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Rising bacterial antibiotic resistance is a global threat. To deal with it, new antibacterial agents and
antiseptic materials need to be developed. One alternative in this quest is the organometallic
derivatization of well-established antibacterial drugs and also the fabrication of advanced metal-based
materials having antibacterial properties. Metal-based agents and materials often show new modes of
antimicrobial action which enable them to overcome drug resistance in pathogenic bacterial strains. This
review summarizes recent (2017-2020) progress in the field of organometallic-derived antibacterial
drugs and metal-based materials having antibacterial activity. Specifically, it covers organometallic

Received 26th November 2020, derivatives of antibacterial drugs including B-lactams, ciprofloxacin, isoniazid, trimethoprim, sulfadoxine,
Accepted 4th January 2021 sulfamethoxazole, and ethambutol as well as non-antibacterial drugs like metformin, phenformin and
DOI: 10.1039/d0cb00218f aspirin. Recent advances and reported clinical trials in the use of metal-based nanomaterials as

antibiofouling coatings on medical devices, as photocatalytic agents in indoor air pollutant control, and
rsc.li/rsc-chembio also as photodynamic/photothermal antimicrobial agents are also summarized.
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stromatolites showed Fe,O;-mineralized microfossils of bacter-
ial cells." Bacteria inhabit all ecological niches including
extreme environments like hydrothermal vents,®> hot springs,®
the deep sub-seafloor,” sub-polar snowpacks,® the Antarctic
desert’ and even nuclear waste.'® The human body also repre-
sents an ecological niche which harbors more than 100 trillion
bacteria and other microorganisms of microbiota."* Especially
human gut microbiota can influence our physiology and even
the risk of non-infectious disease development in organisms."*
This is exemplified by recent studies which show links between
the presence of Ruminococcus flavefaciens and hypertension as
well as between Clostridium and platelet counts.'? Other studies
have revealed links between colon-cancer development and
production of colibactin, which is a genotoxic metabolite
produced by Escherichia coli."®

Interaction between humans and infective bacterial patho-
gens is as old as the history of mankind,"* although the modern
era of antibacterial agents began in 1928 with the discovery of
penicillin by Alexander Fleming.'® Penicillin was introduced in
hospitals in the 1940s but its effectiveness was soon questioned
by the appearance of penicillin-resistant Staphylococcus aureus
strains."® A similar scenario occurred in the case of streptomy-
cin, discovered by Waksman,"” as the first streptomycin-
resistant Mycobacterium tuberculosis was reported just a few
years after its discovery.'® Likewise, the first methicillin-
resistant S. aureus (MRSA) appeared rapidly after the introduc-
tion of this antibiotic in 1959.'>?° While time goes by, the
progressive appearance of new drug-resistant strains including
the emergence and spread of multidrug resistant (MDR)
ESKAPE pathogens has continued.>’® According to the
WHO, today MDR bacteria are one of the key problems for
health-care systems.?” Thus, severe infection caused by some
drug-resistant Gram-negative strains of Pseudomonas aerugi-
nosa, Acinetobacter baumannii, Escherichia coli, Klebsiella pneu-
moniae, Mycobacterium tuberculosis or Enterobacter spp. may,
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despite the best medical care, produce a lethal outcome.>>?%73¢
Also infections caused by some Gram-positive S. aureus (MRSA),
vancomycin-resistant enterococci (VRE) and penicillin-resistant
Streptococcus pneumoniae (PRSP) pathogenic strains can cause
life-threatening problems during treatment.>>"~°

Where does drug-resistance arise and what are the key
mechanisms of resistance in bacteria? To answer the first
question one has to look back into the long evolutionary history
of bacteria. During billions of years of evolution, bacteria
developed a number of genetically driven biochemical pro-
cesses and biomolecules which enabled them to withstand
the presence of different competitor microorganisms invading
or sharing their environment. In return, the attacked competi-
tors have protected themselves with their own set of molecular
mechanisms, which ultimately results in a never ending arms
race. Drug-resistance in bacteria originates from this evolution-
ary molecular competition. Uncontrolled use of antibacterial
drugs in medicine, veterinary practice and agriculture
increased the selection pressure on bacteria and enabled
drug-resistant strains to develop, survive, and spread.*® Drug
resistance is a dynamic phenomenon mediated by mobile
genetic vectors like R plasmids (containing transposons), bac-
teriophages or naked DNA following conjugation, transduction,
and transformation processes, respectively.*’ Transposons
are able to move from plasmid to plasmid and back and forth
to the bacterial chromosome. Drug resistance can spread
within the same bacterial strain as well as horizontally between
different bacteria.

To answer the second question - there are many specific
mechanisms of resistance in bacteria.>* All of them, however,
can be classified into three different general mechanistic
groups (Fig. 1).

The first mechanism pertains to the bacterial development
of enzymes which either degrade or alter antibacterial drugs to
make them inactive. The second pertains to the biosynthesis of
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Fig. 1 Different mechanisms of drug resistance in bacteria and a schematic representation of the Gram-positive (A) and Gram-negative (B) bacterial cell

envelope.

structurally modified proteins which help them to be protected
from inhibition by antibacterial agents (target modification).
The last mechanism relates to the modification of the bacterial
cell wall to impair antibacterial drug influx and/or development
of protein pump systems to enable drug efflux. The most
effective way to eliminate drug resistant bacteria from a given
ecological niche is to outnumber their population by non-
pathogenic (non-resistant) strains in the absence of selecting
factors. Obviously this approach cannot be widely applied to
cure patients, especially those with acute and fast progressing
infections. Thus, antibacterial drugs are a second and clinically
most relevant option. They are over 200 marketed antibacterial
drugs which belong to over 11 large classes.*>** Historically,
antibacterial agents diverge into those isolated from natural

370 | RSC Chem. Biol,, 2021, 2, 368-386

source antibiotics and those of synthetic origin. They either
eliminate bacteria (bactericidal effect) or inhibit their growth
(bacteriostatic effect). Antibacterial drugs interfere with differ-
ent targets and biochemical processes in the bacterial cell.
Table 1 summarizes the major classes of antibacterial drugs,
their mechanisms of action, and the year of their introduction.

Over the last decades the number of new antibacterial drugs
has decreased.” In 2000-2020 only twenty seven antibacterial
drugs have been approved for clinical use.** In parallel, bacteria
have developed resistance to some of the “last resort drugs” like
quinupristin/dalfopristin dyad, linezolid and daptomycin.*>*® In
the face of vanishing effectiveness of all antibacterial classes, the
need for new compounds is immense. In that respect, natural
products are still at the forefront of research as exemplified by the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Major classes of antibacterial drugs, and their representative examples, mechanisms of action and year of introduction

Antibacterial drug class (year of introduction, representative drug(s))

Mechanism of action

Sulfonamides (1935, prontosil) and trimethoprim (1960s)
Quinolones (1960s) (ciprofloxacin, ozenoxacin)

Rifamycin (1957, does not belong to the large antibiotic families)

B-Lactams (1940s) (penicillins, cephalosporins, carbapenems, monobactams)

(selected examples: ampicillin, cefiderocol)

Glycopeptides (1959) (vancomycin, oritavancin), lipopeptides (2003, daptomycin)
and other cell wall inhibitors which do not belong to the large antibiotic

families:cycloserine (1955), isoniazid (1952)

Phenylpropanoids (1949, chloramphenicol), aminoglycosides (1950, tobramycin),

Inhibitors of folic acid synthesis (inhibitors of dihy-
dropteroate synthase, dihydrofolate reductase)

Inhibitors of DNA replication (inhibitors of topoisomerase
1V, gyrase)

Inhibitor of RNA synthesis

Inhibitors of cell wall synthesis and remodeling (PBP
inhibitors)

Inhibitors of cell wall synthesis

Inhibitors of protein synthesis

macrolides (1952, erythromycin), polyketides (1949, tetracycline), oxazolidinones
(2000, linezolid), streptogramins (1962, quinupristin/dalfopristin), lincosamides

(1960s, clindamycin)
Nitroimidazoles (1960, metronidazole)

isolation of darobactin,*” teixobactin,*® numerous components

present in plants® and other sources of antibacterially active
compounds.”*®  Problems with culturing some antibiotic-
producing microorganisms® and limited industrial-scale syn-
thetic accessibility to complex antibacterial natural products are
two drawbacks of this approach. Therefore, culture-independent
methods capable of identifying and delivering first-in class syn-
thetic antibacterial compounds and derivatization of well-
established antibacterial drugs are two attractive alternatives.
Other complementary strategies comprise photodynamic
(PDT)*>™>* and photothermal (PTT) antibacterial therapies in
which light is used to produce cytotoxic reactive oxygen species
(ROS) and thermal damage, respectively.”®> Also, photoactivated
carbon monoxide-releasing molecules (PhotoCORMs) are an
emerging class of antimicrobials with promising activity against

Cellular damage of DNA and proteins

One of the alternative approaches to combating bacterial
pathogens is based on inorganic®*™®® and organometallic
compounds.®*”® The latter are defined by the presence of at least
one metal-carbon (M-C) bond. The biological activity of organo-
metallic compounds has been a subject of many studies, especially
in the field of anticancer therapy.”*®* Organometallic compounds
are attractive candidates for medical applications as their mechan-
isms of action are often multi-modal, and thus not commonly
accessible with purely organic pharmacophores. This feature
increases the chances for organometallic compounds to overcome
drug-resistance in bacteria. Fig. 2 shows the multi-modal mechan-
isms of action for a hypothesized bioorganometallic compound
in a bacterial cell. They comprise: (a) direct protein inhibition,
(b) activation by light followed by singlet oxygen generation or CO
release, (c) ligand(s) dissociation and macromolecule metalation,

antibiotic resistant bacteria.>*">* and (d) redox activation and ROS/oxidative stress generation.
B
ENVIRONMENT CELL
metabolic
pathway
inactivation :
respiratory
A oxidases
protein active site "/
inhibition C o
oxidation of
CO release cellular structures
P / and components
> 5 activation by light »
l > ! ——'0,
M- £y %
. A i < oy
, . ligand dissociation
redox
activation
ROS o =

l

oxidation of cellular
structures and

metalation of DNA/ RNA

and out of the active site

/‘5 protein binding
loss of function of

d macr I

p

Fig. 2 General view on possible mechanisms of action of organometallic compounds in bacteria.
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Antibiotics affecting more than one cellular or biomolecular
target have been recognized as highly attractive pharmacologi-
cal options. Fourteen from 27 recently introduced antibacterial
drugs have demonstrated synergistic or multi-target mechan-
isms of action.** Of note is also the fact that the analysis of the
mechanisms of action for well-established antibacterial drugs
revealed their ability to generate oxidative stress in bacteria,
which increases/complements their target-specific modes of
action.®*®°

Applications of gold in therapy have long roots in mankind’s
history.®” However, it was not until Robert Koch’s observation
of the bacteriostatic activity of K[Au(CN),] followed by the
introduction of salvarsan by Paul Ehrlich that metals entered
into the antibacterial field following the scientific method.3%5°
Furthermore, the antiproliferative activity of cisplatin was
first observed on E. coli strains.’® The next breakthrough was
the discovery of ferrocene.”’* This sandwich, redox active,
iron-containing complex rapidly gained importance within
organometallic,”® bioorganometallic®®®® and anti-infective
organometallic chemistry.®® Beyond ferrocene, a number of
other organometallic compounds have been studied as anti-
bacterial agents.®>®® Strategies for the development of anti-
bacterially active organometallic compounds are diverse. A
major group relies on the derivatization of well-established
antibacterial drugs and natural products,®®” whereas others
focus on the synthesis of entirely new species.”® This short
review focuses mainly on organometallic-antibacterial drugs
and on metal-based materials with antibacterial activity. It is
not exhaustive; we just focus on the most important advance-
ments and, in respect of organometallic compounds, we
cover only the recent literature from 2017 to 2020. In respect
of antibacterially active materials, a wider time frame was
applied, providing a general view on the field. Readers broadly

o
(o]

Fig. 3 Structures of 7-ADCA and compounds 1-6.
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interested in the rapidly burgeoning field of organometallic
antibacterial agents are encouraged to read preceding reviews.**®®

2. Organometallic derivatives of
antibacterial drugs

2.1. Derivatives of f-lactams

B-lactam antibiotics have been at the forefront of antibacterial
therapy since the 1940s. Their target-specific mechanism of
action relies on penicillin binding protein (PBP) inhibition.
PBPs are enzymes that catalyze the last steps of bacterial cell
wall synthesis."®”'* B-lactams inhibit PBPs by irreversible
acylation of a serine in a catalytic site.'°>*®* One of the major
resistance mechanisms developed by bacteria against p-lactams
involves the production of B-lactam hydrolyzing enzymes -
B-lactamases.'®* B-lactamases of class A, C and D all share a
common Ser residue in an active site, whereas class B are Zn*'-
dependent enzymes.*®® The first ferrocenyl conjugates of B-lac-
tams were obtained in the 1970s.'°® In 2017, Kowalski, Chen
and co-workers first reported ferrocenyl (Fc) and ruthenocenyl
(Rc) 7-aminodesacetoxycephalosporanic acid (7-ADCA) deriva-
tives 1-6 (Fig. 3)."%”

The inhibitory activity of these metallocenyl-p-lactams
was examined against DD-carboxypeptidase 64-575 from Sac-
charopolyspora erythraea 64-575, CTX-M-14 class A B-lactamase
and Bacillus cereus 569/H9 class B metallo-f-lactamase. DD-
Carboxypeptidase 64-575, similar to PBPs, shows affinity to a
number of B-lactam antibiotics and therefore serves as a
good model for studies on PBP inhibition. The active site of
CTX-M-14 B-lactamase also shares catalytic features with those
of PBPs."*®'% In comparison with penicillin G, compounds 1-6
have shown enhanced inhibitory activities, substantiating the
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role of the metallocenyl entity in protein binding. The highest
inhibition found was against DD-carboxypeptidase 64-575 with
an inhibitory concentration (IC;,) value at the nanomolar level.
Remarkably, ruthenocenyl derivatives were better inhibitors
than their ferrocenyl congeners. The most active Rc derivative
4 showed an IC;, value of 27 nM against DD-carboxypeptidase
64-575 and 7 pM against CTX-M-14 B-lactamase, whereas the
inhibitory properties of compound 2 and 6 were characterized
by ICso values of 52 nM (DD-carboxypeptidase 64-575) and
44 uM (CTX-M-14 B-lactamase), and 81 nM (DD-carboxypeptidase
64-575) and 65 UM (569/H9 metallo-B-lactamase), respectively.
Metallocenyl-B-lactams 1-6 showed lower activity than penicillin G
and ampicillin in cell-based tests against model Gram-positive
strains of methicillin-sensitive Staphylococcus aureus (MSSA), MRSA,
vancomycin-intermediate S. aureus (VISA) and S. epidermidis. This
feature can be explained by an impaired uptake of bacterial cells. On
the other hand, the high inhibitory activities of 1-6 justified further
studies aiming to understand the molecular basis of the interaction
between the enzyme and the organometallic B-lactams.'®” Indeed,
Xray crystallographic analysis of the CTX-M E166A mutant with
ruthenocenyl derivative 2 proved the formation of a covalent

<

Asn132 =
Tm”‘\ &

1\
Fig. 4 Left: Structure of the acyl-enzyme complex of CTX-M E166A with
compound 2 (compound 2 depicted in grey; adopts two alternative confor-
mations). Image from the RCSB PDB (rcsb.org) of PDB ID 5UJO (E. M.
Lewandowski, t. Szczupak, S. Wong, J. Skiba, A. Gusépiel, J. Solecka, V. Vréek,
K. Kowalski and Y. Chen, Organometallics, 2017, 36, 1673-1676). Right:
Enlarged view of the acyl-enzyme complex nested in the protein binding site.
The protein and compound are shown in green and gold, respectively. The
unbiased Fo—F. density map is shown in green at 2¢. The figure was repro-
duced from ref. 107 with permission from the American Chemical Society.
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acyl-enzyme complex between the B-lactam ring carbon of 2 and
the Ser700y of the protein. Fig. 4 shows compound 2 bound to the
CTX-M E166A enzyme.

XRD analysis revealed also an intact compound 2 captured
at the crystal-packing interface.'®” Finding a non-hydrolyzed 2 in
the crystal was unique as metallocenyl f-lactams eluded small-
molecule crystallographic characterization. Recently, Kowalski,
Chen and co-workers reported on ferrocenyl and ruthenocenyl
7-aminocephalosporanic acid (7-ACA) derivatives 7 and 8 (Fig. 5)."*°

The antibacterial activity of the two conjugates was assayed
against reference Gram-negative bacterial strains (Escherichia coli
ATCC 25922, E. coli NCTC 8196, Proteus vulgaris ATCC 49990, and
Pseudomonas aeruginosa NCTC 6749), Gram-positive bacterial
strains (S. aureus ATCC 6538, S. aureus ATCC 29213, S. aureus
ATCC 25923, S. epidermidis ATCC 12228, and Enterococcus faecalis
ATCC 29212), two methicillin-resistant S. aureus bacterial strains,
and twelve clinical isolates of S. aureus, including two MRSA
isolates. No antibacterial activity against Gram-negative strains
and significant activity against Gram-positive Staphylococci was
observed. Ruthenocenyl compound 8 showed MIC values 2-8
times lower than that of the ferrocenyl derivative 7. Compared
with the activity of metallocenyl-7-ADCA compounds 1-6 against
the ATCC 29213 strain, the 7-ACA compounds 7 and 8 had
reduced the MIC values by 64x and 16x for the Fc and Rc
conjugates, respectively. Compounds 7 and 8 showed particularly
high antibacterial activity against clinical strains of S. aureus
isolated from the naso-pharynx and from ulcers/furuncles. In all
these cases, the activity of ruthenocenyl compound 8 (MIC value
0.85 pM) was higher than that of 7 (MIC value 15 pM) and
ampicillin. In the case of drug-resistant bone isolates of S. aureus,
the ruthenocenyl derivative 8 again showed higher activity than its
Fc counterpart and ampicillin. Furthermore, conjugate 8 showed
two-fold higher antibacterial activity than ampicillin did against
the MecA positive strain of S. aureus EDCC 5443. A lack of toxicity
toward mammalian cells is the essential feature of any new
antibacterial drug candidate. To address this issue, the cytotoxi-
city of 7 and 8 was tested in vitro against mouse murine fibroblast
1929 and human cervical epithelioid carcinoma HeLa cells. Both
tested compounds showed negligible toxicity with ICs, higher
than 440 pM. The antibacterial activity studies on 7 and 8
were further augmented by the identification of the complex
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Fig. 5 Structures of 7-ACA and compounds 7 and 8.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Chem. Biol., 2021, 2, 368-386 | 373


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cb00218f

Open Access Article. Published on 26 January 2021. Downloaded on 3/2/2026 10:31:18 PM.

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

(cc)

RSC Chemical Biology

SR pzel

COOH ° COOH
ampicillin 9-14
X=0; R;=R,=Me 9
X=0; R;=R,=Et 10
X=0; R;=Me;R,=Ph 11
X=0; R;=R,=Ph 12
X =CH,; R;=R,=Et 13
X=NH; R;=R,=Et 14

Fig. 6 Structures of ampicillin and compounds 9-14.

crystal structure of compound 8 with CTX-M-14 f-lactamase
and by scanning electron microscopy (SEM) micrographs.''® In
conclusion, the higher antibacterial activity of the ruthenocenyl
B-lactams compared to the ferrocenyl counterparts can be
ascribed to favorable interactions of the Rc entity with amino
acid residues in the active site of PBP enzymes.

In 2020, Mislin and co-workers reported on Au(I)-ampicillin
complexes 9-14 (Fig. 6)."'" The antibacterial activity of com-
pounds 9-14 was tested against Gram-positive S. aureus, S.
epidermidis, E. faecalis and E. faecium as well as against Gram-
negative E. coli strains. It turned out that the size of the gold-
coordinated phosphine has a key role in the activity, whereas
the nature of the X linker has not. Accordingly, the bulkiest
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Fig. 7 Structures of ciprofloxacin and compounds 9-14.
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triphenylphosphine derivative 12 was less active than the rest of
that series as well as ampicillin. On the contrary, less sterically
hindered triethylphosphine compounds 10, 13 and 14 all
showed improved (or comparable) activity compared to ampi-
cillin against Gram-positive strains. The most potent against
Staphylococcus species and several Enterococcus strains com-
pound 10 was tested to evaluate its toxicity in healthy human
hepatocytes. It did not affect eukaryotic cell viability at con-
centrations up to 10 pM. Above that concentration the com-
pound was cytotoxic. Despite this drawback, compound 10
remained as a good starting point for the design of new gold-
based B-lactam antibacterial agents.

2.2. Derivatives of ciprofloxacin

Quinolones are by far the most successful synthetic antibacterial
drugs on a global scale. The mechanism of antibacterial activity of
quinolones involves inhibition of type II bacterial DNA topoisome-
rases; namely gyrase (the primary target in G-negative bacteria) and
topoisomerase IV (the primary target in G-positive bacteria).*****?
Both of these proteins are crucial for bacterial physiology and are
broadly distributed. Topoisomerase inhibition by quinolones col-
lides with bacterial replication forks and transcription complexes,
which ultimately leads to SOS system induction (SOS after interna-
tional telegraph (or optical) distress signal “SOS” in the Morse
alphabet). When DNA strand breaks surpass the SOS response, the
bacterial cell dies. Kowalski, Staczek and co-workers reported on six
organometallic ciprofloxacin derivatives 9-14 (Fig. 7)."**
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Fig. 8 SEM micrographs of the bacterial cell morphology after exposure to compounds 12—-14 and ciprofloxacin. Top panels, E. coli cells; bottom
panels, S. aureus cells. (A and F) control, non-treated samples; and bacteria treated with compounds 12 (B and G), 13 (C and H), 14 (D and I), and
ciprofloxacin (E and J). Scale bars: 500 nmin F, G, |, and J; 1 um in A-D and H; and 3 um in E. Reproduced from ref. 114 with permission from the Royal

Society of Chemistry.

Antibacterial activity studies of 9-14 showed that conjugation
of the organometallic moiety to the ciprofloxacin scaffold
enhances the bactericidal effect. Accordingly, the N-alkyl deriva-
tives 12-14 were the most active compounds, although derivatives
9-11 also showed significant activity. Compounds 13 and 14 were
substantially more active against the Gram-negative E. coli ATCC
25922 strain than ciprofloxacin. Their MIC values were 0.0006 and
0.0001 pM, respectively, while the MIC of ciprofloxacin against the
same strain was 0.01 pM. Thus, in the case of the cymantrenyl
derivative 14, the MIC value was 100 times lower than that of
ciprofloxacin. Furthermore, compound 14 was more active than
ciprofloxacin against the S. aureus ATCC 6538 and K. pneumoniae
ATCC 13883 strains with MICs of 0.4 and 0.001 pM, respectively.
For the latter, the MIC value of 14 was 50 times lower than that of
ciprofloxacin. Cymantrenyl derivative 11 overcame drug-resistance
in two clinical bone isolates of S. aureus (MRSA) strains. Another
feature of organometallic ciprofloxacin derivatives was their ability
to eradicate pathogenic bacteria in the stationary growth phase.
In this regard, the most active was cymantrene conjugate 14. It
decreased the viability of the E. coli ATCC strain from 3.3 x 10°
(untreated control) to 2.2 x 10° CFU mL . The remarkable
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antibacterial activity of compounds 9-14 stems from their dual
mechanism of action. With the exception of 9, all compounds
inhibited the introduction of supercoils by E. coli gyrase and the
decatenation process by S. aureus topoisomerase IV. This is the
first mechanism of action and it originated from the ciprofloxacin
portion of the conjugates. The second mechanism of action
pertains to the ability of oxidative stress induction in bacterial
cells and stems from the organometallic portion of those con-
jugates. The synergistic effect between the two mechanisms
enables them to overcome drug resistance in bacteria as well as
to eliminate them even in the stationary phase of growth. Fig. 8
shows the structural changes in the bacterial morphology upon
treatment with the organometallic ciprofloxacin derivatives 12-14.

In 2018, Pokharia and co-workers reported on triorganotin(iv)
ciprofloxacin complexes 15 and 16 (Fig. 9)."*> Recently, a
closely related diphenyltin(v) derivative 17 has been reported by
Hadjikakou and co-workers (Fig. 9).""°

Compounds 15 and 16 showed better antibacterial activity
than ciprofloxacin against Gram-positive (S. aureus and E. faecalis),
and Gram-negative (K. pneumoniae, E. coli, P. aeruginosa and
P. mirabilis) strains. Likewise, diphenyltin complex 17 was more

I ° I ° I °
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Fig. 9 Structures of compounds 15-17.
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active than its constituents (ciprofloxacin and diphenyl dichloride)
against S. aureus and S. epidermidis as well as against E. coli and
P. aeruginosa strains. The MICs of 17 for these strains were in
the nanomolar concentration range. Furthermore, complex 17
eradicated the biofilm of P. aeruginosa and S. aureus more
effectively than ciprofloxacin did.

2.3. Derivatives of isoniazid, pyrazinamide and ethambutol

Rifampicin, isoniazid, pyrazinamide and ethambutol are four
drugs used in treatment of the initial phase of tuberculosis.*"”
Isoniazid is a prodrug which upon transformation to the
isonicotinoyl radical by the M. tuberculosis KatG enzyme and
further reaction with NAD(P) inhibits mycobacterial cell wall
formation.*>™” Smith and co-workers reported on ferrocenyl
isoniazid (18-20), ferrocenyl pyrazinoic acid hydrazide (21-23)
and half-sandwich derivatives 24-26 (Fig. 10)."'®

The activity of compounds 18-26 has been examined against
the M. tuberculosis H37Rv strain in glycerol-based GAST-Fe and
in glucose-based Middlebrook 7H9-ADC growth media. The
compounds showed interesting growth medium-dependent
M. tuberculosis eradication properties. Their antituberculosis
activity in the glycerol-based GAST-Fe medium was noticeably
higher than that in the glucose-based Middlebrook medium.
The most active compound was the isoniazid derivative 18. The
MICy, value of 0.39 uM was comparable to that of the parental
isoniazid. Incorporation of the second metal center gave no
improvement in their activity, as the MICs of binuclear com-
pounds 24-26 were in the 0.416 to 0.968 uM range. The authors

View Article Online

Review

hypothesized that the mechanisms of action of compound 18
might involve the disruption of the glycerol metabolism, result-
ing in the accumulation of toxic products in M. tuberculosis
H37Rv cells.

In 2019, an interesting report on the cationic pentamethyl-
cyclopentadienyl-Ir(m) ethambutol complex 27 (Fig. 11) was
published by Merola and co-workers."*®

This complex showed no activity against M. tuberculosis,
which could be due to its ligand-dissociation inertness together
with its positive charge, which impairs cellular uptake. On the
other hand, 27 showed activity against S. aureus MSSA (MIC =
35 pg mL~ ") and MRSA (MIC = 40 ug mL™"). Studies aiming to
understand the mechanisms of antistaphylococci action are
underway.

2.4. Derivatives of sulfonamides and trimethoprim

Sulfonamides are antimetabolites (antifolates) with bacteriostatic
activity. Their mechanism of action stems from competitive
binding of para-aminobenzoic acid (PABA) to dihydropteroate
synthase (DHPS).*"'"” DHPS plays a key role in dihydrofolic
acid (DHF) biosynthesis. Similar to sulfonamides, trimethoprim
also interferes with the folate biosynthesis pathway. It acts as
an inhibitor of dihydrofolate reductase (DHFR), an enzyme
which transforms DHF into tetrahydrofolic acid (THF). Folates
are cofactors for nucleobase biosynthesis in bacteria. Thus,
depletion of their cellular availability prevents DNA synthesis
and impairs bacterial cell division and growth. In 2017, Aranciba
and co-workers reported on ferrocenyl and cyrhetrenyl (Cyr)

o]

NH.
Y N

N A

isoniazid

[:j)\nuz

pyrazinamide

18 19

N N
21 22
\
Cl = =
N @ M=Ir L 24
o \ F
| N \N/N\
N M=Rh L= é 25
Z 2426

Fig. 10 Structures of isoniazid, pyrazinamide and compounds 18-26.
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Fig. 11 Structures of ethambutol and compound 27.

derivatives 28-33 (Fig. 12), all having a sulfonamide structural
core and variable substituents in the phenyl para position."*°

Compounds 28-33 were tested for antitubercular activity
against the M. tuberculosis mc®6230 model strain. Isoniazid
was used as reference drug and had MICge = 0.4 pM. The
antibacterial activity of Cyr derivatives 28-30 was higher than
that of their ferrocenyl congeners 31-33 and ca. 465 times
lower than isoniazid. The better antibacterial activity of the
Cyr derivatives over the Fc compounds was explained by
the electron-withdrawing vs. electron-donating properties of
the former vs. the latter moiety.

In 2018, Sadler and co-workers reported on half-sandwich
Ru(u), Rh(m) and Ir(m) complexes 34-47 (Fig. 13) containing
sulfadoxine derived ligands."”" Sulfadoxine is a drug adminis-
tered together with pyrimethamine in antimalarial therapy.
They both block folate biosynthesis in the Plasmodium falci-
parum parasite by targeting DHPS and DHFR.

In vitro biological activity studies of 34-47 have been primarily
directed toward the screening of their inhibitory activity against
the P. falciparum 3D7 (chloroquine-sensitive), Dd2 (chloroquine-
sensitive) and NG54 Late Stage Gametocyte (LSG) strains as well as
against Trichomonas vaginalis parasite strain G3. Furthermore, the
antibacterial potential of compounds 34-47 has been tested
against the laboratory M. tuberculosis H37Rv strain. Ruthenium
complexes 34 and 41 showed no antibacterial activity under
the experimental conditions applied (MICs, = 100 pM). The
antituberculosis activity of pyridylimino-sulfadoxine rhodium
complexes 35-37 was superior to the activity of their iridium
counterparts 38-40. Interestingly, the reverse trend in activity has
been observed for quinolylimino-sulfadoxine derivatives 42-47.
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In this respect, the most active compounds were iridium com-
plexes 46 and 47 (both with MICs, = 3.13 uM), whereas their
rhodium counterparts 43 and 44 showed MICs, = 6.25 and 50 uM,
respectively. Compounds 35, 36, 43, 44, 46 and 47 exhibited
antimycobacterial activity significantly higher than that of the
parental sulfadoxine drug. On the other hand, none of the four-
teen assayed complexes rivaled rifampicin and isoniazid antimy-
cobacterial drugs in activity. The structure-activity relationship
(SAR) for antimycobacterial activity is not straightforward and
has not been provided in those studies. Compounds 34-47
showed no or limited activity against the T. vaginalis G3 strain.
In respect of the antiplasmodial activity, the rhodium complexes
were, in general, more active that the iridium compounds,
whereas the ruthenium derivatives showed no activity. An inter-
esting observation was that compounds 35-40 and 42-47 were
active against sexual last stage gametocytes (LSG), whereas
sulfadoxine, pyrimethamine and chloroquine were inactive.
This feature clearly shows a beneficial role of the metal in the
sulfadoxine activity improvement. SAR studies have shown that
the quinolylimino-sulfadoxine compounds are more potent than
their pyridyl-sulfadoxine analogues. Other activity-control factors
are the size/lipophilicity of the Cp ligand and the rate of the
chloride to water ligand exchange reaction.

A recent account on organometallic sulfonamide derivatives
was published in 2019 by Metzler-Nolte and co-workers.'*> They
obtained sulfamethoxazole Ru(u) and Re() complexes 48-53
(shown in Fig. 14) and they tested them against four S. aureus
strains (DSM 20231, methicillin-resistant ATCC 43300, BAA 976
and BAA977), as well as against Acinetobacter baumannii and
Pseudomonas aeruginosa strains. Sulfamethoxazole is a DHPS
inhibitor and is clinically used in combination with DHF
inhibitor trimethoprim in a formulation known as cotrimox-
azole (sulfamethoxazole:trimethoprim, 20:1 formulation) to
treat a wide range of bacterial infections.'*****

Sulfamethoxazole alone was not active against the tested
bacterial strains up to a concentration of 512 ug mL ", On the
contrary, trimethoprim alone was highly active against all strains
except for Gram-negative A. baumannii and P. aeruginosa. For the
majority of the strains, the cotrimoxazole activity was more potent
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Fig. 12 Structures of compounds 28-33.
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Fig. 13 Structures of sulfadoxine and compounds 34-47.

on a molar basis than trimethoprim alone. Organometallic com-
plexes 50, 51 and 52 showed medium activity against the S. aureus
strains with MIC = 190-750 pM. This activity was lower than
that of trimethoprim alone (MIC = 6.9-14.0 uM). Noticeably, an

improvement in the activity was observed when a combination
of complexes 50 and 51 with trimethoprim was tested. Like in the
case of cotrimoxazole, a molar ratio of 20 : 1 (Re complex:trimetho-
prim) was formulated. Both Re-trimethoprim formulations
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Fig. 14 Structures of sulfamethoxazole, trimethoprim and compounds 48-53.
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Fig. 15 Structure of compound 54.

showed similar activity toward all four S. aureus strains including
the MRSA ATCC 43300 strain. In the latter case, cotrimoxazole had
a MIC of 960:48 uM, whereas the MICs for the 50:trimethoprim
and 51:trimethoprim formulations were 98:4.9 and 46:2.3 pM,
respectively. This is an indication of a significant anti-MRSA
activity increase. Although the mechanism behind such an activity
increase was not given, the obtained results pinpoint the advan-
tages offered by combined organometallic-organics for antibacter-
ial therapy.

Recently Das, Ganeshpandian and co-workers reported on
half-sandwich Ru(n°-p-cymene)-trimethoprim compound 54
(Fig. 15)."*° The complex has been tested alone as well as after
being loaded into polydiacetylene(PDA)-based liposomes
against healthy human HEK-293, lung adenocarcinoma A549,
breast carcinoma MCF-7 and liver carcinoma HepG2 cells.
Compound 54 showed cytotoxicity toward healthy HEK-293
cells. Yet, this undesirable effect was diminished by the lipo-
somal formulation of the drug. Neither 54 alone nor when
encapsulated in liposomes showed activity against A549 and
MCF-7 cells. On the contrary, compound 54 showed cytotoxic
activity against liver carcinoma HepG2 cells. This activity was
potentiated by the encapsulation of 54 into liposomal micelles.
Insight into the action of compound 54 revealed that the Ru
complex shows proapoptotic induction in HepG2 cells together
with the ability of DNA scission. The antibacterial activity of 54
alone and when loading 54 into a liposomal carrier has been
tested with the agar disk diffusion method against S. aureus
and P. aeruginosa strains. The selection of these two strains was
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rationalized due to their prevalence as one of the most common
pathogens which are responsible for nosocomial infections
in patients with cancer.’®® Rather unexpectedly, ruthenium
trimethoprim complex 54 showed no improvement in anti-
bacterial activity over the trimethoprim drug alone. The zone
of inhibition for trimethoprim was 26 and 29 mm against the
S. aureus and P. aeruginosa strains, respectively, at a 100 pM
concentration. At the same high concentration, the zone of
inhibition for 54 was 23 and 20 mm, respectively. Likewise,
almost the same diameters of inhibition were obtained for 54
and trimethoprim at the lowest concentrations tested. For
completeness, the liposome loaded 54 showed no antibacterial
activity even at a 300 pM concentration. This can likely be
explained by the hindered uptake of the liposome through the
bacterial envelope. Although the mechanism of antibacterial
activity of 54 was not examined, it can be predicted that the
trimethoprim portion of the complex acts as a folate synthesis
inhibitor, whereas the role of the Ru(n®p-cymene) portion
could be more speculative and may pertain to DNA/protein
metalation.

3. Derivatives of non-antibacterial
drugs (metformin, phenformin and
aspirin)

Biguanides are a group of nitrogen-rich organic compounds
with established pharmacological relevance. Belonging to this
class are metformin and phenformin, two drugs used for
diabetes treatment. In 2018, Sadler and co-workers reported
on the synthesis and antimicrobial activity studies of a series of
biguanide Ir(n) complexes."”” Within the studied series of
compounds, metformin and phenformin complexes 55-57
and 58 (Fig. 16) were evaluated, respectively. The complexes
were assayed against a wide panel of G-negative bacteria
including E. coli, K. pneumoniae, P. aeruginosa, and A. bauman-
nii, and G-positive bacteria B. subtilis, S. pyogenes, E. faecalis,
S. epidermidis and S. aureus (MSSA and MRSA), as well as

SIS

metformin

phenformin

Fig. 16 Structures of metformin, phenformin and compounds 55-58.
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against the pathogenic fungi Candida albicans and Cryptococcus
neoformans.

The more hydrophilic complexes 55 and 56 were weakly
active against the tested bacterial strains, with MICs over
54.3 uM. The more hydrophobic biphenyl derivative 57 showed
instead superior antibacterial activity, with MICs in the range
3.2 to 12.6 pM against Gram-positive bacteria and 25 pM
against an E. coli strain. The better activity of 57 can be
explained by the increased uptake of the compound into
bacterial cells. Likewise, even the more hydrophobic phenfor-
min complex 58 showed superior antibacterial activity against
Gram-positive bacteria with MICs in the range 0.17 to 2.7 uM. It
also showed increased activity against the Gram-negative
pathogens E. coli (MIC = 5.4 uM), K. pneumoniae (MIC = 21.6
M), P. aeruginosa (MIC = 43.2 uM) and A. baumannii (MIC = 5.4
puM). Combined fluorescence microscopy and transmission
electron microscopy (TEM) studies showed that the Ir(m)
biguanide complexes do not disrupt the bacterial cell wall.
Instead, Ir(m) biguanides can act as delivery systems to bacter-
ial cells, where they dissociate to release free biguanidine
ligands and reactive Ir(m) species. The latter can react with
thiol-containing biomolecules, e.g., L-cysteine, to form dimers
or other byproducts."””” On the other hand, the released bin-
guanide can bind cellular metal ions and inhibit vital metabolic
pathways in bacteria, which ultimately leads to the experimen-
tally observed bactericidal effect. Importantly, as studied by
Sadler, Ir(m) biguanide complexes showed overall low toxicity
toward mammalian cells as well as low hemolytic activity. The
Ir(ur) biguanide complexes stand as an example of repurposing
essentially non-antibacterial drugs into highly active antibac-
terial agents.

Another recent example of an organometallic derivative of
a non-antibacterial drug which was examined for antibacterial
activity is the aspirin Re() phenanthroline complex 59
(Fig. 17)."*8

It has been reported by Kowalski and co-workers, with the
main aim to study its optical properties, its accumulation in
living mammalian cells by confocal microscopy and its anti-
cancer activity. In connection with these major studies, the
antibacterial activity of 59 was screened against S. aureus ATCC
6538 and ATCC 29213 and E. coli NCTC 8196 model strains.
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Fig. 17 Structure of aspirin and compound 59.
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The examined complex showed activity with a MIC of 50.8 pM
against all strains tested. This activity was better than that of
nitrofurantoin and weaker than that of ampicillin, which were
used as references in the course of the assays.

4. Metal-containing antibacterially
active materials

Metals have been used as antimicrobial materials since anti-
quity, mainly for water disinfection, food preservation, crop
protection, and health care. Their toxicity depends on several
parameters including their physicochemical form (i.e., metal
speciation), either in their elemental or oxidized states, their
affinity to bind DNA, and their ability to disrupt membrane
function, to bind donor ligands (including extra- and intracel-
lular proteins and enzymes), to impair nutrient uptake, to alter
signal transduction, and to induce oxidative stress, among
others."’ In their elemental (zerovalent) form, metals can form
nanoparticles under a controlled environment which confines
crystal nucleation and growth. Those nanoparticles due to their
large area per volume ratio are prone to rapid oxidation in
physiological media and consequently their released ions are
chemisorbed on the surface of the metal nanoparticles, the
nanoparticle acting as a reservoir for the sustained release of
oxidized species.”*® Once in solution, their oxidation state can
also change upon contact with cells. In this regard, Balfourier
and co-workers demonstrated that gold nanoparticles are
rapidly endocyted inside endosomes and biodegraded due to
the acidic environment and the participation of NADPH oxidase
as catalyst for the production of the highly oxidizing superoxide
free radicals.’*' Subsequently, metal-binding proteins (i.e.,
metallothioneins) are able to biomineralize dissolved species
to form recrystallized nanoparticles.

The oxidation state of metal nanoparticles is key to deter-
mine their antimicrobial action. In this regard, Xiu and co-
workers demonstrated that under anaerobic incubation condi-
tions the antimicrobial action of silver nanoparticles against
E. coli strain K12 (ATCC 25404) was impaired due to the lack of
ionic silver.’*” Direct contact also plays a key role in the
antimicrobial action. We demonstrated that silver and gold-
loaded chitosan films were efficient in the elimination of
Staphylococcus aureus ATTC 6538 and 9213 strains, whereas,
under the same conditions, the exudates released from those
films were unable to reduce bacterial contamination.'**"**

The antimicrobial action also depends on the availability of
the cytotoxic released ions. In 19th-century Europe, silver
nitrate was used as eyedrops in newborns for the prevention
of ophthalmia, reducing its incidence by a factor of 20-30."*" In
this case, ionic silver was immediately available in aqueous
solution, but, later on, sustained release systems have been
developed using different materials as ion hosts to reduce the
large cytotoxicity associated with uncontrolled release. Inor-
ganic (e.g., zeolites, clays, etc.), inorganic-organic hybrid
(MOFs, POMs, etc.) and organic (metal exchange resins) hosts
are used to provide sustained release of antimicrobial ionic
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metals. Different application sectors have incorporated those
materials to take advantage of their long-term antimicrobial
action.

As we mentioned before, antimicrobial metals are com-
monly used in water disinfection, food preservation, crop
protection, and health care. It is important to point out that
not only the metal itself is responsible for its antimicrobial
action but also its surface chemistry including ionic metallic
species chemisorbed on the surface and also the presence of
different ligands used during surface functionalization. In this
section of the review we will focus only on health care applica-
tions including antimicrobial medical devices, surfaces and
indoor air pollutant control with special emphasis on those
studies which have been assessed in clinical settings.

4.1. Antibiofouling medical surfaces and indoor air pollutant
control

Medical surfaces can be coated with metal containing paints as
a prophylactic measure to prevent biofouling. Zinc oxide and
titanium oxide are the most frequent semiconductor metal
oxides used as nanofillers in paints to prevent healthcare
associated nosocomial infections in healthcare facilities. Those
nanofillers are added to modify the rheological properties of
the paints, promoting fast drying and avoiding paint drips, and
also to take advantage of their photocatalytic action against
pathogenic microorganisms. Recent advances focus on the
development of highly active visible-light induced photocataly-
tic coatings based on those materials instead of the traditional
UV-activated ones. In this regard, Krumdieck and co-workers
developed intricate titanium dioxide nanostructures containing
carbon and prepared by chemical vapor deposition on stainless
steel doors and faucet handles, rendering a 100 times larger
surface area and enhanced antimicrobial action compared to
conventional titania coatings and powders."*® However, Hu and
co-workers have recently shown that non harmful bacteria can
become harmful (ie., spore forming bacteria) when using
antimicrobial paints and they state that we should be judicious
in the use of antimicrobial products."*” Most antimicrobial
paints are validated using model Gram + (e.g., S. aureus) and
Gram - bacteria (e.g, E. coli), but it is important to recall that a
large amount of known bacteria can remain in a viable but
nonculturable state. In this regard, Robben and co-workers
demonstrated that commercially available household cleaners
in combination with inorganic salts can induce a viable but
non-culturable state in five human pathogens."**

Besides Ti and Zn, several other metals have been reported
as antimicrobials on medical wards. Copper nanoparticles and
copper-zeolite nanocomposites have been used as nanofillers
within polymeric paints to render antimicrobial coatings on
plastic waiting room chairs and on metal hospital IV pools,
respectively, reducing the total viable microorganisms present,
regardless of the microorganism tested.'*® A randomized con-
trol trial between 2010 and 2011 in the ICUs of 3 hospitals was
carried out by distributing patients admitted in those units in
rooms with or without copper alloy surfaces, and the rates of
incident acquired infections and/or colonization with MRSA or

© 2021 The Author(s). Published by the Royal Society of Chemistry
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vancomycin-resistant Enterococcus (VRE) in each type of room
were compared.*® Patients cared for in rooms having copper
alloy surfaces (i.e., bed rails, overbed tables, IV poles, and arms
of the visitor’s chair) had a significantly lower rate of incident
infection and/or colonization than patients treated in standard
rooms. A prospective cohort study involving 621 patients
hospitalized in a medical intensive care unit having titania-
based photocatalysts coated on high touch surfaces and walls
also revealed that the MRSA acquisition rate was significantly
reduced."*!

Commercial formulations of silver including AgION Tech-
nology’s AgION™ (i.e., silver/zinc ions contained in an LTA type
zeolite) have been demonstrated as efficient antimicrobial
coatings.'*? Silver exchanged Y-type zeolites have not only been
used on surfaces but also as filters to remove airborne patho-
gens (bacteria and fungi) in medical facilities.'** Titania-coated
cordierite foams have also been used to photo-catalytically
degrade gaseous acetaldehyde, which is associated with sick
building syndrome, and airborne or droplet-based infectious
pathogens: E. coli, P. aeruginosa, L. pneumophila, K. pneumoniae,
and MRSA."**

4.2. Antimicrobial medical devices and metal-based
treatments

The extensive medicinal use of metals was displaced with the
discovery of antibiotics, although there are still several medical
devices in use which incorporate metals for the treatment of
pathogenic microorganisms.

Silver-based catheters (e.g,, AcryMed’s SilvaGard™) are
widely used in clinical settings. A 12-month randomized cross-
over trial with 27 878 patients compared rates of nosocomial
catheter-associated urinary tract infection in patients with
silver-coated and uncoated catheters, revealing a decrease in
the risk of infection by 21% among study wards randomized to
silver-coated catheters and by 32% among patients in whom
silver-coated catheters were used on the wards."*> A meta-
analysis of 117 reports and eight trials with a total of 2355
patients satisfying the inclusion criteria revealed that silver
alloy catheters are significantly more effective in preventing
urinary tract infections than silver oxide catheters are."*® Silver-
containing catheters are recommended for short term use only
and their benefit for patients with long-term catheters remains
unclear.

Endotracheal tubes (ETTs) used in mechanically ventilated
patients can be colonized by biofilm forming bacteria and
thus contribute to the development of ventilator-associated
pneumonia. Thorarinsdottir and co-workers reported that
compared to uncoated PVC-based ETTs, the use of noble-
metal-coated (containing silver, gold, and palladium (Bacti-
guard® AB, Sweden)) PVC-based ETTs was associated with
reduced high-grade biofilm formation, although no significant
difference was observed between silicon-coated ETTs and
noble-metal-coated ETTs.'”” ETTs containing silver sulfadia-
zine in the interior of their lumen showed the lack of bacterial
biofilm in 23 patients intubated in intensive care units follow-
ing a phase I-1I randomized clinical trial."*®
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Silver coated tumor endoprostheses have been associated
with a lower rate of early periprosthetic infection in 85 patients
and also debridement with antibiotic treatment and retention
of the implant appeared to be more successful with those
silver-coated implants.'* Implantcast Ltd’s Mutars®™ (i.e., silver
coated bone replacements) showed a reduced rate of infection
in 51 sarcoma patients receiving those megaprostheses com-
pared to those receiving uncoated titanium controls."*°

Silver sulfadiazine, as a topical antiseptic used in partial
and full thickness burns to prevent infection, promotes regen-
eration and reduces inflammation. Several common formula-
tions include silver, copper and bismuth in their formulation
and are commercialized as topical antiseptics (e.g., Silvadene®,
Xeroform™, etc.).">" Chronic wounds are difficult to treat and
frequently polymicrobial populations are colonizing those and
tissue debridement and antibiotic therapy fail in their manage-
ment. Antimicrobial wound dressings have been designed to
release antimicrobial compounds and some of them include
metals in their formulation. To date, more studies are needed
to corroborate that antimicrobial-releasing dressings are more
clinically and cost efficient than conventional wound dressings
in the management of chronic infected wounds."” For
instance, after the analysis of 12 randomized controlled trials
reporting 13 comparisons, O’Meara and co-workers concluded
that current evidence does not support the use of silver-based
products in the management of venous leg ulcers.'>?

Metal ions are also used in the treatment of eye infections
and in periodontal and peri-implant diseases. Eye drops,
mouthwashes, dentifrices, dental implants and delivery devices
have incorporated metallic ions (i.e., silver, copper, zinc, etc.) to
prevent infection, but special attention should be paid to their
potential toxicological effects.'>*

Not only are metals incorporated into devices but also they
can be applied systemically. In this regard, a phase 1 clinical
trial in individuals with cystic fibrosis and chronic P. aeruginosa
airway infections intravenously treated with gallium (as a
disruptor of bacterial iron metabolism) revealed improved lung
function inhibiting P. aeruginosa growth.'>® The use of iron
chelators (such as gallium) and other metals as siderophore
synthesis inhibitors opens new avenues in the management of
pathogenic bacteria.

4.3. Photodynamic and photothermal antimicrobial therapy
based on metal nanoparticles

PDT uses light and tissue oxygen to generate ROS with the aid
of organic photosensitizers. Those organic molecules (e.g:,
porphyrins, chlorophylls and dyes) are prone to photobleaching
and, consequently, metal nanoparticles have been introduced
in this field to avoid such a limitation. Upconversion nano-
particles (i.e., rare-earth based lanthanide- or actinide-doped
transition metals) and large band-gap semiconductor nano-
particles (e.g., zinc oxide, titanium oxide, copper oxide, quan-
tum dots, etc.) have been used in the photoinactivation of
pathogenic bacteria usually colonizing infected topical wounds
due to the inherent limitation in the light penetration depth
achievable. For instance, rapid sterilization and accelerated
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wound healing have been reported by using Zn>" and graphene
oxide in the management of bacteria-infected wounds using
preclinical models.'®® Mao and co-workers recently reported
the use of MOFs for the in vivo labelling of bacteria and
simultaneous photodynamic treatment and therapy guided
observation by using fluorescence imaging."”” PEGylated
W,5040 nanosheets have been used for the multi-modal ima-
ging of the gastrointestinal tract and imaging-guided photo-
thermal (PTT) sterilization in vivo using externally applied near
infrared light."”® The combination of both PDT and PTT is also
possible by combining photothermal MoS, films and an
organic photosensitizer (IR780) assisted by glutathione oxida-
tion accelerated by NIR light, rendering synergistic and rapid
killing of Staphylococcus aureus biofilms in vivo.'™®

Despite all those successful approaches, future research
should be focused on the synthesis of metal nanoparticles
having reduced toxicity and fast biodegradability in order to
compete with conventional organic photosensitizers.

6. Conclusion and outlook

This review primarily focuses on organometallic drug deriva-
tives and metal-containing materials having antibacterial
activity. In addition, this antibacterial action is also reported
for non-antibacterial drugs like metformin, phenformin and
aspirin. The data discussed herein show that the combination
of an organometallic moiety with an organic pharmacophore
(drug) in many cases results in derivatives which are able to
circumvent drug resistance in bacteria. This activity is achieved
by the bimodal (or multimodal) mode of action of organome-
tallic-drug conjugates. In such cases, the chances of developing
antibiotic resistance are reduced because simultaneous
bacterial mutations against several mechanisms of action are
improbable. On the other hand, the impaired uptake of some
organometallic-drug derivatives and their potential toxicity
against mammalian cells hinder the full exploration of their
antibacterial activity in the clinic. This review also shows that
metals and metal nanoparticles can benefit traumatology,
orthopedic surgery, wound management, and ocular, period-
ontal and respiratory diseases thanks to their prophylactic and
bactericidal use; however, despite all recent advances and even
having several metal-based products on the market, more
multicenter prospective clinical trials are needed to validate
the large amount of scientific literature encompassing metal
based antimicrobial materials.
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