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Simple Summary: Our previous studies demonstrated that a silver(I) nitrate complex with metron-
idazole presented greater photo-stability, antimicrobial, cytotoxic and genotoxic properties than
silver(I) nitrate. These advantages make the complex a better candidate for clinical therapy than pure
salt. Therefore, in this study, we decided to synthetize and determine the chemical, cytotoxic and
antimicrobial properties of [Ag(MTZ)2]2SO4, a novel metronidazole silver(I) complex, in comparison
with pure salt Ag2SO4 and [Ag(MTZ)2NO3]. The photo-stability, cytotoxicity toward cancer cells and
antimicrobial activity of [Ag(MTZ)2]2SO4 is higher than Ag2SO4. What is more, we found that the
novel synthetized complex shows better cytotoxicity against cancer cells than [Ag(MTZ)2NO3]. Both
complexes have similar biological activity against the majority of tested bacterial strains.

Abstract: Silver salts and azole derivatives are well known for their antimicrobial properties. Re-
cent evidence has demonstrated also their cytotoxic and genotoxic potential toward both normal
and cancer cells. Still, little is known about the action of complexes of azoles with silver(I) salts.
Thus, the goal of the study was to compare the chemical, cytotoxic and antimicrobial properties of
metronidazole complexes with silver(I) nitrate and silver(I) sulfate to metronidazole and pure silver(I)
salts. We synthetized a novel complex, [Ag(MTZ)2]2SO4, and confirmed its chemical structure and
properties using 1H and 13C NMR spectroscopy and X-Ray, IR and elemental analysis. To establish
the stability of complexes [Ag(MTZ)2NO3] and [Ag(MTZ)2]2SO4, they were exposed to daylight and
UV-A rays and were visually assessed. Their cytotoxicity toward human cancer cells (HepG2, Caco-2)
and mice normal fibroblasts (Balb/c 3T3 clone A31) was determined by MTT, NRU, TPC and LDH
assays. The micro-dilution broth method was used to evaluate their antimicrobial properties against
Gram-positive and Gram-negative bacteria. A biofilm eradication study was also performed using the
crystal violet method and confocal laser scanning microscopy. The photo-stability of the complexes
was higher than silver(I) salts. In human cancer cells, [Ag(MTZ)2]2SO4 was more cytotoxic than
Ag2SO4 and, in turn, AgNO3 was more cytotoxic than [Ag(MTZ)2NO3]. For Balb/c 3T3 cells, Ag2SO4
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was more cytotoxic than [Ag(MTZ)2]2SO4, while the cytotoxicity of AgNO3 and [Ag(MTZ)2NO3]
was similar. Metronidazole in the tested concentration range was non-cytotoxic for both normal and
cancer cells. The complexes showed increased bioactivity against aerobic and facultative anaerobic
bacteria when compared to metronidazole. For the majority of the tested bacterial strains, the sil-
ver(I) salts and complexes showed a higher antibacterial activity than MTZ; however, some bacterial
strains presented the reverse effect. Our results showed that silver(I) complexes present higher
photo-stability, cytotoxicity and antimicrobial activity in comparison to MTZ and, to a certain extent,
to silver(I) salts.

Keywords: cytotoxicity; antimicrobial activity; silver(I) complexes; synthesis of silver(I) complexes;
light stability; HepG2 cells; Caco-2 cells; Balb/c 3T3 cells

1. Introduction

Silver(I) salts have well-documented antimicrobial properties. The mechanism of the
bactericidal action of silver compounds is based on their binding to the thiol groups (-SH)
of proteins, including bacterial enzymes, leading to their inactivation by the formation of
sparingly soluble connections with cytoplasmic proteins [1]. As a result, a protective coat
is created that prevents pathogens from penetrating into the cell. Silver nitrate (Argenti
nitras, Lapis) is one of the most commonly used silver(I) salts because of its germicidal and
bacteriostatic properties. To prevent gonococcal conjunctivitis in newborns, silver(I) nitrate
is employed using Credé’s procedure (Mova Nitrat Pipette®, Teva Pharmaceuticals Poland,
Warsaw, Poland) [2]. This salt in higher concentrations is also used in otolaryngology in
the form of a solution or stick for a chemical cauterization procedure, which consists of
coagulating a pathological or excessively bleeding lesion to accelerate the healing process.
Cumulating in vitro evidence reveals the cytotoxic and genotoxic potential of the silver(I)
salts toward both normal and cancer cells [3,4].

Metronidazole (MTZ) is a 5-nitroimidazole derivative (Figure 1). It acts primarily
on anaerobic organisms, namely, bacteria and protozoa. It easily penetrates their cells.
The antimicrobial mechanism action involves the mediated reduction of the nitro group
(-NO2) of MTZ to the amino group (-NH2) by ferredoxin (present in anaerobic organisms).
The resulting product causes DNA damage to the microbes, leading to their cell death.
Metronidazole was considered to be anti-tumor active due to its affinity for penetration
and accumulation in hypoxic tumors [5]. Nitroimidazoles can act as oxygen mimics, espe-
cially in hypoxic cells, so they can be used during irradiation to fix the radiation-induced
damage in DNA or other macromolecules [6]. It was also reported that some derivatives
of 2-nitroimidazole inhibited tumor-specific angiogenesis by blocking the production of
angiogenic factors [7]. Metronidazole is readily absorbed after oral administration, and it is
also used topically on the skin and vaginally [8,9].
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Silver, a d-block metal, has the ability to form complex compounds. It was demon-
strated that silver(I) complexes exhibit more varied chemical properties than pure silver(I)
salts [3,4,10]. Moreover, numerous studies have revealed that silver(I) complexes possess
better biological activity than the free ligand, including cytotoxicity, genotoxicity, and
antimicrobial activity [11–14]. Among silver(I) complexes, the best explored are complexes
with nitrate counter-ions with azole and pyridine derivative ligands. However, nothing
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is known about complexes of silver(I) sulfate comprising these ligands. Ag2SO4 has not
been applicated in medicine due to a low degree of ionization and resulting poor solubility.
Therefore, it is tempting to investigate whether a complex of silver(I) sulfate with azole or
pyridine derivative ligands have different chemical and biological properties. To address
this problem, we synthetized a novel complex, [Ag(MTZ)2]2SO4, and examined its chemical
structure and properties using 1H and 13C NMR spectroscopy and X-ray, infrared radiation
(IR) and elemental analysis. Therefore, the aim of the study was to compare the chemical,
cytotoxic and microbiological properties of metronidazole complexes with silver(I) nitrate
and silver(I) sulfate to metronidazole and pure silver(I) salts.

2. Materials and Methods
2.1. Chemicals and Reagents

Metronidazole (CAS: 443-48-1; molecular weight: 171.16 g/mol) was purchased
from Alfa Aesar (Kandel, Germany). Silver nitrate (CAS: 7761-88-8; molecular weight:
169.87 g/mol), silver sulfate (CAS: 10294-26-5; molecular weight: 311.79 g/mol) and cis-
platin (CAS: 15663-27-1; molecular weight: 300.05 g/mol) were purchased from Sigma-
Aldrich (Poznań, Poland). Triton X-100, dimethyl sulfoxide (DMSO), fetal bovine serum
(FBS), bovine calf serum (BCS), neutral red dye (NR), Coomassie brilliant blue R-250 dye,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), trypsin-EDTA and
an antibiotic solution (10,000 U/mL of penicillin, 10 mg/mL of streptomycin) were pur-
chased from Sigma-Aldrich (Poznań, Poland). All other chemicals were purchased from
commercial suppliers and were of the highest available purity.

2.2. Synthetic Procedures
2.2.1. Synthesis of [Ag(MTZ)2NO3]

We described a modified and simplified synthesis of this complex in our earlier papers
as a “one-step method” [4]. Specifically, we prepared a solution of AgNO3 (0.855 g, 5 mmol)
in water (25 mL) and added 1.71 g (10 mmol) of metronidazole. The reaction mixture
was stirred at 80 ◦C for 2 min. After cooling to an ambient temperature, the resulting
white crystalline solid (needles) of the complex was filtered, washed twice with diethyl
ether and air-dried. Molecular weight: 512.18 g/mol; yield: 2.3 g (89.67%). The elemental
analysis measured (calculated %): C 28.18 (28.14), H 3.29 (3.54), N 19.13 (19.14); melting
point: 151–153 ◦C. 1H NMR (600 MHz, DMSO): δ = 2.51 ppm (s, 6H, 2 × CH3), 3.71 (q, 4H,
2 × CH2-O, J = 5.5 Hz), 4.39 (t, 4H, 2 × CH2-N), 5.05 (t, 2H, 2 × –OH, J = 5.5 Hz), 8.07 (s,
2H, 2 × CH-N). 1H NMR (600 MHz, DMSO + D2O): δ = 2.51 ppm (s, 6H, 2 × CH3), 3.69 (t,
4H, 2 × CH2-O, J = 5.5 Hz), 4.38 (t, 4H, 2 × CH2-N), 8.06 (s, 2H, 2 × CH-N). IR (KBr) v max
(cm−1): (O-H, C-H) 3214, 3101, 3061, 3018, 2930, 2870; (C=N, C=C) 1555; (NO2, C-H) 1467,
(NO3

−, NO2, C-H) 1385, 1341; (C-O) 1080; (NO3
−) 800.

2.2.2. Synthesis of [Ag(MTZ)2]2SO4·5H2O

Here, a 0.685 g (4 mmol) portion of metronidazole was added to a solution of Ag2SO4
(0.312 g, 1 mmol) in 35 mL of hot water (90 ◦C). Next, the whole reaction mixture was
stirred for 15 min. at 80–90 ◦C. The solution was allowed to crystallize, and crystals were
obtained in few days at fridge temperature (2–8 ◦C) (see the Supplementary Materials,
Figures S1 and S2). The crystals were collected, washed twice with diethyl ether and air-
dried. Molecular weight: 1086.43 g/mol; yield: 0.9 g of hydrated salt of the complex
(82.84%). Elemental analysis for C24H46N12O21Ag2S calculated (found): C 26.52 (26.43)%,
H 4.27 (4.00)%, N 15.47 (15.48)%. Melting point: 168–171 ◦C (decomposition); crystallization
water is released in 79–82 ◦C and partially dissolves the complex. 1H NMR (600 MHz,
DMSO): δ = 2.47 ppm (s, 12H, 4 × CH3), 3.69 (q, 8H, 4 × CH2-O, J = 5.09 Hz), 4.36 (t, 8H,
4 × CH2-N), 5.03 (t, 4H, 4 × OH, J = 2.5 Hz), 8.04 (s, 4H, 4 × CH-N). 1H NMR (600 MHz,
DMSO + D2O): δ = 2.45 ppm (s, 12H, 4 × CH3), 3.67 (m, 8H, 4 × CH2-O), 4.35 (t, 8H,
4 × CH2-N, J = 5.7 Hz), 8.02 (s, 4H, 4 × CH-N). 13C NMR (600 MHz, DMSO-d6): δ 152.42
(N=C-N), 133.45 (CH-N), 60.21 (CH2-O), 48.74 (N-CH2), 14.74 (CH3-imidazole). IR (KBr)
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vmax (cm−1): (O-H, C-H) 3220, 3100, 3017, 2981, 2957, 2850; (C=N, C=C) 1536; (NO2, C-H)
1487, (NO2, C-H) 1368, 1354; (C-O) 1073; (SO4

2−) 1115. 1H NMR analysis shows that the
proton from the OH group (δ = 5.03 ppm) of metronidazole remains in the structure of the
complex. The proton is exchanged after being dissolved in deuterium water. The 1H NMR
and 13C NMR reproduced spectra are provided in the Supplementary Materials.

2.3. Light Stability of Silver(I) Complexes

The light stability of the [Ag(MTZ)2NO3] and [Ag(MTZ)2]2SO4·5H2O complexes, as
well as silver(I) salts, was studied in normal daylight in the air atmosphere, in UV-A light
and in the dark (see Supplementary Materials). The complexes and salts were dissolved
in water. The concentration of each solution was 0.025 mol/L. For comparative purposes,
the solutions of the complexes and silver(I) salts were applied onto tissue paper and paper
in the amount of 1.25 µmol (50 µL of the solution). Stability in normal daylight and in
the dark was monitored visually for 48 h, with image documentations after 0, 10, 30, 60,
90, 120 and 180 min., and after 24 and 48 h. Stability in UV-A was monitored visually for
1 h, with image documentation after 0, 1, 2, 5, 10, 20, 30, 60, 120, 300, 600, 1800 and 3600 s
from the application. The images of samples are shown in the Supplementary Materials as
Figures S5–S7.

2.4. X-ray Diffraction Study

Crystal data for [Ag(C6H9N3O3)2]2SO4·5H2O (M = 1086.53 g/mol): triclinic, space
group P1 (No. 2), a = 11.2281(3) Å, b = 12.3371(5) Å, c = 16.9502(7) Å, α = 97.762(3)◦,
β = 108.111(3)◦, γ = 111.720(3)◦, V = 1988.31(14) Å3, Z = 2, T = 150(2) K, µ(MoKα) =
0.134 mm−1, Dcalc = 1.815 g/cm3, 20765 reflections were measured (3.1◦ ≤ Θ ≤ 29.0◦),
10523 were unique (Rint = 0.026). They were used in all calculations. The final R1 was 0.039
[I > 2σ(I)] and wR2 was 0.109 (all data).

Single crystal X-ray data were collected on a SuperNova diffractometer with an Atlas
detector using MoKα at 150 K. The data reduction was performed with CrysAlis PRO
software [15]. The structure was solved with SHELXT [16] and refined with SHELXL [17].
(C)-H atoms were added at the geometrically idealized positions and constrained to their
parent atoms as a rigid body. (O)-H atoms in metronidazole ligands were found in a
difference map and refined isotropically. The crystal structure contains 5 water molecules
(O100, O200, O300, O400 and O500) for which all required H-atoms were not included
in the model probably because of their high disorder. A Hirshfeld surface analysis of the
metallic centre Ag1 and Ag2 was performed using CrystalExplorer [18,19]. Supplementary
crystallographic data for this paper can be found at the Cambridge Crystallographic Data
Center under the depository number CCDC-2048084.

2.5. Chemistry

The 1H and 13C NMR spectra were recorded at the Faculty of Chemistry (University of
Lodz, Lodz, Poland) with a Bruker Advance III 600 MHz spectrophotometer (Bruker Cor-
poration, Billerica, MA, USA) at room temperature. IR spectra were recorded at the Faculty
of Pharmacy (Medical University of Lodz, Lodz, Poland) in the range of 4000–400 cm−1

on a Bruker Alpha-T (Bruker Corporation, Billerica, MA, USA) using potassium bromide.
Elemental analyses (C, H, N) were performed at the Medical University of Lodz (Faculty of
Pharmacy, Lodz, Poland) with a Perkin Elmer 2400 analyzer (PerkinElmer, Waltham, MA,
USA). The melting points of all the compounds were determined with Böethius apparatus
(Franz Küstner Nachf. KG, HMK, Dresden, Germany). A lamp with a wavelength of
365 nm was used as the source of UV-A rays (Vilber Lourmat, Marne-la-Valée, France).

2.6. Cell Culture and Cytotoxicity Assessment
2.6.1. Cell Line Cultures

The human hepatoma (HepG2) and colorectal adenocarcinoma (Caco-2) cells were
purchased from the American Type Culture Collection: ATCC HB-8065 and ATCC HTB-37,
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respectively. These cells were cultured in Minimum Essential Medium Eagle (MEME)
(ATCC). The murine fibroblasts cell line (Balb/c 3T3 clone A31) (gift from the Department
of Swine Diseases of the National Veterinary Research Institute in Pulawy) was cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (ATCC). The media were supplemented with
10% BCS (Balb/c 3T3), 10% FBS (HepG2), 20% FBS (Caco-2), 1% L-glutamine, 1% antibiotic
solution. The cells were maintained in 75 cm2 cell culture flasks (NUNC) in a humidified
incubator at 37 ◦C in an atmosphere of 5% CO2. The medium was refreshed every two or
three days, and the cells were trypsinized by 0.25% trypsin–0.02% EDTA after reaching
70–80% confluence. Single cell suspensions were prepared and adjusted to a density of
2 × 105 cell/mL−1 (HepG2), 1 × 105 cell/mL−1 (Caco-2) and 5 × 104 cell/mL−1 (Balb/c
3T3). The cell suspension was transferred to 96-well plates (100 µL/well) and incubated for
24 h before the exposure to the studied compounds. Stock solutions of ligands and metal
complexes were prepared in sterile water and diluted with culture medium to obtain a
concentration range from 0.1 to 10 µM. The final concentration of sterile water was 0.1% in
the medium. The medium used for test solutions and in control preparation did not contain
serum and antibiotics. As a negative control, cultured cells were grown in the absence of
studied compounds. Each concentration was tested in six replicates in three independent
experiments. Cytotoxicity was assessed after 72 h of exposure of the cells to compounds.
The medium was not changed during the incubation time.

2.6.2. MTT Assay

The metabolic activity of living cells was assessed by the measurement of the activity
of dehydrogenases [20]. After the incubation of the cells with the studied compounds,
10 µL of the MTT solution (5 mg/mL in PBS) was added to each well of 96-well plates and
incubated. After 3 h, the MTT solution was removed, and the intracellular formazan crystals
were dissolved in 100 µL DMSO. The plate was shaken for 15 min at room temperature and
transferred to a microplate reader Synergy HTX multi-mode reader (BioTek® Instruments
Inc., Winooski, VT, USA) to measure the absorbance at 570 nm, using a blank as a reference.
Cytotoxicity was expressed as a percentage of the negative control [4].

2.6.3. NRU Assay

This method is based on staining living cells with neutral red, which readily diffuses
through the plasma membrane and accumulates in lysosomes [21]. After the incubation,
the medium containing the tested substance was removed and the cells were washed with
PBS. Then, 100 µL/well of NR solution (50 µg/mL) was added for 3 h. After this time, the
cells were washed with PBS. The dye from viable cells was released by extraction with
a mixture of acetic acid, ethanol and water (1:50:49, v:v:v). After 10 min of shaking, the
absorbance of the dissolved NR was measured using a Synergy HTX multi-mode reader
(BioTek® Instruments Inc., Winooski, VT, USA) at 540 nm using a blank as a reference.
Cytotoxicity was expressed as a percentage of the negative control [4].

2.6.4. TPC Assay

This assay is based upon staining the total cellular protein (proliferation) [22]. After
the incubation, the medium containing the drug was removed, and 100 µL Coomassie
brilliant blue R-250 dye was added to each well. The plate was shaken for 10 min. Then, the
stain was removed and the cells were rinsed twice with 100 µL of washing solution (glacial
acetic acid/ethanol/water, 5:10:85, v:v:v). After that, 100 µL of the desorbing solution (1 M
potassium acetate) was added, and plates were shaken again for 10 min. The absorbance
was measured at 595 nm in a microplate reader Synergy HTX multi-mode reader (BioTek®

Instruments Inc., Winooski, VT, USA) using a blank as a reference. Cytotoxicity was
expressed as a percentage of the negative control [4].
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2.6.5. LDH Leakage Assay

The integrity of the plasma membrane was assessed through the test of lactate de-
hydrogenase (LDH) release [23], which was monitored using the commercially available
Cytotoxicity Detection Kit (LDH) (Roche Diagnostics, Warsaw, Poland). The medium
(100 µL/well) without cells was transferred into the corresponding wells of an optically
clear 96-well flat bottom microplate, and 100 µL reaction mixture was added to each well.
Then, the plates were incubated for 30 min at room temperature in darkness. After that
time, 50 µL/well of 1 M HCl was added to stop the reaction. The absorbance was measured
at 492 nm in a microplate reader Synergy HTX multi-mode reader (BioTek® Instruments
Inc., Winooski, VT, USA) using a blank as a reference [4].

2.6.6. Statistical Analysis

The study was performed in three independent experiments. The obtained results are
presented as mean values ± SD (standard deviation). The assessment of the cytotoxicity
data used a one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test,
which was applied to determine significance relative to the negative control. The cyto-
toxicity concentration (IC50) necessary for a 50% inhibition of cell viability by the drug
was calculated using GraphPad Prism 5.0. Statistical comparisons among IC50 values
were performed with the analysis of variance (ANOVA) followed by the Tukey test, and
differences were considered to be statistically significant at p ≤ 0.05.

2.7. Antimicrobial Activity

Ag complexes were screened for antibacterial activities using the micro-dilution broth
method according to the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) (www.eucast.org, accessed on 1 March 2021) using Mueller–Hinton broth and
Mueller–Hinton broth with 5% lysed horse blood for the growth of non-fastidious and
fastidious bacteria. The minimal inhibitory concentration (MIC) and minimal bactericidal
concentration (MBC) of the tested complexes were evaluated with the panel of the reference
aerobic and anaerobic microorganisms from the American Type Culture Collection (ATCC),
including Gram-negative bacteria (Escherichia coli ATCC 25922, Salmonella Typhimurium
ATCC 14028, Klebsiella pneumoniae ATCC 13883, Pseudomonas aeruginosa ATCC 9027, Proteus
mirabilis ATCC 12453), Bacteroides fragilis ATCC 10240, Fusobacterium nucleatum ATCC 25586,
Veillonella parvula ATCC 10790 and Gram-positive bacteria (Staphylococcus aureus ATCC
25923, Staphylococcus epidermidis ATCC 12228, Micrococcus luteus ATCC 10240, Enterococcus
faecalis ATCC 29212, Bacillus subtilis ATCC 6633, Bacillus cereus ATCC 10876), Actinomyces
israelii ATCC 10049, Propionibacterium acnes ATCC 11827 and Clostridium perfringens ATCC
13124. The antimicrobial assays were performed in the same manner as in our previous
research [24]. The stability of the Ag complexes’ activity was confirmed by antimicrobial
activity testing after 30 min of UV exposition. Each experiment was repeated in triplicate.
Representative data are presented.

2.8. Biofilm Eradication Study

Biofilm eradication was assayed in 96-well flat-bottom polystyrene plates where a
culture of bacterial inoculum was added to reach a final concentration of 5 × 105 CFU/m,
with a final volume of 100 µL per well. The biofilms of S. aureus ATCC 25923 and E.
coli ATCC 25922 were cultured on polystyrene plates for 1 day. Complexes were two-fold
serially diluted in broth, and then, after overnight incubation, the supernatant was removed
and 100 µL of medium with two-fold serial dilutions of compounds was added to each
well. Plates were incubated for another 24 h at 37 ◦C. A control was defined as bacteria in
the absence of compounds.

2.9. Crystal Violet (CV) Method

To determine the amount of biofilm after compound incubation, the supernatant was
gently removed, and the formed biofilms were washed twice with 100 µL of saline solution
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to withdraw planktonic cells. The remaining biofilm was fixed with 100 µL of ethanol for
15 min, and then stained with 100 µL of crystal violet (CV) 1% (v/v) for 10 min. The dye was
removed, wells were washed twice with 200 µL of distilled water and the plate was dried
at 37 ◦C for 30 min. Finally, 100 µL of ethanol 96% was added, samples were homogenized
by gentle agitation, and the absorbance was measured in a microplate reader at 570 nm.
The OD570 of the alcohol–dye solution in each well was read by using a microplate reader
(BioTek ELx800). The blank control wells, without or with a two-fold dilution of the tested
compounds and reference agents added to the same broth, but without bacterial suspension,
were incubated under the same conditions. OD570 values read in these wells were the ODc
values, being the reference point for determining biofilm mass value.

2.10. Qualitative Determination of Antibiofilm Activity via Confocal Laser Scanning
Microscope (CLSM)

A Viability/Cytotoxicity Assay kit for Bacteria Live and Dead Cells (Biotium, Fremont,
CA, USA) was used to qualitatively determine the antibiofilm properties of the compounds.
This kit consists of two DNA dyes, DMAO and EthD-III. DMAO has the ability to stain
both live and dead bacteria, whereas EthD-III dye stains only the DNA of dead cells. The
application of a DMAO/EthD-III mixture enabled us to distinguish the viable bacteria
from the dead cells. Bacteria with intact cell membranes exhibit pure green fluorescence,
whereas cells with damaged membranes reveal red or yellow (the overlapping of two colors)
fluorescence. After 24 h exposure of bacteria to different concentrations of the compounds,
the biofilms formed on the polystyrene wells were gently rinsed with phosphate-buffered
saline (PBS, Pan-Biotech, Aidenbach, Germany) to remove planktonic bacteria. Then, the
samples were stained using a DMAO/EthD-III mixture according to the manufacturer’s
protocol. The bacterial biofilm was observed using a confocal laser scanning microscope
(CLSM, Olympus Fluoview equipped with FV1000, Olympus, Tokyo, Japan).

3. Results
3.1. Synthesis of Silver(I) Complexes
3.1.1. Synthesis of [Ag(MTZ)2NO3]

The modified synthesis of the complex was performed earlier [4]. Water was used as a
solvent instead of a water/ethanol solution. The silver(I) complex of metronidazole was
synthesized in an easy one-step process through the reaction of AgNO3 with metronidazole
(1:2) (Scheme 1) in water. The complex was obtained with a good yield and purity (see the
Materials and Methods Section).
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Scheme 1. Synthesis of silver(I) complex with metronidazole with nitrate counter-ion.

3.1.2. Synthesis of [Ag(MTZ)2]2SO4·5H2O

The synthesis of the complex was carried out in an aqueous environment. The metron-
idazole silver(I) complex was synthesized in an easy, one-pot process by reacting Ag2SO4
with metronidazole (1:2) (Scheme 2). The complex was obtained with a good yield and
purity (see Materials and Methods Section).
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Scheme 2. Synthesis of silver(I) complex with metronidazole with sulfate counter-ion.

3.2. Light Stability of Siver(I) Complexes

Ag2SO4 and AgNO3 began to darken after 10 min of exposure on the paper and after
30 min on the tissue paper. Ag2SO4 and AgNO3 darkened completely after 24 h on both
groundworks. The complexes with sulfate and nitrate began to darken after 30 min of
exposure on the paper and after 60 min on the tissue paper. The process of decomposition
of the complexes proceeded quite slowly, and the complexes completely darkened after
about 2 days, decomposing the fastest on paper. (Figure S5 in the dark, Figure S6 in the
light; see Supplementary Materials). The action of UV-A rays accelerated the process
of decomposition of the silver(I) complexes to a large extent, with practically complete
disintegration occurring after 5 min. (Figure S7 in UV-A; see Supplementary Materials).
Pure salts were decomposed after 2 min in the UV-A rays. The complexes of metronidazole
with silver(I) nitrate and silver(I) sulfate show better stability and resistance to UV-A
radiation, while the pure salts are less stable. Comparatively, the effect of light and UV-A
radiation affects only the substances applied onto the surfaces that they can permeate, while
the aqueous solutions are quite stable, and changes only occur after the natural evaporation
of the solvent.

3.3. Crystal Structure of [Ag(MTZ)2]2SO4·5H2O

The novel complex crystallized in a triclinic system in the P1 space group, Z = 2. The
asymmetric unit is presented in Figure 5, and consists of two silver ions, four metronidazole
ligands, one sulfate counter ion and five water molecules. Both silver cations adopt a four-
coordinate sawhorse geometry with two Ag-N bonds (2.2 Å, Table 1) and two relatively
short Ag-O bonds with the distance of 2.6 Å. A similar coordination scheme of the metal
center was described for the Ag(I) complexes of 1,3,5-tris(4-cyanobenzoyl)benzene with
OTf and PF6 counter-ions [25]. Additionally, two much weaker Ag···O interactions of 2.9 Å
(still shorter than the sum of the van der Waals radii of Ag and O; 3.24 Å) are observed,
completing the coordination around silver cations to octahedron. Such a type of weak
Ag···O contact is rarely discussed in the literature; however, they can be easily found with
a closer inspection of the crystal structures. The Ag coordination scheme is presented in
Figure 2 and confirmed by the Hirshfeld surface of the metallic center of Ag1 and Ag2
(Figure 3). The axial sites of each octahedron are occupied by nitrogen atoms, whereas
the basal plane is formed by four oxygen atoms. The normalized contact distance (dnorm)
encoded on the Hirshfeld surface indicates the strength of the interaction (close contacts
are shown as red regions, weaker interactions as white and no contacts as blue) [26]. It is
clearly seen that the longer interactions are still visible on the Hirshfeld surface of each Ag
center; however, they are much weaker than others, as expected.
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Table 1. Distances of Ag interactions (Å).

Ag Interaction Distance Ag Interaction Distance

Ag1–N1 2.186(3) Ag2–N7 2.197(2)

Ag1–N4 2.182(3) Ag2–N10 2.197(2)

Ag1–O7 2.591(2) Ag2–O4 2.554(2)

Ag1–O10 i 2.635(3) Ag2–O1 ii 2.613(2)

Ag1···O9 iii 2.944(2) Ag2···O3 iii 2.928(3)

Ag1···O12 iv 2.995(3) Ag2···O6 iv 2.954(2)

Symmetry codes: i x − 1, y − 1, z; ii x + 1, y + 1, z; iii 1 − x, 1 − y, 2 − z; iv 2 − x, 1 − y, 2 − z.
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The two silver ions, arranged alternately, form a 1D-polymeric chain running along
the [−1–10] direction. The adjacent chains are linked into 2D-polymeric layer through
the weakest Ag···O contacts, which is illustrated in Figure 4. There is a space filled by
non-coordinated sulfate counter-ions and water molecules between the layers built from
silver(I) cations and metronidazole ligands. On the basis of calculations in PLATON [27],
such a solvent-accessible void space occupies 22% of the total crystal volume. Table 2
presents the geometry of the O-H···O hydrogen bonds formed between the hydroxyl group
of the metronidazole ligands and the oxygen atoms from the water molecules or sulfate
anions. The complete analysis of the hydrogen-bonding interactions is not possible because
of the omission of the hydrogen atoms from the water molecules in the refinement.
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Table 2. Hydrogen-bonding geometry (Å, ◦).

Hydrogen Bond D–H H···A D···A ∠ D–H···A
O1–H1D···O400 0.82(2) 1.95(2) 2.756(3) 168(4)

O4–H4D···O15 0.81(2) 1.93(2) 2.689(4) 155(4)

O7–H7D···O200 0.83(2) 1.88(2) 2.700(4) 172(5)

O10–H10D···O300 0.83(2) 1.94(2) 2.768(5) 174(4)

3.4. Cytotoxicity of the Compounds

The cytotoxic activity of the novel synthetized compounds [Ag(MTZ)2]2SO4 and
[Ag(MTZ)2NO3] in comparison to MTZ, Ag2SO4 and AgNO3 was investigated for human
hepatocellular carcinoma HepG2 cells, human colorectal adenocarcinoma Caco-2 cells and
non-cancer murine Balb/c 3T3 fibroblasts using four biochemical assays: mitochondrial (the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay) activity,
lysosomal (neutral red uptake (NRU) assay) activity, total protein content (TPC assay) and
cellular membrane integrity (lactate dehydrogenase (LDH) assay) after 72 h of exposition,
as presented in Figure 6. The cytotoxic potential of studied compounds expressed as
half-maximal inhibitory concentration (IC50) values are presented in Table 3.
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studied compounds and metronidazole assessed by MTT, NRU, TPC and LDH assays. The results are
expressed as mean ± SD of three independent experiments. * p ≤ 0.05 in comparison with control.
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Table 3. The inhibited concentrations (IC50, µM) for HepG2, Caco-2 and Balb/c 3T3 cells exposed to
[Ag(MTZ)2]2SO4, [Ag(MTZ)2NO3], Ag2SO4, AgNO3, MTZ and cisplatin for 72 h determined by the
MTT, NRU, TPC and LDH assays. Data are presented as mean ± SD, n = 3.

HepG2 Caco-2 Balb/c 3T3
MTT NRU TPC LDH MTT NRU TPC LDH MTT NRU TPC LDH

[Ag(MTZ)2]2SO4
2.88 a

± 0.3
2.93 a

± 0.3
3.13 a

± 0.1
3.02 a

± 0.1
2.73 a

± 0.3
2.63 a

± 0.4
3.05 a

± 0.1
2.61 a

± 0.6
4.17 b

± 0.1
4.06 b

± 0.1
4.29 b

± 0.3
4.53 b

± 0.2

[Ag(MTZ)2NO3] 8.03 a

± 0.5
8.24 a

± 0.3 >10 4.45 a

± 0.3
7.32 a

± 0.4
6.96 a

± 0.4
8.62 a

± 0.5
4.42 a

± 0.4
2.42 b

± 0.6
2.17 b

± 0.2
2.04 b

± 0.4
4.21 a

± 0.5

Ag2SO4 >10 >10 >10 3.13 a

± 0.2
9.01 a

± 0.5
7.23 a

± 0.2
8.23 a

± 0.5
7.42 b

± 0.03
1.92 b

± 0.2
2.57 b

± 0.3
2.39 b

± 0.4
2.56 c

± 0.2

AgNO3
5.50 a

± 0.3
5.06 a

± 0.2 >10 3.06 a

± 0.3
5.40 a

± 0.6
3.85 a

± 0.4
5.49 a

± 0.5
3.20 a

± 0.2
2.72 b

± 0.2
2.82 b

± 0.3
2.92 b

± 0.04
3.60 a

± 0.3
MTZ >10 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10 >10

Cisplatin 3.6 a

± 1.3
5.20 a

± 0.4
2.00 a

± 0.8 <0.1 9.12 b

± 0.8
3.30 b

± 0.2
5.30 b

± 0.5
>10 >10 >10 >10 >10

The different letters (a, b, c) within lines indicate significant differences (p ≤ 0.05) between the cell cultures for the
corresponding assay; <0.01—the IC50 value was under 0.01 µM (the lowest concentration tested); >10—the IC50
value was over 10 µM (the highest concentration tested).

The results indicated that human carcinoma (HepG2 and Caco-2) cells were more
sensitive to novel synthetized compound [Ag(MTZ)2]2SO4 than non-cancer Balb/c 3T3
fibroblasts (Table 3). The obtained cytotoxic concentrations (IC50) values shown that the
studied complex [Ag(MTZ)2]2SO4 (2.63–4.63 µM) is two times more toxic for carcinoma
cells than [Ag(MTZ)2NO3] (4.12–10 µM) (Table 3). These values were lower compared to
the IC50 values for cisplatin (<0.1–5.20 µM) on studied cells (Table 3). It is worth noting that
[Ag(MTZ)2]2SO4 strongly inhibited mitochondrial, lysosomal and proliferative activity in
HepG2 cells and all endpoints in Caco-2 cells compared to Ag2SO4 (Table 3). However, the
opposite situation was observed for non-cancer Balb/c 3T3 cells. Ag2SO4 was two-fold
more toxic (1.92–2.57 µM) than the compound [Ag(MTZ)2]2]SO4 (4.06–4.53 µM). When
analyzing the results of the decrease in the viability of the cells presented in Figure 6, we
noticed that Caco-2 cells were more sensitive to the compound than HepG2 and Balb/c 3T3
cells. The silver(I) complex significantly (p ≤ 0.05) inhibited effects in all used endpoints
in HepG2 and Balb/c 3T3 cells, and this was observed starting from the concentration of
5.0 µM (Figure 6). In the case of Caco-2 cells, the significant (p ≤ 0.05) disintegration of
cellular membranes at the concentration of 0.5 µM, was recorded (Figure 6 Caco-2: LDH).
At a concentration of 1.0 µM, the inhibition of mitochondrial and lysosomal activities
was observed (Figure 6 Caco-2: MTT, NRU). At higher concentration of 5.0 µM, the silver
complex decreased the total protein content in the cell cultures (Figure 6, Caco-2: TPC).

The combination of metronidazole with AgNO3 resulted in the non-cancer Balb/c 3T3
fibroblasts being more sensitive to [Ag(MTZ)2NO3] than human carcinoma (HepG2 and
Caco-2) cells (Table 3). Our earlier article describes the cytotoxic effects of this compound
on HepG2 and Balb/c 3T3 cells (the solvent of compounds was DMSO; in this study, the
solvent was sterile water) [4].

There were no differences between the results (IC50 values) for the studied compounds
obtained in both studies. The inhibited lysosomal and proliferation activity in Caco2 cells
were stronger than in HepG2 cells. It should also be noted that [Ag(MTZ)2NO3] was more
toxic compared to AgNO3 in cancer HepG2 and Caco-2 cells. The opposite situation was
observed for [Ag(MTZ)2]2SO4 and Ag2SO4. The IC50 values for all studied endpoints were
higher compared to IC50 values for cisplatin on HepG2 cells (Table 3). However, the inhibi-
tion of mitochondrial activity (MTT, 7.32 µM) and changes to the cellular membrane (LDH,
4.42 µM) in Caco-2 cells were more strongly exhibited than the activity of cisplatin (9.12 and
>10 µM, respectively). Analyzing the results of the decrease in the viability of the cells pre-
sented in Figure 6, we noticed that Caco-2 cells were as sensitive to the compound as HepG2
cells (in the MTT, NRU and TPC assays), and less sensitive to [Ag(MTZ)2]2SO4 activity.
The studied silver(I) complex at a higher concentration (1.0 µM) than for [Ag(MTZ)2SO4]
significantly (p ≤ 0.05) affected cell membranes, leading to disintegration (Figure 6 Caco-2:



Cancers 2022, 14, 900 13 of 24

LDH). At a concentration of 5.0 µM, inhibited mitochondrial and lysosomal activities were
observed (Figure 6, Caco-2: MTT, NRU). At a higher concentration of 10.0 µM, this silver
complex decreased the total protein content in the cell cultures (Figure 6, Caco-2: TPC).

To sum up, the results obtained for all employed assays show that silver complexes
and silver salts evoked concentration-dependent decreases in cell viability. MTZ in the
used concentration range did not affect cell viability (Figure 6). The analysis of IC50 values
revealed that [Ag(MTZ)2]2SO4 is more cytotoxic toward cancer cells HepG2 and Caco-2
than Ag2SO4. Interestingly, both [Ag(MTZ)2]2SO4 and Ag2SO4 presented similar levels of
cytotoxicity against normal mice fibroblasts (Balb/c 3T3). Reversely for cancer cells, silver(I)
nitrate caused cell death more efficiently than its complex. The cytotoxicity of AgNO3
and [Ag(MTZ)2NO3] were comparable for non-cancer cells. Our study confirms that Ag(I)
complexes show selective cytotoxicity toward various types of cells, and this is dependent
on the type of ligand linked to the silver(I) ions. This dependency is probably connected
with the stability of the complexes and the hydrophilicity–lipophilicity of the complexes
formed by the type of the ligand. Metronidazole is a well-known antibiotic drug used to
treat certain parasitic and bacterial infections. Metronidazole suffers a ferredoxin-mediated
reduction, forming reactive oxygen species capable of damaging DNA. This results in
the genotoxic activity of the drug, which is not always associated with a decrease in cell
viability. On the other hand, combining the drug with silver ions increases the cytotoxicity
of the complexes compared to metronidazole. The mechanism of cytotoxic action of the
complexes depends on many factors. This was shown in this study with the substituent of
the silver ion and with the type of cells.

3.5. Antimicrobial Activity

The results of the antibacterial and antifungal activities are presented in Table 4. Metron-
idazole and silver sulfadiazine were used as the standard drugs. The tested complexes
revealed antimicrobial activity comparable to Ag sulfadiazine. Notably, the complexes
showed increased bioactivity against aerobic and facultative anaerobic, Gram-positive
and Gram-negative bacteria when compared to metronidazole. Here, [Ag(MTZ)2NO3]
and [Ag(MTZ)2]2 SO4·5H2O showed, similar biological activity against the majority of
tested bacterial strains with a minimal inhibition concentration (MIC) in the range of
0.24–250 mg/L. The MIC values for reference bacteria indicated very strong (MIC < 10 mg/L)
or strong (MIC 10–25 mg/L) anti-staphylococcal activity (S. aureus, S. epidermidis), anti-
micrococcal activity (M. luteus) and activity against sporogenic bacilli (B. subtilis) with
the tested compounds [29]. They had also very strong bioactivity against all tested strict
anaerobic Gram-positive (A. israelii, C. perfringens) and Gram-negative (B. fragilis, P. interme-
dia, F. nucleatum, V. parvula) bacteria. Strong bioactivity was observed for Gram-negative
aerobic and facultatively anaerobic bacteria for both compounds. Good bioactivity (MIC
26–125 mg/L) of the tested complexes was found against enterococci, sporogenic bacilli B.
cereus and strict anaerobic Propionibacterium acnes. The least sensitive strain was Campylobac-
ter jejunii, with an MIC of 126–500 mg/L for [Ag(MTZ)2]2SO4·5H2O, showing moderate
antibacterial activity. The low values of the MBC/MIC ratio (1–4) for the complexes sug-
gested their bactericidal power against all tested references strains. UV exposition has no
impact on the antibacterial activity of tested Ag complexes.
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Table 4. Antimicrobial activity defined as minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of silver(I) complexes and reference
compounds—metronidazole (MTZ) and silver sulfadiazine (Ag sulfadiazine).

Chemicals MTZ [Ag(MTZ)2]2SO4·5H2O Ag2SO4 [Ag(MTZ)2 NO3] AgNO3 Ag sulfadiazine

in mg/L (µM/mL) MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

Microorganism
S. aureus

ATCC 25923
>1000
(>5.85)

>1000
(>5.85)

15.6
(0.014)

15.6
(0.014)

15.6
(0.05)

31.3
(0.1)

15.6
(0.049)

62.5
(0.2)

7.8
(0.049)

31.3
(0.185)

7.8
(0.022)

15.6
(0.044)

S. epidermidis
ATCC 12228

500
(2.93)

500
(2.93)

7.8
(0.007)

15.6
(0.014)

15.6
(0.05)

31.3
(0.1)

7.8
(0.025)

62.5
(0.2)

3.9
(0.025)

15.6
(0.09)

15.6
(0.044)

15.6
(0.044)

M. luteus
ATCC 10240

1000
(5.85)

>1000
(>5.85)

7.8
(0.007)

125
(0.12)

15.6
(0.05)

125
(0.4)

7.8
(0.025)

62.5
(0.2)

3.9
(0.025)

31.3
(0.185)

3.9
(0.011)

31.3
(0.088)

B. subtilis
ATCC 6633

125
(0.73)

250
(1.46)

15.6
(0.014)

15.6
(0.014)

31.3
(0.1)

31.3
(0.1)

15.6
(0.049)

15.6
(0.049)

15.6
(0.09)

15.6
(0.09)

3.9
(0.011)

7.8
(0.022)

B. cereus
ATCC 10876

500
(2.93)

>1000
(>5.85)

62.5
(0.06)

125
(0.12)

31.3
(0.1)

500
(1.6)

62.5
(0.2)

125
(0.4)

31.3
(0.185)

62.5
(0.37)

15.6
(0.044)

125
(0.352)

A
er

ob
ic

E. faecalis
ATCC 29212

>1000
(>5.85)

>1000
(>5.85)

31.3
(0.03)

62.5
(0.06)

31.3
(0.1)

125
(0.4)

31.3
(0.1)

62.5
(0.2)

15.6
(0.09)

31.3
(0.185)

31.3
(0.088)

31.3
(0.088)

A. israeli
ATCC 10049

>1000
(>5.85)

>1000
(>5.85)

7.8
(0.007)

15.6
(0.014)

0.98
(0.003)

15.6
(0.05)

0.49
(0.0015)

3.9
(0.012)

0.49
(0.003)

0.49
(0.003)

62.5
(0.176)

125
(0.352)

P. acnes
ATCC 11827

>1000
(>5.85)

>1000
(>5.85)

125
(0.12)

500
(0.46)

125
(0.4)

500
(1.6)

125
(0.4)

125
(0.4)

62.5
(0.37)

62.5
(0.37)

125
(0.352)

500
(1.408)

G
ra

m
-p

os
it

iv
e

ba
ct

er
ia

A
na

er
ob

ic

C. perfringens
ATCC 13124

1.95
(0.01)

1.95
(0.01)

1.95
(0.002)

3.9
(0.004)

250
(0.8)

250
(0.8)

1.95
(0.006)

1.95
(0.006)

62.5
(0.37)

62.5
(0.37)

31.3
(0.088)

250
(0.704)

C. jejunii
ATCC 33291

500
(2.93)

>1000
(>5.85)

250
(0.23)

500
(0.46)

1000
(3.2)

>1000
(>3.2)

31.3
(0.1)

125
(0.4)

62.5
(0.37)

125
(0.74)

62.5
(0.176)

62.5
(0.176)

H. pylori
ATCC 43504

15.6
(0.09)

15.6
(0.09)

7.8
(0.008)

31.3
(0.03)

15.6
(0.05)

15.6
(0.05)

15.6
(0.049)

15.6
(0.049)

15.6
(0.09)

15.6
(0.09)

31.3
(0.088)

31.3
(0.088)

S. typhimurium
ATCC 14028

>1000
(>5.85)

>1000
(>5.85)

15.6
(0.014)

62.5
(0.06)

31.3
(0.1)

250
(0.8)

15.6
(0.049)

31.3
(0.1)

15.6
(0.09)

15.6
(0.09)

15.6
(0.044)

31.3
(0.088)

E. coli
ATCC 25922

>1000
(>5.85)

>1000
(>5.85)

15.6
(0.014)

31.3
(0.03)

62.5
(0.2)

62.5
(0.2)

15.6
(0.049)

31.3
(0.1)

7.8
(0.049)

15.6
(0.09)

15.6
(0.044)

31.3
(0.088)

P. mirabilis
ATCC 12453

>1000
(>5.85)

>1000
(>5.85)

15.6
(0.014)

15.6
(0.014)

31.3
(0.1)

31.3
(0.1)

15.6
(0.049)

31.3
(0.1)

7.8
(0.049)

15.6
(0.09)

7.8
(0.022)

15.6
(0.044)

K. pneumoniae
ATCC 13883

1000
(5.85)

1000
(5.85)

15.6
(0.014)

31.3
(0.03)

31.3
(0.1)

31.3
(0.1)

15.6
(0.049)

31.3
(0.1)

7.8
(0.049)

7.8
(0.049)

15.6
(0.044)

31.3
(0.088)

M
ic

ro
ae

ro
ph

il
ic

/A
er

ob
ic

P. aeruginosa
ATCC 9027

>1000
(>5.85)

>1000
(>5.85)

7.8
(0.008)

15.6
(0.014)

62.5
(0.2)

125
(0.4)

7.8
(0.025)

15.6
(0.049)

3.9
(0.025)

3.9
(0.025)

7.8
(0.022)

15.6
(0.044)

B. fragilis
ATCC 10240

0.49
(0.003)

0.49
(0.003)

0.24
(0.0002)

0.98
(0.0009)

250
(0.8)

1000
(3.2)

0.98
(0.003)

0.98
(0.003)

15.6
(0.09)

62.5
(0.37)

15.6
(0.044)

62.5
(0.176)

P. intermedia
ATCC 25611

1000
(5.85)

>1000
(>5.85)

0.98
(0.0009)

15.6
(0.014)

7.8
(0.025)

7.8
(0.025)

0.98
(0.003)

0.98
(0.003)

0.49
(0.003)

0.49
(0.003)

3.9
(0.011)

31.3
(0.088)

F. nucleatum
ATCC 25586

1.95
(0.01)

1.95
(0.01)

0.49
(0.0004)

0.49
(0.0004)

31.3
(0.1)

31.3
(0.1)

0.49
(0.0015)

0.98
(0.003)

0.49
(0.003)

0.98
(0.006)

3.9
(0.011)

15.6
(0.044)

G
ra

m
-n

eg
at

iv
e

ba
ct

er
ia

A
na

er
ob

ic

V. parvula
ATCC 10790

1.95
(0.01)

1.95
(0.01)

3.9
(0.004)

3.9
(0.004)

62.5
(0.2)

62.5
(0.2)

1.95
(0.006)

1.95
(0.006)

7.8
(0.049)

15.6
(0.09)

3.9
(0.011)

31.3
(0.088)
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3.6. Quantitative and Qualitative Determination of Antibiofilm Activity

In the quantitative CV method, biofilm eradication at 50% was observed for both
tested silver complexes with metronidazole at a concentration of 125 mg/L against S. aureus
biofilm. E. coli biofilm appeared to be less sensitive, and 1000 mg/L only eradicated biofilm
on the level proximate to 50% (Figure 7). In the CLSM method, the tested compounds
showed the ability to inhibit biofilm formation only at higher tested concentrations (equal
or above 125 mg/L). Moreover, better effectiveness was observed for Gram-positive bac-
teria (S. aureus) compared to Gram-negative ones (E. coli), which is consistent with the
results obtained with quantitative crystal violet assay (Figure 8). Both tested complexes
([Ag(MTZ)2]2SO4·5H2O and [Ag(MTZ)2NO3]) at a concentration of 125 mg/L only slightly
inhibited the growth of S. aureus biofilm (Figure 8a). The biofilm structure and density were
comparable to the control; however, noticeably more dead cells were observed, resulting
in a more yellowish color of the biofilm. Both compounds applied at a concentration of
500 mg/L significantly reduced biofilm density. Importantly, the obtained effect was similar
to the effect provided by 500 µg/mL of the reference drug, Ag sulfadiazine. Nevertheless,
unlike the tested complexes, Ag sulfadiazine at a concentration of 125 mg/L had the ability
to meaningfully inhibit S. aureus biofilm growth.
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Figure 7. Biofilm inhibition effect (%) of different concentrations of [Ag(MTZ)2]2SO4, [Ag(MTZ)2NO3]
and Ag-sulfadiazine against S. aureus (a) and E. coli (b). Biofilm was quantified using the microtiter
plate test and crystal violet assay.

Interestingly, control biofilm formed by E. coli had an extremely dense exopolymeric
matrix that hindered the penetration of the DNA probes, making it impossible to stain
the biofilm structure. Thus, a Nomarski contrast was additionally applied to visualize
the control E. coli biofilm (Figure 8b). Importantly, the higher the concentration of tested
compounds applied, the better the observed biofilm staining was, indicating that complexes
had the ability to disturb the biofilm structure, enabling DNA probe penetration and
fluorescent staining. Low concentrations of tested compounds (<125 mg/L) were ineffective
or only slightly disturbed the biofilm structure. Higher concentrations (125 mg/L and
500 mg/L) of the complexes had better effectiveness than Ag sulfadiazine, since biofilm
contained more dead cells and exhibited a more yellowish color. This observation confirmed
the results obtained with the crystal violet test that showed higher antibiofilm activity of
novel compounds compared to the reference drug.
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cence—dead bacteria; control E. coli biofilm was visualized by Nomarski contrast, as the exopoly-
meric matrix hindered the penetration of the DNA probes). 
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Figure 8. Qualitative determination of antibiofilm activity of tested compounds (0, 125 and 500 mg/L)
with the use of confocal laser scanning microscopy: (a) S. aureus biofilm and (b) E. coli biofilm (light
green fluorescence—viable bacteria with intact cell membranes, red and yellow fluorescence—dead
bacteria; control E. coli biofilm was visualized by Nomarski contrast, as the exopolymeric matrix
hindered the penetration of the DNA probes).

4. Discussion

Scientists are still looking for new chemical compounds with desired biological prop-
erties by modifying the structure of molecules known for a long time or creating new
adducts from substances with well-documented activity. Many of the previous studies
have shown the chemical and biological properties of the coordination compounds of imida-
zole derivatives and transition metals, including silver [30]. The majority of studies involve
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the chemical and biological properties of [Ag(MTZ)2NO3]. However, [Ag(MTZ)2]2SO4 has
not been explored due to the fact that Ag2SO4 is poorly soluble in water and other solvents.
Therefore, we decided to synthetize and determine the chemical properties of the novel
complex, including its solubility. We found that [Ag(MTZ)2]2SO4 is more soluble in water
in comparison to Ag2SO4; thus, in the next step of our study, we evaluated its microbio-
logical activity and cytotoxicity. For these reasons, the aim of our study was to compare
the chemical, cytotoxic and microbiological properties of metronidazole complexes with
silver(I) nitrate and silver(I) sulfate to metronidazole and pure silver(I) salts.

The important feature of potential biologically active compounds is their stability. Our
study revealed that the studied complexes [Ag(MTZ)2NO3] and [Ag(MTZ)2]2SO4 exhibited
similar photostability both in the daylight and UV-A, with similar solubility in water. Our
recent studies utilizing various environmental conditions (temperature, pH, the presence of
an oxidizing agent) confirmed that complexes showed higher stability than pure salts [31].
Moreover, our one-step process of [Ag(MTZ)2]2SO4 synthesis, developed for the first time,
is effective, easy and delivers a high-quality product.

These results allowed us to perform the evaluation of biological properties, namely,
cytotoxicity toward human cancer cell lines and normal mice fibroblasts, as well as microbi-
ological activity.

The fundamental stage of the preclinical studies of substances that could become drugs
in the future is the cytotoxicity tests [32–34]. Cytotoxicity studies provide basic information
about mechanism of action of the tested compound as a potential drug [20,23,35,36]. For the
preliminary evaluation of anti-cancer potential of the tested complexes, we employed mice
normal cells (Balb/c 3T3) and human cancer cell lines (HepG2, Caco-2). The HepG2 cell
line is widely used as a parameter to predict toxicity [37]. In our study, we also introduce
the Caco-2 cell line, the cells of which divide spontaneously in culture to form monolayers
of mature intestinal enterocytes [38]. We have used them as an intestinal barrier model
in in vitro toxicology studies. The obtained results clearly indicate that the combination
of metronidazole with Ag2SO4 exerts higher cytotoxicity toward cancer cells than the
combination of metronidazole with AgNO3. Reversely, [Ag(MTZ)2NO3] induced normal
cell death more effectively than [Ag(MTZ)2]2SO4. Comparing the sensitivity of normal cells
to cancer cells for the studied complexes, we found that normal cells were more sensitive to
[Ag(MTZ)2NO3], whereas cancer cells were more sensitive to [Ag(MTZ)2]2SO4. These ob-
servations may suggest that the differences in the cytotoxic potential of studied complexes
can be affected by different counter-ions. However, we reported a higher cytotoxicity of
AgNO3 than Ag2SO4 in the case of cancer cells, and this was comparable in the case of
fibroblasts. To the best of our knowledge, there is no other study comparing the cytotoxicity
of silver (I) complexes containing MTZ as a ligand and different counter-ions. We found
only one study performed by Stryjska et al., who compared the cytotoxic potential in
HepG2 cells and fibroblasts of silver(I) complexes containing miconazole (MCZ) as a ligand
and AgNO3 or AgClO4. The results of MTT, NRU, LDH and TPC assays displayed that
these two complexes did not differ significantly. The observation suggests that various
counter-ions did not differentiate cytotoxicity. In turn, the efficiency in inducing HepG2 cell
and fibroblast death was various for complexes with the same silver(I) salt (AgNO3), but
different ligands. In addition, [Ag(MCZ)2NO3] showed a better efficiency of elimination
with HepG2 cancer cells and lower toxicity to Balb/c 3T3 fibroblasts for [Ag(MCZ)2NO3] in
relation to the silver(I) complex of metronidazole [Ag(MTZ)2NO3]. Moreover, the complex
of MCZ with AgNO3 and MTZ with AgNO3 were more toxic to HepG2 cancer cells in
comparison to the free ligands [7]. Our previous study demonstrated that HepG2 cells
exhibited similar sensitivity to [Ag(4-OHMePy)2]NO3 and [Ag(MTZ)2NO3], whereas mice
fibroblasts generally were more sensitive to [Ag(MTZ)2NO3]. Interestingly, in human
pancreatic cancer cells, PANC-1 and 1.2B4, we found that [Ag(MTZ)2NO3] and [Ag(4-
OHMePy)2]NO3 had similar cytotoxic potential. On the other hand, these results may
suggest that the incorporation of the same silver(I) salt to different ligands did not differen-
tiate the cytotoxic activity [4]. Azoles are very interesting compounds due to their in vitro



Cancers 2022, 14, 900 20 of 24

cytotoxic properties [32,39–41]. Their properties can be regulated by combining them with
various ligands [4,10,34,42].

The anticancer properties of Ag(I) ions are still being extensively studied in multiple
types of human cancer cells, such as MCF-7 breast cancer, lung cancer cells, H1299, hepato-
carcinoma cells HepG2 and pancreatic cancer cell PANC-1. The majority of data gathered
for Ag(I) ions are derived from studies on silver(I) nitrate and silver nanoparticles. It was
demonstrated that the anticancer properties of Ag(I) ions involved several mechanisms,
including (1) the generation of reactive oxygen species (ROS) that destroy the mitochondrial
respiratory chain [43,44], (2) causing DNA damage [3,45], (3) the induction of cell apopto-
sis, necrosis and autophagy [46–49], (4) the inhibition of cell migration and invasion [47]
and (5) the induction of lactate dehydrogenase leakage (LDH) [50]. So far, only limited
biochemical research in antibacterial studies of silver(I) complexes was conducted to tackle
the fundamental issue of how silver(I) ions, as well as nitrate or sulfate anions, enter cells.
Recent studies have revealed that another silver(I) salt, namely sodium silver(I) thiosulfate
complex (STS), also exerted anticancer activity involving dose-dependent cytotoxicity to-
ward MCF-7 breast cancer cells and myeloid leukemia cells K562 [51]. STS induced cancer
cell death via ROS generation, cell cycle arrest at the G1 phase, a decrease in the GSH levels
and morphological changes, such as the expansion of cell shapes, cell flattening and the
loosening of cell–cell contacts [51].

Infections caused by anaerobic bacteria can be serious and life-threatening and occur
frequently. Anaerobes colonize the skin, and are the main component of mucous mem-
branes microbiota, so they are endogenous in nature [52]. The treatment of anaerobic
infection is complicated due to their polymicrobial nature. Anaerobes generally are isolated
and mixed with aerobes. Then, the chosen antimicrobial should cover a spectrum of both
groups of pathogens. The most effective antimicrobials against anaerobes are metronida-
zole, the carbapenems, chloramphenicol, the combinations of penicillin and beta-lactamase
inhibitors, tigecycline, cefoxitin and clindamycin [52]. However, the widespread use,
overuse and misuse of antimicrobials during the last 80 years have been associated with
the explosion of antimicrobial resistance [53]. Antimicrobial strategies able to overcome the
development of resistance and innovative perspectives on the new approach are immedi-
ately needed. We showed a broad range of metronidazole complex activity by combining it
with silver salts. The complexes tested in our study potentially offer additional options for
therapy in infections caused by mixed pathogens that are Gram-positive, Gram-negative,
aerobic and anaerobic, or resistant to conventional antibiotic therapy.

The higher cytotoxic and antimicrobial activities of the studied silver(I) complexes,
in comparison to pure silver(I) salt or free ligands, may be connected with their chemi-
cal properties. Numerous studies demonstrated that silver(I) complexes present higher
bioavailability and the prolonged release of silver or gold ions [54–60]. The formation of
new chemical bonds between the Ag–N-heterocycle slow metal release, depending on the
degradation and/or redox processes of the complex. As a result, the stability and half-life
of silver(I) complexes with N-heterocycle ligands significantly increases [61] Consequently,
the release of active Ag(I) ions from the complexes follows gradually and longer, enhancing
the interaction with cellular (eukaryotic, bacterial and mitochondrial) membranes, enzymes
and DNA/RNA [30]. Dibrov et al. [62] found out that the addition of low micromolar
concentrations of Ag(I) ions to inside-out membrane vesicles of V. cholerae induced a to-
tal collapse of both respiration-generated transmembrane pH gradient (∆pH) and the
respiration-generated membrane electric potential ∆ψ, irrespective of the presence of Na+

ions. The interaction between silver and the constituents of the bacterial membrane causes
structural changes and damage to the membranes, and intracellular metabolic activity is
one of the most important mechanisms of Ag(I) ion toxicity, which might be the cause or
consequence of cell death [63]. The antibacterial mode of action of silver ions was nicely
reviewed by Kędziora et al. [64], and are connected with interactions with the bacterial
cell envelope, interactions with molecules inside the cell (e.g., nucleic acids and enzymes)
and the production of reactive oxygen species (ROS). Differences between the mode of
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Ag(I) ion action against Gram-positive and Gram-negative bacteria may rely on the means
of silver uptake into the cell. Silver ions enter Gram-negative cells via the major outer
membrane proteins (OMPs); however, it has been widely discussed, and the results of the
conducted experiments were quite different [64]. Such actions display the improvement
of the efficacy of Ag(I) complexes in increasing cytotoxicity toward cancer and normal
cells and antibacterial activity. In addition, it was found that Ag(I) complexes gain new
biological properties, namely antimycotic, since neither silver(I) salts nor some ligands
have this property, or they have it, but it is worse [9,65–67].

In our previous study we investigated the antibacterial and antimycotic properties of
metronidazole complexes with silver(I) salts bearing various counter-ions. We found that
silver(I) complexes with metronidazole exhibited not just antibacterial, but also antimycotic
activity. What is more, the type of counter-ion exerted a significant impact on the efficacy
of the antimicrobial activity [12].

5. Conclusions

The newly synthetized [Ag(MTZ)2]2SO4·5H2O complex exhibits a polymeric structure,
in contrast to [Ag(MTZ)2NO3]. In the 13C NMR spectra of the novel MTZ complex, we
found that the greatest shift, of about 1.34 ppm, was observed for the methyl group. Both
complexes of metronidazole with silver(I) salts show greater stability in daylight and
after exposure to UV-A radiation, as well as solubility in water, in comparison with the
solubility of Ag2SO4 in water or MTZ in water. This is due to the greater stability of the
complex cation, in which silver(I) is bound to the ligand, and not in the free form. Generally,
the obtained results showed that the complexes exhibit better biological properties than
pure silver(I) salts or MTZ. In the case of E. coli, the biofilm inhibition effect by the silver
coordination compounds is more pronounced in relation to the reference drug. Of note, we
used, for the first time, Ag2SO4, which because of its undesired chemical properties had not
been utilized so far, to perform the synthesis of a novel complex, and we thereby obtained
a compound with the desired chemical and biological properties. The probable synergic
mechanism of action of both complex components—DNA damage by metronidazole and
the binding to thiol groups (-SH) of proteins from silver compounds—is responsible for
the antitumor and bactericidal activities of the tested complexes. Thus, [Ag(MTZ)2]2SO4
and [Ag(MTZ)2NO3] can be regarded as a compounds that exhibit a unique “risk–benefit”
relationship, based on the low cytotoxicity properties to fibroblasts (Balb/c 3T3) and their
antimicrobial activity.

Taken together, our in vitro preliminary studies provided the background for further
research on the potential use of the studied complexes as pharmaceutical agents, which
we intend to continue. After all, the metronidazole silver(I) complex of the formula
[Ag(MTZ)2NO3] has already been tested in clinics as part of a medical experiment [68],
and is now used as a prescription drug prepared in a pharmacy. The formulations of drug
forms, i.e., eye ointment and drops and ointment for external use, have been developed for
the treatment of patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers14040900/s1, FigureS1. Crystals of [Ag(MTZ)2]2SO4·5H2O (microscopic image); Figure
S2. Crystals of [Ag(MTZ)2]2SO4·5H2O (real image enlarged); Figure S3. 1H NMR of metronidazole
complex with silver(I) sulfate without (a) and with D20 (b); Figure S4. 13C NMR (600 MHz, DMSO-d6)
of metronidazole complex with silver(I) sulfate; Figure S5. Paper (a—upper part) and tissue paper
(b—lower part) with applied solutions left in the dark and photographed after the time shown; Figure
S6. Paper (a—upper part) and tissue paper (b—lower part) with applied solutions left in the daylight
and photographed after the time shown; Figure S7. Paper (a—upper part) and tissue paper (b—lower
part) with applied solutions left under UV-A rays and photographed after the time shown.
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33. Radko, L.; Minta, M.; Stypuła-Trębas, S. Influence of fluoroquinolones on viability of Balb/c 3T3 and HepG2 cells. Bull. Vet. Inst.
Pulawy 2013, 57, 599–606. [CrossRef]

34. Lozynskyi, A.; Zimenkovsky, B.; Radko, L.; Stypula-Trebas, S.; Roman, O.; Gzella, A.K.; Lesyk, R. Synthesis and cytotoxicity
of new thiazolo[4,5-b]pyridine-2(3H)-one derivatives based on α,β-unsaturated ketones and α-ketoacids. Chem. Pap. 2018, 72,
669–681. [CrossRef]

35. Eisenbrand, G.; Pool-Zobel, B.; Baker, V.; Balls, M.; Blaauboer, B.J.; Boobis, A.; Carere, A.; Kevekordes, S.; Lhuguenot, J.C.; Pieters,
R.; et al. Methods of in vitro toxicology. Food Chem. Toxicol. 2002, 40, 193–236. [CrossRef]

36. Weyermenn, J.; Lohmann, D.; Zimmer, A. A practical note on the use of cytotoxicity assays. Int. J. Pharm. 2005, 288, 369–376.
[CrossRef] [PubMed]

37. Ramirez, T.; Strigun, A.; Verlohner, A.; Huener, H.A.; Peter, E.; Herold, M.; Bordag, N.; Mellert, W.; Walk, T.; Spitzer, M.; et al.
Prediction of liver toxicity and mode of action using metabolomics in vitro in HepG2 cells. Arch. Toxicol. 2017, 92, 893–906.
[CrossRef]

38. Natoli, M.; Leoni, B.D.; D’Agnano, I.; Zucco, F.; Felsani, A. Good Caco-2 cell culture practices. Toxicol. Vitr. 2012, 26, 1243–1246.
[CrossRef]

39. Ferreira, M.B.; Myiagi, S.; Nogales, C.G.; Campos, M.S.; Lage-Marques, J.L. Time- and concentration-dependent cytotoxicity of
antibiotics used in endodontic therapy. J. Appl. Oral Sci. 2010, 18, 259–263. [CrossRef]

40. Salahuddin, A.; Agarwal, S.M.; Avecilla, F.; Azam, A. Metronidazole thiosalicylate conjugates: Synthesis, crystal structure,
docking studies and antiamoebic activity. Bioorg. Med. Chem. Lett. 2012, 17, 5694–5699. [CrossRef]

41. Hausen, M.A.; Menna-Barreto, R.F.S.; Lira, D.C.; de Carvalho, L.; Barbosa, H.S. Synergic effect of metronidazole and pyrantel-
pamoate on Giardia lamblia. Parasitol. Int. 2011, 1, 54–58. [CrossRef]

42. Kalinowska-Lis, U.; Felczak, A.; Chęcińska, L.; Szabłowska-Gadomska, I.; Patyna, E.; Małecki, M.; Lisowska, K.; Ochocki, J.
Antibacterial Activity and Cytotoxicity of Silver(I) Complexes of Pyridine and (Benz)Imidazole Derivatives. X-ray Crystal
Structure of [Ag(2,6-di(CH2OH)py)2]NO3. Molecules 2016, 21, 87. [CrossRef]

43. Miyayama, T.; Arai, Y.; Suzuki, N.; Hirano, S. Mitochondrial electron transport is inhibited by disappearance of metallothionein
in human bronchial epithelial cells following exposure to silver nitrate. Toxicology 2013, 305, 20–29. [CrossRef]

44. Hsin, Y.H.; Chen, C.F.; Huang, S.; Shih, T.S.; Lai, P.S.; Chueh, P.J. The apoptotic effect of nanosilver is mediated by a ROS-and
JNK-dependent mechanism involving the mitochondrial pathway in NIH3T3 cells. Toxicol. Lett. 2008, 179, 130–139. [CrossRef]
[PubMed]

http://doi.org/10.1107/S2053229614024218
http://www.ncbi.nlm.nih.gov/pubmed/25567568
http://doi.org/10.1039/B818330A
http://crystalexplorer.scb.uwa.edu.au/
http://doi.org/10.1016/0022-1759(83)90303-4
http://www.ncbi.nlm.nih.gov/pubmed/3983963
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1016/j.molstruc.2017.04.067
http://doi.org/10.1021/cg025614p
http://doi.org/10.1039/b704980c
http://www.ncbi.nlm.nih.gov/pubmed/18217656
http://doi.org/10.1107/S0021889807067908
http://doi.org/10.1016/j.ijantimicag.2009.06.031
http://doi.org/10.1016/j.ccr.2016.05.015
http://doi.org/10.3390/molecules26123582
http://doi.org/10.2478/v10213-012-0102-5
http://doi.org/10.2478/bvip-2013-0102
http://doi.org/10.1007/s11696-017-0318-1
http://doi.org/10.1016/S0278-6915(01)00118-1
http://doi.org/10.1016/j.ijpharm.2004.09.018
http://www.ncbi.nlm.nih.gov/pubmed/15620877
http://doi.org/10.1007/s00204-017-2079-6
http://doi.org/10.1016/j.tiv.2012.03.009
http://doi.org/10.1590/S1678-77572010000300011
http://doi.org/10.1016/j.bmcl.2012.06.083
http://doi.org/10.1016/j.parint.2010.10.003
http://doi.org/10.3390/molecules21020087
http://doi.org/10.1016/j.tox.2013.01.004
http://doi.org/10.1016/j.toxlet.2008.04.015
http://www.ncbi.nlm.nih.gov/pubmed/18547751


Cancers 2022, 14, 900 24 of 24

45. Foldbjerg, R.; Dang, D.A.; Autrup, H. Cytotoxicity and genotoxicity of silver nanoparticles in the human lung cancer cell line,
A549. Arch Toxicol. 2011, 85, 743–750. [CrossRef] [PubMed]

46. Yuan, Y.; Zhang, S.; Hwang, J.; Kong, I. Silver Nanoparticles Potentiates Cytotoxicity and Apoptotic Potential of Camptothecin in
Human Cervical Cancer Cells. Oxid. Med. Cell. Longev. 2018, 2018, 6121328. [CrossRef] [PubMed]

47. Buttacavoli, M.; Albanese, N.N.; di Cara, G.; Alduina, R.; Faleri, C.; Gallo, M.; Pizzolanti, G.; Gallo, G.; Feo, S.; Baldi, F.;
et al. Anticancer activity of biogenerated silver nanoparticles: An integrated proteomic investigation. Oncotarget 2018, 9, 9685.
[CrossRef] [PubMed]

48. Foldbjerg, R.; Olesen, P.; Hougaard, M.; Dang, D.A.; Hoffmann, H.J.; Autrup, H. PVP-coated silver nanoparticles and silver
ions induce reactive oxygen species, apoptosis and necrosis in THP-1 monocytes. Toxicol. Lett. 2009, 190, 156–162. [CrossRef]
[PubMed]

49. Mani, S.; Balasubramanian, M.G.; Ponnusamy, P.; Vijayan, P. Antineoplastic effect of PAC capped silver nanoparticles promote
apoptosis in HT-29 human colon cancer cells. J. Clust. Sci. 2019, 30, 483–493. [CrossRef]

50. Gurunathan, S.; Qasim, M.; Park, C.; Yoo, H.; Kim, J.H.; Hong, K. Cytotoxic Potential and Molecular Pathway Analysis of Silver
Nanoparticles in Human Colon Cancer Cells HCT116. Int. J. Mol. Sci. 2018, 19, 2269. [CrossRef]

51. Ota, A.; Tajima, M.; Mori, K.; Sugiyama, E.; Sato, V.H.; Sato, H. The selective cytotoxicity of silver thiosulfate, a silver complex, on
MCF-7 breast cancer cells through ROS-induced cell death. Pharmacol. Rep. 2021, 73, 847–857. [CrossRef]

52. Brook, I. Spectrum and treatment of anaerobic infections. J. Infect. Chemother. 2016, 22, 1–13. [CrossRef]
53. Christaki, E.; Marcou, M.; Tofarides, A. Antimicrobial Resistance in Bacteria: Mechanisms, Evolution, and Persistence. J. Mol.

Evol. 2020, 88, 26–40. [CrossRef]
54. Banti, C.N.; Giannoulis, A.D.; Kourkoumelis, N.; Owczarzak, A.M.; Poyraz, M.; Kubicki, M.; Charalabopoulos, K.; Hadjikakou,

S.K. Mixed ligand–silver(I) complexes with anti-inflammatory agents which can bind to lipoxygenase and calf-thymus DNA,
modulating their function and inducing apoptosis. Metallomics 2012, 4, 545–560. [CrossRef] [PubMed]

55. Banti, C.N.; Kyros, L.; Geromichalos, G.D.; Kourkoumelis, N.; Kubicki, M.; Hadjikakou, S.K. A novel silver iodide metalo-drug:
Experimental and computational modelling assessment of its interaction with intracellular DNA, lipoxygenase and glutathione.
Eur. J. Med. Chem. 2014, 17, 388–399. [CrossRef] [PubMed]

56. Hickey, J.L.; Ruhayel, R.A.; Barnard, P.J.; Baker, M.V.; Berners-Price, S.J.; Filipovska, A. Mitochondria-targeted chemotherapeutics:
The rational design of gold(I) N-heterocyclic carbene complexes that are selectively toxic to cancer cells and target protein selenols
in preference to thiols. J. Am. Chem. Soc. 2008, 130, 12570–12571. [CrossRef] [PubMed]

57. Nobili, S.; Mini, E.; Landini, I.; Gabbiani, C.; Casini, A.; Messori, L. Gold compounds as anticancer agents: Chemistry, cellular
pharmacology, and preclinical studies. Med. Res. Rev. 2009, 30, 550–580. [CrossRef]

58. Ott, I. On the medicinal chemistry of gold complexes as anticancer drugs. Coord. Chem. Rev. 2009, 253, 1670–1681. [CrossRef]
59. Berners-Price, S.J.; Filipovska, A. Gold compounds as therapeutic agents for human diseases. Metallomics 2011, 3, 863–873.
60. Azócar, M.I.; Gómez, G.; Velásquez, C.; Abarca, R.; Kogan, M.J.; Páez, M. Antibacterial, kinetics and bacteriolytic properties of

silver(I) pyridinedicarboxylate compounds. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 37, 356–362. [CrossRef]
61. Hindi, K.M.; Siciliano, T.J.; Durmus, S.; Panzner, M.J.; Medvetz, D.A.; Reddy, D.V.; Hogue, L.A.; Hovis, C.E.; Hilliard, J.K.; Mallet,

R.J.; et al. Synthesis, Stability, and Antimicrobial Studies of Electronically Tuned Silver Acetate N-Heterocyclic Carbenes. J. Med.
Chem. 2008, 51, 1577–1583. [CrossRef]

62. Dibrov, P.; Dzioba, J.; Gosink, K.K.; Häse, C.C. Chemiosmotic mechanism of antimicrobial activity of Ag(+) in Vibrio cholerae.
Antimicrob Agents Chemother. 2002, 46, 2668–2670. [CrossRef]

63. Jung, W.K.; Koo, H.C.; Kim, K.W.; Shin, S.; Kim, S.H.; Park, Y.H. Antibacterial activity and mechanism of action of the silver ion in
Staphylococcus aureus and Escherichia coli. Appl. Environ. Microbiol. 2008, 74, 2171–2178. [CrossRef]
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Smoleński, P. Self-Assembly and Multifaceted Bioactivity of a Silver(I) Quinolinate Coordination Polymer. Inorg. Chem. 2021, 60,
15435–15444. [CrossRef] [PubMed]
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