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Three novel Zn(i) complexes [ZNCl(H,L™®Y)], [ZnCly(Me,L™BY)] and [Zn,Cly(H,LEBIPYPh), ] (where H,L®BY
is 2,6-bis(5-tert-butyl-1H-pyrazol-3-yl)pyridine, Me,L®" is 2,6-bis(5-tert-butyl-1-methyl-1H-pyrazol-3-
ylpyridine and H,LS®EPY™Ph s 1 2_bis((5-phenyl-1H-pyrazol-3-yl)methoxy)benzene) were synthesized
and characterized using various spectroscopic techniques, including UV-vis, IR, 'D (*H and *C) and 2D
(*H-H COSY) NMR. The structures of complexes [ZNCl(H,L®Y)] and [Zn,Cly(H,LE2EPYPh),] were eluci-
dated through X-ray crystallography. The interactions of the complexes with CT-DNA and human serum
albumin (HSA) were investigated using UV-vis spectroscopy and fluorescence emission titration. All
examined complexes exhibited quenching constant, Ky, values in the order of 10* with CT-DNA.
Constant values followed the trend [ZnCly(Me,L™BY)] < [Zn,Cla(H LS PYPR), 1 < [ZnClL(HLL®BY)]. The
results indicated a moderate interaction between the complexes and HSA. In terms of cytotoxic activity,
the zinc(i) complexes significantly decreased the viability of colon (HCT-116) and pancreatic (MIA PaCa-
2) cancer cell lines, where the effect on pancreatic cells after 72 h is especially emphasized. The most
pronounced occurrence of apoptosis, as the dominant type of complex-induced cell death, was
associated with complex [ZnCl(H,L®™®Y)], while necrosis was observed at lower percentages in all
investigated treatments. All complexes demonstrated downregulation of the tumor suppressor gene
TP53 (homo sapiens tumor protein p53). Treatment with [ZnCly(H,L®Y)] resulted in downregulation of
TP53, CASP3 (Caspase 3) and IGFIR (insulin-like growth factor 1), potentially impairing the effective
apoptotic process and reducing cell proliferation.
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Over the last century, platinum-based complexes have been
used as anticancer drugs.'”> However, side effects, such as cell-
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acquired resistance and high toxicity,> have prompted investi-
gation of other metal complexes.*” The rising incidence of
digestive tract carcinoma demands special attention. Colorectal
and pancreatic carcinomas, in particular, are not only becom-
ing more frequent but also rank among the most aggressive
forms of cancer. This highlights the importance of research on
model systems for these diseases. HCT-116 colorectal cancer
cells and MIA PaCa-2 pancreatic cancer cells are commonly
used as representative models. Such research aims to identify
novel, specific substances suitable for treating these challen-
ging conditions.®®

The importance of zinc in biological systems is definitively
related to its unique chemical features: Zn(u) is redox inactive,
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is a strong Lewis acid, has a d'® configuration, is diamagnetic,
can support a variable coordination geometry and is prone to a
fast exchange of ligands. Its electron affinity resembles that of
copper or nickel, but the lack of redox activity of the divalent
zinc ion, differently from copper or iron, eliminates any
chances of free radical reactions and makes it crucial for the
body’s antioxidant protection system.’

The vital importance of zinc(u) ions can be easily understood
considering that this metal is present in more than 3000
human proteins including nucleic acid binding proteins; is
involved in the catalytic activity of thousands of enzymes; and
plays a role in DNA synthesis, protein synthesis and immune
functions."”" 1t is also essential for synaptic plasticity and
normal brain activity.">'* The binding of Zn(u) with catalytic
and/or structural sites of a large number of proteins is a key-
factor in determining their conformations. Many studies
evidenced that the impairment of Zn(u) homeostasis can lead to
its involvement in triggering and developing different cancer
diseases. In the case of an excess of cellular zinc(u) a chelation
therapy approach has been suggested'>'® whereas in the case of
Zn(n) deficiency, as in prostate cancer, the use of ionophore ligands
able to restore the suitable Zn(i) concentration has been pursued."”
The biological prominence of zinc(n) ions and emerging insights
into zinc biology are the outcomes of techniques and methods
progressively developed in the last several years.

Zinc(u) ions have an affinity to coordinate both nitrogen or
oxygen donor atoms in biomolecules."®"® Our recent studies
indicate that heteronuclear complexes with adopted general
formula cis- or trans-Pt-1-Zn are more reactive toward DNA
constituents than sulfur-containing biomolecules. These com-
plexes have demonstrated significantly higher cytotoxicity com-
pared to cisplatin.’*' The increased cytotoxicity may be
attributed to potential interference with multiple intracellular
processes and structures that incorporate the zinc(u) ion. The
molecular mechanisms governing the response of the color-
ectal cancer cell line HCT116 to the cytotoxic action of these
complexes appear to be complex, involving intricate interplays
between various signaling pathways.>* >

Proper choice of ligands surrounding a metal center is
crucial, as they affect the reactivity and lipophilicity of a
complex, due to their ability to stabilize specific oxidation
states and to impart substitution inertness.>” Metal complexes
of bis-pyrazolylpyridine ligands are the subject of intensive
research, because of their rich coordination chemistry, and a
number of established and potential application areas, includ-
ing medicinal chemistry.>* These ligands have already been
used in reactions with other metals, such as Au(u), Rh(m),
Ru(m), Os(u), Pd(u) and Pt(u).>>7°

Complex Au(m) with 2,6-bis(5-tert-butyl-1H-pyrazol-3-
yl)pyridine (H,L™®") [AuCI(H,L®")ICl, induced perturbations
of the cell cycle and led to apoptosis in human melanoma
A375 cells and also affected the level of reactive oxygen species
(ROS) in the same cells.*® A novel rhodium(m) complex
[RhCI;(H,L™")] exhibited good DNA and BSA interaction
ability.?® The ruthenium(m) pincer-type complex [RuCl;(H,L™Y)]
has significant in vitro cytotoxic activity against mouse colon
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carcinoma CT26 cells and in vivo antitumor activity in murine
heterotopic colon carcinoma. Also, the complex induced G0/G1
cell cycle arrest and apoptotic death in CT26 cells and showed
antiproliferative activity, as evaluated by the detection of the
expression levels of the Ki67 protein.’” The results of the
influence of the studied [OsCly,(H,L*")H,0], [OsCl,(Me,L®")-
H,0] and [OsCl,(terpy)H,0] (where Me,L®" = bis(5-tert-butyl-1-
methyl-1H-pyrazol-3-yl)pyridine and terpy = 2,2":6’,2"-terpyri-
dine) complexes on the integrity of DNA (electrophoresis test)
indicate a moderate interaction of Os complexes with DNA,
which, in addition to disturbing the redox balance, is one of
the possible mechanisms of action of these substances because
the molecular action of these complexes is not strongly depen-
dent on interaction with DNA.>® The results of biological testing
of four new complexes [PACI(H,L*®%)]Cl (Pd1), [PtCI(H,L")]Cl
(Pt1), [PACI(Me,L™®")]CI (Pd2) and [PtCl(Me,L*")]Cl (Pt2) showed
that all complexes exert moderate to highly selective cytotoxicity,
inducing apoptosis and autophagy in HeLa and PANC-1 tumor
cell lines. Cell cycle analysis showed that in HeLa cells Pd1, Pd2
and Pt1 induced accumulation of cells in the S phase, whereas in
PANC-1 cells Pd2 and Pt1 induced G2/M cycle arrest and Pd1
induced G0/G1 arrest.®

Based on the coordination ability of bis-pyrazolyl pyridine
ligands, we designed, synthesized and characterized the three
new monofunctional Zn(u) complexes with bispyrazolate ligands
such as 2,6-bis(5-tert-butyl-1H-pyrazol-3-yl)pyridine (H,L*®"), 2,6-
bis(5-tert-butyl-1-methyl-1H-pyrazol-3-yl)pyridine (Me,L™"), and
1,2-bis((5-phenyl-1H-pyrazol-3-yl)methoxy)benzene (H,L )
(Fig. 1). These novel zinc(un) complexes would be particularly
significant because they could address key limitations of cur-
rent zinc-based anticancer agents, including low selectivity,
poor bioavailability, and limited efficacy in targeting specific
biomolecules. The distinctive design of these zinc(u) com-
plexes, incorporating bis-pyrazolyl ligands, would enhance
their structural flexibility and coordination properties, poten-
tially improving their interaction with biomolecular targets
implicated in cancer progression. By overcoming these chal-
lenges, these complexes could hold promise for the develop-
ment of more effective and selective cancer therapies.

Different experimental methods were used to evaluate their
antitumor activity and coordination ability.

Results and discussion

Synthesis and structure of complexes

Novel zinc(n) complexes [ZnCL(H,L™")], [ZnCl,(Me,L™®")] and
[Zn,Cl,(H,L*®*¥*™) ] were synthesized by dissolving an equi-
molar amount of the zinc salt (anhydrous ZnCl,), and ligands
H,L®Y Me, L™ and H,L®®Ph ip ethanol. The solutions of
ligands were drop-wise added to the solution of the zinc salt
and left to stir overnight at room temperature. The obtained
white participates were filtered and characterized. The synth-
esis of the complexes is outlined in Scheme 1.

The synthesized zinc(u) complexes were characterized by
elemental analysis and various spectroscopy techniques such

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 1 Structures of the investigated zinc(i) complexes.

as UV-vis, IR, 'D (*H and "*C) and 2D (*"H-"H COSY) and NMR
(see the Experimental section). The single crystals of [ZnCl,-
(H,L™)] and [Zn,Cly(H,L*®™""),] complexes were suitable
for X-ray analysis. The characterization of the [ZnCl,(Me,L*")]
complex was not possible because blocked crystals were
formed, but the results of NMR characterization indicated that
only a distinct species was formed, with the shifted set of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

signals for the pyrazole and pyridine moieties, when compared
to the free ligand signals.
Crystal structure discussion

The complex [ZnCl,(H,L®")] crystallizes in the triclinic crystal
system and the P1 space group. Its molecular structure is
shown in Fig. 2 and the corresponding geometric parameters
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Scheme 1 Synthetic pathways for the preparation of complexes.
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Fig. 2 The ORTEP representation of the molecular structure of the
complex [ZnCl(H,L®Y)] with atomic labeling. Thermal ellipsoids are at
the 50% probability level.

are collected in Table 1. The Zn(u) ion is five-coordinated with
the tridentate N,N,N-donor and two chlorido ligands. The
degree of trigonality®® is 0.507 indicating a strong shift to a
distorted trigonal bipyramidal geometry (for a perfectly trigonal
bipyramidal polyhedron the degree of trigonality is equal to
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unity, while it becomes zero for a perfect square pyramidal
polyhedron). Due to tridentate coordination of the N,N,N-donor
the N3 nitrogen atom is located closer to the Zn(u) ion than N2
and N4 nitrogen atoms and the N4-Zn1-N2 bond angle is about
148°. The N,N,N-donor ligand skeleton is essentially planar.

The complex [Zn,Cly(H, L"), ] crystallizes in the tricli-
nic crystal system and the P1 space group. Its molecular
structure is shown in Fig. 3 and the corresponding geometric
parameters are collected in Table 2. The complex consists of
two parts which are related by an inversion center and its
formula is Zn,Cl,C5,NgO,H44-1.73H,0. The Zn(u) ion is four-
coordinated by two nitrogen atoms and two chlorido ligands.
The values of bond angles Cl2A-Zn1-Cl1, N1-Zn1-Cl1,
N1-Zn1-CI2A, N1-Zn1-N3, N3-Znl1-Cl1, and N3-Zn1-CI2A
are close to 109.47°, which indicates that the surrounding
geometry of the Zn(u) ion is a distorted tetrahedron.

Zinc(u) is a versatile metal ion capable of adopting various
coordination geometries depending on its environment and the
nature of the donor sites of the involved ligands. Its electron
configuration of 3d'° indicates fully filled d-orbitals, which

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 1 Geometric parameters for the complex [ZnCly(H,L®Y)] Table 1 (continued)
Bond lengths [A] N4-C6-C7-C8 0.3 (2) C14-C15-C16-C17  —22.3 (3)
Zn1-Cl1 2.2724 (5) C3-C4 1.396 (3) N5-N4-C6-C5 179.38 (15)  C14-C15-C16-C18  96.3 (2)
Zn1-Cl2 2.2774 (5) C4-C5 1.389 (3) N5-N4-C6-C7 —0.6 (2) C14-C15-C16-C19  —144.5 (2)
Zn1-N2 2.2269 (16)  C5-C6 1.471 (3) N5-C8-C9-C10 175.0 (3) C15-N1-N2-Zn1 ~179.52 (15)
Zn1-N3 2.1049 (15)  C6-C7 1.395 (3) N5-C8-C9-C11 —66.5 (3) C15-N1-N2-C13 0.4 (2)
Zn1-N4 2.1835 (16) C7-C8 1.387 (3)
N1-N2 1.341 (2) C8-C9 1.513 (3)
N1-C15 1.358 (2) C9-C10 1.518 (4)
N2-C13 1.337 (2) C9-C11 1.532 (3)
N3-C1 1.349 (2) C9-C12 1.520 (3)
N3-C5 1.343 (3) C13-C14 1.401 (3) -y L &2 2,
N4-N5 1.349 (2) C14-C15 1.389 (3) cia };ﬁ{ c18 92707;(¢~§{f24
N4-C6 1.340 (2) C15-C16 1.507 (3) C13gi ooz R €21 e
N5-C8 1.352 (3) C16-C17 1.528 (3) T NGZ_gion AW €26

(V .
C1-C2 1.391 (3) C16-C18 1.539 (3) o1 N\
C1-C13 1.462 (3) C16-C19 1.532 (3) c10 - ff,,@c:t
C2-C3 1.384 (3) A M? T -
Bond angles [°] coSY ) rem Y C3
Cl1-Zn1-Cl2 118.25 (2) N3-C5-C6 113.95 (16) cn N2 —L
N2-Zn1-Cl1 99.19 (5) C4-C5-C6 124.45 (18) N\ 2 AN c2
N2-Zn1-Cl2 94.68 (4) N4-C6-C5 116.20 (17)
N3-Zn1-Cl1 125.39 (4) N4-C6-C7 111.06 (16)
N3-Zn1-Cl2 116.31 (4) C7-C6-C5 132.74 (18)
N3-Zn1-N2 73.99 (6) C8-C7-C6 105.29 (17)
N3-Zn1-N4 74.89 (6) N5-C8-C7 106.23 (17) Sk
N4-Zn1-Cl1 96.25 (4) N5-C8-C9 122.44 (17)
N4-Zn1-Cl2 101.69 (4) C7-C8-C9 131.32 (18)
N4-Zn1-N2 148.74 (6) C8-C9-C10 108.73 (18)
N2-N1-C15 112.98 (16)  C8-C9-C11 109.76 (17)
N1-N2-Zn1 139.96 (12)  C8-C9-C12 110.13 (19)
C13-N2-Zn1 114.94 (13) C10-C9-C11 108.5 (3) ci
C13-N2-N1 105.11 (15)  C10-C9-C12 111.2 (3) P
C1-N3-Zn1 120.24 (13)  C12-C9-C11 108.46 (19) c1a
C5-N3-Zn1 119.42 (12)  N2-C13-C1 116.64 (17) S
C5-N3-C1 120.34 (16) N2-C13-C14 110.94 (17) C127Cc14
N5-N4-Zn1 139.47 (12)  C14-C13-C1 132.31 (17) C1y c154
C6-N4-Zn1 115.51 (12) C15-C14-C13 105.47 (16) 5
C6-N4-N5 105.00 (15)  N1-C15-C14 105.48 (17)
N4-N5-H5 123.8 N1-C15-C16 122.69 (17)
N4-N5-C8 112.40 (15)  C14-C15-C16 131.52 (17)
N3-C1-C2 121.22 (19)  C15-C16-C17 109.22 (17)
N3-C1-C13 113.89 (16)  C15-C16-C18 109.39 (16)
C2-C1-C13 124.82 (17)  C15-C16-C19 110.77 (16)
C3-C2-C1 118.30 (18)  C17-C16-C18 108.51 (17)
C2-C3-C4 120.48 (18) C17-C16-C19 110.74 (17)
C5-C4-C3 117.92 (19)  C19-C16-C18 108.18 (17)
N3-C5-C4 121.60 (17)
Torsion angles [°]
Zn1-N2-C13-C1 3.7 (2) N5-C8-C9-C12 52.9 (3)
Zn1-N2-C13-C14 —179.69 (13) C1-N3-C5-C4 -2.3 (3)
Zn1-N3-C1-C2 178.26 (14)  C1-N3-C5-C6 178.07 (16)
Zn1-N3-C1-C13  —4.6 (2) C1-C2-C3-C4 —2.4 (3)
Zn1-N3-C5-C4 178.09 (14) C1-C13-C14-C15 175.0 (2) Fig. 3 The ORTEP representation of the molecular structure of the
Zn1-N3-C5-C6 -1.5(2) C2-C1-C13-N2 177.35 (18) complex [Zn,Cly(H,LEtBPYPh) 1 with atomic labeling. Disorder is not
Zn1-N4-N5-C8 178.98 (14) (C2-C1-C13-C14 1.6 (3) shown for the sake of clarity. Thermal ellipsoids are at the 50% probability
Zn1-N4-C6-C5 0.6 (2) C2-C3-C4-C5 -1.0 (3) level
Zn1-N4-C6-C7 —179.39 (12)  C3-C4-C5-N3 3.5 (3)
N1-N2-C13-C1 —176.27 (16)  C3-C4-C5-C6 —~176.97 (17)
N1-N2-C13-C14 0.3 (2) C4-C5-C6-N4 —179.07 (17)
Eiﬁi;gg:gg 1675632 ((21)8) gg:gg:gi:gz 17'(1)&333) contribut.es to its ability to for@ sta}ble complexes w.ith a diYerse
N1-C15-C16-C19  42.8 (2) C5-N3-C1-C13 175.86 (16) array of ligands through both ionic and covalent interactions.
N2-N1-C15-C14  —1.0 (2% ) C5-C6-C7-C8 *17(9-)68 (19) Common coordination numbers for zinc(n) typically include 4,
N2-N1-C15-C16  173.31 (16 C6-N4-N5-C8 0.7 (2 : : . :
N2-C13-C14-C15  —0.9 (2) C6-CT-C8-N5 01 (2) 5, and 6, correspondlng to tetrahedral, tr1g01.1al b1pyran.ndal
N3-C1-C2-C3 3.6 (3) C6-C7-C8-C9 ~179.2 (2) (or square pyramidal), and octahedral geometries, respectively.
N3-C1-C13-N2 0.3 (2) C7-C8-C9-C10 —5.9 (4) The flexibility of the H,L®" chelating ligand allowed zinc()
E;:g;:gg;ﬁ“ (;;7(52')44 (19) g;:gg:gg:gg 11122';'(()382) to st.'?lbilize. a five—?oordinate s.tructure in a trigonal biP}.lramidal
N3-C5-C6-C7 ~179.44 (19) C13-C1-C2-C3 —173.23 (18) configuration. This geometry is favored due to the ability of the
N4-N5-C8-C7 —-0.5 (2) C13-C14-C15-N1 1.1 (2) tridentate ligand to form a stable chelate ring, which enhance
N4-N5-C8-C9 178.83 (17)  C13-C14-C15-C16 —172.48 (19)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

thermodynamic stability through the chelate effect. In contrast,
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Table 2 Geometric parameters for the complex [Zn,Cly(HoLE*BPYPh),] Table 2 (continued)

Bond lengths [A] N4-N3-C18-C17 179.2 (2) C17-C18-C19-C20  —178.9 (3)
Zn1-Cl1 2.2289 (7) C6-C7 1.472 (4)  N4-N3-C18-C19  —0.9 (3) C18-N3-N4-C20 0.2 (3)
Zn1-Cl2A 2.2201 (8) C7-C8 1.386 (4)  N4-C20-C21-C22  —165.1 (3) C18-C19-C20-N4  —1.1(3)
Zn1-NL 2.028 (2) C8-C9 1.390 (4)  N4-C20-C21-C26  17.8 (4) C18-C19-C20-C21  175.4 (3)
Zn1-N3 2.032 (2) C9-C10 1.500 (4)  C1-C2-C3-C4 —0.4 (4) C19-C20-C21-C22  18.9 (5)
01-C10 1.421 (3) C11-C12 1.383 (4)  C1-C6-C7-N2 —9.5 (4) C19-C20-C21-C26  —158.2 (3)
01-C11 1.369 (3) C11-C16 1.404 (4)  C1-C6-C7-C8 170.4 (3) C20-C21-C22-C23  —176.7 (3)
02-C16 1.379 (3) C12-C13 1.395 (4)  C2-C1-C6-C5 1.2 (4) C20-C21-C26-C25  177.7 (2)
02-C17 1.436 (3) C13-C14 1.381(4)  C2-C1-C6-C7 ~179.7 (2) C21-C22-C23-C24  —1.1 (6)
N1-N2 1.361 (3) C14-C15 1.397 (4)  C2-C3-C4-C5 0.0 (4) C22-C21-C26-C25 0.6 (4)
N1-C9 1.340 (3) C15-C16 1.377 (4)  C3-C4-C5-C6 1.0 (4) C22-C23-C24-C25 0.7 (6)
N2-C7 1.352 (3) C17-C18 1.490 (4)  C4-C5-C6-C1 ~1.6 (4) C23-C24-C25-C26 0.4 (5)
N3-N4 1.350 (3) C18-C19 1.396 (4) C4-C5-C6-C7 179.3 (2) C24-C25-C26-C21  —1.1 (4)
N3-C18 1.338 (3) €19-C20 1.392 (4)  C5-C6-C7-N2 169.6 (2) C26-C21-C22-C23 0.4 (5)
N4-C20 1.351 (3) C20-C21 1.466 (4) C5-C6-C7-C8 —10.4 (4)

C1-C2 1.391 (4) C21-C22 1.384 (4) Symmetry code(s): (i) —x + 1, —y + 1, —z + 1.

C1-C6 1.393 (4) C21-C26 1.391 (4)

C2-C3 1.383 (4) C22-C23 1.382 (4)

C3-C4 1.385 (5) C23-C24 1.383 (5) . CatBiPyPh 1: :
C1-Cs 1392 (4) C24-C25 1385 (4) t}.le bulky substltu'ents 'on.t'he H,L - llgand cr?ate st-erlc
C5-C6 1.400 (4) C25-C26 1.387 (4) hindrance, potentially limiting the coordination of zinc(u) ions
Bond angles [°] ) 2 to four sites. This steric crowding preferentially leads to the
CI2A-Zn1-Cl1 114.74 (5 C8-C9-C10 127.0 (2 . .
N1-Zn1-Cl1 109.03 (6) 01-C10-C9 1035 (2) ?doptlon of a tetrahedral ge(.)r.netry, as larger substituents
N1-Zn1-CI2A 115.21 (8) 01-C11-C12 125.8 (3) impeded the approach of additional donor atoms or solvent
Nli—an—Nsl 107.79 (9) 01-C11-C16 113.8 (2) molecules, thus limiting coordination. The coordination geo-
N3'-Zn1-Cl1 103.19 (6) C12-C11-C16 120.3 (2) . . s .
N3_7Zn1-CI2A 105.90 (7) C11-C12-C13 119.2 (3) metry adopted. by zmc.(n) is c-rlltlcally deper.ldent on the steric
C11-01-C10 120.0 (2) C14-C13-C12 120.5 (3) bulk, electronic donating ability, and spatial arrangement of
C16-02-C17 117.5 (2) C13-C14-C15 120.1 (3) the donor atoms within the chelating ligands. These factors
N2-N1-Zn1 125.02 (17) C16-C15-C14 119.8 (3) . : . Ch

C9-N1-7Zn1 128.34 (18) 02-C16-C11 114.0 (2) 1nﬂ.ue.nce the hganq field strength, which in tur.n. affects the
C9-N1-N2 105.5 (2) C15-C16-02 126.0 (3) splitting of d-orbitals and the overall stability of the
C7-N2-N1 111.5 (2) C15-C16-C11 120.0 (3)  complexes.'® Moreover, the chelation and steric hindrance
N4-N3-Zn1' 120.95 (16) 02-C17-C18 107.0 (2) : . - :
C18-N3-7Zn1i 131.90 (19) N3-C18-017 118.8 (2) provided by the' ligands in zinc(u) complexes can effectlyely
N3-N4-C20 112.2 (2) N3-C18-C19 110.1 (2) prevent hydrolysis. The chelate effect strengthens the coordina-
C2-C1-C6 120.3 (3) C19-C18-C17 131.1 (2) tion bond between the ligand and the zinc(u) ion, while the
C3-C2-C1 120.2 (3) C20-C19-C18 106.1 (2) . . : .

Co-G3-ca 1201 (3) N4-C20-C19 105.7 (2) sterlc. bulk, resulting from the size and spatial arrangement of
C3-C4-C5 120.1 (3) N4-C20-C21 123.0 (2) the ligands, obstructs the approach of water molecules. As a
C4-C5-C6 120.2 (3) C19-C20-C21 131.1(2)  result, these complexes are expected to exhibit enhanced sta-
C1-C6-C5 119.1 (3) C22-C21-C20 119.0 (2) s . . .

C1-C6-C7 122.2 (2) Co2-C21-026 119.3 (3) b111ty. and.a reduceq Propens1ty for und.eSIrable reactions und(?r
C5-C6-C7 118.7 (2) C26-C21-C20 121.7 (2) physiological conditions. Understanding these parameters is
N2-C7-C6 123.8 (2) C23-C22-C21 120.5 (3) essential for predicting the reactivity and bioavailability of
N2-C7-C8 106.4 (2) C22-C23-C24 120.3 (3) : . . . : . . i
C8-C7-C6 129.8 (3) C23-(24-C25 119.4 (3) z.mc(n) %n various F)lomorgan{c pl.‘ocess‘.es, partlcul.arly in rela
C7-C8-C9 105.9 (2) C24-C25-C26 120.4 (3) tion to its mechanisms of action in anticancer activity.
N1-C9-C8 110.6 (2) C25-C26-C21 120.0 (2)

N1-C9-C10 122.4 (2)

Torsion angles [] DNA-binding properties

Zn1-N1-N2-C7 —169.76 (16)  C6-C1-C2-C3 —0.1 (4) .
7Zn1-N1-C9-C8 168.53 (17) C6-C7-C8-C9 179.0 (2) Fluorescence spectroscopy was employed to assess the inter-
Zn1-N1-C9-C10 —13.2 (3) C7-C8-C9-N1 0.6 (3) calation capability of the tested compounds. Intercalation is a
Zn1'-N3-N4-C20  168.74 (18) C7-C8-C9-C10 -177.6 (2) . . .
Zn1N3-C18-C17  12.4 (a) 08-09-C10-01 —133) DNA binding mode 'where planar aromatic -molecu-les insert
Zn1-N3-C18-C19  —167.67 (19)  C9-N1-N2-C7 —0.9 (3) between the base pairs of DNA strands, causing chain elonga-
01-C11-C12-C13  179.4 (2) C10-01-C11-C12  —1.6 (4) tion. Ethidium bromide (EB) serves as a common DNA inter-
01-C11-C16-02 —0.3 (3) C10-01-C11-C16  178.6 (2) - .
01-C11-C16-C15  —178.1 (2) C11-01-C10-C5 Z176.8 (2) calato?, exhibiting strong fluorescence 3e1{131;s510n at 612 nm
02-C17-C18-N3 84.6 (3) C11-C12-C13-C14 0.1 (4) when intercalated between DNA strands. Compounds cap-
02-C17-C18-C19  —95.3 (3) C12-C11-C16-02 179.8 (2) able of displacing intercalated EB, by inserting themselves
N1-N2-C7-C6 —-178.8 (2) C12-C11-C16-C15 2.0 (4) :

N1-N2-C7—C8 123) C12-C13-C14-C15  —0.7 (4) betfivefzn ]251;‘; strands, would lead to a decrease in fluorescence
N1-C9-C10-01 —-179.3 (2) C13-C14-C15-C16 2.0 (4) emission.™

N2-N1-C9-C8 0.2 (3) C14-C15-C16-02 179.9 (2) Fluorescence titrations were conducted in the presence of
N2-N1-C9-C10 178.5 (2) C14-C15-C16-C11 —2.6 (4) . . :
N2-C7-08-09 2113) C16-02-C17-C18 _147.5 (2) EB u51r.1g a constant.concentratlon of DNA/EB solut.lon.and
N3-N4-C20-C19 0.6 (3) C16-C11-C12-C13  —0.7 (4) increasing concentrations of the complexes, as shown in Fig. 4.
N3-N4-C20-C21 —176.2 (2) C17-02-C16-C11 166.3 (2) The interaction between the complex and DNA was investigated
N3-C18-C19-C20 1.2 (3) C17-02-C16-C15  —16.0 (3)

New J. Chem.

in the presence of ethidium bromide (EB) to evaluate the
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Fig. 4 Fluorescence titration spectra of EB/DNA solution (ratio EB: DNA was 1:1, 5 uM) in the absence and presence of the examined complexes. The
arrow shows changes in the spectral band with the increasing complex concentration (added up to ratio 5). Inset graph: Stern—Volmer plots for CT-DNA/

EB fluorescence titration in the presence of the examined complexes.

complex’s potential to displace EB from the DNA-EB complex.
The DNA-EB solution was prepared by combining solutions of
EB and DNA (5 uM, pH = 7.4). The impact of complex binding to
DNA was probed by monitoring changes in the fluorescence
emission spectrum following the addition of the complex
solution p to a ratio of 5.

The quenching constant, Ky, is calculated from the slopes of
straight lines obtained from the following Stern-Volmer equa-
tion (eqn (1)), and the obtained values are presented in Table 3.

I/I =1+ Ky[Q] (1)

[Q] is the concentration of the complex, I, and I represent
emission intensities in the absence and presence of the
complex, and Kj, is the Stern-Volmer constant obtained from
the slope of the Io/I vs. [Q] plot.>”®

All examined complexes showed quenching constant, Ky,
values in the order of 10", Constant values follow the order of
[ZnCl(Me,L™")] < [ZnCL(H,L®®™"M] < [ZnCl(H,L™")].

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

Table 3 Values of Stern—Volmer constants, Kj,, obtained using the Stern—
Volmer equation and the number of binding sites, n, determined based on
the Scatchard equation for the interaction of the examined complexes
with human serum albumin, HSA

DNA HSA
10* Ksy [M ] 10° Ksy [M '] n
[ZnClL(H,L®Y)] 3.8+ 0.1 2.4 +0.1 0.98
[ZnClz(MezL‘B‘:)]py 1.9 + 0.1 0.5 £ 0.1 0.81
[Zn,Cl,(H L EPYPhy ] 2.1 4 0.1 1.6 + 0.1 0.69

Notably, the [ZnCl,(H,L®")] complex exhibited a significantly
higher compared to the other complexes, as indicated by Kj,
constants, shown in Table 3.

Among these, the [ZnCl,(H,L™®")] complex displayed a nota-
bly higher K, which can be attributed to distinct structural
characteristics that impact its interaction with DNA. The struc-
tural difference in [ZnCly(H,L™")] lies in its inclusion of a
less sterically demanding hydrogen atom, which minimally

New J. Chem.
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Fig. 5 Fluorescence titration spectra of HAS (2 uM) solution in the absence and presence of the examined complex [ZnCly(H,LS**®PYPM)] The arrow
shows changes in the spectral band with the increasing complex concentration (added up to ratio 5). Inset graph: Stern—Volmer plots for HSA
fluorescence titration in the presence of the examined complex [ZnCly(H,LEtBPYPh)]

obstructs the orientation of the complex. This reduced
steric hindrance enhances its approachability towards the
DNA molecule, enabling closer proximity and stronger inter-
action. In contrast, the more sterically hindered complexes
[ZnCl,(Me,L™)] and [ZnClLy(H, L") are less able to
achieve such favorable positioning, resulting in lower Kj,
constants.

This effect underscores the role of steric factors and mole-
cular geometry in governing the binding affinities of metal
complexes with biological molecules, particularly DNA. Under-
standing these structural influences provides insights into
optimizing metal complexes for targeted DNA.

Protein binding investigations

Serum albumin, the predominant protein in blood circulation,
plays a crucial role in the transport of drugs to their target sites.
Investigating the interactions of the examined complexes with
serum albumin is indispensable for elucidating the mechanism
of action of anticancer drugs.

Fluorescence spectroscopy of HSA

The interaction between the investigated complexes and
human serum albumin (HSA) was studied using fluorescence
spectroscopy. Excitation of the HSA solution at 295 nm resulted
in fluorescence originating from tryptophan residues. Upon
addition of the complexes to the HSA solution, a noticeable
increase in fluorescence intensity was observed, as depicted in
Fig. 5 and Fig. S4 and S5 (ESIt). Concurrently, a series of spectra
were recorded with increasing concentrations of the complexes

New J. Chem.

in the absence of HSA, as shown in Fig. 5 and Fig. S4 and S5
(ESIY).

To isolate the fluorescence attributable to the complexes,
corrections were applied to the fluorescence values of the HSA
solution. The resulting corrected data, illustrated in Fig. 5 and
Fig. S4 and S5 (ESIt), provided insights into the interaction
dynamics. The Stern-Volmer constant (Ks,) for the complexes’
interactions with serum albumin was calculated using the
Stern-Volmer eqn (1), while the number of binding sites (n)
was determined via the Scatchard eqn (2). Detailed values are
listed in Table 3.

BJF = K(n — B) @)

where B and F are bound and free ligand concentrations,
respectively, n is the binding capacity, and K is the association
constant; when B « n and when K is very large, the ratio B/F will
appear to be constant.

The observed decrease in fluorescence can be ascribed
to alterations in the tertiary structure of HSA, likely due to
environmental changes around tryptophan residues upon
complex binding to the protein.

Based on the obtained K, values given in Table 3, it can be
observed that there is a moderate interaction between the
examined complexes and HSA.

Cytotoxicity of zinc(u) complexes

The zinc complexes induced a significant decrease in the
viability of colon (HCT-116) and pancreatic (MIA PaCa-2) cancer
cell lines. A significant reduction in viability in both cell lines

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 4 The cytotoxic effect of zinc(i) complexes expressed as ICsq value
(uM) on colon (HCT-116) and pancreatic (MIA PaCa-2) cancer cell lines

Complexes Cell line 24 h 72 h
[ZnCL(H,L™")] HCT-116 30.43 £1.25 2579 £ 0.78
MIA PaCa-2  34.36 £ 1.11 3.94 £ 0.22
[ZnCl,(Me,L™")] HCT-116 75.23 £2.48  47.71 £ 1.51
) MIA PaCa-2 7143 £3.98 12.11 4 1.20
[Zn,CL(H,LE5™¥P) 1 HCT-116 121.24 + 4.47  35.92 + 2.32
MIA PaCa-2  78.90 £1.92  26.31 & 1.87
CDDP (cisplatin) HCT-116 11.11 £ 0.13¢ 5.33 & 0.4°

MIA PaCa-2  3.47” 8.43 + 1.89°

@ Ref. 20. ” Ref. 39. ¢ Ref. 40.

implies that a cytotoxic effect of the treatment is present, which
is expressed in ICs, values and shown in Table 4. The zinc(u)
complex [ZnCl,(H,L™")] exhibits a pronounced cytotoxic effect
on both tested cell lines, with particularly strong activity
observed after 72 hours in MIA PaCa-2 cells, surpassing the
effects of cisplatin (Table 4).3°%°

The observed binding affinities for CT-DNA and HSA,
reflected by quenching constant (K,), exhibit a clear correlation
with the in vitro cytotoxic effects of the zinc(u) complexes.
Enhanced DNA binding, particularly for complexes such as
[ZnCl,(H,L™Y)], is likely to result in substantial disruption of
DNA integrity and function, inducing processes like apoptosis
or necrosis within the target cells. These effects correspond
with the higher affinity of this complex for CT-DNA, which is
associated with a more pronounced cytotoxic response in the

View Article Online
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tested cancer cell lines, particularly in the pancreatic cells.
Conversely, complexes with weaker binding to DNA, such as
[ZnCl,(Me,L™")], demonstrate a relatively lower cytotoxicity.
Additionally, the moderate binding interaction with HSA, as
indicated by the Kj, values, implies that these complexes may
achieve adequate bioavailability and distribution, allowing
them to accumulate in cancerous tissues where they may exert
enhanced therapeutic effects. These data underscore the pivotal
role of both strong DNA binding and the interaction with serum
proteins, which collectively contribute to the overall cytotoxic
potential of these zinc(i) complexes in cancer treatment.

Cell death induction by zinc(u) complexes

The cytotoxic effect of zinc(n) complexes on colon HCT-116 and
pancreatic carcinoma cells MIA PaCa-2 led to significant induc-
tion of apoptosis and necrosis through typical morphologi-
cal changes (Fig. 6 and 7). In the case of the complex
[ZnClL(H,L™")], the most significant occurrence of apoptosis
is observed, while necrosis is present in a low percentage
(Table 5). The highest percentage of necrosis was observed in
the complex [ZnCl,(Me,L™®")] in both cell lines (Table 5).
Medicinal inorganic chemistry takes an important place in
antitumor therapy-related research, due to the wide spectrum
of compounds adapted and suitable for investigation.*'** Over
the years, many metal complexes have been tested from this
aspect. The first synthesized, tested, and included in clinical
treatment, among organometallic complexes, was cisplatin.****
Cisplatin has been used in treating various types of malignancy;

Control
[ZnCly(Me,LBY)]

[ZnCly(H,LBY)]
[Zn2C|4(H2|_CatBiPyPh)2]

Fig. 6 Morphology of viable (V), apoptotic (early — EA and late — LA), and necrotic (N) HCT-116 cells under the influence of different zinc(i) complexes
(concentration of 10 uM). Micrographs are made at a magnification of 400x.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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[ZnCly(HoL®BY)]
[Zn,Cly(H,LCaBPYPh),]

Fig. 7 Morphology of viable (V), apoptotic (early — EA and late — LA), and necrotic (N) MIA PaCa-2 cells under the influence of different zinc(i) complexes
(concentration of 10 uM). Micrographs are made at a magnification of 400x.

Table 5 The percentage of viable, apoptotic and necrotic cells in the total number of control (nontreated) cancer cells (HCT-116 and MIA PaCa-2) and

cells treated with zinc(i) complexes (10 uM), 24 h after treatment

Cell line Complexes Viable cells Early apoptosis Late apoptosis Necrosis
HCT-116 Control 97.13 £ 2.52 2.87 £ 0.27 — —
[ZnCl,(H,L™Y)] 76.46 + 0.41¢ 21.21 + 0.54° 1.23 + 0.21¢ 1.10 % 0.07¢
[ZnClz(MethBu‘}Jy 86.32 + 0.74¢ 7.28 £+ 0.74¢ 3.45 + 0.62¢ 2.9 5+ 0.21¢
CatBiPyPh a a a a
L(H, . . . . . . . .
[ZnCl(HL ] 89.63 £ 0.49 6.09 £+ 1.03 1.54 £ 0.95 2.74 + 0.41
MIA PaCa-2 Control 98.23 + 3.14 1.77 + 0.21 — —
[ZnCl,(H,L™Y)) 72.01 =+ 2.23° 20.77 =+ 2.09° 6.46 + 0.26° 0.76 + 0.32°
[ZnCl,(Me,L®%)] 86.53 & 2.15% 8.15 + 2.68° 1.90 + 0.15° 3.42 £ 0.79°
[ZnCl,(H,LC*EBiFYPh 84.40 + 0.71° 10.49 + 0.38° 3.12 + 0.14° 1.98 + 0.197

The results are presented as the mean =+ standard error of three independent experiments. ¢ Statistically significant difference (p < 0.05) compared

to control values.

however the noticeable antitumor effect of various organome-
tallic complexes is limited by a series of side effects that occur
during their use. This is the reason for intensified research in
this field, to find an adequate complex with a suitable action.
Among metal complexes, zinc(u) complexes stand out because
zinc is the most abundant metal in our body, and thus the risk
of being toxic to the body is reduced. However, their cytotoxicity
on many cancer cell lines has been reported.***®

Malignancy is the most common health problem today, and
it is very difficult to establish an identical method of treatment
for all types of cancer. For this reason, treating different model
systems with certain treatments, in this case zinc(u1) complexes,
will give a more detailed view of the spectrum of their action.
Colon and pancreatic cancers are some of the most aggressive

New J. Chem.

types of cancer in the human gastrointestinal tract.*”*® The
results of our research showed that zinc(n) complexes lead to a
significant cytotoxic effect on cell lines originating from these
two carcinomas, HCT-116 originating from colon cancer and MIA
PaCa-2 from pancreatic cancer. The complex [ZnClL(H,L™")]
exhibits greater effects than CDDP, which was used as a positive
control cytostatic agent, on MIA PaCa-2 cells after 72 h. Consider-
ing the aggressiveness of this cancer,” long-term effects in redu-
cing the cell viability and non-recovery of the cells from the
treatment in prolonged time are the valuable results. Also,
zinc(u) complexes showed a significant proapoptotic effect on
the examined cell lines, which is considered a good mechanism
of their action. It is known that zinc(ir) complexes were combined
with various phenols and flavonoids, so the zinc(u) complex with

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025


https://doi.org/10.1039/D5NJ00043B

Published on 07 February 2025. Downloaded by Universitat Erlangen Nurnberg on 2/7/2025 3:13:54 PM.

NJC

View Article Online

Paper

e
o

=
=Y
—

N
-

(=Y
Il

mRNA relative expression
o o o
» )] 00
] 1

o
N
}

o
1

m Control

B [ZnCl,(H,L®Y)]- complex 1
[ZnCl,(Me,L'®Y)]-complex 2

B [Zn,Cly(H,LCatBiPyPh).1.complex 3

Fig. 8 Analysis of Bax, Bcl-2, CASP3, IGFIR, and TP53 mRNA expression and Bax/Bcl2 ratio 24 h after treatment. Gene expression levels were
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quercetin was shown to induce apoptosis in HepG2 and HCT-116
cells.” Also, in the tested samples, necrosis occurred in a certain
percentage. Still, it is noted that the necrosis rate is the lowest in the
case of the action of the [ZnClL(H,L™")] complex, which also shows
the strongest cytotoxic effect. The [ZnCl(H,L™")] complex stands
out from the others due to the most favorable mode of action.

Analyses of gene expression levels

In order to elucidate the changes in apoptotic genes, the mRNA
expression levels of Bax (bcl-2-like protein 4), Bcl-2 (B-cell
lymphoma 2), CASP3 (Caspase 3), IGFIR (insulin-like growth
factor 1), and TP53 (homo sapiens tumor protein p53) genes
were analyzed by quantitative real-time PCR 24 hours after
treatment (Fig. 8).°°> Compared to the control untreated cells,
the analysis showed a difference in the gene expression level
between cells treated with different zinc complexes. All com-
plexes showed a downregulation of the tumor suppressor TP53
gene. This suggests that the observed activation of apoptosis is
probably initiated through the p53 independent pathway as
previously described.>® Down regulation of IGF1R that resulted
due to treatment with all complexes could indicate a decrease
of cell proliferation and apoptotic pathway activation.’® The
higher expression of the Bax proapoptotic gene and Bcl-2
antiapoptotic gene in [ZnCly(Me,L®")]-treated samples could
lead to necrosis by increasing cell damage (Bax) or inhibiting
program cell death in damaged cells (Bcl-2).>® [ZnCly(H,L™®Y)]
treatment resulted due to downregulation of the tumor sup-
pressor CASP3, which could interfere with an effective apoptotic
process, as well as IGF1R, which can decrease cell proliferation
indicating the importance of TP53-independent apoptotic
pathways. [ZnCl,(H,L®*®**)] showed potential for lowering
all investigated gene expression levels compared to the control
cell line. The obtained results suggest that at the transcrip-
tional level, complex mechanisms might be involved in the
apoptotic/necrotic pathway activation caused by treatment of
zinc complexes, which should be further analyzed at the post-
transcriptional level in more detail and is beyond the scope of
this study.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

The mechanism of the biological activity of zinc(u) com-
plexes could be linked to the ability of zinc(u) to adopt various
coordination geometries (tetrahedral, square pyramidal, and
octahedral), which allows it to interact effectively with diverse
donor sites of nucleophiles.'® The nature of the ligand in the
inner coordination sphere plays a crucial role in the binding of
the metal complexes to biomolecules and their cytotoxic
effects."®*> Moreover, the square pyramidal structure enables
the complex to coordinate donor atoms from various positions,
ensuring that it can adapt to the specific conformations of
the biomolecule it targets.”®”' This adaptability is essential for
inducing structural changes, such as DNA unwinding or enzyme
inhibition, both of which contribute to the cytotoxic effects.

The ability of the zinc(i1) complex to switch between different
coordination states may also be critical in maintaining its
bioactivity in the dynamic cellular environment.'® Notably,
the square pyramidal geometry around the zinc(u) ion facili-
tates coordination with different donor atoms, such as the N7
nitrogen or phosphate groups from nucleotides like 5-GMP.
This geometry enables the complex to form stable yet flexible
interactions with nucleophilic sites, allowing the zinc(u) complex
to effectively intercalate or bind to these molecules.'®***" This
connection between coordination geometry and biological activity
underscores the importance of the ligand environment and struc-
tural flexibility in the antitumor properties of zinc(i) complexes.

Conclusions

Three novel Zn(i1) complexes [ZnCl(H,L®")], [ZnCl,(Me,L*®")]
and [Zn,Cl,(H,L*®™"") 1 were synthesized and characterized.
The results obtained from X-ray analysis show that the com-
plexes crystallize in the triclinic crystal system and the P1 space
group. Complex [ZnCl,(H,L™")] is five-coordinated with a tri-
dentate N,N,N-donor ligand and two chlorido ligands, adopting
a distorted trigonal bipyramidal geometry. On the other hand,
[Zn,Cl,(H,LE*®PR) 1 consists of two parts related by an inver-
sion center, and its formula is Zn,C,C5,NgO,H44-1.73H,0.
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The Zn(u) ion is four-coordinated by two nitrogen atoms and
two chlorido ligands and the geometry surrounding the Zn(u)
ion is a distorted tetrahedron. All examined complexes exhib-
ited quenching constant, Ky, values in the order of 10" with CT-
DNA. Constant values followed the trend [ZnCl,(Me,L™")] <
[Zn,Cl(H,LE*BPYPR) 1 < [ZnCl,(H,L™")]. The results indicated
a moderate interaction between the complexes and HSA. The
zine(n) complexes showed significant cytotoxic effects on colon
(HCT-116) and pancreatic (MIA PaCa-2) cancer cell lines, parti-
cularly on pancreatic cells in prolonged time of treatment, 72 h.
The observed cytotoxicity leads to marked apoptosis and necro-
sis, as indicated by typical morphological changes. Apoptosis
was most pronounced with the complex [ZnCl,(H,L*")], while
necrosis occurred at lower levels. The gene expression level of
apoptosis related genes emphasizes a complex mechanism
behind activation of apoptotic/necrotic related signaling
pathways which should be further investigated in future studies
on both transcriptomic/proteomic levels and considering more
genes/proteins involved in those processes.

Experimental
Chemicals

All reagents used in this study were of analytical grade or higher
purity, obtained from Sigma-Aldrich (St. Louis, MO, USA), Acros
Organics (Thermo Fisher Scientific, Geel, Belgium) and Merck
(Darmstadt, Germany). The ligands 2,6-bis(5-tert-butyl-1H-
pyrazol-3-yl)pyridine (H,L™"), 2,6-bis(5-tert-butyl-1H-pyrazole-
3-yl)pyridine (Me,L™®") and 1,2(bis(5-phenyl-1H-pyrazole-3-yl)-
metoxy)benzene (H,L°“®"F") were prepared following the
literature procedures.>®>’

Instrumentation

The 'H, *C and 'H-'H COSY spectra were acquired on Bruker
Avance III 400 MHz and Bruker Avance Neo 500 MHz spectro-
meters. Elemental analyses were performed on a Carlo Erba
Elemental Analyzer 1106. UV/Vis spectra were recorded using
two double-beam UV/Vis spectrophotometers: the Uvikon XS
(Secomam, Ales, France) and the PerkinElmer UV/Vis Lambda 35
(PerkinElmer Inc., Shelton, CT, USA). Both instruments are
equipped with pre-aligned tungsten and deuterium lamps, a
wavelength range of 190-1100 nm, a variable bandwidth range
from 0.5 to 4 nm, and a 1 cm path length cell. IR data were
obtained using a PerkinElmer®™ Spectrum One (PerkinElmer Inc.,
Shelton, CT, USA). Fluorescence measurements were carried out
on a RF-1501 PC spectrofluorometer (Shimadzu, Japan). The
excitation and emission bandwidths were both 10 nm. The pH
measurements were recorded on a Jenway 4330 pH meter (Thermo
Fisher Scientific,Waltham, MA, USA) with a combined Jenway glass
microelectrode that had been calibrated with standard buffer
solutions of pH 4.0, 7.0, and 10.0 (Merck).

General procedure for the synthesis

To a stirred 10 mL ethanolic solution of anhydrous ZnCl, (21 mg,
0.015 mmol), 10 mL ethanolic solution of ligands H,L™®" (5.0 mg,
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0.015 mmol), Me,L™ (5.2 mg, 0.015 mmol) and H,L®Ph
(6.3 mg, 0.015 mmol) was added dropwise in a 1:1 ratio. The
solution was stirred overnight at room temperature. Evaporation of
solvent at room temperature resulted in the formation of white
crystals. Spectra of the obtained complexes are present in the ESI{
(Fig. S1-S3).

[ZnCl,(H,L™")]. Yield 49.9 mg (72.64%). Anal. calc. for
C1oH,6CLN.Zn: N, 15.20; C, 49.53; H, 5.69. Found: N, 15.24;
C, 49.73; H, 5.68. "H NMR (400 MHz, MeOD, 25 °C) 7.69 (s, HN-
CCHC, 2H), 7.38 (m, para-Ar-CH, 1H), 7.14 (d, meta-Ar-CH, 1H),
6.98 (d, meta-Ar-CH, 1H), 5.19 (s, NH, 2H), 1.20 (s, C(CHj3)s,
18 H) ppm. *C NMR (100 MHz, MeOD, 25 °C) 128.53 (HN-
CCHC, 2C), 125.15 (HN-CCHC, 2C) 122.09 (para-Ar-CH, 1C),
115.95 (meta-Ar-CH, 2C), 102.06 (ortho-Ar-C, 2C) ppm. FT-IR
(KBr, 4000-500 cm ™ '): 3552 (N-H stretch); 2960 (C-H, stretch);
1615, 1515, 1462 (C=C, C-N), 790 (Zn-N).'®*® UV-vis (CH;0H,
Jmax, NM): 330, 416.

[ZnCly(Me,L™")]. Yield 59.6 mg (81.86%). Anal. calc. for
C,1H30CLNsZn: N, 14.32; C, 51.60, H, 6.19. Found N, 14.28; C,
51.70; H, 6.21. '"H NMR (400 MHz, MeOD, 25 °C) 7.96 (s, HN-
CCHC, 2H), 8.50-8.21 (m, ortho-Ar-CH, meta-Ar-CH, 3H), 7.14 (s,
para-Ar-CH, 1H), 6.93 (s, NH, 2H), 4.33 (s, NCHj3, 6H), 1.21 (s,
C(CHs)3, 18 H). C NMR (100 MHz, MeOD, 25 °C) 101.37
(CH;N-CCHC, 2C), 56.92 (CH;N-CCHC, 2C), 31.36 (NCHj,
2C), 28.19 (C(CH3);, 2C), 16.95(C(CH3);, 6C). FT-IR (KBr,
4000-500 cm ™ '): 3436 (N-H stretch); 2959 (C-H, stretch);
1608, 1575, 1458(C=C, C-N), 820 (Zn-N)."*”® UV-vis (CH;0H,
Amax, NM): 410.

[Zn,CL(H, L") 1 vield 48.3 mg (57.83%). Anal. calc.
for CyeH,sClL,N,0,Zn: N, 10.01; C, 55.79; H, 4.14; O, 5.72.
Found: N, 10.05; C, 55.45, H, 4.16; O, 5.74. 'H NMR
(400 MHz, MeOD, 25 °C) 7.69 (s, HN-CCHC, 8H), 7.38 (m,
para-Ar-CH, 4H), 7.13 (d, meta-Ar-CH, 4H), 6.93 (d, meta-Ar-CH,
1H), 5.19 (s, -CH,, 6H) ppm. **C NMR (100 MHz, MeOD, 25 °C)
158.01 (Ar-C-O, 4C), 142.42 (Ar-C-pyrazole, 2C), 120.15 (Ar-CH,
4C), 119.57 (Ar-CH, 4C), 99.12 (C-CH-C, middle-Ar), 30.99
(C-CH-C, pyrazole 1C), 28.83 (C-CH-C, pyrazole 1C). FT-IR
(KBr, 4000-500 cm™'): 3292 (N-H stretch); 2919 (C-H, stretch);
1591, 1505, 1458 (C=C, C-N), 1259 (C-O), 765 (Zn-N).'®>®
UV-vis (CH30H, Zmax, NM): 412.

X-ray diffraction measurements

Two single crystals of compounds [Zn,Cl(H,L*®™"M) 1 and
[ZnCl,(H,L™")] were selected for the data collection under an
optical microscope. For the diffraction experiments the crystals
were coated with an oil-based cryoprotectant and mounted on
cryoloops. Studies were conducted using Rigaku SuperNova
XtaLAB (for [ZnCl,(H,L*®"¥*)]) and Rigaku XtaLAB Synergy-
S (for [ZnCl,(H,L™")]) X-ray diffractometers, where the former
is operated with a monochromatic micro-focus CuKa tube (1 =
1.54184 A) at 50 kv and 1.0 mA and equipped with a CCD HyPix
3000 hybrid photon counting detector, and the latter is oper-
ated with the monochromatic micro-focus CuKa tube Photo]Jet-
S (A[CuKo] = 1.54184 A) at 50 kV and 1.0 mA and equipped with
a CCD HyPix 6000HE hybrid photon counting detector. All data
collection strategies were designed to collect more than half of
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Table 6 Crystallographic data, data collection and refinement parameters of the crystal structures of [Zn,Cla(H,LE*BPYP),] (CCDC number 2339722)

and [ZnClL(H,L®Y)] (CCDC number 2339723)

Compound [ZnCly(H,LC*BiPyPhy]

[ZnCl(H,L™")]

Crystallographic data

Formula Zn,Cl,C5,NgO,H,4-1.73H,0
Space group P1

a[A] 10.2771(4)
b [A] 10.7950(3)
c[A] 13.1138(4)
a [°] 103.771(3)
B 109.047(3)
[ 102.951(3)
V[A%] 1261.45(8)
V4 1
Calculated density [g cm ] 1.51

w [mm™] 3.56

Data collection parameters

Angle range 20 [°] 7.58-143.74

Index range

Total reflections, unique reflections and
reflections with F* > 24(F?)

Rinty Rs

Refinement parameters

R; [F* > 20(F)], wR; [F* > 20(F)]

R, and wR, (all data)

13 634, 4885, 4260
0.041, 0.046

0.0398, 0.1049
0.0489, 0.1117

s ) 1.106
Prmaxs Pmin [67 A7) 0.52, —0.61
CCDC 2339722

the Ewald sphere. Frame widths were 0.5 s. CrysAlisPro software
was used for the integration and correction of diffraction data for
polarization, for background and Lorentz effects, and for an
empirical absorption correction based on spherical harmonics
implemented in the SCALE3 ABSPACK algorithm.> The unit cell
parameters were refined using a least-squares technique. The
structure was solved using a dual-space algorithm and refined
using SHELX programs, which were incorporated in the OLEX2
program package.®*®* The carbon- and nitrogen-bound H atoms
were placed in calculated positions and were included in the
refinement in the “riding” model approximation, with C-H and
N-H bond length of 0.95 A and 0.88 A, respectively, whereas a C-H
bond length of CH; groups of [ZnCl(H,L™")]) was fixed at 0.98 A.
The Ujso(H) parameters were fixed at 1.5U.q(C) for the tert-butyl
groups, whereas the Ujs(H) parameters were fixed at 1.2U.q(C)
and 1.2Ucq(N) for the rest of the C-H and N-H bonds. The
structure of [ZnCl(H,L®")] showed large residual peaks in the
electron density near chlorine atoms. A careful analysis of
the distances and angles between these peaks did not reveal any
values that were close to the molecules of ethanol used in the
synthesis. This is further evidence that ethanol molecules are not
present in the structure, as the electron density values for these
residual peaks do not correspond to any proposed disordering
scheme. Therefore, these peaks were assigned to disordered H,O
molecules. This was later confirmed indirectly by significantly
increased convergence factors and well-established anisotropic
displacement parameters, as well as a reasonable disordering
model. The positions of the hydrogen atoms of H,O molecules
were determined from the difference Fourier map and were
included in the refinement using a “riding” model approximation
with Uiso(H) set to 1.5U.4(O), O-H bond lengths of 0.96 A, and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

—12 < h<12,-13 < k< 13,-16 <

ZnCl,C;9N5H,5-2.46H,0
Pi

10.0761(4)

11.1556(5)
11.5131(4)
67. 436( )
)
)
9

1156. 60(9)
2

1.45

3.82

8.32-160.38
12 <h<12,-14<k<13,-14 <1< 12
15818, 4845, 4272

<l<16

0.043, 0.044

0.0317, 0.0767
0.0370, 0.0792
1.068

0.49, —0.50
2339723

a H---H distance of 1.52 A. Crystallographic data, data collection
and refinement parameters as well as the corresponding CCDC
numbers are listed in Table 6.

CT-DNA binding interactions

Fluorescence quenching studies. The binding affinity of the
studied complexes with CT-DNA through intercalation was
determined via fluorescence spectroscopy. All measurements
were conducted at room temperature in a 0.01 M phosphate
buffer solution at pH 7.4. Fluorescence measurements were
made by adding increasing concentrations of the complex
(0-50 puM) to a solution containing CT-DNA and EB. Each
system was shaken at room temperature prior to measurement.
Fluorescence intensity was measured with an excitation wave-
length of 527 nm and an emission wavelength of 612 nm. The
excitation and emission slit widths were both set to 10 nm, and
the scan rate was maintained consistently. Emission spectra
were recorded between 550 nm and 750 nm. The interaction
between the complex and CT-DNA was investigated in the
presence of ethidium bromide (EB) to evaluate the complex’s
potential to displace EB from the DNA-EB complex.®***

HSA binding interactions. The binding affinity of the exam-
ined complexes with HSA was determined through fluorescence
quenching experiments. Experiments were conducted at room
temperature in a 0.01 M phosphate buffer solution at pH 7.4.
The HSA concentration was maintained at 2 puM, while the
complex concentration varied from 0 to 30 pM, resulting in a
marked decrease in emission at 352 nm. Each sample was
shaken at room temperature before measurement. Fluores-
cence intensity was measured at an excitation wavelength of
295 nm, with emissions recorded in the 300 to 500 nm range.
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Both the excitation and emission slit widths were set to 10 nm,
and the scan rate was maintained consistently. The Stern-
Volmer constants (K,) were determined using Stern-Volmer
eqn (2).65,66

Cell line culturing. The human colorectal cancer cell line
HCT-116 and a human pancreas carcinoma cell line MIA PaCa-
2 (obtained from the American Type Culture Collection, USA)
were used for experimental analysis. Both cell lines are cultured
in DMEM (Dulbecco’s modified eagle medium, obtained from
Capricorn, Germany) under standard conditions.®”

Cell viability assay. The influence of different zinc(u) com-
plexes on HCT-116 and MIA PaCa-2 cell viability was investi-
gated, by measuring the intensity of purple formazan in control
(only DMEM) and treated cell samples (MTT assay). Tetrazo-
lium salt (3-4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) was obtained from SERVA, Germany. The assay
procedure was primarily described in the lilterature,®® where
we seeded 10 cells per well (96-well plate) and treated with
different zinc(u) complexes in the 1-200 pM concentration
range. The cell viability was measured for two time periods,
24 and 72 h. After reading on ELISA, the results are calculated
as a ratio between the absorbance of treated and untreated
cells, multiplied by 100, and from the viability curve. The ICs,
values were obtained (by the CalcuSyn program) to measure
cytotoxicity.

Type of induced cell death. The type of cell death induced by
different zinc(un) complexes was determined by the fluorescent
dye acridine orange (AO, obtained from Acros Organics, New
Jersey, USA), and ethidium bromide (EB, obtained from SERVA,
Germany).*® For the experiment, 10" cells per well (96-well
plate) were seeded, and treated with a concentration of 10 uM
by different zinc(u) complexes. The morphological changes
were monitored by staining with 10 pL of AO and EB dye per
sample, 24 h after treatment. The number of cells in apoptosis
and necrosis was proportionally determined based on the total
number of cells (a minimum of 300 cells per sample). Detection
was performed using a Nikon Ti-Eclipse fluorescence microscope.

RNA extraction and cDNA synthesis. Cell line HCT-116 was
seeded into 6-well plates at a density of 1.5 x 10 cells per well.
Cells were grown for several days until reaching a confluency
greater than 80%. The cells were treated with three different
complexes and incubated for 24 hours. For analysis, the cells
were harvested with trypsin, centrifuged (10 min at 2000 rpm),
and resuspended in PBS. Before RNA isolation, the cells were
centrifuged for 10 minutes at 1500 rcf. Total RNA was isolated
from the pelleted cells using the TRI REAGENT® BD kit (Sigma-
Aldrich, St. Louis, USA). The quality and quantity of RNA were
evaluated using a BioSpec-nano spectrophotometer (Shimadzu
Scientific Instruments). Two micrograms of total RNA were
used for complementary DNA (cDNA) synthesis using random
primers. The conversion was performed by MultiScribeTM
Reverse Transcriptase (50 U uL™') as part of the High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems).
The final volume of the reaction was 20 pL, and the conversion
was performed using the following program: 25 °C for 10 min,
37 °C for 120 min, and inactivation at 85 °C for 5 min.
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The generated cDNA was used as a template for gene expression
analysis using quantitative real-time PCR (qRT-PCR).

Quantitative real time PCR (qRT-PCR). The mRNA levels of
Bax (RefSeq. NM_001291428.1), Bcl2 (RefSeq. NM_000633.2),
CASP3 (RefSeq. NM_004346), TP53 (RefSeq. NM_000546.6) and
IGFIR (RefSeq. NM_000875.4) were evaluated using quantita-
tive real-time PCR (qRT-PCR) with TagMan® Gene Expression
Assays and TagMan® Gene Expression Master Mix (Applied
Biosystems). Gene expression analysis was performed on Light-
Cycler®480 II (Roche Diagnostics). Each amplification had a
non-template control and an endogenous actin beta control
(ACTB, RefSeq. NM_001101.3) to exclude variations arising
from different inputs of total mRNA to the reaction. The real-
time PCR conditions included an initial denaturation step at
95 °C for 10 min which was followed by 40 cycles of denatura-
tion (15 s at 95 °C) and annealing/extension (1 min at 60 °C).
The final reaction volume was 10 pL. Each sample was analyzed
in duplicate, and the fluorescence level of the double-stranded
DNA was monitored in real time. The classical AACt method
was employed for data analysis, and the results were presented
as mean fluorescence expressed in relative units. The corres-
ponding non-treated cells were used as control.*>™*”
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