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Abstract: Ag(I) coordination compounds have recently attracted much attention as antiproliferative
and antibacterial agents against a wide range of cancer cell lines and pathogens. The bioactivity
potential of these complexes depends on their structural characteristics and the nature of their lig-
ands. Herein, we present a series of four Ag(I) coordination compounds bearing as ligands the
CH3-substituted thiadiazole-based thioamide 5-methyl-1,3,4-thiadiazole-2-thiol (mtdztH) and phos-
phines, i.e., [AgCl(mtdztH)(PPhs),] (1), [Ag(mtdzt)(PPhs)s] (2), [AgCl(mtdztH)(xantphos)] (3), and
[AgmtdztH)(dppe)(NOs)]n (4), where xantphos = 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
and dppe = 1,2-bis(diphenylphosphino)ethane, and the assessment of their in vitro antibacterial and
anti-cancer efficiency. Among them, diphosphine-containing compounds 3 and 4 were found to
exhibit broad-spectrum antibacterial activity characteristics against both Gram-(+) and Gram-(-)
bacterial strains, showing high in vitro bioactivity with ICsy values as low as 4.6 uM. In vitro cyto-
toxicity studies against human ovarian, pancreatic, lung, and prostate cancer cell lines revealed the
strong cytotoxic potential of 2 and 4, with ICsy values in the range of 3.1-24.0 uM, while 3 and 4
maintained the normal fibroblast cells’ viability at relatively higher levels. Assessment of these re-
sults, in combination with those obtained for analogous Ag(I) complexes bearing similar heterocyclic
thioamides, suggest the pivotal role of the substituent groups of the thioamide heterocyclic ring in the
antibacterial and anti-cancer efficacy of the respective Ag(I) complexes. Compounds 1-4 exhibited
moderate in vitro antioxidant capacity for free radicals scavenging, as well as reasonably strong
ability to interact with calf-thymus DNA, suggesting the likely implication of these properties in their
bioactivity mechanisms. Complementary insights into the possible mechanism of their anti-cancer
activity were provided by molecular docking calculations, exploring their ability to bind to the
overexpressed fibroblast growth factor receptor 1 (FGFR1), affecting cancer cells” functionalities.

Keywords: silver(I) complexes; phosphines; heterocyclic thioamides; antibacterial and anti-cancer
properties; radical scavenging; interaction with biomacromolecules; molecular docking; FGFR1

1. Introduction

Cancer is a leading cause of millions of deaths worldwide and, according to the
International Agency for Research on Cancer, a rapid increase in new cancer cases is
predicted by 2030 [1]. Despite the substantial progress made in medicine, the understanding
and treatment of particular types of cancer remain a great challenge and, therefore, the
development of novel anti-cancer drugs becomes an urgent need. Shortcomings of cisplatin
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cancer treatment (mainly toxicity and tumor drug resistance) motivated research towards
the discovery of new chemotherapeutic agents based on other transition metals, such as
ruthenium, iridium, and gold. Among them, Ag(I) complexes recently attracted much
attention as promising antiproliferative agents [2-5]. However, available data on their
effective bioactivity against different human cancer cells are still limited.

A family of Ag(I) complexes exhibiting high inhibitory potential for cancer cells pro-
liferation involves those with heterocyclic thioamide ligands. Heterocyclic thioamides
are able to adopt different coordination modes (depending on their protonation state),
e.g., monodentate (kS or kN), bidentate chelating (xS,N) or bidentate bridging (u-S,N), al-
lowing them to act as multifunctional ligands and lead to the formation of metal complexes
with diverse structural characteristics (e.g., total charge, nuclearity, metal coordination num-
ber, and geometry) [6]. Moreover, the structural resemblance of these organic compounds
with basic building blocks of biological entities allows for the development of strong inter-
molecular interactions with various biomacromolecules, providing them with interesting
biological properties and bioactivity [7]. Five-membered heterocyclic ring thioamides, and,
in particular, those containing the 1,3,4-thiadiazole ring, have been reported to possess
significant antiproliferative activity against different human cancer cells, a fact that was
attributed, to a large extent, to the high electron-donating ability of their N atoms and
their ability to interact through H-bonding with various biomolecular targets involved in
cancer cell proliferation and metastasis. Moreover, 1,3,4-thiadiazole derivatives, which
are bioisosteres of pyrimidine, were found to be able to interfere with DNA replication,
regulate angiogenesis, or control the cell cycle in cancer cells while some of them have been
used in clinical phases I-1I, showing encouraging perspectives as alternatives in cancer
treatment [8-11].

Among the Ag(I) complexes bearing small-ring heterocyclic thioamides, those con-
taining phosphine co-ligands appear to be an intriguing case, owing to the fact that
they combine the unique bioactivity properties of thioamides with the beneficial prop-
erties of phosphine ligands. In particular, phosphine ligands are known for their abil-
ity to improve the kinetic stability of their Ag(I) complexes in biological environments
and provide a balanced lipophilic/hydrophilic character that is necessary for efficient
biological activity of the complexes. Indeed, a number of thioamide/phosphine Ag(I)
complexes have been reported to exhibit significant in vitro bioactivity against a range
of different cancer cell lines and bacterial strains. For example, the anti-cancer activity
potential of [AgCI(CMBZT)(TPTP);], where CMBZT = 5-chloro-2-mercaptobenzothiazole
and TPTP = tris(p-tolyl)phosphine, against leiomyosarcoma cancer cells was found to be
higher than that of cisplatin [12] The structurally analogous complex [AgI(PPh3),(MBZT)],
where MBZT = 2-mercapto-benzothiazole, was tested for its cytotoxic efficacy upon or
without UVB irradiation against a series of cancer cells, and found to display increased
(higher than cisplatin) cytotoxicity upon irradiation [13]. In a related study, Ag(I) com-
plexes bearing imidazolidine-2-thione or benzimidazoline-2-thione ligands were reported
to exhibit enhanced biological activity, compared to AgNQO3, against a series of differ-
ent cancer cells, a result that was correlated with their balanced hydrophilic-lipophilic
nature offered by the phosphine co-ligands [14]. Concerning the antibacterial poten-
tial of this family of Ag(l) complexes, it has been reported that [Ag(Imt),(PPh3)](NO3),
where Imt = imidazolidine-2-thione, displays significant activity against the Gram-(-)
E. coli and P. aeruginosa bacterial strains [15]. Mononuclear and binuclear Ag(l) com-
plexes bearing an imidazolidine-2-thione ligand, such as 1-methyl-imidazolidine-2-thione,
1-ethyl-imidazolidine-2-thione, 1-n-propyl-imidazolidine-2-thione, 1-n-butyl-imidazolidine-
2-thione, and 1-phenyl-imidazolidine-2-thione, and PPhs co-ligands were also found to be ef-
fective against methicillin-resistant S. aureus, K. pneumoniae, and S. typhimurium bacteria [16].
Finally, in another study, cationic mixed-ligand thioamide/phosphine Ag(I) complexes
[Agy(CysP)a(tzdSH),](PFg), and [Ag(CysP)(tzdSH),](NO3), where tzdSH = thiazolidine-
2-thione and Cy3P = tricyclohexylphosphine, were reported to display moderate activity
against the Gram-(-) P. vulgaris, P. aeruginosa, E. coli, and K. pneumoniae bacteria [17].
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Studies carried out in our laboratory on Ag(I) complexes bearing the five-membered
heterocyclic ring thioamides 4-phenyl-imidazole-2-thione (phimtH) and 2,2,5,5-tetramethyl-
imidazolidine-4-thione (tmimdtH) and phosphines also revealed their moderate-to-high
in vitro cytotoxic and antibacterial potential against a variety of human cancer cell lines and
bacterial strains, respectively [18]. More recently, we reported a series of heteroleptic Ag(I)
complexes bearing a five-membered heterocyclic ring thioamide with group substituents of
high electronegativity, i.e., 5-amino-1,3,4-thiadiazole-2(3H)-thione (atdztH) and 4-methyl-5-
(trifluoromethyl)-1,2,4-triazol-3-thiol (mtftH), and the results of their in vitro anti-cancer
and antibacterial activity assessment [19-21]. Noticeably, high antiproliferative activity
against various human cancer cells, together with some degree of selectivity against normal
cells, and moderate-to-high antibacterial activity against various Gram-(+) and Gram-(-)
bacteria was observed for the complexes bearing the NH,-substituted thioamide, while the
CF3-substitution of the thioamide proved to be detrimental for the observed bioactivity.
Undoubtedly, the introduction of group substituents of different electronegativity and
lipophilicity on the heterocyclic ring of the thioamide has a determining effect on the
bioactivity of their corresponding complexes.

These findings provided us with promising perspectives and a good initiative for
further study of the bioactivity potential of Ag(I) complexes of this family. A particularly
interesting problem is the investigation of the impact of variation in group substituents of
the five-membered heterocyclic ring of the thioamide ligands on the biological potency of
the respective Ag(I) complexes. To this end, herein, we report a series of Ag(I) complexes
bearing the CH3-substituted thiadiazole-based thioamide 1,3,4-thiadiazole-2(3H)-thione
(mtdztH) and phosphines, and the in vitro study of their potential for growth inhibition of a
variety of human cancer cell lines and bacterial strains. In particular, the mononuclear com-
plex [AgCl(mtdztH)(xantphos)] and the polymeric compound [Ag(mtdztH)(dppe)(NO3)]n,
where xantphos = 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene and dppe = 1,2-
bis(diphenylphosphino)ethane, were synthesized. The Ag(I) complexes bearing the same
thioamide [AgCl(mtdztH)(PPh3),] (1) and [Ag(mtdzt)(PPh3)s3] (2) (Scheme 1), which we
reported recently [20], were also synthesized for comparison reasons. The in vitro antibacte-
rial efficiency of the four complexes was evaluated against the Gram-(+) (S. aureus, B. cereus,
B. subtilis) and Gram-(-) (E. coli) bacterial strains, while their in vitro cytotoxicity was ex-
plored against human ovarian (SKOV-3), lung (DMS-114), pancreas (Hup-T3), and prostate
(PC3) cancer cells, and the fetal lung fibroblast (MRC-5) cells. The varying individual
structural characteristics of these Ag(l) compounds, e.g., nuclearity, metal coordination
number, and geometry, protonation state of the thioamide, phosphine denticity and co-
ordination mode, are expected to influence their pharmacokinetic properties, regarding
their stability in biological media and their efficient cellular uptake, and, therefore, their
bioactivity. Therefore, the herein-presented bioactivity study provides the opportunity to
infer potential structure/bioactivity correlations: (a) among the studied Ag(l) compounds
and (b) among the members of the broader family of Ag(I) compounds bearing a five-
membered heterocyclic ring thioamide with different ring-substituents, i.e., CHz- vs. NH,-
and CF3 groups. Finally, in vitro studies of the interaction of the Ag(I) compounds with calf
thymus (CT) DNA and serum albumins were employed to assess their potential to bind
to bio-macromolecular targets and drug carriers, whereas molecular docking calculations
on the overexpressed Fibroblast Growth Factor Receptor 1 (FGFR1) in the aforementioned
cancer cells provided useful information for the likely implication of these properties in
their bioactivity mechanisms.

PhaF’\A o PhaF’\ .-PPhg

Ph3/\_—<J\ /\~</)\

[AgCI(mtdztH)(PPhj),] [Ag(mtdzt)(PPhg)s]
™M )

Scheme 1. Molecular structures of 1 and 2.
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2. Results and Discussion
2.1. Synthesis and Characterization

Compounds 1-4 were synthesized following a general one-pot/two-step experimen-
tal procedure which involved an initial reaction of a Ag(I) salt with a phosphine in an
appropriate solvent, followed by the addition of the thioamide, either in its neutral or de-
protonated form. In particular, mononuclear complexes 1 and 3, having the general formula
[AgCl(mtdztH)(PP)], where PP = 2PPh; (1) and PP = xantphos (3), were obtained upon the
treatment of AgCl with 2 equiv of PPhs or 1 equiv of xantphos, respectively, followed by
the addition of 1 equiv of the neutral heterocyclic thioamide mtdztH in a CH3CN/CH3;OH
mixture under reflux. The reaction of equimolar amounts of AgBF,; and K*mtdzt™ in the
presence of a two-fold excess of PPh3 under mild conditions in a CH3CN/CHzOH mixture
afforded the mononuclear complex [Ag(mtdtzt)(PPhs)3] (2). Finally, the addition of 1 equiv
of mtdtztH to an equimolar mixture of AgNO3 and dppe in CH,Cl,, at room temperature,
resulted in the polymeric compound [Ag(mtdztH)(dppe)(NO3)]n (4). All compounds were
isolated in the form of white microcrystalline solids in good yields (~50%) after filtration
and subsequent crystallization from their respective filtrates. They are stable in air, both in
the solid state and in solution in common organic solvents, for long periods of time.

Single-crystal X-ray diffraction analysis revealed the solid-state structures of the four
compounds. The crystal structures of 1 and 2 were presented in our previous work [20]
and, therefore, they are not discussed herein. The details of crystal data and structure
refinement parameters for 3 and 4 are given in Table S1. Views of their crystal structures
are illustrated in Figure 1, while selected bond lengths and bond angles are provided in
Table 1 (also in Figures S1 and S2 and Tables S2 and S3, respectively).

]
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Figure 1. Views of the X-ray crystal structures of (a) [AgCl(mtdztH)(xantphos)] (3) and (b) part of the
polymeric chain of [Ag(mtdztH)(dppe)(NOs)]n (4). Displacement ellipsoids are drawn at the 35%
probability level. Hydrogen atoms, except those of the NH groups of the thioamides, are omitted for
clarity. Intramolecular hydrogen-bonding interactions are shown with dotted lines.

Compound 3 comprises a central metal atom surrounded by the P atoms of a chelating
xantphos ligand, the exocyclic S atom of a terminally coordinated neutral mtdztH, and a
Cl atom (Figure 1a). The coordination sphere of the donor atoms around the metal center
exhibits slight deviations from the ideal tetrahedral geometry, with bond angles ranging be-
tween 99.98(14) and 121.74(3)°. In particular, the geometry index t4 for the metal center was
calculated using the equation T4 = [360 — (cx + 3)] /141 proposed by Houser and cowork-
ers [22], where « and 3 are the two largest bond angles around the metal center. T4 values
range between 0.0 for the perfect square planar geometry and 1 for the ideal tetrahedral
geometry. The calculated t4 value for 3 was found to be [360 — (121.74 + 113.00)] /141 = 0.88
which is close to the ideal tetrahedral geometry, as expected for a four-coordinate d'° metal
ion without ligand geometrical constraints. The compound displays two unequal Ag-P
bonds with lengths of 2.513(1) A and 2.471(1) A. The Ag-S bond length was found to be
at 2.699(2) A which is similar to the corresponding one found in other complexes of the
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general type [AgCl(thioamide)(PPhs);] and [AgCl(thioamide)(PAP)] (PP= diphosphine),
reported in our previous work [21]. Finally, 3 is stabilized by intramolecular hydrogen
bonding between the NH group of the thioamide ligand and the coordinated halogen atom,
as revealed by the relative orientation of mtdztH in reference to the Cl atom and the short
Cl---N interatomic distance of 3.089 A.

Table 1. Selected bond lengths (A) and angles (°) for 3 and 4.

3 4
Bond lengths (A)
Agl-P1 2.513(1) 2.451(1)
Agl-P2 2.471(1) 2.449(1)
Agl-Sl 2.699(2) 2.654(1)
Agl-Cll 2.561(1)
Agl---01 2.768(3)
Bond angles (°)
P1-Agl-P2 109.68(3) 130.69(3)
P2-Agl-S1 103.31(3) 112.24(3)
P1-Agl-S1 108.38(4) 102.89(3)
Agl-S1-C1 99.98(14) 111.7(2)
P1-Ag—Cl1 113.00(3)
P2-Ag—ClI1 121.74(3)
S1-Ag-Cl1 98.88(3)

Compound 4 is a one-dimensional coordination polymer with the formula [Ag(mtdztH)
(dppe)(NO3)]n. As shown in Figure 1b, it consists of Ag atoms which are interconnected by
bridging dppe ligands forming a one-dimensional zigzag chain. Each Ag atom completes
its coordination sphere by the P atoms of two different dppe moieties and the exocyclic S
atom of a thioamidato ligand. The Ag-P bond lengths were found to be equal to 2.451(1)
A and 2.449(1) A, respectively, while the Ag-S bond length was 2.654(1) A, values which
fall within the usual ranges for analogous Ag(I) complexes reported in the literature [18,23].
The local symmetry around each Ag atom approximates a pyramidally distorted trigonal
arrangement. Presumably, this might be related to the presence of weak interactions between
the Ag atoms and the NO3 moieties in a direction perpendicular to the P,S plane, which
is consistent with the weak coordinating ability of the NOs™ ions. Indeed, the Ag---ONO,
distances were found to be 2.769 A, which are less than the sum of the van der Waals radii
(3.20 A) of Ag and O [24]. Other angles around the metal center range between 102.89(3)°
and 130.69(3)°. Intramolecular hydrogen-bonding interactions are also developed between
an O atom of a weakly coordinating NO3; moiety with the NH group of the thioamide ligand.
Views of the packing of 4 in the solid state, showing parallel one-dimensional zigzag chains
extending along the a-axis, are given in Figure S3.

Infrared spectroscopy was utilized to verify the identity of the synthesized Ag(I)
compounds as isolated as microcrystalline solids in bulk form. In general, experimen-
tal data obtained from the FTIR spectra of the compounds in the 4000-400 cm ! region
are in accordance with the findings of X-ray crystal structure determinations. The exis-
tence of characteristic absorption bands of the heterocyclic thioamide (or thioamidato) and
phosphine ligands provide evidence for their coordination to the metal center. Moreover,
particular thioamide absorption bands have high diagnostic value. In the FTIR spectrum
of mtdztH in its free form, two intense bands assigned to C=N bond vibration located
at 1553 cm~! and 1464 cm~! appeared to be shifted to 1556 cm ™! and 1473 cm ™!, re-
spectively, in the FTIR spectrum of 3. The two bands of the free ligand appeared to be
shifted to 1484 cm~! and 1434 cm™!, respectively, in the spectrum of 4. Furthermore,
the absorption band of free mtdztH at 1270 cm~! was attributed to the vibration of the
thioamide group [25]. In the FTIR spectra of 1 and 3, this band was shifted to higher
frequencies, at 1278 cm~1and 1273 em™1, respectively, in agreement with the electron shift



Molecules 2023, 28, 336

6 of 29

—

HN-C :_)S : — Ag upon the coordination of mtdztH in its thioketo form through the
exocyclic S atom to the metal center. In a similar manner, the absorption band at 767 cm !
in the spectrum of mtdztH assigned to the C=S stretching [26], underwent a shift at 792
cm~! and 693 cm ™! in the spectra of 3 and 4, respectively. Since both 3 and 4 bear mtdztH
in its neutral form, the presence of an absorption band at 3445 cm ™! can be attributed to
the N-H bond stretching vibration of the thioamide group.

Aiming to study the antibacterial and anti-cancer properties of the herein-presented
Ag(I) compounds, it is important to examine their stability in solution, as their speciation
in solution is an important factor for understanding their bioactivity. For this reason,
the stability of the four compounds in solution was examined by 'H-NMR spectroscopy.
'H-NMR spectra of the compounds in CDClj displayed characteristic signals that corre-
spond to Hs of their respective ligands. For example, the 'H-NMR spectrum of 3 showed a
broad signal in the low-field region at 13.30 ppm which can be attributed to the H of the NH
group of mtdztH, indicating its coordination through the exocyclic S atom. Moreover, the
formation of the intramolecular hydrogen bond between the NH group of the thioamide
and the highly electronegative coordinated Cl atom led to deshielding of the particular H
and the appearance of its shift at 13.30 ppm. Signals of Hs of the Ph groups of xantphos
appeared in the 7.37-7.07 ppm region as a set of partially resolved multiplets. Similarly, Hs
of the diphosphine’s backbone gave multiple signals in the same region. A singlet observed
at 2.47 ppm was attributed to the three Hs of the thioamide’s CHj group, whereas Hs of
the CH3 group of the diphosphine ligand gave a singlet in the high-field region (1.67 ppm),
presumably as a result of the dynamic behavior of the xantphos backbone. In the 'H-NMR
spectrum of compound 4, partially resolved multiplets observed in the 7.75-7.36 ppm region
can be attributed to the ortho-, para-, and meta-Hs of the Ph groups dppe. Signals attributed
to Hs of the backbone of dppe and the CH3 group of mtdztH were located in the high-field
region, at 2.52-2.51 ppm (doublet) and 2.78 ppm (singlet), respectively. Considering the
polymeric solid-state structure of 4, the observance of an 'H-NMR spectrum in CDCl;
suggests that, in solution, it dissociates into positively charged monomeric or oligomeric
species. The exact nature and composition of the species responsible for the observed
'H-NMR spectrum is unknown, and fast equilibria between different monomeric and/or
oligomeric species might also not be excluded. Recording the 'H-NMR spectra of 1-4 over
a period of 5 days on a daily basis revealed no changes in resonances and multiplicities
of their respective signals, suggesting the long-term stability of the compounds in their
solutions in organic solvents.

The long-term stability of the Ag(I) compounds was also examined in DMSO/PBS
1:2 /v mixtures (PBS = phosphate-buffered saline at pH = 7.4) by UV-visible electronic
spectroscopy. As shown in Figure 54, no changes in the pattern of the UV-visible absorption
spectra of all complexes were observed between the initial spectra and those measured
after 48 h, suggesting the retention of the structures of the compounds in an aqueous
environment over this period of time.

2.2. Photophysical Properties

UV-visible electronic absorption spectra of the Ag(I) compounds 1-4 in CH,Cl,
solutions are dominated by high-intensity bands in the high-energy region with wavelength
absorption maxima Amax(abs) between 250 nm and 270 nm and their corresponding molar
absorption coefficients ¢ ranging from 1.6 x 10* to 3.7 x 10* M"lem™ (Table 2 and Figure 2a)
Regarding the absorption spectra of the respective phosphine and thioamide ligands which
display absorption maxima in the same region with the complexes, the high-energy bands
of the compounds could be attributed to intra-ligand 7t* <7t transitions of the aromatic
groups. In addition, isostructural complexes 1 and 3, bearing mtdztH in its neutral form,
showed absorption bands at a lower intensity, at 307 and 310 nm, respectively, which can
be attributed to a thioamide-originating transition.
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Table 2. Photophysical characteristics of compounds 1-4: absorption band maxima Amax(abs) (in nm)
and molar absorption coefficients ¢ M~1em™1) in CH,Cl, solutions (~5 x 10~° M), and emission
band maxima Amax(em) (in nm) in DMSO solutions (~5 x 10~° M).

Compound Amax(abs)nm (¢/M~lem™1) Amax(em)/nm
1 256 (26,500), 310 (3300) 428
2 257 (37,000) 460
3 254 (16,300), 307 (10,300) 432
4 265 (30,700) 400, 419, 434
J—
p— 5 101 _
f— S, —
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Figure 2. (a) UV-visible electronic absorption spectra of compounds 1-4 in CH,Cl, solutions
(~5 x 1075 M). (b) Emission spectra of compounds 1-4 in DMSO solutions (~5 x 10~° M).

The photoluminescence properties of the Ag(l) compounds 1-4 were examined in
DMSO solutions. All compounds were found to be emissive showing broad emission bands
in the 350-600 nm region with their maxima Amax(em) falling between 400 nm and 460 nm
(Table 2 and Figure 2b). Complexes 1 and 3, which are isostructural, displayed slightly
different Amax(em) located at 428 and 432 nm, respectively. The small wavelength difference
may be attributed to their different phosphine ligands. Complex 2, bearing the thioamide
in its deprotonated form, exhibited a red-shifted emission band with respect to 1, 3, and 4,
showing Amax(em) = 460 nm, a fact that gives an indication that the protonation state of the
thioamide affects the emission properties of this family of complexes. In the particular case
of 4, a finely structured emission band was observed with three closely spaced maxima
between 400 nm and 434 nm. Considering the similarity of the characteristics of the emission
band of 4 (in terms of fine structure and wavelength emission maxima) with that of mtdztH
in free form, it can be suggested that the emitting excited states of the species that exist in
solution (monomers and/or oligomers) have a distinct thioamide-based character. Based on
the aforementioned discussion, it may be suggested that the photoluminescence properties
of the Ag(I) compounds arise from intra-ligand charge-transfer electronic transitions which
involve both the thioamide (or thioamidate) and phosphine ligands. These properties allow
the potential utilization of the compounds as bifunctional cell-imaging agents, provided
that they also demonstrate sufficient efficacy against cancer cells.

2.3. In Vitro Antibacterial Activity

Given the vast variety of Gram-(+) and Gram-(-) bacteria being responsible for severe
infectious diseases nowadays, while showing resistance towards a broad spectrum of
antibiotics or multi-drugs, there is an urgent need for the development of new and efficient
antibacterial agents. In response to this imminent threat, Ag(I)-based compounds appear to
be promising alternatives to common antibiotics, due to the ability of Ag(I) ions to interact
with bacteria via various mechanisms and induce the latter’s growth inhibition without de-
veloping further resistance. In this study, we investigated the in vitro antibacterial activity
of compounds 1-4 towards the Gram-(+) S. aureus, B. subtilis, B. cereus, and the Gram-(-)



Molecules 2023, 28, 336

8 of 29

E. coli bacterial strains. Their in vitro efficacy, as well as the efficacy of their respective
ligands in free form, against the four bacterial strains was evaluated by the determination of
their half-maximal inhibitory concentrations (ICsp) and minimum inhibitory concentrations
(MIC), and the results are presented in Table S4 and Figure 3.

W S.aureus W B.subtilis u B.cereus W E.coli
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Figure 3. In vitro antibacterial activity of compounds 14, and their ligands mtdztH, dppe, xantphos,
and PPhj in free form, expressed as half-minimum inhibitory concentration (ICsp) values (in pug/mL)
provided by a nonlinear curve fit-growth/sigmoidal-dose response on the experimental optical
density data. Values are expressed as mean =+ standard deviation (SD) of three replicate measurements
(with the exception of values higher than 100 pg/mL).

As shown in Figure 3, generally, compounds 1-4 exhibited moderate-to-high activity
against the studied bacteria, in contrast to their corresponding ligands in free form which
displayed significantly lower antibacterial efficacy. Moreover, all compounds displayed
higher antibacterial activity against the Gram-(+) compared to the Gram-(-) bacterial strains.
Specifically, 3 and 4 were the most effective ones in terms of the growth inhibition of both
Gram-(+) and Gram-(-) bacterial strains, showing relatively low ICsy and MIC values. In
particular, 3 exhibited the lowest IC5( values of 8.1 ug/mL (9.5 &+ 0.2 uM) and 6.1 pg/mL
(7.1 &£ 1.0 uM) against E. coli and S. aureus, whereas B. subtilis and B. cereus appeared to be
more sensitive upon treatment with 4 with ICs values of 4.9 ug/mL (4.5 = 0.8 uM) and
5 ug/mL (4.6 £ 0.7 uM), respectively. Noteworthily, 1 and 2 showed negligible activity
against the Gram-(-) E. coli bacteria, although they effectively inhibited the Gram-(+)
bacterial growth with ICsy values ranging between 16 and 81 pg/mL.

An explanation of the obtained experimental results can be provided on the basis
of the individual structural characteristics of the four Ag(I) compounds and the differ-
ent membrane architectures of the two types of bacteria. Generally, the majority of the
1,3,4-thiadiazole derivatives reported so far in the literature have been found to be able to
efficiently penetrate the simply structured cell wall of the Gram-(+) bacteria, consisting
of a single peptidoglycan layer, which is readily permeable to a range of different com-
pounds, even highly hydrophobic ones [27]. On the contrary, the presence of the additional
outer membrane of the Gram-(-) bacteria, consisting of lipopolysaccharides and porins,
prevents the internalization of large hydrophobic compounds, while it selectively permits
the internalization of cationic or small hydrophilic compounds. Based on the above, the
high efficacy of [AgCl(mtdztH)(xantphos)] (3) against the Gram-(-) E. coli bacterial strain
may be suggested to arise due to CI~ dissociation (a process that might be facilitated in an
aqueous biological environment) and the subsequent formation of a cationic Ag(I) complex
that can interact effectively with the E. coli outer membrane, and ultimately leading to its
accumulation in the interior of the bacterium. Similarly, the cationic oligomeric and/or
monomeric species suggested to be formed by the dissociation of the polymeric compound
4 in solution can be effectively internalized into the studied Gram-(-) bacteria. Except from
their total charge, another property that could be considered responsible for the observed
differences in the antibacterial efficacy of the studied compounds, which is related to their
ligands, is their lipophilicity. Generally, the presence of highly lipophilic ligands in a com-
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plex has a detrimental effect on its hydrophilicity /hydrophobicity balance that is necessary
for effective antibacterial activity. Consequently, the lower antibacterial efficacy of 1 and 2
might be ascribed to the higher number of hydrophobic phenyl ring moieties of their PPhs
ligands compared to the lower number of phenyl substituents of the diphosphine ligands
in 3 and 4.

Comparison of the in vitro antibacterial efficacy of compounds 1-4 with a group of
similar heteroleptic Ag(I) complexes bearing an analogous five-membered heterocyclic ring
thioamide with an NH;-group substituent, i.e., 5-amino-1,3,4-thiadiazole-2-thiol (atdztH),
that were recently reported, reveals the crucial role of the substituent groups of the thioamide
heterocyclic ring in complexes’ antibacterial activity [20,21]. Narrowing our discussion to
neutral Ag(l) complexes, the formerly presented [AgCl(atdztH)(xantphos)] was found
to exhibit higher MIC and ICsy values than its isostructural [AgCl(mtdztH)(xantphos)]
(3) against the same Gram-(+) bacterial strains, although slightly lower values against the
same Gram-(-) bacteria. Similarly, the antibacterial efficacy of [Ag(atdtzt)(PPhs)s] was
found to be slightly lower than that of the herein presented isostructural [Ag(mtdzt)(PPh3)s]
(2). These findings suggest that replacement of the NH, group of the 1,3,4-thiadiazole
ring of the thioamide with a CHj group is beneficial for high antibacterial activity for the
particular group of Ag(I) complexes. Possibly, such a replacement results in a decrease
in hydrophilicity and dipole moment of the complexes which, ultimately, facilitates their
internalization into the bacterial membrane. Although general conclusions cannot be drawn
(owing to the relatively small number of studied Ag(I) complexes), such a substituent-group
replacement might be part of a general strategy for the enhancement of the antibacterial
efficacy of Ag(I) complexes towards the development of novel, efficient and broad-spectrum
antibacterial agents [28].

2.4. In Vitro Anti-Cancer Activity

Ag(I) complexes have recently emerged as promising anti-cancer agents. In our
laboratory, we have investigated the anti-cancer activity of a number of Ag(l) complexes
bearing a thioamide (or thioamidate) and phosphine ligands against different cancer cell
lines and found to display significant bioactivity, with some of them also exhibiting high
selectivity towards healthy cells [21,29]. Herein, we present the results of the in vitro
evaluation of Ag(I) compounds 1-4 against the human cancer cell lines SKOV-3 (ovarian),
Hup-T3 (pancreatic adenocarcinoma), DMS114 (lung), and PC3 (prostate), as well as the
human normal cell line MRC5 (lung).

The growth inhibition/cytostatic and cytocidal/cytotoxic effects induced by 1-4
against cancer and normal cell lines are presented in Table S5 and reveal that all adminis-
tered compounds caused the inhibition of cell proliferation in a dose-dependent manner.
The dose—effect curves for all treated cell lines are illustrated in Figure 4, demonstrating
the different chemosensitivity of the cell lines to the studied compounds. The order of
potency of the compounds revealed to be the following: 4 > 2 >1 > 3, for all cell lines tested
(except for MRCS5 cells for which the order of 2 > 4 > 1 > 3 was documented), while the
order of cell line chemosensitivity for all compounds was found to be: DMS114 > SKOV-3
> Hup-T3 = MRC5 > PC3 (for 1), DMS114 > PC3 > SKOV-3 > Hup-T3 = MRC5 (for 2),
DMS114 ~ SKOV-3 = MRC5 > PC3 ~ Hup-T3 (for 3), SKOV-3 > Hup-T3 ~ DMS114 >
PC3 > MRCS5 (for 4). Regarding the resulting chemosensitivity order, DMS114 cells were
found to be apparently sensitive to the administration of 1-3. However, the compound 4
exhibited higher efficacy against SKOV-3 cells in contrast to 1-3.

All compounds displayed a very potent cytostatic and cytotoxic effect against the
tested cell lines, displaying low ICsy values. However, 2 and 4 showed similar potency
that was found to be three-to-six-fold higher than the corresponding pair of 1 and 3. It is
interesting to notice that the compound 4 exhibited the best anti-cancer activity among
the tested compounds, whereas 1 and 3 displayed the least. In particular, 1 seemed to
possess higher anti-cancer activity (a lower ICsy value) than its homologous complex 3,
indicating that the presence of the lipophilic PPhz moieties plays an important role in
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the complex’s cellular uptake. Comparing 1 and 2 which are similar in structure (in 2, a
Cl atom is substituted by a Ph3P ligand), it was deduced that 2 exhibited higher activity,
revealing the role of PPhj ligand in affecting cell death. Meanwhile, the strong lipophilic
character of these three PPh3 moieties had a pivotal role in the biological properties of 2,
enhancing its cytotoxic effect and causing both normal and cancer cell lethality at the same
or lower concentrations. On the other hand, 3 and 4 demonstrated lower ICs( values against
cancer cell lines compared to those found for the normal MRCS5 cells, suggesting further
investigation of their potential interaction with bio-macromolecule targets or carriers as
promising anti-cancer agents.
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Figure 4. In vitro growth inhibition/cytostatic (Gl5y and TGI, in uM) and cytocidal/cytotoxic (ICsp,
in uM) effects induced by compounds 1-4 against SKOV-3, Hup-T3, DMS114, PC3 human cancer, and
MRC5 human normal cell lines (each point represents mean 4+ SEM of five measurements. Where
error bar is not visible, its size is smaller than that of the corresponding symbol).

Recently, we reported a group of similar Ag(I) complexes bearing phosphines and
the (analogous to mtdztH) five-membered heterocyclic ring thioamide atdztH which also
demonstrated significant in vitro anti-cancer activity but better selectivity against healthy
cells than the herein presented compounds 1-4 [21]. Considering the similarity of the two
groups of Ag(I) complexes with respect to their structures and ligands, it appears that
the substituent group of the heterocyclic ring of their thioamide has a great impact on
the observed anti-cancer activity. Possibly, the nature of the substituent group affects the
hydrophilic or lipophilic character of the compounds altering, ultimately, their acceptability
and cellular uptake. In this particular case, the less lipophilic Ag(I) complexes bearing the
NH;-substituted thioamide exhibited better anti-cancer activity in a more selective manner
than those containing the CHj-substituted thioamide.

2.5. In Vitro Antioxidant Activity

There is a growing interest in developing novel synthetic chemicals with antioxidant
properties to combat the free radicals’ pathological effects on eukaryotic cells. In particular,
free radicals are known to disturb the normal cellular functioning leading to degenerative
diseases such as Alzheimer’s disease and cancer, and, therefore, antioxidants attract much
attention for the prevention or treatment of such disorders. Although a great number of
metal-based compounds exhibiting significant antioxidant activity have been reported
in the literature, hardly any Ag(I) compounds have been investigated. Having already
established the high antibacterial and anti-cancer potential of compounds 1-4, we pro-
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ceeded to the investigation of their in vitro antioxidant activity. It should be mentioned
that 1,3,4-thiodiazole-derivative thioamides in their free form have shown in vitro potential
antioxidant activity, while scavenging free radicals at low concentrations [30]. Studies
included the evaluation of the ability of 1-4 to scavenge DPPH and ABTS free radicals
and cause the reduction of H,O, (Table S6, Figure 5). For comparison purposes, antioxi-
dant studies of mtdztH and phosphine ligands in their free form, as well as four selected
reference compounds (NDGA, BHT, Trolox and L-ascorbic acid), are also included.
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Figure 5. In vitro antioxidant ability of compounds 1-4, as well as their ligands mtdztH, dppe,
xantphos, and PPh; in free form: (a) HyO; reducing ability (% H,O;), (b) DPPH scavenging activity
(% DPPH) and (c) ABTS scavenging activity (% ABTS).

Hydroxyl radicals «OH and superoxide anion O,*~ represent the most important
oxidants produced by H,O,, which are responsible for increasing DNA damage leading to
cancer development and metastasis [31]. Therefore, compounds exhibiting strong ability of
oxygen-based radical scavenging can be considered as promising anti-cancer agents. In
Figure 5a, the high ability of 1-4 and their respective ligands to cause H,O, reduction is
depicted. As observed, 2 was found to be the most effective of all the compounds, inducing
80% HO, reduction which was higher than the reference L-ascorbic acid.

A DPPH assay is frequently used for the evaluation of a compound’s antioxidant capac-
ity which is attributed to its ability to act as H* or electron acceptor. The scavenging ability
of the studied compounds is related to their potential anti-cancer and anti-inflammatory
activity. Generally, 1-4 and their corresponding ligands displayed a moderate scavenging
effect on DPPH radicals that was in most cases time-dependent, as shown in Figure 5b.
Among the four Ag(I) compounds, 2 displayed the highest DPPH-scavenging ability which
was, however, lower than that of the reference compounds BHT and NDGA.

Finally, the results of the ABTS assay revealed the total antioxidant activity of the
compounds presented herein. Compounds 2 and 3 exhibited the strongest efficacy, al-
though their ABTS-scavenging percentages appeared to be lower than that of the reference
compound Trolox (Figure 5c).

2.6. CT DNA Interaction

DNA is recognized as one of the most common bio-macromolecular targets and several
metal-based complexes, such as cisplatin, exert their anti-cancer effect by binding strongly
to DNA [32]. However, many anti-cancer drugs interact with DNA in a non-covalent mode,
which renders them less cytotoxic (at least through the particular mechanism) as their
interaction occurs in a reversible manner [33]. Herein, we examine the binding mode and
the strength of the binding of compounds 3 and 4 (which were found to be less toxic against
normal cells, with respect to the studied cancer cells, and, therefore, more interesting as
promising anti-cancer agents) with CT DNA.

An initial evaluation of the potential of the two compounds to intercalate in CT
DNA was carried out by monitoring the changes in particular absorption bands in the
UV-visible absorption spectra of 3 and 4 in their DMSO solutions, upon the addition
of increasing amounts of CT DNA. In the case of 3, an intense absorption band at 275
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nm (due to ILCT transition) undergoes moderate hyperchromism up to 15% followed
by a slight red-shift (bathochromism), upon addition of CT DNA (Figure S5b). On the
contrary, the intra-ligand absorption band located at 272 nm in the spectrum of 4 showed
an intensity decrease up to 13% (hypochromism) (Figure S5c). These data suggest that 3
might cause damage of the hydrogen bonds between DNA base-pairs whereas 4 would be
able to adopt an intercalating binding mode. It should be pointed out that the observed
spectral changes indicate the formation of complex-DNA conjugates, although they do
not provide adequate information about the exact binding mode of the compounds on
the DNA. Nevertheless, they allow the calculation of the binding constants Kj,, using the
Wolfe-Shimer equation (Equation (1)) and the respective plots (Figure S6), which give an
estimate of the strength of the complex-DNA interaction (Table 3). In general, K}, values for
3 and 4 fell in the 10* — 10° M~! range, suggesting a relatively strong interaction with CT
DNA. Moreover, the magnitude of the K}, values was of similar order of the corresponding
binding constants found for recently reported complexes, i.e., [Ag(phimtH);(dppe)]n(BF4)n
(phimtH = phenyl-imidazole-2-thione) [18,34].

Table 3. Spectral changes in UV absorption bands of compounds 3, 4 and mtdztH in DMSO solutions
(~2.5-5 x 107° M) upon addition of increasing concentrations of CT DNA: wavelength of UV
absorption band maximum (Amayx, in nm), percentage of hyper-/hypochromism (AA/A,, in %),
blue/red shift of Amax (AA, in nm) and CT DNA binding constants (K}, in M1,

Compound Amax(nm) (AA/A, (%) 2, AA (nm) P) K, M™1)
3 275 nm (+15, +2) 2.48 (+0.32) x 10%
4 272 nm (-13,0) 6.63 (+£0.12) x 10°
mtdztH 313 (=12,0) 7.34 (£0.02) x 107
a “+” denotes hyperchromism, “-” denotes hypochromism; b “+” denotes red shift, “-” denotes blue shift.

Viscosity measurements provided a useful supplement to the UV-visible spectroscopy
method described above to gain an insight into the interaction of the Ag(I) complexes
with DNA. Given the fact that the relative viscosity of DNA is sensitive to changes in
its length, the addition of a potential DNA binder to a solution of DNA is anticipated to
affect its viscosity and, hence, may reveal details of the mode of interaction. In general,
a significant increase in DNA viscosity may occur upon the intercalation of a compound
between its base pairs, whereas a decrease or retention of the initial viscosity values could
be assigned to groove binding or electrostatic interaction of the compound and the double
helix. Herein, the relative DNA viscosity remained almost unchanged in the presence of
low concentrations of 3 and 4 (up to r = 0.15), whereas a moderate increase in the viscosity
was observed upon the addition of higher concentrations (r > 0.15) (Figure 6). These
results, in combination with the nonplanar geometry of 3 and 4, indicate that the complexes
interact with DNA in a non-intercalating binding mode at low concentrations and probably
intercalate in the double helix when r > 0.15.

Ethidium bromide (EB) is a common DNA intercalator used in competitive studies for
investigation of the potential ability of a compound to intercalate between DNA base-pairs.
Within the context of the present work, increasing amounts of 3 and 4 were added to a
buffered solution of EB-DNA conjugate and the changes in their emission spectra were
recorded. The EB-DNA solution exhibited an intense emission band at Ap,x(em) = 592
nm, upon excitation at 540 nm. The addition of 3 and 4 to the EB-DNA solution led to the
quenching of this EB-DNA emission band by ~26% (at low concentrations, » = 0.10-0.25)
(Figure 7). Considering that 3 and 4 did not show emission maxima in this particular
wavelength region, the observed fluorescence decrease can be attributed to the competitive
behavior of compounds 3 and 4 with EB, while the low quenching percentage value gives an
indication of the low capability of the compounds to replace EB in its binding sites on DNA.
Fitting of these data on Stern—Volmer equation (Equation (2)) and the corresponding plots
(Figure S7) allowed the estimation of the Kgy constants for qualification of the intercalating
ability of the complexes. These were found to be of the order of 10* M1, which reveals
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relatively low binding strengths for both complexes. EB-DNA quenching constants kq
were also calculated (Equation (3)) and found to be >1019 M1s7! (Table 4), suggesting that
the decrease in EB-DNA fluorescence induced by these two compounds occurs via a static
mechanism due to the formation of a new compound-DNA conjugate [35].
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Figure 6. Relative viscosity (n/ No)t/3 changes in a CT DNA (0.1 mM)-buffered solution (150 mM
NaCl and 15 mM trisodium citrate at pH 7.0) upon addition of increasing amounts of compounds 3
and 4 versus r = [compound]/[DNA].
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Figure 7. Fluorescence emission spectra (Aex = 540 nm) for EB-DNA ([EB] = 20 uM, [DNA] = 25 uM)
in buffer solution upon addition of increasing amounts of compounds 3 (a) and 4 (b) The arrows
show the changes in the emission intensity upon increasing amounts of the two compounds.

Table 4. Percentage of EB-DNA fluorescence quenching (Al/Io, in %), EB-DNA Stern—Volmer
constants (Kgy in M~ 1) and EB-DNA quenching constants (kgq, M~1s1) for compounds 3 and 4.

Compound Al/T, (%) Kgy M™1) kq M~1s71)

3 25.3 2.40 (£0.08) x 10* 1.40 (+0.03) x 1012
4 27.6 5.68 (£0.20) x 10* 2.47 (£0.10) x 1012

In conclusion, compounds 3 and 4 have the ability to bind to CT DNA but with differ-
ent strength and binding modes than the previously reported 1 and 2 (which demonstrate
high affinity to CT DNA adopting an intercalation-binding mode). In particular, their
relatively low binding constants as well as their low ability to change DNA viscosity and
effectively displace EB are in agreement with their low efficacy to intercalate between base
pairs of the double-stranded DNA. Considering the structural features of 3 and 4, and in
particular their ability to form cationic entities in aqueous media and the low number of
phenyl group substituents on their ligands compared to 1 and 2, a nonclassical intercalation
mode (e.g., electrostatic interactions) is more probable to occur at low concentrations, with
intercalation becoming also probable at higher concentrations.
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2.7. Albumin-Binding Studies

Serum albumins (SA) are important drug carriers in the circulatory system and they
are responsible for drug transportation and distribution [36,37]. To gain an idea about the
pharmacokinetic properties of compounds 3 and 4, the more interesting compounds as
promising anti-cancer agents, related to their absorption and distribution, we investigated
their ability to interact with BSA and HSA [38].

The BSA and HSA buffer solutions displayed high-intensity emission bands with
Amax(em) at 350 nm and 338 nm, respectively, upon excitation at 295 nm. The addition of
increasing concentrations of 3 and 4 to the SA solutions led to quenching of the correspond-
ing emission bands, indicating their binding to SA is followed by conformational changes
in the proteins’ structure. In detail, a moderate decrease in BSA fluorescence of 56.8% and
44.5% was observed upon the addition of 3 and 4, respectively (Figure 8a). Under similar
experimental conditions, the corresponding HSA emission quenching reached the values

of 53.3% and 23% for 3 and 4, respectively (Figure 8b).
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Figure 8. Plots of percentage of fluorescence intensity changes (I/1,, %) at (a) Amax(em) = 350
nm for BSA and (b) Amax(em) = 338 nm for HSA, in buffer solutions (150 mM NaCl and 15 mM
trisodium citrate at pH = 7.0) upon addition of increasing amounts of compounds 3 and 4 versus
r = [compound]/[BSA] and r = [compound]/[HSA], respectively.

The fluorescence-quenching constants kq for SA, obtained using the Stern—Volmer
equation (Equation (4)) and the corresponding plots (Figures S8 and S9), were found to
fall in the range of 10'1-10'> M~!s~! (Table 5), suggesting a static emission-quenching
mechanism due to the potential formation of new conjugates between the complexes and
the albumins. The SA-binding constants K of 3 and 4 were calculated using the Scatchard
equation (Equation (5)) and the corresponding plots (Figures S10 and S11). Their values
are of the order of 10*-10° M~ (Table 5) which indicate a rather tight but reversible non-
covalent binding of the two compounds to BSA and HSA, suggesting their successful
transport and deposition to targeted action sites (compared to the K values of 10> M~!
calculated for the strongest non-covalent interaction of various ligands to avidin).

Table 5. Emission-quenching constants (kq) and binding constants (K) for the interaction of 3 and 4
with BSA and HSA.

BSA HSA
Compound
kg M~1s™) KM kg M~ 1s7h) KM
3 6.62 (£0.29) x 1012 7.89 (£0.8) x 10*  5.91 (£0.25) x 10'2  1.45 (£0.11) x 10°
4 7.15 (£0.40) x 1012 1.29 (£0.09) x 10°  5.11(+0.37) x 101 7.21 (+0.53) x 10*

Therefore, it can be concluded that compounds 3 and 4 can interact strongly but
reversibly with BSA and HSA, as revealed by their quenching abilities and the respective
binding constants. Interestingly, the emission-quenching data revealed a superior quench-
ing ability of 3 compared to 4, which might be related to their binding to different sites
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of BSA and HSA. Further studies are currently being conducted by our group aiming to
elucidate the exact mechanism of interaction of the complexes with serum albumins.

2.8. Molecular Docking Calculations

With a view to elucidate the in vitro activity of the complexes, shedding light on their
possible anti-tumor activity, a target therapeutic protein expressed in all four cell lines was
chosen for in silico studies. A common protein involved in cancer growth overexpressed
in the tested cancer cells is the fibroblast growth factor receptor (FGFR) preceding in the
majority of intracellular signal transduction pathways. Fibroblast growth factors (FGFs)
have been implicated in various aspects of cellular responses in both normal and malignant
cells, including malignant transformation, tumor mitogenesis, angiogenesis, and chemore-
sistance. Specifically, FGFRs play essential roles in mediating cell proliferation, migration,
and survival [39]. The FGFR family consists of four highly conserved transmembrane
receptor tyrosine kinases (RTKs) (FGFR1-4) and their aberrant activation gives rise to the
activation of many cancer-related pathways, such as MAPK and JAK/STAT [40], a fact that
ultimately accelerates malignancy in cancer [41]. FGFR1, when bound to a proper FGF, elic-
its cellular responses by activating signaling pathways that include the: (a) Phospholipase
C (PLCy)/PIBK/AKT, (b) Ras subfamily/ERK, (c) Protein kinase C, (d) IP3-induced raising
of cytosolic Ca?*, and e) Ca®*/calmodulin-activated elements and pathways [42].

DMS114 has mainly FGFR1 with a small amount of FGFR3 expression [43]. It has
been shown that BGJ398 compound inhibits FGFR signaling with the levels of total
FGFR1/FGFR3 and FGFR substrate 2 (FRS2) being significantly decreased in a dose-
dependent manner. Previous studies have shown that the FGFR inhibitor PD173074
potentiated the effects of cisplatin in small-cell lung cancer, thus showing by a different
mechanism that the inhibition of FGFRs can augment the effects of cisplatin [44].

Similarly, SKOV3 cells were also found to express FGFR1 [45] along with FGFR?2, 3,
and 5. This study showed a reduction in the expression of FGFR2, FGFR3, FGFR4, FGF3 and
FGEF7 using shRNA|, significantly inhibiting SKOV3 ovarian cancer cell line proliferation
by 40-80%. The inhibition of FGFR2 and/or FGF3 and FGF7 impacted significantly on
SKOV3 proliferation and reduced significantly the ICs of cisplatin in vitro.

Furthermore, FGFRs have been found to represent an important therapeutic target in
the fight against pancreatic ductal adenocarcinoma (PDAC). In pancreatic cancer, aberrations
in the FGFR pathway, particularly FGFR1 overexpression, have been reported. The clinical
significance of FGFR1 expression in pancreatic cancer has been recently investigated [46]
showing that the FGFR1-based subclassification of pancreatic cancer may lead to new
therapeutic approaches for the FGFR1-positive subtype. Recently, a study on the inhibition
of FGF/FGFR signaling on this very aggressive form of cancer in vitro showed that knocking
down FGFR1 and FGFR2 decreased their tumorigenesis abilities in vivo [47]. Deregulation
of the FGF/FGEFR axis is involved in oncogenesis, tumor progression and resistance to
anticancer treatment across multiple types of tumors [48]. Over-expression of FGFs and
their receptors is a feature of pancreatic cancer and correlates with poor prognosis [49]
In a previous study, the inhibition of FGFR2 attenuated the proliferation and invasion
of pancreatic cancer [50]. In this study, FGF1, FGF2, FGF5, and FGF7 were found to be
overexpressed in PDAC. FGFRs may thus constitute novel therapeutic targets for PDAC.

Additionally, the elucidation of the role of FGFR1 induction in acquired resistance
to MET and VEGFR2 inhibition by cabozantinib in prostate cancer (PCa) was studied
recently [51]. The researchers concluded that the FGFR1 overexpression mediated acquired
resistance to MET/VEGFR?2 inhibition, leveraging this understanding to improve therapy
outcomes. They revealed that the molecular basis of resistance to MET inhibition in prostate
cancer is FGFR1 activation through a YAP/TBX5-dependent mechanism. In other studies,
it was found that PCa cells with high FGFR1 expression increased the bone metastatic
progression of the PCa and that FGFR1 accelerates PCa metastatic dissemination [52]
and FGFR blockade with dovitinib (TKI258) has clinical activity in a subset of men with
castration-resistant PCa (CRPC) and bone metastases [53]. These findings suggest that
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targeting FGFRs has therapeutic activity in advanced PCa and provide direction for the
development of therapies with FGFR inhibitors.

In order to elucidate the anti-cancer activity of 1-4 on different human cancer cells,
we adopted molecular docking studies on FGFR1 target protein. The best anti-cancer
activity induced by 1-4 against cancer and normal cell lines, revealed to be that of 2 and
4 exhibiting the highest growth inhibition and cytostatic and cytocidal/cytotoxic effects
(Table S5). It is of interest to attempt a possible correlation of this activity with the inhibition
potency of the compounds on FGFR1. However, due to difficulties in docking calculations
of polymeric compounds such as 4, we restricted our in silico studies only to 2. The binding
of 2 in the catalytic site of the FGFR1 kinase domain is depicted in Figure 9. The Glide
Standard Precision (SP) binding energy AGyp,g of 2 docked on FGFR1 (PDB accession
number: 4V04) is —38.27 Kcal/mol. The computational process revealed that 2 was bound
in the active catalytic site of FGFR1 kinase domain, at the same place occupied by the
FGEFR1 inhibitor drug ponatinib, and especially at the region of the ATP-binding pocket of
the enzyme. Ponatinib occupied the cleft between the N- and C-terminal lobes where ATP
would otherwise bind [54].

FGFR1 kinase domain

(4dx04)

’

-

GV TOP TSI

Cytoplasnic
membrane

Figure 9. Docking pose orientation of compound 2 in the crystal structure of the catalytic domain
of fibroblast growth factor receptor 1 (FGFR1) kinase in a complex with its inhibitor drug ponatinib
(PDB accession number: 4V04). FGFRI is localized in the cytoplasmic membrane towards the
intracellular cytoplasm (transmembrane and extracellular domains are not shown). The target protein
is illustrated as a cartoon and the docked 2 as well as the superimposed co-crystallized inhibitor
ponatinib are rendered in ball-and-stick mode and colored according to atom type in salmon and
orange, respectively. FGFR1 protein’s segments: activation loop (a-Loop); aD helix; and 1, 32, and
38 antiparallel beta sheets forming the binding pocket of 2 are depicted in the structure colored
according to cartoon (split pea green, chocolate, salmon, salmon, and split pea green, respectively).
A-loop is depicted in its active (open) conformation. Complex 2 is found adjacent to ponatinib at the
ATP-binding cleft of the protein. Heteroatom color-code: O: red, N: blue, S: yellow, P: orange, and Ag:
gray. Hydrogen atoms are omitted from all molecules for clarity. The final structure was ray-traced
and illustrated with the aid of PyMol Molecular Graphics Systems.
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Complex 2 seems to be anchored in the binding pocket of the enzyme formed by the
FGEFR1 protein’s segments: the activation loop (a-Loop); aD helix; and 31, 32, and (38
antiparallel beta sheets. Ponatinib (flanked by 32, 33, and 35 sheets and also positioned
between the loop formed by the 34 sheet and «C helix and also the hinge region connecting
the 35 sheet and aD helix) and 2 are flanked by an a-Loop and (31 and (32 beta sheets, in
the upper and lower part of the binding cavity, respectively, and also by the hinge region
connecting the 35 sheet and «D helix (in the middle position of the binding cleft).

A close-up view of the binding site mapping architecture of the best binding pose of
complex 2 in the crystal structure of FGFR1 target protein depicting the binding interactions
with the residues of the ATP-binding cleft of the protein is illustrated in Figure 10.

ASN-659

GLU-571
ARG-627

ASN-628 ARG-570
Figure 10. A close-up view of the binding site mapping architecture of the best binding pose of
complex 2 in the crystal structure of FGFR1 target protein. Complex 2 is illustrated to be anchored
at the ATP-binding cleft of the protein at the same place as the co-crystallized inhibitor ponatinib.
Docked complex 2 as well as the superimposed ponatinib are rendered in ball-and-stick mode and
colored according to atom type in salmon and orange C atoms, respectively. Selected contacting
residues of the binding pocket are colored according to the FGFR1 protein’s segments shown in
Figure 9. Binding contacts are shown as yellow dotted lines. Heteroatom color-code: O: red, N: blue,
S: yellow, P: orange, and Ag: gray. Hydrogen atoms are omitted from all molecules for clarity. The
final structure was ray-traced and illustrated with the aid of PyMol Molecular Graphics Systems.

The ligand-binding contacts of 2 in the active site of the kinase domain include Asn
N568 (r-polar, 2.6 A), Arg R570 (r-cation, 3.5 A), and Glu E571 (r-anion, 3.2 A) of the aD
helix; Gly G490 (m-polar, 3.2 A) at the starting point of the 2 sheet; Leu L484 (rt-polar,
29-39A; hydrophobic, 3.4 A; m-alkyl, 2.7 A) and Gly G485 (hydrogen bond, 2.5 A; m-alkyl,
36A; polar, 3.4 A) of the terminal region of the 31 sheet; Glu E486 (7r-anion, 2.6 A; m-alkyl,
2.0-23 A; m-polar, 2.8 A and 3.4 A) of the loop following the p1 sheet; Phe F642 (r-7t
T-shaped, 2.9 A; m displaced type, 2.6 A; mi-polar, 2.1 A; m-alkyl, 2.4 A), Thr T658 (m-polar,
25A; m-alkyl, 2.5-3.0 A), Asp D641 (rr-anion, 2.6 A), and Asn N659 (m-polar, 3.3 A; m-alkyl,
3.7 A) of the activation loop (a-Loop); Arg R627 (m-polar, 2.3 A; m-alkyl, 2.7 A and 33 A)
of the loop connecting the 38 sheet with the «E helix; Lys K514 (rn-cation, 2.9 A) and Val
V492 (r-alkyl, 2.4-3.0 A) of the B2 sheet; and Asn N628 (m-polar, 2.1 A). Among the binding
contacts of 2, three residues seem to be in common with those of the binding of ponatinib,
namely, Phe (F642), Leu (L484), Asp (D641), and Val (V492). The phenyl ring of one of
the PPh3 ligands of 2, being in contact to the F642 residue, appears also to be in close
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proximity to the imidazopyridazine ring of ponatinib which also makes contact with F642.
Notably, the F642 residue belongs to the activation loop (a-Loop) of the protein. The other
two residues, L484 and V492, are part of beta strands 31 and 32, respectively. One of the
PPh; ligands of 2 extends away from the hinge region making limited interactions with
the enzyme, involving four binding contacts with threonine T658 and asparagine N659
of the a-Loop, glutamate E486 of the loop following the 31 sheet, and arginine R570 of
the aD helix. The critical binding contact of ponatinib, F642, seems to be also one of the
most important contacts of 2, stabilizing its molecule in the active site by 7-7t displaced
(offset) and also 7-rt T-shape with two phenyl rings of a PPhj ligand. One of the phenyl
rings is found in close proximity to the imidazopyridazine ring of ponatinib that mediates
its binding to F642 via also a 7-7t displaced-type interaction, sharing common binding
contacts with it. The rest of the binding contacts of ponatinib (A512, E531, M534, M535,
1538, 1544, 1545, V559, Y563, A564, G567, C619, 1620, H621, R622, L630, D641, and L644) do
not seem to be involved in direct interactions with 2, thus indicating a more stable binding
of ponatinib. Further stabilization of 2 in the catalytic active site of the kinase is achieved by
the interaction of one of its PPhj ligands with the proximal end of the xD helix via residues
N568 and E571. Interestingly, the in silico study results demonstrating the ability of 2 to
bind to the bio-macromolecule FGFR1 were found to be in accordance with in vitro studies,
contributing to the interpretation of the biologic activity of 2.

3. Conclusions

In this work, we report a series of Ag(I) compounds bearing the CHj-substituted
thiadiazole-based thioamide 5-methyl-1,3,4-thiadiazole-2-thiol (mtdztH) and phosphines,
i.e., [AgCl(mtdztH)(PPh3),] (1), [Ag(mtdzt)(PPh3)s] (2), [AgCl(mtdztH)(xantphos)] (3), and
[Ag(mtdztH)(dppe)(NO3)]n (4), and the assessment of their in vitro antibacterial and anti-
cancer efficiency. Compounds 3 and 4 bearing diphosphine co-ligands were found to
exhibit stronger antibacterial activity than the PPhs-containing compounds, as well as
broad-spectrum antibacterial activity characteristics, against both Gram-(+) and Gram-
(-) bacteria, with ICsy values as low as 4.6 uM. Effective in vitro cytotoxic activity was
observed for all compounds against human ovarian, pancreatic, lung, and prostate cancer
cell lines, with 3 and 4 maintaining the normal fibroblast cells’ viability at relatively higher
levels. Compounds 1-4 displayed a moderate ability to scavenge free radicals, as well
as high affinity to interact with CT DNA through nonclassical intercalation modes, and
tight but reversible binding on serum albumins, suggesting the likely implication of these
properties in their bioactivity mechanisms. Finally, molecular docking calculations shed
light on the in vitro anti-cancer activity of the compounds, suggesting a possible role on
the FGFR1 target protein, affecting cancer cells” functionalities.

In summary, considering the herein-presented bioactivity results in combination with
those obtained for our recently reported Ag(I) complexes bearing small-size heterocyclic
ring thioamide ligands with different ring substituents, i.e., CH3z- vs. NH, and CF3 groups,
one can recognize the great importance of the thioamide substituent group on the bioactivity
of the respective complexes. Pertaining to their antibacterial activity, in particular, the
replacement of the NH, substituent group of the thioamide ligand by a CHj3 group appears
to induce a higher efficacy to the respective Ag(I) complexes, possibly by facilitating their
internalization into the bacterial cells. These results can be utilized as part of a general
strategy for the enhancement of the antibacterial efficacy of these Ag(I) complexes towards
the development of novel, efficient, and broad-spectrum antibacterial agents.

4. Materials and Methods
4.1. General Procedures and Chemicals

All manipulations were carried out under atmospheric conditions, unless otherwise
mentioned. Solvents were purified according to established methods and allowed to
stand over molecular sieves for 24 h. Silver nitrate (AgNO3), silver chloride (AgCl),
silver tetrafluoroborate (AgBF,), 5-dimethyl-1,3,4-thiadiazole-2-thione (mtdztH), thriph-
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enylphosphine (PPh3), 4,5-bis(diphenylphosphano)-9,9-dimethylxanthene (xantphos), bis[(2-
diphenylphosphino)phenyl] ether (DPEphos) were purchased from commercial sources and
used as received.

For the antioxidant activity studies, HyO,, 2,2-diphenyl-1-picryl-hydrazyl-hydrate
(DPPH), ABTS, butylated hydroxytoluene (BHT), 6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (trolox), nordihydroguaiaretic acid (NDGA) were obtained from commercial
sources and used without any further purification.

The in vitro biomolecule interaction studies were assessed using calf-thymus (CT)
DNA, BSA (bovine serum albumin), HSA (human serum albumin), EB (ethidium bromide),
NaCl, trisodium citrate and solvents which were of reagent grade and were used as
purchased from commercial sources without any further purification.

For the cytotoxicity studies, four well-established human cancer cell lines (ovarian,
lung, prostate, and pancreatic) and a human normal lung cell line were adopted to explore
the anticancer activity of the studied compounds.

4.2. Syntheses
4.2.1. [AgCl(mtdztH)(PPhz),] (1)

AgCl (0.072 g, 0.5 mmol) was suspended in 25 mL of CH3CN and PPh; (0.262 g,
1.0 mmol) was added in small portions. The resulting mixture was stirred at 50 °C for 24 h
in dark and then an amount of 0.066 g (0.5 mmol) of mtdztH was added. The reaction
mixture was further stirred at 60 °C for 2 h in dark and then it was allowed to cool at
room temperature. After filtering the reaction mixture, the filtrate was set aside in dark
to evaporate slowly at room temperature and, over a period of 24 h, crystals of 1 were
grown which were collected. Yield: 0.152 g (38%). Anal. Calc. for [C39H34AgCIN,P;S;]: C,
58.54; H, 4.28; N, 3.50. Found: C, 58.24; H, 4.52; N, 3.71%. FTIR (KBr, cm™!): 3044w, 2955w,
1552m, 1477vs, 1432vs, 1277vs, 1198 m, 1097 vs, 1049 vs, 1024 m, 998 m, 748 vs, 694 vs,
504 vs, 489 vs. 'H NMR (500 MHz, CDClz): §(ppm): 13.30 (s,1H, NH), 7.67-7.48 (m, 6H,
o-H, PPhj), 7.44-7.40 (m, 6H, o-H, PPh3), 7.33-7.30 (m, 18H m-H, p-H, PPhs), 2.49 (s, 3H,
-CHj3). UV-Vis (CH,Cl), A/nm (log €): 256 (4.42), 310 (3.51).

42.2. [Ag(mtdzt)(PPhs)s] (2)

A portion of AgBF, (0.097 g, 0.5 mmol) was dissolved in a 10-mL mixture of CH3CN:CHj3
OH (1:1 v/v) and then PPh3 (0.262 g, 1.0 mmol) was added in small portions. The resulting
mixture was stirred at 50 °C for 20 min in dark and then a 20-mL methanolic solution of
K*mtdzt™ in the same solvent mixture, obtained from the deprotonation of the correspond-
ing amount of mtdztH (0.066 g, 0.5 mmol) with 1.0 mL of 0.5 M solution of KOH in CH3OH,
was added dropwise. After stirring at 65°C for 1 h, the resulting suspension was filtered
in order to remove a small amount of an off-white solid. The filtrate was set aside in dark
to evaporate slowly at room temperature and, after 5 days, crystals of 2 started growing,
which were collected. Yield: 0.300 g (57%). Anal. Calc. for [C5sHz2AgN,OP35;]: C, 65.85; H,
4.95; N, 2.65. Found: C, 66.01; H, 4.70; N, 2.83%. FTIR (KBr, Cm'l): 3448br, 3052w, 1579m,
1481s, 1437vs, 1368m, 1307m, 1281w, 1179s, 1087s, 9965, 743vs, 698vs, 516vs, 500vs. 'H NMR
(500 MHz, CDCl3): 8(ppm): 7.67-7.63 (3H, p-H), 7.57-7.47 (6H, p-H), 7.37-7.32 (18H, o-H),
7.30-7.28 (18H, m-H), 2.40 (s, 3H, -CHj3). UV-Vis (CH,Cl,), A/nm (log ¢€): 257 (4.56).

4.2.3. [AgCl(mtdztH)(xantphos)] (3)

To a suspension of AgCl (0.043 g, 0.3 mmol) in 15 mL of dry CH3CN, xantphos (0.174 g,
0.3 mmol) was added in small portions, followed by stirring for 1h at 60°C in dark. To the
resulting mixture formed, a solution of mtdztH (0.040 g, 0.3 mmol) in 15 mL MeOH, was
added dropwise. The reaction mixture was allowed to cool at room temperature and after
filtration; the filtrate was set aside in dark to evaporate slowly. Over a period of 5 days,
large colorless crystals of 3 were formed, which were collected. Yield 0.122 g (48%). Anal.
Calcd. for [C4oH36AgCIN,OP;S,]: % C, 59.06; H, 4.25; N, 3.28. Found: % C, 59.42; H, 4.57;
N, 3.57. FTIR (KBr, cm™): 3445b, 2957m, 1472m, 1434m, 1403s, 1227s, 1054m, 875w, 748m,
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695m, 507m. 'H NMR (500 MHz, CDCls): S(ppm): 13.30 (s,1H, NH), 7.54-7.52 (dd, 2H,
xantphos), 7.38-7.34 (m, 8H, o-H, phenyl), 7.29-7.27 (m, 4H, p-H, phenyl), 7.22-7.19 (m, 8H,
m-H, phenyl), 7.08-7.05 (t, 2H, xantphos), 2.47, (s, 3H,-CHs), 1.65(s, 6H, -CH3). UV-visible
(CH,Clp), A/nm (log ¢€): 254 (4.21), 307 (4.01).

42.4. [Ag(mtdztH)(dppe)>(NO3)1n (4)

To AgNO;3 (0.042 g, 0.25 mmol) suspended in 20 mL of CH,Cl,, dppe (0.100 g,
0.25 mmol) was added in small portions and the mixture was stirred for 30 min at room tem-
perature in dark. Then, mtdztH (0.033 g, 0.25 mmol) was added and the reaction mixture
stirred at room temperature for 1 h. After filtration, the filtrate was layered with n-hexane
and after 5 days, large colorless crystals of 4 were grown, which were collected. Yield:
0.139 g (50%). Anal. Calc. for [Co9Hpg AgN3O3P,5,]: % C, 49.72; H, 4.03; N, 6.00. Found:
% C,49.35; H, 3.74; N, 5.78. FTIR (KBr, cm~!): 3368 b, 3049 m, 1482 s, 1433 vs, 1339 s, 1273 w,
1191 w, 1179 w, 1097 s, 1018 m, 884 w, 740 s, 726 s, 693 vs, 510 s, 478 s, 451 w. 'H NMR
(500 MHz, CDCl3) 6(ppm): 7.75-7.68 (m, o-H), 7.53-7.50 (m, m-H), 7.45-7.36 (m, p-H), 2.78
(s, -CHs3), 2.52-2.51 (dd, -CH,, dppe). UV-visible (CH;Cl,), A/nm (log ¢): 265 (4.49)

4.3. Instrumentation

Elemental analyses were obtained on a PerkinElmer 240B elemental microanalyzer.
Infra-red spectra were recorded on a Nicolet FT-IR 6700 spectrophotometer as KBr discs in the
region of 4000-400 cm~!. UV-visible electronic absorption spectra and emission/excitation
fluorescence spectra were recorded on a Hitachi F-7000 fluorescence spectrometer both in
the solid state and in dilute organic solvent solutions. 'H NMR spectra were recorded on
an Agilent 500 spectrometer using deuterated solvent solutions, while chemical shifts were
reported as 0 values using the solvent as internal standard.

4.4. X-ray Crystal Structure Determinations

Single crystals of all compounds, suitable for X-ray diffraction analysis, were mounted
on thin glass fibers with the aid of an epoxy resin. X-ray diffraction data were collected on
a Bruker Apex IT CCD area-detector diffractometer, equipped with a Mo Ka (A = 0.71070 A)
sealed tube source, at 295 K, using the ¢ and w scans technique. The program Apex2
(Bruker AXS, 2006) was used in data collection, cell refinement, and data reduction [55].
Structures were solved and refined with full-matrix least-squares using the program Crys-
tals [56]. Anisotropic displacement parameters were applied to all non-hydrogen atoms,
while hydrogen atoms were generated geometrically and refined using a riding model. De-
tails of crystal data and structure refinement parameters are shown in Table 1. Plots of the
molecular structures of all compounds were obtained by using the program Mercury [57].

4.5. In Vitro Antibacterial Activity

The in vitro antibacterial activity of 1-4 and their corresponding ligands towards
Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis), Bacillus cereus (B. cereus) and Staphylo-
coccus aureus (S. aureus) bacterial strains was evaluated using a method of using progressive
double dilutions in MMS contained the concentrations of 100, 50, 25, 12.5, and 6.25 pg/mL
of the compounds in DMSO [58]. The growth of bacteria was estimated by measuring
the turbidity of the culture, as previously reported [59]. Two cultivation media used for
antibacterial activity tests were: (i) the Luria-Bertani broth [1% (w/v) tryptone, 0.5% (w/v)
NaCl and 0.5% (w/v) yeast extract] and (ii) the minimal medium salts broth containing
[1.5% (w/v) glucose, 0.5% (w/v) NH4Cl, 0.5% (w/v) KoyHPOy, 0.1% (w/v) NaCl, 0.01%
(w/v) MgS04-7H,0]. The pH of the media was adjusted to 7.0.

4.6. In Vitro Anticancer Activity
4.6.1. Cell Culture

Compounds 1-4 were tested for their in vitro anticancer activity against four well-
established human cancer cell lines (ovarian, lung, prostate, and pancreatic) and a human
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normal lung cell line. Ovarian cancer (SKOV-3) cells, small cell lung cancer (DMS114)
cells, prostate adenocarcinoma (PC-3) cells, pancreatic adenocarcinoma (HuP-T3) cells, and
normal lung (MRC5) cells, were tested for cytostatic (growth inhibition: ICsp, TGI) and
cytotoxic/cytocidal (ICsp) activity against the tested compounds at concentrations of 0.5-
100 uM. The cell lines were obtained from the American Type of Culture collection (ATCC),
except HuP-T3 which was kindly donated from University of Crete, School of Medicine,
Greece, and were grown in different culture medium according to the instructions. Cultures
were maintained at 37 °C in 5 % CO; and 95 % air.

4.6.2. In Vitro Cytotoxicity Assay

For the determination of the cell viability, it was employed the MTT assay. Cells were
plated in 96-well plate at a density of 1 x 10* cells/mL per well and maintained for 72 h at
37 °Cin a 5% CO; incubator and grown as monolayers. After 24 h, cells were treated with
0.5-150 uM of the tested compounds for 48 h. The viability of cultured cells was estimated
by a (3-(4,5-imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) metabolic assay
as previously described [60-62].

In brief, MTT (Sigma, St Louis, Missouri, USA) was dissolved in PBS in a concentra-
tion of 5 mg/mL, filter sterilized, and stored at 4 °C. Then, 50 uL of stock solution was
added to each culture and incubated for 3 h at 37 °C. Formazan crystals were solubilized
by DMSO (100 pL). Absorbance of the converted dye was measured at a wavelength of
540 nm on ELISA reader (VersaMax Microplate Reader Orleans, USA). The mean con-
centrations of each drug that generated 50% or total (100%) growth inhibition (Glsg and
TGI, respectively) as well as the drug concentrations that produced cytotoxicity against
50% of the cultured cells [half maximal inhibitory concentration (ICsp)] were calculated
using the linear regression method [61]. Using seven absorbance measurements [time 24 h
(Ct24), control growth 72 h (Ct72), and test growth in the presence of drug at five concen-
tration levels (Tt72x)], the percentage of growth was calculated at each level of the drug
concentrations. The percentage growth inhibition was calculated according to National
Cancer Institute (NCI) as: {[(Tt72x) — (Ct24)]/[(Ct72) — (Ct24)]} x 100 for concentrations
for which Tt72x > Ct24 and {(Tt72x) — (Ct24)]/(Ct24)} x 100 for concentrations for which
Tt72x < Ct24. The Gl5p was calculated from {[(Tt72x) — (Ct24)]/[(Ct72) — (Ct24)]} x 100 = 50
while the TGI from {[(Tt72x) — (Ct24)]/[(Ct72) — (Ct24)]} x 100 = 0, and ICgy from
{[(Tt72x) — (Ct24)]/(Ct24)} x 100 = 50. All experiments were carried out in triplicate.
A significant difference was presumed to exist when p < 0.05 (two tailed paired ¢ test).

4.7. In Vitro Antioxidant Activity

In vitro antioxidant activity studies for 1-4 and their free ligands were performed in
order to determine their ability to scavenge DPPH, and ABTS free radicals and to reduce
H,0O; and was compared with the antioxidant capacity of reference compounds (NDGA,
BHT, trolox and ascorbic acid). All measurements were carried out in triplicate and the
standard deviation of absorbance was <10% of the mean.

4.7.1. Reduction of Hydrogen Peroxide

The antioxidant activity of 1-4 and their corresponding ligands (atdztH, mtftH PPhs,
xantphos, DPEphos) in free form against hydrogen peroxide was determined by monitoring
the reduction of HyO,. The reaction mixture contained 20 pL of each of the tested com-
pounds (0.1 mM) and 5 pL. H,O; solution (40 mM) in phosphate buffer (50 mM, pH 7.4).
The absorbance was measured at 230 nm after 20 min. The antioxidant activity of the
compounds was expressed as percent reduction of HyO, (%H,O,) [63]. Ascorbic acid (or
vitamin C) was used as an appropriate standard.

4.7.2. Determination of the Reducing Activity of DPPH Radical

To a methanolic solution of DPPH (0.1 mM) an equal volume solution of the com-
pounds (0.1 mM) in methanol was added. Absolute methanol was also used as control
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solution. The absorbance at 517 nm was recorded at room temperature after 30 and 60 min,
in order to examine the possible existence of a potential time-dependence of the DPPH
radical scavenging activity [64]. The DPPH scavenging activity of the compounds was
expressed as the percentage reduction of the absorbance values of the initial DPPH solution
(DPPH%). NDGA and BHT were used as reference compounds.

4.7.3. Assay of Radical Cation ABTS Scavenging Activity

Initially, a water solution of ABTS was prepared (2 mM). ABTS radical cation (ABTS**)
was produced by the reaction of ABTS stock solution with potassium persulfate (0.17 mM)
and the mixture was stored in the dark at room temperature for 12-16 h before its use. The
ABTS was oxidized incompletely because the stoichiometric reaction ratio of ABTS and
potassium persulfate is 1:0.5. The absorbance became maximal and stable only after >6 h of
reaction although the oxidation of the ABTS started immediately. The radical was stable in
this form for >2 days when allowed to stand in the dark at room temperature. Afterwards,
the ABTS**solution was diluted in ethanol to an absorbance of 0.70 at 734 nm and 200 uL.
of diluted compounds or standards (0.1 mM) in DMSO were added. The absorbance was
recorded out exactly 15 min after initial mixing [64]. The radical scavenging activity of
the compounds was expressed as the percentage inhibition of the absorbance of the initial
ABTS solution. Trolox was used as an appropriate standard.

4.8. CT DNA Interaction

In vitro interaction of 3 and 4 with calf-thymus (CT) DNA was evaluated by UV-visible
spectroscopy. The potential binding mode of the compounds and their corresponding
binding constants (Kj) were also determined. Additional control experiments with 5%
DMSO (v/v) did not lead to any changes in the spectra of CT DNA. The UV-visible spectra
of CT DNA solution (1.5 x 10~* M) were recorded in the presence of each compound at
diverse [compound]/[DNA] mixing ratios (r). In parallel, the UV-visible spectra of the
compounds were recorded for a standard concentration (10-50 uM) in the presence of
increasing amounts of CT DNA at diverse [DNA]/[compound] ratios 1/. The DNA-binding
constant (K, in M~1) was obtained by monitoring the changes in the absorbance at the
corresponding Amax with increasing concentrations of CT DNA and it is given by the
ratio of slope to the y intercept in plots [DNA]/(ea-¢f) versus [DNA], according to the
Wolfe-Shimer equation (Equation (1)):

[DNA] _ [DNA] . 1 @

(ea—e) (e, —€)  Kpley —g)

where [DNA] is the concentration of DNA in base pairs, €5 = Agpsq/[compound], & =
the extinction coefficient for the free compound and ¢}, = the extinction coefficient for the
compound in the fully bound form.

The viscosity of DNA ([DNA] = 0.1 mM) in buffer solution (150 mM NaCl and 15 mM
trisodium citrate at pH 7.0) was measured in the presence of increasing amounts of 3 and 4
(up to the r value = 0.35). All measurements were performed at room temperature. The
obtained data are presented as (n/ Mo)Y/3 versus r where 1 is the viscosity of DNA in the
presence of the studied compound, ng is the viscosity of DNA alone in buffer solution and
r = [complex]/[DNA]. DNA-length (L/Ly), according to the equation L/Lg = (n/ Mo)Y/3.
In general, the observed changes of the relative DN A-viscosity occurring in the presence
of increasing amounts of the compounds which interact with CT DNA may reveal subse-
quently the possible binding mode. In the particular case of intercalation, an increase in
the separation distance of the DNA-base pairs can be induced in order to host the insert-
ing compound resulting in an increase of the relative DN A-viscosity. On the other hand,
when a compound binds to DNA-grooves via non-classic intercalation (i.e., electrostatic
interaction or external groove-binding) the DNA-viscosity may show a slight decrease or
remain unchanged, because of a bend of DNA double helix which leads to shortening of
DNA length [65].
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Fluorescence emission spectroscopy was carried out to determine the ability of 3
and 4 to compete EB for the DNA-intercalating sites and displacing it from the EB-DNA
conjugate [35]. The EB-DNA complex was prepared by adding 20 uM EB and 26 uM
CT DNA in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0). The
potential EB-displacing ability of the compounds was studied by a stepwise addition of a
compound’s solution into the EB-DNA solution. The resultant changes were monitored
by recording the variation of fluorescence emission spectra with excitation wavelength at
540 nm. The compounds did not exhibit any appreciable fluorescence emission bands at
room temperature in solution or in the presence of DNA or EB under the same experimental
conditions (Aexc = 540 nm); therefore, the observed quenching may be attributed to the
displacement of EB from its EB-DNA conjugate. The Stern-Volmer constant (Kgy, in M 1)is
used to evaluate the quenching efficiency for each compound according to the Stern-Volmer
equation (Equation (2)) [66,67]:

0 =14 kglQ] = 1+ Ksv[Q) @

where I, and I are the emission intensities of the EB-DNA solution in the absence and the
presence of the quencher, respectively, [QQ] is the concentration of the quencher, 1, = the
average lifetime of the emitting system without the quencher and kq = the quenching
constant. Kgy may be obtained from the Stern-Volmer plots by the slope of the diagram
Io/Iversus [Q]. Taking T, = 23 ns as the fluorescence lifetime of the EB-DNA system, the
quenching constants (kq, in M~1s~1) of the compounds can be determined according to
Equation (3):

Ksv =kqTo 3)

4.9. Serum Albumins Binding

The serum albumin (SA) binding study was performed by tryptophan fluorescence
quenching experiments using BSA (3 pM) or HSA (3 uM) in buffer (containing 1 mM
trisodium citrate and 150 mM NaCl at pH 7.0). The quenching of the emission intensity of
tryptophan residues of BSA or HSA was monitored using compounds 3 and 4 as quenchers
at increasing concentrations. The fluorescence emission spectra were recorded from 300 to
500 nm at excitation wavelength of 295 nm. The solutions of the compounds exhibited a
very-low-intensity emission band at 330 nm, upon excitation at 295 nm. The fluorescence
emission spectra of 3 and 4 were subtracted from the SA-emission spectra in order to
proceed to calculating of the corresponding constants.

In the meanwhile, the influence of the inner-filter effect on the measurements was
negligible as evaluated by the equation:

€\ (exc)? /\(em)Cd

(ex €
Ieorr = Dineas X 107 2 x 107 2 4)

where I, = corrected intensity, I;;¢s = the measured intensity, ¢ = the concentration of the
quencher, d = the cuvette (1 cm), €)(ex) and €, () = the € of the quencher at the excitation
and the emission wavelength, respectively, as calculated from the UV-visible spectra of the
compounds.

The Stern-Volmer and Scatchard graphs are used in order to study the interaction
of a quencher with serum albumins. According to Stern-Volmer quenching equation
(Equation (2)), where I, = the initial tryptophan fluorescence intensity of SA, I = the trypto-
phan fluorescence intensity of SA after the addition of the quencher, kq = the quenching
constant, Kgy = the Stern-Volmer constant, 7, = the average lifetime of SA without the
quencher, [Q] = the concentration of the quencher. Ksy (M) can be obtained by the slope
of the diagram I, /I versus [Q], and subsequently the quenching constant (kq, M~'s™) is
calculated from Equation (3) with 1y = 107 s as fluorescence lifetime of tryptophan in SA.
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From the Scatchard equation

&L Al
lo __ _ 1.2t
@ =nK—k To (5)

where, 1 is the number of binding sites per albumm and K is the SA-binding constant, K

in M) is calculated from the slope in plots T versus 2! and n is given by the ratio of
1% P Ql To g y y
intercept to the slope [21].

4.10. Molecular Docking Calculations

The in silico predictive tools that were employed to study the interaction of the
studied compound with the selected macromolecule, are Schrédinger, Mercury, Spar-
tan’14, and PyMOL molecular modeling software. The atomic coordinates of the com-
pound were generated from its X-ray crystal structure as CIF file. Mercury software
(http:/ /www.ccde.cam.ac.uk/) was used to convert the CIF file to PDB format file. The
best, most stable (lowest energy) conformation of the molecular model of the compound
was detected by geometrical optimization in the gas phase, as implemented in the Spar-
tan’14 Molecular Modeling program suite [68]. The structure was initially optimized (via
energy minimization) by conformational search using the Monte Carlo method with the
MMFF94 molecular mechanics model, included in the Spartan’14 program suite. Geometry
optimization (leading to the most stable conformer with the lowest energy) was accom-
plished via quantum-chemical calculations by utilizing Density functional theory (DFT)
computations at B3LYP level of theory with 6-31G*(d,p) basis set to describe the accu-
rate structural and electronic properties of the compounds, implemented by Spartan’14
program suite. Molecular docking was carried out on the crystal structure of fibroblast
growth factor receptor (FGFR1) (PDB entry code 4V04), to investigate the effect of the
compound on this target. X-ray crystal structure of FGFR1 in complex with its inhibitor
drug ponatinib [54] was obtained from the Brookhaven Protein Data Bank (operated by the
Research Collaboratory for Structural Bioinformatics, RCSB) [69-71]. The crystal structure
of FGFR1 bound with ponatinib has been refined at 2.12 A resolution. For the docking
calculations on the kinase domain of FGFR1 it was used only the A chain of the protein
since chain B is replicate, with ponatinib (OLI) FGFR1 inhibitor bound at the same ligand
binding site among the chains. For this reason, from the corresponding PDB files, the
data for chain B and the data of the drugs referring to this chain were deleted. In our
studies, molecular docking calculations were performed with Schrodinger modeling suite
having the ability for accurate calculations. The Schrodinger software suite contains a
broad array of computational chemistry tools. In the procedure for molecular docking with
the employment of Schrédinger suite all compounds were sketched and converted into
three-dimensional MOL2 files using Schrodinger Release 2015-2 Maestro Version 10.5 and
minimized using LigPrep 3.4 [72] (which can generate a number of structures from each in-
put structure with various ionization states, tautomers, stereochemical characteristics, and
ring conformations to eliminate molecules on the basis of various criteria such as molecular
weight or specified numbers and types of functional groups with correct chiralities for each
successfully processed input structure), and the OPLS3 (Optimized Potential for Liquid
Simulations) [73] force field for the optimization, producing the low-energy isomers of
the ligands (Schrodinger, http:/ /www.schrodinger.com). Energy minimized 3D molecular
structures were generated with the employment of LigPrep run from Maestro utility of
the Schrodinger suite. The ligand preparation included 2D-3D conversions, generating
variations, correction, verification and optimization of the structures. A preparation of
receptor and ligand structures was integrated before the actual docking procedure [74].
The crystal structure of the protein was prepared using the Protein Preparation Wizard, in
Schrodinger Suite 2018-2 (Schrodinger, LLC, New York, NY) [75,76]. Protein was prepared
by adding the hydrogen atoms, optimizing hydrogen bonds, removing atomic clashes,
adding formal charges to the hetero groups and then optimizing at neutral pH. Missing
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loops and side chains were prepared using Prime version 3.2 [77,78]. Finally, the structure
was minimized using OPLS3 force field. Active site of studied proteins was obtained using
SiteMap tool [79,80], which provides a fast and effective means of identifying potential
binding pockets of proteins. SiteMap identifies the character of binding sites using novel
search and assesses each site by calculating various properties like size, volume, amino
acid exposure, enclosure, contact, hydrophobicity, hydrophilicity and donor/acceptor ratio.
Receptor grid was generated around the active site for effective binding using Receptor
grid generation in the Glide (version 5.9) application of Maestro. Once the receptor grid is
generated, the ligand is docked to the protein using Glide docking tool of Schrodinger (Grid
based Ligand Docking with Energetics) [80,81]. The studied compound was docked in the
binding site of the protein using Induced-Fit Docking (IFD) protocol 2015-2 [82,83] The
ligand interactions are shown in Ligand interaction tool of Maestro (Schrodinger). Waters
were deleted with Maestro, the graphical user interface (GUI) of Schrodinger software, prior
to docking. Molecular docking studies were carried out for the best fitted compounds to the
model, while the final selection criteria were compounds docking scores and the presence
of crucial interactions for binding to the studied proteins [84]. The resulting poses were ex-
amined manually and the most promising ones were redocked with IFD calculations. Poses
that pass the initial screens enter the final stage of the algorithm, which involves evaluation
and minimization of a grid approximation to the OPLS-AA nonbonded ligand-receptor
interaction energy. Final scoring is then carried out on the energy-minimized poses. By
default, Schrodinger’s proprietary GlideScore [81] multi-ligand scoring function is used
to score the poses. The compound showed good docking scores reflecting drug-binding
affinities with the studied proteins. The PyMol Molecular Graphics System (Schrodinger,
LLC. version 1.8.2.0, www.pymol.org), was used to visualize the molecules and analyze
the results of the docking and to construct the molecular models [85].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules28010336/s1. Sections: S1.1. Single-crystal X-ray structural
analysis (Figures S1-53 and Tables S1-53: X-ray crystal structures of 3 and 4); S1.2. Stability in solution
(Figure S4: Stability test of 1-4 by UV-visible spectroscopy); S1.3. In vitro antibacterial activity
(Table S4: MIC and ICs values of the in vitro antibacterial activity of 1-4 and their corresponding
ligands); S1.4. In vitro anti-cancer activity (Table S5: Gl5p, TGI, and ICs; values of the in vitro anti-
cancer activity of 1-4); S1.5. In vitro antioxidant activity (Table S6: In vitro antioxidant activity of
1-4 and their corresponding ligands); S1.6. CT DNA interaction (Figures S5-S7: Spectrophotometric
studies of the interaction of compounds with CT DNA); S1.7. Serum albumin binding (Figures S8-511:
Spectrophotometric studies of the interaction of compounds with HSA and BSA). Accession Codes:
CCDC 2179510 and 2179511 contain the supplementary crystallographic data for compounds 3 and
4, respectively. These data can be obtained free-of-charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: (+44) 1223-336-033; or email: deposit@ccdc.cam.ac.uk.

Author Contributions: Conceptualization, P.A.A.; methodology, PA.A., E.G,, R.P, PD,, T.C.-P. and
D.T.T.; formal analysis, D.V., A.G.H. and G.P; investigation, D.V,, E.G., GK., R.P. and P.D.; data
curation, D.V,, E.G., G.K,, R.P; writing-original draft preparation, D.V,, E.G., R.P, P.D. and PA.A;
writing-review and editing, T.C.-P.,, D.T.T. and P.A.A.; supervision, T.C.-P.,, D.T.T. and P.A.A.; project
administration, P.A.A.; Supervision, T.C.-P,, D.T.T. and P.A.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was co-financed by Greece and the European Union (European Social Fund—
ESF) through the Operational Programme “Human Resources Development, Education and Lifelong
Learning” in the context of the project “Strengthening Human Resources Research Potential via
Doctorate Research” (MIS-5000432), implemented by the State Scholarships Foundation (IKY).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.


www.pymol.org
https://www.mdpi.com/article/10.3390/molecules28010336/s1
https://www.mdpi.com/article/10.3390/molecules28010336/s1
http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html

Molecules 2023, 28, 336 26 of 29

Acknowledgments: The authors thank the Department of Chemistry of Aristotle University of
Thessaloniki for the financial support of this work. The authors would like to acknowledge the Large
Research Instrumentation NMR and single crystal XRD Facilities of the Chemistry Department of the
Aristotle University of Thessaloniki for providing access to the facilities.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors upon request.

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

Bray, F.; Jemal, A.; Grey, N.; Ferlay, J.; Forman, D. Global cancer transitions according to the Human Development Index
(2008-2030): A population-based study. Lancet Oncol. 2012, 13, 790-801. [CrossRef]

Kuehl, R.; Brunetto, P.S.; Woischnig, A.K.; Varisco, M.; Rajacic, Z.; Vosbeck, J.; Terracciano, L.; Fromm, K.M.; Khanna, N.
Preventing implant-associated infections by silver coating. Antimicrob. Agents Chemother. 2016, 60, 2467-2475. [CrossRef]
[PubMed]

Chen, C.; Zhou, L.; Xie, B.; Wang, Y,; Ren, L.; Chen, X,; Cen, B.; Lv, H.; Wang, H. Novel fast-acting pyrazole/pyridine-
functionalized N-heterocyclic carbene silver complexes assembled with nanoparticles show enhanced safety and efficacy as
anticancer therapeutics. Dalton Trans. 2020, 49, 2505-2516. [CrossRef]

Marmol, I; Montanel-Perez, S.; Carlos Royo, J.; Gimeno, M.C.; Villacampa, M.D.; Rodriguez-Yoldi, M.].; Cerrada, E. Gold(I) and silver(I)
complexes with 2-anilinopyridine-based heterocycles as multitarget drugs against colon cancer. Inorg. Chem. 2020, 59, 17732-17745.
[CrossRef]

Quintana, M.; Rodriguez-Rius, A.; Vellé, A.; Vives, S.; Sanz Miguel, PJ.; Triola, G. Dinuclear silver and gold bisNHC complexes as
drug candidates for cancer therapy. Bioorg. Med. Chem. 2022, 67, 116814:1-116814:8. [CrossRef]

Raper, E.S. Complexes of heterocyclic thionates. Part 1. Complexes of monodentate and chelating ligands. Coord. Chem. Rev.
1996, 153, 199-255. [CrossRef]

Lobana, T.S. Heterocyclic-2-thione derivatives of group 10-12 metals: Coordination versatility, activation of C=S (thione) bonds
and biochemical potential. Coord. Chem. Rev. 2021, 441, 213884:1-213884:84. [CrossRef]

Janowska, S.; Paneth, A.; Wujec, M. Cytotoxic properties of 1,3,4-thiadiazole derivatives—A review. Molecules 2020, 25, 4309.
[CrossRef]

Li, Y,; Geng, J.; Liu, Y.; Yu, S.; Zhao, G. Thiadiazole-a promising structure in medicinal chemistry. ChemMedChem 2013, 8, 27-41.
[CrossRef]

Asbury, R.F; Blessing, ].A.; DiSaia, P.J.; Malfetano, J]. Aminothiadiazole (NSC 4728) in patients with advanced nonsquamous
carcinoma of the cervix. A phase II study of the Gynecologic Oncology Group. Am. J. Clin. Oncol. 1989, 12, 375-377. [CrossRef]

Szeliga, M. Thiadiazole derivatives as anticancer agents. Pharmacol. Rep. 2020, 72, 1079-1100. [CrossRef]

Kyros, L.; Kourkoumelis, N.; Kubicki, M.; Male, L.; Hursthouse, M.B.; Verginadis, L1.; Gouma, E.; Karkabounas, S.; Char-
alabopoulos, K.; Hadjikakou, S.K. Structural properties, cytotoxicity, and anti-inflammatory activity of silver(I) complexes with
tris(p-tolyl)phosphine and 5-chloro-2-mercaptobenzothiazole. Bioinorg. Chem. Appl. 2010, 2010, 386860:1-386860:12. [CrossRef]

[PubMed]

Banti, C.N.; Kyros, L.; Geromichalos, G.D.; Kourkoumelis, N.; Kubicki, M.; Hadjikakou, S.K. A novel silver iodide meta-lo-drug:
Experimental and computational modelling assessment of its interaction with intracellular DNA, lipoxygenase and glutathione.
Eur. J. Med. Chem. 2014, 77, 388-399. [CrossRef] [PubMed]

Aulakh, ] K,; Lobana, T.S.; Sood, H.; Arora, D.S.; Kaur, R.; Singh, J.; Garcia-Santos, I.; Kaur, M.; Jasinski, J.P. Silver derivatives
of multi-donor heterocyclic thioamides as antimicrobial /anticancer agents: Unusual bioactivity against methicillin resistant S.
aureus, S. epidermidis, and E. faecalis and human bone cancer MG63 cell line. RSC Adv. 2019, 9, 15470-15487. [CrossRef] [PubMed]

Nawaz, S.; Isab, A.A.; Merz, K.; Vasylyeva, V.; Metzler-Nolte, N.; Saleem, M.; Ahmad, S. Synthesis, characterization and
anti-microbial studies of mixed ligand silver(I) complexes of triphenylphosphine and heterocyclic thiones: Crystal structure of
bis[{(I 2-diazinane-2-thione)(diazinane-2-thione)(triphenylphosphine)silver(I) nitrate. Polyhedron 2011, 30, 1502-1506. [CrossRef]

Aulakh, ].K; Lobana, T.S.; Sood, H.; Arora, D.S.; Smolinski, V.A.; Duff, C.E.; Jasinski, ].P. Synthesis, structures, and ESI-mass
studies of silver(I) derivatives of imidazolidine-2-thiones: Antimicrobial potential and biosafety evaluation. J. Inorg. Biochem.
2018, 178, 18-31. [CrossRef]

Altaf, M.; Stoeckli-Evans, H.; Cuin, A.; Sato, D.N.; Pavan, ER.; Leite, C.Q.F.; Ahmad, S.; Bouakka, M.; Mimouni, M.; Khardli, EZ.;
et al. Synthesis, crystal structures, antimicrobial, antifungal and antituberculosis activities of mixed ligand silver(I) complexes.
Polyhedron 2013, 62, 138-147. [CrossRef]

Anastasiadou, D.; Geromichalou, E.; Tsavea, E.; Psomas, G.; Hatzidimitriou, A.G.; Kalogiannis, S.; Geromichalos, G.; Trafalis, D.;
Dalezis, P.; Aslanidis, P. Silver complexes with heterocyclic thioamide and tertiary arylphosphane ligands: Synthesis, crystal structures,
in vitro and in silico antibacterial and cytotoxic activity, and interaction with DNA. J. Inorg. Biochem. 2020, 210, 111167:1-111167:17.
[CrossRef]

Varna, D.; Zainuddin, D.I.; Hatzidimitriou, A.G.; Psomas, G.; Pantazaki, A.; Papi, R.; Angaridis, P.; Aslanidis, P. Homoleptic
and heteroleptic silver(I) complexes bearing diphosphane and thioamide ligands: Synthesis, structures, DNA interactions and
antibacterial activity studies. Mater. Sci. Eng. C 2019, 99, 450-459. [CrossRef]


http://doi.org/10.1016/S1470-2045(12)70211-5
http://doi.org/10.1128/AAC.02934-15
http://www.ncbi.nlm.nih.gov/pubmed/26883700
http://doi.org/10.1039/C9DT04751D
http://doi.org/10.1021/acs.inorgchem.0c02922
http://doi.org/10.1016/j.bmc.2022.116814
http://doi.org/10.1016/0010-8545(95)01233-8
http://doi.org/10.1016/j.ccr.2021.213884
http://doi.org/10.3390/molecules25184309
http://doi.org/10.1002/cmdc.201200355
http://doi.org/10.1097/00000421-198910000-00002
http://doi.org/10.1007/s43440-020-00154-7
http://doi.org/10.1155/2010/386860
http://www.ncbi.nlm.nih.gov/pubmed/20379345
http://doi.org/10.1016/j.ejmech.2014.03.028
http://www.ncbi.nlm.nih.gov/pubmed/24681027
http://doi.org/10.1039/C9RA01804B
http://www.ncbi.nlm.nih.gov/pubmed/35514853
http://doi.org/10.1016/j.poly.2011.02.054
http://doi.org/10.1016/j.jinorgbio.2017.10.002
http://doi.org/10.1016/j.poly.2013.06.021
http://doi.org/10.1016/j.jinorgbio.2020.111167
http://doi.org/10.1016/j.msec.2019.01.107

Molecules 2023, 28, 336 27 of 29

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.
32.
33.
34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Varna, D.; Kapetanaki, E.; Koutsari, A.; Hatzidimitriou, A.G.; Psomas, G.; Angaridis, P,; Papi, R.; Pantazaki, A.A.; Aslanidis, P.
Heterocyclic thioamide/phosphine mixed-ligand silver(I) complexes: Synthesis, molecular structures, DNA-binding proper-ties
and antibacterial activity. Polyhedron 2018, 151, 131-140. [CrossRef]

Varna, D.; Geromichalou, E.; Hatzidimitriou, A.G.; Papi, R.; Psomas, G.; Dalezis, P.; Aslanidis, P.; Choli-Papadopoulou, T.; Trafalis,
D.T.; Angaridis, P.A. Silver(I) complexes bearing heterocyclic thioamide ligands with NH, and CFj substituents: Effect of ligand
group substitution on antibacterial and anticancer properties. Dalton Trans. 2022, 51, 9412-9431. [CrossRef] [PubMed]

Yang, L.; Powell, D.R.; Houser, R.P. Structural variation in copper(I) complexes with pyridylmethylamide ligands: Structural
analysis with a new four-coordinate geometry index, t4. Dalt. Trans. 2007, 955-964. [CrossRef]

Brandys, M.; Puddephatt, R.J. Polymeric Complexes of silver(I) with diphosphine ligands: Self-assembly of a puckered sheet
network structure. . Am. Chem. Soc. 2002, 124, 3946-3950. [CrossRef] [PubMed]

Hubheey, J.E. Inorganic Chemistry, Principles of Structure and Reactivity, 2nd ed.; Harper & Row: New York, NY, USA, 1978;
Pp. 230-257. ISBN 978-0060429867.

Fabretti, A.C.; Franchini, G.C.; Peyronel, G. Tin (IV) tetrahalide complexes of 2,5-disubstituted 1,3,4-thiadiazoles. Spectrochim.
Acta Part A 1980, 36, 517-520. [CrossRef]

Fabretti, A.C.; Giusti, A. 2-Mercapto-5-methyl-1,3,4-thiadiazole as a ligand in Ru(IIl), Rh(III), Os(III) and Ir(IIl) trichloride
complexes. Polyhedron 1986, 5, 1927-1930. [CrossRef]

Hu, Y,; Li, C.-Y,; Wang, X.-M.; Yang, Y.-H.; Zhu, H.-L. 1,3 ,4-Thiadiazole: Synthesis, reactions, and applications in medicinal,
agricultural, and materials chemistry. Chem. Rev. 2014, 114, 5572-5610. [CrossRef] [PubMed]

Richter, M.F;; Drown, B.S.; Riley, A.P,; Garcia, A.; Shirai, T.; Svec, R.L.; Hergenrother, PJ. Predictive compound accumulation rules
yield a broad-spectrum antibiotic. Nature 2017, 545, 299-304. [CrossRef] [PubMed]

Varna, D.; Geromichalou, E.; Papachristou, E.; Papi, R.; Hatzidimitriou, A.G.; Panteris, E.; Psomas, G.; Geromichalos, G.D.;
Aslanidis, P.; Choli-Papadopoulou, T.; et al. Biocompatible silver(I) complexes with heterocyclic thioamide ligands for se-
lective killing of cancer cells and high antimicrobial activity—A combined in vitro and in silico study. J. Inorg. Biochem.
2022, 228, 111695:1-111695:18. [CrossRef]

Cressier, D.; Prouillac, C.; Hernandez, P.; Amourette, C.; Diserbo, M.; Lion, C.; Rima, G. Synthesis, antioxidant properties and
radioprotective effects of new benzothiazoles and thiadiazoles. Bioorg. Med. Chem. 2009, 17, 5275-5284. [CrossRef] [PubMed]
Wettasinghe, M.; Shahidi, F. Scavenging of reactive-oxygen species and DPPH free radicals by extracts of borage and evening
primrose meals. Food Chem. 2000, 70, 17-26. [CrossRef]

Gurova, K. New hopes from old drugs: Revisiting DNA-binding small molecules as anticancer agents. Future Oncol. 2009, 5, 1685-1704.
[CrossRef]

Sirajuddin, M.; Ali, S.; Badshah, A. Drug-DNA interactions and their study by UV-visible, fluorescence spectroscopies and cyclic
voltammetry. J. Photochem. Photobiol. B 2013, 124, 1-19. [CrossRef]

Mjos, K.D.; Orvig, C. Metallodrugs in Medicinal Inorganic Chemistry. Chem. Rev. 2014, 114, 4540-4563. [CrossRef]

Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Plenum Press: New York, NY, USA, 2006; ISBN 978-0-387-46312-4.
Zhang, Y.-Z.; Zhou, B.; Liu, Y.-X,; Zhou, C.-X,; Ding, X.-L.; Liu, Y. Fluorescence study on the interaction of bovine serum al-bumin
with p-Aminoazobenzene. J. Fluoresc. 2008, 18, 109-118. [CrossRef] [PubMed]

Ahmad, E.; Rabbani, G.; Zaidi, N.; Khan, M.A.; Qadeer, A.; Ishtikhar, M.; Singh, S.; Khan, R.H. Revisiting ligand-induced con-
formational changes in proteins: Essence, advancements, implications and future challenges. J. Biomol. Struct. Dyn. 2013, 31, 630-648.
[CrossRef] [PubMed]

Qi, H.; Wang, Y,; Wang, X,; Su, L.; Wang, Y.; Wang, S. The different interactions of two anticancer drugs with bovine
serum albumin based on multi-spectrum method combined with molecular dynamics simulations. Spectrochim. Acta Part A
2021, 259, 119809:1-119809:10. [CrossRef]

Turner, N.; Grose, R. Fibroblast growth factor signalling: From development to cancer. Nat. Rev. Cancer 2010, 10, 116-129.
[CrossRef] [PubMed]

Ornitz, D.M,; Itoh, N. The Fibroblast Growth Factor signaling pathway. Wiley Interdiscip. Rev. Dev. Biol. 2015, 4, 215-266.
[CrossRef] [PubMed]

Babina, I.S.; Turner, N.C. Advances and challenges in targeting FGFR signalling in cancer. Nat. Rev. Cancer 2017, 17, 318-332.
[CrossRef] [PubMed]

Katoh, M.; Nakagama, H. FGF receptors: Cancer biology and therapeutics. Med. Res. Rev. 2014, 34, 280-300. [CrossRef] [PubMed]
Datta, J.; Damodaran, S.; Parks, H.; Ocrainiciuc, C.; Miya, J.; Yu, L.; Gardner, E.P.,; Samorodnitsky, E.; Wing, M.R.; Bhatt, D.; et al. Akt
activation mediates acquired resistance to Fibroblast Growth Factor Receptor Inhibitor BG]J398. Mol. Cancer Ther. 2017, 16, 614-624.
[CrossRef]

Pardo, O.E.; Latigo, ].; Jeffery, R.E.; Nye, E.; Poulsom, R.; Spencer-Dene, B.; Lemoine, N.R.; Stamp, G.W.; Aboagye, E.O.; Seckl, M.].
The fibroblast growth factor receptor inhibitor PD173074 blocks small cell lung cancer growth in vitro and in vivo. Cancer Res.
2009, 69, 8645-8651. [CrossRef]

Cole, C; Lau, S.; Backen, A.; Clamp, A.; Rushton, G.; Dive, C.; Hodgkinson, C.; McVey, R.; Kitchener, H.; Jayson, G.C. Inhibi-tion
of FGFR2 and FGFR1 increases cisplatin sensitivity in ovarian cancer. Cancer Biol. Ther. 2010, 10, 495-504. [CrossRef] [PubMed]
Hagq, F,; Sung, Y.-N.; Park, I; Kayani, M.A.; Yousuf, F.; Hong, S.-M.; Ahn, S.-M. FGFR1 expression defines clinically distinct
subtypes in pancreatic cancer. J. Transl. Med. 2018, 16, 374:1-374:7. [CrossRef] [PubMed]


http://doi.org/10.1016/j.poly.2018.05.020
http://doi.org/10.1039/D2DT00793B
http://www.ncbi.nlm.nih.gov/pubmed/35674362
http://doi.org/10.1039/B617136B
http://doi.org/10.1021/ja0113293
http://www.ncbi.nlm.nih.gov/pubmed/11942832
http://doi.org/10.1016/0584-8539(80)80002-X
http://doi.org/10.1016/S0277-5387(00)87116-8
http://doi.org/10.1021/cr400131u
http://www.ncbi.nlm.nih.gov/pubmed/24716666
http://doi.org/10.1038/nature22308
http://www.ncbi.nlm.nih.gov/pubmed/28489819
http://doi.org/10.1016/j.jinorgbio.2021.111695
http://doi.org/10.1016/j.bmc.2009.05.039
http://www.ncbi.nlm.nih.gov/pubmed/19502068
http://doi.org/10.1016/S0308-8146(99)00269-1
http://doi.org/10.2217/fon.09.127
http://doi.org/10.1016/j.jphotobiol.2013.03.013
http://doi.org/10.1021/cr400460s
http://doi.org/10.1007/s10895-007-0247-4
http://www.ncbi.nlm.nih.gov/pubmed/17899332
http://doi.org/10.1080/07391102.2012.706081
http://www.ncbi.nlm.nih.gov/pubmed/22888832
http://doi.org/10.1016/j.saa.2021.119809
http://doi.org/10.1038/nrc2780
http://www.ncbi.nlm.nih.gov/pubmed/20094046
http://doi.org/10.1002/wdev.176
http://www.ncbi.nlm.nih.gov/pubmed/25772309
http://doi.org/10.1038/nrc.2017.8
http://www.ncbi.nlm.nih.gov/pubmed/28303906
http://doi.org/10.1002/med.21288
http://www.ncbi.nlm.nih.gov/pubmed/23696246
http://doi.org/10.1158/1535-7163.MCT-15-1010
http://doi.org/10.1158/0008-5472.CAN-09-1576
http://doi.org/10.4161/cbt.10.5.12585
http://www.ncbi.nlm.nih.gov/pubmed/20595807
http://doi.org/10.1186/s12967-018-1743-9
http://www.ncbi.nlm.nih.gov/pubmed/30593273

Molecules 2023, 28, 336 28 of 29

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Quan, M.-Y.; Guo, Q; Liu, J.; Yang, R.; Bai, J.; Wang, W.; Cai, Y.; Han, R.; Lv, Y.-Q.; Ding, L.; et al. An FGFR/AKT/SOX2 signaling
axis controls pancreatic cancer stemness. Front. Cell Dev. Biol. 2020, 8, 287:1-287:15. [CrossRef]

Dianat-Moghadam, H.; Teimoori-Toolabi, L. Implications of fibroblast growth factors (FGFs) in cancer: From prognostic to
therapeutic applications. Curr. Drug Targets 2019, 20, 852-870. [CrossRef]

Coleman, S.J.; Chioni, A.M.; Ghallab, M.; Anderson, R.K.; Lemoine, N.R.; Kocher, HM.; Grose, R.P. Nuclear translocation
of FGFR1 and FGF?2 in pancreatic stellate cells facilitates pancreatic cancer cell invasion. EMBO Mol. Med. 2014, 6, 467-481.
[CrossRef] [PubMed]

Matsuda, Y.; Yoshimura, H.; Suzuki, T.; Uchida, E.; Naito, Z.; Ishiwata, T. Inhibition of fibroblast growth factor receptor 2
at-tenuates proliferation and invasion of pancreatic cancer. Cancer Sci. 2014, 105, 1212-1219. [CrossRef] [PubMed]

Koinis, E; Corn, P,; Parikh, N.; Song, J.; Vardaki, I.; Mourkioti, L; Lin, S.-H.; Logothetis, C.; Panaretakis, T.; Gallick, G. Resistance
to MET/VEGEFR?2 inhibition by cabozantinib is mediated by YAP/TBX5-dependent induction of FGFR1 in castration-resistant
prostate cancer. Cancers 2020, 12, 244. [CrossRef]

Labanca, E.; Yang, J.; Shepherd, PD.A.; Wan, X.; Starbuck, M.W.; Guerra, L.D.; Anselmino, N.; Bizzotto, ].A.; Dong, J.; Chin-naiyan,
AM,; et al. Fibroblast Growth Factor Receptor 1 drives the metastatic progression of prostate cancer. Eur. Urol. Oncol. 2022, 5, 164-175.
[CrossRef]

Wan, X,; Corn, P.G.; Yang, J.; Palanisamy, N.; Starbuck, M.W.; Efstathiou, E.; Li Ning Tapia, E.M.; Zurita, A.J.; Aparicio, A.; Ravoori,
M.K; et al. Prostate cancer cell-stromal cell crosstalk via FGFR1 mediates antitumor activity of dovitinib in bone metastases. Sci.
Transl. Med. 2014, 6, 252ral122. [CrossRef] [PubMed]

Tucker, J.A.; Klein, T,; Breed, J.; Breeze, A.L.; Overman, R.; Phillips, C.; Norman, R.A. Structural insights into FGFR kinase isoform
selectivity: Diverse binding modes of AZD4547 and ponatinib in complex with FGFR1 and FGFR4. Structure 2014, 22, 1764-1774.
[CrossRef]

Bruker Analytical X-ray Systems, Inc. Apex2, Version 2 User Manual, M86-E01078; Bruker Analytical X-ray Systems, Inc.: Madison,
WI, USA, 2006.

Betteridge, PW.; Carruthers, ].R.; Cooper, R.I; Prout, K.; Watkin, D.J.]. Software for guided crystal structure analysis. J. Appl.
Cryst. 2003, 36, 1487. [CrossRef]

Macrae, C.EP,; Edgington, R.; McCabe, P; Pidcock, E.; Shields, G.P,; Taylor, R.; Towler, M.; van de Streek, J. Mercury: Visualization
and analysis of crystal structures. J. Appl. Cryst. 2006, 39, 453—457. [CrossRef]

Andrews, ].M. Determination of minimum inhibitory concentrations. |. Antimicrob. Chemother. 2001, 48, 5-16. [CrossRef]
[PubMed]

Tsiaggali, M.A.; Andreadou, E.G.; Hatzidimitriou, A.G.; Pantazaki, A.A.; Aslanidis, P. Copper(I) halide complexes of N-
methylbenzothiazole-2-thione: Synthesis, structure, luminescence, antibacterial activity and interaction with DNA. ]. Inorg.
Biochem. 2013, 121, 121-128. [CrossRef]

Finlay, G.J.; Wilson, W.R.; Baguley, B.C. Comparison of the in vitro activity of the cytotoxic drugs towards human carcinoma and
leukemia cell lines. Eur. J. Cancer Clin. Oncol. 1986, 22, 655-662. [CrossRef]

Alley, M.C,; Scudiero, D.A.; Monks, A.; Hursey, M.L.; Czerwinski, M.].; Fine, D.L.; Abbott, B.J.; Mayo, J.G.; Shoemaker, R.H.;
Boyd, M.R. Feasibility of drug screening with panels of human tumor cell lines using a microculture tetrazolium assay. Cancer
Res. 1988, 48, 589-601. [PubMed]

Trafalis, D.T.; Camoutsis, C.; Karamanakos, P.; Arvanitis, A.; Tegou, E.; Ziras, N.; Athanassiou, A.E. Preclinical evaluation of the
homo-aza-steroid ester 13-hydroxy-13-amino-13,17- seco-5-androstan-17-oic-13,17-lactam-p-bis(2-chloroethyl)aminophenoxy
acetate for the treatment of malignant melanoma. J. BUON 2003, 8, 333-339. [PubMed]

Ruch, RJ.; Cheng, C.; Klaunig, J.E. Prevention of cytotoxicity and inhibition of intercellular communication by antioxidant
catechins isolated from chinese green tea. Carcinogenesis 1989, 10, 1003—-1008. [CrossRef]

Kontogiorgis, C.; Hadjipavlou-Litina, D. Biological evaluation of several coumarin derivatives designed as possible anti-
inflammatory /antioxidant Agents. J. Enz. Inhib. Med. Chem. 2003, 18, 63—69. [CrossRef] [PubMed]

Li, D.D,; Tian, J.; Gu, W,; Liu, X,; Yan, S. A novel 1,2 4-triazole-based copper(II) complex: Synthesis, characterization, magnetic
property and nuclease activity. J. Inorg. Biochem. 2010, 104, 171-179. [CrossRef] [PubMed]

Zhao, G.; Lin, H; Zhu, S; Sun, H.; Chen, Y. Dinuclear palladium(Il) complexes containing two monofunctional
[Pd(en)(pyridine)Cl]+ units bridged by Se or S. Synthesis, characterization, cytotoxicity and kinetic studies of DNA-binding.
J. Inorg. Biochem. 1998, 70, 219-226. [CrossRef]

Heller, D.P,; Greenstock, C.L. Fluorescence lifetime analysis of DNA intercalated ethidium bromide and quenching by free dye.
Biophys. Chem. 1994, 50, 305-312. [CrossRef] [PubMed]

Hehre, W.; Ohlinger, S. Spartan’14 for Windows, Macintosh and Linux, Tutorial and User’s Guide; Wavefunction Inc.: Irvine, CA, USA,
2014.

Berman, H.M.; Westbrook, J.; Feng, Z; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, LN.; Bourne, P.E. The Protein Data Bank.
Nucleic Acids Res. 2000, 28, 235-242. [CrossRef] [PubMed]

Berman, H.M.,; Henrick, K.; Nakamura, H. Announcing the worldwide Protein Data Bank. Nat. Struct. Mol. Biol. 2003, 10, 980.
[CrossRef]

Bernstein, EC.; Koetzle, T.E; Williams, G.J.; Meyer, E.F, Jr.; Brice, M.D.; Rodgers, ].R.; Kennard, O.; Shimanouchi, T.; Tasumi, M.
The Protein Data Bank: A computer-based archival file for macromolecular structures. J. Mol. Biol. 1977, 112, 535-542. [CrossRef]


http://doi.org/10.3389/fcell.2020.00287
http://doi.org/10.2174/1389450120666190112145409
http://doi.org/10.1002/emmm.201302698
http://www.ncbi.nlm.nih.gov/pubmed/24503018
http://doi.org/10.1111/cas.12470
http://www.ncbi.nlm.nih.gov/pubmed/24975163
http://doi.org/10.3390/cancers12010244
http://doi.org/10.1016/j.euo.2021.10.001
http://doi.org/10.1126/scitranslmed.3009332
http://www.ncbi.nlm.nih.gov/pubmed/25186177
http://doi.org/10.1016/j.str.2014.09.019
http://doi.org/10.1107/S0021889803021800
http://doi.org/10.1107/S002188980600731X
http://doi.org/10.1093/jac/48.suppl_1.5
http://www.ncbi.nlm.nih.gov/pubmed/11420333
http://doi.org/10.1016/j.jinorgbio.2013.01.001
http://doi.org/10.1016/0277-5379(86)90162-8
http://www.ncbi.nlm.nih.gov/pubmed/3335022
http://www.ncbi.nlm.nih.gov/pubmed/17472274
http://doi.org/10.1093/carcin/10.6.1003
http://doi.org/10.1080/1475636031000069291
http://www.ncbi.nlm.nih.gov/pubmed/12751823
http://doi.org/10.1016/j.jinorgbio.2009.10.020
http://www.ncbi.nlm.nih.gov/pubmed/19939459
http://doi.org/10.1016/S0162-0134(98)10019-3
http://doi.org/10.1016/0301-4622(93)E0101-A
http://www.ncbi.nlm.nih.gov/pubmed/8011950
http://doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
http://doi.org/10.1038/nsb1203-980
http://doi.org/10.1016/S0022-2836(77)80200-3

Molecules 2023, 28, 336 29 of 29

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Fosgerau, K.; Hoffmann, T. Peptide therapeutics: Current status and future directions. Drug Discov. Today 2015, 20, 122-128.
[CrossRef]

Shivakumar, D.; Williams, J.; Wu, Y.; Damm, W.; Shelley, J.; Sherman, W. Prediction of absolute solvation free energies using
molecular dynamics free energy perturbation and the OPLS force field. . Chem. Theory Comput. 2010, 6, 1509-1519. [CrossRef]
Sastry, G.M.; Adzhigirey, M.; Day, T.; Annabhimoju, R.; Sherman, W. Protein and ligand preparation: Parameters, protocols, and
influence on virtual screening enrichments. J. Comput. Aided Mol. Des. 2013, 27, 221-234. [CrossRef]

Friesner, R.A.; Murphy, R.B.; Repasky, M.P; Frye, L.L.; Greenwood, J.R.; Halgren, T.A.; Sanschagrin, P.C.; Mainz, D.T. Extra
precision glide: Docking and scoring incorporating a model of hydrophobic enclosure for protein-ligand complexes. |. Med. Chem.
2006, 49, 6177-6196. [CrossRef] [PubMed]

Halgren, T.A.; Murphy, R.B.; Friesner, R.A.; Beard, H.S.; Frye, L.L.; Pollard, W.T; Banks, ].L. Glide: A new approach for rapid,
accurate docking and scoring. 2. Enrichment factors in database screening. J. Med. Chem. 2004, 47, 1750-1759. [CrossRef]
[PubMed]

Jacobson, M.P; Pincus, D.L.; Rapp, C.S.; Day, T.J.F.; Honig, B.; Shaw, D.E.; Friesner, R.A. A hierarchical approach to all-atom
protein loop prediction. Proteins Struct. Funct. Bioinform. 2004, 55, 351-367. [CrossRef]

Jacobson, M.P,; Friesner, R.A.; Xiang, Z.; Honig, B. On the role of the crystal environment in determining protein side-chain
conformations. J. Mol. Biol. 2002, 320, 597-608. [CrossRef] [PubMed]

Halgren, T. New method for fast and accurate binding-site identification and analysis. Chem. Biol. Drug Des. 2007, 69, 146-148.
[CrossRef] [PubMed]

Halgren, T. Identifying and characterizing binding sites and assessing druggability. J. Chem. Inf. Model. 2009, 49, 377-389.
[CrossRef]

Friesner, R.A.; Banks, J.L.; Murphy, R.B.; Halgren, T.A ; Klicic, ].J.; Mainz, D.T.; Repasky, M.P,; Knoll, E.H.; Shaw, D.E.; Shelley,
M.; et al. Glide: A new approach for rapid, accurate docking and scoring. 1. Method and assessment of docking accuracy. J. Med.
Chem. 2004, 47, 1739-1749. [CrossRef]

Farid, R.; Day, T.; Friesner, R.A ; Pearlstein, R.A. New insights about HERG blockade obtained from protein modeling, poten-tial
energy mapping, and docking studies. Bioorg. Med. Chem. 2006, 14, 3160-3173. [CrossRef]

Sherman, W.; Day, T.; Jacobson, M.P,; Friesner, R.A.; Farid, R. Novel procedure for modeling ligand /receptor induced fit ef-fects.
J. Med. Chem. 2006, 49, 534-553. [CrossRef]

Geromichalos, G.D.; Alifieris, C.E.; Geromichalou, E.G.; Trafalis, D.T. Overview on the current status of virtual high-throughput
screening and combinatorial chemistry approaches in multi-target anticancer drug discovery; Part I. |. BUON 2016, 21, 764-779.
DeLano, W.L. The PyMOL Molecular Graphics System 0.99; DeLano Scientific: San Carlos, CA, USA, 2006.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.drudis.2014.10.003
http://doi.org/10.1021/ct900587b
http://doi.org/10.1007/s10822-013-9644-8
http://doi.org/10.1021/jm051256o
http://www.ncbi.nlm.nih.gov/pubmed/17034125
http://doi.org/10.1021/jm030644s
http://www.ncbi.nlm.nih.gov/pubmed/15027866
http://doi.org/10.1002/prot.10613
http://doi.org/10.1016/S0022-2836(02)00470-9
http://www.ncbi.nlm.nih.gov/pubmed/12096912
http://doi.org/10.1111/j.1747-0285.2007.00483.x
http://www.ncbi.nlm.nih.gov/pubmed/17381729
http://doi.org/10.1021/ci800324m
http://doi.org/10.1021/jm0306430
http://doi.org/10.1016/j.bmc.2005.12.032
http://doi.org/10.1021/jm050540c

	Introduction 
	Results and Discussion 
	Synthesis and Characterization 
	Photophysical Properties 
	In Vitro Antibacterial Activity 
	In Vitro Anti-Cancer Activity 
	In Vitro Antioxidant Activity 
	CT DNA Interaction 
	Albumin-Binding Studies 
	Molecular Docking Calculations 

	Conclusions 
	Materials and Methods 
	General Procedures and Chemicals 
	Syntheses 
	[AgCl(mtdztH)(PPh3)2] (1) 
	[Ag(mtdzt)(PPh3)3] (2) 
	[AgCl(mtdztH)(xantphos)] (3) 
	[Ag(mtdztH)(dppe)2(NO3)]n (4) 

	Instrumentation 
	X-ray Crystal Structure Determinations 
	In Vitro Antibacterial Activity 
	In Vitro Anticancer Activity 
	Cell Culture 
	In Vitro Cytotoxicity Assay 

	In Vitro Antioxidant Activity 
	Reduction of Hydrogen Peroxide 
	Determination of the Reducing Activity of DPPH Radical 
	Assay of Radical Cation ABTS Scavenging Activity 

	CT DNA Interaction 
	Serum Albumins Binding 
	Molecular Docking Calculations 

	References

