tert-butylbenzylimidazolium cation (3f), which bears the
most hydrophobic side chain (n-butyl), is the least soluble of the group (LogS = −8.163),
while the benzylmethylimidazolium cation (3a) has the highest solubility (LogS = −5.719).
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Table 1. Physicochemical characteristics of new BAIILs.

TAAI. MW (g/mol) Appearance LogS a CLogP b D (g/cm3) c η (cP) d Tdec (◦C) e

3a 453.37 Yellow oil −5.719 −0.352 1.468 421.15 407
3b 495.46 Orange oil −6.820 −0.262 1.397 426.85 402
3c 509.48 Yellow oil −7.150 0.137 1.551. 439.25 412
3d 495.46 Orange oil −6.735 −0.102 1.298 512.67 397
3e 537.54 Brown oil −7.834 1.325 1.213 521.83 394
3f 551.56 Orange oil −8.163 1.724 1.311 543.25 401

a,b calculated using ChemDraw 16; c density measured using COSMOtherm at 50 ◦C; d viscosity measured at
25 ◦C using a capillary viscometer; e decomposition temperature from DTG curves.

CLogP measurements demonstrate that the benzyl-alkylimidazolium cation is the
least lipophilic cation, with a range from (−0.352) to (−0.102) depending on the nature
of the alkyl substituent used (see Table 1). In contrast, replacing the hydrogen atom
on the benzene ring with more hydrophobic groups such as iso-propyl and tert-butyl
has significantly increased the CLogP values to be in the range of (−0.262)–(1.325) and
(0.137)–(1.724), respectively, confirming their great lipophilic character. Interestingly, ionic
liquids interact strongly with the outer lipophilic layer of microbial cell surfaces when they
have a high CLogP value, and consequently their lipophilicity is increased [29].

2.2.2. Viscosity and Thermal Stability

Notably, IL-viscosity exhibits a great influence on the formation, molecular diffusion,
and stability of nanoparticles. The stability of nanoparticles is greatly enhanced by the
fact that their diffusion is greatly reduced in extremely viscous media like ionic liquids,
which results in a lifetime increase of a factor of 10–1000 compared to that in traditional low
viscosity solvents [30]. Ionic liquids also have the added benefit of reducing the likelihood
of agglomeration of colloidal nanoparticles by suppressing their thermal motion due to
the high viscosity. Therefore, the viscosities of new BAIILs were measured at 25 ◦C, and
the results are shown in Table 1. High viscosity values (421.15–543.25 cP) were observed
for all imidazolium ILs; however, these values varied according to the cation’s intrinsic
structural characteristics. For example, out of all of the examined ionic liquids, the one
with the lowest viscosity (428.75 cP) was BAIIL 3a, which was made up of the simplest
cation (benzyl-methylimidazolium). In contrast, tert-butylbenzyl group-containing BAIIL
3f showed the greatest viscosity (543.25 cP). The very hydrophobic Tf2N anion exerts
stronger ion–ion interactions with the hydrophobic tert-butylbenzyl-methylimidazolium
cation, which leads to the observed behavior of an increase in viscosity [29].

On the other hand, the thermal stabilities of BAIILs (3a–f) were verified using their
thermogravimetric (TG) curves (Figure S1, Supplementary Materials). All BAIILs are
clearly thermally stable up to about 400 ◦C before undergoing a sudden decline in their
masses between 400 and 450 ◦C. Table 1 and Figure S1 (Supplementary Materials) show
that BAIILs with long side chains (n-butyl) linked to the imidazolium ring (3e–f) had more
complex thermal degradation patterns and lower decomposition temperatures than BAIILs
containing methylimidazolium cation (3a–c).

2.3. Structural Characterization

Spectral investigations (FTIR, NMR (1H, 13C, 19F), and ESI-MS) were used to deduce
the structural formulae of all the synthesized BAIILs.

2.3.1. Mass Spectrometry

To acquire a first perception of the characteristics of their cation and anion’ structures, the
electrospray ionization mass spectra (ESI-MS) of BAIILs can be a helpful tool. In light of this,
the ESI-MS of BAIIL (3f) (Figure 2A) was extensively studied as a representative of new BAIILs.
The major peak was found at an m/z value of 271.3, which corresponds to the molar mass
of a single-charged cation, [M − Tf2N−]+, generated by the elimination of the bonded
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anion. In addition, the fragmentation peaks that can be seen at m/z 214.4, 157.5, and
57.3 (base peak) could be assigned to consecutive removal of butyl side chains and benzyl-
butylimidazolium radicals from the parent molecule, respectively, [M − Tf2N− − C4H9˙]+,
[M − Tf2N− − 2 (C4H9˙)]+, and [M − Tf2N− − BnBIm˙]+.
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Figure 2. (A) A positive mode electrospray ionization mass spectra (ESI-MS (+ve)) of BAIIL (3f);
(B) FTIR spectra of the native BAIILs (3a–f); and (C) UV-Vis spectrum AgNPs produced by
BAIIL (3f).

2.3.2. FTIR Spectroscopy

The FTIR spectra of the new BAIILs (Figure 2B) were studied in an effort to learn more
about the structural features of the cations and anions that make them up. The spectra
of the TAILs exhibit absorption bands that are analogous to those of previously reported
imidazolium-based ILs [31–33]. The common absorption peaks that can be seen in the
FTIR spectra of BAIILs at 3110, 2970, 1591, 1245, 875, and 707 cm−1 could be attributed to
the vibrational modes of the benzylimidazolium cation fragments, including imidazolium
C2-H, alkyl C-H, imidazolium C=N, and the benzyl moiety, respectively [31]. In addi-
tion, the distinctive vibration bands of (TN2f) anion may be observed in the regions of
1271 ± 3 cm−1 ascribed to νas(CF3 + SO2); 1224 ± 2 cm−1 due to νs(CF3 + SO2);
1139 ± 4 cm−1 typical for νas(CF3 + CS); 1024 ± 3 and 911 ± 3 cm−1 for ν(N-S);
710 ± 5 cm−1 for δ(CF3); and 747 ± 3 cm−1 assigned to ν(C-S) [34].

2.3.3. UV-Vis Spectroscopy

Figure 2C shows UV-Visible spectra of the BAIIL (3f)-based microemulsion containing
AgNO3 at time intervals as well as the progress in the formation of BAIIL-stabilized AgNPs
with time. The appearance of a new peak at 430 nm in the microemulsion spectrum, which
is characteristic of the surface plasmon resonance (SPR) of AgNPs [35], verifies the synthesis
of AgNPs. Further, the SPR peak intensity rises with time, reflecting an increase in AgNPs
yield, until it reaches a maximum value at 60 min. Thereafter, the peak intensity almost
stops rising, denoting the end of the reaction.
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2.3.4. NMR Spectroscopy

NMR spectra of new BAIILs were utilized to verify their successful production and
provide a striking visual representation of the structure of their ions. However, due to the
fact that all new BAIILs have nearly identical NMR spectra, with the exception of the peak
of alkyl side chains, the 1H/13C NMR spectra of BAIIL (3e) (Figure 3) were analyzed in
more detail as a representative of new BAIILs. As shown in the 1H NMR spectrum of 3e, the
proton resonance of imidazolium (C2-H) can be seen as a singlet at 9.91 ppm. Furthermore,
a group of signals was detected in the chemical shift region of 7.93–7.12 ppm, assignable to
the resonances of the imidazolium and phenyl protons. In addition, the benzylic protons
can be seen as a singlet peak at 5.64. As for the protons of alkyl side chains (isopropyl
and n-butyl groups), the methine and methyl protons of the isopropyl group emerged as
septet (3.28 ppm) and doublet (1.21 ppm), respectively. While the methylene and methyl
protons of the n-butyl group can be observed as a set of multiplets in the high-field region
(4.26–0.91 ppm). The 13C NMR spectrum of 3e, on the other hand, shows the carbon map in
detail for both the central benzylimidazolium cation and the alkyl substituents. The carbon
signals characteristic of the benzylimidazolium cation can be detected in the low-field
region (146.03–122.54 ppm) for the resonances of the imidazolium and phenyl carbon
atoms, while it is 55.75 for benzylic carbon. In contrast, the peaks distinctive of C-atom of
alkyl substituents can be seen in the high-field region, 32.38 and 23.23 ppm for methine and
methyl carbons of the isopropyl group; and 47.45, 31.82, 19.84, and 13.76 ppm for carbon
atoms of n-butyl group. It is worth noting that the low-field carbon signal observed at
149.65 could be assigned to CF3 of Tf2N anion [29].
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2.4. Morphological Characterization
2.4.1. Transmission Electron Microscopy (TEM) Analysis

Representative TEM images of AgNPs obtained from hydrazine reduction of AgNO3
in various BAIILs are shown in Figure 4. When AgNO3 is reduced in the presence of
new BAIILs, discrete AgNPs with diameters in the range of 2.9–1.5 nm are formed (from
TEM). More agglomeration can be seen in the AgNPs made from the methylimidazolium-
supported BAIILs (3a–c) (Figure 4A–C) than in those made from the butylimidazolium-
supported BAIILs (3d–f) (Figure 4D–F). Meanwhile, the primary AgNPs produced by
4-iso-propylbenzyl- or 4-tert-butylbenzyl-substituted BAIILs (3b, 3c, 3e, and 3f) were more
separated than those produced by unsubstituted benzyl-based BAIILs (3a,d). This could be
due to the electrostatic and steric interactions between AgNPs and BAIILs, which contribute
to their stabilization without affecting surface characteristics by forming a protecting layer
that prevents AgNPs coalescence [21,22]. Unlike more traditional approaches, this synthetic
process permits the synthesis of AgNPs networks with narrower particle size dispersion.
Interestingly, AgNPs isolated from the BAIIL bearing the bulkiest substituents (tert-butyl
and n-butyl) (3f) displayed almost no NPs agglomeration (see Figure 4E).
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Figure 4. TEM images of AgNPs generated by the hydrazine-reduction of AgNO3 in different
BAIILs-based microemulsions: (A) 3a, (B) 3b, (C) 3c, (D) 3d, (E) 3e, and (F) 3f.

2.4.2. Particle Size Distribution (PSD)

The size histograms of the AgNPs obtained by BAIILs (Figure 5) show that the nanopar-
ticles have a very narrow PSD and are either not agglomerated or exhibit very little ag-
glomeration. Uniformly dispersed AgNPs with a mean diameter of 1.5 ± 0.5 nm were
produced by using the BAIIL 3f with the highest surface steric energy (69.772 kcal/mol)
as a stablizing agent. In contrast, when using BAIIL 3a of lowest surface steric energy
(50.029 kcal/mol) as a medium for AgNPs production, the AgNPs with a mean diameter of
2.9 ± 0.6 nm were obtained coupled with few agglomerated big AgNPs cluster of 4–5 nm.
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2.5. Antibacterial Assay

The in vitro antibacterial activity of BAIILs-coated AgNPs was evaluated in compar-
ison to that of Ciprofloxacin (Cipro) (a clinical antibiotic used for treating skin bacterial
infections) using three of the most common ESKAPE infections found in contaminated
food. Initially, the antibacterial efficacy of each sample was measured using the inhibition
zone diameter (IZD, mm). As can be seen in Figure 6, all AgNPs have the capacity to limit
the growth of all tested bacterial cells; however, their efficacy varies depending on the
kind of bacterium, BAIIL structural characteristics, and AgNPs’ mean size. Noteworthy,
the gram-positive (G+) bacterial strain (SA) was generally more susceptible to all treat-
ments than gram-negative (G−) ones (PA and KP). The structural differences between
the outer bacterial walls of the two types may be to blame for the different inclination of
bacterial membrane permeability and, as a result, bactericidal effects. Particularly, unlike
the G+—bacterial wall that contains only a thin peptidoglycan layer, G−- bacteria have
a more sophisticated outer membrane that may operate as a barrier to the invasion of an-
tibiotics into bacterial cells due to the presence of phospholipids (PLs), lipopolysaccharides
(LPS), and lipoproteins (LPs) [36]. Interestingly, the IZD data indicate that the antibacterial
activity of AgNPs improves as their mean size falls. For example, the AgNPs of the smallest size
(1.5 nm), obtained using BAIIL 3f, exhibit the highest activity against SA (43.59 ± 1.48 mm). In
contrast, the antistaphylococcal activity (24.31 ± 0.79 mm) is lowest for the biggest AgNPs
(2.9 nm), which were made using BAIIL 3a. The findings of CFU method and CFU/mL
values are in good consistency with the results obtained by AWD method. As shown in
Figure 6A–C and S2 (SM†), a remarkable bacterial reduction was observed in all bacterial
cells after treatment with BAIIL-coated AgNPs; however, the performance depends on the
bacterial strain type, the ionic liquid coating, and the AgNPs’ sizes. Overall, the G+ strain
(SA) was more sensitive to AgNPs, and its bacterial colony count was reduced by a value
of 72–92% after treatment. In contrast, G− bacteria (PA and KP) were less responsive to
AgNPs treatments and showed bacterial colony reductions (BCR) of 58–81% and 54–75%,
respectively, in AgNPs-treated PA and KP samples in comparison to growth controls.

It is worth noting that the butylimidazolium-coated AgNPs (AgNPs-3d, AgNPs-3e,
and AgNPs-3f) (BCR 68–92%) are more potent antibiotics than methylimidazolium-coated
AgNPs (AgNPs-3a, AgNPs-3b, and AgNPs-3c) (BCR 54–77%). Antibiotic activity (BCR
71–92%) is greatest for AgNPs with a mean particle size of 1.5 nm.
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Figure 6. Graph for the inhibition zone diameter (IZD, mm) and the percentage of bacterial colonies
reduction (%) for the examined AgNPs against (A) G+ bacteria (SA), (B) G− bacteria (PA), and
(C) G− bacteria (KP) (** p < 0.005, *** p < 0.001). (D) Photographs of inhibition zones for the most
active antibiotics (AgNPs-3e and AgNPs-3f).

Once more, Table 2 MIC and MBC values demonstrate that G+-bacterium was more
sensitive to AgNPs than G− species. The presence of negatively charged phosphate groups
on its surface may also play a role in this [37]. The positively charged nanoparticles can
interact strongly with these groups. The extent to which AgNPs exhibited bactericidal or
bacteriostatic actions was also significantly influenced by the type of tested bacteria and
the NPs size. For example, the AgNPs coated by 4-tert-butylbenzyl-substituted BAIIL (3f)
were the most potent antibiotic for SA (MIC/MCB = 0.25 ± 0.12/0.35 ± 0.16 µg/mL).

Table 2. MIC and MBC values (µg/mL) of new BAIILs-supported AgNPs against ESKAPE pathogens,
as compared to clinical antibiotics (GM and TC).

Sample Size (nm)
SA PA KB

MIC ± SD MBC ± SD MIC ± SD MBC ± SD MIC ± SD MBC ± SD
AgNPs-3a 2.9 3.25 ± 0.25 3.75 ± 0.31 8.76 ± 0.32 8.85 ± 0.35 9.32 ± 0.34 9.50 ± 0.37
AgNPs-3b 2.4 2.25 ± 0.12 2.25 ± 0.15 7.07 ± 0.19 7.15 ± 0.45 8.87 ± 0.11 8.05 ± 0.25
AgNPs-3c 2.2 1.95 ± 0.15 2.07 ± 0.19 5.85 ± 0.25 5.95 ± 0.33 7.35 ± 0.37 7.48 ± 0.33
AgNPs-3d 2.0 1.76 ± 0.15 1.95 ± 0.11 5.55 ± 0.29 5.65 ± 0.37 7.15 ± 0.21 7.23 ± 0.25
AgNPs-3e 1.7 0.85 ± 0.11 0.95 ± 0.23 2.75 ± 0.36 2.85 ± 0.45 4.45 ± 0.29 4.55 ± 0.41
AgNPs-3f 1.5 0.25 ± 0.12 0.35 ± 0.18 1.36 ± 0.27 1.39 ± 0.28 2.22 ± 0.15 2.25 ± 0.19

Cipro - 5.20 ± 0.16 5.75 ± 0.25 7.75 ± 0.23 8.05 ± 0.31 10.13 ± 0.56 10.55 ± 0.48

NA = not assigned.

On the other hand, AgNPs obtained by nascent benzyl-imidazolium BAIIL (3a) were
the least active anti-staphylococcal agent (MIC/MCB = 3.25 ± 0.25/3.75 ± 0.31 µg/mL). It
is worth noting that with MIC/MCB values between 2.22 ± 0.15/2.25 ± 0.19 µg/mL and
9.32 ± 0.34/9.50 ± 0.37 µg/mL, KP is the most drug-resistant strain of bacteria.
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2.6. Anti-Biofilm Activity

The ability of the most potent antibiotics (AgNPs-3d, AgNPs-3e, and AgNPs-3f) to
prevent the development of bacterial biofilm on polystyrene surfaces was evaluated in vitro
as compared to a positive control (Cipro) and a growth control (deionized water, DIW). As
can be seen in Figure 7, all of the materials studied strongly limit the formation of bacterial
biofilms, albeit this capacity varies depending on material structure and bacterial type.
Specifically, the G+ bacterial biofilm (staphylococcal biofilm) formation is inhibited by AgNPs
more so than by G− bacterial (PA and KP) biofilms. Furthermore, it is evident that AgNPs
impeded PA biofilm formation more so than KP biofilm production (p < 0.005). Among the
tested AgNPs, (tert-butyl)benzyl)-butylimidazolium-coated AgNPs (AgNPs-3f) was the
most effective anti-biofilm agent, inhibiting bacterial biofilm formation by approximately
96%, 89%, and 78% for SA, PA, and KP, respectively, which was 1.5- to 2-fold higher than
the effects induced by the positive control (Cipro). These findings suggest that the increased
activity of AgNPs in preventing bacterial biofilm formation is due to its strong antimicrobial
impact on the bacterial cells submerged in cultures or biofilms, and their ability to restrict
adhesion of bacterial cells onto the NPs-coated polystyrene surfaces.
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Figure 7. Inhibition of bacterial biofilm formation by the most potent antibiotics (AgNPs-3d, AgNPs-
3e, and AgNPs-3f) as compared to a positive control (Cipro) and negative control (DI water),
(** p < 0.005, *** p < 0.001).

2.7. In Vitro Cytotoxicity

New BAIILs-coated AgNPs were tested for cytotoxicity against normal (HSF) cells
using the MTT assay in comparison to the positive control, cisplatin (CDDP). It is common
practice to conduct initial single-dose studies of novel drugs for cytotoxic effects in human
cell lines. Therefore, we looked at how BAIILs-coated AgNPs affected HSF cell prolifer-
ation when used in a single dose (10 µg/mL) (Figure 8A). The cytotoxicity data showed
that all BAIILs-coated AgNPs are significantly (p < 0.0001) less toxic than CDDP toward
HSF cells. In addition, the AgNPs derived from the butylimidazolium-supported BAIILs
(3d–f) (AgNPs-3d, AgNPs-3e, and AgNPs-3f) are more toxic for HSF cells than the AgNPs
obtained from the methylimidazolium-supported BAIILs (3a–c). Meanwhile, according
to IC50 values (Figure 8B), the clinical drug (CDDP) is more toxic to healthy cells than
all new TBAIILs-AgNPs. BAIIL coatings are proving to be an effective tool in reducing
the toxic effects of silver nanoparticles on normal cells. This new innovative solution is
based on using BAIILs covalently bound to the silver nanoparticles. These ILs act to reduce
the release of silver ions, which are typically the most toxic components. According to
our findings, this study provides hope for the future development of safe and promising
BAIILs-AgNPs-based microemulsions as bacterial infection medications, particularly for
skin bacterial infections.
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Figure 8. (A) A single dose (10 µg/mL) inhibitory impacts of BAIILs-AgNPs on the proliferation of
HSF cell lines. (B) Values of IC50 (µg/mL) for BAIILs-AgNPs against HSF in comparison to CDDP
(** p < 0.005, *** p < 0.001).

2.8. Proposed Mechanism for Pharmacological Activity of New BAIILs-AgNPs

There is still much uncertainty about how NMNPs exert their beneficial effects on
bacteria or cancer. However, the high biocompatibility and excellent photothermal effects
of AgNPs may greatly contribute to their superior bioactivity [38]. In addition, the ability of
BAIIL-coated AgNPs to adhere to the bacterial membrane by electrostatic binding between
the negatively charged bacterial cell and the positively charged NPs and BAIIL is critical
for their bactericidal activity. This breaks the integrity of the bacterial membrane, leading
to cell death [39]. Moreover, the extremely small sizes (2.9–1.5 nm) and unique hydropho-
bic coatings (BAIILs) enable these NPs to enter bacterial cells without being ingested by
endocytosis and to subsequently aggregate within the cells, where they can exert a wide
range of antimicrobial effects [39,40]. According to Jiang et al., silver nanoparticles release
silver ions that interact with the thiol groups of many enzymes, rendering most of the
respiratory chain enzymes inactive and thereby triggering the formation of reactive oxygen
species (ROS), which in turn triggers the bacterial cell’s own self-destruction and that of
the cancer cell as well [41]. Additionally, silver works as a soft acid that interacts readily
with the nitrogen, sulphur, and phosphorus bases of DNA to inactivate its replication, so
rendering the nuclear machinery of the cell inoperable [42]. Eventually, it could be specu-
lated that the surface area to volume ratio of AgNPs has a significant impact in providing
pharmacological activity. The presence of BAIILs capping nanoparticles confers a unique
surface functionality, causing them to interact with various cell types in a predetermined
fashion (see Figure 9). The effectiveness of pharmacological activity increases as particle
size decreases. Additionally, the BAIIL coating plays an important role in the enhancing
the antibacterial action of AgNPs in multiple possible ways: (i) the effects on bacterial cell
walls due to interactions between cationic imidazolium group and their negative charge;
(ii) the capabilities of hydrophobic alkyl substituents to aid AgNPs in penetrating lipophilic
cell membranes [43]; and (iii) changes in membrane structure and dynamics as a result of
exposure to imidazolium-based ionic liquids. Specifically, the imidazolium-based ionic
liquids caused changes in the lipid bilayer of the cell membrane, leading to an increase in
membrane permeability and cellular damage [44].

Comparing the antibacterial activity of newly developed BAIILs-capped AgNPs with
that of previously reported counterparts (see Table S1, Supplementary Materials), [45,46]
revealed that the BAIILs-AgNPs had significantly higher antibacterial efficacies (with
MIC/MBC values in the range of 0.25/0.35–2.22/2.25 µg/mL) than the previously reported
AgNPs (with MIC/MBC values in the range of 16/16–256/256 µg/mL). These results
demonstrate that the new AgNPs have both higher MIC values as well as higher MBC
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values in comparison to previously reported ionic liquid-coated AgNPs. This indicates
that the new AgNPs are more effective in controlling bacteria growth than their previously
studied counterparts. Thus, the new AgNPs could potentially be an effective and safe
alternative to treat bacterial infections more effectively.
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Notably, the alkyl chain length of BAIILs plays vital roles both in the steric stabi-
lization of AgNPs as well as their antibacterial capabilities. The findings of the previous
studies indicate that increasing the chain length of the ionic liquid can enhance the steric
stabilization of AgNPs, which can be attributed to the increased number of hydropho-
bic interactions between the ionic liquid molecules and the AgNPs [45,46]. In addition,
increasing the alkyl chain length of an imidazolium ionic liquid can lead to an increase
in its antimicrobial effectiveness. The findings are in agreement with a study conducted
by Docherty and Kulpa [47] which revealed that chain length has a significant impact on
the antimicrobial potency of the ionic liquids. The researchers found that increasing the
chain length from C1 to C4 resulted in a significant increase in antibacterial activity against
Gram-positive and Gram-negative bacteria. In particular, the C4 derivative was observed
to be the most effective with a minimum inhibitory concentration (MIC) of 8.25 mM against
G+-bacteria and 4.03 mM against G−-bacteria. The increased antibacterial activity was
due to an increased partition coefficient of the ionic liquid, which allowed it to be more
effectively absorbed by the cellular membrane of the bacteria.

3. Materials and Methods

Chemical and solvent suppliers and their details were provided in the Supplementary
Materials (Supplementary Materials). In addition, the preparation and characterization
of benzyl chloride (R1BnCl) derivatives (1a–c) and benzyl alkyl imidazolium chloride
[R1BnImR2]+Cl− ionic liquids (2a–f) were described in the Supplementary Materials.

The new BAIILs were structuraly chracterized based upon the spectral analyses (FTIR,
UV-Vis, NMR (1HNMR, 13CNMR, 19FNMR), and ESI-MS) and physical measurements. The
detail for these instruments were also provided in the Supplementary Materials.

3.1. Synthesis of Tunable Benzyl Alkyl Imidazolium Ionic Liquids (BAIILs, 3a–f)

While vigorously stirring, a solution of lithium bis(trifluoromethanesulfonimide)
(LiTf2N) (6.66 g, 0.03 mol) in a combination of ACN (10 mL) and deionized water (DIW)
(10 mL) was added dropwise to a solution of [R1BzR2Im]Cl (2a–f) (0.03 mol) in DIW. The
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resulting mixture was then magnetically stirred overnight at room temperature. After
the reaction time was completed and the aqueous layer was discarded, the oily residues
were dissolved in dichloromethane (DCM) and repeatedly washed with DIW until there
was no precipitation of the AgNO3 solution with the washing water. The resulting oily
products were subsequently vacuum-dried for 48 hours at 343 K to remove any leftover
water. Samples of the produced BAIILs (3a–f) were chracterized as follow:

3-benzyl-1-methylimidazolium bis((trifluoromethyl)sulfonyl)amide [BnMIm][Tf2N]
(3a): Obtained in a 95% yield. 1H NMR (500 MHz, CDCl3) δ (ppm); 9.41 (1H, s,
Im-H), 7.90 (1H, d, J = 1.8 Hz, Im-H), 7.72 (1H, d, J = 1.8 Hz, Im-H), 7.70–7.49 (5H, m,
Ar-H), 5.38 (2H, 2, Ph-CH2), 3.87 (3H, s, N-CH3). 13C NMR (75 MHz, CDCl3) δ (ppm):
149.87, 139.96, 137.38, 131.42, 129.56, 126.21, 124.51, 122.98, 56.39, and 37.63. 19F NMR
(565 MHz, CDCl3): singlet at δ −81.67 ppm (Tf2N-CF3). ESI-MS (positive mode): 173.2 m/z
[M − Tf2N−, C11H13N2]+.

3-(4-isopropylbenzyl)-1-methylimidazolium bis((trifluoromethyl)sulfonyl)amide
[isoPBnMIm][Tf2N] (3b): Obtained in a 87% yield. 1H NMR (500 MHz, CDCl3) δ (ppm);
9.35 (1H, s, Im-H), 7.96 (1H, d, J = 1.9 Hz, Im-H), 7.74 (1H, d, J = 1.9 Hz, Im-H), 7.38–
7.16 (4H, m, Ar-H), 5.39 (2H, 2, Ar-CH2), 3.98 (3H, s, N-CH3), 3.78 (1H, p, J = 1.9 Hz,
CH(CH3)2), 1.24 (6H, d, J = 6.9 Hz, CH(CH3)2). 13C NMR (75 MHz, CDCl3) δ (ppm): 148.92,
146.07, 137.61, 133.88, 130.64, 126.33, 123.06, 122.31, 56.31, 37.17, 33.31, and 23.21. 19F NMR
(565 MHz, CDCl3): singlet at δ −81.69 ppm (Tf2N-CF3). ESI-MS (positive mode): 215.2 m/z
[M − Tf2N−, C14H19N2]+.

3-(4-(tertbutyl)benzyl)-1-methylimidazolium bis((trifluoromethyl)sulfonyl)amide
[tertBBnMIm][Tf2N] (3c): Obtained in a 91% yield. 1H NMR (500 MHz, CDCl3) δ (ppm);
9.88 (1H, s, Im-H), 7.93 (1H, d, J = 2.0 Hz, Im-H), 7.74 (1H, d, J = 2.0 Hz, Im-H), 7.49–7.23
(4H, m, Ar-H), 5.39 (2H, 2, Ar-CH2), 3.89 (3H, s, N-CH3), 1.38 (9H, s, C(CH3)3). 13C NMR
(126 MHz, CDCl3) δ (ppm): 149.76, 148.57, 138.64, 131.95, 129.13, 125.15, 123.88, 122.96,
55.63, 37.74, 34.34, and 31.91. 19F NMR (565 MHz, CDCl3): singlet at δ −81.65 ppm
(Tf2N-CF3). ESI-MS (positive mode): 229.2 m/z [M − Tf2N−, C15H21N2]+.

3-benzyl-1-butylimidazolium bis((trifluoromethyl)sulfonyl)amide [BnBIm][Tf2N]
(3d): Obtained in a 91% yield. 1H NMR (500 MHz, CDCl3) δ (ppm); 9.26 (1H, s, Im-
H), 7.84 (1H, d, J = 1.8 Hz, Im-H), 7.78 (1H, d, J = 1.7 Hz, Im-H), 7.61–7.36 (5H, m,
Ar-H), 5.35 (2H, 2, Ph-CH2), 4.19 (2H, t, J = 7.2 Hz, N-CH2CH2CH2CH3), 1.79 (2H, p,
J = 7.2 Hz, N-CH2CH2CH2CH3), 1.27 (2H, m(6), N-CH2CH2CH2CH3), 0.91 (3H, t,
J = 7.3 Hz, N-CH2CH2CH2CH3). 13C NMR (126 MHz, CDCl3) δ (ppm): 149.68, 137.93,
134.63, 129.24, 128.74, 126.02, 123.14, 122.89, 55.24, 47.44, 31.60, 19.16, and 13.60. 19F NMR
(565 MHz, CDCl3): singlet at δ −81.66 ppm (Tf2N-CF3). ESI-MS (positive mode): 215.2 m/z
[M − Tf2N−, C14H19N2]+.

3-(4-isopropylbenzyl)-1-butylimidazolium bis((trifluoromethyl)sulfonyl)amide
[isoPBnBIm][Tf2N] (3e): Obtained in a 85% yield. 1H NMR (500 MHz, CDCl3) δ (ppm);
9.91 (1H, s, Im-H), 7.92 (1H, d, J = 2.2 Hz, Im-H), 7.72 (1H, d, J = 2.1 Hz, Im-H), 7.44–7.19
(4H, m, Ar-H), 5.64 (2H, 2, Ar-CH2), 4.26 (2H, t, J = 7.4 Hz, N-CH2CH2CH2CH3), 3.28
(1H, p, J = 6.9 Hz, CH(CH3)2), 1.85 (2H, p, J = 7.2 Hz, N-CH2CH2CH2CH3), 1.33 (2H,
m(6), N-CH2CH2CH2CH3), 1.19 (6H, d, J = 7.1 Hz, CH(CH3)2) 0.91 (3H, t, J = 7.3 Hz,
N-CH2CH2CH2CH3). 13C NMR (126 MHz, CDCl3) δ (ppm): 149.65, 146.03, 138.91, 134.53,
129.38, 128.57, 125.64, 123.58, 122.54, 55.75, 47.45, 32.38, 31.82, 23.23, 21.81, and 13.85. 19F
NMR (565 MHz, CDCl3): singlet at δ −81.67 ppm (Tf2N-CF3). ESI-MS (positive mode):
257.3 m/z [M − Tf2N−, C17H25N2]+

3-(4-(tertbutyl)benzyl)-1-butylimidazolium bis((trifluoromethyl)sulfonyl)amide
[tertBBnBIm][Tf2N] (3f): Obtained in a 89% yield. 1H NMR (500 MHz, CDCl3) δ (ppm); 9.84
(1H, s, Im-H), 7.91 (1H, d, J = 2.1 Hz, Im-H), 7.74 (1H, d, J = 2.1 Hz, Im-H), 7.49–7.27 (4H,
m, Ar-H), 5.61 (2H, 2, Ar-CH2), 4.28 (2H, t, J = 7.3 Hz, N-CH2CH2CH2CH3), 1.83 (2H, p,
J = 7.1 Hz, N-CH2CH2CH2CH3), 1.40 (9H, s, C(CH3)3), 1.31 (2H, m(6), N-CH2CH2CH2CH3),
1.19 (6H, d, J = 6.9 Hz, CH(CH3)2) 0.90 (3H, t, J = 7.2 Hz, N-CH2CH2CH2CH3). 13C NMR
(126 MHz, CDCl3) δ (ppm): 149.72, 148.51, 137.92, 131.65, 129.42, 125.64, 123.63, 122.91,
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55.68, 47.52, 34.41, 33.34, 31.43, 21.21, and 13.87. 19F NMR (565 MHz, CDCl3): singlet
at δ −81.69 ppm (Tf2N-CF3). ESI-MS (positive mode): 271.3 m/z [M − Tf2N−, C18H27N2]+

3.2. Preparation of IILMEs-Mediated AgNPs

With a minor tweak, we used the optimum conditions adopted from previously
reported investigations [48–50] to fabricate the AgNPs in situ in the microemulsions con-
taining the BAIILs (3a–f). In brief, the BAIILs/TX-100/H2O microemulsions (IILMEs) were
first prepared by mixing 0.1 g of BAIIL and 1.4 g of TX-100 in deionized water (8.5 g) for
20 min at room temperature to ensure proper blending and formation of homogeneous
solutions. Afterward, a 0.1 mmol aqueous AgNO3 solution was added to this microemul-
sion and the mixture was agitated for 10 min. A diluted hydrazine hydrate solution (1 mL)
was added and the reaction mixture was then stirred at 60 ◦C for 1 h. The solution color
changes from a light yellow to a brownish yellow, which is evidence of the creation of silver
nanoparticles. To ensure full reduction, a small amount of hydrazine hydrate was added.
Moreover, UV-Visible spectroscopy scanning verified the production of AgNO3. Silver
nanoparticles were recovered after being stabilized in a microemulsion system composed
of AgNO3/BAIILs/TX-100/H2O by centrifuging.

3.3. Antimicrobial Study

Three representative ESKAPE pathogens PA (ATCC-27853), KP (ATCC-13883), and SA
(ATCC-29737) were utlized to test the antimicrobial power of the new BAIIL-supported
AgNPs. Ciprofloxacin (Cipro), the most common antibiotic used for skin bacterial treat-
ments, was served as the “positive” control. The NODCAR in Cairo, Egypt, kindly supplied
all of the bacterial species used in this study, and these bacteria were routinely cultured
in nutrient broth agar (NBA). First, we inoculated Mueller–Hinton Broth (MHB) with a
bacterial solution containing ~106 CFU/mL and incubated the mixture at 37 ◦C in a 5%
CO2 environment to establish the initial bacterial culture. We then used the Well diffusion
assay (WDA) and colony forming unit (CFU) methods outlined in our previous work [51]
to determine which bacterial strains were most sensitive to the novel AgNPs. The sizes
of the inhibition zones (IZD, mm) were the most important factors in determining the
NPs’ antibacterial effectiveness. For the CFU method, we used the following formula
(Equation (1)) to determine the relative decline in bacterial colony numbers (R%):

R% =
BCCT − BCTT

BCCT
(1)

where BCCT and BCTT are the number of bacterial colonies in growth control and treatment
test tubes, respectively. The obtained results were determined using mean SEM from
triplicates of each trial.

Minimal Inhibitory/Bactericidal Concentrations (MIC/MBC)

The antibacterial efficacy indicators, MIC and MBC, of new compounds against tested
bacterial strains were determined using the microtitre broth dilution technique as described
in our prior study [52]. In brief, the bacterial suspension was treated with AgNPs and
antibiotics, separately, that had been pre-dispersed in DMSO and prediluted Mueller–
Hinton Broth (MHB). After transferring 190 µL bacterial suspensions (106 CFU/mL) to
96-well microtiter plates, AgNPs with concentrations in the range of 0.25–50.0 g/mL were
added, then the plates were left to incubate at 37 ◦C for 24 h; controls consisted of wells
that had not been treated. The Well turbidity measurements were used to calculate MIC
and MBC concentrations. In order to calculate the MIC and MBC, multiple independent
replicates of each sample were evaluated. The results are shown as the mean ± SEM.

3.4. Anti-Biofilm Study

According to our previously published work [52], the ability of the most effective
antibiotics (AgNPs-3d, AgNPs-3e, and AgNPs-3f) to inhibit bacterial biofilm formation and
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eradicate the biofilms created by the tested bacterial strains (SA, PA, and KP)
was studied.

3.5. In Vitro Cytotoxicity Study
3.5.1. Cell Cultures

Healthy human skin fibroblast (HSF) cell lines were obtained from the American Type
Cell Culture Collection (ATCC, Manassas, USA). Dulbecco’s Modified Eagle’s Medium
(DMEM, Invitrogen/Life Technologies) was used to cultivate these cell lines, supplemented
with 10% fetal bovine serum, 100 U/mL of penicillin, and 100 g/mL of streptomycin
(HyClone, Thermo Scientific). The cells were maintained in a Thermo Scientific Heracell
VIOS CO2 incubator maintained at 37 ◦C with 5% CO2 humidity.

3.5.2. In Vitro Anti-Proliferative Activity

The new BAIIL-supported AgNPs were tested for their anti-breast cancer action
in vitro using the MTT assay. Briefly, a 96-well plate (Falcon, NJ, USA) was used to treat
cell lines (105 cells/well) with a range of doses (1.56 – 50 µg/mL) of the tested substance, a
positive control cisplatin (CDDP), and a negative control (DMSO). Sets of wells (consisting
of three wells each) were assigned for each sample. Cells were incubated for 48 h at 37 ◦C in
a 5% CO2 atmosphere, after which they were fixed, washed, and stained with MTT reagent,
and then re-incubated for an additional 4 h. The staining media was carefully removed
from the plate after incubation, and 180 µL of acidified isopropanol/well was added. The
plate was then agitated at ambient temperature with a MaxQ 2000 plate shaker (Thermo
Fisher Scientific Inc., MI, USA) to dissolve the formazan crystals that had formed. In order
to determine the vitality of the cells, the plate was next subjected to a spectrophotometric
analysis using a Stat FaxR 4200 plate reader (Awareness Technology, Inc., FL, USA).

4. Conclusions

This work presents the synthesis and characterization of a new class of imidazolium-
supported BAIILs. (3a–f) by employing spectral (FTIR, NMR, and ESI-MS), thermal, and
viscosity techniques. BAIILs were used as media and stabilizing agents for hydrazine-
hydrate-catalyzed AgNO3 reduction in BAIILs/TX-100/H2O microemulsions into ex-
tremely small AgNPs. Unlike more traditional approaches, this synthetic process permits
the synthesis of AgNPs networks with narrower PSD. Interestingly, AgNPs isolated from
the BAIIL bearing the bulkiest substituents (tert-butyl and n-butyl) (3f) displayed almost
no NPs agglomeration. This study demonstrates that a simple step can be taken to achieve
well-separated AgNPs—the addition of an electron-donating bulky para-substituent on the
phenyl ring of the benzylimidazolium cation. All of the AgNPs-BAIILs tested in the in vitro
antibacterial assay against ESKAPE pathogens showed very strong antibiotic properties,
as evidenced by their DIZ and MIC/MBC values. Additionally, Gram-negative bacterial
strains were more treatment-resistant than Gram-positive ones. Human skin fibroblast
(HSF) cell lines were employed in an MTT experiment to measure the growth inhibitory
effects of new drugs. The MTT cytotoxicity assay showed that the novel AgNPs had no
great effect on the HSF cells. Consequently, the BAIIL-coated AgNPs could offer safe and
promising antibiotic candidates for skin bacterial infection treatments.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12020247/s1, Figure S1: TG curves of TBAIILs.
Figure S2: Photographs of inhibition zones for the most active antibiotics (AgNPs-3e and AgNPs-
3f). Table S1: MIC and MBC values (µg/mL) of new BAIILs-supported AgNPs against different
pathogens, in comparison to previously reported ones.
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Abstract: Resistance to antibiotic treatment developed by bacteria in humans and animals occurs
when the microorganisms resist treatment with clinically approved antibiotics. Actions must be
implemented to stop the further development of antibiotic resistance and the subsequent emergence
of superbugs. Medication repurposing/repositioning is one strategy that can help find new antibiotics,
as it speeds up drug development phases. Among them, the Zn2+ ion binders, such as sulfonamides
and their bioisosteres, are considered the most promising compounds to obtain novel antibacterials,
thus avoiding antibiotic resistance. Sulfonamides and their bioisosteres have drug-like properties
well-known for decades and are suitable lead compounds for developing new pharmacological
agent families for inhibiting carbonic anhydrases (CAs). CAs are a superfamily of metalloenzymes
catalyzing the reversible reaction of CO2 hydration to HCO3

− and H+, being present in most bacteria
in multiple genetic families (α-, β-, γ- and ι-classes). These enzymes, acting as CO2 transducers,
are promising drug targets because their activity influences microbe proliferation, biosynthetic
pathways, and pathogen persistence in the host. In their natural or slightly modified scaffolds,
sulfonamides/sulfamates/sulamides inhibit CAs in vitro and in vivo, in mouse models infected with
antibiotic-resistant strains, confirming thus their role in contrasting bacterial antibiotic resistance.

Keywords: carbonic anhydrase; sulfonamides; inhibitors; antibiotic resistance; bacteria

1. Introduction

Antibiotic resistance is a worldwide emergency that kills more people than HIV/AIDS
and malaria combined [1]. It kills around 30,000 people in Europe each year, with Italy
accounting for one-third of them [2,3]. In addition, antibiotic-resistant illnesses have
a significant effect on public health services [4]. Antibiotic resistance is the ability of
bacteria to counteract the action of one or more of the commune FDA-approved antibiotics
(Figure 1) [4,5]. The antibiotics reported in Figure 1 act as suppressors of cell wall synthesis,
inhibitors of proteins or nucleic acids synthesis, membrane destroyers, antimetabolites, and
competitive antagonists of substrates used in biosynthetic reactions [6]. It is essential to
understand that humans and other animals do not acquire antibiotic resistance; instead,
this phenomenon is developed by bacteria harbored in humans and animals [3]. When
placed under selective pressure due to antibiotics, bacteria that have acquired a greater
capacity for resistance (by DNA mutation or DNA genetic transfer) will have a greater
chance of surviving and instead will occupy the environment vacated by bacteria that have
been eliminated by therapy [7].

Thus, to treat infections caused by those resistant bacteria, one strategy is to administer
other antibiotics to which they are sensitive. However, they might also acquire resistance
to the new class of antibiotics (multi-resistant organisms), and so switching to a new
type of antibiotic is required until we arrive at bacteria resistant to all antibiotics (pan-
resistant microorganisms) [8]. The antibiotic resistance phenomenon is associated with the
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misuse and overprescribing of these drugs, as well as the inappropriate administration of
antibiotics to companion animals and animals in the agriculture industry [9,10]. In livestock
farms or aquacultures all over the world, antibiotics are routinely used not only to treat
diseases, as is the case in human medicine but also to prevent diseases and as promoters of
animal growth [11]. Furthermore, the rising discharge of antibiotics into waterways and
soils poses a risk to all microorganisms in these habitats [11]. Thus, bacteria can become
resistant and infect people who came in touch with the polluted environment, animals,
or meat. Therefore, policies must be put in place to combat both the spread and future
development of antibiotic resistance, as well as the oncoming wave of superbugs [12].
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How do we intervene to stop antibiotic resistance? There is no shortage of strate-
gies for dealing with the antibiotic resistance [13–16]. Among them, one may consider:
(i) community- and healthcare-based approaches for infection control and prevention;
(ii) vaccine preparation, which may have a good chance of preventing bacterial illnesses (up
to date, only for Streptococcus pneumoniae, one of the six most hazardous antibiotic-resistant
bacteria, exists such a vaccine); (iii) reduction of the use of antibiotics in non-human
infection-treatment contexts, such as livestock farms; (iv) appropriate antibiotic use, as well
as stopping their use for the management of viral infections; (v) maintenance of investments
to make second-line antibiotics available, and the development of novel antibiotics and
especially those with novel modes of action less susceptible to the onset of resistance, which
can save lives [13–16]. This last strategy is fundamental, but new drug development takes
a long time; most candidate compounds were in the research and development pipelines
for over a decade before they made it to market [17]. Moreover, the most critical points
are that the majority of the new antibiotics in development are variants of preexisting
antibiotic classes, do not have a novel mechanism of action, and only a small number of
them are expected to be effective against the ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa,
and Enterobacter). Finally, the future of antibiotics is shaky because of questions about their
effectiveness and safety [18,19].

In this context, the drug repurposing or drug repositioning strategy offers the potential
to “fast-track” the identification of novel antibiotics, since it speeds up the drug research
process and reduces the time to market [20]. FDA-approved medications are considered the
“existing drugs,” and their repurposing reduces clinical development risk, making them
attractive candidates [20].
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2. A Superfamily of CO2 Transducer Biomolecules: The Carbonic Anhydrase
2.1. Bacterial Carbonic Anhydrase

Carbon dioxide (CO2) is a gas released into the atmosphere due to cellular respiration
and oxidative metabolism, and all living creatures are responsible for its production [21]. In
most cases, the process of transporting this waste gas out of cells is carried out by passive
diffusion [22]. In many cases, the CO2 channels, controlled by CO2 levels inside the cell,
make this transfer easier. However, CO2 is not merely a waste product; it can also trigger
various cellular signaling pathways to increase bacteria virulence and pathogenicity [23].
Bacteria can adapt to their environment by sensing and responding to CO2, enhancing
thus their chances of survival. This may be crucial because bacteria have to adapt to
the relatively low CO2 levels of the outer atmosphere for the higher CO2 levels found
inside most multicellular host organisms [23]. Bacteria, for example, may upregulate
virulence factors at host physiologic CO2 levels rather than ambient CO2 levels to aid
colonization or infection. Several such examples are Vibrio cholerae, which causes cholera,
and produces enterotoxin as carbon dioxide levels rise, whereas bicarbonate produced
by the CO2 hydration is the first positive effector of the primary V. cholerae virulence
gene transcription activator (ToxT), responsible for the cholera virulence cascade [24].
Pseudomonas aeruginosa, which can lead to infections in the blood, lungs (pneumonia), or
other regions of the body following surgery, lives in vastly varying CO2 settings depending
on whether or not it is colonizing a host [25].

Biomolecules in microbes related to CO2-sensitive pathways or acting as a CO2 trans-
ducer have been proposed as appealing targets for medicines, since they control cell devel-
opment and the subsequent synthesis of chemicals, enhancing the pathogen persistence
in the host [26,27]. In this context, a crucial role is played by a superfamily of molecules
known as carbonic anhydrases (CAs, EC 4.2.1.1). CAs can be thought as molecules that,
rather than instantly detecting a change in CO2, serve as CO2 transducers, adjusting its
levels [23,28]. With their activity, the CAs encoded by the bacterial genome of pathogenic
and non-pathogenic bacteria provide the indispensable CO2 and HCO3

−/protons to micro-
bial biosynthetic pathways, catalyzing the reversible reaction of CO2 hydration to HCO3

−

and H+ (CO2 + H2O � HCO3
−+ H+) [28]. Here, we stress the fact that the non-catalytic

CO2 hydration/dehydration reaction is too slow at physiological pH values to fulfill the
organism’s metabolic demands (kcat (hydration) = 0.15 s−1; kcat (dehydration) = 50.0 s−1) [29].

The classification system for CAs uses the Greek letters to represent the eight distinct
families (or classes): α, β, γ, δ, ζ, η, θ, and ι [29–33]. The eight distinct CA-classes descend
from the same ancestor, yet exhibit significant evolutionary diversity. The representative
amino acid sequences of each CA-class show low sequence similarity, characteristic folds,
and structures compared to the polypeptide chain of other CAs belonging to a different
class [34–38]. In contrast, the mechanism involved in the reversible hydration of CO2
is strictly conserved across all CA-classes, illustrating the CA superfamily’s convergent
evolution [34–38]. CAs are generally metalloenzymes with catalytic sites that contain a
metal ion cofactor required for catalysis (Figure 2). The ion cofactor in many CAs is Zn2+,
which is coordinated by three amino acid residues from the protein backbone [29,30,39].
The fourth metal ion ligand is a water molecule/hydroxide ion that acts as the nucleophile
in the enzyme’s catalytic cycle. Metal ions other than Zn2+, such as Co2+, Cd2+, Fe2+, and
Mn2+, can be coordinated by several CA-classes [40–47]. Recently, it has been demonstrated
that the newly discovered CA-class, the ι-CA, shows catalytic activity without the need for
metal ions, as shown from the X-ray crystal structure of Anabaena sp. [48]. The CA-classes
differ in the amino acid residues involved in metal coordination [49–52]. For example, the
ion metal is coordinated by three His residues in the α, β, and γ-CAs and presumably
θ-classes [42,45,53,54]; one His and two Cys residues in the β- and ζ-CAs [41]; and two His
and one Gln residue in the η-class. α-CAs usually act as monomers or dimers; β-CAs only
behave as dimers, tetramers, or octamers. To perform their catalytic activity, the γ-CAs
must be trimers [55]. A tandemly repeated hexapeptide characterizes γ-CA monomers and
is required for the left-hand fold of trimeric-helix structures. The X-ray structure of the
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θ-CAs was remarkably similar to that of some β-CAs [42,45,53,54]. The crystal structure of
ζ-CA showed three slightly different active sites on the same polypeptide chain. Regarding
the structural organization of δ- and η-CAs, no data are currently available, and a homology
modelling of the η-CA was built [56]. Interestingly, only the α, η, θ, and ι -CAs have been
shown to catalyze the esters/thioesters hydrolysis, while the other CA families lacked
any detectable esterase activity [29,30,39,57–59]. Presently, four CA-classes (α, β, γ, and ι)
have been demonstrated to exist in bacteria, and their distribution is noteworthy [34–38].
In many cases, the bacterial genome encodes for the three CA-classes (α, β, and γ) and
rarely for the ι- class. However, it is common to find bacteria whose genomes encodes just
one or two CAs, and very rarely none [27,29,33,49]. Moreover, the structural variations
between bacterial and human α-CAs allow for the synthesis of inhibitors that target the
bacterial enzyme but not the mammalian ones. Again, in some cases, the pathogenic
bacterial genome encodes for CA-classes, which are absent in mammals, whose genome
encodes only for α-CA, increasing the likelihood of success in treating the bacterial illness
with compounds that act only on the bacterial CAs. Interestingly, for each CA-class has
been obtained the X-ray crystallographic structures (Figure 3). It has been observed that
α-CAs reside in the periplasmic region of bacteria cells and prevent CO2 loss from bacteria
by converting CO2 into bicarbonate, which is then transported inside the cytoplasm by
bicarbonate transporters [29–31,33]. On the other hand, cytoplasmic β- and γ -CA classes
are responsible for carrying out intracellular functions such as maintaining CO2 and HCO3

−

equilibrium and regulating pH. Recently, β, γ, and ι-CAs with signal peptide at N-terminus
have been found, attributing them a putative periplasmic localization and a physiological
role similar to those mentioned above for the α-CAs [31,32,39,57–59].
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2.2. CAs Help Bacteria to Survive

In the literature, many shreds of evidence support the opinion that the activity of CAs
is connected to the survival of microbes because these enzymes are essential for supporting
numerous physiological functions involving dissolved inorganic carbon, such as trans-
port and supply of CO2 or HCO3

−, pH homeostasis, secretion of electrolytes/toxins, and
biosynthetic processes [29,33,60]. For example, it has been proven in vivo that bacterial
growth at ambient CO2 concentrations is dependent on CA activity in bacteria such as
Ralstonia eutropha (Gram-negative bacterium found in soil and water) and Escherichia coli
(Gram-negative bacterium) [61–63]. In E. coli, the two β-CAs (CynT and CynT2) generate
HCO3

− to prevent bicarbonate depletion from cyanate breakdown and bacterial expansion
at atmospheric CO2 concentrations, respectively [62,63]. More intriguing is the in vivo
evidence that CAs have a role in the proliferation of harmful bacteria such as Mycobac-
terium tuberculosis [64–68], Helicobacter pylori [69–71], Vibrio cholerae [72], Brucella suis [65–68],
Salmonella enterica [73–75], and Pseudomonas aeruginosa [76]. CAs encoded by the genome
of H. pylori, a Gram-negative, microaerophilic bacteria that colonizes the human stomach,
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are essential for the pathogen’s acid acclimation and, consequently, survival in the severe
environment typical of this organ, with pH values as low as 1.5–2.0 [69–71]. In addition to
CAs, urease is the other enzymatic system used by the microbe for growing in this extreme
environment. Under acidic conditions, urea goes into the cytoplasm through the urea
channel. In the bacterial cytoplasm, 2NH3 and CO2 are produced by the hydrolysis of
urea [69–71]. The resulting CO2 is then hydrated by β-CA, while the periplasmic α-CA
hydrates the CO2 diffused in the periplasm. The produced ions (H+) by the CA-catalyzed
reaction are used to form NH4

+ by reacting with NH3
+ in the periplasm and cytoplasm,

which neutralizes the entering acid in the above environments [69–71]. In the case of
the pathogenic bacterium Vibrio cholerae, a Gram-negative bacterium already mentioned
above, CAs are involved in the production of sodium bicarbonate, which stimulates the
development of cholera toxin [24]. It has been proposed that V. cholerae employs CAs to
colonize the host [72]. Again, the brucellosis causal agent, Brucella suis, a non-motile Gram-
negative coccobacillus, and Mycobacterium tuberculosis, a pathogenic bacterium that causes
tuberculosis, were demonstrated to require functional CAs to proliferate [64–68]. Further-
more, through in vivo gene expression investigations on the bacterium Salmonella enterica,
the MIG5 gene, which encodes for a CA that is significantly expressed during bacterial
infection, has been found [73–75]. The deletion of the gene encoding this CA (psCA1) in the
Pseudomonas aeruginosa reduced pathogenicity by decreasing calcium salt depositions [77].
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Escherichia coli (PDB 1I6O), (C) γ-CA from Burkholderia pseudomallei (PDB 7ZW9), (D) ι-CA from
B. territorii built by homology using PDB 3H51 as a template.

2.3. Carbonic Anhydrase Sulfonamide Inhibitors

Because the many biochemical processes mentioned above involve the activity of bac-
terial CAs, their inhibition may reduce the pathogen’s survival and fitness. The good news
is that CA inhibition suppresses bacterial growth differently from those demonstrated by
traditional antibiotics, toward which the bacteria have developed or are developing antibi-
otic resistance. As reported in the scientific literature, many unique chemical classes of CA
inhibitors (CAIs) exist [60]. The CAIs are classified into four distinct types based on how the
inhibitors bind and inhibit the CA metalloenzymes. Four types of inhibitor-enzyme binding
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are currently known, based on whether the binding involves the catalytic metal ion or the
metal coordinated-water molecule or how the active site is obstructed [78]. Therefore, there
are metal ion binders (anion, sulfonamides and their bioisosteres, dithiocarbamates, xan-
thates, and so on); chemicals that bind to the zinc-coordinated water molecule/hydroxide
ion (phenols, polyamines, thioxocoumarins, sulfocumarins); compounds that obstruct the
active site entrance (coumarins and related isosteres); and compounds that bind out of the
active site (carboxylate) [78].

Among these types, the Zn2+ ion binders, in particular, the sulfonamides and their
bioisosteres, are considered the most promising compounds for the realization of novel
antibacterials, avoiding antibiotic resistance [78–81]. Here, we emphasize that the sul-
fonamides/sulfamates/sulfamides able to inhibit the CA specifically are nonantibiotic
inhibitors characterized by a primary sulfonamide moiety, having the following chemical
formula: R-X-SO2-NH2, where R can be an aromatic, heterocyclic, aliphatic, or sugar scaf-
fold, X = nothing, O or NH. Thus, sulfanilamide led to the discovery of the sulfa drugs and
benzenesulfonamide CAIs of the type. They constitute an important class of drugs since
they have drug-like properties well-known for decades and are suitable lead compounds
for developing new pharmacological agent families for inhibiting CAs. Among them are the
commercial derivatives 1–24 (Figure 4) and the clinically used agent AAZ-EPA (Figure 5).
The series AAZ-EPA include acetazolamide (AAZ), methazolamide (MZA), ethoxzolamide
(EZA), and dichlorophenamide (DCP) are classical, systemically working antiglaucoma
CAIs. Dorzolamide (DZA) and brinzolamide (BRZ) are topically acting antiglaucoma
agents. Benzolamide (BZA) is an orphan drug belonging to this class of pharmacological
agents. Zonisamide (ZNS), sulthiame (SLT), and sulfamic acid ester topiramate (TPM) are
widely used antiepileptic drugs. Sulpiride (SLP) and indisulam (IND) were also shown
by our group to belong to this class of pharmacological agents, together with the COX2
selective inhibitors celecoxib (CLX) and valdecoxib (VLX). Saccharin (SAC) and the di-
uretic hydrochlorothiazide (HCT) are also known to act as CAIs. Famotidine (FAM) and
epacadostat (EPA) are CAI sulfamide drugs clinically used respectively as a histamine
H2 receptor antagonist and a selective indoleamine-2,3-dioxygenase 1 inhibitor. These
inhibitors bind Zn (II) in a tetrahedral geometry, forming an extended network of hydrogen
bonds with the enzyme amino acid residues, whereas the aromatic/heterocyclic portions of
the inhibitor interact with the hydrophilic and hydrophobic residues found in the enzyme
catalytic cavity, according to enzyme-inhibitor X-ray crystallographic data (Figure 6) [60].
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3. Where Are We NOW with the Inhibition of the Bacterial CAs

In the last decade, several in vitro experiments were conducted employing the
CAIs outlined in the preceding paragraph to inhibit the four bacterial CA classes (α,
β, γ, and ι). Many of these studies were focused on bacterial CAs derived from
pathogenic bacteria, such as Mycobacterium tuberculosis, Vibrio cholerae, Francisella
tularensis, Burkholderia pseudomallei, Porphyromonas gingivalis, Legionella pneumophila,
Clostridium perfringens, Mammaliccosu sciuri, etc. [36,82–85]. Most sulfonamide CAIs
exert potent inhibition on most recombinant CAs belonging to the bacteria mentioned
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above [34,86–90]. The most interesting aspect was that, some of these CAIs, including aceta-
zolamide and methazolamide, significantly limit the growth of bacteria in cell cultures [91].
In this context, some experimental shreds of evidence prove that the inhibition of bacteria
CAs can be potentially used to combat the resistance of many pathogens to the existing
antimicrobial drugs.

For example, ethoxzolamide (EZA), an authorized diuretic and carbonic anhydrase
inhibitor, kills Helicobacter pylori in vitro, suggesting it could be turned into an anti-H. pylori
medication [92].

The influence of the selective CA inhibitor AAZ on the bacterial lifecycle was tested
by analyzing the growth of E. coli and its consumption of glucose, added as the only carbon
source to the bacterial culture media [93]. Carbon sources are required for biosynthetic
activities and metabolism is directly correlated with the rate at which carbon sources are
used. The FDA-approved carbonic anhydrase AAZ was able to interfere with E. coli growth
and glucose uptake at 31.2 µg/mL. Intriguingly, AAZ resulted in a good inhibitor of the
two recombinant E. coli CAs, β-CA (CynT2) and γ-CA (EcoCAγ), with a KI of 227 and
248 nM, respectively [94,95]. AAZ prevents sugar consumption due to its inhibitory action
on bacterial CAs, which are directly engaged in providing CO2/HCO3

− required for the
bacterial metabolic need [93].

It has been reproposed the FDA-approved carbonic anhydrase drug AAZ could be
used to design potent antienterococcal agents. The authors, modifying the AAZ scaffold,
arrived at two leads possessing improved potency against clinical vancomycin-resistant
enterococci (VRE) strains [96]. The classical AAZ showed a MIC of 2 µg/mL, while the
two leads had a MIC = 0.007 µg/mL and 1 µg/mL, respectively. DZA, another classical
CAIs, resulted in MIC values of 1–8 µg/mL against a panel of clinical VRE isolates [97].
Based on the results of homology modeling and molecular dynamics simulations, the
authors demonstrated that the α and γ CAs encoded by the Vancomycin-Resistant Entero-
coccus are the intracellular targets of the compounds [96,98]. In addition, AAZ fared better
than linezolid (a standard drug for VRE infections) when tested in two in vivo VRE mouse
models –murine colonization–reduction and VRE septicemia [99].

Finally, AAZ inhibited the growth of the Gram-negative bacterium Neisseria gonorrhoeae
both in the in vitro as well as in vivo mouse model of a gonococcal genital tract infec-
tion [100,101]. Recently, Portela et al. [102] demonstrated that sulfonamide pretreatment
has a positive outcome on the strength of dentin and the prevention of Streptococcus mutans
colonization in teeth treated with two potent bacterial CA sulfonamide inhibitors [102].

It is also interesting to note that over the last few years, there has been a significant
focus on developing non-classical CAIs for treating multiple diseases due to the prevalence
of sulfonamide allergies among the general population as well as their use as potential new
antibacterials [103]. The classes of non-classical inhibitors that show strong potential as
lead compounds for isoform-specific drug design include phenols, polyamines, carboxylic
acids, and coumarins and their derivatives. These compounds can anchor to the zinc-bound
water/hydroxide ion or bind outside the active site to block substrate entry, exhibiting
atypical binding mechanisms of the classical sulfonamide CAIs [103].

4. Conclusions

The well-known zinc-binding groups (ZBGs), such as the primary sulfonamide (-SO2NH2),
primary sulfamate (-OSO2NH2), and sulfamide (-NHSO2NH2), which are present in the
structure of several clinically-approved drugs and an increasing number of investigational
medicines, have been proven to affect the inhibition of the CAs encoded by pathogenic
bacteria [78–81]. Intriguingly, various types of these nonantibiotic sulfonamides, many of
which offer pharmacologic applications as antiglaucoma, antiobesity, antitumor, or diuretic,
resulted in potent inhibitors (kI in the nanomolar range) of such CAs. These findings
prompt scientists to consider the CAIs as a new approach to fight antibiotic resistance
developed by bacteria versus the common FDA-approved antibiotics. Unlike common
antibiotics, the CAIs impair the growth of pathogenic bacteria through a novel mechanism
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of action: perturbating/depleting the intracellular levels of CO2 and HCO3
−, which are

necessary to microbial biosynthetic pathways. In addition, the antibacterial growth due
to the CA inhibition is strongly supported by the fact that the slow non-catalytic CO2
hydration/dehydration reaction is unable to restore these levels. These attractive facts
led to the writing of fascinating manuscripts that discuss the repurposing of drugs such
as ethoxzolamide (EZA), acetazolamide (AZA), and dorzolamide (DZA) as treatments
for interfering with the life cycle of E. coli, Helicobacter pylori, Neisseria gonorrhoeae, and
vancomycin-resistant enterococci.

In conclusion, the licensed sulfonamides/sulfamates/sulfamides acting as CAIs ex-
hibit antibacterial properties in their native or slightly modified scaffolds [97], hypoth-
esizing that the CAIs can be potentially employed either by themselves or in conjunc-
tion with an antibiotic or even as “antibiotic adjuvants” to increase the effectiveness of
certain antibiotics.
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