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Zinc(n), copper(i) and silver()) salicylate-metronidazole
complexes as novel antimicrobial agents+t

Laura Contini, &2 Raymond J. Turner 2 ** and Fabrizia Grepioni () *@

Combining zinc(), copper(i) and silver(l) salicylates with metronidazole through via mechanochemistry
and slurry, leads to the formation of the new metal complexes [Zn(Sal),(MET),] Form | (1a), [Zn
(Sal)o(MET),] Form Il (1b), [Cu(Sal)o(MET),(H,0)] Form | (2a), [C(Sal)2(MET), (H,O)] Form Il (2b) and[Ag(Sal)
(MET)] (3), that have been fully characterized via single crystal and powder X-ray diffraction and thermal
techniques. Antimicrobial assays conducted on the thermodynamically stable forms of polymorphic zinc
(n) and copper() complexes and the silver complex, have demonstrated that these complexes behave as
effective agents against both Gram-positive and Gram-negative bacteria, including biofilm-forming
strains, and evidence the potential application of crystal engineering strategies to modify and improve
existing drugs in confronting the growing threat of antimicrobial resistance; our results are particularly
promising if one considers the limited antimicrobial activity of pure metronidazole against aerobic

rsc.li/dalton pathogens.

Introduction

Antimicrobial resistance (AMR) is a phenomenon that arises
when microbes - viruses, bacteria and fungi - evolve under
selective pressure and no longer respond to antimicrobial
treatments that were once effective."”> Microbes evolve, over
time and exposure, to develop resistance to any stressors, but
this natural evolutionary process has been drastically acceler-
ated by the misuse and overuse of antimicrobial agents in
humans, animals and agriculture.>” As a result, AMR now rep-
resents one of the most pressing global threats to public
health and sustainable development.® In 2019 alone, bacterial
AMR was directly responsible for an estimated 1.27 million
deaths worldwide.” The economic burden is similarly alarm-
ing: the World Bank estimates that AMR could lead to an
additional US$ 1 trillion in healthcare costs by 2050 and
annual gross domestic product (GDP) losses ranging from US$
1 trillion to US$ 3.4 trillion by 2030.°

The most effective strategies to combat AMR include redu-
cing antibiotic misuse and investing in the development of
new therapeutic agents. However, it cannot be overlooked that
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the current clinical pipeline remains insufficient to meet this
challenge.” According to a 2024 World Health Organization
(WHO) analysis, as of December 2023 only 57 antibiotics and
40 non-traditional antibacterials were in clinical development
(Phases I-III), and just 38% of these candidates were con-
sidered truly innovative.'® Given the urgency, novel approaches
to developing antibacterials are thus needed.

One such approach lies in the exploration of metal-based
antimicrobials.""'? Inorganic and organometallic compounds
have played a limited, yet crucial role in 20th-century medi-
cine. The discovery and approval of the anticancer drug cispla-
tin marked the beginning of medicinal inorganic chemistry."?
Since then, numerous metal-containing compounds have been
explored for treating various diseases, with some of them pro-
gressing to clinical (human) trials."*™® However, it is only
recently, in response to the alarming rise of AMR over the past
decade, that metals and metalloantimicrobials'® or metalloan-
tibiotics®® have garnered a resurgent interest as potential new
antimicrobials."*'* Such interest stems from the structural
and chemical tunability provided by coordination chemistry,
which enables the possibility of expanding the chemical space
of antibiotic development beyond the constraints of classical
drug design.?® Indeed, a rational choice of the components of
the metal complex could enable the modulation of the metal-
ligand interactions, enhancing the antimicrobial efficacy while
mitigating cytotoxicity.>*

A key advantage of metalloantibiotics lies in their multi-
modal mechanisms of action, including the generation of reac-
tive oxygen species (ROS), interference with metalloprotein
function, and the introduction of membrane stress.>* 2’ These
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multimodal mechanisms introduce a higher evolutionary
barrier to resistance development, as bacterial adaptation to
one mechanism does not confer protection against others.

Among existing antimicrobial, metronidazole (MET), a
nitroimidazole derivative introduced in the 1960s, remains a
frontline treatment for anaerobic protozoan and bacterial
infections.”® While initially employed against Trichomonas
vaginalis, it has since proven effective against Helicobacter
pylori, Clostridium difficile, Entamoeba histolytica, and Giardia
lamblia, among others. However, emerging resistance to MET
has been identified in multiple pathogens, raising concerns
about its continued effectiveness and prompting efforts to
repurpose it for modern therapeutic challenges.***° In this
work, we applied crystal engineering strategies to develop
metal-metronidazole complexes with enhanced antimicrobial
activity with the final aim of repurposing the antibiotic against
resistant strains of microbes.*’®® The preparation of co-crys-
tals of known drugs,>’ > as well as the co-crystallization of
natural antibacterials with metal salts,*°™** have been shown
to be successful in a number of cases.**

In the case of metronidazole, however, recent work by
Braun et al.*® evidences the difficulties of obtaining organic
cocrystals of this active principle. We therefore decided to
investigate the antimicrobial properties of MET (see Chart 1)
resulting from coordination complexes formation, combining
it with zinc, copper, and silver salicylates. Zinc and copper are
widely known and used for their antimicrobial properties in
diverse fields,*>*® although the lion’s share, especially in the
antibacterial field, is taken by silver,**>* despite indications of
rising resistance in some bacterial strains.>*>°

The use of salicylate as a co-ligand might enhance the
efficacy of the antibacterial response.>® By leveraging both the
known pharmacological profile of metronidazole and the
unique antimicrobial properties of metal ions, we aim to
develop new antimicrobials.

The following complexes were synthesised via solution or
solid-state methods (see Experimental): [Zn(Sal),(MET),]
Form I (1a) and Form II (1b), [Cu(Sal),(MET),(H,0)] Form I
(2a) and Form II (2b), and [Ag(Sal)(MET)] (3). The anti-
microbial properties of 1b, 2b and 3 were tested against two
Gram-positive (Staphylococcus aureus ATCC 25923 and
Streptococcus epidermidis ATCC 12228) and two Gram-negative
(Escherichia coli ATCC 25922 and Pseudomonas aeruginosa
ATCC 27853) pathogens.

OH OH

Salicylate (Sal) Salicylic acid (HSal) Metronidazole (MET)

Chart 1 The reagents used in this work in combination with zinc(n),
copper(i) and silver().
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Experimental
Materials and methods

Metronidazole was purchased from Tokyo Chemical Industries
(TCI), the other reagents (see Chart 1) from Sigma-Aldrich; all
were used without further purification.

Synthesis

All compounds were synthesized as summarized in Table 1.

Mechanochemical synthesis. The metal complexes 1b, 2b
and 3 were obtained by mechanochemical reaction of MET
(1 mmol) with the salicylate complexes [Zn(Sal),(H,0),]
(0.5 mmol), [Cu(Sal),(H,O),] (0.5 mmol) and [Ag(Sal)]
(1 mmol), respectively. Liquid assisted grinding (LAG)®” was
conducted for 90 min in 5 mL stainless steel jars in the pres-
ence of 100 pL of H,O and two 7 mm stainless steel balls, with
a Retsch MM400 ball miller operated at the frequency of
25 Hz.

Compounds 1b and 3 could also be obtained, in the
same ball milling conditions, if HSal (1 mmol) and ZnO
(0.5 mmol) or AgNO; (1 mmol) were used instead of the
salicylate complexes, as confirmed by powder X-ray diffrac-
tion (PXRD) measurements on the solid products, pre-
viously washed with H,O/EtOH at room temperature. When
the same reaction was repeated with CuCl,-2H,0
(0.5 mmol), however, an amorphous powder was obtained
that, after recrystallization from water at room temperature,
yielded a crystalline mixture of 2a and 2b, as confirmed by
a comparison of the experimental powder pattern with
those calculated for 2a and 2b on the basis of their single
crystal structure (see below).

Slurry synthesis. The metal complexes 1b, 2b and 3 were
obtained by slurrying stoichiometric amounts of MET
(1 mmol), HSal (1 mmol) and either ZnO (0.5 mmol),
CuCl,-2H,0 (0.5 mmol) or AgNO; (1 mmol) in 500 pL of water.
The same products were obtained by substituting HSal and the
metal salt with the corresponding salicylate complex, namely
[Zn(Sal),(H,0),], [Cu(Sal),(H,0),] and [Ag(Sal)], respectively. In
both cases the products obtained were washed with water and
ethanol, to remove unreacted reagents, and characterized via
powder X-ray diffraction (PXRD).

Table 1 Summary of the synthetic methods employed for the synthesis
of the complexes studied in this work

Compound Synthetic method

[Zn(Sal),(MET),] Form I (1a)
[Zn(Sal),(MET),] Form II (1b)

Solution reaction
Slurry/LAG?, SCSC” conversion
from 1a, grinding of 1a

[Cu(Sal),(MET),(H,0)] Form I (2a) LAG®
[Cu(Sal),(MET), (H,0)] Form II (2b) Slurry/LAG*
[Ag(Sal)(MET)] (3) Slurry/LAG*

“Recrystallization of powder products yielded crystals suitable for
single crystal X-ray diffraction. ” Single-crystal-to-single-crystal (SCSC)
transformation. °Recrystallization from water yielded a physical
mixture of 2a and 2b.

This journal is © The Royal Society of Chemistry 2025
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Solution synthesis

The [Zn(Sal),(MET),] Form I (1a). MET (1 mmol), HSal
(1 mmol) and Zn(NO;),-6H,O (0.5 mmol) were dissolved in
water, under reflux, and the solution was kept under reflux for
1 h. The resulting light-yellow, clear solution was cooled to
room temperature; single crystals were obtained after few days
and analysed via single crystal X-ray diffraction (SCXRD).
Spontaneous single-crystal-to-single-crystal conversion of 1a
over 2 weeks yielded single crystals of 1b, that were analysed
via SCXRD.

[Cu(Sal),(MET),(H,0)] Form I (2a). NaSal (1 mmol) and
CuSO0, (0.5 mmol) were dissolved in 5 mL of water; a second
solution, prepared by dissolving 1 mmol of MET in the
minimum amount of water, was then slowly added under stir-
ring. After one week the clear green solution yielded single
crystals of 2a, that were analysed via SCXRD.

Recrystallization of powder products. Single crystals of 1b,
2b and 3 were obtained by slow evaporation at ambient con-
ditions of an acetone solution of the corresponding LAG pro-
ducts and analysed via SCXRD.

Single crystal X-ray diffraction (SCXRD)

Single crystal data for 1a, 1b, 2a, 2b and 3 were collected at
room temperature on an Oxford X’Calibur S CCD diffract-
ometer equipped with a graphite monochromator (Mo-Ka radi-
ation, 4 = 0.71073 A). Reflection data were integrated and ela-
borated with the CrysAlisPro Software. The structures were
solved with SHELXT"® by intrinsic phasing and refined on F*
with SHELXL,* implemented in the Olex2 software,*® by full-
matrix least squares refinement. Hoy atoms were either
directly located or, when not possible, added in calculated
positions; Hgy atoms for all compounds were added in calcu-
lated positions and refined riding on their respective carbon
atoms. All non-hydrogen atoms were refined anisotropically.
One 2-hydroxyethyl group of one of the two MET ligands in 1a
shows a 80:20 disorder. One salicylate ligand in 2b shows a
50: 50 disorder of the -OH group on opposite sides of the aro-
matic ring. The same disorder (modelled as 25 : 75) is observed
on another salicylate ligand of the same compound (2b). Data
collection and refinement details are listed in Table ESI-1.f
The program Mercury®! was used for graphic representations.
Hirshfeld surfaces®*®* have also been added to the ESL¥
Crystal data tables are collected in the ESIf file. Crystal data
have been deposited with the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK as sup-
plementary publication No. CCDC 2448808-2448812.

Powder X-ray diffraction (PXRD)

The X-ray diffraction patterns were collected in Bragg-
Brentano geometry on a PANalytical X'Pert Pro automated
diffractometer, equipped with an X'celerator detector, using
Cu-Ka radiation (4 = 1.5418 A) without monochromator in the
3-40° 26 range (step size 0.033°; time/step: 20 s; Soller slit 0.04
rad, anti-scatter slit: 1/2, divergence slit: 1/4; 40 mA-40 kV).
Phase identification was performed by comparing the experi-
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mental powder diffraction patterns with those calculated®' on
the basis of single crystal data.

Thermogravimetric analysis (TGA)

TGA measurements were performed with a PerkinElmer
TGA8000 in the 25-700 °C temperature range, under N, gas
flow at a heating rate of 10 °C min~". TGA traces are reported
in the ESL T

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) traces were recorded
using a PerkinElmer DSC 8500 apparatus. In a typical pro-
cedure, the sample (5-10 mg) was weighed into a DSC alu-
minium pan and then capped with a lid. All samples were first
cooled down to 0 °C, then they were heated, at 10 °C min™,
until the onset of degradation was observed. All the experi-
ments were performed under an N, flow with a flow rate of

20 mL min~". DSC traces are reported in the ESL}

Antimicrobial activity

The antimicrobial efficacy of [Zn(Sal),(MET),] Form II (1b), [Cu
(Sal),(MET),(H,0O)] Form II (2b) and [Ag(Sal)] (3), ie the
thermodynamically stable forms of the synthesized metronida-
zole-based metal complexes, was determined and compared
with that of the starting reagents MET, NaSal, [Zn(Sal),(H,0),],
[Cu(Sal),(H,0),] and [Ag(Sal)]. Antimicrobial efficacy was
examined using the standard broth dilution method against
the Gram-positive (Staphylococcus aureus ATCC 25923 and
Streptococcus epidermidis ATCC 12228) and Gram-negative
(Escherichia coli ATCC 25922 and Pseudomonas aeruginosa
ATCC 27853) as examples of key pathogens. The assay was per-
formed in duplicate using 96-wells plates. The type culture col-
lection indicator strains were used to avoid the variability of
laboratory domesticated variants; for this reason they were not
subcultured more than twice from the original strain.

The assays were performed using Luria-Bertani broth (LB)
as liquid media for microbial growth. LB was prepared from
milliQ water with 10 g L™" NaCl, 5 g L™" yeast extract, and 10 g
L7! tryptone. The agar medium was prepared by adding 10 g
L™" Dbacteriological agar to the LB prior to autoclaving.
Bacterial cultures were initiated from frozen stocks and grown
overnight in LB broth at 37 °C with shaking (180 rpm). The
bacterial culture was adjusted to 6 x 10° CFU mL™" by compar-
ing to a 2 McFarland standard. Subsequently, 25 pL of the bac-
terial suspension were diluted in 30 mL of LB broth to achieve
a working concentration of 5 x 10> CFU mL™". Serial two-fold
dilutions of the test compounds were prepared in a 96-well
plate using LB broth, with a final well volume of 200 pL com-
prising 100 pL of antimicrobial solution and 100 pL of bac-
terial inoculum. Positive (bacteria without compound) and
negative (broth only) controls were included.

The plates were incubated at 37 °C for 18-20 hours. The
MIC (Minimum Inhibitory Concentration) was defined as the
lowest concentration of the compound that inhibited visible
bacterial growth, assessed both visually and spectrophotome-
trically (absorbance at 600 nm). Wells without visible growth

Dalton Trans., 2025, 54, 11925-11934 | 11927
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were plated on LB agar to determine the MBC (Minimum
Bactericidal Concentration), defined as the lowest concen-
tration yielding no colonies (0 CFU) after 20 hours of incu-
bation at 37 °C.

Biofilm inhibition was evaluated on the 96-well plates used
for MIC determination. Following the MIC assay, the culture
supernatants were carefully removed, and wells were washed
with MilliQ water to remove planktonic cells. A fixation step
was carried out by adding 300 pL of 98% EtOH, which was
then left to evaporate at RT. The plate wells were then washed
three times with milliQ water; afterwards a 0.1% crystal violet
(CV solution was added to each well and incubated at room
temperature for 30 minutes. The CV solution was then dec-
anted, and the wells were washed three times with MilliQ
water before being allowed to air-dry. To solubilize the bound
CV, 200 pL of 30% acetic acid was added to each well. The
extracted CV was quantified spectrophotometrically at an
absorbance of 600 nm. Amount of Biofilm material was calcu-
lated as a percentage relative to unchallenged control wells.)

Fractional inhibitory concentration index (FICi)

The antibacterial activity of salicylate metal complexes in com-
bination with the antibiotic was evaluated using the broth
micro-dilution checkerboard assay in order to establish if the
individual compounds of the complexes are synergistic in
their antimicrobial activity.®> Liquid culture of the pathogens
used for this assay (S. epidermidis and P. aeruginosa) were
adjusted to 5 x 10° CFU mL™" and inoculated into 96-well
plates containing a two-dimensional concentration grid of
metronidazole (diluted vertically) and the salicylate metal
complex (diluted horizontally). Antibiotic concentrations
ranged from 0.25x to 4x the MIC of each compound. After
inoculation, a final volume of 100 pL was obtained (50 pL of
compounds solution + 50 pL of inoculant). Positive (bacteria
only) and sterility (broth only) controls were included. Plates
were incubated at 37 °C for 18-20 hours without shaking. MIC
values for antibiotics in combination were determined as the
lowest concentration of each compound at which visible
growth was inhibited. FIC indices were calculated using the
formula:

MIC, in combination
MIC, alone

FIC, =

MICg in combination
MICg alone

FICg=

FIC; = FIC, + FICg

FIC indices were interpreted as synergistic (FIC; < 0.5),
additive (FIC; > 0.5 to <1.0), indifferent (FIC; > 1.0 to <4.0), or
antagonistic (FIC; > 4.0).°® Assays were performed in biological
triplicates and results expressed as mean FIC; value.
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Results and discussion
Preparation and characterization of [Zn(Sal),(MET),]

The two distinct polymorphs of the zinc(u) complex [Zn
(Sal),(MET),], 1a and 1b, were obtained through different syn-
thetic methods (Scheme 1). Synthesis from solution consist-
ently yielded the polymorph 1a. In contrast, bulk synthesis, i.e.
mechanochemical and slurry, yielded the polymorphic form
1b, irrespective of the starting material choice (ZnO or a pre-
formed zinc salicylate complex).

Interestingly, 1a spontaneously transformed into 1b
through a single-crystal-to-single-crystal conversion in a matter
of two weeks, indicating that 1b is the thermodynamically
stable polymorph at room temperature. Conversion from 1a to
1b also occurs in a matter of minutes upon grinding single
crystals of 1a (see Fig. ESI-1}). Single crystals of 1b were also
obtained from the recrystallization in acetone of the powder
product. The structure of both polymorphs was solved via
SCXRD. Structural characterization of the LAG and slurry pro-
ducts was done by comparing the experimental powder diffrac-
tion patterns with the calculated ones for forms 1a and 1b (see
Fig. ESI-2 and 37).

SCXRD revealed that both polymorphs feature a tetra-co-
ordinated zinc(u) centre, with two metronidazole (MET) mole-
cules and two salicylate (Sal) anions coordinating the metal
ion in a tetrahedral fashion. The orientation of the MET
ligands around the N-Zn bonds in 1a and 1b is markedly
different (see Fig. 1), and the conformations of the MET
ligands also differ (see Fig. ESI-71). This differences signifi-
cantly influence the hydrogen-bonding network within the
crystal structures, and accounts for the different packing
arrangements of the two forms (Fig. 2). The smaller unit cell
volume of 1b with respect to 1a indicates a more efficient

MET + [Zn(Sal),(H,0),]
2:1
slurry (%

[Zn(Sal),(MET),] [Zn(Sal),(MET),]
Form Il (1b) <: Form | (1a)
SCSC

slurry (9) H,0
MET +ZnO + HSal | | MET + Zn(NO,),:6H,0 + HSal
2:1:2 2:1:2

Scheme 1 Details of the LAG, slurry and crystallization processes for
the synthesis of [Zn(Sal)>,(MET),] (1) from various precursors, and details
of polymorphic transition between Form | (1a) and Form Il (1b).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Different orientation of the MET ligands around the N-Zn bonds
in [Zn(Sal),(MET),] 1a (left) and 1b (right) [Cmet in orange, Csy in grey;
Hch atoms not shown for clarity.].

Fig. 2 Comparison of the H-bonding pattern choices resulting from
the different MET orientation in crystalline [Zn(Sal),(MET),] 1a (left) and
1b (right) [CmeT in orange, Cs, in grey; Hey atoms not shown for clarity.].

packing in the solid state and is in agreement with the higher
thermodynamic stability of 1b. Because of its higher stability
and the ease of preparation in bulk form via solid-state tech-
niques, further characterizations have been carried out only
on 1b.

Thermal stability of 1b was assessed via TGA and DSC
measurements (see Fig. ESI-9 and 107}). TGA was performed in
the 30-650 °C range; the metal complex is stable up to 130 °C
where a multistep degradation occurs, which ends at 550 °C.
DSC was performed in the 20-130 °C range and no thermal
event was observed in such range.

Preparation and characterization of [Cu(Sal),(MET),(H,0)]

Polymorphism was also observed for the copper complex, with
Form I (2a) and Form II (2b) resulting from different synthetic
routes and starting copper(u) source (Scheme 2).

Solution methods yielded single crystals of 2a, while slurry
synthesis consistently yielded 2b in powder form, regardless of
whether the starting material was a copper salt or a pre-
formed copper salicylate complex (Fig. ESI-4 and 5t). The
influence of the starting copper source was observed, however,
when the synthesis was performed mechanochemically via
Liquid Assisted Grinding (LAG): the use of copper bis-salicylate
resulted in the obtainment of pure 2b, whereas the reaction
CuCl, and sodium salicylate (see Materials and methods)
resulted in a physical mixture of 2a and 2b (Fig. ESI-4}).

Both polymorphs feature a penta-coordinated copper(u),
with two metronidazole (MET) molecules, two salicylate (Sal)
anions and one water molecule coordinating the metal centre

This journal is © The Royal Society of Chemistry 2025
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MET + CuSO, + HSal
2:1:2

leo

[Cu(Sal),(MET),(H,0)]
Form | (2a)

MET + [Cu(Sal),(H,0),]

2:1
l&;

[Cu(Sal),(MET),(H,0)]
Form Il (2b)

amorphous
powder

slurry

MET + CuCl, + HSal
2:1:2

[Cu(Sal),(MET),(H,0)]
Form | (1a) + Form Il (2b)

Scheme 2 Details of the LAG, slurry and crystallization processes for
the synthesis of [Cu(Sal)>(MET),(H,0)] (2) from various precursors.

Fig. 3 Different orientation of the MET ligands around the N—Cu bonds
in [Cu(Sal)2(MET),(H,0)] 2a (left) and 2b (right) [Cmet in orange, Csy in
grey; Hcy atoms not shown for clarity.].

(Fig. 3). As observed for the zinc complex, the two polymorphs
differ both for the orientation of the two metronidazole mole-
cules around the N-Cu bonds and for the MET molecules con-
formation (see Fig. ESI-8f). Despite these differences, the
packing arrangement is similar in the two crystal forms

(Fig. 4).

52
Weg g
o e

W E ey
g‘, kY

[Cu

of the metal
(Sal)(MET),(H,0)] 2a (left) and 2b (right) [Cmet in orange, Csy in grey; H
atoms not shown for clarity.].

Fig. 4 Packing arrangement complexes in

Dalton Trans., 2025, 54, 11925-11934 | 11929
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As in the case of the zinc complex, the higher thermo-
dynamic stability of 2b is reflected in the smaller unit cell
volume with respect to 2a, indicating a more efficient packing
in the solid state. Because of its higher stability and the ease
of preparation in bulk form with solid-state techniques,
further characterizations have been carried out only on [Cu
(Sal),(MET),(H,0)] 2b.

Thermal stability of 2b was assessed via TGA and DSC
measurements (see Fig. ESI-9 and 10%). TGA was performed in
the 30-700 °C range; in agreement with the monohydrate
nature of the compound, an initial weight loss occurs at ca.
70 °C, which is ascribable to the loss of the coordinated water
molecule. The anhydrous metal complex is then stable up to
160 °C, where a multistep degradation occurs. Degradation
ends at 600 °C. DSC was performed in the 20-160 °C range.
The trace shows an initial broad endothermic peak at 100 °C,
corresponding to the first weight loss observed in TGA, and
thus attributed to dehydration. A second, smaller endothermic
peak (most probably involving the anhydrous complex, which
has not been characterized), has been observed prior to degra-
dation at 140 °C.

[Ag(Sal)(MET)]

In contrast to the zinc and copper complexes, the silver com-
pound [Ag(Sal)(MET)] (3) did not exhibit polymorphism under
the studied conditions. The same product was obtained across
all synthetic methods (Scheme 3).

Recrystallization from acetone of the compound in powder
form yielded single crystals of the complex, which were then
used for the structural characterization via SCXRD. The two
crystallographically independent silver complexes form large
dimeric rings and hydrogen bonded infinite chains, respect-
ively (Fig. 5).

Thermal stability of 3 was assessed via TGA and DSC
measurements (see Fig. ESI-9 and 10t). TGA was performed in
the 30-700 °C thermal range. The metal complex is stable up

MET + [Ag(Sal)]
1:1

&

slurry

| [Ag(sal)(MET)] (3) |

&

MET + AgNO, + HSal
1:1:1

slurry

Scheme 3 Details of the LAG and slurry processes for the synthesis of
[Ag(Sal)(MET)] (3) from various precursors.
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Fig. 5 Linear coordination around the two independent silver() cations
in [Ag(Sal)(MET)] (3) (top left); hydrogen bonds link the two independent
units in dimers (top right) and infinite chains extending parallel to the
crystallographic a-axis (bottom) [Pink and green spheres indicate the
two independent silver cations. Cuer in orange, Cs, in grey; Hcy atoms
not shown for clarity.].

to 160 °C, then a multistep degradation occurs that ends at
490 °C. DSC was performed in the thermal range of stability of
the compound, between 20 °C and 160 °C; no thermal event
was observed in the analysed range.

Antimicrobial efficacy

The antimicrobial activity of the metal complexes 1b, 2b and 3
was assessed against four bacterial strains: the Gram-negative
species Escherichia coli and Pseudomonas aeruginosa, and the
Gram-positive Staphylococcus aureus and Staphylococcus epider-
midis. Minimum inhibitory concentrations (MIC) and
minimum bactericidal concentrations (MBC) were determined,
with collective results shown in Fig. 6, and complete data pro-
vided in Tables ESI-4 and 5} (MIC) and Tables ESI-6 and 7}
(MBC).

A general enhancement in antimicrobial performance was
observed for all MET-containing metal complexes compared to
metronidazole alone, across both Gram-positive and Gram-
negative strains. This result is relevant, given that metronida-
zole is primarily effective against anaerobic pathogens;®’ thus,
its weak activity against the aerobic and facultative aerobic
strains tested here is consistent with expectations. Overall, the
incorporation of metronidazole into the metal-salicylate frame-
work significantly enhances the antimicrobial activity of the
antibiotic towards these aerobic and facultative pathogens,
making the metal complexes promising candidates for further
development as broad-spectrum antimicrobial agents. The
observed improvements are particularly notable for the [Ag
(Sal)(MET)] complex, which consistently demonstrated the
lowest MIC and MBC values across all tested bacterial strains,
suggesting potential for applications in combating multidrug-
resistant pathogens. This is especially promising in light of the
urgent need for new agents effective against Gram-negative
bacteria,®® a category notoriously resistant to treatment due to
the cell wall structure of the additional outer membrane.

Interesting considerations can be made when comparing
the antimicrobial activity of the parent metal-salicylate

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (Top) Minimum inhibitory concentration (MIC), and (bottom)
Minimum bactericidal concentration (MBC) for the compounds under
study. The y-axis scale is log, to provide better data visualization. Note:
the shorter the bar, the better the antimicrobial activity.

complex with the novel metronidazole derivative prepared in
this work. The [Zn(Sal),(H,0),] complex exhibited MICs in the
range of 1-5 mM and MBCs between 2-3 mM. Its MET-con-
taining analogue, [Zn(Sal),(MET),], comparable
activity with only minor variation depending on the bacterial

showed

species, indicating that metronidazole incorporation did not
significantly alter the antimicrobial activity of the Zn(u)-based
complex. A similar pattern was observed for the copper(u) com-
plexes. Copper generally shows a higher antimicrobial activity
with respect to zinc, however, the MIC and MBC values for
both metal systems were comparable in our study. This may
suggest a mitigating role of ligand environment.

Overall, the metal-salicylate framework appears to be the
dominant contributor to antimicrobial action, as the inclusion
of metronidazole does not drastically improve or diminish the
antimicrobial activity of the parent metal-salicylate, other than
for the MBC of the silver forms to the Gram-negative bacteria.
This prompted further investigation into potential synergistic
or antagonistic effects.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Fractional inhibitory concentration index (FIC index)

To assess possible synergistic or antagonistic effects in com-
bining metronidazole with the metal-salicylate complex, FIC
indices were calculated for combinations of MET with [Zn
(Sal)»(H20),], [Cu(Sal),(H,O),] and [Ag(Sal)], against
P. aeruginosa and S. epidermidis. The choice of the pathogen
used in these experiments was based on which displayed the
higher (S. epidermidis) and lower (P. aeruginosa) antimicrobial
response toward the tested compounds.

As shown in Fig. 7, the results are considerably different for
these two very physiologically different bacteria. For
P. aeruginosa, synergy was observed for MET in combination
with [Zn(Sal),(H,0),] and [Ag(Sal)], whereas the combination
with the copper equivalent: [Cu(Sal),(H,0),] exhibited only
additive effects. In contrast, against S. epidermidis, the MET-
[Zn(Sal),(H,0),] combination was indifferent, while the Cu(u)
and Ag(1) complexes again yielded additive effects. Overall, the
FIC index analysis suggests that the combination of metroni-
dazole with most metal-salicylates demonstrates potential
synergistic or additive effects against both P. aeruginosa and
S. epidermidis.

While these interactions are informative for co-adminis-
tration of unbound components, they do not directly translate
to the activity of the coordinated MET-metal complexes. This
is likely due to the fact that in the synthesized complexes, MET
is coordinated to the metal centre and thus not freely available
in solution. Coordination alters both the electronic structure
and reactivity of the ligand, which may suppress the individual
synergistic effects observed in binary mixtures.

Biofilm inhibition

Although most compounds displayed a concentration of com-
plete inhibition of bacteria growth (MBC assay), this does not
preclude the possibility of biofilm formation during incu-
bation, given the high antimicrobial tolerance of biofilms.*

2.0
[ ]MET + [Zn(Sal),(H,0),]
[ IMET +[Cu(Sal),(H,0),]
s [ ]MET +[Ag(Sal)]

[
111

FIC index
°

—_—

o
o
1

0.0

P.aeruginosa S.epidermidis

Fig. 7 Fractional inhibitory concentration (FIC) index of metronidazole
(MET) in combination with metallo-salicylates ([Zn(Sal),(H20),l, [Cu
(Sal)»(H;0),l, and [Ag(Sal)l) against representative strains of
P. aeruginosa and S. epidermidis.
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Fig. 8 Antibiofilm activity of the compounds under study at 0.1 mg
mL™ of compound.

To evaluate anti-biofilm properties, all compounds were tested
at a uniform concentration of 0.1 mg mL™", regardless of their
MIC or MBC values, to enable cross-comparison. As shown in
Fig. 8, exposure to this sub-MIC concentration resulted in mea-
surable reductions in biofilm biomass for all tested strains,
even in the case of metronidazole, whose MICs were substan-
tially higher. Intriguingly, similar results are observed also for
sodium salicylate, despite no bactericidal nor bacteriostatic
action was observed during the other antimicrobial tests.
However, in some cases, an increase in biofilm biomass was
observed. For instance, exposure of P. aeruginosa to [Zn
(Sal)»(MET),] led to enhanced biofilm formation. This
phenomenon is consistent with known bacterial responses to
sublethal stress, wherein P. aeruginosa may upregulate the pro-
duction of extracellular polymeric matrix as a protective
mechanism.

Conclusions

This study reports the synthesis and structural characterization
of a series of metronidazole-based metal complexes incorpor-
ating salicylate ligands and Zn(u), Cu(u), or Ag(r) ions. Single-
crystal X-ray diffraction revealed the existence of polymorphic
forms for both the zinc and copper complexes, with the most
thermodynamically stable forms (1b and 2b, respectively)
being readily obtained through bulk methods such as mechan-
ochemistry and slurry.

Antimicrobial assays demonstrated that metal complex for-
mation enhances the activity of metronidazole against aerobic
Gram-positive and Gram-negative pathogens, with the silver
complex [Ag(MET)(Sal)] (3) showing the most promising
profile, including low MIC and MBC values and effective
biofilm inhibition. Interestingly, for the Zn(u) and Cu(u) com-
plexes, incorporation of metronidazole did not significantly
alter the antimicrobial efficacy compared to their parent
metal-salicylates.

Without extensive omics and biochemical studies, it is pre-
mature to propose a definitive mechanism of action; however,
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a plausible hypotheses can be postulated based on existing
knowledge. Salicylic acid may facilitate MET entry into the bac-
terial cell by altering the transporters that are regulated by the
mar regulon.”® Additionally, salicylic acid depolarizes the bac-
terial membrane, leading to loss of energy needed for proton-
motif force (PMF) dependent efflux pumps; as a result, intra-
cellular MET is not effluxed. The presence of the metal centre
also has an action: silver ions are known to damage redox
enzymes, releasing iron that catalyses reactive oxygen species
(ROS) production via Fenton-type reactions. This oxidative
stress can damage membranes'? Similarly, copper exhibits
Fenton reactivity, while zinc interferes with thiol biochemistry:
exposure to both metal ions would lead to ROS generation.
Furthermore, all three metals, could work with salicylic acid to
effectively damage the electron transport chain proteins,
further uncoupling the PMF.

Although bacterial membranes differ in lipid composition,
their characteristics are overall similar. Bacterial membranes
contain more negatively charged head groups than eukaryotic
membranes, with the acyl chains being similar in length and
saturation profiles, and similar membrane dynamic properties
are expected across strains. Thus, differences in the lipophili-
city of our compounds, as described by structure-activity
relationship (SAR), would not be expected to differentially
affect the bacteria. Instead, species-specific differences in the
efficacies of our compounds likely stem from the presence or
absence of key transporters and from variations in the abun-
dance and susceptibility of reactive thiol-containing (RSH)
enzymes. Moving forward, although salicylic acid, metronida-
zole and the individual metals all have established toxicologi-
cal profiles, the safety of each metal complex would need to be
independently evaluated for any intended application.

Regardless, the findings presented here are particularly prom-
ising considering the limited antimicrobial activity of metronida-
zole against aerobic pathogens. Future studies will extend this
investigation to anaerobic bacterial pathogens, for which metroni-
dazole is known to be clinically active, in order to further explore
the applicational potential of these novel metal complexes.
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