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Preface

The development of biologically active metal complexes requires more than synthetic
innovation; it demands a mechanistic understanding of how coordination structure translates into
biological function. Metal centers introduce unique geometric, electronic, and redox features
that cannot be replicated by purely organic scaffolds, enabling distinctive modes of biomolecular
interaction and therapeutic action.

The contributions gathered in this Reprint illustrate how rational ligand design, controlled
metal coordination, and detailed physicochemical analysis can be integrated with biological studies
to elucidate mechanisms of action. From DNA-binding and protein interactions to photodynamic
applications and imaging platforms, these studies demonstrate that predictive structure-activity
relationships remain central to progress in medicinal inorganic chemistry.

By bringing together these multidisciplinary efforts, this Reprint highlights the continued
expansion of bioinorganic chemistry as a foundational discipline at the interface of coordination

chemistry and biomedical science.

Vinay K. Sharma
Guest Editor
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Editorial

Biological Activity of Metal Complexes

Vinay K. Sharma

Department of Biological Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, MA 02139, USA; vsharmal@mit.edu

Metal complexes play a fundamental role in biological systems and continue to at-
tract sustained interest due to their remarkable potential in therapeutic, diagnostic, and
biotechnological applications [1-8]. In recent years, the field of bioinorganic chemistry has
advanced rapidly, driven by progress in coordination chemistry, spectroscopy, nanotechnol-
ogy, and molecular biology [9-22]. These developments have enabled a deeper understand-
ing of how metal ions and complexes interact with biomolecular targets and have opened
new avenues for the rational design of metal-based agents for cancer therapy, antimicrobial
treatment, imaging, and the study of metal-mediated biochemical processes [23-30].

This Special Issue, “Biological Activity of Metal Complexes”, was conceived to bring
together recent developments in the synthesis, characterization, and biological evaluation of
metal complexes, with particular emphasis on elucidating their mechanisms of action and
biomedical relevance. The contributions collected reflect the inherently multidisciplinary
nature of this research area, spanning coordination chemistry, nanomaterials, spectroscopy,
computational analysis, and cellular studies.

A notable theme is the development of rhenium(l) tricarbonyl complexes as versa-
tile biologically active platforms. Paparidis et al. report anthrapyrazole-functionalized
fac-tricarbonylrhenium complexes that exhibit strong DNA-binding ability, pronounced
cytotoxicity toward tumor cells, and promising pharmacokinetic properties, demonstrated
through studies with a ™ Tc-analogue, highlighting their dual therapeutic and imaging
potential [24].

In a complementary contribution, Carrefio et al. present a comprehensive structural,
electronic, and biological investigation of a phenanthroline-based rhenium complex [30].
Through the integration of crystallography, electrochemistry, computational studies, and
cell viability assays, the authors provide valuable insight into structure—activity relation-
ships and the luminescent behavior of these complexes in biological environments [30].

The interaction of metal complexes with biological macromolecules, particularly DNA
and serum proteins, represents another central focus of this Special Issue. The manganese(Il)
complexes described by Theodoulou et al. demonstrate strong intercalative binding to calf-
thymus DNA and reversible association with serum albumins, offering insight into how
ligand design influences biomolecular affinity and potential pharmacological behavior [27].

Similarly, Alhashmialameer reports the synthesis of quinolinyl-imine complexes of
Cr(IlI), Mn(II), and Pd(Il) via a sonochemical route, followed by biological evaluation
and molecular docking studies. These results correlate the coordination structure with
antimicrobial, antioxidant, and potential anticancer activities, further emphasizing the
importance of ligand architecture in modulating the biological response [28].

Photodynamic therapy and targeted therapeutic strategies are represented by the
work of Mantareva et al., who investigate Zn(II)- and Ga(IlI)-phthalocyanines in combi-
nation with the proteolytic enzyme «-chymotrypsin [23]. Their findings demonstrate that

Inorganics 2026, 14, 61 https:/ /doi.org/10.3390/inorganics14020061
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enzyme-photosensitizer conjugation can enhance phototherapeutic efficiency while reduc-
ing toxicity, illustrating an innovative approach to improving the selectivity of metal-based
photosensitizers [23].

The Special Issue also highlights the growing role of inorganic nanomaterials in
biological detection and imaging. Phuong et al. describe optimized NaYF4:Er?* /Yb3*
upconversion nanocomplexes with controlled morphology and surface functionalization,
followed by antibody conjugation for the effective labeling of cancer cells [26]. This work
demonstrates how the precise control of nanoparticle structure and surface chemistry
translates into improved luminescent performance and bio-recognition capabilities [26].

Beyond therapeutic and imaging applications, understanding the chemical fate of
metal-containing compounds in biological environments remains critically important. De-
gorge et al. investigate the degradation of the organomercurial compound thimerosal by
glutathione and cysteine at physiological pH, providing valuable insight into the bioinor-
ganic reactivity of metal species with endogenous thiols and their potential toxicological
implications [29].

Collectively, the contributions in this Special Issue demonstrate that the development
of biologically active metal complexes requires a balanced integration of synthetic design,
physicochemical characterization, and detailed biological evaluation. From DNA binding
and protein interactions to photodynamic activity, imaging applications, and toxicolog-
ical studies, these works highlight the breadth and relevance of research in this rapidly
evolving field.

The Guest Editor hopes that this Special Issue will serve as a valuable reference
for researchers in bioinorganic and medicinal inorganic chemistry and stimulate further
interdisciplinary efforts toward the development of next-generation metal-based diagnostic
and therapeutic agents.

Data Availability Statement: This article is an editorial and does not report original research data.
No new data were created or analyzed in this study. Data sharing is not applicable.
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Article
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Abstract

The rhenium(l) tricarbonyl complex fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br]
(ReL) has previously demonstrated promising luminescent properties, enabling its direct
application as a probe for walled cells such as Candida albicans and Salmonella enterica. In
this new study, we present a significantly expanded and comprehensive characterization
of ReL, incorporating a wide range of experimental and computational techniques not
previously reported. These include variable-temperature 'H and '*C NMR spectroscopy,
CH-COSY, single-crystal X-ray diffraction, Hirshfeld surface analysis, DFT calculations,
Fukui functions, non-covalent interaction (NCI) indices, and electrochemical profiling.
Structural analysis confirmed a pseudo-octahedral geometry with the bromide ligand
positioned cis to the epoxy group. NMR data revealed the coexistence of cis and trans
isomers in solution, with the trans form being slightly more stable. DFT calculations
and aromaticity descriptors indicated minimal electronic differences between isomers,
supporting their unified treatment in subsequent analyses. Electrochemical studies revealed
two oxidation and two reduction events, consistent with ECE and EEC mechanisms,
including a Re(I) — Re(0) transition at —1.50 V vs. SCE. Theoretical redox potentials
showed strong agreement with experimental data. Biological assays revealed a dose-
dependent cytotoxic effect on HeLa cells, contrasting with previously reported low toxicity
in microbial systems. These findings, combined with ReL’s luminescent and antimicrobial

Inorganics 2026, 14, 3 https://doi.org/10.3390/inorganics14010003
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properties, underscore its multifunctional nature and highlight its potential as a bioactive
and imaging agent for advanced therapeutic and microbiological applications.

Keywords: rhenium tricarbonyl; Fukui; NCI; aromaticity; cyclic voltammetry; X-ray;
hirshfeld surface; HeLa

1. Introduction

Extensive research has been dedicated to rhenium(I) tricarbonyl complexes, resulting
in various categories of complexes with adjustable structural characteristics [1,2]. The
geometrical and optical properties of these complexes have also been explored using com-
putational relativistic methods [3,4]. The first report on the photophysical properties of
neutral fac-[Re(CO)3(N,N)X] complexes (where N,N is 1,10-phenanthroline and X is CI)
was described by Wrighton, M. & Morse, D. L. in 1974 [5,6]. Since then, compounds of this
kind have been extensively studied, resulting in the discovery of numerous luminescent
rhenium(l) tricarbonyl complexes with the following architecture: fac-[Re(CO)3(N,N)X]".
Here, N,N signifies a bidentate diimine ligand in an equatorial orientation, X designates
a halide ligand serving as an ancillary component, and n represents the charge that can
assume values of either 0 or 1+ [7]. These complexes have been found to possess remark-
able properties for use in catalysis, as photoluminescent probes, and even in biological
applications [8-14]. The most red-shifted emission wavelength of these rhenium(l) tri-
carbonyl complexes exhibits no discernible correlation with either the solvent polarity
or excitation wavelength, revealing a substantial Stokes shift exceeding 200 nm. These
characteristics underscore the noteworthy alteration in the dipole moment between the
ground and excited states [15-21].

The neutral fac-[Re(CO)3(N,N)L] isomer is the most studied complex in this family
due to its tunable photophysical properties, which are closely related to its structural
variations [22-24]. Recent studies have also explored the potential of rhenium(I) tricarbonyl
complexes in biological applications [25,26]. For example, rhenium(l) tricarbonyl com-
plexes with neutral N,N-bidentate formazans have demonstrated potential applications
in photodynamic therapy [27,28]. Another study reported unexpectedly high cytotoxicity
of rhenium(l) tricarbonyl complexes bearing 1, 10-phenanthroline derivatives [29]. Some
studies have shown that these complexes can selectively target cancer cells and induce
cell death, as exemplified by the photosensitization of reactive oxygen species and DNA
intercalation [29,30]. Additionally, neutral rhenium(I) tricarbonyl complexes have been
used as catalysts in organic synthesis, where they have shown high activity and selectivity
for various reactions [31,32]. Overall, thenium(I) tricarbonyl complexes are promising
compounds with diverse applications in various fields. Recently, we reported a novel
neutral fac-[Re(CO)s(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br] complex, referred to
as ReL [33], Figure 1.

This complex comprises two isomeric forms, cis and trans, distinguished by the posi-
tion of the hydrogen atoms in the equatorial ligand with respect to the bromide. At 25 °C,
the trans-isomeric form predominates [33]. In our previous investigation, we characterized
ReL using physicochemical techniques and conducted UV-Vis and photoluminescence
experiments in organic solvents of varying polarities. Remarkably, ReL displayed favorable
properties as a luminescent probe when examining Gram-negative bacteria (Salmonella
enterica sv. Typhimurium) and yeasts (Candida albicans) using confocal microscopy [26].
Interestingly, although it has been proposed that rhenium(I) complexes must be cationic to
stain walled cells (e.g., bacteria and fungi), ReL is neutral [33]. In this study, we present
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a comprehensive spectroscopic characterization of ReL using 1D and 2D NMR and FTIR
spectroscopy. Furthermore, the molecular structure of ReL was determined using single-
crystal X-ray diffraction (XRD). To further characterize its molecular properties, Hirshfeld
surface analysis and Density Functional Theory (DFT) calculations, including geometry
optimization, Fukui function analysis [34], and Noncovalent Interaction (NCI) index calcula-
tions [35] were conducted. Additionally, Cyclic Voltammetry (CV) was performed to assess
the contribution of the equatorial ligand L (5,6-epoxy-5,6-dihydro-1,10-phenanthroline)
to the redox processes of ReL complex. To distinguish the rhenium core-associated redox
processes, we compared the CV of ReL with L ligand profiles. Moreover, computational
studies were employed to estimate the redox potentials, following a thermodynamic cycle
approach to calculate the free energies and electron density plots. This characterization
provides valuable insights into the electronic properties of such complexes. Finally, other
authors have reported examples of [Re(CO)3(N,N)X] complexes with strong potential
for development as chemotherapeutic agents. Based on this, ReL. was evaluated for its
cytotoxic potential in HeLa cervical cancer cells through the MTT assay.

Figure 1. Structure of ReL. Numbers correspond to carbon atoms labels.

2. Results and Discussion
2.1. Characterization of fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br] (ReL)

The rhenium(I) complex ReL was obtained in good yield by reacting [Re(CO);Br(THF)],»
with ligand L in a 1:2 ratio. Its structure was confirmed by 'H NMR and FTIR using the KBr
pellet method, which revealed three distinct v(CO) bands, indicating a loss of local sym-
metry around the Re(CO); core. This complements previously published ATR-FTIR data
from our group [36,37]. Characteristic features of the fac-isomers were observed, including
a narrow symmetric band and two broader antisymmetric bands of comparable intensity
(Figure S1). These spectral features align with the fac geometry confirmed by single-crystal
X-ray diffraction, discussed below. Importantly, the absence of IR signatures typical of
mer-isomers, such as a significantly weaker high-frequency band, supports the exclusive
formation of the fac-isomer in this system. The 'H NMR spectrum of ReL in deuterated
DMSO at 25 °C (Figure S2a) showed well-resolved signals for the 1,10-phenanthroline ring,
consistent with previous reports (Figure S2b). The epoxy group displayed a split signal
at approximately 5.09 ppm (5.15 and 5.05 ppm), suggesting the presence of an isomeric
mixture. This splitting is attributed to the different spatial orientations of the epoxide
relative to the bromide ligand, which supports the coexistence of cis and trans-fac-isomers.
Similar behavior has been reported for related rhenium(I) complexes by Marti et al. [38]. In
the complex fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Cl], only the trans
isomer, where the epoxide group is oriented opposite to the chloride ligand was success-
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fully isolated and characterized by single-crystal X-ray diffraction, despite the synthesis
producing both fac isomers. To confirm the coexistence of these species in solution, 'H
NMR spectra were recorded at 25 °C and 60 °C in deuterated DMF. At 25 °C, the protons
adjacent to the epoxide appeared as a single resonance near 5.10 ppm, attributed to the
cancellation of opposing electronic effects in the cis and trans forms. Upon heating to 60 °C,
this signal resolved into two distinct peaks, indicating the presence of both isomers. These
species differed in the orientation of the epoxide relative to the chloride ligand (cis/trans).
At room temperature, chemical shift differences were effectively compensated, resulting in
coincident resonances; increasing the temperature altered solvent properties, reducing this
compensation and enabling signal separation. This behavior confirmed that the complex
existed as a mixture of two stable fac isomers rather than a fac/mer equilibrium, consistent
with IR and '3C NMR data. In our case, the complex ReL crystallized as the cis isomer, as
verified by X-ray diffraction. In its "H NMR spectrum at 25 °C in deuterated DMSO, the
vicinal epoxide protons exhibited a narrow splitting at 5.15 ppm and 5.05 ppm, reflecting
two distinct environments depending on the epoxide’s position relative to the bromide
ligand (cis or trans). Variable-temperature 'H NMR experiments at 40 °C, 50 °C, and 60 °C
(Figures S3-55) revealed consistent splitting patterns, further supporting the presence of
two stable fac isomers rather than a fac/mer equilibrium. Additionally, the 3C-NMR
spectra at 25 °C, 40 °C, 50 °C, and 60 °C (Figures S6-59) showed a stable resonance at
197.4 ppm assigned to the carbonyl ligands, along with split signals for the phenanthroline
moiety. A CH-COSY experiment at 25 °C (Figure S10) confirmed these assignments. Unlike
the chloride analog reported by Marti et al., which only crystallized in the trans form, ReL
exhibited clear evidence of isomeric coexistence in solution. Notably, no significant spectral
changes were observed when lowering the temperature from 60 °C to 25 °C, suggesting
that the bromide ligand influences the rhenium core differently than chloride. This hy-
pothesis was further supported by the DFT calculations discussed in the following section.
Importantly, the 'H-NMR spectra of ReL showed no detectable impurities (Figure S2a,b),
confirming the sample purity. For more details, see the ESI.

2.2. X-Ray Structure of ReL

A single crystal suitable for X-ray diffraction analysis of fac-[Re(CO)3(5,6-epoxy-5,6-
dihydro-1,10-phenanthroline)Br] (ReL) was successfully grown, exhibiting the cis isomer
with respect to the bromide and epoxy group positions. ORTEP drawings of the ReL
compound and the atom numbering scheme are shown in Figure 2. ReL crystallized in
the orthorhombic P212121 space group, with one molecular entity in the asymmetric unit
(Table S1). The Re(I) metal center exhibited a slightly distorted octahedral coordination
geometry. This geometry is characterized by three facially oriented carbonyl ligands. The
diamine L coordinates the complex in the equatorial plane. An axial bromide ancillary
ligand is also positioned cis to the epoxy group, completing the octahedral geometry.
The Re—CO bond distances observed in this study are consistent with those reported for
similar Rhenium(I) complexes [39]. Notably, the Re—CO bond length trans to the pyridyl
group is slightly shorter (1.905 (7) A) than the Re—CO bonds trans to the bromide ligand
(1914 (7) A). This difference highlights the influence of the epoxy ring, which is positioned
cis to the bromide ancillary ligand, on the bond length of the entire Re—Br (2.6158 (7) A)
moiety. The bond distances and angles are listed in Table S2. The intermolecular interactions
constituting the crystalline packing of the ReL structure reveal that the crystals are stabilized
by intermolecular hydrogen bonds C(2)-H(2)---O(1) between O(1) of the epoxide fragment
and the C(2) of the phenanthroline fragment, as well as C(6)-H(6)---O(2) among the carboxyl
groups in the phenanthroline fragment (Table S3). These interactions are related through
a twofold screw axis parallel to the b axis. Additionally, the crystal packing is further
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stabilized by the C(3)-H(3)---Br(1) intermolecular interactions between the Br(1) ligand
and the C(3) of the phenanthroline fragment, which are related through a twofold screw
axis parallel to the b axis (Figure 3). Finally, 7t---7 interactions were observed between the
phenanthroline fragments, characterized by an angle of 2.080°, a centroid-centroid distance
of 3.857 A, and a shift distance of 1.639 A, mediated by a two-fold screw axis parallel to
the b-axis.

03

Figure 2. ORTEP view of the molecular structure of RelL. Thermal ellipsoids are drawn at
50% probability.

The crystal packing arrangements of ReL and the analogous complex fac-[Re(CO)3(5,6-
epoxy-5,6-dihydro-1,10-phenanthroline)Cl] (Figure S11) exhibited notable differences in
their 7.7t stacking interactions. In ReL, these interactions were more prominent, as
indicated by a shorter centroid-to-centroid distance (3.857 A), a smaller interplanar angle
(2.089°), and reduced slippage (1.638 A). In contrast, the chloride-containing complex
displayed slightly weaker 7t---7t stacking, with corresponding values of 3.942 A, 4.986°, and
1.733 A. These structural parameters suggest a more efficient 7-stacking arrangement in
ReL, which may contribute to enhanced crystal stability and packing density.

A comparative analysis of the dominant intermolecular contacts in both structures
highlights the differing contributions of hydrogen bonding and n-stacking interactions
to the overall supramolecular architecture. While both types of interactions are present
in ReL and its chloride analog, the packing of ReL is primarily governed by 7.7 stack-
ing, whereas the chloride complex exhibits a more balanced interplay between hydrogen
bonding and m-interactions. These observations underscore the significant influence of
halide substitution on modulating non-covalent interactions and crystal packing behavior
in rhenium(l) tricarbonyl complexes, suggesting that the bromide ligand influences the
rhenium core differently from chloride. On the other hand, the crystal structure of ReL was
analyzed using Hirshfeld surface mapping and fingerprint plots, revealing the nature and

https://doi.org/10.3390/inorganics14010003



Inorganics 2026, 14, 3

relative contributions of intermolecular interactions (Figure S12). The dominant contacts
were O---H (38.9%), associated with hydrogen bonding, followed by Br:--H (10.0%) and
C---C (6.5%), linked to dipole-dipole and m— interactions, respectively. This analysis
provides insights into the non-covalent forces stabilizing crystal packing. For more details,
see the ESI.

Figure 3. Crystal packing pattern of ReL.

2.3. DFT Studies: Geometries Optimizations, Fukui Index, NCI Analysis and Aromaticity

The structural and electronic features of fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-
phenanthroline)Br] (ReL) were examined to clarify the subtle differences between its cis
and trans isomers. These isomers arise from the relative orientation of the bromide ligand
in the rhenium tricarbonyl core with respect to the epoxy group of the phenanthroline
ligand. As described in Section 2.1, both forms coexist in solution and resist conventional
separation, which explains why the electrochemical measurements reflect the properties of
their mixture rather than those of the isolated species.

DFT optimization and vibrational analyses revealed no significant electronic or struc-
tural differences between the cis and trans isomers (Figure 4). The computed FTIR spectra
reproduce the three characteristic CO stretching bands: the symmetric vCO vibration
at 2197.0 cm ! matches the experimental value (Figure S1), whereas the antisymmetric
modes are calculated in the 2069.0-2088.0 cm ™! range. The third band, absent from the
experimental spectrum, can be attributed to the trans influence of bromide, which reduces
the splitting between the antisymmetric modes to only 19.0 cm~!. A detailed comparison
of both forms is provided in the SI (Figures 513 and S14), confirming their near-identical
behavior at the molecular level. This effect stems from the reduction in symmetry induced
by the epoxy substituent. The enthalpy difference between cis and trans, only 2.74 kJ-mol !,
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indicates a slightly greater stability of the trans isomer, which is consistent with the minor
chemical shift splitting observed in the experimental 'H-NMR spectrum (5.10 and 5.07 ppm
for cis and frans isomers, respectively, see Figure S2a).
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Figure 4. Computed FTIR for ReL of cis and trans isomeric form (with respect to epoxy-1,10-
phenanthroline moiety and bromide ancillary ligand).

The electronic reactivity was analyzed using Fukui functions (FF). The FF characterizes
the variation in electron density upon the addition or removal of electrons, providing insight
into the most electrophilic and nucleophilic regions of a molecule [40—42]. According to
Sebthilkumar et al. [43,44], these functions can be computed using specific equations [45,46].
In this study, the FF values for the cis and trans isomeric forms of ReL were calculated in
the gas phase using the BP86 functional and the def2-TZVPP basis set. The SARC-ZORA-
TZVPP basis set was employed to account for the relativistic effects on the rhenium atom.
For both isomers, the nucleophilic sites (f*) were concentrated on the phenanthroline
nitrogen atoms and adjacent carbons, while the electrophilic regions (f ~) were located on
the bromide ligand and the rhenium center (Figures S15 and S16). The close similarity
between the cis and trans distributions indicates that the orientation of the bromide relative
to the epoxy group does not substantially affect the electron-density response.

Noncovalent Interaction (NCI) analyses [47,48] offer a complementary perspective.
The NCI index identifies interactions within a chemical system based solely on electron
density. A two-dimensional graphical representation provides a detailed characterization
of these interactions. Both forms exhibited 7— stacking and halogen bonding consistent
with the crystal packing shown in Figure 3, while the reduced density-gradient plots
confirmed weak interactions around bromine and essentially no differences in the phenan-
throline or epoxy regions (Figure 5). A broader view of the non-covalent interactions can
be observed on Figures 517 and S18. A faint Van der Waals contact between bromide
and the aromatic framework was observed in the cis isomer, but overall, the interaction
landscape was nearly identical. Notably, the epoxy oxygen consistently withdraws electron
density from the phenanthroline ring, an effect that is insensitive to the position of the
neighboring hydrogens.
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Figure 5. Upper view of the NCI plot for the cis (left) and trans (right) isomeric forms, revealing
different van der Waals interactions. These calculations were performed at the BP86 and def2-
TZVPP levels.

Finally, the aromaticity descriptors highlighted the subtle electronic distinction be-
tween the isomers. Aromaticity remains a fundamental concept in molecular chemistry
as it provides essential insights into the stability, geometry, and magnetic behavior of
cyclic systems [49]. Despite the absence of a strictly formalized definition, aromaticity
is conventionally assessed through a variety of criteria, including energetic, structural,
magnetic, and electronic factors. Each of these criteria reflects distinct aspects of electron
delocalization [49,50]. The evaluation of aromaticity was carried out using magnetically
induced current density (MICD) calculations at the BP86 level. For Re, a fully relativistic
small-core effective potential (ECP60MDF) with its associated segmented valence basis
set was employed, whereas the def2-TZVP basis set was used for the remaining atoms.
The diatropic (aromatic) and paratropic (antiaromatic) ring currents were assessed using
two integration planes. Positive net ring-current strength (RCSyet) values are indicative
of aromatic character, whereas negative values are associated with antiaromaticity. MICD
calculations revealed diatropic currents along the phenanthroline perimeter and paratropic
contributions within its internal rings (Figure 6a). In the cis isomer, these currents were
weak, with RCSnet values of 2.1 nA-T~! for the central ring and nearly negligible contribu-
tions from the lateral rings. In contrast, the trans isomer sustained stronger local aromaticity
in the lateral rings (RCSpet = 5.4 nA-T~ 1), while the central ring remained weakly aromatic
(1.2 nA-T~1). The EDDB values support this view, confirming greater delocalization in the
lateral rings of the trans isomer, in agreement with Hiickel’s rule and Clar’s description of
the sextet localization in phenanthroline (Figure 6b). The slightly higher delocalization in
the trans isomer correlates with its marginally greater thermodynamic stability.

Taken together, these results indicate that cis and trans ReL share nearly identical struc-
tural and electronic frameworks, with the only appreciable difference being the enhanced
local aromaticity of the lateral rings in the trans isomer. This distinction, although modest,
explains its slight thermodynamic preference and supports treating the isomeric mixture as
a unified species in electrochemical and biological studies.
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b)

EDDBg =9.795 EDDBg = 10.282 e

Figure 6. (a) Modulus of current density and vector flux with an isovalue of +0.05 of cis and
trans forms of ReL. Integration planes (red) used to determine the intensity of the current densities
in nA-T~!. Diatropic values are in blue, paratropic values are in red and net values are in bold.
(b) EDDBg isosurfaces with the corresponding electron populations for the cis and trans forms of ReL.

2.4. Cyclic Voltammetry

Electrochemical measurements of ReL. were performed on its isomeric mixture, as
individual contributions from the cis and trans forms could not be experimentally resolved.
Computational studies revealed negligible differences in energy and non-covalent inter-
actions between the isomers, indicating that the relative orientation of the epoxide and
bromide ligands did not significantly influence the redox behavior (See Section 2.3). There-
fore, the observed metal-centered oxidation and ligand-centered reduction processes are
considered representative of the entire mixture. The redox properties of transition-metal
complexes are known to depend on several factors, including the oxidation state of the
metal center, the electronic characteristics of the ligands, and the solvent and electrolyte
environment [51,52]. The cyclic voltammograms of ReL and its uncoordinated equatorial
ligand (L) are shown in Figure 7, enabling a direct comparison of their redox profiles and
the identification of metal- and ligand-centered processes.

Here, one can notice the differences between the profiles for a blank solution and the
respective compounds. The L displayed oxidation and reduction signals at 1.64 and —0.86 V
vs. SCE, respectively. For ReL, two irreversible oxidations were found at 1.56 and 1.93 V,
and two quasi-reversible reductions were found at approximately —1.21 and —1.50 V.

A working window study was performed to identify the electrodic processes for the L
and ReL, the relation between them, and reversibility, Figure 8.
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Figure 7. Cyclic voltammetry profiles of the L and ReL compared to blank (dashed line). Interface:
Pt11073 mol/L of the respective compound +10~! mol/L of TBAPFg in anhydrous CH3CN under an
argon atmosphere. Scan rate: 200 mV/s.

-0.80 0.07 ~0.90 0.30 1.38
- (- 1 il il P il 1 il 1 1 1 1 1 1 1 1
-24 -18 -12 -06 0 0.6 1.2 1.8 2.4 -18 -12 -06 0 0.6 1.2 1.8 24
Evs SCE/V Evs SCE/V

Figure 8. Working-window study CV profiles of the L and ReL compared to blank (dashed line).
Interface: Pt1 103 mol/L of respective compound+10~! mol/L of TBAPFg in anhydrous CHzCN
under an argon atmosphere. Scan rate: 200 mV/s.

The working-window study (Figure 8) shows that the L and ReL display typical
behaviors observed for analogous compounds studied before. The working window study
for L exhibited an intense quasi-reversible reduction, Red!, process at a half-wave potential
of —0.86 V and a low-intensity irreversible oxidation at 1.64 V. These signals have been
previously identified for similar dinitrogenated (N,N) ligands [16,53-56]. For the ReL
complex, various oxidation and reduction processes were observed in the full potential
window (—1.92 to 2.40 V vs. SCE) in the cyclic voltammogram shown in Figure 8. However,
if the CV profile from the bottom of the figure is inspected (—0.90 to 1.38 V vs. SCE), none
of these signals are observed in the wider potential range CV profile and do not correspond
to impurities since few were detected by 'H-NMR (Figure S2a). Precisely, when the anodic
limit reaches 1.90 V a reduction is observed 0.85 V after potential-sweep inversion. Thus,
this reduction could belong to oxidated products formed after the 1.56 V process, possibly
indicating that Ox' may also be considered a quasi-reversible process. On the other hand,
when anodic limit reaches 2.40 V, another reduction signal appears at 0.50 V. Due to the
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separation between 0.50 and 1.93, it is unlike that the reduction at 0.50 is related to the
oxidation’s products from 1.93 V; more likely corresponds to a reduction from solvent
oxidation by-products. All in all, only two oxidations were observed for ReL: an irreversible
process occurring at 1.56 V, followed by another irreversible process at 1.93 V. In addition,
two quasi-reversible reductions are observed at —1.21 and —1.50 V, respectively. This
behavior is consistent with past outcomes on similar molecules [57,58].

The first oxidation at 1.56 V for ReL corresponds to a (1) single electron irreversible
oxidation of rhenium center Re!~!!, followed by an (2) intramolecular fast reduction Re'" !,
with an immediate substitution of bromide radical by a solvent molecule. We then ob-
served a second (3) irreversible oxidation at 1.93 V, producing a dicationic species. Thus,
the complete oxidation process followed an electrochemical-chemical-electrochemical
steps mechanism (ECE) (Scheme 1), which was previously reported for similar complexes

containing different diimine (N,N) ligands [59-61].

[Re!(N,N)(CO)sBr] — [Rel(N,N)(CO):Br]* + e- 1)
[Re’(N,N)(CO):Br]* +ACN — [Re!(N,N)(CO)s(ACN)]" + Bre @)
[Re!(N,N)(CO)s(ACN)J* — [Re(N,N)(CO)s(ACN)J>* + e- 3)

N,N = 5,6-epoxy-5,6-dihydro-1,10-phenanthroline; ACN= Acetonitrile
Scheme 1. Reaction mechanism for Rel. oxidations at 25 °C.

Regarding the reductions in the ReL complex, two quasi-reversible processes are
observed in Figures 7 and 8. These reductions have been extensively reported as two single-
electron processes: the first one at —1.21 V potential (4) belongs to the quasi-reversible
reduction of the L, followed by (5) reversible bromide elimination.

The second at —1.50 V potential (6) corresponds to the reversible reduction from
the rhenium center Re! "’

bromide elimination step. Thus, the reduction follows the electrochemical-electrochemical-

, generating a dianionic species that may also go through a (7)

chemical mechanism (EEC) with bromide dissociation as the chemical step (Scheme 2).
Similar mechanisms have been described for the reduction of other rhenium(I) complexes.
Bromide removal is considered reversible because it is coupled to a redox process that
generates a coordinatively unsaturated species, which has the capacity to recapture the
bromide [57,61].

[Re!(N,N)(CO)sBr] + e-— [Re!(N,N)(CO)sBr]-
[Rel(N,N)(CO)sBr]- — [Re(N,N)(CO)s] + Br-
[Re!(N,N)(CO)sBr]- + e — [Re?(N,N)(CO)sBr]*
[Re%(N,N)(CO)sBr]> — [Re*(N,N)(CO)s]- + Br-
N,N = 5,6-epoxy-5,6-dihydro-1,10-phenanthroline

A~ N NN
o O1
N N

Scheme 2. Reaction mechanism for ReL reductions at 25 °C.

The general reaction scheme for oxidations and reductions is presented in Figure 9.

The observed reductions of ReL closely align with the position and nature of their
individual constituents. Furthermore, computational studies on comparable systems em-
phasize the evenly distributed LUMO above the (N,N) ligand and the rhenium core [53,57].
Scan rate studies were performed to determine whether the current of the electrodic pro-
cesses depended on the species diffusion. As shown in Figure 519, the current increased
with the scan rate, as expected. As can be seen from the summary presented in Table 1, mass
transfer control is present in some of the electrodic processes displayed by the molecules
under study.
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Figure 9. Electrochemical reaction scheme for ReL.

Table 1. Summary of the electrochemical processes.

U — Difuon
L (5,6-epoxy-5,6-dihydro-1,10-phenanthroline)

Red{grey) —0.86 L reduction No

Oxl(irr) 1.64 L oxidation Yes
ReL (fac-[Re(CO);3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br])

Redl( qrev) —-1.21 Ligand reduction No

ReclI(Iqr ev) —1.50 Re' Y reduction (Followed by bromide elimination) Yes

OX{irr) 1.56 giiiggéii’iiigﬁ)woﬂowed by intramolecular Yes

OXI(Ir ev) 1.93 Re! ! oxidation (After Br— replacement with ACN) No

* qrev = quasi-reversible; irr = irreversible.

Complementarily, a voltammetry experiment was conducted in a CO;-saturated
solution (Figure S20) to preliminarily check a possible electrocatalytical potential of the
complex towards CO, reduction process. An increase in the current density was observed,
which may be associated with the CO, reduction processes [62,63]. These results suggest
a possible influence of the complex on the process, which must be rigorously evaluated
through further studies. Future studies will involve modifying electrodes with these
complexes to systematically investigate their catalytic behavior during the reduction Re'*?
processes [4,52]. To better understand the metallic center reduction process Re! ™, the half-
wave potentials for a family of compounds measured in identical conditions are presented
in Figure S21 [4,57]. As expected, some trends can be observed on the Re!? potential
depending on the size of the ligands and/or nature of the moieties present. On the one hand,
the presence of the ancillary ligand corresponding to a Schiff base (red dashed enclosure)
showed the most negative values. In previous studies [53,57], the ancillary ligand exhibited
a withdrawing effect to the rhenium core, as evidenced by UV-Vis spectroscopy, theoretical
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calculations, and other methods. These reports have pointed out that this kind of ancillary
ligand leads to a less intense electron density on the rhenium core, which could explain
why the reduction processes require higher potential values. In the middle, the complexes
with a halide ion as a ligand (blue line) were observed. Finally, the most positive potential
value for Re!? belongs to the complex with a benzimidazole ligand. This ligand appears to
influence the homogeneous distribution of electron density in the rhenium core. Thus, the
reduction in the observed potential values in this Re complex family is strongly influenced
by the aromaticity due to the nature of the substituents in the ligands’ moiety. Reduction
processes for this type of compound are important in the study of potential electrocatalytic
capabilities for the carbon dioxide reduction process [64—66].

2.5. Computed Oxidation and Reduction Potentials of ReL

To better understand the redox processes described in Section 2.4, we employed a
computational methodology using a thermodynamic cycle to calculate free energies in both
the gas-phase and solvated states. The CPCM model with acetonitrile as the solvent was
used to estimate the solvation energies. We found oxidation and reduction potentials at
+2.04 V and —0.92 V, respectively, for L, which agree with the experimental trends (Table 2).

Table 2. Electrochemical values of L and ReL complex (experimental data and theoretical calculations).

Potential (V)

Compound Process
Experimental Theoretical Calculations

L Ox! +1.64 +2.04

Red! —0.86 —0.92

Ox! +1.56 +1.45

Ox!! +1.93 +2.11
Rel. Red! ~1.21 ~131

Red! —1.50 -1.95

As observed after TH-NMR analysis (Figure S2a,b), both isomers are present in the
solution. For the computational calculations, only one of the isomeric structures (trans) was
considered, as the other isomer is expected to exhibit similar properties based on previous
computational studies. For ReL, we identified two oxidation processes at +1.45 V and
+2.11 V, which agree with experimental data at +1.56 V and +1.93 V, respectively. These
processes were attributed to rhenium oxidation following an electrochemical-chemical—-
electrochemical mechanism (see discussion above). Regarding the reduction, two processes
are calculated at —1.31 and —1.95 V (see Table 2), consistent with the reduction of the L

equatorial ligand at —1.21 V and the reduction of Re! " a

t —1.50 V, respectively.

To complement these findings, electron density plots were calculated for the L and
the ReL complex (see Table 2). The analysis focused on the Highest Occupied Molecular
Orbital (HOMO) to identify the most probable oxidation site. For the L, the HOMO is
primarily localized in the 1,10-phenanthroline ring, with a minor contribution from the
oxygen atom of the epoxy moiety (see Table 3). The significant potential difference in
oxidation peaks observed in the calculations can be attributed to the electron-withdrawing
effect of the 1,10-phenanthroline moiety, which increases the energy required to oxidize
the epoxy group in L. In contrast, the Lowest Unoccupied Molecular Orbital (LUMO) is
predominantly distributed across the fused aromatic rings.
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Table 3. Electron density of molecular orbitals HOMO and LUMO involved in electrochemical steps
of redox mechanisms for L, ReL and ReL-ACN complexes.

Electron Density AE (eV)
Compound
HOMO LUMO
L 4.87
ReL 2.08
E=-351eV
ReL-ACN * 2.50

E=-3.68eV

E=-6.18eV

* (ReL-ACN = fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)(ACN)]*.

For the ReL complex, redox calculations indicated that the spatial modification of
the epoxy group relative to the bromine ligand in the octahedral arrangement did not
significantly alter the electronic properties. The HOMO and LUMO plots revealed that the
electron density was primarily localized either on the metal core or within the aromatic
ring system (Table 3). Specifically, the HOMO was concentrated in the rhenium tricarbonyl
core rather than in the 1,10-phenanthroline ring, suggesting that oxidation is most likely to
occur at the rthenium center (Re! ). The experimental results revealed a second reversible
oxidation at +1.93 V, suggesting the formation of a dicationic species. The ReL-ACN com-
plex exhibited a HOMO distribution centered on the metal core, with a stabilization energy
of AE =2.50 eV. This value is lower than that obtained for the L (AE = 4.87 eV), confirming
that oxidation is more likely to occur at the metal center. Regarding the LUMO, the electron
density is primarily distributed in the 1,10-phenanthroline ring, indicating that reduction is
more likely to occur in this region. Based on these analyses, ReL exhibited a characteristic
cyclic voltammetry profile, beginning with an initial irreversible oxidation, followed by
a second reversible oxidation that followed an electrochemical-chemical-electrochemical
(ECE) mechanism. Additionally, the complex undergoes two reversible reductions pro-
cesses consistent with the electrochemical-electrochemical-chemical (EEC) mechanism.
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2.6. Cell Viability Assays

Rhenium(l) tricarbonyl complexes featuring dinitrogenated N,N’ ligands, such as
1,10-phenanthroline derivatives, combined with chloride or bromide as ancillary ligands
have gained attention as promising candidates in anticancer research [67-69]. The in-
corporation of halides confers neutrality to these complexes, improving lipophilicity, cel-
lular uptake, and physiological stability, critical attributes for effective drug delivery.
These structural benefits correlate with significant cytotoxic activity against human can-
cer cell lines, notably HeLa (cervical cancer) [67]. Representative examples, including
Re(CO)3(1,10-phenanthroline)Cl and its functionalized analogues, exhibit strong potential
for development as chemotherapeutic agents [29,70]. Based on this, the proposed complex
fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br] (ReL) was evaluated for its
cytotoxic potential in HeLa cervical cancer cells. The cell viability was assessed using the
MTT assay, which revealed a measurable reduction in metabolic activity, suggesting that
ReL may exert cytotoxic effects under the tested conditions [71,72], Figure 10.
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Figure 10. Evaluation of cell viability of ReL complex by a MTT assay in HeLa cells. A An MTT assay
was performed to evaluate cell viability in the presence of the complex, dissolved in DMSO to obtain
final concentrations of 9.12 uM, 22.79 uM, 45.58 uM, 91.16 uM, 182.31 uM, 364.62 uM, 729.24 uM
and 1093.85 uM. Cell viability was expressed as a percentage relative to that of the control group.
Analyses were performed with n = 3 and evaluated using one-way ANOVA, followed by Dunnett’s
post hoc test. Bars represent the mean =+ standard error of the mean (SEM). Symbol (*) indicates a
statistically significant difference with p < 0.05. Group differences versus control were evaluated by
one-way ANOVA with Dunnett’s post-hoc test. Significance codes: * p < 0.05; ** p < 0.01; ** p < 0.001
(two-sided; posthoc— adjusted where applicable).

The MTT assay provided comprehensive information on the cytotoxic effects of the ReL
complex. A reduction in cell viability was observed, which depended on the concentration,
indicating that ReL. demonstrates cytotoxic activity under the conditions tested. The lowest
concentration of the compound exhibited behavior like that of the control. Subsequently,
at concentrations of 22.79 uM, 45.58 uM, and 91.16 uM, a decrease in cell viability was
observed, suggesting an early onset of biological activity; however, these differences were
not statistically significant. This trend was accentuated at concentrations of 182.31 uM
and 364.62 uM, where significant cytotoxic effects were detected (p < 0.01 and p < 0.001,
respectively). At higher concentrations (729.24 uM and 1093.85 uM), cell viability was
reduced to below 40% compared to control, with highly significant differences (p < 0.0001).
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Therefore, ReL complex demonstrated a clear concentration-dependent cytotoxic effect,
characterized by a progressive reduction in cell viability as the dose increased.

Cell viability of fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br] decreased
in a dose-dependent manner, with significant reductions observed at 182.31 uM and above,
yielding an ICs( of 182.31 uM. In contrast, neutral rhenium(l) tricarbonyl complexes bearing
unmodified phenanthroline ligands typically display much higher potency, with reported
ICsp values of 1.2-1.8 uM, surpassing cisplatin (6.6 uM) [25,29,67,73]. Although the bro-
mide ligand may enhance lipophilicity, this effect does not offset the structural constraints
imposed by the epoxide modification, highlighting the critical role of rational ligand design
in achieving optimal biological performance [29,67]. Importantly, replacing the bromide
ligand with a neutral donor that enables formation of cationic species could improve
aqueous solubility and facilitate endocytotic uptake, potentially lowering ICs, values to
levels comparable with other highly active rhenium tricarbonyl analogues reported in
the literature [74]. Complexes bearing benzimidazole or bipyridine derivatives typically
display ICs5¢ values in the 50-100 uM range, depending on ligand lipophilicity and substi-
tution patterns [67]. Neutral complexes of the type fac-[Re(CO);(Phenathroline)Cl or Br]
are attractive as activatable precursors [29,75]. These features suggest their potential as
prodrug candidates that could be activated in biological environments, although further
optimization is required to improve stability and lipophilicity. These considerations high-
light the need for rational ligand modification to optimize both physicochemical properties
and anticancer activity [76].

In brief, the ReL. complex exhibited a clear dose-dependent cytotoxic effect on HeLa
cells, with an ICs significantly higher than cisplatin. This relatively low toxicity indicates
that ReL could potentially meet key requirements for an effective fluorophore, including
minimal cytotoxicity, high photostability, and efficient cellular uptake without permeabi-
lizing agents, ensuring reliable bioimaging in epithelial (non-walled) cell models while
preserving cell viability [26]. Interestingly, previous studies reported that ReL interacts
effectively with walled cells such as Gram-negative bacteria and yeasts, showing minimal
or no cytotoxicity, while significant effects were observed against Gram-positive bacteria,
suggesting a selective biological response. Moreover, its intrinsic luminescent properties
enable direct application as a fluorescent probe for microbial imaging, particularly in
Salmonella enterica and Candida albicans [33]. These findings highlight the multifunctional
nature of Rel, combining imaging capability with selective bioactivity and underscoring
its potential as a versatile tool for microbiological applications.

3. Experimental and Theoretical Details
3.1. Materials and Instruments

The initial reagents, sourced from Merck and Aldrich (St. Louis, MO, USA), were used
as received, without additional purification. Acetonitrile (CH3CN) was dried using molec-
ular sieves and purged with argon gas in preparation for the electrochemical experiments.
The synthesis and comprehensive characterization of the rhenium(I) tricarbonyl complex
are described in detail. Additional methodological, crystallographic, and computational
details are provided in Appendix A

3.2. Synthesis of fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br] (ReL)

The complex was prepared following a previously documented method, which in-
volved the reaction of L with the [Re(CO)3Br(THF)], dimer in a 2:1 ratio in toluene. The
mixture was stirred for 15 min at room temperature?. Reaction scheme is presented on
Figure 11.
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Figure 11. Reaction scheme for the synthesis of ReL.

FTIR (KBr, cm™1): 3433 (VNH); 2021 (symmetric vCO); 1909 (antisymmetric vCO);
and 1435 (vCC). 'HNMR (400 MHz, DMSO-g44, ppm): & = 9.13-9.07 [m, 2H, C1,C10],
8.76-8.65 [m, 2H, C3,C8], 7.94-7.82 [m, 2H, C2,C9], 5.10 [d, ] = 1.7 Hz, 1H,C6] and 5.08 [d,
] = 1.6 Hz, 1H, C5]. 13C-NMR (100 MHz, DMSO-44, ppm): & = 197.40; 153.47; 150.93; 141.86;
133.89; 128.31; and 54.91.

For the characterization of ReL, we conducted FTIR spectra (ATR) using a Bruker
Vector-22 FT-IR spectrophotometer (Billerica, MA, USA). Additionally, 'H-NMR, 3CNMR,
and CHCOSY spectra were acquired on a Bruker AVANCE 400 spectrometer (400 MHz)
and maintained at 25 °C. The compound was dissolved in deuterated DMSO.

3.3. Structure Determination

Crystals suitable for X-ray analysis of compound ReL were obtained as previously de-
scribed and mounted using MiTeGen Micro Mounts (New York, NY, USA). Table S1 presents
the experimental and crystallographic data for ReL, while selected bond distances and
angles for all the studied compounds are shown in Table S2. The intramolecular interac-
tions are outlined in Table S3. Detailed information on the crystal, X-ray data collection,
and structure solution is provided in the Supporting Information. Intensity data were col-
lected at room temperature using a Bruker Smart Apex diffractometer (Billerica, MA, USA)
equipped with a bi-dimensional CMOS Photon100 detector and a graphite monochromator
employing Mo-K« radiation. A frame separation of 0.31 and a collection time of 10 s per
frame were used at 296 K. APEX3 (Bruker AXS), SHELXL (Sheldrick), and the TONTO
package integrated within CrystalExplorer 17.5 were used in their standard distributions.
Data integration was performed using APEX3 software, with absorption corrections ap-
plied via SADABS. The solution and refinement for compound ReL were carried out with
Olex2. The structure of ReL was solved using the Patterson method and refined with the
SHELXL package through least squares minimization [77]. The refinement utilized full
matrix least squares on reflection intensities (F?), with all non-hydrogen atoms refined
anisotropically and hydrogen atoms positioned in idealized locations.

The intermolecular interactions in the crystalline molecules were studied using Hirsh-
feld surface analysis. This surface is defined as the fraction of the electron density sphere
of the atoms of the molecule of interest, “promolecule” that contributes to the total electron
density of the crystalline molecule “procrystal” system, considering a normalized contact

distance (dnorm), where Vdw

is the van der Waals (vdW) radius of the atom corresponding
to the interior or exterior of the Surface (Equation (1)). For this reason, Hirshfeld surface
analysis has gained prominence as a powerful tool to explore and describe various inter-
molecular interactions present in crystal packing. Furthermore, these surfaces are related
to their corresponding 2D fingerprint plots [78-81]. This plot allows us to explore, quantify,
and compare the contributions of the different interactions present in the crystal structure
and helps to elucidate important information about close contacts and more distant inter-
actions and areas where contacts are weak. Crystal Explorer 17.5 software [82] was used
to calculate the Hirshfeld surface [78,79] and associated 2D-fingerprint plots [83,84] of the

L1-4 compounds using the crystallographic information file (CIF) as input for the analysis.
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The electrostatic potentials were mapped on the Hirshfeld surfaces using the 3-21G basis
set at the level of Hartree-Fock theory over a range of £0.002 au using the TONTO com-
putational package integrated into the program Crystal Explorer [82]. For the generation
of fingerprint plots, the bond lengths of hydrogen atoms involved in interactions were
normalized to standard neutron values (C-H = 1.083 A, N-H = 1.009 A, O-H = 0.983 A) [85].

Vdw
q o di—r de — 1YW 1)
norm T T VAW VAW
i e

Equation (1): Normalized contact distance, defined in terms of de, d;, and the VAW
radii of the atoms. Red (distances shorter than the sum of VAW radii) through white to
blue (distances longer than the sum of VdWradii).

3.4. Electrochemical Characterization

For all electrochemical studies, the working solution consisted of 0.01 mol/L of the re-
spective compounds (L and ReL complex). This solution was supplemented with 0.1 mol/L
of tetra-n-butylammonium hexafluorophosphate (TBAPF) as a supporting electrolyte.
In this study, all CV experiments were conducted under standardized conditions using
a platinum working electrode in anhydrous acetonitrile containing 1073 mol-L~! of the
respective compound (L or ReL) and 0.1 mol-L~! of tetrabutylammonium hexafluorophos-
phate (TBAPFg) as the supporting electrolyte. Measurements were carried out under an
argon atmosphere at a scan rate of 200 mV-s~!. The compounds and electrolyte were
prepared in high p.a. anhydrous acetonitrile (CH3CN). Prior to each experiment, the work-
ing solution underwent purging with high-purity argon gas, with an argon atmosphere
maintained throughout the experiment [4]. For carbon dioxide reduction experiments, the
solution was purged with CO, and a constant pressure of this gas was maintained during
measurements. A polycrystalline, non-annealed platinum disc with a 2 mm diameter was
used as the working electrode. The working electrode was polished with alumina slurry
(particle size 0.3 um) on soft leather, then rinsed with bi-distilled water, acetone, and finally
dried before and between measurements. A platinum gauze of substantial geometrical
dimensions was employed for the counter electrode, segregated from the primary cell com-
partment by a fine sintered glass. All recorded potentials in this document are referenced
to Ag/AgCl electrodes in tetramethylammonium chloride to align with the potential of a
saturated calomel electrode (SCE) at room temperature [86]. Electrochemical cells, syringes,
volumetric flasks, and the rest of the employed glassware were always washed with bi-
distilled water, acetone, and oven-dried at 60 °C for at least 12 h prior to all experiments.
All electrochemical experiments were executed at room temperature, using a CHI900B
bipotentiostat CH Instruments (Austin, TX, USA) interfaced with a computer running CHI
9.12 software. This software facilitated experimental control and data acquisition.

3.5. Theoretical Details

All calculations in this study were performed within the Density Functional Theory
(DFT) framework using ORCA 5.0.4 [87]. Molecular geometries were fully optimized
employing the B3LYP hybrid functional with the def2-TZVPP basis set. The Tight SCF
convergence criteria and the RIJCOSX approximation were applied for Coulomb integral
calculations to enhance computational efficiency. The solvation effects were estimated using
the Conductor-like Polarizable Continuum Model (CPCM) [88,89], with acetonitrile as the
solvent. Frequency analyses were conducted to obtain the thermodynamic parameters
necessary for determining the reduction potentials.

For the Fukui function analysis, an optimization calculation was performed using
ORCA 5.0.4 to obtain the electronic density of the neutral species. Density Functional
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Theory (DFT) was employed with the BP86 functional and the def2-TZVPP basis set [90-92].
For the rhenium atom, the SARC-ZORA-TZVPP basis set [92] was used to account for the
relativistic effects associated with heavy metals. Adiabatic calculations were carried out
to obtain the electronic density of the positively and negatively charged species. This
approach assumes that the molecular geometry remains unchanged upon charge variation,
which means that the geometric structures of the charged species are not re-optimized.
Such an approximation is valid for systems in which the charge influence on geometry
is minimal, as seen in radicals and other charged species where structural changes upon
electron addition or removal are negligible. This adiabatic treatment simplifies the analysis
and enables the study of the reactivity and electronic density of charged species without
requiring geometric optimization for each charge state. To generate figures highlighting
nucleophilic and electrophilic reactivity sites, Chemcraft 1.8 software was used to perform
density subtraction operations.

The NCI approach relies on electron density and its derivatives, allowing the identifi-
cation of noncovalent interactions based on the reduced density gradient (S) in low-density
regions. Within this framework, the reduced density gradient is defined by the equation
described for Trujillo et al. and Villegas-Escobar et al. [93,94]. The optimized structure
from the Fukui function calculation of the neutral species was used for the NCI analysis.
Multiwfn 3.8 software [95] was employed to generate .cube files to obtain density gradient
data. The .cube files were then visualized using the VMD 1.9 software [96] to identify
and display the different types of interactions within the structure. Additionally, Python
programming language 3.12.12 script developed by our research group was utilized to
generate RDG analysis figures.

The magnetically induced current density (MICD) was analyzed using the GIMIC
program [97,98]. For a more detailed analysis of cyclic current Lows and to evaluate current
profiles across selected integration planes, the planes were positioned perpendicular to the
molecular plane. The ring currents and their intensities were then determined by integrat-
ing the current density across these planes. For this analysis, the Gauge Included Atomic
Orbitals (GIAO) method [99] was used to study diatropic (aromatic) and paratropic (an-
tiaromatic) ring currents circulating clockwise and counterclockwise, respectively. The two-
dimensional Gauss-Lobatto algorithm was used to integrate the currents passing through
an integration plane. The current density paths were done using Paraview5.10.0 [100].
Computations were performed by Gaussian 16.B015 with the BP86 (functional, in which
a small-core fully relativistic effective core potential (ECP60MDF) [101] and associated
segmented valence basis sets were adopted for Re and the def2-TZVP [102,103] basis set
was used for the remaining atoms [101,104]. Also, aromaticity was evaluated by performing
electron density of delocalized bonds (EDDB) calculations using EDDBRun scripts [105].

The methodology for computing the reduction and oxidation potentials was based on
an established thermodynamic cycle approach [106-109]. This method calculates the free
energy of the species in both gas-phase and solvated state. Separate thermodynamic cycles
were used for each oxidation and reduction potential, as illustrated in Figures 522 and 523.
To establish the computational protocol for estimating redox potentials, standard Gibbs
free energies in acetonitrile were obtained from gas- and solution-phase calculations for the
reduced and oxidized species. The gas-phase free energy was derived from single-point
energy calculations. The standard absolute redox potential (E’) was determined using the
following equation:

E’ = —AG!(redox, CH3CN)/nF

In the given equation, n represents the number of electrons consumed or generated in
the specific half-reaction, and F denotes the Faraday constant. This thermodynamic model
establishes a direct connection between the changes in the free energy in the condensed
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phase related to reduction or oxidation and the corresponding processes in the gas phase.
Furthermore, to determine the free energy associated with ionization or electron attachment
at 298 K, it is essential to calculate the thermal contributions to the free energy at 298 K.
Considering this, the remaining link between the gas and the condensed phase is defined by
the difference in solvation free energies between the oxidized and reduced species involved
in the respective processes. The calculated absolute free energy of reduction or oxidation
represents the generation or consumption of a free electron.

Additionally, the theoretical calculation of the free energy for the oxidation and reduc-
tion processes considers the complexity of the electrochemical mechanisms.

3.6. MTT Assay Protocol

HeLa cells were obtained from ATCC (Manassas, VA, USA), a recognized supplier of
authenticated cell lines and microbial strains for biomedical research and diagnostics. The
MTT assay is an established colorimetric method for assessing cell viability, based on the
ability of living cells to reduce the tetrazolium (MTT) to a purple formazan [71,72]. This
color change is indicative of cellular metabolic activity, as viable cells convert MTT into an
insoluble product whose color intensity can be quantified to determine cell viability [72].
This assay was performed using a 96-well plate, in which 35,000 cells were seeded per
well. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and penicillin/streptomycin. . Cells were maintained in
a humidified atmosphere with 5% CO;, at 37 °C. 200 uL of each prepared solution (9.12,
22.79, 45.58, 91.16, 182.31, 364.62, 729.24, and 1093.85 uM) was added to the respective
cell well. Stock solutions were obtained by dissolving precise amounts of the compound
in DMSO. Appropriate controls were included to ensure the reliability of the assay: the
positive control consisted of culture medium alone, the negative control was DMSO, and
the vehicle control was a mixture of culture medium and DMSO. These controls provided a
baseline for evaluating the specific effects of this compound on cell viability.

The plates were incubated at 37 °C in a 5% CO, atmosphere for 24 h. Subsequently,
a 5 mg/mL MTT solution, diluted 1:10 in culture medium, was added to each well. The
MTT incubation was continued for two hours to allow the conversion of MTT to formazan.
After MTT incubation, 100 puL. of DMSO was added to each well to dissolve the formazan
complexes. The solution was carefully resuspended in each well to ensure complete
dissolution of the formazan. Finally, absorbances at 570 nm and 630 nm were measured
using a BioTek microplate reader. Cell viability was expressed as a percentage with respect
to the control group. Analyses were performed with n = 3 and evaluated using one-way
ANOVA followed by Dunnett’s post hoc test [110,111].

4. Conclusions

In this study, we present a comprehensive structural, electronic, and biological char-
acterization of a neutral rhenium(I) complex fac-[Re(CO)s(5,6-epoxy-5,6-dihydro-1,10-
phenanthroline)Br] (ReL). Single-crystal X-ray diffraction confirmed the cis configuration,
and Hirshfeld surface analysis revealed dominant O---H interactions in the crystal packing.
Variable-temperature NMR spectroscopy demonstrated the coexistence of cis and trans
isomers in solution, with the trans form being slightly more stable than the cis form. DFT cal-
culations, including Fukui functions, NCI indices, and aromaticity descriptors, showed that
both isomers share nearly identical electronic and structural frameworks, with enhanced
local aromaticity in the trans isomer, which explains its slight thermodynamic preference.
This supports the treatment of the isomeric mixture as a unified species in electrochemical
and biological studies. Electrochemical studies revealed a typical fac-[Re(CO)3(N,N)X]
profile, including a Re! — Re transition, with theoretical redox potentials aligning well
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with the experimental data. Biologically, ReL demonstrated dose-dependent cytotoxicity in
HeLa cells, in contrast to its previously reported low toxicity in microbial systems. Com-
bined with its luminescent properties and antimicrobial activity, these findings underscore
the multifunctional nature of ReL and its potential as a bioactive and imaging agent for
therapeutic and microbiological applications.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/inorganics14010003 /s1, Figure S1: FTIR (KBr) spectrum of
ReL; Figure S2: a. 'HNMR spectrum of ReL recorded at 400 MHz in DMSO- g4 at 25 °C; Figure S2:
b. Expanded aromatic zone of the 'H-NMR spectrum of ReL at 400 MHz and 25 °C, with sam-
ples dissolved in deuterated DMSO; Figure S3: THNMR spectrum of ReL recorded at 400 MHz
in DMSO-4; at 40 °C; Figure S4: 'HNMR spectrum of ReL recorded at 400 MHz in DMSO-g4 at
50 °C; Figure S5: "THNMR spectrum of ReL recorded at 400 MHz in DMSO-4¢ at 60 °C; Figure Sé: a.
13C NMR spectrum of ReL recorded at 100 MHz in deuterated DMSO (DMSO-g4) at 25 °C; Figure
S6: b. Expanded aromatic zone of *C NMR spectrum of ReL recorded at 100 MHz in deuterated
DMSO (DMSO-4¢) at 25 °C; Figure S7: 13C NMR spectrum of ReL recorded at 100 MHz in deuterated
DMSO (DMSO-44) at 40 °C; Figure S8: 13C NMR spectrum of ReL recorded at 100 MHz in deuterated
DMSO (DMSO-44) at 50 °C; Figure S9: 13C NMR spectrum of ReL recorded at 100 MHz in deuter-
ated DMSO (DMSO-44) at 60 °C; Figure S10: CH COSY spectrum of ReL recorded in deuterated
DMSO (DMSO-4¢) at 25 °C; Figure S11: Comparison of the crystal packing patterns of ReL and
fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Cl] (CCDC-239411)* complexes; Figure S12:
Hirshfeld surfaces mapped over dnorm (top) and 2D fingerprint plots of ReL (bottom) show the
principal percentage contribution of contacts between complexes; Figure S13: Computed FTIR of
cis isomeric form of ReL, with respect to epoxy moiety 1,10-phenenthroline and bromide ancillary
ligand; Figure S14: Computed FTIR of the trans isomeric form of ReL, with respect to epoxy moiety
1,10-phenenthroline and bromide ancillary ligand; Figure S15: Plot of the Fukui function of the
ReL cis isomeric form: the left plot indicates a nucleophilic site (f*), and the right plot indicates
an electrophilic site (f7); Figure S16: Plot of the Fukui function of the ReL trans isomeric form:
the left plot indicates a nucleophilic site (f*) and the right plot indicates an electrophilic site (f7);
Figure S17: Noncovalent interaction (NCI) analysis of the cis-isomeric form of ReL. Bottom: The NCI
color scale is —0.02 <AH> 0.02 a.u. These calculations were performed at the BP86 and def2-TZVPP
level; Figure S18: Noncovalent interaction (NCI) analysis of the trans-isomeric form of ReL. Bottom:
The NCI color scale is —0.02 <AH> 0.02 a.u. These calculations were performed at the BP86 and
def2-TZVPP level; Figure S19: Cyclic voltammetry scan-rate study of L and ReL. Interface: Pt| 103
mol/L of respective compound + 10~ mol/L of TBAPFg in anhydrous CH3CN under an argon
atmosphere. Scan rate: 25-200 mV/s; Figure 520: Cyclic voltammetry for CO,-electrocatalysis prelim-
inary study. Interface: Pt| 1073 mol/L of fac-Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br
(ReL) + 10~1 mol/L of TBAPF in anhydrous CH3CN under saturated Ar(—) or CO; (--). Scan
rate: 100 mV/s; Figure S21: Half-wave potential values for Rhenium (I) tricarbonyl center reductions
were determined for a family of fac-[Re(CO)3(N,N)X]" compounds; Figure S22: Thermodynamic free
energy cycles used in the computation of equilibrium redox potentials for L: (A) L/L~ pair and (B)
L*/L pair; Figure S23: Thermodynamic free energy cycles used in the computation of equilibrium
redox potentials for ReL complex: (A) FO/FR pair, (B) Different species (FO and FR) involved in
electrochemical steps of redox mechanisms (ReL-ACN = fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-
phenanthroline)(ACN)]*); Table S1: Crystal data collection and structure refinement parameters for
the ReL compound; Table S2: Bond distances (A) and angles (°) for the ReL compound; Table S3:
Intermolecular hydrogen-bonding interaction parameters for ReL compound. References [112,113] is

cited in the supplementary materials.
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Abstract

Humans are being exposed to a variety of potentially toxic metal compounds through
the diet and/or the intravenous administration of metal-containing medicinal drugs. The
organomercurial thimerosal (THI) is a bactericidal that is present in vaccines, but its
potential degradation by biomolecules in vivo is incompletely understood. To probe its
interaction with low-molecular-weight thiols that are highly abundant within cells, we
have employed an LC-based analytical approach in conjunction with a mercury-specific
detector. The injection of THI into a C13-HPLC column equilibrated with mobile phases
that contained increasing concentrations of up to 15 mM of glutathione (GSH) and 30%
acetonitrile revealed the elution of a GS-EtHg adduct in conjunction with THI, as evidenced
by electrospray ionization mass spectrometry. These results were confirmed by *"Hg-
NMR spectroscopy. While these results imply a rapid degradation of THI by GSH at
physiological pH, it is important to point out that our results were obtained in aqueous
solutions containing 30% (v:v) acetonitrile. Further studies need to confirm if the GS-EtHg
adduct is also formed in biological fluids. Our results nevertheless demonstrate that GSH
and L-cysteine (Cys) are potential targets of THI at physiological pH, which is relevant to
better understand its side effects, including previously reported effects on Ca?* channels.

Keywords: bioinorganic chemistry; reversed-phase-HPLC; flame atomic absorption spec-
trometry; electrospray ionization mass spectrometry; '°”Hg NMR spectroscopy

1. Introduction

The exposure of mammals to metal (loid) species from the environment [1-3] as well as
medicinal drugs that contain metals [4], such as the organomercury compound thimerosal
(THI) (Figure 1A) is being increasingly recognized as a major public health concern due to
the associated potential short and long-term toxic effects [4]. Since potentially toxic metal
species will invade the bloodstream, bioinorganic reactions therein play a fundamental
role in the context of better understanding their toxicological chemistry. The interaction of
toxic metal species with biomolecules in the bloodstream and/or organs may involve their
binding to proteins as well as their interaction with cytosolic biomolecules [4]. As these
latter interactions can contribute to their long-term adverse health effects at the organ level,
they need to be better understood in order to evaluate their involvement in the etiology of
adverse human health effects. THI has been shown to remain in the bloodstream for days
after its administration to mice [5]. Since the red blood cell (RBC) membrane can be easily
penetrated by a variety of toxic metal species [6] and since RBC cytosol contains ~2.5 mM
of glutathione (GSH, Figure 1C), the interaction of THI with GSH therein is among the first
interactions that are of potential human health relevance [7].
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Figure 1. Chemical structure of thimerosal (A), L-cysteine (B), and L-glutathione (C) at physiological pH.

THI has been widely used as a preservative in many biological and pharmaceutical
products, including vaccines, since the 1930s [8,9]. THI is a potent bactericidal, has anti-
fungal activity [10], and effectively inhibits the SARS-CoV2 main protease [11]. While THI
remains one of the most widely used preservatives in multidose vaccines, particularly in
low-resource countries, this organomercury compound has been the subject of controversy
because of concerns about a possible link between human exposure to thimerosal in vac-
cines and autism [12]. From a bioinorganic chemistry point of view, rather few studies have
investigated the interaction of THI with thiols. While some studies have demonstrated
the binging of a THI-degradation product to hemoglobin using mass spectrometry [13]
and metallomics approaches [7], no studies have investigated its reaction with GSH at
physiological pH. The related organomercury compound phenylmercuric acetate has been
recently shown to be rapidly degraded by L-cysteine at physiological pH (Cys, Figure 1B)
using a LC-based approach. We therefore decided to investigate the fate of THI at pH 7.4
in the presence of physiologically relevant GSH-concentrations as it is the most abundant
small molecular weight thiol in mammalian cells at concentrations up to 19 mM [14]. The
employed LC-based approach allows the specific detection of Hg-species and is therefore
ideally suited to observe the degradation of THI provided that the degradation products
can be chromatographically separated from the parent compound [15] and structurally
characterized using analytical techniques, such as electrospray ionization mass spectrom-
etry (ESI-MS) and *”Hg NMR spectroscopy [16]. Our investigations are solely aimed at
understanding the biochemical reaction between THI and GSH at physiological pH to
gain insight into the corresponding bioinorganic chemistry. As such the anticipated results
are insufficient to causally link human exposure to THI with the etiology of autism in
children [17], but the results may nevertheless provide an important first step to uncover
bioinorganic processes that may also unfold in mammalian cells and explain adverse effects
therein. To the best of our knowledge our investigations appear to be the first of their kind
to address the bioinorganic chemical reaction between THI and GSH at physiological pH
in the presence of 30% of acetonitrile (ACN).
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2. Results and Discussion

Since THI is widely used in a variety of pharmaceutical products numerous previous
studies have investigated its stability in aqueous solutions, such as vaccines to determine
its shelf life [18,19]. While the results from these studies provided insight into the integrity
of THI under storage conditions, much less is known about the potential degradation of
THI by biomolecules after its intramuscular injection into people. As soon as THI enters
cells it will encounter small molecular weight thiols, such as Cys and GSH (Figure 1B,C)
which are present at mM concentrations. Indeed, recent studies have allowed to observe
the degradation of the organomercurial compound phenylmercuric acetate (PMA) by
Cys at physiological pH [15]. To understand the degradation of another organomercury
compound that is of pharmaceutical interest, we have employed a LC-approach which
encompassed a Hg-specific detector, namely a flame atomic absorption spectrometer (FAAS)
to study the degradation of THI. THI was injected into a C13-HPLC column and eluted
using mobile phases that contained different GSH concentrations at physiological pH.

The results obtained for the injection of THI using a GSH-free mobile phase revealed
the elution of a single Hg peak (t, = 137 s; Figure 2, red line), which exhibited a Hg recovery

of 82.2%.
—— 0 mM GSH THI
| —— 25mMmGsH
0.6 1 —— 50mmasH

= 10 mM GSH
— 15 mM GSH

Absorbance

1 T 1

0 50 100 150 200
Retention Time (s)

Figure 2. Representative Hg-specific chromatograms obtained for THI as a function of the GSH
concentration in the 100 mM phosphate-buffer (pH 7.4):ACN 70:30 (v:v) mobile phase. Stationary
phase: Gemini C;g-HPLC column (150 x 4.6 mm LD., 5 um particles); Flow rate: 1.0 mL/min;
Detector: FAAS at 253.7 nm; Injection volume: 50 uL (1000 pg Hg).

The addition of up to 15 mM GSH concentrations to the mobile phase resulted in a
concentration dependent decrease in the intensity of the Hg-peak that eluted at 137 s and
the elution of a new Hg-peak that was progressively more intense with a 35 s reduced
retention time compared to THI (Figure 2, blue, green, brown and black lines). With regard
to the Hg peak areas of the Hg-specific chromatograms, Hg recoveries between 87.5 and
114.6% were obtained for the GSH-containing mobile phases (Table 1). Using the 15 mM
GSH mobile phase the two Hg-containing fractions were collected and ESI-MS analysis
revealed that the first Hg-peak (t; = 105 s) corresponds to a GS-ethylmercury (EtHg) adduct
with a m/z ratio of 536.0787 (Figure 3), while the second Hg-peak (t; = 137 s) produced a
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peak in the ESI-MS mass spectrum of 383.0041 m/z ratio which is congruent with the elution
of “intact’ THI (Figure 4). These results imply that increasing physiologically relevant GSH
concentrations in the mobile phase progressively degraded THI on the column. With the
15 mM GSH mobile phase, 54% of THI was eluted intact (Table 1), while the remaining Hg
corresponded to the GS-EtHg adduct.
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Figure 3. ESI-MS results (negative mode) obtained for Hg-containing fraction 1; obtained using the

15.0 mM GSH mobile phase.
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Figure 4. ESI-MS results (negative mode) obtained for Hg-containing fraction 2 obtained using the
15.0 mM GSH mobile phase.
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Table 1. Peak areas of the Hg peaks obtained after the analysis of THI with different GSH concentra-
tions in the mobile phase.

Concentration of

Peak Area (Area

Sum Area (Area

GSH (mM) in Retention Time (s) Units) (Area Units) (Sum Area
Mobile Phase Percentage [%]) Percentage [%])
Peak 1 THI Peak 1 THI
" 8.43 + 1.07 8.43 4+ 1.07
0 ) 187 +1 ) (82.2 +10.7%) (82.2 +10.7%)
1.71 £ 0.07 8.11 £ 0.37 9.82 + 0.38
25 1072 1371 (16.7 + 0.8%) (79.0 + 4.3%) (95.7 + 4.4%)
2.79 + 0.06 6.19 + 0.20 8.98 + 0.21
5 T 138 =1 (27.2 £ 1.0%) (60.3 £ 2.6%) (87.5 & 2.8%)
4.75 + 0.06 5.73 £ 0.37 10.48 + 0.37
10 103+1 135+1 (46.3 + 1.5%) (55.8 + 4.0%) (102.1 + 4.3%)
6.23 + 0.04 5.53 + 0.02 11.98 + 0.29
15 1051 1361 (60.7 + 1.8%) (53.9 + 1.6%) (114.6 + 2.4%)
*n=3.

Since Cys is also present in various cell cytosols at comparatively lower concentrations
than GSH (e.g., hepatocytes contain ~0.5 mM Cys [15]), we replicated the LC-experiments
with Cys-containing mobile phases. While the employed Cys concentrations are supra
physiological, the obtained results nevertheless resembled those obtained with equimolar
concentrations of GSH in the mobile phase (Figure 5). With regard to the obtained Hg peak
areas of the obtained Hg-specific chromatograms, Hg recoveries between 78.9 and 95.7%
were obtained for the Cys-containing mobile phases and 85.1% for the Cys-free mobile phase
(Table 2). Similarly to the GSH LC-results we observed the parent THI Hg-peak at the same
retention time (t; = 137 s) as well as the elution of a progressively more intense Hg-peak
(tr = 115 s), which consistently eluted at a 10 s increased retention time compared to the
corresponding GS-EtHg adduct (Figure 2). While a fraction containing the putative Cys-EtHg
adduct was submitted to ESI-MS analysis, the results were not as clear as those obtained
for the GS-EtHg adduct. Nevertheless, these Cys HPLC results suggest that the putative
Cys-EtHg adduct that was formed on the column is slightly more hydrophobic than the
GS-EtHg adduct. Compared to the 15 mM GSH mobile phase, 42.5% of Hg eluted in the form
of intact THI, while 53.2% eluted as the putative Cys-EtHg adduct. These results imply a fast
degradation of THI by Cys as compared to GSH at comparable mobile phase concentrations.

Table 2. Peak areas of the Hg peaks obtained after the analysis of THI with different Cys concentra-

tions in the mobile phase.

Concentration of

Peak Area (Area

Sum Area (Area

Cys (mM) in Retention Time (s) Units) (Area Units) (Sum Area
Mobile Phase Percentage [%]) Percentage [%])
Peak 1 Peak 2 Peak 1 Peak 1
0 : o1 - @1Eamn w5148
23 o2 M0+t 494 0.2%) (5334 £37%) (65,54 44%)
: . WL 50 wosomn @t
10 12141 BT liamy  @rram  Gises20)
15 11621 WEO @Y wseam 57468
20 n7 BEL elom  oissten  gsom
*n=4
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Figure 5. Representative Hg-specific chromatograms obtained for THI as a function of the Cys
concentration in the 100 mM phosphate-buffer (pH 7.4):ACN 70:30 (v:v) mobile phase. Stationary
phase: Gemini C;g-HPLC column (150 x 4.6 mm LD., 5 um particles); Flow rate: 1.0 mL/min;
Detector: FAAS at 253.7 nm; Injection volume: 50 uL (1000 pg Hg).

To substantiate these HPLC/ESI-MS results for THI we conducted **Hg-NMR experi-
ments, the results of which are depicted in Figure 6. The ' Hg-NMR spectrum of a THI
solution in a phosphate buffer that contained 30% of ACN revealed a well-defined complex
multiplet at —743 ppm (Figure 6A). When GSH was added to a THI solution to achieve the
same mM concentration ratio as in the LC-experiments, the observed multiplet (Figure 6A)
shifted slightly to —740 ppm and it collapsed to a broad singlet (Figure 6B). This obser-
vation is indicative of a more complex coupling environment and likely conformational
isomerism while conclusively confirming a chemical reaction between the Hg-center of
THI with GSH by *?Hg-NMR spectroscopy.

The results that were obtained for the interaction of THI with GSH at physiological
pH in the presence of 30% ACN are all congruent with the formation of a GS-EtHg adduct
at these conditions (Figure 7). Although our results were not obtained in 100% aqueous
solution, previous studies have conclusively demonstrated that THI—after its incubation
with RBC cytosol at 37° Celsius—degraded over a 6 h period and progressively co-eluted
with hemoglobin (Hb) [7]. The binding of the EtHg-breakdown product of THI to Hb
was confirmed by analyzing a fraction containing the putative EtHg-Hb adduct by X-
ray absorption spectroscopy, which revealed a Hg-S bond length that was congruent
with literature results [7]. Based on these previous studies obtained with RBC cytosol it
appears that THI degrades within cells and the formed degradation product EtHg will
then competitively bind to biological thiols, such as GSH and/or Hb based on steric factors.
Future studies should investigate whether the GS-EtHg adduct can bind to cytosolic
proteins, such as Hb using established metallomics techniques [7]. Based on previous
results by others another promising future investigation is to evaluate if the GS-EtHg
adduct will bind to calcium channels as there appears to be a link between THI and the
perturbation of the Ca-metabolism in certain cell types [20,21].
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Figure 6. Hg-NMR spectra obtained for 0.2 M THI in 100 mM phosphate buffer (in D,O):ACN 70:30
(v:v) (A) and 0.2 M THI and 30 mM GSH in 100 mM phosphate buffer (in D,O):ACN 70:30 (v:v) (B).
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Figure 7. Proposed biomolecular mechanism by which THI reacts with GSH to form a GS-EtHg
adduct at pH 7.4.
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3. Experimental
3.1. Chemicals and Solutions

Thimerosal (97-101%), L-glutathione reduced (>98%), L-cysteine (>98%), sodium
phosphate dibasic (NaHPOy, >98.5%), sodium phosphate monobasic (NaH;POy, >98%),
sodium chloride (NaCl, >99.5%), acetonitrile (ACN, Chromasolv, HPLC grade, >99.9%)
and deuterium oxide (D0, 99.9 atom % D) were purchased from Sigma Aldrich (St. Louis,
MO, USA).

A 0.1 M solution of THI was made every day by dissolving 10.1 mg in 250 uL 0.8%
NaCl, prepared by dissolving 0.8 g of NaCl in 100 mL deionized (dI) water from a Simplicity
UV water purification system (Millipore, Billerica, MA, USA). Mobile phases were prepared
by mixing 100 mM of Na,HPO, and 100 mM of NaH,POj, solutions to obtain pH 7.4 using
a VWR Symphony SB20 pH meter (Thermo Electron Corporation, Beverly, MA, USA). Then
ACN was added to achieve a 30% final concentration (v:v). Mobile phases that contained
GSH (0-20 mM) were prepared by adding the corresponding amount of GSH to the ACN
containing phosphate buffer to give 150 mL of GSH-containing buffer (0.6915 g of GSH to
obtain the 15 mM GSH buffer). Mobile phases containing up to 20 mM Cys were prepared
in an analogous manner. Then, the pH of the final solution was adjusted to 7.4 with 0.4 M
HClI and all mobile phases were filtered through 0.45 um MCE nitrocellulose membrane
filters (Millipore, Mandel Scientific, Guelph, ON, Canada).

3.2. Instrumentation

The HPLC system comprised an Azura P2.1S pump equipped with a ceramic
pump head, a Rheodyne 9725 injector (Rheodyne, LLC, 600 Park Court. Rohnert Park,
CA, USA), a 50 puL sample loop and a Gemini 5 pm Cig HPLC column (Phenomenex,
411 Madrid Avenue Torrance, CA, USA) 150 x 4.6 mm, 5 um particle size). The flow
rate was 1.0 mL min~! and 0.1 M solutions of THI were injected. All separations were
conducted at room temperature (22 °C) and Hg was detected using a Buck Model 200A
flame atomic absorption spectrometer (FAAS, Buck Scientific, East Norwalk, CT, USA)
at 253.7 nm. The HPLC column exit was connected to the FAAS inlet with polyethylene
tubing (I.D. 0.13 mm, length 8 cm) and its void volume (ty = 92 s) was determined by
injecting a NaCl solution and observing the yellow color of the flame using dI water
as the mobile phase. To determine the recovery of Hg in the HPLC experiments, we
injected 1000 pg of Hg into a hollow plastic tube (0.15 mm x 21 cm) and defined the area
that was obtained from the FAAS (10.26 + 0.3 area units) as 100%. The total Hg peak
areas determined by integrating all Hg peaks were then expressed as a percentage of
this theoretical peak area of 100%.

The ESI-MS experiments to identify the Hg-species in the column effluent were con-
ducted using previously established parameters [15]. To identify the Hg-degradation
product that was formed on the column when THI was injected with the 15 mM GSH
containing mobile phase, the corresponding Hg-containing fractions were collected and an-
alyzed by LC-ESI MS with an Agilent 1200 series HPLC coupled to an Agilent 6520 Q-TOF
mass spectrometer (Agilent, Santa Clara, CA, USA). Separation of the Hg complexes from
the buffer matrix was achieved with an Agilent Eclipse Plus C1g column (2.1 mm x 100 mm,
3.5 um particle size) and a 20 mM NH4HCO3/methanol gradient (0-1 min 20% MeOH,
1-9 min gradient to 90% MeOH, 9-10 min 90% MeOH). Flow rate, injection volume, and
column temperature were 0.4 mL/min, 1 uL, and 45 C, respectively. Fraction 1 (~105 s)
was analyzed in positive and negative ESI modes, and fraction 2 (~139 s) was analyzed in
negative ESI mode only. Extracted ion chromatograms (EIC) of the Hg complexes were
obtained from the TIC using the calculated theoretical mass + 10 ppm.
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The Hg NMR experiments were recorded on a Avance III 600 spectrometer (Bruker,
Karlsruhe, Germany) at a resonance frequency of 107.36 MHz using a broadband probe.
The chemical shift was externally referenced to a saturated solution of HgCl, in D,O which
resulted in a signal at —1497 ppm. Spectra were acquired using a 90° pulse, a sweep width
of 217.4 kHz, and 32,000 data points. A 0.3 s delay was used between the scans, and a total
of 8000 scans were accumulated at 298 K. To conduct the actual measurement, we needed
to make a 0.2 M solution of THI in a solution prepared by mixing 100 mM of NayHPOy4
and 100 mM of NaH,PO; solutions each prepared with D,O to obtain pH 7.4 followed
by the addition of ACN to obtain 30% (v:v). We dissolved 80.8 mg of THI in 1.0 mL of
the ACN containing 100 mM phosphate buffer. This solution was then filtered using a
Pasteur pipet (VWR International, LLC, Radnor, PA, USA), which had been equipped with
cotton on the inside into the 5 mm NMR tube and the ?Hg-NMR spectrum was measured.
Thereafter, we made a 1.0 mL solution of 0.2 M THI in 100 mM of phosphate-buffered
solution containing 30% of ACN (v:v) of pH 7.4 prepared with D,O and then added the
amount of GSH to achieve a 30 mM solution (9.2 mg).

Raw LC-FAAS data were imported into Sigma Plot 15 and smoothed using the bisquare
algorithm. Retention times (t;) and Hg peak areas were determined using OriginPro
software (Version 2025). All experiments were performed in quadruplets. Raw ESI-MS and
199Hg NMR data files were imported into OriginPro software for spectral visualization.

4. Conclusions

Previously reported results pertaining to the Cys-mediated degradation of the organomer-
curial phenylmercuric acetate (PMA) at physiological pH to form a phenylmercury-cysteineate
species prompted us to investigate the interaction of THI with the most abundant cytosolic
low-molecular-weight thiol (GSH) at pH 7.4. Employing an LC-based approach allowed us
to observe a progressive GSH-mediated degradation of THI, which was associated with
the elution of a Hg-containing degradation product, which was identified as a GS-EtHg
adduct by ESI-MS. The confirmation of this chemical reaction by *Hg-NMR experiments
implies that under our chosen experimental conditions, THI is effectively degraded by
GSH. To corroborate the LC-results that were obtained with GSH-containing mobile phases,
we replicated these experiments with Cys-containing mobile phases and the same con-
centration range, obtaining results that were comparable, suggesting the formation of a
Cys-EtHg adduct. Taken together, our results serve as a starting point to investigate if THI
will similarly interact with GSH and Cys in biochemically complex cell lysates to form
GS-EtHg and/or Cys-EtHg adducts. These adducts may interfere with other biochemical
processes within cells (e.g., calcium channels) to provide a mechanistic link to adverse
biochemical toxicological effects. The results of our investigations are also relevant to the
development of better antivirals, as PMA and THI have been demonstrated to be effective
inhibitors of the main protease of SARS-CoV 2 [11], which may involve processes similar
to the established mechanism depicted in Figure 7.
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Abstract

The present study reports the sono-chemical synthesis of novel nanosized Cr(III), Mn(II), and
Pd(II) complexes incorporating the chloro-2-(quinolin-8-yliminomethyl)-phenol imine ligand.
The synthesized complexes were characterized using various spectroscopic and analytical
techniques, including Fourier-transform infrared (FI-IR) spectroscopy, ultraviolet—visible
(UV-Vis) spectroscopy, scanning electron microscopy (SEM), and thermal gravimetric analysis
(TGA). The results confirmed the successful coordination of the ligand-to-metal centers, form-
ing stable nanosized metal complexes with distinct physicochemical properties. Biological
evaluations, including antimicrobial and antioxidant assays, revealed that the synthesized
complexes exhibited enhanced biological activity compared to the free ligand, demonstrating
potent antibacterial and antifungal properties against various pathogenic strains. The potential
of the complexes to serve as efficient free-radical inhibitors was determined by employing
DPPH radical scavenging assays, which underscored their significant antioxidant properties.
Furthermore, molecular docking studies were conducted to elucidate the binding interactions
of the metal complexes with biological targets, providing insights into their mechanism of ac-
tion. The findings suggest that the synthesized nanosized Cr(IlI), Mn(Il), and Pd(Il) complexes
possess promising biological properties, making them potential candidates for pharmaceutical
and biomedical applications. The study also demonstrates the effectiveness of sono-chemical
synthesis in producing nanosized metal complexes with enhanced physicochemical and
biological characteristics.

Keywords: sono-chemical synthesis; nanosized metal complexes; quinolinyl-imine ligand;
Cr(11I); Mn(II); Pd(II); biological activity; molecular docking

1. Introduction

Pharmaceutical innovation frequently involves a chemical strategy that combines
several molecules to produce new ones with unprecedented biological properties. The
synthesis of compounds, particularly the versatile class of Schiff bases, is notable for their
anticancer, antibacterial, and anti-inflammatory characteristics, as well as various catalytic,
optical, and sensing properties [1-4]. These molecules readily interact with almost every
metal ion, which is why they are pivotal components in the realm of coordination chemistry.
The objective of creating metal complexes is to tailor their physicochemical properties due
to the broad spectrum of coordination environments, oxidation states, redox potentials,
and ligand arrangements. Consequently, the biological actions of diverse ligands are signif-
icantly influenced when they form complexes [5-7]. The domain of metal-complex-based
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anticancer therapy is in a constant state of advancement, with scientists investigating
innovative metal complexes, combination treatments, targeted delivery mechanisms, and
tactics to surmount resistance [8-10]. Personalized medical approaches, which consider
the individual genetic profiles of patients and their tumor cells, show substantial promise
for enhancing the effectiveness of these therapies and reducing side effects. This cate-
gory of metal-based treatments represents a vast and promising avenue for cancer care,
potentially leading to superior outcomes. Furthermore, antimicrobial metal complexes
boast a multitude of potential uses across different sectors, including medical applica-
tions such as antimicrobial medications and wound coverings, agricultural purposes like
pesticides and fungicides, and consumer goods like antimicrobial coatings for various
surfaces. A significant hurdle in the development of these complexes lies in achieving
selective toxicity towards pathogenic microbes while minimizing harm to human cells.
The design focus is on complexes that can target microbial cells with precision, thereby
reducing the impact on the host organism. This selectivity is essential for their successful
application across various fields. The design and synthesis of transition metal complexes
with Schiff base ligands have attracted significant interest due to their diverse structural
features, chemical versatility, and broad spectrum of biological applications, including
antimicrobial, anticancer, and antioxidant activities [11,12]. Schiff bases, derived from the
condensation of primary amines with carbonyl compounds, possess azomethine (-C=N-)
functional groups, which facilitate strong coordination with metal ions, thereby enhancing
their stability and biological properties [13]. Among the various Schiff base ligands, those
incorporating quinoline moieties have demonstrated remarkable pharmacological potential
due to their r-conjugated system, which enhances electronic interactions and biological
activity [14]. The incorporation of metal ions such as chromium Cr(IIl), manganese Mn(II),
and palladium Pd (II) into these ligands is particularly interesting, as these metals exhibit
diverse coordination geometries and oxidation states, influencing the electronic and bio-
logical behavior of the resulting complexes [15,16]. Ultrasound-assisted (sono-chemical)
synthesis has emerged as a promising technique in the preparation of nanostructured metal
complexes, offering advantages such as improved reaction rates, reduced particle size, and
enhanced purity compared to conventional synthetic routes [17]. Sono-chemical methods
induce cavitation effects, leading to localized high temperatures and pressures, which
significantly impact nucleation and growth kinetics, favoring the formation of nanosized
materials with improved physicochemical properties [18].

The investigated ligand, chloro-2-(quinolin-8-yliminomethyl)-phenol, was not chosen
arbitrarily. It features a Schiff base framework renowned for its versatility in coordination
chemistry, yet distinguished by a unique combination of functional groups that enhance its
potential in biomedical and catalytic applications. The quinoline moiety serves as a well-
established pharmacophore, widely recognized for its ability to intercalate with DNA and for
exhibiting diverse biological activities, including antitumor, antibacterial, and antimalarial
effects. The chloro-substituted phenol ring contributes electron-withdrawing effects that can
significantly influence metal-binding affinity, lipophilicity, and cellular uptake—properties
that are crucial to pharmacological performance. Meanwhile, the imine linkage facilitates
strong chelation with metal centers, while also modulating redox behavior and biologi-
cal reactivity, further enhancing the ligand’s multifunctional character. The chosen metal
ions—Cr(IlI), Mn(II), and Pd(II)—were selected for their distinct biological relevance and
strong coordination compatibility with the tetra-dentate N,IN,O,0-donor set of the investigated
ligand. Their selection reflects both their diverse pharmacological potential and their ability
to form stable, bioactive complexes. Cr(Ill) is an essential trace element involved in glucose
and lipid metabolism, with reported insulin-enhancing and antioxidant properties. Mn(II)
complexes are valued for their catalytic roles in redox processes, as well as their superoxide
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dismutase-mimetic activity, which is linked to antioxidant and neuroprotective effects. Pd(II)
is a versatile transition metal with significant applications in medicinal chemistry, particularly
due to its potent cytotoxic activity and structural analogy to platinum-based anticancer agents,
making it a promising candidate for chemotherapeutic development.

From this point of view, I report the sono-chemical synthesis of novel nanosized Cr(III),
Mn (II), and Pd (II) complexes incorporating a chloro-2-(quinolin-8-yliminomethyl)-phenol
imine ligand. The synthesized complexes are characterized using various spectroscopic and
analytical techniques, including Fourier-transform infrared (FT-IR) spectroscopy, UV-Vis
spectroscopy, scanning electron microscopy (SEM), and thermal gravimetric analysis (TGA).
Furthermore, their biological activities, such as antimicrobial, anticancer, and antioxidant
properties, are investigated, supported by molecular docking studies to elucidate their
interaction mechanisms at the molecular level. The combined physicochemical and compu-
tational approach aims to provide insights into the structure-activity relationships of these
novel nanosized metal complexes, paving the way for potential biomedical applications.

2. Result and Discussion
2.1. Characterization of 4-Chloro-2-(Quinolin-8-Yliminomethyl)-Phenol Ligand and Its Complexes

The solubility of the synthesized complexes was evaluated in various solvents. All
complexes exhibited good solubility in polar aprotic solvents such as dimethyl sulfoxide
(DMSO) and dimethylformamide (DMF), which were used for spectral and biological
studies. However, they showed limited or no solubility in non-polar solvents such as
hexane and toluene and moderate solubility in ethanol and methanol.

2.2. FTIR Spectrum

Infrared spectroscopy in the form of FT-IR analysis was employed to study the charac-
teristics of the 4-chloro-2-(quinolin-8-yliminomethyl)-phenol ligand and its corresponding
metal complexes, as presented in Table 1, Figure S1. A notable feature of the L ligand is
its distinct absorption peak at 1618 cm ™!, which is attributed to the vC-H=N) stretching
vibration. Upon interaction with chromium, manganese, and palladium ions, this peak is
observed to shift to lower frequencies of 1607 cm 1, 1610 em™!, and 1602 cm ™! for the L-Cr,
L-Mn, and L-Pd complexes, respectively. This spectral alteration is indicative of the metal
ions’ chelation with the azomethine group (-CH=N) [19,20]. The ligand’s FT-IR spectrum

1

also reveals characteristic absorption bands at 1552 cm™", corresponding to the v(C=N)

mode in the quinoline moiety. After complexation with the metal species, these bands
undergo a shift to lower wavenumbers: 1526 cm ! for the chromium complex, 1533 cm ™!
for the manganese complex, and 1517 cm ™! for the palladium complex. This phenomenon
suggests the active participation of the quinoline ring in the metal coordination process [21].
Moreover, the v(OH) stretching vibration of the free ligand at 3428 cm~! diminishes, and
the v(C-O) band initially at 1269 cm ™! moves to lower frequencies of 1249 cm !, 1258 cm !,
and 1242 cm ! for the L-Cr, L-Mn, and L-Pd complexes, respectively. This change implies
that the phenolic oxygen atom engages in C-O-M bond formation following the loss of its
hydrogen atom. The appearance of novel absorption bands in the Fourier transforms in-
frared (FI-IR) spectra of the complexes L-Cr, L-Mn, and L-Pd at wavenumbers of 457 cm~ L,
445 cm~!, and 524 cm !, respectively, can be attributed to the presence of metal-oxygen
(M-O) stretching vibrations. In a similar manner, the bands observed at 513 em~ !, 517 em~ L,
and 478 cm~! for L-Cr, L-Mn, and L-Pd correspond to metal-nitrogen (M-N) stretching vi-
brations [22,23]. The specific wavenumbers and intensities of these bands provide insights
into the coordination geometry and the nature of interactions surrounding the metal ions,
thereby substantiating the proposed coordination models for the ligands in the metal com-
plexes. The distinct vibrational characteristics confirm the participation of both nitrogen
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and oxygen in the ligation process, which is essential for understanding the structural and
bonding properties of these compounds

Table 1. The synthesized 4-chloro-2-(quinolin-8-yliminomethyl)-phenol ligand along with its metal
complexes, chemical formulas, M.P, CHN, and IR frequencies.

. M. p.)
Empirical M. p Am Analysis (%)
Formula andDe- (1 Heff naysis 17 IR, Cm 1
Compounds (Formula Color ;omp. cm? (B.M.) Found (Calc)
Weight) s C H N (WOH)H;O v(CH=N)uyy (C=N)py 0(C-0) v(M-N) v(M-O)
C]GHHCIONZ Canary _ B 67.89 3.88 9.97
L (282.72) yellow 180 ©796) (392) (991 428 1618 1552 1269
C3HnClhN504
L-Cr Cr bDark >300 6050 365 233 314 1014 3359 1607 1526 1249 513 457
rown (527)  (3.19)  (10.07)
(695.45)
C32Hp4ChN, Oy
L-Mn Mn brown  >300 850 53 2879 376 851 3345 1610 1533 1258 517 445
(5873) (3.70)  (8.56)
(654.40)
Ci1gHi5CIN2 Oy
L-Pd Pd Orange 300 10.21 4654 319 610 3365 1602 1517 1242 478 524

(46520) (4647) (325)  (6.02)

2.3. 'TH-NMR and "3C-NMR Spectral Evaluations

The ligand in question, denoted as 4-chloro-2-(quinolin-8-yliminomethyl)-phenol, under-
went comprehensive analysis via 'H-NMR spectroscopy, utilizing DMSO-dg as the solvent.
This analysis is presented in Figure S2. The 'H-NMR spectra revealed a singlet at 13.98 ppm,
which can be ascribed to the OH group of the phenolic moiety. The presence of the CH=N
group was discerned at a chemical shift of 9.26 ppm. Additionally, the spectra exhibited
a doublet signal at 8.83-8.80 ppm, corresponding to the hydrogen atom adjacent to the
nitrogen within the quinoline ring (d, 1H, CHarm adjacent nitrogen of quinoline ring). An-
other set of doublet signals at 8.61-8.07 ppm (d, | = 6.9 Hz, 5H, CH,rm) of pyridine ring in
quinoline moiety and at 7.90-6.83 ppm (d, | = 7.1 Hz, 2H, CHamm) and at 7.42-6.81 ppm (d,
J =7.1Hz, 3H, CHam) was observed, attributable to the aromatic protons quinoline moiety.
The '3C-NMR data, obtained in DMSO-d6 medium (Figure S3), provided further structural
insights with chemical shifts at 162.10 ppm for the CH=N carbons, 167.30 ppm for the
CH=N carbons, 163.60 ppm for the (C-OH) carbon, 152.20 (C=N of pyridine ring in quinoline
moiety), 140.50, 138.20, 134.50, 132.10, 128.70, 127.10, 125.50,124.70, 123.10, 121.10, 120.00,
115.20, and 109.50 ppm. This information collectively elucidates the molecular structure and
confirms the synthesis of the ligand according to the expected chemical structure.

2.4. Elemental Analysis and Molar Conductance

The stoichiometry of the formed L-Pd complex with a 1:1 ratio and L-Cr and L-Mn
complexes with a 2:1 ratio (L to Cr or Mn) was affirmed through elemental analysis,
aligning with the anticipated proportions of carbon, hydrogen, and nitrogen, thereby
confirming the adherence to their theoretical chemical formulas. Table 1 encapsulates
the extensive outcomes of this research, substantiating the molecular structure of the
synthesized complexes. For the L-Pd complex, this behavior can be attributed to the square-
planar geometry preferred by Pd(II) ions, which coordinate with the inspected tri-dentate
ligand to form a stable four-coordinate complex. The investigated Schiff base ligand acts
as a tri-dentate donor, offering two nitrogen and one oxygen donor atoms, which can
fully satisfy the coordination requirements of the Pd(II) center in a 1:1 molar ratio with
acetate ions. Additionally, steric hindrance and electronic factors may limit the possibility
of forming higher-order complexes.

The molar conductivities of the L-Cr ([Cr(L),]NO3.H,0), L-Mn ([Mn(L),]1.2H,0),
and L-Pd ([Pd(L)(CH3COO)]-H,O) complexes were determined in 103 M DMF
solution. The recorded values for L-Mn and L-Pd were 8.50 Q™! cm? mol~! and
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10.21 8.50 Q! cm? mol !, respectively, as indicated in Table 1. These results suggest
that both L-Mn and L-Pd function as non-electrolytes [24], consistent with their low
conductivity values. In contrast, the Cr(Ill) complex exhibits a higher conductivity of
60.50 8.50 Q! cm? mol~!, which is indicative of its nature as a mono-electrolyte [25].

2.5. SEM Analysis of the Prepared Nanosized Cr(I11), Mn(1I), and Pd(II) Metal Complexes

Scanning electron microscopy (SEM) was employed to examine the surface morphol-
ogy, particle size, and structural features of the synthesized nanosized Cr(III), Mn(II), and
Pd(II) metal complexes. The SEM images revealed that the complexes exhibit well-defined
nanosized structures with varying morphologies influenced by the nature of the metal ion
and synthesis conditions (Figure 1).

e The SEM images of the Cr(IlI) complex showed an aggregated but uniformly dis-
tributed morphology with spherical-like nanosized particles. The observed structures
suggest a tendency for slight agglomeration due to intermolecular interactions.

e  The Mn(II) complex displayed rod-like or irregular morphology, indicating variations
in nucleation and growth mechanisms during sono-chemical synthesis.

e  The Pd(II) complex exhibited a well-dispersed, granular, and slightly crystalline
nanostructure. The smaller particle size observed for Pd(Il) could be attributed to the
strong coordination interactions between the Schiff base ligand and the palladium ion,
stabilizing the nanostructures effectively.

The particle size of the metal complexes, estimated using Image] software 12 from
the SEM micrographs, ranged between 25 and 45 nm with average of 36 nm for the L-Cr
complex, 30-67 with average of 49 nm for the L-Mn complex and 50 and 110 nm with
average 81 nm for the L-Pd complex confirming the nanoscale dimensions. The differences
in morphology and size among the complexes highlight the impact of metal coordination
chemistry on the self-assembly of nanosized structures. The results also indicate that the
sono-chemical approach facilitated the formation of well-defined nanosized complexes
with enhanced surface properties.

2.6. Electronic Absorption Spectra (EAS)

The detailed spectroscopic study of the L ligand, along with its complexes with
Cr(III), Mn(I), and Pd(II), was thoroughly recorded at a consistent concentration of
1 x 1073 mol. dm~3 in DMF, as depicted in Figure 2 and outlined in Table S1. The
ligand exhibited absorption maxima at 243 nm (emax = 1846 dm3 mol~! mm™1), 256 nm
(€max = 1771 dm® mol~! mm 1), and 346 nm (e max = 1836 dm> mol~! mm 1), which can be
ascribed to the electronic transitions occurring between 7—r* within the aromatic systems
and n-7* within the heteroatom-containing aromatic structures. The absorption feature
at 421 nm (emax = 1372 dm® mol~! mm™1!) is indicative of an intra-ligand transition [26].
Upon complexation, new absorption bands appeared in the range of 331-325 nm, which
can be attributed to 7—7t* transitions of the aromatic system and n—7t* transitions associated
with the C=N (azomethine), -CH=N-, and phenolic OH groups [27,28]. The spectral data
suggests that the ligands are interacting with the respective metal ions, as evidenced by
the observed shifts in band positions. The new absorption bands that appeared at 435 nm
(€max = 1936 dm® mol~! mm 1) in the L-Pd and 383 nm (emax = 1182 dm3 mol~! mm~1) in
the L-Mn complexes are indicative of ligand-to-metal charge transfer (LMCT) transitions.
These transitions likely originate from the p-orbitals of the ligands and are destined for
the d-orbitals of the metal ions. Furthermore, the L-Cr and L-Mn complexes revealed
an additional low-intensity broad peak at 475 nm (emax = 197 dm3 mol~! mm~1) and
479 nm (emax = 1953 dm> mol~! mm™1), respectively, which was absent in the spectrum
of the un-complexed ligand. This feature can be predominantly attributed to the d-d
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transitions within the metal chelates’ structural frameworks, which are characteristic of the

metal-ligand complexation process [29].
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Figure 1. SEM images of the prepared nanosized metal chelates and particle size distribution for

each complex.

2.7. Magnetic Moment

The magnetic moment of metal complexes provides valuable information about the
electronic configuration and magnetic properties of the metal center and its surrounding
ligands. The estimated magnetic susceptibility data obtained from this study closely align
with the theoretical results derived from the equation pg = [4S (S + 1)]%5. The observed
magnetic data for Cr (III), Mn (II), and Pd(Il) chelates with the 4-chloro-2-(quinolin-8-
yliminomethyl)-phenol ligand are presented in Table 1. The findings show that the magnetic
moments for the L-Cr and L-Mn complexes are 3.65 and 5.32 B.M., respectively. These
values are consistent with those expected for high-spin octahedral complexes of Cr (III)
and Mn (II) [30]. While the synthesized L-Pd complex has tetra-coordinates, resulting in a
square-planar structure with diamagnetic character [31].
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Figure 2. Electronic absorption spectra of all the prepared compounds in DMF at 298 K.
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2.8. Thermal Analysis

Thermogravimetric analysis (TGA) was conducted to examine the thermodynamic
stability and determine the presence of water within the crystal lattice of the synthesized
compounds [32]. TGA /DTGA results for the 4-chloro-2-(quinolin-8-yliminomethyl)-phenol
derived metal complexes are presented in Table 2 and Figure 54, with measurements taken
between 30 °C and 800 °C. The [C3;H»CloN504-Cr] complex exhibits five distinct thermal
degradation events. Initially, between 38 °C and 121 °C, a 2.62% mass loss occurs, which is
indicative of the removal of a lattice water molecule. This is followed by an 8.96% weight
reduction between 122 °C and 225 °C, corresponding to the loss of the nitrate (calc. 8.92%).
The third event, at 230 °C to 305 °C, involves the elimination of a CoHsNCl, group with a
mass loss of 28.40% (calc. 28.48%). A subsequent mass loss of 25.66% (calc. 25.59%) between
310 °C and 415 °C is attributed to the removal of a C13HgN fragment. Lastly, from 420 °C
to 595 °C, a C1oHyN,O ligand is lost, resulting in an estimated weight decrease of 24.50%
(calc. 24.58%). The ultimate residue following these degradation steps is chromium oxide.
For the [C3pH4ClpN4O4-Mn] complex, the TGA curve demonstrates five deterioration
phases between 34 °C and 550 °C. The initial stage at 34 °C to 118 °C reveals the expulsion
of two water molecules. The second phase, from 120 °C to 210 °C, corresponds to the loss
of C;H5Cly, amounting to approximately 18.52% of the total mass (calc. 18.64%). Between
215 °C and 365 °C, a C;H4NO ligand is removed, contributing to a mass decrease of 19.13%
(calc. 19.21%). At 370 °C to 460 °C, the TGA indicates the loss of a C19HgN, molecule,
accounting for 23.60% of the mass (calc. 23.55%). Finally, the fifth stage at 465 °C to 545 °C
corresponds to the degradation of a CgHsN unit with a mass loss of 20.70% (calc. 20.75%),
leaving manganese oxide as the residue. The [C1gH 5CIN,O4-Pd] complex undergoes
four weight loss stages. At the onset, from 38 °C to 125 °C, one water molecule is lost,
equivalent to 3.80% of the mass (calc. 3.86%). The second stage, occurring between 125 °C
and 232 °C, is associated with the removal of C;H30,, resulting in a 12.75% mass reduction
(calc. 12.68%). The third stage, at 235 °C to 410 °C, involves the degradation of the
CyH4NCI moiety, contributing to a 29.51% weight loss (calc. 29.55%). The last event, from
415 °C to 685 °C, corresponds to the elimination of a CoHgN group, with a calculated
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mass loss of 27.51%, ultimately resulting in palladium oxide as the remaining product after
thermal decomposition.

Table 2. Thermal decomposition steps, mass loss (%), final residue, and thermo-kinetic activation parameters.

Temp Fragment Loss % Weight Loss % E* A AH* AG* AS*
Complexes (W) M. Formula M. Wt. Found Calc (KJmol ™) (1)  (KJmol~")  (KJmol~") ~ (Jmol 'K~
38-121 H,O 18 2.62 2.58 30.06 51.73 —270.79
122-225 NO; 62 8.96 8.92 29.08 79.35 —275.25
6';:5;5 230-305  CoHsNCl 198.05 28.40 28.48 w5 0011 28.20 104.85 _277.84
- 310-415 Ci13HgN 178 25.66 25.59 : : 27.71 130.57 —283.36
Residue 420-595  CyoH;N,O 171 24.50 24.58 26.51 171.88 —286.16
>600 CrO 68 9.85 9.77 - - -
34-118 2H,0 36 5.42 5.50 48.65 69.46 —273.73
120-210 CyHs5Cl, 160 24.55 24.46 47.91 94.14 —280.18
;ﬁ‘(‘) 215-365 CyH4NO 118 17.95 18.04 1998 0.008 46.87 129.48 —284.87
- 370-460 Ci10HgN, 154 23.60 23.54 : : 45.83 165.29 —287.85
Residue 465-545 CgHsN 115 17.55 17.58 45.08 191.27 —289.48
>550 MnO 71 10.82 10.85 - - -
38-125 H,O 18 3.80 3.86 25.66 48.015 —27251
L-Pd 125-232 CoH30, 59 12.75 12.68 24.86 74.80 —279.01
465.20 235-410 CyH,NCl1 137.5 29.51 29.55 26.35 0.01 23.66 115.36 —283.91
Residue 415-685 CoHgN 128 27.55 27.51 21.77 180.36 —288.33
>690 PdO 1225 26.29 26.33 - - -

Kinetic Parameter

The thermodynamic parameters presented in Table 2 exhibit variations with respect to
temperature. Specifically, the observed increase in G* values is indicative of a positive tem-
perature coefficient, suggesting a rise in the rate of the degradation process as temperature
escalates. This is consistent with the interpretation that higher temperatures are conducive
to the activation of the system, thereby promoting the degradation reaction. The magnitude
of the H* values, being positive, underscores the endothermic nature of the degradation.
This implies that the reaction absorbs heat from its surroundings as it proceeds, which
is characteristic of endothermic reactions that require additional energy to overcome the
activation energy barrier. Concerning the entropy of activation (S5*), most steps in the
thermal degradation process exhibit negative values. This negative S* implies that the
activated complex is more ordered than the reactants, which is indicative of a decrease
in entropy during the reaction. This observation can be rationalized by considering that
the degradation may occur through an abnormal mechanism, where the breakdown of
molecular structures leads to a more ordered state at the intermediate stages. The negative
values of S* can also be linked to the chemisorption of oxygen and the presence of other
decomposition byproducts. The interaction of these species with the substrate may induce
a more organized arrangement of molecules within the activated state, contributing to
the reduced entropy. This ordered state is believed to facilitate the bond-breaking and
bond-making processes necessary for degradation, thereby lowering the overall activation
entropy. The nature of the activated state’s increased order can be understood in terms of
bond polarization. As the system transitions from reactants to the activated complex, there
may be significant electronic rearrangements that lead to a more polarized state. These
electronic transitions are essential for the cleavage of bonds and the formation of new ones,
which are fundamental steps in the degradation process [33].

2.9. Stoichiometry of Complexes in Solution

Employing the techniques of continuous variation and molar ratio analysis, the stoi-
chiometry of the synthesized complexes was ascertained [34-37]. The continuous variation
graph revealed an absorbance peak at a ligand mole fraction range of 0.51-0.62, indicating
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the formation of complexes where Cr(IIl) and Mn(Il) ions bind to the ligand in a 1:2 molar
ratio and Pd(II) ion in a 1:1 molar ratio (Figure 3). This observation was corroborated by the
molar ratio plot, which also affirmed these specific stoichiometric relationships between
the metal ions and the ligand (Figure S5).
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Figure 3. Continuous variation plots for the prepared complexes in DMF at [complex] =1 x 1073 M
and 298 K.

2.10. The Apparent Formation Constants of the Synthesized Complexes

Evaluation of the Synthesized Complex Formation Constants: The synthesized com-
plexes” formation constants (Kf) were derived from spectrophotometric data using the
continuous variation technique, as presented in Table 3. The results indicate that the com-
plexes exhibit substantial stability, with the order of stability being L-Mn > L-Cr > L-Pd
complexes. Additionally, the stability constants (pK) and Gibbs free energy (AG*) values
were determined for these complexes. The calculated AG* values are negative, suggesting
that the complexation reactions occur spontaneously and are energetically favorable [35].

Table 3. The formation constant (Ky), stability constant (-log K¢), and Gibbs free energy (AG*) values
of the prepared complexes in aqueous ethanol at 298 K.

Complexes K pK k]AmGonl
L-Cr 4.75 x 107 7.67 —43.99
L-Mn 6.18 x 107 7.79 —44.45
L-Pd 4.87 x 10* 4.69 —26.67

2.11. pH Profile of the Investigated Complexes

The analysis of complex stability in relation to pH was conducted through spectropho-
tometry, which entailed measuring the absorbance of the complexes across an extensive
PH spectrum from 2 to 12. The characteristic absorption bands corresponding to the metal—-
ligand charge transfer (LMCT) in the L-Pd complex and d-d transition in the L-Mn and
L-Cr complexes were used to assess the pH dependence. This research aimed to establish
the exact pH intervals wherein the complexes maintain their structural integrity, thereby
ascertaining their operational effectiveness across a variety of environmental pH conditions,
which is essential for their intended functionality. The stability curve presented in Figure 4
reveals that these complexes demonstrate persistent steadiness within a pH window of 4 to
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11. Given this stability profile, it is anticipated that the complexes will function effectively
in surroundings where the pH is contained within these bounds [38].
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Figure 4. The effects of pH on the complexing elements in aqueous ethanolic media at 25 °C.

2.12. DFT Details
2.12.1. Geometry Optimization and Mulliken Charge

The geometry optimization of the L, L-Pd, L-Mn, and L-Cr compounds was performed
using the DFT/B3LYP method in the gas phase. For this analysis, the 6-311g (d,p) basis set
was applied to lighter atoms (C, H, N, Cl, and O), while the LANL2DZ basis set was used for
the heavier atoms (Pd, Mn, and Cr). The optimized configurations for L, L-Pd, L-Mn, and
L-Cr yielded minimum energies of —1261.48, —1616.22, —2625.44, and —2607.80 Hartree,
respectively. These findings suggest that the metal complexes exhibit better stability energy
than the free L. The calculated dipole moment values for L-Pd, L-Mn, and L-Cr are 9.45,
5.72,and 5.70 Debye, respectively, all of which are higher than the dipole moment of the free
L, which is 4.33 Debye. These results show the strong dipole-dipole interactions within the
metal chelates [39], emphasizing their crucial influence on both the structural and electronic
properties of the systems. The optimized ground-state geometries of the compounds, along
with key atomic numbering, are depicted in Figure 5. DFT analysis reveals that in the
L-Pd complex, the metal ion coordinates with the O1, O2, N1, and N2 atoms, forming a
square-planar structure. In contrast, the L-Mn and L-Cr complexes coordinate with the N1,
N2, N3, and N4 atoms, as well as two oxygen atoms (O1 and O2), leading to the formation
of an octahedral geometry. The Mulliken charge distribution offers important insights into
the potential coordination sites of the ligand (L), helping to identify its chelating centers. By
examining the gas-phase optimized geometry, the Mulliken charges of key atoms in L were
determined. The atomic charges for N1 (—0.315), N2 (—0.451), and O1 (—0.348) were found
to be negative, suggesting a strong tendency for electrophilic interactions. These negative
charges indicate that these atoms are ideal coordination sites, facilitating the chelation of
metal ions such as Pd?*, Min2*, and Cr3*.
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Figure 5. The proposed geometry of L, L-Pd, L-Mn, and L-Cr compounds by computational approach.

2.12.2. Electrophilic and Nucleophilic Reaction Sites

The MEP, known as the molecular potential surface map, is a valuable tool for an-
alyzing charge-dependent interactions such as electrophilic and nucleophilic reactions,
hydrogen bonding, and overall charge distribution within molecules. It also serves as an
effective method for identifying reactive sites within a molecule [40]. The MEP maps of L,
L-Pd, L-Mn, and L-Cr are illustrated in Figure 6, with color-coded representations indi-
cating varying electrostatic potential levels. Typically, the electrostatic potential follows
an increasing trend in the order: red < orange < yellow < green < blue [41]. In the vi-
sualization, green represents regions of neutral potential, yellow indicates areas with a
slight electron density, and blue highlights nucleophilic zones with a higher positive charge
distribution [42]. The MEP map of the L compound reveals a significant negative potential
concentrated in the central region, specifically between the N1, N2, and O1 atoms. This area,
highlighted in red, indicates a strong electrophilic reaction site, suggesting its potential role
in interactions with positively charged species [43-45] such as Pd?*, Mn?*, and Cr3*. These
results align with the Mulliken charge distribution analysis, further confirming the active
sites of the ligand (L) responsible for chelation with metal ions. In the L-Pd complex, the
negative potential is predominantly concentrated around the O3 atoms, indicating that this
region is highly favorable for electrophilic reactions and hydrogen bonding interactions.
The MEP maps of the L-Mn and L-Cr complexes exhibit a comparable distribution, indicat-
ing similar regions of electrophilic and nucleophilic reactivity. The potential energy range
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for L, L-Pd, L-Mn, and L-Cr is —0.59 to +0.59 a.u., —1.06 to +1.06 a.u., —0.65 to +0.65 a.u.,
and —0.64 to +0.64 a.u., respectively.

—0.65 I - T T+ 0.65

-0.64 W 0.61
Figure 6. The MEP demonstration of L, L-Pd, L-Mn, and L-Cr compounds by computational approach.

2.12.3. Molecular Orbital Analysis

The HOMO and LUMO are key frontier orbitals that define a molecule’s electronic
properties and reactivity. These orbitals, representing the outermost boundaries of a
molecule’s electronic structure, play a fundamental role in various chemical reactions,
particularly those involving electron transfer. HOMO is critical in electron-donating
and nucleophilic reactions, as molecules with an intermediate HOMO energy serve as
effective electron donors, readily participating in nucleophilic or oxidative processes.
Conversely, LUMO represents the lowest accessible energy level for incoming electrons
(Figure 7). Molecules with a low LUMO energy are excellent electron acceptors, making
them highly reactive in electrophilic interactions. A crucial factor in molecular chemistry is
the HOMO-LUMO energy gap. A smaller gap indicates higher reactivity, as the molecule re-
quires less energy for excitation, enhancing its ability to engage in chemical transformations.
The calculated energy values for L, L-Pd, L-Mn, and L-Cr are 3.72, 1.34, 2.71, and 2.66 €V,
respectively. These findings suggest that the L-Pd complex exhibits the highest biological
activity and chemical reactivity among the studied compounds. The observed trend in
biological activity and reactivity follows the order of L-Pd > L-Cr > L-Mn > L, while the sta-
bility trend is reversed, following the sequence of L > L-Mn > L-Cr > L-Pd. Furthermore, the
smaller energy gap of the Pd(Il) complex enhances the efficiency of intramolecular charge
transfer (ICT) along conjugated pathways. This facilitates electron transfer from electron-
donating groups to electron-accepting groups within the molecule [46], thereby improving
its electronic properties and reactivity. On the other hand, a smaller HOMO-LUMO
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gap typically indicates that the complex requires less energy for electronic transitions,
thereby facilitating redox processes. The L-Pd complex, with its reduced HOMO-LUMO
gap, is likely to possess a higher redox potential, making it more susceptible to electron
exchange. This energy gap suggests that the L-Pd complex could exhibit enhanced re-
dox activity, which may have important implications for its catalytic, electrochemical, or
biological properties.
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Figure 7. The predicted HOMO and LUMO contours of L, L-Pd, L-Mn, and L-Cr compounds.

2.12.4. Physicochemical Parameters

The energy values of the HOMO and LUMO in the compounds are essential for
calculating several quantum indices, including chemical potential (P;), maximum electronic
charge transfer (ANmax), global electrophilicity (w), absolute electronegativity (x), absolute
hardness (11), and absolute softness (o). These parameters were derived using a series of
mathematical equations, as outlined in Equations (1)—(6) [47].

Pi=—x (1)
= —(EHOM02+ ELumo) @
_ Erumo ; Ernomo 3)
1
0= g 4)
w = 1;:72 ®)
ANpoe = ©)
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Table 4 shows the values of the physicochemical parameters for the L, L-Pd, L-Mn, and
L-Cr compounds, derived from the Egomo and Epymo values. A comprehensive analysis
of the data provides valuable insights, highlighting key trends and characteristics of the L,
L-Pd, L-Mn, and L-Cr compounds as follows:

(i) The degree of electron transfer within a compound can be assessed using the addi-
tional electronic charge parameter (ANmax), which measures a molecule’s tendency to
accept electrons from another species. Based on this parameter, the results suggest that
the L-Pd, L-Mn, and L-Cr complexes possess enhanced electron transfer capabilities
compared to the free ligand (L). Among these, the Pd(II) complex exhibits the highest
electron-accepting ability, highlighting its superior electronic properties.

(ii) Balancing a compound’s chemical reactivity with its hardness or softness is essential in
determining its interaction potential. The Hard-Soft Acid-Base (HSAB) principle offers
valuable insights into molecular reactivity, suggesting that hard acids preferentially
bind to hard bases, while soft acids form more stable interactions with soft bases.
In biological systems, key components such as cells and proteins are classified as
soft molecules, making them more likely to interact with other soft molecules rather
than hard ones. This explains why softer chemical environments generally enhance
biological activity, whereas harder environments tend to suppress it [48]. Based on
chemical hardness and softness parameters, the predicted reactivity trend for the
studied compounds follows the order of L-Pd > L-Cr > L-Mn > L (Table 4), indicating
that L-Pd exhibits the highest reactivity among them.

(iii) The global electrophilicity index (w) quantifies a molecule’s ability to accept electrons,
classifying it as strong (w > 1.5 eV), moderate (0.9 eV < w < 1.4 eV), or marginal
(w < 0.8 eV). The electrophilicity index values for the studied metal complexes range
from 5.23 to 8.98 eV, confirming their strong electrophilic nature. This result suggests
that these complexes possess significant reactivity, which may contribute to their
potential biological activity [49].

Table 4. Physicochemical parameters for the L, L-Pd, L-Mn, and L-Cr compounds.

Parameter L L-Pd L-Mn L-Cr
Exomo —6.03 —4.14 —5.12 —5.75
Erumo —-2.31 —2.80 —2.41 —3.09
AE 1 umo-HOMO) 3.72 1.34 2.71 2.66
X 4.17 3.47 3.76 4.42
n 1.86 0.67 1.35 1.33
o 0.53 1.49 0.74 0.75

P; —4.17 —3.47 —3.76 —4.42
w 4.67 8.98 5.23 7.34
ANmax 2.24 5.18 2.78 3.32

Analyzing these parameters provides valuable insights into the reactivity, stability, and
intermolecular interactions of molecules, along with their electrical and optical properties.
This deeper understanding enables the development of novel materials with enhanced
characteristics while also optimizing existing ones for a wide range of applications.

The DFT calculations presented in this study play a critical role in elucidating the
electronic and structural features that govern the reactivity and biological behavior of
the synthesized compounds. Key parameters such as HOMO-LUMO energy gaps, Mul-
liken charge distribution, molecular electrostatic potential (MEP), and global reactivity
descriptors (electrophilicity, chemical hardness, and charge transfer capacity) offer detailed
insights into the stability, coordination behavior, and potential interaction sites of the
ligand and its metal complexes. Notably, the enhanced reactivity and biological affinity
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of the L-Pd complex can be rationalized by its low energy gap, high electrophilicity, and
significant softness—attributes that align closely with its superior docking performance
and experimental activity. These computational results, therefore, provide a predictive and
mechanistic foundation that complements and substantiates our experimental findings.

2.13. Molecular Modeling

Molecular modeling is essential for accurately visualizing and predicting ligand—target
interactions, making it a powerful tool for validating experimental results. In this study,
molecular docking simulations were performed to reinforce the observed anticancer, an-
timicrobial, and antifungal properties of the synthesized compounds. The key docking
representations highlighting their biological activity are summarized below.

To evaluate the antimicrobial potential of the compounds, the optimized structures
were docked into the active site of 4EWP for Micrococcus luteus bacteria. Figure 8 provides
a detailed visualization of the docking poses within the active site of 4EWD, along with
the corresponding 3D interaction diagrams. The analysis revealed significant interactions
with key amino acids, highlighting their potential effectiveness against microbial targets.
According to the docking results, the free binding energies for L, L-Pd, L-Mn, and L-Cr
were calculated as —6.67, —9.33, —8.63, and —8.68 kcal/mol, respectively. These findings
indicate that the L-Pd complex exhibits the strongest binding affinity to the protein’s
active site compared to the other compounds, verifying the strong effect of this complex
in the inhibition of Micrococcus luteus. The L-Pd complex establishes seven hydrophobic
interactions between its aromatic rings and key amino acid residues of 4EWP, including
ALA 338, LEU 236, MET 202, VAL 92, and VAL 156. Additionally, two hydrophobic
interactions occur between a chlorine atom in the complex and the amino acids VAL 156
and PRO 95. Furthermore, a hydrogen bond is observed between the O1 atom and GLN
206, while a halogen bond is formed between the chlorine atom and THR 93.

To evaluate the anticancer potential of the compounds, molecular docking simula-
tions were conducted using the 3HB5 breast cancer protein as the target. During the
molecular docking process, L, L-Pd, L-Mn, and L-Cr were docked into the active site of
3HB5. The binding affinity values obtained were —6.78, —8.35, —6.98, and —7.03 kcal/mol,
respectively. These results suggest that the L-Pd complex exhibits the strongest binding
interaction with the target protein, indicating its potential for enhanced biological activity
against breast cancer cells. A stronger interaction corresponds to a more negative binding
energy. Accordingly, the binding strength follows the order of L-Pd > L-Cr > L-Mn > L.
This trend aligns well with the experimental findings, further validating the computational
results. The docking representation, along with the corresponding 3D interaction diagrams
for the binding process of L, L-Pd, L-Mn, and L-Cr with 3HBS5, is illustrated in Figure 9. The
L-Pd complex forms five hydrophobic interactions between its aromatic rings and crucial
amino acid residues of the breast cancer protein, including ILE 14, VAL 188, PHE 192,
and PRO 187. Additionally, a chlorine atom in the complex engages in two hydrophobic
interactions with LEU 149 and VAL 143. Moreover, two hydrogen bonds are established
between the complex and the SER 142 and CYS 185 residues, further reinforcing its binding
stability.

Our in vitro studies demonstrated the remarkable efficacy of these metal chelates in
inhibiting fungal growth. To gain deeper insights into their mechanism of action, docking
simulations were performed to analyze their molecular interactions in detail. The docking
analysis specifically targeted the active site of Candida albicans (PDB code: 5V5Z), providing
a comprehensive understanding of their antifungal properties. The binding free energy
values of L, L-Pd, L-Mn, and L-Cr within the active site of Candida albicans were determined
to be —7.16, —10.56, —8.26, and —10.35 kcal/mol, respectively. Notably, the L-Pd complex
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demonstrated the highest binding affinity, suggesting its potential for strong interactions

and effective inhibition of Candida albicans. Figure 10 demonstrates the interaction diagrams
between L, L-Pd, L-Mn, and L-Cr and the active site of Candida albicans. The L-Pd complex
establishes three hydrogen bonds with the amino acid residues CYS 470, GLY 472, and ILE
471 through the O3 atom. Additionally, fifteen hydrophobic interactions were identified
between the Pd(II) complex and the amino acid residues ILE 131, LEU 300, ILE 304, LEU
204, LEU 276, ALA 149, LEU 150, ALA 146, and LYS 143, demonstrating its strong binding
affinity and potential stability within the biological system.

Figure 8. Docking analysis of L, L-Pd, L-Mn, and L-Cr in the interaction with the 4EWP target.

Theoretical calculations indicate that the studied chelates possess small energy gap
values, suggesting their potential for efficient charge transfer to breast cancer protein,
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Micrococcus luteus, and Candida albicans. Additionally, the high global electrophilicity index
further confirms the enhanced reactivity of these compounds toward these biological
targets. Consequently, all DFT parameters validate the superior biological activity of the
L-Pd complex, as corroborated by both molecular docking and experimental findings.

Figure 9. Docking analysis of L, L-Pd, L-Mn, and L-Cr in the interaction with the 3HB5 target.
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Figure 10. Docking analysis of L, L-Pd, L-Mn, and L-Cr in the interaction with the 5V5Z target.

2.14. Biological Activity
2.14.1. Antimicrobial Activity

The study evaluated the antimicrobial properties of a synthesized 4-chloro-2-(quinolin-
8-yliminomethyl)-phenol ligand and its corresponding metal complexes against specific
bacterial strains, including S. marcescens, M. luteus, and E. coli, as well as fungi such as
(A. flavus, C. candidum, and F. oxysporum). Ofloxacin and fluconazole were employed as
benchmarks for antibacterial and antifungal activities, respectively. The ligand—palladium
complex (L-Pd) exhibited the most significant antimicrobial effect among the compounds
examined, as indicated by the inhibition zone diameter measurements (mm/ug of sample).
This enhanced activity in the metal complexes is likely attributed to chelation theory, which
suggests that the formation of a chelate complex can increase the biological efficacy of
the ligand by improving its ability to interact with biological targets [50,51]. The varying
antimicrobial potencies observed may be a result of differences in the cellular structure,
particularly the cell wall composition, of the microbial species under study [52]. The
minimum concentration required to inhibit the growth of the microorganisms (MIC) for
the synthesized compounds is presented in Table 5. Additionally, to affirm the accuracy of
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the antimicrobial assessment, an activity index calculation was performed, as outlined in
Table 6. It is important to note that the concentration of dimethyl sulfoxide (DMSO) used in
the preparation of these samples did not surpass 0.5%, ensuring that it would not interfere
with the experimental outcomes [53]. The actual inhibition zones for both bacterial and
fungal species are detailed in Tables S2 and S3 of the Supplementary Materials.

Table 5. The results of the minimum inhibition concentration (MIC) of the ligand and its metal
complexes against the different strains of bacteria and fungi.

(MIC) Minimum Inhibition Concentration ug/mL

Compound Bacteria Fungi

S.marcescence  E.coli M. luteus A.flavus C.albicans  F. oxysporum

L 7.5 8.25 6.5 8.75 6.25 7
L-Cr 2.75 3.5 2 3.75 2.25 3.25
L-Mn 3 3.75 2.5 4 3 3.75
L-Pd 2.25 3 1.75 3 2.25 2.75
Ofloxacin 2 2.75 1.5
Fluconazole 2.25 1.75 2.5

Table 6. Antimicrobial activity index (%) of the ligand and its complexes.

Activity Index (%)

Compound Bacteria Fungi

S.marcescence  E.coli M. luteus A.flavus C. albicans  F. oxysporum

L 44.05 38.48 37.7 39.41 34.96 33.65
L-Cr 94.82 91.58 95.06 92.87 94.09 91.23
L-Mn 89.94 86.97 93.22 88.26 91.26 86.28
L-Pd 97.71 98.2 98.74 96.23 95.37 95.85

2.14.2. Determination of Minimum Inhibition Concentration

The outcomes from the serial dilution assay (MIC) exhibit a strong congruence with the
results obtained via the disk diffusion method, as depicted in Table 5 and Figures 11 and 12.
In contrast to other complexes examined, the L-Pd complex has demonstrated remarkable
bio-efficiency, with MIC values of 2.25, 3.00, and 1.75 M against S. marcescens, E. coli, and
M. luteus, respectively. Amongst the bacterial species under study, M. luteus emerged as
the most susceptible, while E. coli displayed the highest resilience. Notably, G. candidum
was identified as the most sensitive fungus. This enhancement in antimicrobial potency
can be rationalized in light of Overtone’s principles [54-56], which suggest that chelation
enhances the ligand’s function as a more potent antibacterial agent by constraining bacterial
proliferation. The significant increase in the inhibitory zones of metal chelates versus free
ligands is indicative of the metal’s ability to interact more effectively with biological targets
due to the reduced polarity resulting from the shared positive charge with the ligand’s
hetero atoms and the delocalization of 7 electrons throughout the chelate framework. The
bacterial cell wall and membrane, rich in lipids and polysaccharides, provide an optimal
environment for metal ion interaction. The varying sensitivity of different bacteria to
these complexes may be attributed to differences in their ribosomal structure or cellular
permeability. Moreover, the metal complexes” effectiveness could be influenced by factors
such as solubility, size, dipole moment, metal ion redox potential, bond length, complex
geometry, and hydrophobicity. The steric hindrance may also affect their antimicrobial
activity since limited lipid solubility can impede the metal ion’s ability to reach the cell
wall’s active site, thereby hindering the complexes” antibacterial efficacy. The data sug-
gest that the antibacterial performance of metal complexes is not solely determined by
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chelation but is instead a multifaceted phenomenon influenced by a confluence of factors.
These include the complex’s solubility, the metal-ligand bond length, the metal ion’s redox
state, its spatial arrangement within the complex, the molecule’s overall shape, and the
physicochemical properties that govern its interaction with bacterial membranes and sub-
sequent cell penetration. Additionally, pharmacokinetic factors such as concentration and
the molecule’s tendency to partition between hydrophilic and hydrophobic environments
contribute to the overall antimicrobial efficacy. Thus, the observed increase in antibacterial
activity of metal complexes can be ascribed to a composite of various mechanisms beyond
chelation, which may interact synergistically to inhibit microbial growth [57,58].
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Figure 11. Antibacterial activity for the compounds under inspection against M. luteus bacteria.
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Figure 12. Antifungal activity for the compounds under inspection against C. albicans fungi.

2.15. Anti-Cancer

The study examined the antitumor properties of the 4-chloro-2-(quinolin-8-
yliminomethyl)-phenol ligand and its associated complexes with Cr(IlI), Mn(II), and Pd(II)
metals in HepG-2, HCT-116, and MCEF-7 cell lines using IC5 values (Table S4 and Fig-
ure 13). It was found that both the ligand and its metal derivatives suppressed cell pro-
liferation in a dose-dependent manner, although their efficiencies varied significantly (as
depicted in Figure 13). Upon analysis of the ICsy values (Table S4), it was determined
that all metal complexes exhibited stronger inhibitory effects than the ligand alone. No-
tably, the Pd(II) complex displayed the highest potency, with ICs; values of 3.82 and
417 ug/uL against MCE-7 and HepG-2 cells, respectively, which were comparable to the
reference drug Cisplatin at 10.75 and 6.65 ug/uL. This suggests that the L-Pd complex
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holds promise as a potential treatment for hepatic tumors. Additionally, the L-Cr complex
demonstrated substantial inhibitory activity against the MCF-7 cell line, with an ICsy value
of 5.86 nug/uL. The relative cytotoxic potencies of the metal complexes can be arranged
as follows: L-Pd > L-Cr > L-Mn > ligand. The sensitivity of the cancer cell lines to these
substances was observed in the order of MCF-7 > HepG-2 > HCT-116. These results col-
lectively suggest that the coordination of metal ions to the ligand enhances its anticancer
capabilities. The primary factor contributing to the variation in biological activity among
these compounds appears to be the alteration of coordination sites, which may influence
the formation of more effective hydrogen bonds with the negatively charged DNA of cancer
cells due to the metal ions’ positive charge [59-62].
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Figure 13. ICs of the ligand, its metal chelates, and the medication Cisplatin versus Hep-G2, HCT-116,
and MCEF-7 cell lines.

The cytotoxicity assessment of the investigated compounds revealed significant differ-
ences in their biocompatibility toward normal human cells. The investigated imine ligand
exhibited the highest IC5( values, averaging 356.63 and 415.42 pug/pL for human dermal
fibroblasts and PBMCs, respectively, indicating excellent biocompatibility and minimal
toxicity. In contrast, PdL nanoparticles showed lower cytotoxicity, with IC5 values ranging
from 218.6 to 263.75 pg/uL, likely due to oxidative stress induced by Pd?* ion release.

When compared with the standard anticancer agent cisplatin, which exhibited ICs
values of 192.85 pg/uL for dermal fibroblasts and 205.30 pg/uL for PBMCs, the investi-
gated compounds demonstrated substantially lower toxicity profiles. This stark contrast
highlights the potential of investigated imine complexes as safer alternatives for biomedi-
cal applications, especially in drug delivery or theranostics, where minimizing off-target
toxicity is crucial.

Imine (Schiff base) metal complexes exhibit significant anticancer activity through
multiple mechanisms [34,36] (Figure 14). They can interact with DNA by intercalation or
covalent bonding, disrupting replication and transcription, ultimately leading to cell death.
Additionally, these complexes induce reactive oxygen species (ROS) production, causing
oxidative stress and cellular damage. They also inhibit key enzymes such as topoisomerases
and proteasomes, preventing cancer cell proliferation. Furthermore, some imine complexes
disrupt mitochondrial function, triggering apoptosis through intrinsic pathways. The
metal center in these complexes can participate in redox reactions, enhancing cytotoxic
effects. Overall, imine metal complexes exert anticancer effects by inducing DNA damage,
oxidative stress, enzyme inhibition, and mitochondrial disruption, making them promising
candidates for chemotherapy.
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Figure 14. Pathway for anticancer mechanism of the investigated imine complexes. Figure generated
using Al-assisted illustration tools for conceptual visualization purposes only.

2.16. Examination of DPPH Radicals Scavenging Efficiency

Oxidative processes mediated by free radicals are substantially implicated in the patho-
genesis of various human ailments, including the aging process [63]. The novel synthesized
compound, 4-chloro-2-(quinolin-8-yliminomethyl)-phenol, and its corresponding metal
complexes were subjected to in vitro antioxidant assays to explore their therapeutic poten-
tial. The DPPH free radical scavenging method was employed for these evaluations due to
its widespread use and practical advantages. The assay involved preparing solutions with
varying concentrations of the ligand and its metal chelates (10, 25, 50, 100, and 150 pg m1~1)
to assess their antioxidant efficacy. Ascorbic acid served as a benchmark for comparison
purposes. The findings reveal that the metal-bound forms of the ligand generally dis-
played greater antioxidant capacity than the free ligand itself. Specifically, it was observed
that the antioxidant potency of all the complexes escalated in tandem with concentration
augmentation. Further analysis demonstrated that the L-Pd complex presented the most
proficient antioxidant activity, characterized by the lowest ICs, value of 15.35 ng/mL, as
depicted in Figure 15 and Table S5. Conversely, the L-Mn complex exhibited the least
antioxidant efficacy among the examined complexes, with an ICsq value of 25.60 g ml~!.
This suggests that metal chelation can enhance the antioxidant properties of the ligand,
potentially offering a promising avenue for the development of new antioxidant therapies.

The correlation between the prepared imine complexes and their biological activ-
ity is influenced by several factors. Firstly, the nanosized form provides a significantly
higher surface-area-to-volume ratio, enhancing interactions with biological targets such as
enzymes, DNA, and cellular membranes. This leads to improved solubility y and bioavail-
ability, making the complexes more effective in biological systems. Additionally, their
reduced size facilitates cellular uptake through mechanisms like endocytosis or passive
diffusion, allowing for better penetration and interaction with intracellular targets, which
can enhance antibacterial, antifungal, or anticancer activity.
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Figure 15. The ligand and its metal complexes inhibit the DPPH radical.

The nanoscale morphology of the solid complexes may influence parameters such
as dissolution rate and bioavailability; however, upon dissolution in DMSO, the bio-
logically active species are expected to be discrete metal-ligand molecules. Therefore,
docking studies and mechanistic interpretations are based on the molecular form rather
than nanoparticle aggregates. Their enhanced chemical and thermal stability prevent
premature degradation, allowing for a sustained release of the active compound, which in
turn improves therapeutic efficacy while minimizing toxicity. Many of these complexes
incorporate metal ions such as Cr, Mn, or Pd, which contribute to biological activity through
mechanisms like reactive oxygen species (ROS) generation, enzyme inhibition, or DNA
cleavage, leading to potentiated antimicrobial and anticancer effects.

Another key advantage of nanosized imine complexes is their potential for selective
targeting. Their surface can be functionalized to improve specificity toward diseased cells,
such as cancerous cells, while reducing interactions with healthy cells, thereby minimizing
off-target toxicity. This selective targeting, combined with their enhanced bioavailability
and stability, makes nanosized imine complexes promising candidates for biomedical
applications. Overall, their nanoscale properties significantly enhance their biological
activity, making them more efficient and effective compared to their bulk counterparts.

3. Experimental
3.1. Reagents

All chemicals and solvents employed in the research were of analytical purity
and utilized directly as obtained, without further purification. These comprised
the precursors for the synthesis of imine ligands, namely 8-aminoquinoline and 5-
chloro-2-hydroxybenzaldehyde (98%), as well as ethanol (99.9%), acetone (99%), N, N’-
dimethylformamide (DMF) (98.5%), and dimethylsulfide (DMSO) (99%), obtained from
Sigma-Aldrich, Schnelldorf, Germany. The study involved the use of these solvents without
prior distillation. For the preparation of imine metal complexes, the following transition
metal salts purchased from Sigma-Aldrich were utilized: Mn(NOg3);-4H;0 (99%), Pd(OAc),
(98.5%), and Cr(NO3)3-9H,0O (98%). These salts were selected for their established role in
facilitating the formation of complex compounds and were essential to the experimental
procedures conducted.

3.2. Instrumentation

All instrumentation and methods which used in the current investigation are supplied
in the Supplementary Materials.
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3.3. Synthesis of Tri-Dentate L Imine Ligand

The compound 4-chloro-2-(quinolin-8-yliminomethyl)-phenol (L) was synthesized
using a condensation reaction (cf. Scheme 1). The process involved the combination of
8-aminoquinoline (2.88 g, 20 mmol) and 5-chloro-2-hydroxybenzaldehyde (3.13 g, 20 mmol)
in a solvent of ethanol, EtOH (25 mL). To facilitate the reaction, the solution was heated to
reflux for a duration of three hours. Upon completion of the heating period, the reaction
mixture was allowed to cool to room temperature, which promoted the precipitation of a
brown solid. The precipitate was isolated through the process of filtration to separate it
from the remaining liquid components. Following the separation, the solid was further
purified by recrystallization in ethanol, and dried in a desiccator to remove any adsorbed
solvent molecules.

L 'H NMR (400 MHz, DMSO-dg): d (ppm) 13.98 (s, 1H, OH), 9.26 (s, 1H, CH=N),
8.83-8.80 (d, 1H, CHarm adjacent nitrogen of quinoline moiety), 8.61-8.07 (d, ] = 6.9 Hz
3H, CHamm of pyridine ring in quinoline moiety), 7.90-6.83 (d, | = 7.1 Hz 3H, CHam),
7.42-6.81 (d, ] = 7.1 2H, CHapm of quinoline moiety). *C NMR (5, ppm) in DMSO-dé6:
167.30 (CH=N), 163.60 (C-OH), 152.20 (C=N of pyridine ring in quinoline moiety), 140.50
(right carbon adjacent nitrogen tom in quinoline moiety), 138.20 (left carbon adjacent
nitrogen tom in quinoline moiety), 134.50 (carbon in para position for nitrogen tom in
quinoline moiety), 132.10 (right carbon adjacent chloride atom in phenyl ring), 128.70 (left
carbon adjacent chloride atom in phenyl ring), 127.10, 125.50, 124.70, 123.10, 121.10, 120.00,
115.20, 109.50.

3.4. Sono-Chemical Synthesis of Pd(Il), Mn(Il), and Cr(11I) Complexes with
4-Chloro-2-(Quinolin-8-Yliminomethyl)-Phenol Ligand

Sono-chemical synthesis refers to the use of ultrasonic waves to promote chemical
reactions. This method is particularly useful in synthesizing metal complexes, including
Salen metal complexes, as it enhances reaction rates, improves yields, and leads to better
product purity.

A methanolic solution (20 mL) of Cr(NO3)3.9H,0 or Mn(NO3),.4H,0 or Pd(OAc¢),
(2 mmol) is prepared and added dropwise to a methanolic solution of the ligand (2 mmol)
under continuous ultrasonic irradiation at 40 kHz. The reaction mixture is subjected to
sonication at room temperature for 1-2 h, leading to the formation of the investigated
complexes (cf. Scheme 1). The obtained precipitate is filtered, washed with ethanol and
ether, and dried under vacuum.

3.5. Estimating the Stoichiometry of Chelates Using Job’s and Molar Ratio Methods

The solubility and molar masses of Cr(III), Mn(II), and Pd(II) complexes were scru-
tinized in this study. Employing Job’s continuous variation approach, the researchers
examined the stability of these complexes in solution by systematically varying the molar
ratios of the metal (M) and ligand (L) species. Following the preparation of these mixtures,
the systems were meticulously equilibrated, and the digestibility rate for each specific
combination was meticulously noted. The analysis was conducted by monitoring the
absorbance of the individual solutions, with the ligand mole fraction ([L]/[L] + [M]) or the
molar ratio ([L]/[M]) serving as key parameters to evaluate the stability and molecular
weight of the formed complexes [64].
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Scheme 1. Diagrammatic approach to the synthesis of the ligand and associated metal complexes.

3.6. Assessment of the Apparent Constant of Complexes

The formation constants (K¢) of the examined chelates have been derived for inten-
sively studied systems, utilizing Job’s method in conjunction with spectrophotometric
analysis. This technique involves the following equations for different molar ratios:

For a 1:1 molar ratio [37,65],

kp=——M @
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Conversely, for a 1:2 molar ratio,

A
ke = Au ®)
e (1 —A/Ap)?

Here, A represents the starting molar concentration of the metal ion, Ay; is the maximum
transmittance corresponding to the formation of the topmost chelate complex, and C
denotes the transmittance at a specific wavelength within the transmittance range.

To evaluate the Gibbs free energy changes (AG) associated with these chelate forma-
tions, the following equation has been applied:

AG = —RT In(K{) ©)

where R is the universal gas constant, T is the temperature in Kelvin, and K¢ is the formation
constant of the chelate. This relationship allows for the determination of the thermodynamic
stability of the complexes formed.

3.7. Magnetic Moment Measurements

The assessment of magnetic susceptibility is a highly proficient strategy for examining
the structural arrangement of complexes involving transition metals [66]. This process
entails the determination of the molar susceptibility of the coordination complex, which
is achieved by implementing diamagnetic corrections to account for the presence of other
ions or molecules in the sample mixture. This methodology allows for the quantifica-
tion of the susceptibility of a single paramagnetic metal atom within the material under
investigation [67]. Several approaches are available for determining these diamagnetic
adjustments; however, one prevalent technique relies on the premises established by Pascal.
This approach incorporates specific relationships and equations that facilitate the precise
calculation of magnetic susceptibility and the resultant effective magnetic moment.

Heff = 2.83\/ XAT (10)
Xa = Xp — (diamagnetic correction) (11)
Xy = XgM.wt (12)

The expression involves several variables: T represents absolute temperature in Kelvin,
eff signifies the practical magnetic moment in Bohr Magnetons (B.M), X, indicates the
measured gm magnetic susceptibility, Xy denotes the molar magnetic permeability prior
to correction, and X, symbolizes the molar magnetic permeability following correction

3.8. Spectrophotometric Studies

For the purpose of examining ultraviolet-visible light wavelengths spanning from
200 to 700 nanometers, standard solutions of metal chelate with a concentration of
1073 mol/L were concocted. This was accomplished by meticulously measuring and
adding the required volumes of the metal compounds to dimethylformamide, serving as the
solvent medium.

3.9. Thermogravimetric Analysis and Kinetic Studies

To evaluate the thermal stability of the complex, thermogravimetric analysis (TGA)
was employed to determine the solvent’s role within the coordination environment. Addi-
tionally, it is imperative to establish the metal content of the mixture. This heating process is
governed by kinetics, which allows for the assessment of both kinetic and thermodynamic
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properties. For this purpose, the Coats—-Redfern method was utilized, as detailed in the
literature [68,69].
The kinetic equation used is given by

o AR E

In= {gi(“z)} = ln(ﬁE) - RT (13)
R represents the gas constant, and g(«) is defined differently based on the reaction order, n.
When n is not equal to 1, g(«) is expressed as g(e) =1 — (1 — «)!™™/1 — n. Conversely, for
n =1, g(«) simplifies to g(«) = —In(1 — «). The correlation coefficient, denoted as r, was
computed using the least squares method for a range of n values (n = 1.00, 0.66, 0.51, and
n = 0.33). The relationship between In [g(cx) /T?] and 1/T was graphically presented, and
the reaction order was selected as the n-value that yielded the most accurate fit (r ~ 1). The
intercept provides the pre-exponential factor (A), and the slope offers the activation energy
(Ea)/R. Thermodynamic parameters were also derived from this approach, analogous to
the determination of A and E [70].

3.10. DFT and Docking Studies
3.10.1. DFT Calculations

Quantum mechanical atomistic simulations were conducted using DFT perspective to
analyze various properties of L, L-Pd, L-Mn, and L-Cr compounds. These computations
were carried out with the Gaussian 09W software [71], while molecular structures were
visualized using GaussView 6.0. Optimization was achieved through the B3LYP hybrid
functional, employing the 6-311g (d,p) basis set for lighter atoms and LANL2DZ for
heavier ones. This approach facilitated the determination of molecular orbital structures
and electrostatic potential surface maps. Additionally, the HOMO and LUMO energy
levels, along with the energy gap (Egap), were calculated for both the ligand and its metal
complexes. Finally, the quantum reactivity of the studied compounds was assessed based
on their molecular orbital energies.

3.10.2. Molecular Docking Approaches

The possible anticancer, antimicrobial, and antifungal effects of the L, L-Pd, L-Mn,
and L-Cr compounds were investigated using an in silico docking approach to vali-
date their experimentally observed biological activities. To acquire the initial crystal-
lographic structures of 3HB5 [72]—a breast cancer protein (used for anticancer activity);
4EWP [73]—Micrococcus luteus (used for antimicrobial activity); and 5V5Z [74]—Candida
albicans (used for antifungal activity), a thorough search was conducted in the Protein Data
Bank (https://www.rcsb.org/, accessed on 2 June 2025). The ligand and its optimized
complexes, obtained from DFT, were converted into PDB format through the GaussView
6.0 program and used as ligands for docking modeling. Molecular docking was performed
using AutoDock Tools 1.5.6 in conjunction with Autogrid 4 and AutoDock 4.2 [75]. This
process utilized the Lamarckian genetic algorithm (LGA) to identify the potential binding
site and determine the optimal orientation of the ligand. For the initial preparation of
the macromolecular structure, hydrogen atoms were added, and Kollman charges were
appropriately assigned [76]. Furthermore, all water molecules, ligands, and non-essential
components were removed from the protein structures [73]. Grid boxes were defined with
dimensions of 80 x 90 x 90 A for 3HB5, 96 x 86 x 96 A for 4EWP, and 90 x 100 x 100 A
for 5V5Z, with a spacing of 0.375 A. Ligand poses were extracted using the Chimera pack-
age [77] and subsequently analyzed for interaction diagrams using the Discovery Studio
Visualizer 4.1 program.
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3.11. Biological Evaluate
3.11.1. Antibacterial Activity

The in vitro biological properties of the ligand 4-chloro-2-(quinolin-8-yliminomethyl)-
phenol and its complexes were scrutinized in a study to evaluate their efficacy against
a range of bacterial strains, including Micrococcus luteus (Gram-positive), Escherichia coli
(Gram-negative), and Serratia marcescens (Gram-negative). The antimicrobial activity was
assessed using the well diffusion technique on nutrient agar plates [78]. Additionally, the
antifungal potency of these substances was explored against diverse fungal species such as
Fusarium oxysporum, Geotrichum candidum, and Aspergillus flavus, employing potato dextrose
agar as the growth medium. To prepare the compounds for testing, they were dissolved in
dimethyl sulfoxide (DMSO) to achieve concentrations of 10 mg/mL and 20 mg/mL. The
experimental setup involved creating wells on the agar plates that had been previously
inoculated with the target microorganisms [79,80]. These wells were then filled with the test
solutions using a micropipette. For control purposes, some wells contained only DMSO,
which served as the negative control, while others contained established antimicrobial
agents like Ofloxacin for bacteria and fluconazole for fungi as positive controls. The plates
were then incubated at optimal temperatures for the respective microbial groups: 24 h at
37 °C for bacteria and 72 h at 35 °C for fungi. Following the incubation period, the zone
of inhibition surrounding the wells was measured using a specialized zone reader (Hi
Antibiotic zone scale) to determine the compounds’ inhibitory capabilities against the test
microbes. It is noteworthy that the solvent DMSO, when used by itself, did not exhibit any
antimicrobial activity, ensuring that the observed effects were solely attributed to the ligand
and its complexes. The experiment was meticulously conducted with three replicates for
each substance to ensure the reliability of the results.

3.11.2. Anticancer Evaluation of Ligand and Its Metal Complexes

The study utilized an ELISA microplate reader (Model 2960 from Meter Tech, Taipei,
Taiwan), which operates with a wavelength of 564 nm to evaluate the effects of the com-
pounds on Hep-G2 (hepatocellular carcinoma, human liver cancer cell line) was obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA), MCF-7 (human
breast adenocarcinoma cell line) was purchased from ATCC (Manassas, VA, USA), and
HCT-116 (human colorectal carcinoma cell line) was also purchased from ATCC (Manassas,
VA, USA). The cellular analysis commenced with the distribution of the cells at a density
of 10,000 cells per well in a 96-well plate, allowing them to adhere for 24 h at 37 °C. After-
ward, the cells were subjected to different concentrations of the compounds, dissolved in
DMSO (0, 1, 2.5, 5, and 10 uM), for a 48 h incubation period within a 5% CO; controlled
environment at the same temperature. Post-incubation, the plate was processed for fixation
and staining with sulfo-rhodamine B. Unwanted stain residues were removed through
acetic acid washes, and the plate was treated with Tris-EDTA buffer. The optical density of
the stained cells, which correlates with cell viability, was measured by the ELISA reader.
The ICs value, indicating the compounds’ efficacy, was determined following standard
procedures outlined in the literature [81-84].

Inhibition concentration (IC) % = (Control O.D — Ligand O.D) x 100/Control O.D (14)

3.11.3. Assessment of Antioxidant Activity Using DPPH Radical Scavenging Assay

The investigation into the antioxidant characteristics of the molecules in question
was performed via an assessment of their capacity to scavenge DPPH (1,1-diphenyl-2-
picrylhydrazyl) free radicals, adhering to the methodological guidelines established [85].
This methodology is a prevalent technique for evaluating the antioxidative potential of
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substances. It is predicated on the interaction between the antioxidants and the stable
DPPH free radical, which results in a decrease in optical density and a transformation
in color from purple to yellow. This change occurs as a consequence of the antioxidants’
capability to neutralize the free radicals. The experimental procedure entailed combining
2.0 mL of the chelates under study with 6.0 mL of the DPPH solution. Notably, the chelates
were omitted from the control and blank samples. These solutions were then placed in a
darkened setting and allowed to incubate for a duration of 0.5 h at a constant temperature of
25 degrees Celsius. Upon completion of the incubation period, spectrophotometric analysis
of the transmittance was conducted at a wavelength of 519 nm, which is particularly
relevant for monitoring the DPPH reaction’s progress. The absorbance of the samples was
determined by comparing them to both blank and reference solutions. The calculation of
the ICs5p, which represents the concentration at which the chelates exerted a 50% inhibition
of DPPH free radicals, was executed using the appropriate formula:

Scavenging activity (%) = Ao — At / A, X 100 (15)

where A represents the initial absorbance of the blank (standard) control at time t = 0, and
Ay is the absorbance at the end of the reaction. This approach is effective in quantifying the
antioxidant effectiveness of the molecules. The assay involved a serial dilution to expose
each sample to varying concentrations, and all experiments were triplicated to ensure the
reliability of the data [85].

4. Conclusions

Novel nanosized Cr(IlI), Mn(Il), and Pd(II) complexes incorporating the chloro-
2-(quinolin-8-yliminomethyl)-phenol imine ligand were synthesized and characterized
via different physicochemical and spectroscopic tools. The analytical outcomes indi-
cate that complexes formed with Cr(IlI) and Mn(Il) adhere to a 1:2 metal-to-ligand ra-
tio, whereas the Pd(II) complex has a 1:1 stoichiometry. Conductivity studies revealed
that the L-manganese and L-palladium systems behave as non-electrolytes, whereas the
L-chromium complex exhibits mono-electrolyte properties due to its elevated conductivity.
The ligand’s interaction with metal ions is established through the nitrogen atom of the
quinoline ring, the oxygen atom of the hydroxyl group, and the nitrogen atom in the
azomethine bond. Thermal analysis, including thermogravimetric data, elucidated the
degradation patterns of the synthesized complexes, which assisted in their characterization.
The complexes’ distinct geometrical structures were inferred from the analytical and spec-
tral data: Cr(IlI) and Mn(II) complexes adopt a high-spin octahedral geometry, while the
Pd(II) complex assumes a square-planar conformation. These structural predictions were
substantiated by theoretical computations, reinforcing the study’s foundational understand-
ing. Biological assessments unveiled significant antifungal and antibacterial properties for
the palladium-integrated complex, L-Pd, which showcased substantial inhibitory action
across a diverse range of microbial strains. The antioxidant potential of the synthesized
compounds was evaluated by DPPH assays, showcasing moderate-to-excellent activities
in comparison to ascorbic acid, with particular effectiveness against DPPH radicals. The
biomedical evaluation of these complexes highlighted their anticancer capabilities, with
the palladium complex, L-Pd, displaying noteworthy cytotoxicity against three separate
cancer cell lines: HCT-116 (colorectal), MCF-7 (breast), and HepG-2 (liver). The most
pronounced effect was observed against MCF-7 cells, hinting at a potential breakthrough in
the development of antineoplastic agents. This enhanced activity of the L-Pd complex may
be attributed to the square-planar geometry of Pd(Il), which facilitates stronger interac-
tions with biological targets such as DNA and microbial enzymes. Additionally, the Pd(II)
center may form more stable complexes with biomolecules, improving cellular uptake
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and bioavailability. These factors likely contribute to the observed superior antifungal,
antibacterial, and anticancer performance of the L-Pd complex.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics13080271/s1, Figure S1: IR spectra of ligand(L) and its
metal complexes; Figure S2: TH-NMR spectra of ligand (L); Figure S3: 1BBC-NMR spectra of ligand
(L); Figure S4: TGA -DTGA curves for the prepared complexes; Figure S5: Molar ratio plots for the
prepared complexes in DMF; Table S1: Electronic Spectra of the ligand (L) and its metal complexes;
Table S2: Antibacterial activity inhibition zone of the prepared compounds against the selected strains
of bacteria; Table S3: Antifungal activity inhibition zone of the prepared compounds against the
selected strains of fungi; Table S4: Cytotoxic activity (ICsp) of the prepared compounds against Colon
carcinoma cells, (HCT-116 cell line), hepatic cellular carcinoma cells, (HepG-2), breast carcinoma cells
(MCF-7) and norma cells (human dermal fibroblasts and PBMCs) for (L) ligand and its metal chelates;
Table S5: Antioxidant activity of the investigated compounds.

Funding: This research was funded by Taif University, Saudi Arabia, through project number
TU-DSPP-2024-216.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors extend their appreciation to Taif University, Saudi Arabia, for
supporting this work through project number TU-DSPP-2024-216.

Conflicts of Interest: The author declares that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.

10.

11.

Gogoi, H.P; Barman, P. Salophen type ONNO donor Schiff base complexes: Synthesis, characterization, bioactivity, computational,
and molecular docking investigation. Inorg. Chim. Acta 2023, 556, 121668. [CrossRef]

Al-Farraj, E.S.; Alharbi, S.K.; Feizi-Dehnayebi, M.; Asghar, B.H.; Alahmadi, N.; Eskander, T.N.A.; Alghamdi, M.A.; Abu-Dief, A M.
Molecular, Stochiometric, Stability and Biological Investigations of Novel Multifunctional Salen Metal Chelates: From Synthesis
to Therapeutic Potential Supported by Theoretical Approaches. Appl. Organomet. Chem. 2025, 39, €70273. [CrossRef]

El-Kasaby, R.A.; Al-Farraj, E.S.; Abdou, A.; Abu-Dief, A.M. Synthesis, spectral analysis, physicochemical investigation and
biomedical potential of some novel Cu(II), Ru(IIl) and VO(II) complexes with anthraquinone-based Schiff base supported by DFT
and molecular docking insights. . Mol. Struct. 2025, 1345, 143010. [CrossRef]

Abdel-Rahman, L.H.; Abu-Dief, A.M.; Abdel-Mawgoud Azza, A.H. Novel Di-and Tri-azomethine compounds as chemo sensors
for the detection of various metal ions. Int. J. Nano Chem. 2019, 5, 1-17.

Vernekar, B.K.; Sawant, P.S. Interaction of metal ions with Schiff bases having N,O, donor sites: Perspectives on synthesis,
structural features, and applications. Results Chem. 2023, 6, 101039. [CrossRef]

Bulatov, E.; Sayarova, R.; Mingaleeva, R.; Miftakhova, R.; Gomzikova, M.; Ignatyev, Y.; Petukhov, A.; Davidovich, P;
Rizvanov, A.; Barlev, N.A. Isatin-Schiff base-copper (II) complex induces cell death in p53-positive tumors. Cell Death
Discov. 2018, 4, 103. [CrossRef]

Hosny, S.; Shehata, M.R.; Aly, S.A.; Alsehli, A.H.; Salaheldeen, M.; Abu-Dief, A.M.; Abu-El-Wafa, S.M. Synergistic broad-spectrum
bioactivity of some multifunctional novel Anil metal chelates: Design, synthesise, nonlinear optical properties, and biomedical
applications supported by DFT and molecular docking insights. J. Mol. Struct. 2025, 1339, 142390. [CrossRef]

Hosny, S.; Shehata, M.R.; Aly, S.A.; Alsehli, A.H.; Salaheldeen, M.; Abu-Dief, A.M.; Abu-El-Wafa, S.M. Designing of novel
nano-sized coordination compounds based on Spinacia oleracea extract: Synthesis, structural characterization, molecular docking,
computational calculations, and biomedical applications. Inorg. Chem. Commun. 2024, 160, 111994. [CrossRef]

El-Lateef, HM.A ; Khalaf, M.M.; Shehata, M.R.; Abu-Dief, A.M. Fabrication, DFT Calculation, and Molecular Docking of Two
Fe(IlI) Imine Chelates as Anti-COVID-19 and Pharmaceutical Drug Candidate. Int. J. Mol. Sci. 2022, 23, 3994. [CrossRef]
Abu-Dief, AM.; Said, M.A.; Elhady, O.; Al-Abdulkarim, H.A.; Alzahrani, S.; Eskander, TN.A.; El-Remaily, M.A.E.A.A A.
Innovation of Fe(IlI), Ni(II), and Pd(II) complexes derived from benzothiazole imidazolidin-4-ol ligand: Geometrical elucidation,
theoretical calculation, and pharmaceutical studies. Appl. Organomet. Chem. 2023, 37, €7162. [CrossRef]

Gupta, K.C.; Sutar, A.K. Catalytic activities of Schiff base transition metal complexes. Coord. Chem. Rev. 2008, 252, 1420-1450.
[CrossRef]

72



Inorganics 2025, 13, 271

12.

13.

14.

15.

16.

17.
18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Shaaban, S.; Yousef, T.A.; Al-Janabi, A.S.; Alammar, T.; Alaasar, M.; Shalabi, K.; Al-Karmalawy, A.A.; Ferjani, H.;
Al-Dakhil, A.; Abu-Dief, AM. Zn(Il), Cu(Il), and Fe(IIl) complexes of 2-(((4-(Methylselanyl) phenyl)imino)methyl)phenol:
Synthesis, characterization, and multidisciplinary investigations. Polyhedron 2025, 279, 117652. [CrossRef]

Al-Ghamdi, K.; Alharas, M.M.; Abdel-Latif, S.A.; Alhashmialameer, D.; Al-Farraj, E.S.; Almalki, M.A.; El-Khatib, R.M.;
Abu-Dief, A.M. Selective Novel Metal-Coordinated Biomedical Agents Encompassing Tetradentate Salen Ligand: Structural
Elucidation, DFT Calculation, Cytotoxic, and Antioxidant Activities Supported by Molecular Docking Approach. Appl. Organomet.
Chem. 2025, 39, €7991. [CrossRef]

Al-Abdulkarim, H.A ; El-khatib, R.M.; Aljohani, ES.; Mahran, A.; Alharbi, A.; Mersal, G.A.; El-Metwaly, N.M.; Abu-Dief, A.M.
Optimization for synthesized quinoline-based Cr®*, VO?*, Zn?* and Pd** complexes: DNA interaction, biological assay and
in-silico treatments for verification. J. Mol. Lig. 2021, 339, 116797. [CrossRef]

Abu-Dief, A.M.; Shehata, M.R.; Hassan, A.E.; Altayeb, B.M.; Aljohani, ES.; Barnawi, 1.O.; Abo-Dief, H.M.; Ragab, M.S. Tai-
loring of novel water soluble Pd(II), Cu(Il), Fe(IlI) and VO(II) chelates based on 4-[(5-bromo-2-hydroxy-benzylidene)-amino]-
benzenesulfonate ligand: Synthesis, spectral investigations, DNA interaction and pharmaceutical applications supported by
molecular docking approach. J. Mol. Struct. 2025, 1334, 141780.

Al-Fakeh, M.S.; Alsikhan, M.A.; Alnawmasi, ].S. Physico-chemical study of Mn(II), Co(Il), Cu(Il), Cr(IlI), and Pd(II) complexes
with schiff-base and aminopyrimidyl derivatives and anti-cancer, antioxidant, antimicrobial applications. Molecules 2023, 28, 2555.
[CrossRef]

Suslick, K.S. Sonochemistry. Science 1990, 247, 1439-1445. [CrossRef] [PubMed]

Mason, T.J.; Peters, D. Practical Sonochemistry: Power Ultrasound Uses and Applications; Woodhead Publishing: Cambridge, UK, 2002.
Abu-Dief, AM,; Said, M.A ; Elhady, O.; Alahmadi, N.; Alzahrani, S.; Eskander, TN.A.; Ali, M.A.E.A.A. Designing of some novel
Pd(II), Ni(II) and Fe(III) complexes: Synthesis, structural elucidation, biomedical applications, DFT and docking approaches
against COVID-19. Inorg. Chem. Commun. 2023, 155, 110955. [CrossRef]

Gozdas, S.; Kose, M.; Mckee, V.; Elmastas, M.; Demirtas, I.; Kurtoglu, M. Crystal structures, electronic spectra and anticancer
properties of new azo-azomethines and their nickel(II) and copper(Il) chelates. J. Mol. Struct. 2024, 1304, 137691. [CrossRef]
Shaaban, S.; Abdullah, K.T.; Shalabi, K.; Yousef, T.A.; Al Duaij, O.K.; Alsulaim, G.M.; Althikrallah, H.A.; Alaasar, M.;
Al-Janabi, A.S.; Abu-Dief, A.M. Synthesis, structural characterization, anticancer, antimicrobial, antioxidant, and computa-
tional assessments of zinc(Il), iron(II), and copper(II) chelates derived from selenated Schiff base. Appl. Organomet. Chem. 2024,
38, €7712. [CrossRef]

Khalaf, M.M.; Abd El-Lateef, H.M.; Taha, A.A.; Abdou, A. Binuclear Fe(Il) and Cu(II) complexes with 2-(pyridin-2-yl)-1H-
benzimidazole and 4,4'-bipyridine: Synthesis, characterization, DFT insights, broad-spectrum bioactivity and docking study.
Inorganica Chim. Acta 2025, 577,122505. [CrossRef]

Abdel-Rhman, M.H.; Motawea, R.; Belal, A.; Hosny, N.M. Spectral, structural and cytotoxicity studies on the newly synthesized
'l n 3—diisonicotinoylmalonohydrazide and some of its bivalent metal complexes. . Mol. Struct. 2022, 1251, 131960. [CrossRef]
Hosny, N.M.; Ibrahim, O.A.; Belal, A.; Hussien, M.A.; Abdel-Rhman, M.H. Synthesis, characterization, DFT, cytotoxicity
evaluation and molecular docking of a new carbothioamide ligand and its coordination compounds. Results Chem. 2023, 5, 100776.
[CrossRef]

Ali, I; Wani, W.A; Saleem, K. Empirical formulae to molecular structures of metal complexes by molar conductance. Synth. React.
Inorg. Met.-Org. Nano-Met. Chem. 2013, 43, 1162-1170. [CrossRef]

Khalaf, M.M.; Abd El-Lateef, H.M.; Gouda, M.; Sayed, EN.; Mohamed, G.G.; Abu-Dief, A.M. Design, structural inspection and
bio-medicinal applications of some novel imine metal complexes based on acetylferrocene. Materials 2022, 15, 4842. [CrossRef]
[PubMed]

Ali, O.A. Characterization, thermal and fluorescence study of Mn(Il) and Pd(II) Schiff base complexes. J. Therm. Anal. Calorim.
2017, 128, 1579-1590. [CrossRef]

Soliman, M.H.; Mohamed, G.G. Cr(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(Il) and Zn(II) new complexes of 5-aminosalicylic acid:
Spectroscopic, thermal characterization and biological activity studies. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2013, 107, 8-15.
[CrossRef]

Zare, N.; Zabardasti, A. A new nano-sized mononuclear Cu (II) complex with N,N-donor Schiff base ligands: Sonochemical
synthesis, characterization, molecular modeling and biological activity. Appl. Organomet. Chem. 2019, 33, e4687. [CrossRef]
Al-Hazmi, G.A.; Abou-Melha, K.S.; Althagafi, I.; El-Metwaly, N.; Shaaban, F.; Abdul Galil, M.S.; El-Bindary, A.A. Synthesis and
structural characterization of oxovanadium(IV) complexes of dimedone derivatives. Appl. Organomet. Chem. 2020, 34, e5672.
[CrossRef]

Refat, M.S.; Altalhi, T.; Bakare, S.B.; Al-Hazmi, G.H.; Alam, K. New Cr(III), Mn(II), Fe(IIT), Co(II), Ni(Il), Zn(II), Cd(II), and
Hg(II) gibberellate complexes: Synthesis, structure, and inhibitory activity against COVID-19 protease. Russ. |. Gen. Chem. 2021,
91, 890-896. [CrossRef] [PubMed]

73



Inorganics 2025, 13, 271

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

El-Remaily, M.A.E.A.A.A_; Eskander, T.N.A; Elhady, O.; Alhashmialameer, D.; Alsehli, M.; Kamel, M.S.; Feizi-Dehnayebi, M.;
Abu-Dief, AM. A comparative study for the efficiency of Pd(II) and Fe(Ill) complexes as efficient catalysts for synthesis of
dihydro-7H-5-thia-hexaaza-s-indacen-6-one derivatives supported with DFT approach. Appl. Organomet. Chem. 2024, 38, €7653.
[CrossRef]

Abdel-Rahman, L.H.; Abu-Dief, AM.; Aboelez, M.O.; Abdel-Mawgoud, A.A.H. DNA interaction, antimicrobial, anticancer
activities and molecular docking study of some new VO(II), Cr(III), Mn(II) and Ni(II) mononuclear chelates encompassing
quaridentate imine ligand. J. Photochem. Photobiol. B Biol. 2017, 170, 271-285. [CrossRef] [PubMed]

Yousef, T.A.; El-Reash, G.A.; El-Gammal, O.A; Bedier, R.A. Co(II), Cu(II), Cd(II), Fe(IlI) and U(VI) complexes containing a NSNO
donor ligand: Synthesis, characterization, optical band gap, in vitro antimicrobial and DNA cleavage studies. J. Mol. Struct. 2012,
1029, 149-160. [CrossRef]

Abdel-Rahman, L.H.; Abu-Dief, A.M.; Moustafa, H.; Hamdan, S.K. Ni(II) and Cu(II) complexes with ONNO asymmetric tetraden-
tate Schiff base ligand: Synthesis, spectroscopic characterization, theoretical calculations, DNA interaction and antimicrobial
studies. Appl. Organomet. Chem. 2017, 31, e3555. [CrossRef]

Aljohani, E.T.; Shehata, M.R.; Alkhatib, F.; Alzahrani, S.O.; Abu-Dief, A.M. Development and structure elucidation of new VO?+,
Mn?*, Zn?*, and Pd?* complexes based on azomethine ferrocenyl ligand: DNA interaction, antimicrobial, antioxidant, anticancer
activities, and molecular docking. Appl. Organomet. Chem. 2021, 35, e6154. [CrossRef]

Munde, A.S.; Jagdale, A.N.; Jadhav, S.M.; Chondhekar, T.K. Synthesis, characterization and thermal study of some transition
metal complexes of an asymmetrical tetradentate Schiff base ligand. J. Serbian Chem. Soc. 2010, 75, 349-359. [CrossRef]
El-Remaily, M.A.E.A.A.A,; Elhady, O.; Eskander, T.N.A.; Mohamed, S.K.; Abu-Dief, A.M. Development of novel guanidine iron
(IIT) complexes as a powerful catalyst for the synthesis of tetrazolo [1,5-a] pyrimidine by green protocol. Sohag J. Sci. 2024, 9, 7-15.
[CrossRef]

Abu-Dief, AM.; Said, M.A ; Elhady, O.; Alzahrani, S.; Aljohani, ES.; Eskander, TN.A.; Ali, M.A.E.A.A. Design, structural
inspection of some new metal chelates based on benzothiazol-pyrimidin-2-ylidene ligand: Biomedical studies and molecular
docking approach. Inorg. Chem. Commun. 2023, 158, 111587. [CrossRef]

Abu-Dief, AM.; Feizi-Dehnayebi, M.; Nafady, A.; Almalki, M.A.; Kassem, AM.; Abu Al-Ola, K.A,; Altayeb, B.M.;
Abdel-Rahman, L.H. Fabrication, structural inspection, stability studies in solution and DFT calculations of some novel complexes
drived from 4-(Benzothiazol-2-yliminomethyl)-phenol ligand: Pharmaceutical applications supported by molecular docking
approach. J. Mol. Struct. 2025, 1328, 141284. [CrossRef]

Kazachenko, A.S.; Issaoui, N.; Holikulov, U.; Al-Dossary, O.M.; Ponomarev, 1.S.; Kazachenko, A.S.; Akman, F; Bousiakou, L.G.
Noncovalent interactions in N-methylurea crystalline hydrates. Z. Phys. Chem. 2024, 238, 89-114. [CrossRef]

Akman, F; Demirpolat, A.; Kazachenko, A.S.; Kazachenko, A.S.; Issaoui, N.; Al-Dossary, O. Molecular structure, electronic
properties, reactivity (ELF, LOL, and Fukui), and NCI-RDG studies of the binary mixture of water and essential oil of Phlomis
bruguieri. Molecules 2023, 28, 2684. [CrossRef]

Dehghani, N.; Ziarani, G.M.; Feizi-Dehnayebi, M.; Mirhosseyni, M.; Badiei, A. Synthesis and theoretical investigation of a new
Hg2+ chemosensor based nanomagnetic particle (FesO4@SiO,@ Pr-NCIM). Mater. Res. Bull. 2025, 183, 113200. [CrossRef]
Mohammadi Ziarani, G.; Rezakhani, M.; Feizi-Dehnayebi, M.; Nikolova, S. Fumed-Si-Pr-Ald-Barb as a fluorescent chemosensor
for the Hg?* detection and Cr,O7%~ ions: A combined experimental and computational perspective. Molecules 2024, 29, 4825.
[CrossRef]

Mohammadi Ziarani, G.; Ebrahimi, D.; Feizi-Dehnayebi, M.; Badiei, A.; Abu-Dief, A.M. Tailored Silica-Based Sensors (SBA-Pr-
Ald-MA) for Efficient Detection of Iron (III) Ions: A Comprehensive Theoretical and Experimental Viewpoint. Appl. Organomet.
Chem. 2025, 39, €7917. [CrossRef]

Zamiran, F.; Mohammadi Ziarani, G.; Feizi-Dehnayebi, M.; Mirhosseyni, M.; Badiei, A.; Abu-Dief, A.M. Design, Preparation,
Characterization, Density Functional Theory, and HOMO-LUMO Perspective of Fe30,4@SiO,-Pr-NH-IC as a New Nanomagnetic
Chemosensor. Appl. Organomet. Chem. 2025, 39, €7998. [CrossRef]

Gungor, O.; Gul, A.; Comertpay, S.; McKee, V.; Yalcinkaya, O.B.; Kose, M. Copper(Il) and Zinc(Il) complexes of new water-soluble
Schiff base ligands and their antiproliferative properties towards mesothelioma cell line. J. Photochem. Photobiol. A Chem. 2025,
459, 116049. [CrossRef]

Canakdag, M.; Feizi-Dehnayebi, M.; Kundu, S.; Sahin, D.; flhan, 1.0.; Alhag, S.K.; Al-Shuraym, L.A.; Akkoc, S. Comprehensive
evaluation of purine analogues: Cytotoxic and antioxidant activities, enzyme inhibition, DFT insights, and molecular docking
analysis. . Mol. Struct. 2025, 1323, 140798. [CrossRef]

El-Remaily, M.A.E.A.A.A_; El-Dabea, T.; El-Khatib, R.M.; Abdou, A.; El Hamd, M.A.; Abu-Dief, A.M. Efficiency and development
of guanidine chelate catalysts for rapid and green synthesis of 7-amino-4,5-dihydro-tetrazolo [1,5-a] pyrimidine-6-carbonitrile
derivatives supported by density functional theory (DFT) studies. Appl. Organomet. Chem. 2023, 37, €7262. [CrossRef]

Pérez, P; Domingo, L.R.; Aizman, A.; Contreras, R. The electrophilicity index in organic chemistry. Theor. Comput. Chem. 2007,
19, 139-201.

74



Inorganics 2025, 13, 271

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

Raman, N.; Raja, ].D. Synthesis, structural characterization and antibacterial studies of some biosensitive mixed ligand copper (II)
complexes. Indian J. Chem. Sect. A 2007, 46, 1611-1614.

Abdel-Rahman, L.H.; Abdelhamid, A.A.; Abu-Dief, A.M.; Shehata, M.R.; Bakheet, M.A. Facile synthesis, X-ray structure of new
multi-substituted aryl imidazole ligand, biological screening and DNA binding of its Cr(III), Fe(IlI) and Cu(II) coordination
compounds as potential antibiotic and anticancer drugs. J. Mol. Struct. 2020, 1200, 127034. [CrossRef]

Epand, R.M.; Walker, C.; Epand, R.E; Magarvey, N.A. Molecular mechanisms of membrane targeting antibiotics. Biochim. Biophys.
Acta (BBA)-Biomembr. 2016, 1858, 980-987. [CrossRef]

Ansel, H.C.; Norred, W.P; Roth, I.L. Antimicrobial activity of dimethyl sulfoxide against Escherichia coli, Pseudomonas aeruginosa,
and Bacillus megaterium. ]. Pharm. Sci. 1969, 58, 836-839. [CrossRef] [PubMed]

Tweedy, B.G. Possible mechanism for reduction of elemental sulfur by Monilinia fructicola. Phytopathology 1964, 54, 910.
Abu-Dief, A.M.; El-Metwaly, N.M.; Alzahrani, 5.0.; Alkhatib, F.; Abualnaja, M.M.; El-Dabea, T.; Ali, M.A.E.A.A. Synthesis and
characterization of Fe(III), Pd(II) and Cu(II)-thiazole complexes; DFT, pharmacophore modeling, in-vitro assay and DNA binding
studies. J. Mol. Lig. 2021, 326, 115277. [CrossRef]

Sindhu, Y.; Athira, C.J.; Sujamol, M.S.; Joseyphus, R.S.; Mohanan, K. Synthesis, characterization, DNA cleavage, and antimicrobial
studies of some transition metal complexes with a novel Schiff base derived from 2-aminopyrimidine. Synth. React. Inorg.
Met.-Org. Nano-Met. Chem. 2013, 43, 226-236. [CrossRef]

Mohamed, G.G.; Soliman, M.H. Synthesis, spectroscopic and thermal characterization of sulpiride complexes of iron, manganese,
copper, cobalt, nickel, and zinc salts. Antibacterial and antifungal activity. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2010,
76,341-347. [CrossRef]

Aljohani, FS.; Abu-Dief, A.M.; El-Khatib, R.M.; Al-Abdulkarim, H.A.; Alharbi, A.; Mahran, A.; Khalifa, M.E.; El-Metwaly, N.M.
Structural inspection for novel Pd(II), VO(II), Zn(II) and Cr(Ill)-azomethine metal chelates: DNA interaction, biological screening
and theoretical treatments. J. Mol. Struct. 2021, 1246, 131139. [CrossRef]

El-Wakiel, N.A. Synthesis and characterization of azo sulfaguanidine complexes and their application for corrosion inhibition of
silicate glass. Appl. Organomet. Chem. 2016, 30, 664—673. [CrossRef]

Abdel-Rahman, L.H.; Adam, M.S.S.; Abu-Dief, A.M.; Moustafa, H.; Basha, M.T.; Aboraia, A.S.; Al-Farhan, B.S.; Ahmed, H.E.S.
Synthesis, theoretical investigations, biocidal screening, DNA binding, in vitro cytotoxicity and molecular docking of novel
Cu(II), Pd(II) and Ag(I) complexes of chlorobenzylidene Schiff base: Promising antibiotic and anticancer agents. Appl. Organomet.
Chem. 2018, 32, e4527. [CrossRef]

Abdel-Rahman, L.H.; Abu-Dief, A.M.; Shehata, M.R.; Atlam, EM.; Abdel-Mawgoud, A.A.H. Some new Ag(I), VO(II) and Pd(II)
chelates incorporating tridentate imine ligand: Design, synthesis, structure elucidation, density functional theory calculations for
DNA interaction, antimicrobial and anticancer activities and molecular docking studies. Appl. Organomet. Chem. 2019, 33, e4699.
[CrossRef]

Gaetke, L.M.; Chow, C.K. Copper toxicity, oxidative stress, and antioxidant nutrients. Toxicology 2003, 189, 147-163. [CrossRef]
El-Remaily, M.A.E.A.A.A; Elhady, O.; Alzubi, M.S.H.; Eskander, TN.A.; El Hamd, M.A.; Al-Ghamdi, K.; Abu-Dief, A.M.
Development of new thiazole-guanidine complexes as rapid and recoverable catalysts for the synthesis of 6-piperidin-dihydro-
thia-hexaaza-s-indacene derivatives supported by DFT studies. Appl. Organomet. Chem. 2024, 38, €7454. [CrossRef]

El-Remaily, M.A.E.A.A A ; Eskander, TN.A.; Alzahrani, A.Y.A.; Alsehli, M.; Al-Ghamdi, K.; ALMughram, M.H.; El-Hady, O.M.;
Feizi-Dehnayebi, M.; Abu-Dief, A.M. Tailoring of novel Ru(Ill) and Cr(III) Salen complexes as catalysts for a sustainable and
green synthesis of dihydro-tetrazolo [1,5-a] Thiazolo [4,5-d] pyrimidin-6-yl morpholine: Experimental and theoretical approaches.
Appl. Organomet. Chem. 2025, 39, €7879. [CrossRef]

Ismael, M.; Abdel-Mawgoud, A.M.M.; Rabia, M.K.; Abdou, A. Design and synthesis of three Fe(IlI) mixed-ligand complexes:
Exploration of their biological and phenoxazinone synthase-like activities. Inorganica Chim. Acta 2020, 505, 119443. [CrossRef]
Al-Shamry, A.A.; Khalaf, M.M.; El-Lateef, HM.A.; Yousef, T.A.; Mohamed, G.G.; El-Deen, KM.K.; Gouda, M.; Abu-Dief, A.M.
Development of new azomethine metal chelates derived from isatin: DFT and pharmaceutical studies. Materials 2022, 16, 83.
[CrossRef]

Alkhatib, F.; Hameed, A ; Sayqal, A.; Bayazeed, A.A.; Alzahrani, S.; Al-Ahmed, Z.A.; Zaky, R.; EI-Metwaly, N.M. Green-synthesis
and characterization for new Schiff-base complexes; spectroscopy, conductometry, Hirshfeld properties and biological assay
enhanced by in-silico study. Arab. ]. Chem. 2020, 13, 6327-6340. [CrossRef]

Al-Farraj, E.S.; Qasem, H.A.; Aouad, M.R.; Al-Abdulkarim, H.A.; Alsaedi, W.H.; Khushaim, M.S.; Feizi-Dehnayebi, M.;
Al-Ghamdi, K.; Abu-Dief, A.M. Synthesis, Structural Determination, DFT Calculation and Biological Evaluation Supported
by Molecular Docking Approach of Some New Complexes Incorporating (E)-N'-(3,5-di-Tert-Butyl-2-Hydroxybenzylidene)
Isonicotino Hydrazide Ligand. Appl. Organomet. Chem. 2025, 39, €7768. [CrossRef]

Ali, M.AEE.AA; Elhady, O.; Abdou, A.; Alhashmialameer, D.; Eskander, TN.A.; Abu-Dief, A.M. Development of new
2-(Benzothiazol-2-ylimino)-2,3-dihydro-1H-imidazol-4-ol complexes as a robust catalysts for synthesis of thiazole 6-carbonitrile
derivatives supported by DFT studies. J. Mol. Struct. 2023, 1292, 136188.

75



Inorganics 2025, 13, 271

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Frisch, M.; Trucks, G.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G. Gaussian 09, Revision D.01; Gaussian, Inc.: Wallingford, CT, USA, 2009; 201p.

Mazumdar, M.; Fournier, D.; Zhu, D.W.; Cadot, C.; Poirier, D.; Lin, S.X. Binary and ternary crystal structure analyses of a novel
inhibitor with 173-HSD type 1: A lead compound for breast cancer therapy. Biochem. J. 2009, 424, 357-366. [CrossRef] [PubMed]
Pereira, J.H.; Goh, E.B.; Keasling, ].D.; Beller, H.R.; Adams, P.D. Structure of FabH and factors affecting the distribution of
branched fatty acids in Micrococcus luteus. Biol. Crystallogr. 2012, 68, 1320-1328. [CrossRef]

Keniya, M.V.; Sabherwal, M.; Wilson, R K.; Woods, M.A; Sagatova, A.A.; Tyndall, ].D.; Monk, B.C. Crystal structures of full-length
lanosterol 14x-demethylases of prominent fungal pathogens Candida albicans and Candida glabrata provide tools for antifungal
discovery. Antimicrob. Agents Chemother. 2018, 62, 10-1128. [CrossRef] [PubMed]

Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F,; Belew, R.K.; Goodsell, D.S.; Olson, A.]. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. . Comput. Chem. 2009, 30, 2785-2791. [CrossRef]

Feizi-Dehnayebi, M.; Ziarani, G.M.; Lohith, T.N.; Ghareghomi, S.; Panahande, Z.; Farsadrooh, M.; Majidinia, M. Probing the
biological activity of isatin derivatives against human lung cancer A549 cells: Cytotoxicity, CT-DNA /BSA binding, DFT/TD-DFT,
topology, ADME-Tox, docking and dynamic simulations. J. Mol. Lig. 2025, 428, 127475. [CrossRef]

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-
tion system for exploratory research and analysis. . Comput. Chem. 2004, 25, 1605-1612. [CrossRef] [PubMed]

Todorova, M.; Bakalska, R.; Feizi-Dehnayebi, M.; Ziarani, G.M.; Pencheva, M.; Stojnova, K.; Milusheva, M.; Nedialkov, P.;
Cherneva, E.; Kolev, T.; et al. Synthesis, Anti-Inflammatory Activity, and Docking Simulation of a Novel Styryl Quinolinium
Derivative. Appl. Sci. 2024, 15, 284. [CrossRef]

Abdel-Rahman, L.H.; El-Khatib, R.M.; Nassr, L.A.; Abu-Dief, A.M.; Ismael, M.; Seleem, A.A. Metal based pharmacologically
active agents: Synthesis, structural characterization, molecular modeling, CT-DNA binding studies and in vitro antimicrobial
screening of iron (II) bromosalicylidene amino acid chelates. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2014, 117, 366-378.
[CrossRef]

Abu-Dief, AM.; Nassr, L.A. Tailoring, physicochemical characterization, antibacterial and DNA binding mode studies of Cu(II)
Schiff bases amino acid bioactive agents incorporating 5-bromo-2-hydroxybenzaldehyde. J. Iran. Chem. Soc. 2015, 12, 943-955.
[CrossRef]

Abdel-Rahman, L.H.; Abu-Dief, A.M.; El-Khatib, R.M.; Abdel-Fatah, S.M. Sonochemical synthesis, DNA binding, antimicrobial
evaluation and in vitro anticancer activity of three new nano-sized Cu(II), Co(II) and Ni(II) chelates based on tri-dentate NOO
imine ligands as precursors for metal oxides. J. Photochem. Photobiol. B Biol. 2016, 162, 298-308. [CrossRef]

Abdel-Rahman, L.H.; Abu-Dief, A.M.; Newair, E.F,; Hamdan, S.K. Some new nano-sized Cr(III), Fe(II), Co(II), and Ni(II)
complexes incorporating 2-((E)-(pyridine-2-ylimino) methyl) napthalen-1-ol ligand: Structural characterization, electrochemical,
antioxidant, antimicrobial, antiviral assessment and DNA interaction. |. Photochem. Photobiol. B Biol. 2016, 160, 18-31. [CrossRef]
Abdel-Rahman, L.H.; Ismail, N.M.; Ismael, M.; Abu-Dief, A.M.; Ahmed, E.A.H. Synthesis, characterization, DFT calculations and
biological studies of Mn(II), Fe(I), Co(II) and Cd(II) complexes based on a tetradentate ONNO donor Schiff base ligand. J. Mol.
Struct. 2017, 1134, 851-862. [CrossRef]

Abu-Dief, A.M.; Nassar, L.F.; Elsayed, W.H. Magnetic NiFe,O4 nanoparticles: Efficient, heterogeneous and reusable catalyst for
synthesis of acetylferrocene chalcones and their anti-tumour activity. Appl. Organomet. Chem. 2016, 30, 917-923. [CrossRef]
Ferrari, E.; Asti, M.; Benassi, R.; Pignedoli, F.; Saladini, M. Metal binding ability of curcumin derivatives: A theoretical vs.
experimental approach. Dalton Trans. 2013, 42, 5304-5313. [CrossRef] [PubMed]

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.

76



inorganics ﬁw\D\Py

Article

Manganese(II) Complexes with 3,5-Dibromosalicylaldehyde:
Characterization and Interaction Studies with DNA

and Albumins

Vasia Theodoulou, Ariadni Zianna, Antonios G. Hatzidimitriou and George Psomas *

Laboratory of Inorganic Chemistry, Department of Chemistry, Aristotle University of Thessaloniki,
GR-54124 Thessaloniki, Greece
* Correspondence: gepsomas@chem.auth.gr

Abstract

The interaction of manganese(II) with deprotonated 3,5-dibromo-salicylaldehyde (3,5-diBr—
saloH) in the absence or the presence of the N,N’-donors 2,2’-bipyridylamine (bipyam),
2,2'-bipyridine (bipy), 1,10-phenanthroline (phen), and 2,9-dimethyl-1,10-phenanthroline
(neoc) as co-ligands yielded five neutral mononuclear complexes, namely Mn(3,5-diBr-
salo),(CH30H),] (complex 1), [Mn(3,5-diBr-salo),(bipyam)] (complex 2), [Mn(3,5-diBr-
salo),(bipy)] (complex 3), [Mn(3,5-diBr-salo);(phen)] (complex 4), and [Mn(3,5-diBr-
salo),(neoc)] (complex 5), respectively. The resultant complexes were characterized with
physicochemical and spectroscopic techniques, and single-crystal X-ray crystallography
was applied to determine the crystal structure of complex 2. The evaluation of the potential
biological profile of the complexes focused on the interaction with linear calf-thymus (CT)
DNA, and bovine (BSA) and human (HSA) serum albumin. According to the data derived,
the complexes interact intercalatively and strongly with CT DNA and associate tightly and
reversibly with both albumins studied.

Keywords: manganese(II) complexes; 3,5-dibromosalicylaldehyde; interaction with DNA;
interaction with albumins

1. Introduction

Manganese is a significant biometal because of its presence in the active center of
many vital enzymes (oxygen-evolving center, superoxide dismutase, and catalase), its
involvement in various functions such as glucose metabolism, energy production, protein
digestion, and synthesis of cholesterol and fatty acids [1-4], and its role as a cofactor in
the synthesis and activation of important enzymes including transferases, isomerases,
hydrolases [5], and glutamine synthetase [6]. In addition, manganese compounds are
gaining an increasing role in the research of metallodrugs since there are examples of
manganese complexes that have shown in vitro anticancer [7-10], antimicrobial [11-14],
and antioxidant [15,16] potency, although the use of manganese chemotherapeutics is
limited to SC-52608 and Teslascan as anticancer and MRI contrast agents, respectively [17].

Substituted 2-hydroxy-benzaldehydes or salicylaldehydes (X-saloH) are compounds
presenting potency against bacteria and yeasts [18,19] as well as antioxidant activity [20].
The insertion of diverse groups on the benzene ring (such as alkyl, alkoxy, nitro, and
halogen groups) may alter the biological efficacy of these compounds [21]. In particular,
the halogenation is an important modification of the ring that results in an improved

Inorganics 2025, 13, 263 https://doi.org/10.3390/inorganics13080263
77



Inorganics 2025, 13, 263

biological profile; halogenated compounds contribute to an increase in the permeability
of the cell membrane and a decrease in the degradation of metabolism [22,23] and are
among the most active drugs [21,24]. The reports of manganese complexes with substituted
salicylaldehydes as ligands are rather limited till now [25,26].
3,5-dibromosalicylaldehyde (3,5-diBr—saloH, Figure 1) is a dibromo-substituted sal-
icylaldehyde inhibiting the inositol-requiring enzyme 1 (IRE1), which is related to the
treatment of ischemic stroke [27,28]. In the literature, diverse metal complexes with 3,5-
dibromo-salicylaldehyde as a ligand, including mononuclear zinc(II) [29], copper(II) [30],
nickel(Il) [31], iron(III) [32], and palladium(Il) complexes [33], as well as a tetranuclear
nickel(II) complex [34], have been structurally characterized and biologically evaluated.

(O ) O

bipy

Br
3,5-diBr-saloH

phen neoc

Figure 1. Syntax formula of 3,5-dibromo-salicylaldehyde (3,5-diBr-saloH), 2,2’—bipyridine
(bipy), 2,2-bipyridylamine (bipyam), 1,10-phenanthroline (phen), and 2,9-dimethyl-1,10-
phenanthroline (neoc).

In continuation of our current research project regarding metal complexes of 3,5
dibromo-salicylaldehyde [29-33], five novel neutral mononuclear manganese(ll) com-
plexes of 3,5-diBr-saloH were synthesized in the absence or the presence of the N,N'-
donors 2,2’ -bipyridylamine (bipyam), 2,2'-bipyridine (bipy), 1,10-phenanthroline (phen),
and neocuproine (2,9-dimethyl-1,10-phenanthroline, neoc) (Figure 1). The resultant com-
plexes [Mn(3,5-diBr-salo),(CH3OH),] (complex 1), [Mn(3,5-diBr-salo), (bipyam)] (complex
2), [Mn(3,5-diBr-salo), (bipy)] (complex 3), [Mn(3,5-diBr-salo),(phen)] (complex 4), and
[Mn(3,5-diBr-salo),(neoc)] (complex 5) were characterized with physicochemical and spec-
troscopic (FT-IR and UV-vis) techniques, while single-crystal X-ray crystallography was
applied for complex 2. The biological evaluation of compounds 1-5 focused on the interac-
tion with calf-thymus (CT) DNA monitored with titration studies (measurements of DNA
viscosity and UV-vis spectroscopy) and via the replacement ability of ethidium bromide
(EB) from the EB-DNA adduct, and the affinity for bovine serum albumin (BSA) and
human serum albumin (HSA) monitored with fluorescence emission spectroscopy. In these
studies, the interaction mode was evaluated, and the corresponding binding constants of
the complexes were also calculated.

2. Results and Discussion
2.1. Synthesis and Spectroscopic Characterization

Complexes 1-5 were synthesized in methanol in satisfactory yield via the aerobic reac-
tion of MnCl,-4H,0O with deprotonated (with CH3ONa) 3,5-diBr-salo™ in the absence (in a
1:2 Mn?*:(3,5-diBr-salo)™ ratio) or in the presence of the corresponding N,N’-donor (in a
1:2:1 Mn?*:(3,5-diBr-salo)":(N,N’-donor) ratio). The resultant complexes were characterized
with diverse physicochemical techniques (elemental analysis, molar conductivity measure-
ments), room temperature (RT) magnetic measurements, IR and UV-vis spectroscopies,
and single-crystal X-ray crystallography (for complex 2).
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Complexes 1-5 are neutral (molar conductivity values in DMSO solution were found
to be <15 S-cm?-mol ') [35] and possess a 1:2 Mn(II):(3,5-diBr-salo) (for 1) or a 1:2:1
Mn(I1):(3,5-diBr-salo):(N,N’-donor) (for 2-5) composition. The values of p¢ derived for
complexes 1-5 at RT (pegr = 5.85-5.96 BM) are close to the spin-only value (Lo = 5.92 BM)
and are characteristic for isolated high-spin manganese(lI) ions (i.e., mononuclear com-
plexes) bearing a d° configuration (S = 5/2) [36].

The bands observed at ~3200 cm~! and 1400 cm ™! in the spectrum of the free 3,5-
diBr-saloH [29] attributable to the stretching and bending vibrations, respectively, of the
phenolic -OH [37] disappeared in the IR spectra of the complexes (Figure S1), indicating
the deprotonation of the phenolato group. In addition, the binding of the phenolato
oxygen with Mn(Il) was proved from the presence of the stretching vibration v(C-O
— Mn) located at 1306-1328 cm~! [37]. Furthermore, the coordination of the carbonyl
oxygen was confirmed from the shift of v(C=0) from 1679 cm~! in free 3,5-diBr-saloH
towards lower wavenumbers (1625-1641 cm™1) concluding therefore an overall bidentate
coordination of deprotonated 3,5-diBr—salo™ ligands. The existence and the coordination
of the N,N’-donor co-ligands were verified from the presence of the corresponding out-
of-plane p(C-H) vibrations [37]: at 767 cm~! for P(C-H)pipyam in complex 2, 760 cm !
for p(C-H)pipy in complex 3, 729 cm~! for P(C-H)phen in complex 4, and 735 cm~! for
p(C—H)neoc in complex 5.

The UV-vis spectra of the compounds (Figure S3) were recorded as nujol mull (as
solid state), in DMSO solution, and in the presence of buffer solution (150 mM NaCl
and 15 mM trisodium citrate at pH = 7) to investigate whether the complexes remain
stable in the presence of buffer solution used in the biological experiments. The UV-vis
spectra are similar (no significant changes, e.g., shift of the Apax or new peaks, were
observed), constituting proof of the integrity and the structure of the complexes in
solution [25,26,29-32].

These features concerning the behavior of complexes 1-5 in solution (electronic spectra
and molar conductivity measurements) are evidence of their stability in solution.

2.2. Structure of the Complexes
2.2.1. Crystal Structure of Complex 2

Among complexes 1-5, single-crystals were obtained only for [Mn(3,5-diBr-salo),
(bipyam)] (complex 2) in order to determine its molecular structure with single-crystal
X-ray crystallography. Complex 2 crystallized in the monoclinic crystal system and the Cc
space group (Table S1). The molecular structure is depicted in Figure 2, and selected bond
lengths and angles are summarized in Table 1.

Figure 2. Molecular structure of complex [Mn(3,5-diBr-salo), (bipyam)]. Aromatic hydrogen atoms
were omitted for clarity. Carbon and hydrogen atoms are grey and white, respectively.
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Table 1. Selected bond lengths (A) and angles (°) for [Mn(3,5-diBr-salo), (bipyam)] (complex 2).

Bond Length (A) Bond Length (A)
Mn1—O1 2.250(6) Mn1—04 2.091(6)
Mn1—02 2.105(6) Mn1—N1 2.137(7)
Mn1—O3 2.281(6) Mn1—N2 2.157(7)

Bond Angle (°) Bond Angle (°)

01—Mn1—02 84.0(2) 02—Mn1—03 89.3(2)
01—Mn1—03 82.8(2) 02—Mn1—04 87.9(2)
O1—Mn1—04 157.1(2) 02—Mn1—N1 172.7(3)
01—Mn1—N1 90.4(2) 02—Mn1—N2 92.1(2)
01—Mn1—N2 105.5(3) 04—Mn1—NI1 99.0(2)
03—Mn1—04 75.7(2) 04—Mn1—N2 96.1(2)
03—Mn1—NI1 94.7(2) N1—Mn1—N2 84.8(3)
03—Mn1—N2 171.6(3)

It is a mononuclear manganese(ll) complex, and the 3,5-diBr-salo™ ligands are depro-
tonated and bound to Mn1 through the aldehyde oxygens O1 and O3 and the phenolato
oxygen atoms O2 and O4. Two nitrogen atoms from the chelating bipyam ligand complete
the coordination sphere of the six-coordinate Mn1 ion, which bears a distorted octahedral
geometry. The Mn—Oppenolato are the shortest bond distances (2.091(6)-2.105(6) A), while
the Mn—O,14ehydo are the longest ones (2.250(6)-2.281(6) A) in the coordination sphere. A
similar arrangement of X-salo™ and a—diimine ligands around the central metal was also
reported in a series of Co(Il) [38], Ni(II) [31], Zn(II) [29,39], and Cd(II) [40].

The crystal structure of complex 2 is further stabilized by an intermolecular hydrogen
bond developed between the imino hydrogen H31 of the bipyam ligand with the non-
coordinated oxygen O4! (symmetry code: (i) x, —y + 1,z — 1/2) of an adjacent molecule
(N3—H31 = 0.86 A, H31---04i = 2.30 A, N3.--04i = 2.952(13) A, N3—H31---O4! = 133°).

2.2.2. Proposed Structures for Complexes 1 and 3-5

Despite all our efforts, single-crystals were not obtained for all complexes (i.e., 1 and
3-5) under study. Thus, their structural characterization succeeded according to existing
experimental data derived from IR and UV-vis spectroscopy, molar conductivity, and RT
magnetic measurements and after a comparison with similar reported manganese(II)-(X-
salo) complexes. On the basis of RT magnetic measurements (L = 5.85-5.96 BM), the
Mn(II) complexes are mononuclear. Based on IR spectra, the 3,5-diBr-salo ligands bind
to Mn(II) ions in a chelating bidentate fashion through the phenolato and the carbonyl
oxygen atoms, and the presence of the N,N’-donors as co-ligands in complexes 3-5 was
also confirmed.

In conclusion, complex 1 (Figure S2) is expected to have a similar structure to the re-
ported Mn(Il) complexes [Mn(5-NO,-salo),(MeOH);] [26], [Mn(5-Cl-salo),(MeOH);], and
[Mn(5-Br-salo),(MeOH),] [25] (5-NO,—saloH = 5-nitro-salicylaldehyde, 5-Cl-saloH = 5-
chloro-salicylaldehyde, and 5-Br-saloH = 5-bromo-salicylaldehyde). On the other hand,
complexes 3-5 are expected to have a similar structure (Figure S2) to complex 2 and analo-
gous reported Mn(II) complexes [Mn(5-NO;-salo), (phen)] [26], [Mn(4-OMe-salo),(phen)],
[Mn(4-OMe-salo), (bipy)], and [Mn(4-OMe-salo),(bipyam)] [25] (4-OMe-saloH = 4-
methoxo-salicylaldehyde), as well as the nickel(II) complex [Ni(3,5-diBr—salo),(neoc)] [31].

2.3. Interaction of the Complexes with CT DNA

Biologically active compounds may interact with DNA in diverse modes depending
on their stability, their structure, and the nature of their ligands [41]. Metal complexes
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interact with the double helix of DNA in a covalent way or in a noncovalent mode or via
the cleavage of the DNA helix [42,43]. In order to study the affinity of complexes 1-5 for
CT DNA, titration studies employing UV-vis spectroscopy, viscosity measurements, and
EB-displacement monitored with fluorescence emission spectroscopy were performed.
UV-vis spectroscopy titration studies provide initial information regarding the inter-
action of complexes with CT DNA and aid the determination of the DNA-binding constant
(Kp). The UV-vis spectra of the complexes were recorded in the presence of increasing
amounts of CT DNA solution (Figures 3 and S4). The intraligand bands in the region
300-315 nm and at 425 nm presented upon addition of CT DNA a slight hyperchromism,
while the positions of the corresponding Amax remained stable (Table 2). Such changes
reveal the interaction of the compounds with CT DNA [44] but cannot lead to a safe conclu-
sion regarding the mode of this interaction, thus necessitating the employment of more
techniques such as DNA-viscosity measurements and EB-displacement studies.

2.0
1.5+
}
< 1.0- f
0.5
0.0 T T T T
300 350 400 450 500
A (nm)

Figure 3. UV —vis spectra of a DMSO solution of complex 2 (100 uM) in the presence of increasing
amounts of CT DNA. The arrows show the changes upon increasing amounts of CT DNA.

Table 2. UV-vis spectroscopic data concerning the interaction of complexes 1-5 with CT DNA: UV-
band (Amax, in nm) (percentage of the observed hyper/hypochromism (AA /Ay, in %), blue-/red-shift
of the Amax (AA, in nm)); DNA-binding constant (K, in M™1).

Compound Amax(nm) (AA/Ao (%)) 2, AX (nm) P) K, (M-1)
3,5-diBr-saloH [30] 337 (<—50, elimination); 427 (>+50, 0) 3.71(+0.14) x 10°
[Mn(3,5-diBr-salo), (CH30H),], 1 425 (+11, —1) 1.12(40.32) x 10°
[Mn(3,5-diBr-salo), (bipyam)], 2 315 (+2, 0); 425 (+13, 0) 3.54(+0.42) x 10°
[Mn(3,5-diBr-salo), (bipy)], 3 425 (+18, —2) 6.58(40.53) x 10°
[Mn(3,5-diBr-salo),(phen)], 4 300 (+2, 0); 425 (+11, —2) 5.25(40.45) x 10°
[Mn(3,5-diBr-salo),(neoc)], 5 425 (+12,0) 1.73(£0.42) x 10°

2 “+” denotes hyperchromism and “—" denotes hypochromism. b 17 denotes red-shift and “—” denotes

blue-shift.

The K}, values of complexes 1-5 were calculated with the aid of the Wolfe-Shimer
equation (Equation (S1)) [45] and the plots of [DNA]/(es-¢¢) versus [DNA] (Figure S5).
Most of the complexes present a higher Kj, value than free 3,5-diBr-saloH (Table 2), revealing
its stronger binding to CT DNA upon coordination, with complex 3 bearing the highest
Kp (= 6.58(40.53) x 10° M~1) among the compounds studied herein. The DNA-binding
constants of complexes 1-5 are in the range reported (= 2.83 x 10° -=3.37 x 10° M~!) fora
series of transition metal complexes with 3,5-diBr-salo ligands [29-33] and Mn(II) complexes
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with di- or mono-substituted salicylaldehydes (Kp, = 9.92 x 10* - 3.08 x 107 M 1) [25,26].
The Ky, values of the complexes are higher than that of EB (K, = 1.23x10° M~ 1) [46], which
is a reference intercalator, revealing the potency of the compounds to displace EB from its
intercalating site.

The relative viscosity of DNA is usually sensitive to DNA-length changes since they are
related via the equation L/Lg = (/1g)!/3, where /1 denotes the relative DNA viscosity
and L/L is the relative DNA length. Therefore, the measurement of the viscosity of a DNA
solution in the presence of a compound provides significant information regarding changes
in relative DNA length arising from specific DNA interaction modes [47]. In general, a
classic intercalation will increase the separation distance between DNA bases to host the
intercalating molecule in-between, thus resulting in an elongation of the relative DNA
length in proportion to the relative DNA viscosity. An external interaction with DNA (an
electrostatic or DNA-groove binding interaction) may bend slightly the DNA helix, leading
to a slight shortening of the relative DNA helix, which may decrease relative DNA viscosity
or leave it practically stable [47].

In the current study, the changes in viscosity of a CT DNA solution (0.1 mM) were
monitored in the presence of increasing amounts of complexes 1-5 (up to the value of
r =0.36, Figure 4). Especially in the case of complexes 2 and 5, the addition of the complexes
initially resulted (up to r~0.1, Figure 4) in a slight decrease in relative DNA viscosity,
showing that an external interaction with DNA may probably take place, allowing the
complexes to approach DNA. Further addition of the complexes into the DNA solution
resulted in a gradual increase in the relative DNA viscosity, revealing an intercalative
interaction [47].

1.7
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1.6 4 —e— Complex 2
—4&— Complex 3
1.54 —v— Complex 4
—&— Complex 5

1.4 4

1.3 1

(m/my"”

1.2 1

1.1+

1.0 1

0.0 Oil 012 013 0.4
r=[compound] / [DNA]

Figure 4. Relative viscosity (1/ M0)}/? of CT DNA (0.1 mM) in buffer solution (150 mM NaCl and
15 mM trisodium citrate at pH 7.0) in the presence of the compounds (initial concentration 0.1 mM)
at increasing amounts (r = [compound]/[DNA] up to 0.36).

EB intercalates to DNA through its planar phenanthridine ring, which inserts in-
between two adjacent DNA bases, resulting in an intense fluorescence emission band at
Amax = 592-594 nm upon excitation at 540 nm [48]. It is considered a DN A-intercalation
marker, since the quenching of this band in the presence of intercalating compounds is an
indication of competition for the same DNA-intercalation sites [48]. For this experiment,
the fluorescence emission spectra of a buffer solution containing pretreated EB (40 uM) and
CT DNA (40 uM) were recorded (with Aeycitation = 540 nm) in the presence of increasing
amounts of complexes 1-5 (Figures 5A and S6). The quenching of the EB-DNA emission
band at Amax = 594 nm observed for all complexes (up to 54% of the initial fluorescence,
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Figure 5B, Table 3) may be assigned to the displacement of the EB from EB-DNA induced
by the complexes as a result of the competition for the same DNA sites. Such displacement
of EB indirectly suggests intercalation as the most probable mode of interaction between
CT DNA and complexes 1-5 [48].
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Figure 5. (A) Fluorescence emission spectra (Aexcitation = 540 nm) for EB-DNA ([EB] = 40 uM,
[DNA] = 45 uM) in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0) in
the absence and presence of increasing amounts of the complex 2. The arrow shows the changes
in intensity upon increasing amounts of the complex. (B) Plot of relative EB-DNA fluorescence
emission intensity at Aepission = 5994 nm (I/Io, %) versus r (r = [compound]/[DNA]) in the presence
of complexes 1-5 (up to 45.7% of the initial EB-DNA fluorescence for complex 1, 45.7% for complex 2,
46.9% for complex 3, 49.3% for complex 4, and 47.5% for complex 5).
Table 3. Fluorescence features of the EB-displacement studies for complexes 1-5: percentage of
EB-DNA fluorescence emission quenching (Al/Iy, in %), Stern—Volmer (Kgy, in M~1), and quenching
constants (Kgq, in M- 1571y,
Compound Al/To (%) Ksy M™1) Kq M~1s71)
3,5-diBr-saloH [30] 56.3 3.95(£0.10) x 10* 1.72(40.04) x 10'?
[Mn(3,5-diBr-salo), (CH30H),], 1 54.3 1.09(£0.03) x 10° 4.72(4+0.12) x 10'?
[Mn(3,5-diBr-salo), (bipyam)], 2 54.3 4.15(+0.05) x 10* 1.80(£0.02) x 1012
[Mn(3,5-diBr-salo), (bipy)], 3 53.1 4.14(+0.01) x 10* 1.80(40.04) x 10'?
[Mn(3,5-diBr-salo),(phen)], 4 50.7 3.19(£0.09) x 10* 1.39(40.04) x 10'?
[Mn(3,5-diBr-salo),(neoc)], 5 52.4 3.83(£0.08) x 10* 1.67(40.35) x 1012

The evaluation of the EB-displacement was assessed through the Stern—Volmer con-
stants (Kgy) calculated with the Stern—Volmer equation (Equation (S2)) [48] and the corre-
sponding Stern—Volmer plots (Figure S7). Most of the complexes studied herein present
higher Kgy values than free 3,5-diBr-saloH (Table 3), with [Mn(3,5-diBr-salo),(CH30H);]
bearing the highest constant (Kgy = 1.09(£0.03) x 10° M~1). The quenching constants (Kq)
for the complexes were calculated with Equation (S3), applying the value of 23 ns as the
fluorescence lifetime for the EB-DNA system (t9) [49]. The Kq values of all complexes are
found to be of the 10’2 M~1s~! order and are much higher than the value of 1010 M—1s—1;
these values suggest the presence of a static quenching mechanism and confirm the for-
mation of a new DNA-compound adduct as the result of the displacement of EB and
subsequently indicate an intercalative mode of interaction [48].
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2.4. Interaction of the Complexes with Albumins

Serum albumin (SA) is the most abundant protein in human blood plasma with
important key roles such as the reversible binding and the transportation of drugs or other
compounds and the maintenance of the osmotic pressure [50,51]. Within this context, the
interaction of complexes 1-5 with the homologue albumins HSA and BSA was studied
with fluorescence emission spectroscopy. In addition, the subtraction of the spectra was
performed from the free compound for precise quantitative studies. Furthermore, the
inner-filter effect was assessed with Equation (54), and it was found negligible to affect the
measurements [52].

The fluorescence emission spectra (excitation at 295 nm) of the albumins (3 uM) in
buffer solution were recorded in the presence of increasing amounts of complexes 1-5
(Figures 6, S8 and S9). The intense fluorescence emission band observed at 345 nm (for BSA)
or 340 nm (for HSA) exhibited a significant quenching (up to 92% of the initial emission
intensity) in the presence of the complexes (Figure 7). Such quenching may result from the
changes in the albumin’s secondary structure and may be attributed to possible alterations
of tryptophan residues of Sas and serves as an indication of the interaction of the complexes
with the albumins [48].
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Figure 6. Fluorescence emission spectra (Aexcitation = 295 nm) of (A) BSA (3 uM) and (B) HSA (3 uM)
in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0) in the presence of increasing
amounts of complex 1. The arrows show the changes in intensity upon increasing amounts of

the complex.

The interaction of the complexes with the albumins was assessed through the SA-
quenching constants (Kq) and the SA-binding constants (K) calculated with the Stern—
Volmer and Scatchard equations and the corresponding plots, respectively. The Kq constants
were calculated with the Stern—-Volmer equations (Equations (52) and (S3)) and plots
(Figures S10 and S11) applying the value of 1y = 1078 s as the fluorescence lifetime of
tryptophan in SAs [48]. The K values of the complexes for both albumins (Table 4) are of
the order of 10'2-10'3 M~!s~! and are much higher than the value of 10! M~!s~!, revealing
the existence of a static quenching mechanism [48], which confirms the interaction of the
compounds with the albumin.
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Figure 7. (A) Plot of % relative fluorescence intensity of BSA at Aem = 345 nm (I/Io, %) versus r
(r = [compound]/[BSA]) for its complexes 1-5 (up to 8.0% of the initial BSA fluorescence for complex
1, 12.3% for complex 2, 17.0% for complex 3, 15.9% for complex 4, and 18.0% for complex 5). (B) Plot of
% relative fluorescence intensity of HSA at Aem = 340 nm (I/Io, %) versus r (r = [compound]/[HSA])
for complexes 1-5 (up to 21.9% of the initial HSA fluorescence for complex 1, 30.4% for complex 2,
33.3% for complex 3, 20.3% for complex 4, and 35.0% for complex 5).

Table 4. The BSA /HSA-quenching constants (Kq, in M~1s~1) and the BSA/ HSA-binding constants
(K, in M~ 1) calculated for complexes 1-5.

Compound Kq @sa) M1s71) Kpsa) M1 Kq msa) M~1s71) Kasa) M)
3,5-diBr-saloH [30] 3.65(£0.25) x 1013 2.97(40.16) x 10° 1.72(£0.06) x 1013 4.04(40.30) x 10°
Complex 1 4.42(+0.26) x 1013 2.12(+0.06) x 100 1.24(40.04) x 1013 1.45(£0.07) x 10°
Complex 2 3.18(+0.19) x 10'3 1.36(40.03) x 10° 6.29(+0.32) x 10'? 8.18(£0.25) x 10°
Complex 3 1.81(=£0.10) x 1013 9.86(40.28) x 10° 7.52(£0.30) x 1012 4.28(40.09) x 10°
Complex 4 1.24(40.05) x 1013 1.71(40.05) x 10° 1.93(40.10) x 1013 9.05(£0.33) x 10°
Complex 5 3.01(£0.12) x 1013 7.49(£0.23) x 10° 8.57(+0.21) x 10'2 2.77(£0.05) x 10°

The K values of the complexes for both SAs were calculated with the Scatchard
equation (Equation (S5)) and corresponding plots (Figures S12 and S13). They are of 10°—
10° M~! magnitude, showing a tight interaction of the complexes with the albumins. The
Kq and K constants of complexes 1-5 (Table 4) are comparable with those recently reported
(for BSA: Kq = 6.83 x 10" - 2.11 x 10 M~1s71, K =821 x 10* - 2.11 x 10° M~!; for
HSA: Kq = 6.00x10'? -4.22x10" M~1s71, K = 2.23x10* - 1.99x10° M) for metal com-
plexes with 3,5-diBr-salo™ ligands [29-33] and higher than most reported Mn(II) complexes
with di- or mono-substituted salicylaldehydes (Kqpsa) = 3.32 102 -3.14 x 1013 M~1s71,
Kpsa) = 2.37 x 104 =479 x 10° M~1) [25,26].

In addition, the SA-binding constants of all complexes under study are significantly
lower than the value of 101> M~!, which is the highest binding constant found for the
noncovalent interactions involving avidin. Based on this comparison, we may conclude
that the herein reported complexes 1-5 can reversibly bind to the albumins and may be
transferred and released at possible biological targets [53].
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3. Experimental Section
3.1. Materials—Instrumentation—-Methods

Information concerning materials, instrumentation, and physical measurements is
cited in the Supplementary Materials (Section S1) [54] (abbreviations used for IR spectra:
vs. = very strong; s = strong; sm = strong-to-medium; m = medium).

The procedure regarding the determination of crystal structure of complex 2 with
single-crystal X-ray crystallography is described in the Supporting Information file
(Section S2) [55-58]. Details of crystal data and structure refinement parameters are shown
in Table S1 [59,60].

All the procedures and relevant equations used in the in vitro study of the biological
activity (interaction with CT DNA, HSA, and BSA) of the compounds are described in the
Supplementary Materials (Sections S3 and S4) [61].

3.2. Synthesis of the Complexes
3.2.1. Synthesis of [Mn(3,5-diBr-salo), (CH30H),] (Complex 1)

A methanolic solution containing 3,5-diBr-saloH (0.5 mmol, 140 mg) and CH30ONa
(0.5 mmol, 27 mg) was stirred for 1 h and afterwards was added into a methanolic solution
of MnCl,-4H,0 (0.25 mmol, 49 mg) at RT. The reaction mixture was stirred for an additional
60 min and left to slowly evaporate. After two weeks, a beige microcrystalline product
(yield: 85 mg, 50%) of complex 1 was collected with filtration. Anal. Calc. for [Mn(3,5-
diBr-salo), (MeOH),] (C14H14BrsMnOg) (MW = 676.86). C: 28.39, H: 2.08%; found: C: 28.55,
H: 2.17%. IR (KBr disk), Vmax (in cm™1): (O-H)pmeom, 3400(m); v(C=0), 1641(s); v(C-O —
Mn), 1312(m). UV-vis: as nujol mull, A (in nm): 419 (sh (shoulder)); in DMSO, A (in nm)
(e, in M~ em™1): 425 (10200), 268 (9140). ieg at RT = 5.90 BM. The complex is soluble in
DMF and DMSO (Ay; = 10 S-em?-mol ™!, in 1 mM DMSO solution) and partially soluble
in methanol.

3.2.2. Synthesis of Complexes [Mn(3,5-diBr-salo), (N,N’-donor) (Complexes 2-5)

Complexes 2-5 were prepared at RT according to the following procedure: a methano-
lic solution (10 mL) of CH3ONa (0.5 mmol, 27 mg) and 3,5-diBr-saloH (0.5 mmol, 70 mg)
was stirred for 30 min in order to deprotonate 3,5-dibromo-salicylaldehyde. Afterwards,
the resultant solution was added dropwise and simultaneously with a solution of the corre-
sponding N,N’-donor (0.25 mmol) into a methanolic solution of MnCl,-4H,0 (0.25 mmol,
49 mg). The final solution was stirred for an additional 45 min and was left to evaporate
slowly. The formation of the desired product was observed after a few days.

[Mn(3,5-diBr-salo), (bipyam)] (complex 2): For the synthesis of complex 2, bipyam
(0.25 mmol, 43 mg) was used as the N,N’-donor. Light-brown crystals of 2 (90 mg, 45%)
suitable for X-ray crystallography were collected after ten days. Anal. Calc. for [Mn(3,5-
diBr-salo), (bipyam)] (Cp4H;5BryMnN3z;Oy) (MW = 783.94). C: 36.77, H: 1.93, N: 5.36%;
found: C: 36.60, H: 1.83, N: 5.13%. IR (KBr disk), Vmax (in cm™1): V(C=0),1dehydo, 1641
(8); V(C-O)phenolato, 1306 (sm); p(C—H)pipyam, 767 (m). UV-vis: as nujol mull, A (in nm):
422 (sh); in DMSO, A (in nm) (e, in M~! em™1): 425 (6250), 315 (7500), 287 (9500). pfr at
RT = 5.96 BM. The complex is soluble in DMF and DMSO (Ap; = 8 S-em?-mol~!, in 1 mM
DMSO solution) and partially soluble in methanol and acetonitrile.

CCDC deposition number 2,468,794 contains the supplementary crystallographic data
for complex 2. These data can be obtained free of charge via www.ccdc.cam.ac.uk (or from
the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).

[Mn(3,5-diBr-salo), (bipy)] (complex 3): For the synthesis of complex 3, bipy (0.25 mmol,
39 mg) was used as the N,N’-donor. The orange product of complex 3 (yield: 95 mg, 50%)
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was collected with filtration after two weeks. Anal. Calc. for [Mn(3,5-diBr-salo),(bipy)]
(Cp4H14BrgMnN,O4) (MW =768.96). C: 37.49, H: 1.83, N: 3.64%; found: C: 37.65, H: 1.69,
N: 3.46%. IR (KBr disk), Vmax (in cm™1): V(C=0)aidehydos 1625 (8); V(C—O)phenolato, 1324
(sm); p(C-H)pipy, 760 (m). UV-vis: as nujol mull, A (in nm): 415 (sh); in DMSO, A (in nm)
(e, in M~tem™1): 425 (7450), 283 (8040). g at RT = 5.88 BM. The complex is soluble in
DMF and DMSO (Ay = 15 S-cm?-mol ™!, in 1 mM DMSO solution) and partially soluble in
acetonitrile.

[Mn(3,5-diBr-salo),(phen)] (complex 4): For the synthesis of complex 4, phen
(0.25 mmol, 45 mg) was used as the N,N’-donor. The orange product of complex 4 (yield:
105 mg, 52%) was collected with filtration after two weeks. Anal. Calc. for [Mn(3,5-diBr-
salo)a(phen)] (CosH14BraMnN,O4) (MW = 792.98). C: 39.38, H: 1.78, N: 3.53%; found:
C: 39.56, H: 1.67, N: 3.33%. IR (KBr disk), Vmax (in cm™1): V(C=0)aldehydo, 1632 (s); v(C—
O)phenolato, 1325 (sm); p(C—H)phen, 729 (m). UV-vis: as nujol mull, A (in nm): 421 (sh);
in DMSO, A (in nm) (g, in M~ em™1): 425 (6200), 300 (11500). pef at RT = 5.87 BM. The
complex is soluble in DMF and DMSO (A = 11 S-cm?-mol~?, in 1 mM DMSO solution)
and partially soluble in methanol and acetonitrile.

[Mn(3,5-diBr-salo),(neoc)] (complex 5): For the synthesis of complex 5, neoc
(0.25 mmol, 52 mg) was used as the N,N’-donor. The orange product of complex 5 (yield:
95 mg, 45%) was collected with filtration after twenty days. Amnal. Calc. for [Mn(3,5-
diBr-salo); (neoc)] (CogHigBraMnN,Oy4) (MW = 821.04). C: 40.96, H: 2.21, N: 3.41%; found:
C: 40.75, H: 2.37, N: 3.26%. IR (KBr disk), Vmax (in cm™1): V(C=0)aidehydo, 1632 (s); v(C—
O)phenolator 1328 (sm); p(C—H)neoc, 735 (m). UV-vis: as nujol mull, A (in nm): 419 (sh); in
DMSO, A (in nm) (e, in M~ em™1): 425 (6430), 311 (5500), 279 (6120). e at RT = 5.85 BM.
The complex is soluble in DMF and DMSO (A = 10 S-cm?-mol~ !, in 1 mM DMSO solution)
and partially soluble in methanol.

4. Conclusions

Five neutral mononuclear manganese(II) complexes with 3,5-dibromo-salicylaldehyde
(3,5—-diBr-saloH) were synthesized in the absence or the presence of the N,N’-donors
2,2'-bipyridylamine (bipyam), 2,2'-bipyridine (bipy), 1,10-phenanthroline (phen), and
2,9-dimethyl-1,10-phenanthroline (neoc) and were characterized with various techniques.
The 3,5-diBr-salo™ ligands are bound to the manganese(Il) ion in a bidentate fashion via
the deprotonated phenolato and the carbonyl oxygen atoms. The manganese(1l) ions are
six-coordinated with a distorted octahedral geometry.

The complexes interact with linear CT DNA via intercalation as derived from the
techniques employed, and complex [Mn(3,5-diBr-salo),(bipy)] exhibits the highest DNA-
binding constant (K}, = 6.58 x 10° M~!) among the compounds studied herein. Furthermore,
the complexes tightly and reversibly bind to human and serum albumins, as concluded
from the values of the corresponding binding constants calculated. The DNA- and albumin-
binding constants of complexes 1-5 are among the highest constants of the reported
manganese(Il) complexes with di- or mono-substituted salicylaldehydes. In conclusion,
complexes 1-5 showed promising features regarding the interaction with biomolecules,
deserving further bioactivity studies in future projects.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics13080263/s1; Cif file for complex 2; Checkcif file for
complex 2; Information for materials, instrumentation, and physical measurements (Section S1);
Procedure for single-crystal X-ray crystallography (Section S2); Protocols and equations regarding
interaction studies with CT DNA (Section S3); Albumin-binding studies (Section S4). Table S1 and
Figures S1-513 are included in the ESI file.
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Abbreviations

The following abbreviations are used in this manuscript:

3,5-diBr—saloH  3,5-dibromo-salicylaldehyde
4-OMe-saloH  4-methoxy-salicylaldehyde

5-Br—saloH 5-bromo-salicylaldehyde
5-Cl-saloH 5-chloro-salicylaldehyde
5-NOp-saloH  5-nitro-salicylaldehyde
bipy 2,2'-bipyridine
bipyam 2,2'-bipyridylamine
BSA bovine serum albumin
CT calf-thymus
EB ethidium bromide
HSA human serum albumin
K SA-binding constant
Ky DNA-binding constant
Kq quenching constant
Ksy Stern—Volmer constant
neoc 2,9-dimethyl-1,10-phenanthroline
phen 1,10-phenanthroline
RT room-temperature
SA serum albumin
saloH salicylaldehyde
X-saloH substituted salicylaldehyde
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Abstract: This study presents the synthesis of NaYF,: Er** /Yb%* upconversion luminescent
nanomaterials using a wet chemistry method. The role of oleic acid in influencing the
size, shape, and luminescent properties of the materials was also investigated. The results
showed that, at a suitable oleic acid concentration of 10~3 M, the obtained nanoparticles
exhibited a nearly spherical morphology with diameters ranging from 150 to 250 nm and
predominantly display a hexagonal (3-NaYFy) crystalline phase. Photoluminescence mea-
surements under 980 nm laser excitation reveal that these nanoparticles emit strong, stable
luminescence with narrow emission bands characteristic of Er** transitions. Subsequently,
the nanoparticles were coated with a silica shell, functionalized with amine groups, and
conjugated with IgG antibodies via glutaraldehyde (GA) to form the bio-nano complex
B-NaYF,: Er®*/Yb**@SNGA-IgG. In vitro experiments using fluorescence microscopy
demonstrated that the complex effectively labels HeLa cervical cancer cells. With its robust
upconversion luminescence and excellent biocompatibility, the developed nanocomplex
shows promising potential for rapid pathogen detection and other biomedical applications.

Keywords: NaYF;: Erd*/Yb3+; upconversion; oleic acid; nanoparticles; wet chemistry

1. Introduction

Rare-earth ion-doped luminescent nanomaterials have attracted significant research
interest due to their ability to exhibit both downconversion (DC) and upconversion (UC)
luminescence. These properties are suitable for applications such as photocatalysis, security
printing, solar cells, drug delivery, and cell labeling for biomedical applications [1-8].

Among these effects, upconversion luminescence has several advantages, including
high sensitivity, generating a strong optical signal to enhance biological detection when
using an infrared excitation source (e.g., 980 nm laser). Using infrared excitation sources
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that are non-damaging to cells, friendly to humans, and capable of penetrating several
millimeters into human tissue allows deeper interaction with damaged areas. Consequently,
these materials have attracted interest in medical applications, especially for pathogen
detection and cancer cell labeling [9-15].

NaYF, luminescent materials doped with Er3* and Yb%* ions are especially promising
due to their upconversion effects. However, in order to achieve the target of using these
materials for biomedical applications, numerous challenges still remain to be solved such
as relatively low luminescence intensity compared to other materials and the need to
optimize surface functionalization for effective biomolecule binding [16-19]. Researchers
are, therefore, focusing on enhancing luminescence intensity, developing more stable
and safer synthesis methods, and expanding applications for rapid and accurate pathogen
detection. Controlled synthesis of nanoparticle size and shape is crucial, as these parameters
directly influence optical properties and overall luminescence efficiency.

Oleic acid, a surfactant with the chemical formula C;7H33COOH, plays a pivotal role in
nanoparticle synthesis. Its cis C=C double bond facilitates the formation of a protective layer
around nanoparticles, reducing energy loss and preventing aggregation. This protective
effect allows for precise control over nanoparticle size and shape. Given that nanoparticle
size directly affects optical performance, achieving optimal size control is essential for
maximizing luminescence efficiency [20].

In this study, we investigate the effect of surfactant concentration—specifically, oleic
acid (OA)—on the size, shape, and luminescent properties of NaYFy: Er3* /Yb3* nanomate-
rials. Our goal is to determine the suitable synthesis conditions for producing highly lumi-
nescent materials for diagnostic applications, particularly in rapid pathogen detection. Ad-
ditionally, we evaluated the ability of the nanocomplex containing NaYF,:Yb** /Er®* to de-
tect HeLa cervical cancer cells, thereby confirming its potential for biomedical diagnostics.

2. Results and Discussion
2.1. Morphological Characterization

Figure 1 presents the FESEM images of the nanomaterial samples: (a) NaYFy:
Er’*/Yb%*, (b) NaYFy: Er®*/Yb3*-OA (10~! M), (c) NaYF,: Er¥*/Yb3 -OA (1072 M),
and (d) NaYF,: Er3* /Yb3*-OA (1073 M), respectively. The results indicate that the NaYFy:
Er’* /Yb3* sample that was synthesized without using OA (Figure 1a) exhibits an oval
block shape with a diameter ranging from 800 to 900 nm. When oleic acid (OA) is intro-
duced at a concentration of OA (10! M) (Figure 1b), the material tends to transition into
a rod-like form with a length of 800-900 nm and a diameter of 400-500 nm. As the OA
concentration decreases to OA (10~2 M), the particles become completely separated and
tend to be hexagonal in shape with sizes of 400-500 nm. Further dilution to OA (1073 M)
results in progressively smaller spherical-like particles, ranging from 150 to 250 nm.

The gradual reduction in particle size can be probably attributed to the dilution
process, which decreases the extent of reaction participation and promotes increased
nucleation relative to individual particle growth. Additionally, a more diluted environment
reduces particle collisions, thereby limiting aggregation and ensuring both small size and
uniform dispersion.

These findings demonstrate that OA plays a crucial role in controlling the size and
morphology of the material. At high OA concentrations, the material adopts a rod-like
morphology, whereas at lower concentrations, it shifts towards a more spherical-like form
and becomes progressively smaller. The controlled addition and dilution of OA provide an
effective means of tailoring particle size and morphology, making the material suitable for
various applications, particularly in biomedicine. This demonstrates the role of oleic acid
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as a morphological controller of the material, where dilution of its concentration leads to a
gradual decrease in particle size.

£

IMS-NKL 5.0kV 5.3mm x50.0k SE(M)

Figure 1. FESEM images of (a) NaYFy: Er®* /Yb3*, (b) NaYFy: Er®* /Yb3*-OA (10~! M), (c) NaYFy:
Er3* /Yb3**-OA (1072 M), and (d) NaYFy: Er3*/Yb3**~OA (1073 M) samples.

2.2. Structure Characterization

The XRD patterns of the nanoparticle samples, namely, NaYFy: Er**/Yb3*, NaYFy:
Er’* /Yb**—OA (10~! M), NaYFy: Er**/Yb3*-OA (1072 M), and NaYFy: Er**/Yb**-OA
(1073 M) are shown in Figure 2. The results reveal that characteristic diffraction peaks
appear in the NaYFy: Er’*/Yb%* samples synthesized by using OA at 20 angles of 17.2,
29.8, 30.8, 34.7, 43.5, 46.5, 53.6, 55.2, and 62.3°. These peaks correspond to those in the
JCPDS reference card No. 28-1192 for the 3-NaYF, (hexagonal) crystal phase, which is
the preferred phase for achieving high luminescence efficiency. For the NaYFy: Er**/Yb>*
sample with the added OA concentration of 10~1 M, additional diffraction peaks at 28.2,
32.6, 46.9, and 55.6° were observed alongside those of the 3-NaYF, (hexagonal) phase.
These peaks correspond to the x-NaYF, (cubic) phase, as indicated by JCPDS reference
card no. 01-077-2042. Importantly, for the case of using the suitable OA concentrations in
the range of 10721072 M, no impurity peaks are observed, confirming that the 3-NaYFy:
Er’*/Yb*" material was synthesized readily and purely with a high crystallinity.

By combining the results obtained from FESEM and XRD measurements, it can be
concluded that, for the NaYF,: Er®* /Yb3*-OA (10~ M) sample (Figure 2, curve 2), the
material exhibits a rod-like morphology with a mixed-phase structure (hexagonal and
cubic). However, as the OA concentration is diluted to 10~3 M, the material adopts a
spherical-like morphology with only the hexagonal phase presents.
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Figure 2. X-ray diffraction pattern of (1) NaYFy: Er3*/Yb3*, (2) NaYFy: Er¥*/Yb3*-OA (10~ M),
(3) NaYFy: Er¥*/Yb3*-OA (1072 M), and (4) NaYFy: Er¥*/Yb3*-OA (10~3 M) samples.
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This shows that the concentration of oleic acid (OA) plays a crucial role not only in
controlling particle size and morphology but also in determining the crystal phase of the
synthesized NaYF,:Yb®" /Er®* nanomaterials. At low OA concentrations, the surface of
crystal nuclei is only partially covered, allowing for anisotropic growth that favors the
formation of the thermodynamically stable hexagonal 3-phase, which is typically associ-
ated with enhanced upconversion luminescence. However, when the OA concentration
increases, the nanocrystal surfaces become densely coated with OA molecules, significantly
altering the surface energy and growth dynamics. This hinders anisotropic crystal growth,
thereby kinetically stabilizing the formation of the cubic a-phase, which is known to form
during early nucleation or under growth-restricted conditions.

Additionally, excess OA can suppress the transition from cubic to hexagonal phase
by reducing the crystallization rate, ultimately leading to the coexistence of both «- and
-phases in the final product. However, the hexagonal 3-NaYF; phase features a larger
separation between Er®* ions, which helps to reduce fluorescence quenching. This structural
advantage is highly beneficial for achieving strong luminescence, making the material
well-suited for various applications [21-24].

Figure 3 presents the Fourier transform infrared (FTIR) spectrum of the 3-NaYFy:
Er®*/Yb**-OA (1073 M) sample. The infrared spectrum displays a broad and intense
band in the 3600-3300 cm™~! region, corresponding to O-H bond vibrations caused by
the absorption of H,O. Despite multiple washing steps with water and ethanol, organic
citrate molecules remain on the particle surface. The peaks at approximately 2950 and
2854 cm~! are attributed to the asymmetric and symmetric stretching vibrations of the
methylene group (~-CHj), respectively [25,26]. A distinct peak at ~1614 cm~! corresponds
to the carboxylate (COO™) group, confirming the attachment of oleic acid (OA) to the
particle surface and its interaction with metal ions in the NaYF, lattice. Additionally, the
band at ~1011 cm ™! is assigned to the C-O stretching vibration, indicating coordination
with metal cations. The presence of rare earth elements bonded to the NaYF; matrix is
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reflected in the lower-frequency vibrations observed at 792, 576, and 454 cm~!. These
results confirm the successful formation of NaYF,: Er** /Yb?* nanoparticles.

100
NaYF: Er’’/Yb™ - OA (107 M)
i 454 cm™'
95 1011 cm™' \
3643 cm™' »
o0 | 792 ¢cm
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Figure 3. FTIR spectrum of the NaYF,: Er** /Yb**-OA (10~3 M) samples.

By integrating the findings from XRD and FTIR measurements, it is evident that the
incorporation of oleic acid in the synthesis process plays a crucial role in controlling particle
size and morphology, ultimately enhancing the optical properties of the material.

2.3. Energy Dispersive X-Ray Analysis

Figure 4 presents the energy dispersive X-ray (EDX) spectrum of the (-NaYFy:
Er®*/Yb**-OA (10~2 M) nanoparticles. The spectrum reveals strong peaks corresponding
to the primary elements Na, Y, and F, along with weaker peaks for Yb and Er, which
are consistent with the expected composition of NaYF,: Er®*/Yb3*. Notably, no foreign
elements are detected, confirming the successful synthesis of the 3-NaYFy: Er** /Yb>*-OA
(10~3 M) material.

To further analyze the elemental distribution and verify the uniform dispersion of
dopant elements within the host matrix, energy dispersive X-ray spectroscopy (EDS)
mapping was conducted (Figure 5). The EDS mapping images of the -NaYF,: Er’* /Yb3*~
OA (10~3 M) nanoparticles illustrate the distribution of: (I) sodium (Na); (II) yttrium (Y);
(III) fluorine (F); (IV) ytterbium (Yb); (V) erbium (Er) elements.

The mapping results confirm that Na, F, and Y are evenly distributed throughout
the sample, indicating the successful incorporation of these elements into the host lattice.
Additionally, the distributions of Yb and Er are also homogeneous, which plays a crucial role
in reducing concentration quenching and enhancing luminescence intensity. The composite
(merged color) image (VI) demonstrates the overlap of elemental signals, verifying that
all components are present and uniformly distributed within the system, with no signs
of phase separation or aggregation. This finding underscores the high potential of this
material for optical applications, particularly in the biomedical field.
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Figure 5. Mapping EDS images of 3-NaYFy: Er®*/Yb3*~OA (10~3 M) nanoparticles, the distribution
of: (I) sodium (Na) element; (II) yttrium (Y) element; (III) fluorine (F) element; (IV) ytterbium (Yb)
element; (V) erbium (Er) element, and (VI) merged color.

2.4. Luminescence Properties

Figure 6 presents the upconversion photoluminescence spectra of the nanoparticle sam-
ples: (a) NaYFy: Er®* /Yb3*, (b) NaYFy: Er3*/Yb**~OA (107! M), (c) NaYFy: Er¥*/Yb3*-OA
(1072 M), and (d) NaYFy: Er3* /Yb**—OA (1073 M), under 980 nm excitation, at 450 mW.

The spectra exhibit three broad emission bands ranging from green to red, centered at
520, 540, and 650 nm. These emissions correspond to the 2Hyy /o — *I15/2, #S3/0 — *115,2,
and *Fq /2 — 45 /2 energy transitions in Erd*, respectively [7,27,28]. The upconversion
emission of NaYFy: Er**/Yb3* nanoparticles clearly demonstrates these typical energy tran-
sitions. A significant enhancement in luminescence intensity was observed in the NaYFy:
Er’*/Yb**-OA (10~3 M) sample compared to the NaYFy: Er®* /Yb**-OA (10~! M) sample.
The emission intensity of the 3-NaYFy: Er¥* /Yb**-OA (1073 M) sample is 8.2 times higher
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than that of the mixed phase NaYFy: Er®* /Yb3*~OA (10! M) sample. This enhancement
can be attributed to the small particle size and uniform distribution of dopant ions in the
material, which further contributes to reducing the concentration quenching effect, thereby
enhancing the luminescence intensity.
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Figure 6. The upconversion photoluminescence spectra of (a) NaYF,: Er®*/Yb3*, (b) NaYFy:
Er’*/Yb**-OA (1071 M), (c) NaYF4: Er3*/Yb>*—OA (10~2 M), and (d) NaYF,: Er®*/Yb3*-OA
(103 M) samples under 980 nm excitation.

Some reports have demonstrated that NaYF,-based upconversion nanocrystals can
be synthesized with significantly smaller sizes (e.g., 20-50 nm) by employing different
synthetic strategies [29,30]. To further reduce particle size, several optimization approaches
can be considered, such as: decreasing the OA concentration; adjusting the reaction temper-
ature and time; employing a co-surfactant or alternative ligands using microwave-assisted
synthesis. In our work, the primary focus was to ensure strong upconversion luminescence
and phase purity (especially stabilizing the 3-phase). We have investigated the effects
of three representative oleic acid (OA) concentrations (1071, 1072, and 1073 M) on the
morphology and upconversion luminescence of NaYF4:Er®* /Yb3* nanomaterials. Among
these, the 1073 M concentration exhibited the very good performance in terms of emission
intensity, particle uniformity, and size. Therefore, this sample was selected for cancer cell
labeling experiments. Further investigation of these material characteristics will be carried
out in the next study.

2.5. In Vitro Cellular Imaging

We used fluorescence microscopy to evaluate the binding ability between NaYF;:
Er’* /Yb3*@SNGA-IgG conjugates and HeLa cervical cancer cells after the incubation pro-
cess. Figure 7a,b show the fluorescent images of HeLa cervical cancer cells (negative control)
and HeLa cervical cancer cells incubated with NaYFy: Er®* /Yb3*@SNGA-IgG, respectively.
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(a) (b)

Figure 7. Fluorescence microscopy images of HeLa cervical cancer cells after 3 h of incubation with
(a) HeLa cervical cancer cells (negative control) and (b) 3-NaYFy: Er3*/ Yb3+@SNGA-IgG conjugates
at a concentration of 20 pg/mL.

In the first case, no photoluminescence (PL) emission was observed in the refer-
ence sample (Figure 7a). In the second case, the NaYFy: Er’* /Yb**@SNGA-IgG sample
exhibited strong green luminescence (Figure 7b). This might be attributed to the forma-
tion of bonds between NaYFy: Er®*/Yb**@SNGA-IgG and HeLa cervical cancer cells,
demonstrating a strong interaction between the conjugates and HeLa cancer cells due to
biological conjugation. Furthermore, it can be seen that the NaYFy: Er®* /Yb3*@SNGA-IgG
particles are localized within the cell cytoplasm. The Glutaraldehyde facilitates ligand
binding between the cell and the luminescent labeling particles, and, subsequently, the
conjugates are internalized into the cell via the invagination process. Therefore, 3-NaYF;:
Er®*/Yb**@SNGA-IgG could serve as a potential bio-label for cancer cells.

3. Experimental
3.1. Materials and Methods

Yttrium (III) nitrate hexahydrate, Y(NO3)3-6HO (99.9%), ytterbium (III) nitrate pen-
tahydrate, Yb(NO3)3-5H,0 (99.9%), erbium (III) nitrate pentahydrate, Er(NO3)3-5H,O
(99.9%), NaF (99%), and tetraethyl orthosilicate (TEOS) (99.9%) were purchased from Sigma-
Aldrich, St. Louis, MO, USA. NaOH (99%), trisodium citrate dehydrate HOC(COONa)
(CH,COONa),-2H,0 (99%) were provided from Merck, Darmstadt, Germany, while oleic
acid (C1gH340;) (92%) was provided from Fisher, London, England. All chemicals were of
analytical grade without any purification.

The crystalline phase identification of NaYF,:Yb®" /Er®* nanomaterials were carried
out by using X-ray diffraction (XRD) (D8 Advance, Bruker, Karlsruhe, Germany). The
morphology and energy dispersive X-ray spectra (EDS) of the NaYF4:Yb%* /Er®* nanoparti-
cles were analyzed using a field emission scanning electron microscope (FE-SEM, S-4800,
Hitachi, Tokyo, Japan) and high-resolution transmission electron microscopy (HRTEM,
JEM 2100, Jeol, Tokyo, Japan). To investigate the chemical bonding of the material, infrared

absorption spectra (IR) were recorded in the wavenumber range of 4000 to 400 cm !

using
a Fourier transform infrared (FT-IR) spectrometer (Spectrum Two, PerkinElmer, Waltham,
MA, USA). Photoluminescence (PL) measurements were conducted to evaluate the optical
properties of NaYF4:Yb3* /Er3* nanomaterials.

The upconversion photoluminescence properties were analyzed using an iHR320
photoluminescence measurement system (Horiba, Kyoto, Japan), under 980 nm excitation
(the dried nanopowder samples were placed directly onto flat copper slides). The cells
were observed under an Olympus ScanR fluorescence microscope (Olympus Europa SE

and Co.KG, Hamburg, Germany).
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3.2. Preparation of NaYFy: Er’*/Yb®* Nanoparticles

The synthesis process of NaYF,: Er¥* /Yb3* nanomaterials is as follows:

First, a mixed solution of rare-earth metal salts, including Y(NOs3)3-6H,O, Yb(NO3)3-5H,0,
and Er(NOj3)3-5H0, is prepared with a molar ratio of NaYF,:Yb?*:Er?* = 79:19:02. The
solution is stirred for 15 min to obtain Solution 1.

Next, a solution of NaF and sodium hydroxide is slowly added to Solution 1, followed
by continuous stirring for 120 min to obtain Solution 2. Then, trisodium citrate dihydrate is
gradually added to Solution 2 and stirred for 15 min to obtain Solution 3.

After that, oleic acid solutions (10’1, 102,103 M, etc.) are added to Solution 3 and
stirred for 120 min. Finally, the resulting solution is transferred into an autoclave and
heated at 200 °C for 24 h.

After completion of the hydrothermal reaction, the resulting products were collected
by centrifugation and washed several times with deionized water to remove unreacted
precursors and soluble byproducts. The washed samples were then dried at 70 °C for 48 h
to obtain dry nanopowders. Notably, although the nanocrystals were surface-modified
with oleic acid (OA), the washing step did not involve redispersion in an aqueous medium.
As aresult, the dried OA-coated nanocrystals retained their hydrophobic nature and were
not dispersed in water during any of the characterization steps. The obtained product is
centrifuged, thoroughly washed with deionized water to remove residual solvents and
dried at 70 °C for 48 h. The final product is a NaYF4:Er®* /Yb3* material in powder form.

3.3. Preparation of NaYFy: Er3*/Yb**@SNGA-IgG Bio-NanoComplexes

After synthesis, the NaYFy: Er®*/Yb3* material was coated with a layer of silica
via the hydrolysis of tetraethyl orthosilicate (TEOS). To functionalize the surface with
amine groups, we used a solution of 3-aminopropyltrimethoxysilane [31]. The surface
functionalization process was carried out for 24 h. Next, a solution of 50% glutaraldehyde
(GA) was mixed with the functionalized NaYF,: Er** / Yb**material; this mixture was then
dispersed in a PBS solution (0.1 M, pH = 5) at a concentration of 5 g L~! and agitated for
30 min. Subsequently, the compound was combined with various concentrations of IgG.
The reaction mixtures were incubated in the presence of glycerol at room temperature for
4 h. Finally, the NaYF,: Er®*/Yb**@SNGA-IgG products were collected by centrifugation
at 5900 rpm, washed three times with water, and stored at 4 °C in a sealed container.

3.4. Experiment on Incubating the Biomedical NaYFy: Er’*/Yb>*@SNGA-IgG Nanocomplex with
HeLa Cervical Cancer Cells

3.4.1. In Vitro Cell Culture

HelLa cervical cancer cells were cultured at 37 °C in DMEM medium supplemented
with 10% fetal bovine serum (FBS), 1% antibiotic-antimycotic, and 50 ng/mL gentamicin.
The cells were subcultured after 3-5 days at a ratio of 1:3 and incubated at 37 °C in an
atmosphere containing 5% CO,.

3.4.2. Experiment for Labeling HeLa Cervical Cancer Cells Using the Biomedical
Nanocomplex NaYF,: Er¥*/Yb**@SNGA-1gG

To evaluate cell detection capabilities, we performed cell staining. The procedure
was as follows: HeLa cervical cancer cells were seeded into a 24-well plate at a density
of 5 x 10* cells/mL and allowed to stabilize in an incubator at 37 °C with 5% CO, for
24 h. Next, PEG 1500 and the nanocomplex of B-NaYFy: Er’*/Yb3*@SNGA-IgG (at a
concentration of 20 pug/mL) were added to the cell culture wells, and the cells were
incubated for further 3 h.
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After incubation, the culture medium (including nanoparticles) was discarded. The
cells were then washed three times with sterile phosphate-buffered saline (pH 7.4) before
being observed under an Olympus ScanR fluorescence microscope.

4. Conclusions

We have successfully synthesized the NaYFy: Er®*/Yb3* material using a wet chem-
istry method. The influence of oleic acid on the morphology and luminescent properties
of the material was investigated. The resulting NaYF,: Er3* /Yb3* nanomaterials exhibit
upconversion luminescence in the green region, and our results indicate that a suitable
oleic acid concentration of 1073 M is required. The synthesized nanoparticles are spherical
in shape, with diameters ranging from 150 to 250 nm, and possess a single-phase 3-NaYF,
(hexagonal phase) crystalline structure.

The B-NaYFy: Er®* /Yb3* materials synthesized with an oleic acid concentration of
10~3 M demonstrate good and stable upconversion luminescence. They were subsequently
coated with silica, functionalized with amino-silane, and conjugated with IgG antibodies.
The pairing ability of the biomedical B-NaYF,: Er®* /Yb** @SNGA-IgG nanocomplex for la-
beling HeLa cervical cancer cells was successfully evaluated using an inverted fluorescence
microscope. The results show that the nanocomplex effectively binds to HeLa cervical
cancer cells under in vitro conditions.

Initial test results suggest that the biomedical nanocomplex containing the 3-NaYFy:
Er3* /Yb*" material shows promising potential for rapid pathogen detection.
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Abstract: Organometallic complexes of fac-tricarbonylrhenium have been shown to exhibit anticancer
properties. Anthrapyrazole anticancer agents act as DNA intercalators and topoisomerase ITax
inhibitors, leading to double-strand breaks (DBS) and cell cycle arrest. This work involves the
synthesis and biological evaluation of novel fac-tricarbonyl-rhenium complexes with anthrapyrazole
derivatives. The anthrapyrazole moiety was synthesized from 1,8-dihydroxyanthraquinone, and
three ligands L1, L2 and L3 were prepared. Ligand L1 coordinates via the phenolic O and pyrazole
N as bidentate chelator forming the fac—[Re(CO)3(KZ—N,O)(MeOH)]—type complex, ReL1. Ligand
L2 contains a pendant picolylamine N,N’-chelating system, forming the bidentate fac-[Re(CO);
(k>-N,N")Br]-type complex, ReL2. Ligand L3 contains a pendant picolylaminomonoacetic acid
chelating system, forming a tridentate fac-[Re(CO)3(x3-N,N’,0)]-type complex, ReL3. Complex
ReL4 contains a picolylamine chelator, forming a complex with structure fac-[Re(CO)3(x*-N,N’)Br],
which was synthesized as a model for ReL2, and its coordination mode was resolved by X-ray
crystallography. The complexes were characterized spectroscopically, and their biological properties
were evaluated in vitro, in terms of DNA binding as well as for the cytotoxicity against CT-26 tumor
cell line. Tumor cell cytotoxicity was high for ligand L2 and complex ReL2, exhibiting ICs values
of 0.36 and 0.64 uM, respectively. The most promising complex ReL2 was evaluated further by the
preparation of its congener y-emitting technetium-99m radio-complex, ™ TcL2. The in vitro uptake
in CT26 tumor cells and the in vivo uptake in CT26 tumor-bearing mice of ™ TcL2 was determined,
and its pharmacokinetic profile was established. These data indicate that the **™Tc complex has
suitable properties to enter tumor cells in vitro and in vivo, and therefore ReL2 is promising for
further evaluation.

Keywords: rhenium; tricarbonylrhenium; anthrapyrazole; anthraquinone; DNA-binding studies;
cytotoxicity; technetium-99m

1. Introduction

The development of metal complexes in therapeutics, especially in the treatment of
cancer, has made significant advances to date [1-7]. Platinum-based drugs have been
used as first-line anticancer agents for half a century now [8]. In this area of research,
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organometallic complexes of fac-tricarbonylrhenium have attracted attention in terms of
their potential pharmaceutical applications for the development of novel antitumor and
antimicrobial agents, as well as of luminescent probes for optical imaging [9-13]. The
utilization of the fac-tricarbonylrhenium core is attractive for pharmaceutical applications
due to its thermodynamic and kinetic stability, as well as for its versatility in drug
design, with the existence of a variety of suitable chelating strategies. In addition, a
number of research results show strong biological properties, which warrants their future
exploration [13].

DNA intercalators are small molecules that can reversibly bind in between adjacent
base pairs of double-stranded DNA (dsDNA). By binding to DNA, intercalators may cause
fatal perturbations in essential DNA-associated processes such as replication, transcription
and repair. Such polyaromatic frameworks include anthracenes, acridines, anthraquinones,
phenazines, quinolones, phenanthridines, etc. [14]. Metal complexes may also intercalate
with nucleic acid sequences either by conjugation to an organic intercalator or by coordina-
tion with a suitable chelating system, also known in the literature as metallointercalators,
containing phenanthroline, phenanthrenequinone diimine and other ligands with extended
aromatic systems [15]. Tricarbonylrhenium complexes with polyaromatic ligands such
as phenanthrolines [16], quinolones [17] and bipyridine [18] have also been reported as
antitumor agents.

Drug molecules containing the anthraquinone group are known to have clinical ap-
plications in therapeutic regiments against cancer. The anthraquinone scaffold provides
flatness, due to the aromatic polycyclic system, causing intercalation between the double
helix of DNA and the inhibition of topoisomerase II enzyme. Anthraquinone-based anti-
tumor cytotoxic agents such as daunorubicin, doxorubicin, mitoxantrone and pixantrone,
used in tumor therapy, are both Topo-II inhibitors and intercalators [19,20]. In this light,
Imstepf et al. developed tricarbonylrhenium-doxorubicin complexes that were evaluated
for their ability to inhibit Topo-Ilx [21].

The anthraquinone scaffold participates in redox processes, leading to the production
of free radicals, which enhances the cytotoxic profile of the compound in both cancer
and normal cells. The cardiotoxicity of anthraquinone derivatives led to the design and
development of an alternative scaffold [22]. Anthrapyrazoles, such as losoxantrone, contain
a pyrazole ring in the chromophore site instead of the quinone group, and they exhibit
significantly reduced cardiotoxicity, as shown in preclinical and clinical studies [23].

In this work, we developed new anthrapyrazole-based ligands suitable for complex-
ation with tricarbonylrhenium as potential antitumor agents, taking into consideration
the reduced cardiotoxicity as well as the presence of coordinating atoms in this moiety.
Therefore, we designed ligands to coordinate with fac-tricarbonylrhenium core either di-
rectly with the (N,O)-donor atoms of the anthrapyrazole pharmacophore, ligand L1 or
indirectly via the pendant bidentate (N,N)- and tridentate (IN,N,O)-donor atom systems,
ligands L2 and L3, respectively (Figure 1). The ligands and the rhenium complexes were
evaluated in vitro for their ability to interact with calf-thymus (CT) DNA as well as for
their cytotoxic properties in a tumor cell line. Complex ReL2, which exhibited the best
biological properties, was translated to the analogous y-emitting *™TcL2 complex, which
was evaluated in vitro and in vivo for its tumor uptake and distribution properties. Also,
in order to simulate the structure of ReL2, the model complex ReL4, which also contains a
picolylamine chelator and shares the same coordination mode of leC-[Re(CO)g(KZ -N,N")Br],
was synthesized and characterized by X-ray crystallography.
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Figure 1. Structures of rhenium anthrapyrazole complexes.

2. Results and Discussion
2.1. Synthesis and Spectroscopic Characterization of Rhenium Complexes

Synthesis of the ligands L1, L2 and L3 followed the route depicted in Scheme 1. The
intermediate compound 3 was synthesized according to methods reported in the literature
for similar anthraquinones [24].
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Scheme 1. (i) Me;SOy, 60 °C; (ii) p-toluenesulfonyl chloride (TsCl), 60 °C (46%); (iii) 2-hydroxyethyl-
hydrazine, 130 °C (25%); (iv) BBr3, 25 °C (65%); (v) methylsulfonyl chloride (MsCl), 25 °C (85%);
(vi) 2-picolylamine, 65 °C (39%); (vii) ethyl 2-((pyridin-2-ylmethyl)amino)acetate, 80 °C (67%).

The bidentate ligand L1 was prepared after the demethylation of 3 with BBrs. L1 offers
a bidentate N,O-donor system for direct complexation of the phenolic O and pyrazole N
with tricarbonylrhenium. The complex was prepared by reaction of L1 with equimolar
amounts of the precursor [Re(CO)5Br] in refluxing methanol for 24 h. The product was
isolated by column chromatography as a red solid in average yield. The NMR analysis
of the complex and the free ligand shows analogous proton and carbon signals, where
in the 'H-NMR spectrum of the complex, the phenolic proton signal of L1 at 9.87 ppm is
absent, and in the '*C-NMR spectrum, the carbon of the C=N pyrazole ring is downfield-
shifted to 160.30 ppm versus 154.43 ppm of L1. Furthermore, three CO carbons of the
tricarbonylrhenium core appear at 197.89, 197.35 and 196.83 ppm. These NMR signals
indicate the N,O-coordination of the metal core. The IR spectrum of the complex exhibits
the characteristic bands of the ligand and a CO stretch at 2025, 1930 and 1900 cm ™" of the
asymmetric tricarbonylrhenium core. High-resolution mass analysis revealed a signal that
corresponded to negative molecular ions at 11/z 579.0101 (60%) and 581.0139 (100%) for a
[M—H] pattern that matches the calculated values for M = CyoH15N»O7Re and corresponds
to the formula fac—[Re(CO)3(K2-L1)(MeOH)], as shown in Figure 1.
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Ligands L2 and L3 were synthesized after the mesylation of the intermediate com-
pound 3 and reaction of the mesylate compound 4 with the bidentate chelator 2-picolylamine
to form L2 or the tridentate chelator ethyl 2-((pyridin-2-ylmethyl)amino)acetate to form L3.
These ligands were designed as part of the pendant approach, where metal complexation
takes place with donor atoms that do not belong to the anthrapyrazole moiety.

L2 offers a bidentate N,N’-donor system from 2-picolylamine moiety for complexation
with tricarbonylrhenium. The complex was prepared by reaction of L2 with equimolar
amounts of the precursor [Re(CO)5Br] in refluxing methanol for 3 h. The product precipi-
tated from the reaction mixture as a yellow solid in average yield. The NMR analysis of the
complex shows the presence of two diastereomers due to the pseudooctahedral rhenium
coordination and the prochiral secondary amine nitrogen donor. The ratio of the isomers is
approximately 60:40, based on NMR and HPLC integration of the signals. In the "H-NMR
spectrum of the complex, differences in the shifts of the two isomers were detected, some
of which are shown in Figure 2. In particular, both isomers exhibit the characteristic pattern
of (N,N") coordination due to picolylamine fragment, where the 2 protons of H-15 are split
in two dd signals; in addition, the N-H can be observed at 5.64 and 6.73 ppm, respectively.

L2 Rel .2 (Major) ReL2 (minor)

H-14 - 5.64 (m) 6.73 (m)

5.12 (dd, ] =15.9, 5.2 Hz), 4.72 (dd, ] =15.6, 5.3 Hz),
H-15 3.98 (5) 443 (dd, J=15.9, 8.8 Hz) 4.60 (dd, J=15.7, 8.8 Hz)
H-18 8.48 (d, [=4.6 Hz) 8.78 (d, ]=5.1 Hz) 8.79 (d, ]=5.1Hz)
H-19 712 (t, ]=6.1Hz) 7.56 (t, |=7.7 Hz) 7.48 (m)
H-20 7.58 (t, ]=7.6 Hz) 8.10 (td, ] =7.8, 1.5 Hz) 8.06 (td, ] =7.8, 1.5 Hz)
H-21 725 (d, ]=8.1 Hz) 7.79 (m) 7.68 (d, [=7.9 Hz)

Figure 2. Representative section of the 'H NMR spectrum of ReL2 and table with proton shifts &
(in ppm) of L2 (CDCl3) and ReL2 (dg-DMSO); isomer designation M: major (blue), m: minor (red).

In the 1*C-NMR spectrum, the CO signals of the tricarbonylrhenium core exhibit shifts
at 197.89, 197.35 and 196.83 ppm. The IR spectrum of the complex exhibits the characteristic
bands of the ligand and in addition the CO stretch at 2021, 1909 and 1867 cm ™! of the
asymmetric tricarbonylrhenium core. The NMR and IR signals are in agreement with a
fac-[Re(CO)3(N,N")Br] coordination mode. Furthermore, the high-resolution mass analysis
revealed a signals that correspond to positive molecular ions [M — Br + DMSO]* at m/z
731.0995 (60%), 733.1125 (100%). Diastereomeric tricarbonylrhenium complexes have been
synthesized previously by our group and others in the literature [25-28].

L3 offers a tridentate N,N’,O-donor system of 2-((pyridin-2-ylmethyl)amino)acetate
moiety for complexation with tricarbonylrhenium. The complex was prepared by reaction
of L3 with equimolar amounts of the precursor fac-[Re(CO)3(MeOH)3](OTf) in refluxing
methanol for 24 h. The product was isolated by precipitation from methanol as a yellow
solid in average yield. The NMR analysis of the complex and the free ligand shows
analogous proton and carbon signals, where in the 'H-NMR spectrum of the complex
the characteristic pattern of this N,N’,O-coordination is evident as the methylene protons
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next to pyridine appear two doublets at 4.85 ppm (J = 15.7 Hz) and 3.59 ppm (] = 16.6 Hz),
respectively, and the acetate protons appear as two doublets at 4.28 ppm (J = 13.8 Hz)
and 4.16 ppm (J = 13.3 Hz), respectively. Furthermore, in the 3C-NMR spectrum, the
CO carbons of the tricarbonylrhenium core appear at 198.00 and 197.34 ppm. These
NMR signals indicate the [N,N’,0] coordination of the metal core. The IR spectrum of
the complex exhibits the characteristic bands of the ligand, with the exception of the
carboxylate ester stretch at 1737 cm ™! of the ligand and in addition the CO stretch at
2023, 1912 and 1870 cm ™! of the asymmetric tricarbonylrhenium core. High-resolution
mass analysis revealed a signal that corresponds to positive molecular ions at m/z 711.1006
(60%) and 713.1050 (100%) for an [M + H]* pattern that matches the calculated values
for M = Cy3H»1N4O7Re and corresponds to the formula fac—[Re(CO)3(K3—L3)], as shown in
Figure 1.

Complex fac-[Re(CO)3Br(L4)] (Figure 3) was synthesized from L4 (synthesis is reported
in Supplementary File, ESI: 1. Synthesis of Ligand L4) under the same conditions employed
for ReL2 and was used as a model compound to corroborate the coordination mode of ReL2,
which also contains a picolylamine chelator and shares the same coordination mode of fac-
[Re(CO)5(x2-N,N")Br]. The complex was crystallized, and its structure was solved by X-ray
crystallography. The IR and NMR characterization of ReL4 shows similar spectroscopic
data with ReL2 such as the stretching frequencies of the carbon monoxide coordinated to
Re(I), which is 2021, 1913, 1875 cm ! for ReL4 vs. 2021, 1909, 1867 of ReL2. In the *C-NMR
spectrum, the CO signals of the tricarbonylrhenium core of ReL4 exhibit shifts at 196.40,
195.47, 191.60 ppm, similar to those of ReL2, indicating that the coordination of the two
complexes is the same.

Figure 3. ORTEP of fac-[Re(CO)3Br(L4)] R-conformer.

2.2. X-ray-Structure

A plot of the molecular structure of complex fac-[Re(CO)3Br(L4)] is depicted in Figure 3,
and bond distances and angles are shown in Table 1. The compound crystallizes in the
monoclinic space group P2;/c, and four neutral independent complex molecules can be
found in the unit cell. The complex is mononuclear, and the coordination geometry is
distorted octahedral. L4 behaves as a bidentate ligand coordinated to rhenium(l) via the
aromatic nitrogen atom N(1) and the amine nitrogen atom N(2), forming a five-membered
chelate ring. Additionally, three carbon monoxide molecules are coordinated to Re(l) via
the carbon atoms C(15), C(16), C(17) in facial orientation. The total coordination number
of 6 is completed with the coordination of the bromine anion Br(1). The complex presents
chirality on N(2) and from the four symmetrically equivalent molecules present in the unit
cell, two of them are R type enantiomers, while the rest two are S conformers. In the ESI,
we give both the cif files of the enantiomers and the plots of these isomers for comparison
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(S conformer Figure S1). The bond distances and angles of complex fac-[Re(CO)3;Br(L4)]
are similar to those found in other structures of rhenium(I)-tricarbonyl halide complexes
coordinated to bidentate (N,N) donor ligands and forming five-membered ring, such as
N,N'-bipyridine, pyridylimine and pyridylamine ligands [29-32].

Table 1. Selected geometric parameters (A, °).

Rel—Brl 2.6219 (7)
Rel—NT1 2.171 (4)
Rel—N2 2.223 (4)
Rel—C15 1.919 (6)
Rel—C16 1.894 (7)
Rel—C17 1.897 (6)
01—C15 1.140 (8)
02—C16 1.127 (7)
03—C17 1.156 (7)
N1—C1 1.342 (7)
N1—C5 1.346 (7)
N2—C6 1.469 (7)
N2—C7 1.505 (7)

Brl—Rel—N1 85.82 (12)
Brl—Rel—N2 84.56 (12)
N1—Rel—N2 75.39 (16)

Brl—Rel—C15 925 (2)

N1—Rel—C15 174.8 (2)

N2—Rel—C15 99.5 (2)

Brl—Rel—C16 178.08 (18)

N1—Rel—C16 93.1 (2)

N2—Rel—C16 93.6 (2)

C15—Rel—C16 88.5 (3)

Brl—Rel—C17 91.2 (2)

N1—Rel—C17 98.5 (2)

N2—Rel—C17 172.8 (2)

C15—Rel—C17 86.5 (3)

C16—Rel—C17 90.5 (3)

In order to compare the distortion of the coordination octahedron of fac-[Re(CO);Br(L4)]
with the reported analog [Re(CO);Br(L)] complexes, we used Octadist software version
3.1.0 [33] to compute the values of C and X (=deviations of the metal ion complex from an
ideal octahedral structure) and ® (=distortion from a perfect octahedral (Oy) to a trigonal
prismatic (Dsp,) geometry). The parameter ( is the average of the sum of the deviation
of six unique metal-ligand bond lengths around the central metal atom (d;) from the
average value (dmean). The parameter X is the sum of the deviation of 12 unique cis ligand-
metal-ligand angles (¢;) from 90°. The parameter © is defined as the degree of trigonal
distortion of the coordination geometry from an octahedron towards a trigonal prism. The
© parameter is the sum of the deviation of 24 unique torsional angles between the ligand
atoms on opposite triangular faces of the octahedron viewed along the pseudo-threefold
axis (;) from 60°. Comparison results are included in Table S1. From these results, it is
concluded that [Re(CO);Br(L4)] presents nearly the same coordination parameters and
distortion with the analog octahedral complexes already published. The pyridine rings of
neighboring complexes have a centroid-to-centroid distance of 3.986 A indicating weak 7t
interactions present in the crystal structure of [Re(CO)3Br(L4)], which give extra stability to
the complex structure.

2.3. DNA-Binding Studies

The study of the interaction of anthrapyrazoles and their rhenium complexes with
DNA is of great interest due to their ability to act as DNA intercalators. Interactions between
a compound and CT DNA may cause changes to the absorption bands upon addition of
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CT DNA in various ratios (r) values (=[compound]/[DNA]). The UV-vis spectra of the
anthrapyrazoles and their complexes in DMSO in the presence of increasing amounts of
CT DNA are shown in Figure 4 and Figure S2. The UV-vis spectra of the compounds
exhibited similar changes of the intraligand absorption band after the addition of a CT
DNA solution, such as hypochromism up to 20%, as well as, in few cases, a red-shift
(Table 2). The DNA-binding constants (Kp) of the complexes calculated by the Wolfe—
Shimer equation [34] (Equation (1)) and plots [DNA]/ (e —¢) versus [DNA] (Figure S3) are
similar to that of the corresponding free anthrapyrazoles (Table 2), except ReL3 complex,
which exhibited much higher K}, than L3, suggesting that its coordination to Re(I) results
in a significant increase in the affinity for CT DNA. The K}, values suggest a strong binding
of the anthrapyrazole ligands L1, L2 and L3 to CT DNA, which are similar to that of the
classical intercalator EB (=1.23 (£0.07) x 10° M~1) [35]. The K}, value of complex ReL3
(=1.09 (£0.15) x 10° M~ !) is the highest DNA-binding constant among the herein examined
compounds. However, the results obtained from the UV-vis spectroscopic titration studies
(hypochromism) do not provide sufficient information to elucidate the type of interaction
between the anthrapyrazoles and their rhenium complexes with DNA, and additional
experiments are required to clarify the binding mode [24].

8 o
g 5
2 2
0.0 T T T T h T 0.0 T T T T T
300 350 400 450 500 550 300 350 400 450 500 550
A (nm) A (nm)
L3 ReL3
Figure 4. UV-vis spectra of DMSO solution (1 x 10~ M) of L3 and ReL3 in the presence of increasing
amounts of CT DNA. The arrows show the changes upon addition of CT DNA.
Table 2. Spectral features of the interaction of compounds L1-L3 and ReL1-ReL3 with CT DNA. UV
band (Amax, in nm), percentage of the observed hyper-/hypo-chromism (AA/Ag, %), red-/blue-shift
(AAmax, in nm) and DNA-binding constants (Kp, Mfl).
Compound Amax (nm) (AA/Ag (%) 2, AAmax (nm) P) K, (M1)
L1 276 (—6 2, 0°); 301 (sh) © (-5, 0); 323 (sh) (—7, 0); 439 (-7, 0) 1.33 (£0.01) x 10°
L2 278 (—10, 0); 326 (sh) (—3.5, 0); 441 (—4, +2) 7.74 (£0.03) x 10*
L3 277 (—7, +2); 325 (sh) (—7, 0); 441 (—6, 0) 7.01 (+0.01) x 104
ReL1 276 (—14, +3); 304 (—12, +2); 395 (—6.5, 0); 437 (sh) (=9, 0); 530 (—6, 0) 1.24 (0.04) x 10°
Rel2 278 (—20, +1); 300 (sh) (—10, 0); 435 (-5, +2) 6.87 (£0.09) x 10*
ReL3 278 (—12, +2); 300 (sh) (—10, 0); 322 (sh) (—10, +2); 436 (—10, 0) 1.09 (0.15) x 10°
2“1+ denotes hyperchromism, “—" denotes hypochromism; ® “+” denotes red-shift, “—” denotes blue-shift;

¢ “sh” = shoulder.

Viscosity measurements were performed by the addition of increasing amounts of the
anthrapyrazoles and their rhenium complexes on a CT DNA solution (10~* M). The relative
DNA viscosity (n/no) is sensitive to DNA length (L/Ly), and their relation is expressed
by the equation L/Ly = (/ M0)Y/? [36]. This study provides important information on the
DNA-interaction mode of a tested compound by monitoring changes in DNA viscosity in
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the presence of a compound. During intercalation, the DNA bases are separated to host
the intercalator, which leads to the elongation of DNA and increased DNA viscosity. In
the case of partial and/or non-classic intercalation (e.g., groove-binding or electrostatic
interaction), the compounds do not enter in-between the DNA bases, and a bend or a kink
in the DNA helix may occur, which does not significantly affect the DNA length, and the
DNA viscosity remains practically unchanged or may even show a slight decrease. In
the viscosity measurement, all the compounds resulted in a relative increase in the DNA
viscosity (Figure 5). Such results indicate the insertion of the compounds between the DNA
bases due to an intercalative interaction.

1304 —=—L1 ——ReLl
——12 ——Rel2
1254+ L3 <+ Rel3

1.20 1

0.95

0.00 0.05 0.10 0.15 0.20 0.25 030 0.35 0.40
r = [compounds] / [DNA]

Figure 5. Relative viscosity (1/ M0)}/? of CT DNA (0.1 mM) in buffer solution (150 mM NaCl and
15 mM trisodium citrate at pH 7.0) in the presence of the compounds (anthrapyrazoles L1-L3 and
complexes ReL1-ReL3) at increasing amounts (r = [compound]/[DNA]).

The EB-displacing ability of the compounds by interaction with EB-DNA is considered
to be useful in verifying the intercalation of a compound with DNA. EB is a typical
intercalator, where the planar EB-phenanthridinium ring is inserted between adjacent base
pairs on the double helix. The EB-DNA complex emits intense fluorescence at 592 nm (with
Aexitation = 940 nm), which may be quenched by a DNA-intercalating compound which
competes with EB for DNA intercalation and is therefore used as a fluorescence dye [37].

The ligands and the rhenium complexes did not exhibit significant fluorescence in the
presence of CT DNA and EB at 540 nm excitation; therefore, the complexes can be used
as EB competitors in this study. The fluorescence emission spectra of pre-treated EB-CT
DNA were obtained for [EB] = 20 uM, [DNA] =26 uM and for increasing amounts of the
compounds (up to r = 0.04) (shown in Figures 6 and S4). The addition of increasing amounts
of the ligands and rhenium complexes resulted in a substantial decrease in the intensity
of the emission band of the DNA-EB complex at 592 nm (the fluorescence intensity in the
highest competitor concentration was up to 43.5% of the initial EB-DNA fluorescence one,
Table 3). Therefore, the tested compounds exhibited EB-displacing ability by competing
with EB in binding to DNA (Figure 6B), proving thus, indirectly, their interaction with CT
DNA via intercalation [38]. As seen from the Stern—Volmer plots of EB-DNA fluorescence
studies in the presence of the competitors (Figure S5), the quenching of EB-DNA by the
compounds is in agreement (R = 0.99) with the linear Stern—Volmer equation (Equation (2)),
which proves the displacement of EB from EB-DNA by the compounds [34]. The obtained
values of Kgy (Table 3) may show tight binding of the complexes to DNA. Since the
fluorescence lifetime of EB-DNA (7p) is 23 ns [39], the Kq values were calculated with
Equation (3). All quenching constants are higher than 10!° M~!s~!, indicating the presence
of a static quenching mechanism which reveals the formation of a new adduct between
the studied complexes and DNA, indirectly confirming intercalation as the most possible
mode of interaction [37].

111



Inorganics 2024, 12, 254

Intensity

8000

7000

6000 A

5000

4000

0

Figure 6. (A) Fluorescence emission spectra (Aexitation = 540 nm) of EB-DNA ([EB] = 20 uM, [DNA]

= 26 uM) in buffer solution in increasing amounts of complex ReL3 (up to the value of r = 0.4).

The arrow shows the changes of intensity upon addition of ReL3. (B) Plot of EB-DNA relative
fluorescence intensity at Aem = 592 nm (I/1Ip, in %) (in buffer solution of 150 mM NaCl and 15 mM
trisodium citrate at pH = 7.0) vs. r (r = [compound]/[DNA]) in the presence of the compounds (up to
46.1% of the initial EB-DNA fluorescence emission intensity for L1, 46.0% for L2, 43.5% for L3, 51.5%
for ReL1, 48.6% for ReL2, and 46.1% for ReL3).

Table 3. Percentage of EB-DNA fluorescence quenching (Al/Io, %), the Stern—Volmer (Kgy, in M1
and EB-DNA quenching constants (Kg, in M~1s71) for compounds L1-L3 and ReL1-ReL3.

Compound Al/Ty (%) Key M—1) Kq M~ 1s71)
L1 53.9 5.65 (+0.09) x 10° 2.46 (+0.04) x 1013
L2 54.0 5.27 (+0.08) x 10° 2.29 (+0.03) x 1013
L3 56.5 5.93 (£0.04) x 10° 2.58 (£0.02) x 1013
ReL1 485 4.47 (4£0.05) x 10° 1.94 (+0.02) x 1013
ReL2 51.4 452 (£0.07) x 10° 1.96 (£0.03) x 1013
ReL3 53.9 4.60 (+£0.07) x 10° 2.00 (+0.03) x 1013

2.4. In Vitro Cell Studies

The cytotoxicity of the anthrapyrazole ligands L1, L2 and L3, as well as that of the
respective rhenium complexes ReL1, ReL2 and ReL3, was assessed in vitro in colorectal
adenocarcinoma cells CT26. The anthrapyrazole ligands L1, L2, L3 and their rhenium
complexes ReL1, ReL2 and ReL3 were incubated at 107> M concentration with the cells.
Compounds L2 and ReL2 affected cell viability, exhibiting in average 82.55 + 1.19 and
98.61 & 0.85% decrease in cell proliferation and 83.92 & 1.66 and 79.46 & 1.35% cell death
(Figure 7). The other four compounds tested (L1, L3, ReL1, ReL3) resulted in no significant
cytotoxicity or cell death after incubation with the cells in this concentration. The most cy-
totoxic compounds L2 and ReL2 were tested at lower concentrations up to 10~ M, and the
ICs5p was calculated to be 0.36 uM for L2 and 0.64 uM for ReL2 (Figure S6). The cytotoxicity
of these compounds is in the same range as for other standard cytotoxic agents from the
literature, such as doxorubicin and cisplatin [40,41]. The fact that ligands L1 and L3 are not
active in this concentration range is clearly attributed to their structure. By comparison to
anthrapyrazoles and similar compounds in the literature, it is evident that the pyrazole
nitrogen substitution is important for its cytotoxicity [24,42—44], while both losoxantrone
and mitoxantrone clinical agents contain -NCH,CH,NHCH;CH,OH moieties.
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Figure 7. Assessment of cell growth (A) and the proportion of dead cells (B) in cultures of CT 26
incubated with 102 M of each compound. The morphology of CT 26 treated with 10~ M of either
L2 (D) and ReL2 (C) along with the untreated control culture (E) is shown.

2.5. Radiotracer Studies

Technetium-99m (™Tc) is a y-emitting radionuclide with excellent physical properties
(t1/2: 6.01 h, 0.142 MeV). In addition, its low-cost commercial availability from Mo /™ Te
generators makes it an efficient choice in nuclear medicine for SPECT imaging. Technetium
and rhenium are considered congener metals, and usually, they form isostructural com-
plexes with similar biological properties [45]. The first in vivo evaluation of the potential
ability of ReL2 to be distributed to the tumor was conducted by preparing an analogous
y-emitting radiotracer, faC-[gngC][TC(CO)3(L2)(H20)]+ (®®™TcL2). Furthermore, in an effort
to explain the low biological activity of the complex ReL3, we prepared the analogous
radiotracer #™TcL3.

9mTeL2 and 9™ TcL3 were synthesized by reaction of the aqua ion fac-[*™Tc][Tc(CO)3
(H,0)3]* with 1073 M of the ligand L2 or L3 for 30 min at 55-65 °C, with high radiochemical
purity of >95%. 9™TcL2, tg = 19.2 min was identified by comparative RP-HPLC studies,
using complexes [Re(CO)3(L2)Br] (ReL2), tg = 21.1/21.3 min and [Re(CO)3(L2)(MeOH)]*
(ReL2’) (which was formed from ReL2 by precipitation of bromide with silver salts)
tr = 19.1 min as references (Figure S7). PmMTL3, tg = 21.3 min and RelL3, tg = 21.4 min
were identified. The lipophilicity value of the HPLC-purified ™TcL2 was found to be
2.45 + 0.06, and that of #™TcL3 was found to be 2.27 + 0.12, which indicates that the
complexes could penetrate cell membranes and be distributed across various tissues and
organs. The stability of ™ TcL2 was tested after incubation with 1 mM histidine and rat
plasma, and the percentage of intact tracer was found to be 95% at 4 h in histidine and 82%
at4 h in rat plasma, where it exhibited 54% protein binding. Respectively, %™ TcL3 was 93%
stable in histidine and 95% stable in rat plasma (with low protein binding of 16.4%) at 4 h.

The cellular uptake of tracer #*™TcL2 and ™TcL3 was performed in CT26 cells over
240 min. 9MTcL2 exhibited a time-dependent increase in cell uptake reaching 5.42 + 0.19%
cells at 240 min after incubation. ™TcL3 exhibited low cell uptake. In detail, Table 4 shows
the results obtained:
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Table 4. Percentage (%) of 99mM T2 and 9™ TcL3 uptake in CT26 cells.

15 min 60 min 120 min 240 min
99mT1 2 1.29 + 0.09% 2.48 + 0.25% 3.94 + 0.68% 5.42 4+ 0.19%
99MTCL3 0.49 + 0.06% 0.53 4+ 0.04% 0.55 + 0.08% 0.75 + 0.11%

Biodistribution studies were performed in CT26 tumor-bearing mice at time points of
30 and 120 min post intravenous injection of ™ TcL2 (Table 5). The radiotracer %™ TcL2
exhibited hepatobiliary and renal elimination, while the percentage of radioactivity in the
blood was 4.16 4 1.31% ID/g at 120 min. The tumor uptake of ™ TcL2 was 2.42 + 0.04
and 3.10 £ 1.21% ID/g at 30 and 120 min, respectively, which shows retention of the tracer
in the tumor up to 2 h.

Table 5. Distribution of #™TcL2 in CT26 tumor-bearing mice (%ID/g).

Organ %ID/g
30 min 120 min

Blood 6.48 £ 2.02 416 £1.31
Tumor (CT26) 2.42 £ 0.04 310+ 1.21
Heart 8.91 £3.77 590 £ 1.16
Liver 29.49 £943 2451 £7.12
Lungs 15.36 + 6.43 7.73 £2.29
Muscle 2.17 £0.25 2.20 £0.51
Kidneys 22.09 £ 8.91 17.04 +3.53
Spleen 6.78 £1.33 3.87 £ 0.87
Intestine 11.38 +3.43 19.84 + 8.10
Stomach 8.58 £ 6.60 14.26 £ 7.53

3. Materials and Methods
3.1. General

All chemicals were reagent-grade. For the chromatographic purifications, Silica gel 60
(0.040-0.063 mm) from Merck (Darmstadt, Germany) was used. The precursors [Re(CO)sBr]
and [Re(CO)5(OTf)] were prepared according to literature procedures [46,47]. For labeling
with #™Tc, a vial containing 5.5 mg of NaBHy, 4 mg of NayCO3, and 15 mg of Na-K tartrate
was purged with CO gas prior to addition of Na?*™TcOy, as described in the literature [48].
Solvents used for high-performance liquid chromatography (HPLC) were HPLC-grade,
and solvents used for mass spectroscopy (MS) were MS-grade. To prepare the HPLC mobile
phase, the solvents were filtered through membrane filters (0.22 pm, Millipore, Milford,
MA, USA) and degassed. UV-visible (UV-vis) spectra were recorded on a Hitachi U-2001
(Hitachi, Tokyo, Japan) dual beam spectrophotometer. C, H and N elemental analysis were
performed on a Perkin-Elmer 240B elemental analyzer (Perkin Elmer, Waltham, MA, USA).
Fluorescence spectra were recorded in solution on a Hitachi F-7000 (Hitachi, Tokyo, Japan)
fluorescence spectrophotometer. Viscosity experiments were carried out using an ALPHA L
Fungilab (Barcelona, Spain) rotational viscometer equipped with an 18 mL LCP spindle and
the measurements were performed at 100 rpm. The ESI-HRMS spectra were recorded on
an Agilent Q-TOF Mass Spectrometer, G6540B model with Dual AJS ESI-MS (Santa Clara,
CA, USA). IR spectra were recorded on a Spectrum BX spectrophotometer (Perkin Elmer,
Waltham, MA, USA) in the region 4000-500 cm L. NMR spectra were recorded on a DD2
500 MHz spectrometer (Agilent, Santa Clara, CA, USA), respectively. The HPLC system
used comprised an Agilent HP 1100 series pump (HP, Waldbronn, Germany), connected
to a Gabi gamma detector (Raytest, Straubenhardt, Germany) and an HP 1100 multiple
wavelength detector. RP-HPLC analyses of the rhenium and technetium-99m complexes
were performed using an Agilent Eclipse XDB C18 column (25 cm x 4.6 mm, 5 um) by
applying a binary gradient method of Solvent A: HyO—0.1% TFA and Solvent B: Methanol.
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The flow rate was set at 1 mL/min, and the composition was as follows: (min, A%, B%); (0,
100, 0); (15, 25, 75); (20, 5, 95); (25, 5, 95); (27, 100, 0); (30, 100, 0).

Calf thymus (CT) DNA (Merck, Darmstadt, Germany) was diluted in buffer (consisting
of 15 mM trisodium citrate and 150 mM NaCl at pH 7.0) followed by continuous stirring
for three days for the preparation of the DNA stock solution, which was kept at 4 °C
for up to a week. The ratio of UV absorbance of the CT DNA stock solution at 260
and 280 nm (Apgp/Angg) was measured to be 1.85, indicating that it was free of protein
contamination [49]. The DNA concentration was determined by the UV absorbance at
260 nm after 1:20 dilution using & = 6600 M~ 'em~! [50].

CAUTION! PMT¢ is a gamma (y)-emitter with nuclear properties of t;, = 6 h and y-
energy, 140 keV). Its handling was performed according to Greek legislation and the EU reg-
ulations (2013/59/Euratom). **™Tc was obtained as sodium pertechnetate in sterile saline
from a commercial ®?Mo/?’™Tc generator (AHEPA General Hospital, Thessaloniki, Greece).

3.2. Syntheses

1-Tosyl-8-methoxy-9,10-anthraquinone (2): 1,8-dihydoxy-anthraquinone (240 mg, 1 mmol)
and potassium carbonate (138 mg, 1 mmol) were dissolved in dry acetone (50 mL). To
this solution, dimethyl sulfate (130 uL, 1.3 mmol) was added dropwise, and the mixture
was refluxed for 24 h. Then, sulfuric acid 0.1 M (5 mL) was added, and the mixture
was concentrated to dryness under vacuum, followed by the addition of distilled water
(300 mL). The precipitate that contained 1-hydroxy-8-methoxy-9,10-anthraquinone was
isolated through filtration under vacuum, and the crude product was purified by silica gel
(15 g) column chromatography with petroleum ether:ethyl acetate, 90:10-80:20, to afford a
yellow solid. Yield: 120 mg, 47.2%. R¢: (S5iO,, petroleum ether:ethyl acetate, 9:1) 0.62. H
NMR (500 MHz, CDCl3, ppm) 6: 12.99 (s, 1H), 7.97 (d, ] = 7.7 Hz, 1H), 7.79-7.72 (m, 2H),
7.62 (t,] =79 Hz, 1H),7.37 (d,] =8.5Hz, 1H),7.29 (d, | = 8.4 Hz, 1H), 4.08 (s, 3H). Then,
1-hydroxy-8-methoxy-9,10-anthraquinone (3 g, 11.8 mmol), potassium carbonate (1.63 g,
11.8 mmol) and p-toluenesulfonyl chloride (4.6 g, 24 mmol) were mixed in dry acetone
(300 mL). The mixture was refluxed for 72 h. A brown solid formed, which was filtered
under vacuum and dried. Yield: 2.2 g, 45.7%. Ry: (SiO,, petroleum ether:ethyl acetate, 7:3)
0.5. m.p. 190-193 °C [24]. 'H NMR (500 MHz, CDCl3, ppm) é: 8.17 (dd, ] = 7.7, 1.2 Hz, 1H),
7.87 (d, ] =8.3Hz,2H),7.83 (dd, ] =7.6,0.7 Hz, 1H), 7.66 (t, | = 8.0 Hz, 2H), 7.57 (dd, ] = 8.1,
1.1 Hz, 1H), 7.30 (t, ] = 8.9 Hz, 3H), 4.02 (s, 3H), 2.38 (s, 3H). 1*C NMR (126 MHz, CDCl3,
ppm) &: 197.22, 187.33, 182.69, 180.65, 159.56, 146.91, 145.36, 134.65, 134.59, 134.47, 133.29,
132.40, 129.98, 129.59, 129.16, 128.91, 125.76, 123.23, 119.17, 118.26, 56.65, 21.68. ESI-HRMS
(m/z): Calc. for M = CoH16S0g: 409.0740 [M + HJ*, 431.0560 [M + Na]*; Found: 409.0726
[M + HJ*, 431.0566 [M + Na]*.

2-(2-Hydroxyethyl)-10-methoxy-anthra [1,9-cd]pyrazol-6(2H)-one (3): Compound 2 (200 mg,
0.49 mmol) and 2-hydroxyethylhydrazine (168 uL, 2.47 mmol) were dissolved in anhy-
drous N,N-dimethylformamide (DMF) (10 mL). The mixture was heated at 130 °C, under
nitrogen, for 4 h. The reaction mixture was partitioned between ethyl acetate (50 mL)
and water (50 mL), and the organic phase was collected and concentrated to dryness.
The crude product was purified by silica gel column chromatography (60 g) with ethyl
acetate:petroleum ether, starting with 70:30 up to 90:10, to afford a yellow solid. Yield: 36
mg, 25%. R¢: (SiOy, ethyl acetate:petroleum ether, 9:1) 0.01. m.p. 245-248 °C [8]. 'H NMR
(500 MHz, CDCl3, ppm) &: 8.11 (d, ] =7.8 Hz, 1H), 8.03 (d, ] =7.1 Hz, 1H), 7.76 (d, | = 8.2
Hz, 1H), 7.66 (t, | = 7.7 Hz, 1H), 7.51 (t, ] = 8.0 Hz, 1H), 7.28 (d, ] = 5.4 Hz, 1H), 4.68 (t, ] =
4.8 Hz, 2H), 4.27 (t, ] = 4.8 Hz, 2H), 4.12 (s, 3H). 1>*C NMR (126 MHz, d¢-DMSO, ppm) é:
183.01, 156.40, 139.46, 136.47, 134.31, 129.09, 128.28, 125.28, 123.38, 121.07, 120.97, 120.44,
117.40, 116.83, 60.92, 56.62, 52.71. ESI-HRMS (m/z): Calc. for M=C17H14N,Os5: 295.1077 [M
+H]*, 317.0897 [M + Na]*; Found: 295.1083 [M + H]J*, 317.0897 [M + Na]".

2-(2-Hydroxyethyl)-10-hydroxy-anthra [1,9-cdJpyrazol-6(2H)-one (L1): Compound 3 (260 mg,
0.88 mmol) was dissolved in anhydrous dichloromethane (50 mL) and was stirred at —10 °C.
To this solution, boron tribromide 1 M (5.85 mL, 5.2 mmol) in dichloromethane was added
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dropwise, under nitrogen, for 1 h. The mixture was then stirred at rt (25 °C) for 24 h. Then,
distilled water was added (50 mL) dropwise at —10 °C, for 1 h. The reaction mixture was
partitioned between aqueous NaHCO3 1 M (50 mL) and dichloromethane (50 mL) and the
organic phase was collected and concentrated to dryness. The crude product was washed
three times with dichloromethane (3 x 10 mL), and a brown solid formed, which was
filtered and dried. Yield: 160 mg, 65%. RP-HPLC retention time (tg): 18.2 min. Ry: (SiO;,
ethyl acetate) 0.38. m.p. 190-193 °C. IR (cm ™!, KBr): 3406, 3076, 2934, 1636, 1593, 1459, 1396,
1351, 1282, 1262. 'H NMR (500 MHz, d¢-DMSO, ppm) &: 9.87 (s, 1H), 8.11 (d, ] = 8.2 Hz,
1H),7.94 (d, ] = 7.1 Hz, 1H), 7.85 (d, | = 7.6 Hz, 1H), 7.75 (t, ] = 7.6 Hz, 1H), 7.44 (t,] = 7.9 Hz,
1H), 7.35 (d, ] = 7.9 Hz, 1H), 4.97 (br, 1H), 4.66 (t, ] = 5.3 Hz, 2H), 3.92 (t, ] = 5.3 Hz, 2H). 13C
NMR (126 MHz, d¢-DMSO, ppm) &: 183.21, 154.43, 139.40, 137.17, 134.26, 129.19, 128.71,
125.56, 122.95, 121.11, 120.49, 120.31, 118.67, 117.37, 60.87, 52.68. ESI-HRMS (m/z): Calc. for
M=C14H12N»03: 279.0775 [M—H]~, 248.0580 [M—CH3OH]~; Found: 279.0658 [M—H] ",
248.0489 [M—CH3;OH] .

2-(2-Methylsulfonylethyl)-10-methoxy-anthra [1,9-cdpyrazol-6(2H)-one (4): Compound 3
(250 mg, 0.85 mmol) and triethylamine (840 uL, 5.9 mmol) were dissolved in anhydrous
dichloromethane (50 mL). To this solution, methanesulfonyl chloride (490 pL, 5.9 mmol) in
dry dichloromethane (5 mL) was added dropwise at —10 °C, under nitrogen, for 30 min.
The mixture was stirred at 25 °C, under nitrogen, for 4 h. The reaction mixture was
concentrated to dryness under vacuum and was extracted between distilled water (50 mL)
and ethyl acetate (50 mL). The organic phase was concentrated to dryness under vacuum,
to afford a yellow solid. Yield: 317 mg, 85%. Ry: (SiO,, ethyl acetate) 0.26. m.p. 155-158 °C.
'H NMR (500 MHz, CDCl3, ppm) 6: 8.14 (d, ] =7.8 Hz, 1H), 8.08 (d, ] =7.1 Hz, 1H), 7.81
(d,J]=82Hz 1H),7.70 (t, ] =7.7 Hz, 1H), 7.53 (t, ] = 8.0 Hz, 1H), 7.32 (d, ] = 8.2 Hz, 1H),
4.92 (t, ] = 5.1 Hz, 2H), 4.81 (t, ] = 5.1 Hz, 2H), 4.14 (s, 3H), 2.80 (s, 3H). 1>*C NMR (126 MHz,
CDCl3, ppm) & (ppm): 182.93, 156.40, 138.95, 138.01, 134.79, 129.80, 129.51, 126.26, 123.38,
121.77,121.46,119.48, 115.87, 115.15, 68.16, 56.45, 48.92, 37.42. ESI-HRMS (m/z): Calc. for
M=C13H14N»SO0s5: 373.0853 [M + H]*, 395.0672 [M + Na]*. Found: 373.0850 [M + H]",
395.0666 [M + Na]*.

2-(2-Picolylaminolethyl)-10-methoxy-anthra [1,9-cd]pyrazol-6(2H)-one (L2): Compound 4
(290 mg, 0.75 mmol) and 2-(aminomethyl)pyridine (1.48 mL, 15 mmol) were dissolved in an-
hydrous methanol (70 mL), and the mixture was refluxed for 24 h. The reaction mixture was
concentrated to dryness under vacuum and extracted in ethyl acetate-water (3 x 50 mL).
The organic phase was concentrated to dryness under vacuum. The crude product was pu-
rified by silica gel (20 g) column chromatography with dichloromethane:methanol, 95:5, to
afford a brown oil. Yield: 110 mg, 39%. tr: 16.4 min. R¢: (SiOy, dichloromethane:methanol,
9:1) 0.18. IR (cm~!, KBr): 3451, 1639, 1578, 1455, 1281, 1270. 'H NMR (500 MHz, CDCl,,
ppm) 6: 8.48 (d, ] =4.6 Hz, 1H), 8.12(d, ] =79 Hz, 1H),8.04 (d, ] =7.2 Hz, 1H), 7.76 (d, |
=82Hz, 1H),7.63 (t,] =77 Hz, 1H), 7.58 (t, | =7.6 Hz, 1H), 7.48 (td, ] = 8.1, 1.1 Hz, 1H),
728 (d, ] =82Hz, 1H),7.25(d, ] =8.1Hz, 1H), 712 (t, ] = 6.2 Hz, 1H), 4.74 (t, ] = 6.0 Hz,
2H), 4.09 (s, 3H), 3.98 (s, 2H), 3.34 (t, | = 5.8 Hz, 2H), 2.37 (s, 1H). 13C NMR (126 MHz,
CDCls, ppm) &: 183.65, 159.02, 156.30, 149.24, 138.76, 137.78, 136.48, 134.81, 128.62, 128.06,
126.16, 124.00, 122.13, 122.06, 121.67, 121.06, 120.62, 115.71, 114.97, 56.46, 54.72, 49.86, 48.98.
ESI-HRMS (m/z): Calc. for CosHpoN4O,: 385.1659 [M + H]™ 407.1478 [M + Na]*. Found:
385.1640 [M + H]*, 407.1466 [M + Na]™.

Ethyl 2-((2-(10-methoxy-6-oxodibenzo[cd,glindazol-2(6H)-yl)ethyl)(pyridin-2-ylme-
thyl)amino) acetate (L3): First, ethyl 2-((pyridin-2-ylmethyl)amino)acetate was prepared
by a modification of the procedure published elsewhere [51]. Specifically, ethyl bromoac-
etate (1.67 g, 10 mmol), 2-(aminomethyl)pyridine (1.48 mL, 15 mmol) and potassium
carbonate (4 g, 30 mmol) were dissolved in dry acetonitrile (200 mL). The mixture was
refluxed for 1 h. The reaction mixture was filtered and concentrated to dryness under
vacuum. The crude product was purified by silica gel (60 g) flash chromatography with
dichloromethane:methanol: aqueous ammonia solution 10%, 90:10:0.1, to afford a brown
oil. Yield: 1.3 g, 67%. Ry: (SiO,, dichloromethane:methanol: aqueous ammonia solution
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10%, 9:1:0.1) 0.69. 'H NMR (500 MHz, CDCl3) & (ppm): 8.56 (d, ] = 4.2 Hz, 1H), 7.65 (td,
] =7.7,1.8 Hz, 1H), 7.34 (t, ] = 7.8 Hz, 1H), 7.19-7.14 (m, 1H), 4.18 (dq, J = 14.6, 7.1 Hz, 2H),
3.96 (s, 2H), 3.48 (s, 2H), 1.27 (t,] = 7.1 Hz, 3H).

Consequently, compound 4 (390 mg, 1.01 mmol) and ethyl 2-((pyridin-2-ylmethyl)
amino)acetate (1.3 g, 6.7 mmol) were dissolved in dry methanol (100 mL). The mixture
was refluxed, under nitrogen, for 72 h. The reaction mixture was concentrated to dryness
under vacuum and extracted in ethyl acetate-water (3 x 50 mL). The organic phase was
concentrated to dryness under vacuum. The crude product was purified by silica gel
(60 g) column chromatography with dichloromethane:methanol, 98:2, to afford a brown
oil. Yield: 160 mg, 34%. tg: 17.3 min. R¢: (5i0,, dichloromethane:methanol, 9:1) 0.55. IR
(em~!, KBr): 3451, 2936, 1737, 1647, 1455, 1290, 1270. 'H NMR (500 MHz, CDCl3, ppm) &:
8.44 (d, ] =4.8Hz, 1H), 8.12(d, ] =7.8 Hz, 1H), 8.03 (d, ] = 7.1 Hz, 1H), 7.69 (dd, | = 8.2,
2.0 Hz, 1H), 7.59 (t, ] = 7.7 Hz, 1H), 7.48 (t, ] = 8.0 Hz, 1H), 7.36 (m, 1H), 7.28 (d, ] = 8.2
Hz, 1H), 7.08 (d, ] = 7.8 Hz, 1H), 7.03 (m, 1H), 4.66 (t, ] = 6.4 Hz, 2H), 4.13 (dd, | = 14.0,
6.8 Hz, 2H), 4.10 (s, 3H), 4.00 (d, ] = 2.3 Hz, 2H), 3.51 (d, ] =2.7 Hz, 2H), 3.39 (t, ] = 6.4 Hz,
2H), 1.22 (t, ] = 7.1 Hz, 3H). 13C NMR (126 MHz, dg-DMSO, ppm) 5: 183.71, 171.18, 158.69,
156.22, 148.53, 138.63, 137.42, 136.65, 134.75, 128.55, 127.88, 126.01, 123.97, 123.06, 122.14,
121.65, 121.12, 120.52, 115.67, 115.26, 60.57, 56.48, 55.56, 53.92, 51.53, 48.81, 14.22. ESI-HRMS
(m/z): Calc. for M=CpyHpsN4O4: 471.2027 [M + H]*, 493.1846 [M + Na]*. Found: 471.2032
[M + HJ*, 493.1846 [M + Na]*.

Synthesis of ReL1: [Re(CO)5Br] (81.2 mg, 0.20 mmol) and L1 (56 mg, 0.20 mmol) were
dissolved in methanol (40 mL), and the mixture was refluxed for 24 h. The mixture was
concentrated to dryness under vacuum, followed by the addition of distilled water (10 mL).
After 24 h, a precipitate was formed at room temperature and was isolated through filtration
under vacuum. The crude product was purified by silica gel (60 g) column chromatography
with dichloromethane:methanol, 98:2-90:10, to afford a red solid. Yield: 45 mg, 38.5%.
tr: 18.8 min. Ry: (SiO;, dichloromethane:methanol, 9:1) 0.67. m.p. 249-252 °C. Calc. for
CpoH15N,07Re: C, 41.31; H, 2.60; N, 4.82; Found: C 41.55; H2.91; N 4.71. IR (cm !, KBr):
3432 (O-H), 2936(C-H), 2025(C0), 1930(CO), 1900(C0O), 1636 (C=0), 1566(C=N), 1459 (arom.
C-C, C-N), 1282(C-0). 'H NMR (500 MHz, dg-DMSO, ppm) &: 8.10 (d, ] = 8.3 Hz, 1H),
7.95(d, ] =7.0Hz, 1H), 7.87 (dd, ] =8.2,7.2 Hz, 1H), 7.54 (dd, ] = 7.5, 1.0 Hz, 1H), 7.40 (t,
J=82,7.6 Hz,1H),7.18 (dd, ] =7.3, 1.0 Hz, 1H), 5.07 (t, ] = 5.4 Hz, 1H), 4.89-4.84 (m, 1H),
4.05-3.87 (m, 2H), 5.03 (t, ] = 5.3 Hz, 1H), 4.90-4.85 (m, 2H), 4.03-3.96 (m, 1H), 3.96-3.89 (m,
1H). 13C NMR (126 MHz, d¢-DMSO, ppm) &: 197.88, 197.36, 196.86, 182.96, 160.30, 140.80,
138.65, 133.86, 131.39, 131.13, 126.59, 126.39, 121.40, 120.48, 117.96, 116.92, 116.49, 60.30,
52.36. ESI-HRMS (m/z): Calc. for M = CyoH;5N,O7Re: 579.0318 (60%), 581.0311 (100%)
[M—H]~. Found: 579.0101 (60%), 581.0139 (100%) [M—H] .

Synthesis of ReL2: [Re(CO)5Br] (65 mg, 0.16 mmol) and L2 (60 mg, 0.16 mmol) were
dissolved in methanol (35 mL), and the mixture was refluxed for 3 h. The yellow solid
formed was filtered under vacuum, recrystallized from methanol-water and dried. Yield:
55 mg, 47%. tr: 21.1 min, 21.3 min. R¢: (5iO,, dichloromethane:methanol, 9:1) 0.89. m.p.
336-339 °C. Calc. for CpsHpoN4OsReBr: C, 42.51; H, 2.74; N, 7.63; Found: C 42.82; H 2.99; N
7.68. IR (cm ™!, KBr): 3448, 3168 (N-H), 2935 (C-H), 2021 (CO), 1909 (CO), 1867 (CO), 1654
(C=0), 1636 (C=N), 1438 (arom. C-C, C-N), 1284 (C-O), 1267 (C-O). 'H NMR (500 MHz,
de-DMSO, ppm) Major/s: 8.78 (d, ] =5.1 Hz, 1H), 8.17 (d, ] = 8.2 Hz, 1H), 8.10 (td, ] = 7.8,
1.5Hz, 1H),7.96 (dd, ] =7.1,1.7 Hz, 1H),7.92 (dd, | = 7.8, 1.0 Hz, 1H), 7.79 (m, 2H), 7.56
(t, ] =77 Hz, 1H), 7.55 (t, ] = 8.0 Hz, 1H), 7.45 (d, ] = 7.6 Hz, 1H), 5.64 (s, 1H), 5.12 (dd,
J=159,52Hz, 1H), 4.94 (dd, ] =12.2,5.8 Hz, 2H), 4.43 (dd, ] = 15.9, 8.8 Hz, 1H), 3.80 (s,
3H), 3.74 (m, 2H); minor/s: 8.79 (d, ] = 5.1 Hz), 8.18 (d, | = 8.2 Hz, 1H), 8.06 (td, ] = 7.8,
1.5Hz),7.96 (dd, ] =7.1,1.7 Hz, 1H), 7.93 (dd, ] =7.8, 1.0 Hz, 1H), 7.79 (t, ] = 7.7 Hz, 1H),
7.68(d, ] =7.9 Hz), 7.55 (t, ] = 8.0 Hz, 1H), 7.49 (d, ] = 7.6 Hz, 1H), 7.48 (m, 1H), 6.73 (s, 1H),
4.97-4.83 (m, 2H), 4.72 (dd, ] =15.6, 5.3 Hz, 1H), 4.60 (dd, | = 15.7, 8.8 Hz), 3.91 (s), 3.74 (m,
2H). 13C NMR (126 MHz, dg-DMSO, ppm) Major/5: 197.87,196.58, 192.21, 182.97, 160.69,
156.57, 153.12, 140.38, 138.80, 137.46, 134.33, 129.57, 128.99, 125.90, 125.53, 123.52, 123.26,
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120.94, 120.45, 116.90, 109.98, 58.64, 57.44, 56.62, 47 .26; minor/d: 197.87,196.58, 192.21, 182.97,
161.80, 156.51, 153.05, 140.34, 138.92, 137.26, 134.34, 129.63, 128.91, 125.79, 125.54, 123.31,
123.26, 121.05, 120.62, 117.06, 116.77, 58.80, 57.68, 56.69, 47.26. ESI-HRMS (m/z): Calc. for
M=CpsH;oN4O5ReBr: 653.0946 (60%), 655.0783 (100%) [M—Br]*, 731.0995 (60%), 733.1125
(100%) [M—Br + DMSO]*. Found: 653.0747 (60%), 655.0960 (100%) [M—Br]*, 731.1110
(60%), 733.1138 (100%) [M—Br + DMSO]*.

Synthesis of ReL3: [Re(CO)5(OTf)] (22 mg, 0.05 mmol) was dissolved in methanol
(7 mL), and the mixture was refluxed for 1 h for the formation of [Re(CO)3(MeOH);]".
L3 (24 mg, 0.05 mmol) was added, and the mixture was refluxed for 24 h. The reac-
tion mixture was concentrated to ~3 mL, and after cooling, a yellow solid was formed,
which was filtered under vacuum and dried. Yield: 21 mg, 60%. tg: 21.4 min. R¢: (5iO,,
dichloromethane:methanol, 9:1) 0.78. m.p. 327-330 °C. Calc. for C3H»1N4O7Re: C, 47.25;
H, 2.97; N, 7.87; Found: C, 47.48; H 3.15; N 7.56. IR (cm~!, KBr): 3449, 2941 (C-H), 2023
(CO), 1912 (CO), 1870 (CO), 1651 (C=0), 1457 (arom. C-C, C-N), 1296 (C-0), 1267 (C-O). 'H
NMR (500 MHz, dg-DMSO, ppm) 6: 8.78 (d, | = 5.4 Hz, 1H), 8.30 (d, ] = 8.2 Hz, 1H), 8.16 (t,
J=7.7Hz, 1H),7.98 (d,] = 7.1 Hz, 1H), 7.94 (d, ] = 7.7 Hz, 1H), 7.81 (t, ] = 7.8 Hz, 1H), 7.72
(d,]=79Hz, 1H),7.59 (t,] =6.6 Hz, 1H), 7.56 (t,] = 7.9 Hz, 1H), 7.51 (d, ] = 8.1 Hz, 1H),
5.13-5.03 (m, 2H), 5.04 (d, ] = 15.5 Hz, 1H), 4.85 (d, ] = 15.7 Hz, 1H), 4.28 (dt, ] = 13.8, 7.0 Hz,
1H), 4.16 (dt, ] = 13.3, 6.7 Hz, 1H), 4.03 (d, ] = 16.6 Hz, 1H), 4.02 (s, 3H), 3.59 (d, ] = 16.6 Hz,
1H). 13C NMR (126 MHz, d¢g-DMSO, ppm) &: 198.00, 197.34, 182.96, 178.92, 159.68, 156.54,
152.55,141.18, 138.80, 137.28, 134.42, 129.62, 128.93, 126.45, 125.56, 124.27, 123.60, 121.16,
120.96, 120.58, 117.20, 117.16, 67.99, 67.45, 61.32, 56.68, 45.69. ESI-HRMS (m/z): Calc. for
M=CygH»1N4O7Re: 711.0999 (60%), 713.0994 (100%) [M + H]*. Found: 711.1006 (60%),
713.1050 (100%) [M + H]*.

Synthesis of tricarbonylrheniumbromo(2-phenyl-N-(pyridin-2-ylmethyl)ethanamine), ReL4:
[Re(CO)5Br] (40 mg, 0.1 mmol) and L4 (21 mg, 0.1 mmol) (synthesis of L4 is reported
in ESI)) were dissolved in methanol (3 mL), and the mixture was refluxed for 3 h. The
complex crystallized from methanol 1 mL at 4 °C, after 2 days. Yield: 25 mg (45%). Calc.
for C17H;6BrN,OsRe: C, 36.30; H, 2.87; N, 4.98; Found: C, 36.59; H, 3.15; N, 4.77. IR (cm~!,
KBr): 3448, 3209 (N-H), 2926 (C-H), 2021 (CO), 1913 (CO), 1875 (CO), 1489 (arom. C-C,
C-N), 1438 (arom. C-C, C-N). 'H NMR (500 MHz, CDCl3, ppm) &: 8.82 (d, ] = 5.2 Hz, 1H),
7.84(t,] =7.8Hz, 1H),7.42 (d, ] =7.8 Hz, 1H), 7.36-7.23 (m, 6H), 4.71 (dd, ] = 14.7, 3.9 Hz,
1H), 4.18-4.09 (m, 1H), 3.91-3.89 (m, 1H), 3.70-3.57 (m, 1H), 3.43-3.34 (m, 1H), 3.17-3.01 (m,
2H).; 13C NMR (126 MHz, CDCl3, ppm) &: 196.40 (CO), 195.47 (CO), 191.60 (CO), 158.43,
153.26, 139.02, 136.65, 129.03, 128.80, 127.20, 125.28, 121.96, 60.16, 59.23, 35.11 ESI-HRMS
(m/z): Calc. for M=Cy;H14BrN,;O3Re: 481.0685 (60%), 483.0689 (100%) [M—Br]*; 559.0807
(60%), 561.0795 (100%) [M—Br + DMSO]*; Found: 481.0724 (60%), 483.0746 (100%) [M-Br]*;
559.0864 (60%), 561.0893 (100%) [M—Br + DMSO]*.

3.3. X-ray Crystallography of fac-[Re(CO)3Br(L4)]

X-ray quality crystals of compound fac-[Re(CO);Br(L4)] were grown in the mother
liquor. A crystal suitable for X-ray diffraction with dimensions 0.14 x 0.09 x 0.07 mm
was mounted at rt on a Bruker Kappa APEX2 diffractometer equipped with a triumph
monochromator using Mo K« (A = 0.71073 A, source operating at 50 kV and 30 mA)
radiation. Unit cell dimensions were determined and refined using the angular settings
of 173 high-intensity reflections (>100(I)) in the range 11 < 20 < 36°. Intensity data were
recorded using ¢ and w-scans. The crystal remained intact during the data collection. The
frames collected were integrated using the Bruker SAINT Software package V7.60A [52],
and a narrow-frame algorithm. Data were corrected for absorption using the numerical
method (SADABS) based on crystal dimensions [53]. The structure was solved using
the SUPERFLIP package [54], incorporated in CRYSTALS. Data refinement (full-matrix
least-squares methods on F?), and all subsequent calculations were carried out using the
CRYSTALS version 14.61 build 6236 program package [55-57]. All non-hydrogen atoms
were refined anisotropically.
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Hydrogen atoms riding on parent carbon atoms were located from difference Fourier
maps and refined at idealized positions riding on the parent atoms with isotropic dis-
placement parameters Uiso(H) = 1.2Ueq(C) or 1.5Ueq(methylene and -NH hydrogens) and
at distances C—H 0.95 A and N-H 0.85 A. All methylene and NH hydrogen atoms were
allowed to rotate but not to tip. Illustrations with 50% ellipsoids probability were drawn
by CAMERON [58,59]. Crystallographic data for the complex are presented in Table 6.

Table 6. Experimental details.

Crystal Data
Chemical formula Cq17H14BrN,O3Re
M, 562.43
Crystal system, space group Monoclinic, P21 /¢
Temperature (K) 295
a,b,c(A) 11.5730 (8), 20.8663 (11), 7.7637 (5)
B(°) 99.867 (2)
V (A%) 1847.1 (2)
Z 4
Radiation type Mo Ka
w (mm~1) 8.76
Crystal size (mm) 0.14 x 0.09 x 0.07
Data collection
Diffractometer Bruker Kappa Apex2
Absorption correction Numerical Analytical Absorption [56]
Tmin/ Tmax 0.45, 0.54
No. of measured, independent and
observed [I > 2.00(I)] reflections 17060, 3533, 3106
Rint 0.029
(sin 8/A)max (A1) 0.613
Refinement
R[F? > 20(F?)], wR(F?), S 0.036, 0.057, 1.00
No. of reflections 3106
No. of parameters 217
H-atom treatment H-atom parameters constrained
APmax, Apmin (€ A7%) 1.54, —1.55

Further details on the crystallographic studies as well as atomic displacement parame-
ters are given as Supporting Information in the form of cif files.

Crystallographic data were submitted to the Cambridge Crystallographic Data Cen-
ter, No. 2374416. Copies of the data are available free of charge upon application to
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK. Telephone: +(44)-1223-336033; E-
mail: deposit@ccdc.ac.uk, or via https:/ /www.ccde.cam.ac.uk/structures/ (accessed on 30
July 2024).

3.4. DNA-Binding Studies
3.4.1. Study by UV-Vis Spectroscopy

The interaction of the compounds with CT DNA as well as their possible binding
modes were investigated by UV-vis spectroscopy and the respective binding constants
(Kp) were calculated. The UV-vis spectra of CT DNA were recorded under a constant
DNA concentration in the presence of each compound at various mixture ratios (r) [com-
pound]/[DNA]. To obtain the binding constant Ky, (in M), the changes in the absorbance
of each compound at the corresponding Amax of their UV-vis spectra were recorded at
increasing CT DNA concentrations (different r values), and it was calculated by the ratio of
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slope to the y intercept in plots [DNA]/(ea — €¢) vs. [DNA], according to the Wolfe-Shimer
equation [34]:

[DNA] _ [DNA] 1 )

<€A*€f> (€b*8f) Kh<€b*€f)
where [DNA] is the concentration of DNA in base pairs, ep = Agpsq/[compound], ¢¢ = the
extinction coefficient of the unbound compound, and ¢, = the extinction coefficient of the
compound in the fully bound form.

3.4.2. Viscometry

The viscosity of DNA ([DNA] = 0.1 mM) was measured in buffer solution (150 mM
NaCl and 15 mM trisodium citrate at pH 7.0) and in increasing amounts of the tested
compounds. The measurements were performed at room temperature. The data are
presented as (0 /M0)Y3 vs. 1, where 1 is the viscosity of DNA in the presence of the
compound, and ng is the viscosity of DNA without the compound.

3.4.3. Competition Studies with Ethidium Bromide (EB) via Fluorescence Spectroscopy

The ability of the compounds to displace EB from its DNA-EB complex was inves-
tigated by fluorescence emission spectroscopy. The DNA-EB adduct was prepared by
mixing 20 uM EB and 26 pM CT DNA in buffer (150mM NaCl and 15mM trisodium citrate
at pH 7.0). The intercalating effect of the compounds was studied by adding incremental
amounts of the compound into a solution of the DNA-EB adduct. The effect of the addition
of each compound to DNA-EB was obtained by measuring the changes of fluorescence
emission spectra at the excitation wavelength of 540 nm. The compounds did not exhibit
significant fluorescence at rt with or without DNA under the same conditions; therefore,
the observed quenching is attributed to the displacement of EB from its EB-DNA adduct.
The Stern—Volmer constant (Ksy) was employed to evaluate the quenching efficiency of the
compounds. The Ksy value (in M~!) of the compounds was calculated as the slope of the
plot Iy /I vs. [Q], according to the linear Stern—Volmer equation (Equation (2)) [37]:

2~ 14 Kyw[Q) =1+ Ksy[Q) @

where [ is the emission intensity in the presence of the compound, Ij is the emission intensity
without the presence of the quencher (i.e., the compound under study), Kq = the quenching
constant of the EB-DNA system, and T, = the average lifetime of EB-DNA without the
quencher. Taking T, = 23 ns as the fluorescence lifetime of the EB-DNA system [38], the
EB-DNA quenching constants (Kq, in M~ !s™1) of the compounds were determined from
Equation (3) [37]:

Ksy =Kq - 7o 3)

3.5. In Vitro Cell Studies
3.5.1. Cell Cultures

Murine Balb/c colorectal carcinoma CT26 cells were a gift from Prof. C. Chlichlia and
were grown in a culture containing DMEM medium that was supplemented with 10% (v/v)
FBS in the presence of penicillin and streptomycin (1%) at 37 °C and in a humidified atmo-
sphere containing 5% (v/v) CO,. The medium was renewed every 2 days (<90% confluency
in the plates) to allow logarithmic cellular growth in culture. The cells were detached by
using trypsin-EDTA solution (25%) (GIBCO Laboratories, Grand Island, NY, USA). The
compounds were dissolved in DMSO and then added at the appropriate concentrations in
the cell cultures.
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3.5.2. Assessment of Proliferation Capacity of CT26 Cells Exposed to Anthrapyrazole
Derivatives

The CT26 cells were plated in 24-well plates at a density of 1 x 10° cells/mL. Following
the attachment of cells to the plate, the compounds were added in the cultures at various
concentrations (107°-10~7 M). Then, the cells were permitted to grow for an additional 48
h. Subsequently, the cells were detached via trypsinization, and the cell density (number of
cells/mL) was measured using a Neubauer chamber. The cell proliferation rate of CT26
cultures was expressed as a percentage (%) of cell growth compared to the control-untreated
cell cultures. Furthermore, viability and cellular death were also assessed by using the
trypan-blue dye exclusion method.

3.6. 99" Tc Radiochemistry and In Vitro Radiotracer Studies

Synthesis of ™ TcL2 and 9™ TeL3: A fresh solution of fac-[?*™Tc(CO)3(H,0)3]* (400 pL,
370-480 MBq) at pH 7 was transferred to a vial containing a methanolic solution of the
ligand L2 or L3 (50 uL of 1072 M) and an aqueous solution of ascorbic acid (50 uL of 1071
M). The vial was sealed, flushed with N, for 5 min and heated at 55-65 °C for 60 min.
The reaction mixtures were analyzed by HPLC. The ™Tc complexes were purified by
HPLC, and after evaporation of the solvents, they were reconstituted in 1% Tween 80 saline
solution prior to further study.

Lipophilicity: The lipophilicity of the radiocomplexes was determined by the shake-
flask method. *™TcL2 or ?™TcL3 (20 uL) were mixed with 2 mL of 1-octanol and 1.98 mL
of phosphate buffer (PBS, 0.1 M, pH 7.4) in a centrifuge tube. The mixture was vortexed at rt
for 1 min and centrifuged at 3500 rpm for 5 min. Aliquots (50 uL) of both 1-octanol and PBS
phases were withdrawn and counted in a gamma counter. The experiment was conducted
in triplicates. The distribution coefficient (D) was calculated by dividing the radioactivity of
the organic phase with that of the aqueous phase, and the results are expressed as logDy 4.

Stability studies: Histidine challenge: The purified ™TcL2 or ™TcL3 (50 uL, approx.
11-15 MBq) was mixed with a solution of L-histidine (1 mM) in 0.1 M PBS, pH 7.4 (0.45
mL) and incubated at 37 °C for 4 h. The mixtures were analyzed by HPLC at 1 and 4 h.

Rat plasma stability: %™TcL2 or P™TcL3 (100-120 uL, 25-30 MBq) was mixed with
undiluted rat plasma (0.5 mL) at 37 °C for 4 h. Samples were withdrawn at 1 and 4 h,
which were mixed with three times the volume of acetonitrile, to precipitate the proteins.
The mixture was centrifuged at 5000 rpm for 10 min and the supernatant solution was
separated from the solids. The radioactivity of the solution and the solid was measured in
a y-counter, and the solution was analyzed by HPLC.

Cellular uptake of 9" TcL2 and %" TcL3: The CT26 cells were seeded at a density of
1 x 10° cells/mL in 24-well plates and were allowed to attach for 6 h. Aliquots of ™ TcL2
or PMTcL3 (20-40 pL, 0.9 MBq) were added to each plate and the cells were incubated for
15, 60, 120, and 240 min at 37 °C in an atmosphere containing 5% (v/v) CO;. The culture
medium was withdrawn and the cells were detached using trypsin-EDTA (200 uL 0.25%
w/v). After 2 min incubation, DMEM was added in the culture. The solution containing
the cells was transferred to a tube followed by centrifugation, (5 min, 2000 rpm) and the
cells were washed with 1 x PBS twice (150 and 120 pL). The radioactivity of the cells and
supernatant was counted in y—counter to evaluate the cellular uptake. The experiment was
conducted in triplicates for each time point.

3.7. Biodistribution Studies of %™ TcL2 in Mice

The experiment was approved by the Aristotle University Committee for Animal
Experimentation (License No 114251 /528), and was performed according to the European
guidelines 2010/63/EU and Greek legislation (PD 56) for animal experimentation. Balb/c
mice, 10-12 weeks old, with a median weight of 20-25 g, were housed in suitable animal
facilities (Laboratory of Development-Breeding of Animal Models and Biomedical Research,
Faculty of Health Sciences, Aristotle University, EU License No EL 54 BIOexp-10) with food
and water ad libitum and constant conditions of temperature, humidity and regular light
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cycles of 12/12 h light/dark. The 3R alternatives (Replacement, Refinement, Reduction)
were considered in all animal experiments, while the mice were not subjected to pain or
discomfort during the experimentation.

Balb/c were implanted subcutaneously with 5 x 10° CT26 cells on the hind right flank.
One week after inoculation, when the tumor size was between 0.4-1 cm, the animals were
injected in the tail vein with ~370 kBq of the HPLC-purified tracer ®™TcL2 in 0.1 mL saline
each. Animals were sacrificed at 30 and 120 min post-injection (p.i.) by cervical dislocation,
which was followed by blood withdrawal and myocardial excision. Organs and tissues of
interest were excised and weighed, and their radioactivity was measured by a y scintillator.
The radioactivity of the samples was decay-corrected by the use of a standard solution
corresponding to 1% of the injected dose. The radioactivity of the tissues and organs is
expressed as a percentage of the injected dose per gram tissue (% ID/g). Values are quoted
as the mean% ID = standard deviation (SD) of the four mice per group. Blood volume and
muscle mass were estimated at 7 and 43% of body weight, respectively.

4. Conclusions

In this work, three new anthrapyrazole ligands and their respective tricarbonylrhe-
nium complexes were synthesized and characterized. All compounds possess the ability
to intercalate with DNA. Complex ReL1 acts as a metallointercalator with strong DNA-
binding affinity. However, it was not cytotoxic at the tested concentration range and
cell line, which is attributed to the ligand’s N-substituent. The anthrapyrazole pendant
complexes ReL2 and ReL3 show strong DNA-binding affinities, with ReL3 exhibiting the
highest DNA-binding constant among the tested compounds. Tumor cell cytotoxicity was
high for ligand L2 and complex ReL2 with submicromolar ICs values of 0.36 and 0.64 uM,
respectively. The low cytotoxicity of ReL3 can be attributed also to its low cell uptake,
based on the radiotracer studies with its analogous %™TcL3. As complex ReL2 was the
most cytotoxic, its y-emitting analogue ?™TcL2 was evaluated for its tumor cell uptake
and biodistribution properties in tumor-bearing mice. It was observed that this tracer
exhibits high tumor uptake in vitro as well as accumulation in the tumor in vivo. ReL2 is
a cytotoxic DNA-intercalator with suitable pharmacokinetic properties to be distributed
in tumors in vivo and may be considered for further studies. Also, future design should
focus on compounds with suitable substituents which is critical for cytotoxicity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics12090254/s1, 1. Synthesis of Ligand L4; 2. NMR
spectra of L1-L4 and ReL1-ReL4; 3. IR spectra; Figure S1: ORTEP diagram of the S enantiomer of
Rel4; Table S1: Computed octahedral distortion parameters; Figure S2: UV-vis spectra of DMSO
solution of L1, L2, ReL1 and ReL2 in the presence of increasing amounts of CT DNA; Figure S3: Plot
of ([IDNA])/(ea-¢¢)) versus [DNA] for compounds L1-L3 and ReL1-ReL3. Figure S4: Fluorescence
emission spectra of compounds L1-L3 and ReL1-ReL2; Figure S5: Stern—-Volmer quenching plot of
EB-DNA fluorescence for compounds L1-L3 and ReL1-ReL3; Figure S6: ICs5, curve of L2 and ReL2.
Figure S7: HPLC analysis of L2, Rel2, ReL2’ and P°™TcL2.
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Abstract: Octa-methylpyridiloxy-substituted Zn(II)- and Ga(IIl)-phthalocyanines (ZnPc1 and GaPc1)
were studied on human pigmented melanoma (SH4) and keratinocyte (HaCaT) cell lines. The
efficacy of ZnPc1 and GaPc1 against melanoma cells was compared to the results in the presence
of a proteasex-chymotrypsin (ChT). The synthesis and characterization of compounds were carried
out using well-known approaches. The formation of physical conjugates due to the addition of
ChT was studied via absorption and fluorescence. The proteolytic activity of ChT was verified with
casein as a substrate. The photosafety of compounds was proven on embryonal cells (BALB 3T3)
under solar exposure (LED 360-1100 nm). The photodynamic activity of GaPc1 and ZnPc1 was
studied for a concentration range of irradiation (LED 660 nm). The reduction of the proteolytic
activity of ChT was observed only for the irradiation of ZnPc1 or GaPcl. GaPcl and ChT and
their conjugates, except ZnPc1 (PIF ~6), were evaluated as photo-safe to solar light (PIF < 2). The
efficiency of GaPc1 was shown to be much higher than that of ZnPc1 in their individual applications.
The phototherapeutic index of GaPc1 (PI = 1.71) on SH4 cells was higher for the conjugate. «-
Chymotrypsin and phthalocyanine have the advantages of reducing high toxicity and increasing the
phototherapeutic index.

Keywords: zinc and gallium complexes; phthalocyanines; x-Chymotrypsin; pigmented melanoma;
keratinocytes; photodynamic therapy

1. Introduction

Melanoma continues to be a serious threat to human health. Despite the scientific
advancements in chemical science and the current pharmaceutical novelties, existing
melanoma treatments still have many unfavorable side effects and low efficiency [1].
Photodynamic therapy (PDT) has emerged as a tolerable clinical procedure for localized
tumors [2]. The method is based on the production of cytotoxic oxygen species in the
spot of irradiation on the tumor area, avoiding the cytotoxic effect on surrounding healthy
cells and the whole body. PDT involves the administration of a photosensitizer (PS), its
accumulation in the malignant cells, and irradiation with light of specific wavelengths
and properties to activate the PS in a triplet excited state molecule that produces a variety
of reactive oxygen species (ROS) that induce cell death [3]. The potential of PDT against
tumors with no other alternative treatment options is well admitted [4]. Bioactive antibody
molecules, drug-delivery biomolecules, and other tumor-specific biomolecules are well
known for targeting PDT [5].
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Phthalocyanine complexes (MPcs) are heterocyclic macromolecules that are identifi-
able as second-generation PSs for PDT because of their unique photo-properties that can be
modified by their easy-to-tailor structure, which facilitates the achievement of compatible
properties for PDT [6]. Despite their promising photochemistry, the MPc-photosensitizers
feature several complications for clinical applications, such as undesirable dark toxicity,
slow body clearance, and a lack of water solubility, which necessitate further studies for
improvement [7].

Proteolytic enzymes take part in the chemical reaction of hydrolysis of peptide bonds
and in bio-synthesis and are used for cell detachment in practice. Serine proteases, among
which is a-chymotrypsin (ChT), have been evaluated for their promising potential as
anticancer agents [8]. A recent study reported that nano-particles with a protease can
be powerful medical tools to slow chemoresistance [8]. It was found that therapy that
includes proteases may improve drug bioavailability, reduce circulation time, and increase
the selective uptake in tumors [9]. These necessities arise due to the need for lower drug
doses for body protection, a lack of side effects, and a better quality of life [10]. The human
body produces proteins and enzymes that may serve as natural drug vehicles in circulation,
as well as for specific carriers of anticancer drugs [11]. A promising approach based on
the different mechanisms of action of different molecular species for targeted PDT was
reported [12]. Another option is the possibility of obtaining quenched PS-conjugates to re-
store fluorescence emission and activate the generation of ROS after protease digestion [13].
The role of protease activity was exploited in drug delivery for the site-specific release
of chemo-drugs at the tumor and their rapid activation by the target protease [14]. The
results of preclinical studies with protease-sensitive prodrugs or fluorescence imaging
agents suggested the prospect for the next clinical estimation of site-selective prodrugs
or activators [15]. In addition to the wide-ranging usage of enzymes in proteins and cell
research, they are well-accepted as catalysts in clinical diagnostics and routine therapeutic
practice [16].

Enzyme-activated PDT drugs were evaluated without dependence on the enzyme
function because of the main mechanism of singlet oxygen generation that directly destroys
malignant cells [17]. Generally, proteases are part of a wide variety of diseases, and their
importance to sickness pathology makes them excellent therapeutic targets. An initial
idea of protease-sensitive prodrugs, also referred to as PDT action, has the key goal of
increasing PS uptake [18]. The conjugation was shown to lower the fluorescence quantum
yield, triplet state quantum yield, and ability for photosensitivity [19]. This study reported
that enzymes reduced the singlet oxygen quantum yield of pheophorbides (from 0.52 to
0.17 and 0.04). Another study reported the development of a strategy termed protease-
mediated PDT (PM-PDT) with an activation step from proteases on PS and a positive effect
on PDT due to proteases’ catalytic activity [20]. Some examples are serine endoproteinases,
trypsin, and chymotrypsin, which were studied and found to have promising therapeutic
efficacy against cancer [21]. Among the proteolytic enzymes, only ChT in combination
with trypsin has been approved as a medication for clinical usage since the early 1960s [22].
Proteases are plentiful and sufficient for several diseases, so these inhibitory therapies are
often used in cure regimes together with other cancer therapies. Chen and co-authors [23]
offered a first illustration of synergistically destroying the extracellular matrix (ECM) by
combining digestive enzymes with the generation of reactive oxygen species. This approach
of combining ChT as an enzyme with oxygen species generated during PDT showed a
tendency to improve the uptake and penetration of drugs into tumors. The acidity of
tumors, plus the sufficient singlet oxygen due to PDT, can enhance their efficacy because of
the enzymes that catalyze protein decomposition. Thus, it has resulted in effective damage
to the tumor matrix and increased the therapeutic effect. The incorporation of proteases
permitted a better permeation of the drug in cancer tissues and the ability for more efficient
singlet oxygen saturation than for the free-state molecule [24].

The present study aims to investigate the influence of the protease x-Chymotrypsin
on the PDT efficacy of two phthalocyanine complexes (ZnPc1 and GaPc1) against human
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pigmented melanoma (SH-4) in comparison to normal keratinocyte cells (HaCaT). The
effect of the macromolecule of ChT on phthalocyanines” photophysical properties was
studied in a buffer solution (pH 7.8). The photosafety of compounds was analyzed on a
fibroblast cell line (BALB/3T3) under artificial solar light exposure. The proteolytic activity
of ChT was tested in a prior in vitro study, and the inhibition ability of the complexes
(ZnPc1 and GaPcl) was proven after irradiation with LED 660 nm and UV 254 nm spectra.
The PDT efficiency of both phthalocyanines applied alone and with the addition of the
protease chymotrypsin was studied in a concentration-dependent and comparison-based
manner for a set of light parameters.

2. Results
2.1. Synthesis

Zn(II)-phthalocyanine (ZnPc1) with eight peripheral methylpyridiloxy substitution
groups was successfully synthesized following a slightly modified well-known procedure
summarized in Scheme 1. The previous synthetic procedure of cyclotetramerization was
applied [25,26]. The synthetic procedure starts from commercial dinitrile 1. It includes a
nucleophilic displacement reaction to obtain dinitrile 2. Direct cyclotetramerization and
a multiple-step procedure were used to obtain ZnPc1. A metal-free phthalocyanine is a
favorable starting compound for phthalocyanine complexes and facilitates the production
of high-purity complexes. The metalation was conducted with zinc acetate as a metal salt.
The complex of gallium (GaPc1) was possible to obtain only at a high temperature (~220 °C)
in the presence of a catalyst (DBU) starting from a monomer [27]. Both metal complexes
(ZnPc1 and GaPc1) were isolated from the reaction mixture by precipitation in hexane and
washed with several solvents. The purification was carried out by column chromatography
on silica gel with an eluent mixture of dichloromethane (DCM) and methanol (DCM:MeOH,
9:1). All compounds were characterized by analytical methods.
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Scheme 1. Synthesis of octa-substituted Zn(II)-phthalocyanine (ZnPc1). The same pathway was
applied for Ga(IlI)-phthalocyanine (GaPc1).

2.2. Spectrophotometric Study

Spectrophotometric studies of cationic complexes (ZnPc1 and GaPc1) were performed
in a comparison-based manner in phosphate buffer (PB, pH 7.8) and in DMSO solutions
at room temperature Figure 1a). The absorption spectra in the visible region presented
the typical Q-bands of the monomeric compound for GaPc1 and the molecular associates
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for ZnPc1 in water solutions. The maxima were recorded at 681 nm (DMSO) and 678 nm
(PB) for GaPc1, assigned by m—m* transitions. The complex ZnPc1 showed a Q-band at
676 nm (DMSO) and the split and a low-intensity Q-band (640 nm and 672 nm) in an
aqueous solution due to aggregation. This observation is associated with the formation of
J-aggregates of phthalocyanine molecules. A wide B-band was recorded between 328 nm
and 395 nm for ZnPc1 (DMSO), and there was a low-intensity vibrionic band in the visible
region with a peak at 615 nm (ZnPc1) and 612 nm (GaPc1). The recorded Q-band maxima
of both compounds showed that eight substituents to the Pc-ring molecule slightly shifted
the Q-band to the red spectrum region. Both are relatively similar to the peaks of similar
peripheral tetra-substituted Ga(IIl) or Zn(Il) phthalocyanine complexes [28-30].
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Figure 1. Absorption spectra of Zn(Il)- and Ga(III)-phthalocyanines (ZnPc1 and GaPc1) in dimethyl-
sulfoxide (DMSO) and phosphate buffer, pH 7.8 (PB) (a); Changes in absorption spectra by addition
of chymotrypsin (ChT) with isosbestic points in inset spectra (b) and the same measurements for
ZnPcl1 (c), and the absorption spectra for the titration of ChT with GaPc1 (d).

The absorption spectra were recorded during the titration of the solutions of the com-
plexes (ZnPc1 and GaPc1) in PB, pH 7.8 with ChT for a concentration range of 5.12-50.6 uM
ChT (Figure 1b,c). The Q-band of the aggregated ZnPc1 was not changed by an increase
of ChT, suggesting that the compound was not changed. The spectra show two isosbestic
points at 325 nm and 375 nm (GaPc1) and at 304 nm and 406 nm (ZnPc1), which are most
likely due to the dilution for the spectra in the visible region and the increase in the UV-vis
region due to additional aromatic amino acids (due to ChT). The addition of GaPc1 in a
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Fluorescence, a.u.

concentration range (2.15-10.75 pM) to the ChT solution showed an increase in the maxima

with no spectral changes (Figure 1d).

The fluorescence spectroscopy properties of GaPcl and ZnPc1 were evaluated for
both compounds as fluorescent molecules individually and with the addition of ChT to
predict possible interactions (Figure 2a,b). The wide excitation band with a maximum of
280 nm was recorded for the ChT emission of 350 nm (Figure 2a, A). The high-intensity
emission maximum of ChT was registered at 350 nm for excitation at 280 nm (Figure 2a,
B). Both fluorescence bands were shown to increase the intensity with the addition of ChT
(0.07-2.1 uM) because of the rise of the ChT concentration in the solution. The studies
on the fluorescence emission of GaPcl at an excitation wavelength of 610 nm showed
the overlapping of the fluorescence spectra (em: 693 nm) for concentrations over 10.2 pM
due to the inner filter effect (not shown). The emission spectra of the mixtures containing
both ChT and GaPcl at the excitation of 280 nm, which is typical for tryptophan (Trp)
molecular residues, slightly increased the intensity of the emission band of GaPc1 at 693 nm
(Figure 2b). However, at the excitation of 365 nm with the addition of ChT (0.033-0.33 uM),
the fluorescence intensity of GaPc1 decreased due to dilution. Following the emission of
ChT (347 nm), the fluorescence intensity increased with the splitting of the band in the same
solutions. The experiment of ZnPcl1 titration with ChT was carried out for the excitation of
280 nm, and the recorded emission spectra of ChT showed an increase in the intensity of
the emission band at 347 nm because of the ChT concentration without changes in the band
shape. Octa-substituted GaPc1 and ZnPc1 (DMSO) were evaluated and found to have
similar fluorescence quantum yields, which were lower than peripheral tetra-substituted
complexes with similar substitution groups (0.21 and 0.23). This may be explained through
the physical quenching due to the eight peripheral substitution groups to the ring molecule.
In addition, the presence of ChT seems to lower the fluorescence of phthalocyanine because
of the quenching by the ChT macromolecule. The physical interactions between GaPc1
and ChT were shown by the quenching of GaPc1 fluorescence. The excitation of ChT at
280 nm and also of GaPc1 at 610 nm after the addition of ChT resulted in different spectra.
This phenomenon may be explained by the energy transfer between ChT (exc: 280 nm; em:
347 nm), of which the emission may be absorbed by GaPc1 and the fluorescence intensity
at 693 nm may increase. The higher concentrations of GaPc1 make changes to the ChT

macromolecule, as seen by the emission spectra.
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Figure 2. Fluorescence excitation (A) and emission (B) spectra of x-chymotrypsin (ChT) at em/exc:

350 nm /280 nm (a) and the emission spectra of the conjugate (GaPc1+ChT) for a range of concentra-

tions for ChT and GaPc1, at exc: 280 nm (b).
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2.3. Proteolytic Activity

The proteolytic activity of serine protease ChT is an important property that needs
to be purposely investigated [31]. Experiments were carried out before in some in vitro
studies using casein as a substrate by absorption at 275 nm. In this experiment, it is
important to know if the applied ChT is active in a range given by the supplier. Further
experiments were carried out for the inhibition of ChT proteolytic activity with the addition
of complexes (ZnPcl and GaPcl) kept in the dark and after irradiation with two light
sources: UV-C (254 nm) and LED 660 nm (Figure 3). The choice of the light source was
predicted by the absorption spectra of the target molecules, namely an enzyme (ChT)
with absorbance mostly in the deep UV region and phthalocyanine complexes (ZnPc1 and
GaPc1) with intensive absorption bands with maximums around 675 nm (LED 660 nm has
a spectrum with the maximum of the wavelength in half of the width of the Q-band).

[ LED 660 nm
36 - I UVC 254 nm
o
£
2
© 244
2
2
°
<
0
>
8 12
o
o
0-
Dark Light  GaPci, Dark GaPcl,Light ZnPc1,Dark ZnPc1,Light
Samples

Figure 3. Proteolytic activity of a-chymotrypsin (ChT) studied by photosensitization with for Ga(III)-
or Zn(Il)-phthalocyanine complexes (ZnPc1 and GaPc1) in the dark and by irradiation light-emitting
diode (LED) at 660 nm or with UV-lamp (254 nm).

The inhibition of ChT activity because of photosensitization with complexes (ZnPc1
and GaPcl) was observed. The assay was carried out in parallel for three control exper-
imental groups: (1) only ChT, (2) added complexes (ZnPc1 and GaPc1) in the dark, and
(3) ChT irradiated with UV-C or LED 660 nm. The dark controls showed no loss of enzymic
activity for the experiments that were carried out in atmospheric oxygen. The red-light
exposure (LED 660 nm) showed no influence on inhibition of proteolytic activity. The
typical photodynamic inhibition of ChT activity was observed for GaPcl during irradiation
with LED 660 nm (full inhibition). Similar results were obtained for GaPc1 and ZnPc1 in
the dark samples. Comparable inhibition was determined for ZnPc1 at LED660 nm and
under UVC exposure. The different inhibition ability of complexes (ZnPc1 and GaPc1)
refers to the difference in their photosensitization capability. However, both compounds
showed a lower inhibition at UV-C irradiation than the control samples with UV-C alone
(without phthalocyanine).

2.4. Photo-Safety Validation

The photosafety of octa-substituted phthalocyanines (GaPcl and ZnPc1) and the
conjugates with an enzyme (GaPc1+ChT and ZnPc1+ChT) was studied on the model
mouse embryo fibroblast normal cell line BALB 3T3. The results are presented by CCs
values & SD (uM) at irradiation with a spectrum from a light-emitting diode (LED) known
as a solar simulator with a light dose of 10 J/ cm? (for details, see the Experimental section).
The collected data were used to calculate parameters such as the photo-irritation factor
(PIF), which for PIF < 2 means the lack of toxicity for GaPc1 and prevalent phototoxicity
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with PIF > 5 for ZnPc1. Relatively high values of CCs, such as 57.74 uM and 58.39 uM,
and a factor PIF = 1.023 were obtained for GaPc1, suggesting that it is a very promising
compound that is non-cytotoxic under solar light exposure. An increase in the PIF value
means the lessening of the toxicity with the addition of ChT to GaPc1 (0.626 vs. 1.023
for GaPcl) and ZnPc1 (1.521 vs. 6.104), which is in advance of the high photosafety of
compounds (Table S3 in Supplementary Materials).

The photosafety at solar light exposure for GaPc1 was identical as for the sample
of cells kept in the dark (Figure 4). The lack of cytotoxicity was observed for ChT in
concentrations below 0.1 mg/mL (not shown). An increase in cytotoxicity on BALB 3T3
cells was determined by the addition of ChT (0.05%), with a big concentration gap between
the samples with irradiation and in the dark (Figure 4a). The toxicity of the conjugate
ZnPc1+ChT was almost similar to that of ZnPc1 alone (Figure 4b). High phototoxicity was
observed for concentrations over 1 uM ZnPc1 and the addition of ChT (0.05%) increase the
photosafety. The photosafety of ChT showed no influence on phototoxicity with PIF = 0.726

(Table S3).
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Figure 4. Dark and photo-cytotoxicity presented as a percentage of cell death: (a) Ga(Ill)-
phthalocyanine (GaPcl) and in the presence of x-chymotrypsin (GaPc1+ChT), and (b) Zn(I)-
phthalocyanine (ZnPc1) and in the presence of x-chymotrypsin (ZnPc1+ChT) studied on embryonal
cell line (BALB 3T3) at exposure with a solar light-emitting diode (LED 360-1100 nm, 10 J/ cm?).
p < 0.05 for each point was considered significant.

The high cytotoxicity ZnPcl with PIF = 6.104 was observed to be lower with the
addition of ChT (PIF = 1.152). The results showed that for concentrations between 0.001 uM
and 80 pM, GaPcl has proper photosafety to solar light exposure (360-1100 nm). In
addition, the obtained values suggested the positive low-toxicity effect of a proteolytic
serine enzyme ChT as a biomolecule with an advance in photosafety on the cells.

2.5. Photodynamic Therapeutic Efficacy

The photodynamic efficacy of octa-substituted phthalocyanine complexes (GaPcl
and ZnPc1) was studied on two skin-originated cell lines, namely a human pigmented
melanoma cell line (SH-4) and keratinocyte cell line (HaCaT). The activity of compounds
was evaluated after their individual application, as well as for their fresh mixtures with a
proteolytic enzyme (ChT). The results are presented as concentration—cell toxicity curves.
The dark and phototoxicity of ZnPc1 and GaPcl were studied on SH-4 versus HaCaT
(Figure 5). The toxicity curves for compounds applied individually showed no difference
in the inactivation efficiency of both cell lines with better activity for GaPc1 (Figure 5b).
The difference in both toxicities and for both cell lines was observed with the addition of
ChT for the conjugates GaPc1+ChT and ZnPc1+ChT (Figure 5a,b). The phototoxic effect
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Dark toxicity, %

was higher for GaPc1 than for ZnPc1 in the presence of ChT, with a difference in the effect
between both cell lines. The cytotoxicity of both GaPc1 and ZnPc1 was shown to diminish
in the presence of a serine protease (ChT).
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Figure 5. Cytotoxicity of Ga(Ill)- and Zn(II)-phthalocyanines (GaPc1 and ZnPc1) in the presence
of chymotrypsin (ChT), (a) without light (dark toxicity) and (b) at irradiation with a light-emitting
diode (LED) at 660 nm with a dose of 50 J/cm? (inset: the part of the toxicity curves). p < 0.05 for
each point was considered significant.

In vitro PDT was carried out with ZnPc1 or GaPcl with the enzyme ChT, and the
results suggest the advantage of reducing their strong dark and photo-cytotoxicity effects on
normal cell lines. This observation is likely due to the competition for the generated reactive
species between ChT and the cells” components (lipids, proteins, and other biomolecules).
The phototherapeutic index (PI) of the compounds in the presence of ChT is presented in
Table S4. The phototherapeutic index (PI) was observed to have ratios of 1.3 and 1.27 for the
normal cells treated with ZnPc1 or GaPc1 with the addition of ChT, suggesting the lower
toxicity of the compounds on normal keratinocyte cells. The index PI was determined, with
higher values for tumor cells for GaPc1 (PI: 461 vs. 269 on SH4 cells) and similar values for
ZnPcl1 (154 vs. 156).

3. Discussion

Octa-substituted phthalocyanines and gallium and zinc phthalocyanine complexes
with eight methylpyridiloxy groups (ZnPcl and GaPcl) were synthesized by a well-
developed synthetic procedure [26,27]. ZnPc1 was prepared by including an additional
step, as shown in Scheme 1. Both complexes were studied and compared for their effi-
ciency in the method of photodynamic therapy (PDT). The water-soluble GaPc1 exists
as a monomolecular and photoactive in-phosphate buffer (PB) solution (Figure 1a). The
interaction between the proteolytic enzyme x-chymotrypsin (ChT) and ZnPc1 or GaPc1
was assessed using molecular spectroscopy techniques. The changes in the absorption
spectra of the resulting mixtures were recorded (Figure 1b,c). The increase in the absorption
of the Q-band at 681 nm (GaPc1) indicated a rise in the GaPcl concentration. It may
assume an electrostatic contact between the negative charges of ChT and the complex with
eight positive charges (GaPc1 or ZnPc1). This may lead to a high local concentration of
molecules, which further creates favorable conditions for the stacking interaction between
both molecules may lead to physical conjugates. The spectra of ZnPc1 in buffer solution
(PB) are typical for aggregated molecules (Figure 1d). However, the addition of ChT
showed only a slight reduction in absorbance due to dilutions without monomerization in
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the PB solution. The increase in the emission band of ChT and, respectively, tryptophan
residue (Trp) fluorescence was recorded for the solutions in buffer, pH 7.8 (Figure 2a). The
intensity of the fluorescence of GaPc1 was lessened by an increase in ChT concentration
at a constant concentration of GaPcl, as was observed for both excitation wavelengths
(exc: 365 and 610 nm). The intrinsic fluorescence of ChT, which has the characteristics of a
globular protein containing eight Trp residues, mainly depends on the Trp residue because
other amino acids such as phenylalanine (Phe) have a very low quantum yield, and the
fluorescence of tyrosine (Tyr) is almost completely quenched by ionization, or by an amino
or a carboxyl group, or a Trp. However, the presence of GaPc1 in solution was shown to
change the emission band (~350 nm) of Trp residue, resulting in a low intensity and the
splitting of the emission band (Figure 2b). The fluorescence quenching of the ChT may
be explained by the more polar location of Trp residues. One of the attributes of enzymes
is their short lifetimes, which are used because of their sensibility to some changes in the
media. Farhadian et al. [31] reported variations in the fluorescence intensity of ChT with
dynamic quenching during the binding of spermine, a polyamine that is involved in cellu-
lar metabolism and is found in all eukaryotic cells. The phenomenon of phthalocyanines
quenching enzymic activity was also observed for cholinesterase and amylase, as they are
natural physiologically active biomolecules [32,33].

The present study of a photosensitizer (GaPc1 or ZnPc1) and the red LED 660 nm
treatment of an enzyme such as ChT showed a significant proteolytic inhibition of its
activity. Irradiation with UV-C light was also observed to induce the lower activity of ChT
by the Trp residues (Figure 3). The incubation of ChT with phthalocyanine showed a lack
of inhibition of the proteolytic activity, which suggests that the compound is not connected
to the active center. As is known, the serine proteases widely circulating in the human body
have many important functions such as blood coagulation, tissue morphogenesis, cell death,
swelling, and wound healing, and assimilation [34]. The changes in proteins because of the
photosensitization reactions resulted in the degradation of histidine (His), methionine (Met),
cysteine (Cys), Trp, and Tyr [35]. The photooxidation kinetics of His, Met, and Cys residues
were found to be insensitive to the pH changes of media within the range of 6-8, which
indicated that the photooxidation rates of proteins must be lower than the corresponding
ones for the mixture of the individual amino acids. The sensitized photooxidation of ChT
using perinaphthenone, rose bengal, and eosine with a high susceptibility of enzymes to
photosensitization in water was reported.

A high photosafety due to the sunlight spectra of exposure was observed for GaPc1
alone and in the presence of ChT on the tested model embryonal cell line BALB 3T3
(Figure 4a). It was determined that there was an increase in toxicity for ZnPcl1 used
individually, which was much higher for ZnPc1 and ChT (0.05%) for the range of concen-
trations (Figure 4b). The studies suggested an increase in toxicity due to solar light (LED
350-1100 nm). The phototoxicity to solar light and the calculated indexes PIF < 1 or ~1
suggest high photosafety, except for ZnPc1 (Table S3).

The phototherapeutic effect of GaPc1 and ZnPc1 studied on two cell lines (SH-4 and
HaCaT) showed relatively high efficiency for GaPc1 compared to ZnPc1 (Figure 5a,b).
The gallium complex has higher activity than the zinc one, which may be related to
the ionic radius of the gallium ion and the deformation of the phthalocyanine ring. The
cytotoxic effect was lessened, suggesting a lower toxicity because of the addition of ChT. The
positive effect of ChT is of importance, especially for the dark toxicity of phthalocyanines
(Figure 5a). The phototoxicity of compounds (ZnPc1 and GaPc1) was observed with a slight
concentration gap between the curves by the addition of ChT in non-toxic concentrations
(Figure 5b). These changes in the photo- and dark toxicity were seen for both cell lines
(melanoma tumor and keratinocyte cells). The calculated index (PI) as an indicator of
PDT efficiency was seen to increase by a double value for GaPcl in the presence of ChT
(Table S4).

The photosensitizers ZnPc1 and GaPcl showed differences in anticancer PDT activity
on the melanoma cell line (SH-4) as well as with the addition of ChT (Figure 5b). The
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lowering of the PDT activity due to ChT may be a result of the quenching effect on the
generated ROS from the enzyme (ChT) and probably the enzymic inhibition of the tumor
mass growth. Thus, it might also influence the diminishment of the harsh toxicity of both
photoactive compounds. A difference in the cells’ toxicity was observed with the addition
of ChT in a PDT study of ZnPc1 and GaPc1. This could possibly be explained by the PAR1
overexpression typical for melanoma cells and probably the inhibition of catalytic activity
of the ChT due to photosensitization with GaPc1 or ZnPc1 and LED 660 nm. The option of
light screening due to the large molecular structure of ChT may also lead to limitations in
the light absorption and lower phototoxicity.

A recent study on pancreatic enzymes showed that they weaken tumor growth by
slicing and decomposing the binding proteins of cellular structures [36]. The knowledge
that the tumor matrix of 3D collagen promotes the migration of tumor cells may be used for
protease applications on tumors. In vitro studies in which the tumor microenvironment-
associated structures are not present have also shown antitumor potential of pancreatic
enzymes [37]. In this study, it was reported that proteases, like trypsin or x-chymotrypsin,
cleave extracellular precursors, resulting in the generation of the active form of numerous
proteins. For example, trypsin can cleave pro-insulin to generate active insulin through a
proteolytic mechanism. The membrane receptors, known as proteinase-activated-receptors
(PARs), have been described as potential targets for pancreatic proteolytic enzymes [38]. In
the present study, ChT can cleave PAR1, which is overexpressed in many kinds of malig-
nancies, including pigmented melanoma. Chymotrypsin could also make an inhibitory
cleavage on PAR1, removing its tethered activating ligand and making the receptor in-
sensitive to the action of other proteinases. The local character of the method plus the
positive effect of the proteolytic enzymes such as ChT for anticancer therapy may have
several constructive aspects for minimizing the undesirable effects of the PDT procedure.
The promising effects were seen after combining the application of a proteolytic enzyme
and PDT, then only the PDT. This study presents a promising start for future research on
the dual macromolecular assembly of enzymes and photosensitizers in the direction of
advanced PDT.

4. Materials and Methods
4.1. Phthalocyanines and Chemicals

Two octa-methylpyridiloxy-substituted phthalocyanine complexes of zinc and gal-
lium (ZnPc1 and GaPc1) were synthesized following a well-established procedure [25,26].
The dinitrile 4,5-dichloro-1,2-dicyanobenzene was dried at 80 °C in a glass oven before
the reaction. A large-scale amount of 4,5-bis(pyridiloxy)-1,2-dicyanobenzene was pre-
pared in an excess of dry potassium carbonate in dimethylformamide (DMF). The cy-
clotetramerization was carried out with Zn(OAc), or GaCl; with addition of a catalyst
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in dry 1-pentanol at reflux temperature for both
phthalocyanine complexes before quaternization. Synthesis of GaPc1 was carried out as
was previously described [26]. Bovine a-chymotrypsin (ChT) was the salt-free enzyme
supplied by a commercial source (FOT, Bulgaria). Casein acc. to HAMMARSTEN is a
product of Sigma-Aldrich and Merck (FOT and Labimex, Bulgaria). The solids and other
chemicals were used as supplied from different commercial vendors. The used solvents
were additionally purified.

4.1.1. Synthesis of 2,3,9,10,16,17,23,24-Octakis-[(2-N-pyridiloxy) Phthalocyaninato] Zinc(II)
Complex (6)

A mixture of 4,5-bis(pyridiloxy)-1,2-dicyanobenzene, 2 (400 mg, 1.27 mmol), DBU
(1.7 mL, 1 mmol) and anhydrous Zn(OAc); (0.179 g, 1 mmol) in n-pentanol (4 mL) was
stirred at reflux (137 °C) for 6 h under argon. After cooling, the reaction mixture was poured
into n-hexane (25 mL). The greenish precipitate was collected and washed with n-hexane.
The crude product was purified by column chromatography (SiO;) using CH,Cl,-MeOH
(95:5). Yield: 0.67 g (48%). IR [vmax/cm~1]: 3052 (Ar-CH), 2930, 1657, 1624, 1583 (C=C),
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1267, 1238, 1123, 1115 (C-0-C), 901, 865, 704. 'H-NMR (CDCl3): 8, ppm 7.84-7.21 (12H, m,
Pc-H and Pyridyl-H), 6.80-5.90 (28H, m, Pc-H and benzene-H). Calc. for C7pHygN1408Zn;
MS (DCI ng., NHs, 20 mA /s): m/z (% intensity): 1322 (100 %, M*), 1245 (7.5%, M*-CsH3N),
1229 (17%, M*-CsH3NO).

4.1.2. Synthesis of 2,3,9,10,16,17,23,24-Octakis-{[2-(N-methyl) Pyridiloxy]
Phthalocyaninato} Zinc(II) Octaiodide (ZnPc1)

Phthalocyanine 4 (100 mg, 0.1mmol) was dissolved in dry DMF (1 mL) and methyl
iodide (5 mL, 80 mmol) was added drop wisely. The reaction continued under argon for
16 h at 40 °C. The product was precipitated in hot acetone and collected by centrifugation.
The green solid was washed with several solvents and dried over P,Oj. Yield: 0.86 g (81%).
UV /Vis (DMSO), Amax nm (log ¢): 351 (4.46), 615 (4.11), 678 (4.35). IR [Vimax/cm~']: 3014
(Ar-CH), 1655, 1633, 1585, 1540 (C=C), 1497, 1467, 1445, 1401, 1264, 1030 (C-O-C), 1169,
1135, 1023, 954; 867, 827, 746 (CH). 'H-NMR (300 MHz, DMSO-dg): §, ppm 9.55 (s, 8H), 9.35
(s,8H), 89 (d, ] =7.5Hz, 8H), 8.65(dd, ] =7.5, 1.5 Hz, 8H), 7.99-7.24 (m, 8H), 4.39 (s, 24H,
CHa3). Calc. 1442.85 for CgoHgaIN140gZn. ESI-MS (positive ion mode) m/z: 181.36 M]3+,

4.2. Proteolytic Activity Measurements

The proteolytic activity was determined by an enzyme assay in proteolytic units (CTA)
using casein as a substrate. The method was first published by Johnson et al. [39] and
further modified [40]. This method was chosen because of the specificity in the absorption
spectra of the studied phthalocyanines. All assays were made in triplicate and the average
of the measurements was taken to evaluate the activity units. One CTA-unit of enzyme
caseinolytic activity corresponds to the enzyme amount that releases 1 peq/min of tyrosin
in the substrate (37 °C). The reaction mixtures of the samples consisted of 0.016 mg/mL
a-chymotrypsin in 0.06 M Tris buffer, pH 7.4 and either 5 pM GaPc1 or ZnPc1 (control
groups). The experimental samples of 2.5 mL volumes were irradiated with a UV-C lamp
for 3 min and 15 min by stirring in air-open cuvettes at room temperature (T = 20 °C). The
light-emitting diode (LED) 660 nm was applied with the doses (10 ]/ cm? and 50 J/cm?)
and did not alter the proteolytic activity of ChT.

4.3. Photo-Physicochemical Study

The absorption spectra were measured using a spectrophotometer Perkin Elmer Pre-
cisely Lambda 25 UV /Vis with quartz cuvettes with 1.0 cm at room temperature. The stock
solutions of GaPc1 and ZnPc1 (~2 mM) in DMSO were used. The dilutions were made
with phosphate buffer (PB) with concentration 0.01 M, pH 7.8. The absorption spectra were
recorded for the full spectral range 190-750 nm. Absorbance of ChT was observed in the
UV-C region with maxima (192 nm and 254 nm in PB (pH 7.8) for different concentrations.
The absorption spectra of the mixture GaPcl and ChT were registered at the titration of a
solutions of GaPc1 (3.27 uM or 4.34 uM) or ZnPc1 (4.89 uM) in PB with ChT (5.12-50.6 M)
or the opposite titration, which involved the addition of GaPc1 (2.15-10.75 uM) to a so-
lution of ChT (10.1 uM). Fluorescence studies were carried out using Perkin-Elmer LS 55
(Switzerland). The emission spectra were recorded for wavelengths of excitation at 280 nm
of tryptophan (ChT) and at 610 nm for phthalocyanines following the previous study [41].

4.4. Cell Cultures

Three cell lines were used in this study: a human skin melanoma cell line SH-4 (ATCC®
CRL-7724™), a mouse embryonal fibroblast BALB/c 3T3 clone A31 (ATCC® CCL-163TM),
which are products of the American Type Cultures Collection (ATCC, Virginia, USA),
and a human keratinocyte cell line HaCaT (CLS, cat. Ne 300493) from CLS Cell Lines
Service GmbH (CLS, Eppelheim, Germany). The cultivation of the cells was conducted in
25 cm? and 75 cm? tissue culture flasks in DMEM-high glucose (4.5 g/L), 10% FBS, 2 mM
glutamine and antibiotics (penicillin 100 U/mL and streptomycin 100 pg/mL) at 37 °C, 5%
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COy and 90% relative humidity. Suspensions of cells were plated in a 96-well microtiter
plate (1 x 10* cells/100 uL/well) and were cultured for 24 h.

4.5. Light Sources

Two different light sources were used in the present studies. Both light emitted diodes
(LED) have different spectra and powers of exposure specific to the devices used in the
photosafety experiment and the PDT study. The so-called solar simulator has spectra that
cover the sunlight. This is a commercially available LED Helios-iO from SERIC Ltd. (Tokyo,
Japan). The fluence rate was constant as measured with a power-meter PM 100D with a
sensor S120VC (Thorlabs Inc., North Newton, KS, USA). The working dimension between
0.05-50 mW was within the spectrum 360-1100 nm. The intensity was achieved for a
distance of 20 cm distance with a normal diffusion in the experimental zone of 1.16 W/m?.
A second light source is a LED at 660 nm was configured by ELO Ltd. (Bulgaria) with the
fixed power density of 100 mW /cm?, which was experimentally observed as an optimal
fluence rate for in vitro PDT experiments.

4.6. Phototoxicity Study

The toxicity studies were performed after serial dilutions of GaPc1 and ZnPc1 from
the stocks in DMSO. The incubations were made in the culture medium to the working
concentrations between 0.0025-80 uM. The enzyme (ChT) used for the experiment was
dissolved in phosphate buffered saline (PBS), pH 7.4, at a concentration of 50 mg/mL
used as a stock solution. GaPc1, ZnPc1, and ChT were applied freshly prepared in the
culture medium. In vitro tests were carried out on the cells in their exponential stage of
grown. After trypsinization the cells were brought to the required cell density in each of
the 96-well plates (1 x 10* cells/well). The NRU-assay was applied to register the results
after treatments. The evaluation of the cells’ viability in vitro was carried out. The used
experimental protocols followed the known procedure. Briefly, it includes the standard
conditions for the cell incubation for 24 h to reach a good adhesion. The cells were incubated
after addition of double rise of the testing concentrations for the compound (ZnPc1, GaPc1,
ChT and mixtures with ChT). The culture medium was replaced, and the cells were washed
before the experiments. The study was performed in parallel plates at the same time. One
plate was kept in the dark place to have the dark control in equal conditions as the light
exposure for comparative assessment of photo and dark cytotoxicity. The second plate
was irradiated with LED 660 nm with light dose of 50 ]/cm? and 24 h post-irradiation,
the medium was replaced with the medium containing the NR dye. Three hours later, the
wells were washed with phosphate-buffered saline (PBS, pH 7.4), and a mixture of distilled
water/ethanol/acetic acid in a ration 50:49:1 was supplemented. The optical density was
measured on a TECAN microplate reader (A = 570 nm). The cellular toxicity was calculated
by Equation (1):

Cytotoxicity (%) = {1 — (ODsyp(treated sample)/ODsyp(negative control)} x 100 (1)

Other parameters calculated based on the photo- and dark cytotoxicity studies are the
phototherapeutic index (PI), toxicity in the dark (ICsy), after-irradiation photocytotoxicity
(ICsp), and photo-irritation factor (PIF), calculated using the Equation (2):

PIF = ICs(Dark)/ICso(LED 360-1100 nm) @)

where Dark is the value in the absence of light and Light is the same after solar LED
360-1100 nm irradiation.

Phototherapeutic index (PI) is defined as the ratio of dark to light IC5( values, and it is
used to determine the light-induced effectiveness. The phototherapeutic index was defined
as the dark ICsg value divided by the light IC5 value and calculated using Equation (3).

PI= IC5O (Dark)/IC50 (LED 660 1’11’1’1) (3)
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Abstract: (1) Context: Cancer is still a major problem worldwide, and traditional ther-
apies like radiation and chemotherapy often fail to alleviate symptoms because of side
effects, systemic toxicity, and mechanisms of resistance. Beneficial anticancer effects that
spare healthy tissues are made possible by the distinctive redox characteristics of no-
ble metal complexes, especially those containing palladium, gold, silver, and platinum.
(2) Methods: The redox processes, molecular targets, and therapeutic uses of noble metal
complexes in cancer have been the subject of much study over the last 20 years; novel
approaches to ligand design, functionalization of nanoparticles, and tumor-specific drug de-
livery systems are highlighted. (3) Results: Recent developments include Pt(IV) prodrugs
and terpyridine-modified Pt complexes for enhanced selectivity and decreased toxicity;
platinum complexes, like cisplatin, trigger reactive oxygen species (ROS) production and
DNA damage. Functionalized gold nanoparticles (AuNPs) improve targeted delivery and
theranostic capabilities, while gold complexes, particularly Au(l) and Au(Ill), inhibit redox-
sensitive processes such as thioredoxin reductase (TrxR). (4) Conclusions: Ag(I)-based
compounds and nanoparticles (AgNPs) induce DNA damage and mitochondrial dysfunc-
tion by taking advantage of oxidative stress. As redox-based anticancer medicines, noble
metal complexes have the ability to transform by taking advantage of certain biochemical
features to treat cancer more effectively and selectively.

Keywords: cancer; noble metals; redox; theranostics; nanoparticles

1. Introduction

Cancer remains a major global health challenge, with approximately 19.3 million
new cases and 10 million deaths reported around the globe in 2020 alone. Even with
improvements in early detection and treatment, the complexity and adaptability of cancer
cells often renders traditional therapies, like chemotherapy and radiation, insufficient and
in vain. Resistance mechanisms also present a current threat; besides off-target effects and
systemic toxicity, these dangers require the development of novel therapeutic strategies
that can specifically target cancer cells while sparing healthy tissues [1-4].

Metal-containing compounds have been crucial in the development of cancer therapies
over time. The identification of cisplatin during the 1960s highlighted a change in a fresh
period of treatment methods that capitalized on the distinct characteristics of metal com-
pounds. Cisplatin’s effectiveness prompted investigations into metal-based medications,
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focusing notably on noble metals such as platinum, gold, silver, and palladium. These
metals have chemical and physical traits, such as electron density and different oxidation
states, that allow them to bind with different ligands effectively. These qualities make them
well-suited for interacting with biomolecules and influencing the environments within
cells [5-8].

The significance of metal complexes redox activity is notably important (Figure 1) in
the field of oncology because cancer cells often experience increased stress compared to
healthy cells as a result of their rapid growth and metabolic irregularities. This susceptibility
can be taken advantage of by metal complexes that can either enhance stress levels or
interfere with redox sensitive pathways to trigger cell death. For instance, platinum
complexes create ROS that harm DNA and proteins, while gold complexes impede TrxR,
an enzyme that maintains redox balance, in cancer cells [9-11].

Noble Metal Compounds/
Nanoparticles

(Au, Ag, Pt)
Cellular Uptake
(Endocytosis)
Mitochondrial Damage DNA Damage

(Cytochrome c release,
Bax/Bcl-2 balance)

(Strand breaks, p53 activation)

Intrinsic Apoptosis Extrinsic Apoptosis
(Caspase-9, Caspase-3) (Death receptors, Caspase-8)

Figure 1. The pathways noble metal compounds follow to induce apoptosis in cancer cells.

This review explores the multifaceted roles of noble metal complexes in cancer therapy,
focusing on their redox mechanisms, molecular targets, and clinical implications. By syn-
thesizing insights from recent studies, we aim to provide a comprehensive understanding
of their therapeutic potential and inspire further innovations in this promising field.

2. Results and Discussions
2.1. Platinum Complexes

Medications containing platinum, like cisplatin, have reinvented cancer therapy by
utilizing their ability to bind to DNA and induce cellular apoptosis. This mechanism
involves forming covalent bonds with the purine bases, resulting in intra-strand and inter-
strand cross-links that disrupt DNA replication and transcription, leading to cell death
(Figure 2). These interactions aid multiple apoptotic mechanisms, such as p53-mediated
cell death and deactivation of mitochondrial activity. Besides DNA binding, Pt complexes
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are powerful redox agents, amplifying oxidative stress by generating ROS, which further
damage cellular macromolecules and enhance cytotoxicity [12-14].

Cisplatin

@  Active transport
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Figure 2. The steps of cisplatin-induced apoptosis in cancer cells explained by intracellular transport,
aquatation in the cytoplasm, and further formation of adducts with DNA, inducing apoptosis.

Cummings et al. (2009) showed that cisplatin therapy increased ROS levels in ovarian
cancer cells, which in turn led to mitochondrial membrane depolarization and activation
of caspase. Similarly, other studies on oxaliplatin have highlighted its ability to produce
oxidative DNA damage in colorectal cancer cells, while carboplatin exhibited a more
minimized redox potency due to its slower reactivity [15]. Recent research has been
focusing on designing new Pt complexes (Table 1) that exploit cancer-specific oxidative
weaknesses. For instance, Pt(IV) prodrugs are reduced intracellularly to their active Pt(II)
form, achieving targeted ROS generation in the hypoxic tumor environment [16-19].

Table 1. Pt-based anticancer medication currently for therapy.

Platinum Complex Primary Target Redox Mechanism References
Cisplatin DNA (guanine residues) ROS generation, DNA damage [12,20-22]
Oxaliplatin DNA, ROS pathways Oxidative stress, apoptosis [23-27]
Pt(IV) prodrugs Tumor-specific reduction ~ Redox-sensitive reduction, ROS activation [28,29]

Pt complexes, depicted in Figure 3, are evolving at a fast pace to address the constant
challenges of resistance and toxicity, which subdue their clinical efficiency, even though
they are widely used. The design of these complexes is constantly updated with a focus on
modifying ligands to improve pharmacokinetics, selectivity, and therapeutic effectiveness.
For example, incorporating sizeable terpyridine groups has been shown to enhance the
stability and cellular uptake of Pt complexes, while hydrophilic pairings improve their
solubility, facilitating better in vivo biodistribution [30,31].

A study by Zhang et al. (2017) demonstrated that non-traditional ligands, like
N-heterocyclic carbene (NHC) or terpyridine derivatives, offered improved redox activity
and cytotoxic effects against cancer cell lines that showed resistance to cisplatin. These
ligands stabilized the metallic center and improved interactions with specific biomolecules
(DNA and proteins), thereby enhancing the therapeutic potential of Pt complexes. Com-
plexes having these ligands exhibited selective toxicity, sparing normal cells and reducing
side effects [32].
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Figure 3. Pt(I) and (IV) complexes with potent redox effects on cancer cells.

Pt(II) complexes having terpyridine ligands showed particular and special cytotoxic
activity thanks to their ability to intercalate DNA and inhibit enzymes like topoisomerase,
which are crucial for DNA replication and repair. Lo et al. (2009) showed that complexes like
these are effective at inhibiting mammalian topoisomerase II and TrxR, both of which play
key roles in cancer cell proliferation and redox homeostasis. By targeting these enzymes,
these Pt complexes disrupted redox balance in cancerous cells leading to apoptosis [33].

Other new and improved approaches to overcoming resistance and enhancing drug
delivery are the development of Pt nanocarriers functionalized with targeting ligands.
These nanocarriers increase the enhanced permeability and retention effect to accumulate
selectively within tumor tissue. Modified with targeting groups such as peptides, antibod-
ies, or small molecules, these structures ensure precise delivery of redox-active Pt medicine
to cancerous cells while saving healthy tissues [34,35].

Recent research explored the potential use of Pt-terpyridine nanocarriers combined
with NHC ligands, showcasing better and improved antiproliferative activity in vivo
subjects with reduced systemic toxicity. This dual-ligand approach enhanced both the
stability and specificity of the drug towards cancer cells. Additionally, the inclusion of
nanocarriers allowed for a better and controlled drug release, ensuring that the active
compound was delivered at optimal concentrations within the tumor’s environment [36].

2.2. Gold Complexes: Targeting Redox Enzymes and Pathways

Gold (Au) complexes (Figure 4), in particular in the +1 and +3 oxidation states, have
attracted focus thanks to their ability to disrupt TrxR, an important enzyme in maintaining
redox balance. Cancerous cells secrete excess TrxR to neutralize ROS and sustain their
rapid growth. Au(I) complexes, such as auranofin, selectively bind to the selenocysteine
part in TrxR, permanently inhibiting its activity and inducing apoptosis (Figure 5) [37,38].

Luetal. (2022) highlighted the enhanced efficiency of Au complexes in targeting redox-
sensitive signaling pathways, leading to synergistic effects with traditional chemotherapies.
The researchers demonstrated that Au(I) complexes attached to AuNPs via redox-sensitive
linkers significantly improved the targeting of cancer cells. The ROS-rich environment in
tumor tissues facilitated the release of the Au(I) complexes, leading to enhanced cytotoxicity
and apoptosis induction. The multipotential nature of AuNPs further enhances their
therapeutic efficacy. Beyond drug delivery, AuNPs can be synthesized to include imaging
agents, allowing for simultaneous diagnostics and treatment, also known as theranostics.
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For instance, AuNPs functionalized with fluorescent markers or radiolabels enable real-
time monitoring of drug delivery and tumor progression. Such integration of therapy and
diagnostics provides a powerful tool for personalized cancer treatment [39].
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Figure 4. Au(I) and (IIT) complexes reported in the literature for their effects as possible anticancer drugs.

ed0Xin reductase inhibijtjg,,
(e
Tnes

\r"’ﬁo* J

Kmp . Glycolysisv

" Fructose 6 prosphate

2NAD-+2P ~4 ADP
ADH + 2H 4 ATP

_wThioredoxins®® ,L .

¢

Auranofin .@
" > ATP depletion

"‘~Thioredoxin50"$ ') ® ¢
(aop) - AT -
j \_/‘ Oxidative v, Cell death
Phospholyration °

Figure 5. Mechanism of action of auranofin and gold complexes by interfering with TrxR and
destabilizing ATP levels, causing cell death.

Au(Ill) complexes (Table 2) show additional redox properties due to their higher
oxidation state, enabling them to interact with biomolecules like DNA, proteins, and ROS-
generating enzymes. Thota et al. (2018) demonstrated that Au(III) complexes functionalized
with phosphine ligands exhibit strong cytotoxicity in breast and prostate cancer models,
primarily through oxidative mitochondrial damage [40].
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Table 2. Au-based drugs with high redox potential.

Gold Complex Mechanism Key Findings References

ROS generation, selective

Auranofin TrxR inhibition . . . [41,42]
redox disruption, apoptosis
. . oL Mitochondrial dysfunction,
Au (III)-phosphine ROS generation, DNA binding DNA binding, apoptosis [43]
Au(I)-thiolates . ROS gen?ratlon, ROS-induced mltocho.ndrlal [44,45]
mitochondrial damage damage, apoptosis
Redox cycling, ROS generation, selective
Au(l)-NHC complexes DNA intercalation cytotoxicity, apoptosis [46]
g DNA interaction, DNA intercalation,
Au(lll)-pyridine oxidative stress ROS-induced apoptosis [47.48]
Au(Ill)-dithiocarbamates Metal ion exchgnge, ROS-induced DN.A [49-51]
ROS generation damage, apoptosis

Mechanisms targeting cancer cell redox vulnerabilities show that gold complexes have
great anticancer potential. The ROS levels are dramatically increased by Au(IlI) complexes,
reaching a maximum of 200% over baseline in sensitive cancer lines after six hours of
treatment. Proteins and mitochondrial membranes are immediately damaged by this ROS
influx, which leads to depolarization and functional loss in cells. Further disturbance of the
redox balance may occur via the suppression of TrxR. At nanomolar doses (ICsy: 1-10 nM),
the enzyme’s activity is reduced by 85-95% when Au(Ill) complexes bind to selenocysteine
and cysteine residues inside its active site. Apoptosis and mitochondrial cytochrome ¢
release are both aided by the quick reduction in decreased thioredoxin brought about by
this inhibition [52].

Even in cisplatin-resistant mice, structural investigations reveal that Au(I) complexes,
especially those with phosphine or N-heterocyclic carbene ligands, exert strong TrxR inhi-
bition with ICs values in the 100-300 nM range. Their one-of-a-kind ligand architectures
make them more selective against cancer cells while reducing collateral damage to healthy
organs [53]. According to Tolbatov et al. (2024), these complexes cause a dose-dependent
increase in ROS, leading to a two- to threefold rise in colon and breast cancer cells after
one day of exposure. In response to this elevated oxidative stress, stress-activated MAPKs,
including JNK and p38, phosphorylate and activate factors that promote cell death. The
subsequent activation of caspase-3 causes cancer cells to undergo cell death [54]. The
effectiveness of gold complexes is generally related to their electrical characteristics, as
highlighted in a study by De Franco et al. (2022). This is because nucleophilic amino acids
bind well to electron-deficient gold centers, which enhances the mechanistic precision of
the complexes [55].

AuNPs have revolutionized the therapeutic opportunities of Au-based anticancer
medicine, offering a platform for precise and targeted drug delivery systems. Their
nanoscale size, high biocompatibility, and ability to be functionalized with a variety of
ligands and biomolecules make them uniquely suited for cancer therapy. Functionalization
with redox-sensitive outer layers exploits the oxidative stress and acidic environment
commonly found in tumors, ensuring the controlled release of the therapeutic dose directly
at the tumor site. One of the key innovations in AuNP-based systems is their ability to
respond to the unique redox conditions of cancer cells. The tumor microenvironment
typically exhibits elevated levels of ROS compared to normal tissues. Redox-sensitive coat-
ings, such as disulfide linkages or thiol-based ligands, undergo cleavage in this oxidative
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environment, triggering the release of conjugated anticancer agents. This selective release
reduces off-target effects and enhances the therapeutic index [56-58].

Additionally, AuNPs themselves exhibit intrinsic therapeutic properties; they have
been shown to disrupt cellular redox homeostasis by interacting with thiol-containing
proteins and enzymes, further enhancing oxidative stress within cancerous cells. This
dual-action mechanism, combining the therapeutic effects of both the nanoparticle and the
conjugated drug, maximizes the anticancer potential [59,60].

2.3. Silver Complexes: Exploiting Oxidative Stress

Silver complexes (Figure 6) containing Ag(l) exhibit unique redox properties that
contribute to their anticancer potential; these complexes can interact with biomolecules
such as DNA, proteins, and lipids, leading to cellular dysfunction and later apoptosis. The
ability of silver to generate ROS is especially crucial in cancer therapy, where high oxidative
stress is a hallmark of the disease. By further enhancing this stress, silver compounds
selectively induce cell death in cancer cells while sparing normal, healthy cells [61-63].

0
A +
L 9
S
N\ NH H,N™ ©N
Ag(l)-imidazolate Ag—NO;
I
| N NH2
=
I"z /NC'z [Ag(2-amino-3-methylpyridine),]NO,
NS =
HaN —Ag— NH,

Ag(l)-thiourea

Figure 6. Ag(I) complexes used to induce oxidative stress in tumor cells.

One important mechanism (1) by which silver complexes exert their anticancer ac-
tivity is the generation of ROS. Silver ions, especially in the +1-oxidation state, have high
reactivity and can interact with cellular components to produce ROS, including hydrogen
peroxide (H,0;), superoxide anions (O, ™), and hydroxyl radicals (OHe). These ROS initi-
ate oxidative damage to critical cellular structures, including DNA, proteins, and lipids,
disrupting cellular functions and metabolism and contributing to apoptosis [64-66].

Ag* (outside) — Ag* (inside)
Ag* +R-SH — R-S-Ag + H*
Oy +e= — Ope™
20,07 +2 H* — H,O, + Oy (1)
H,0, + Fe?* — e¢OH + OH~ + Fe3*
(Due to ROS) — Cytochrome ¢ — Caspase activation
Caspase-9 — Caspase-3 — Apoptosis

Silver complexes, like Ag(I)-imidazolate, have been shown to induce significant cy-
totoxic effects in vitro by promoting oxidative DNA damage. Ag(I) ions can bind to the
phosphate backbone of DNA (DNA-P), causing single- and double-strand breaks. Silver
ions can also interact with sulfur-containing amino acids in proteins, disrupting cellular
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functions, reactions represented in (2). This accumulation of oxidative stress ultimately
leads to apoptosis, which is particularly beneficial for targeting cancer cells [67-70].

Ag* + DNA-P — DNA-P-Ag
DNA-P-Ag — DNA-P' + Ag* + free radicals (single-strand break in DNA)
DNA-P’ + DNA-P — DNA-P-P’ + Ag* (double-strand break in DNA)
Ag* +R-SH — R-S-Ag + H*
Oxidative Stress — Cellular Damage

@

Oxidative Damage — Caspase Activation — Apoptosis

Through pathways including oxidative stress and disturbance of protein homeostasis,
silver complexes have strong anticancer action. Research emphasizes that compounds
containing Ag(I) suppress the growth of cancer cells with ICsy values ranging from 1 to
10 uM. These complexes trigger cell death by interfering with mitochondrial activity and
increasing ROS production. The effect of Ag(I) complexes on cellular energy consumption
was confirmed when, after 24 h of exposure to dosages as low as 5 M, mitochondrial mem-
brane potential dropped by 40-50%. Additionally, by taking advantage of the heightened
susceptibility of cancers to ROS, silver complexes preferentially harm cancer cells while
avoiding healthy ones [71].

Research by Fabbrini et al. (2019) showed that anticancer effectiveness is enhanced by
proteasome inhibition in Ag(I) complexes including N-heterocyclic ligands. Ovarian cancer
cells showed IC5 values ranging from 1 to 4 uM in Ag(I)-NHC complexes, according
to in vitro investigations. At these dosages, proton pump inhibitor-like activity in the
proteasome was reduced by 70-80% after 12 h of therapy. Further reducing cancer cell
viability, these complexes induce endoplasmic reticulum stress and polyubiquitinated
protein accumulation. The results from these investigations show that silver complexes
work at low micromolar concentrations by increasing oxidative damage and compromising
proteostasis [72].

After 6 h of treatment with silver NPs (AgNPs), human glioblastoma cells showed a
threefold increase in ROS creation at 20 pg/mL, indicating that the ROS-generating effect is
concentration dependent. This triggers caspase-dependent cell death, which in turn causes
DNA damage and lipid peroxidation, which in turn activates the ATM/ATR pathway
(Figure 7). Additionally, the research demonstrated that AgNPs promote apoptosis by
increasing the Bax/Bcl-2 ratio by 50%. The release of mitochondrial cytochrome ¢ enhances
the activation of caspase-3. The impact of Ag(l) complexes on cancer cells is supported
by the fact that they attach to thiol groups in enzymes, which in turn disturbs cellular
signaling pathways and redox equilibrium [73,74].

Birtekocak et al. (2021) further elucidated the role of AgNPs in cancer therapy, particu-
larly in human colon cancer cells. Their study showed that AgNPs, like silver complexes,
amplify ROS production, significantly increasing the oxidative stress within the cancerous
cells. This ROS overload activates various biochemical pathways that culminate in apop-
tosis, effectively killing the cancerous cells. The study found that AgNPs were capable
of generating ROS at levels sufficient to induce mitochondrial dysfunction, a key event
in initiating cell death. One of the special features of silver complexes is their ability to
directly interact with DNA, leading to strand breaks and disrupting the integrity of the
genetic material. The DNA damage induced by silver ions is thought to be a key driver of
their anticancer activity [75].

Another study by Abu-Youssef et al. (2010) showed that silver complexes with
2-amino-3-methylpyridine ligands exhibited strong binding affinity to DNA. This interac-
tion resulted in the formation of silver-DNA complexes, which hindered DNA replication
and transcription, contributing to the cytotoxic effects. These DN A-intercalating properties
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of silver complexes further highlight their potential as anticancer agents, as the prevention
of DNA replication and repair can effectively halt the proliferation of cancerous cells [76].
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Figure 7. The general mechanism of silver ions in activating the caspase-3 pathway in inducing apoptosis.

Moreover, Ag(I)-based complexes (Table 3) can induce DNA damage through the
generation of ROS, which in turn leads to the oxidation of the DNA bases, especially
guanine, resulting in mutagenic lesions. This oxidative DNA damage has been implicated
in the activation of DNA repair mechanisms, such as base excision repair and nucleotide
excision repair, which can overwhelm the cancerous cells” ability to maintain genomic
integrity, leading to apoptosis [77,78].

Table 3. Ag-based complexes used as chemotherapy drugs for different types of cancer.

Silver Complex Primary Mechanism Applications References
Ag(I)-thiourea ROS-mediated DNA damage Lung, breast [79-81]
Ag(I)-imidazolate Oxidative stress, apoptosis Prostate, colon [82,83]
AgNPs Amplified ROS, mitochondrial dysfunction Colon, cervical, breast [84,85]
Ag(I)-peptide/antibody conjugates ROS generation, selective targeting Various cancers (lung, breast) [86-88]

Silver complexes present flexibility and adaptability, which allows for the fine-tuning
of their redox properties, making them highly compatible for use in cancer treatment. By
modifying the ligands attached to silver, researchers can influence the complex’s ability
to generate ROS, interact with cellular molecules, and overcome resistance mechanisms
commonly found in tumor cells.

For example, El-Naggar et al. (2022) synthesized Ag(I) complexes with quinoxaline
derivatives; these complexes exhibited increased DNA-binding affinity and redox activity,
enabling them to efficiently disrupt DNA and induce cytotoxic effects in cancer cells. Such
structural modifications have proven effective in expanding the applicability of silver
complexes, particularly in targeting multi-drug-resistant cancer cell lines. This is significant
given the growing problem of resistance to conventional chemotherapy agents, which often
limits the efficacy of cancer treatment [89].

Silver complexes, with their ability to generate high levels of ROS and selectively
interact with biomolecules, represent a promising alternative for overcoming this challenge.
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2.4. Palladium Complexes: Catalysts for Redox Disruption

Despite not having been studied as thoroughly as compounds based on platinum,
palladium (Pd) complexes have gained more and more interest due to their special qualities
in redox-based cancer treatments. A key mechanism for causing cancer cell death is the
catalytic activity of Pd(Il) in boosting redox reactions, particularly the formation of ROS.
Apoptosis, necrosis, and cellular malfunction may result from ROS, which are very reactive
chemicals that can oxidatively damage proteins, lipids, and DNA. Rapidly proliferating
cancer cells are the ones this process zeroes in on because they are more susceptible to
oxidative stress than normal cells (Figure 8) [90,91].
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Figure 8. The multitude of mechanisms in which palladium complexes induce apoptosis in cancer cells.

Due to their capacity to promote ROS generation, Pd(II) complexes with ligands like
terpyridine have become attractive prospects for the creation of anticancer drugs. The
cytotoxic effects of palladium complexes on several cancer cell types provide evidence of
their medicinal potential. One important step in the start of apoptosis is mitochondrial
malfunction, which Pd(Il)-terpyridine complexes have been shown to cause. When Pd(II)
and mitochondrial components interact, cytochrome c is released, which starts the caspase
cascade and eventually results in programmed cell death. The remarkable selectivity of
Pd(Il)-terpyridine complexes for cancer cells, which permits less damage to healthy tissues,
is one of its main benefits. Pd(Il)-terpyridine complexes were shown to preferentially
accumulate in breast cancer cells while sparing normal cells in research by Savi¢ et al.
(2019) [92]. The complexes” distinctive physicochemical properties, such as their lipophilic-
ity and membrane-crossing capabilities, improve their targeting capabilities and allow for
selective absorption. Furthermore, terpyridine ligands” highly flexible structure permits
the fine-tuning of their redox characteristics and interactions with biological targets. It is
feasible to maximize the therapeutic efficiency of these complexes and customize them to
treat various cancer types by altering the palladium coordination environment [93-95].

The creation of Pd(Il) complexes (Table 4) that combine targeted delivery methods
with increased ROS production is the subject of further investigation. For instance, Pd(I)-
terpyridine complexes may be functionalized with biomolecules that bind to cancer cell
receptors or conjugated with nanoparticles to enhance their accumulation at tumor locations
and lessen systemic toxicity. Because palladium complexes may interact with important
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biological components, including proteins, lipids, and DNA, while still exhibiting selective
cytotoxicity, they hold promise as a platform for next-generation cancer treatments.

Table 4. Pd-based drugs with high redox potential against cancer cells.

Palladium Complex Mechanism of Action Target Cells/Cancer Types Key References

ROS-induced mitochondrial

Pd(ID)-terpyridine complexes dysfunction and apoptosis Breast cancer, colorectal cancer [92]

Pd(II)-terpyridine complexes ggg-?rlililct% aO;iC)(:Il:ig:ii Ovarian cancer, lung cancer [96]
A mplee i DA e oma nrcance )
P}?gggg;ﬁfﬁ;;ﬁzh ngeg ;);;gﬁlclgg;l Pancreatic cancer, breast cancer [98,99]

The promise of palladium-based complexes (Figure 9) as future anticancer medicines
is highlighted by their flexibility, especially when terpyridine and other redox-active
ligands are included. A number of questions remain, including how well Pd(Il)-terpyridine
complexes work in vivo, what dosages work best, and whether or not they may be used in
combination with other anticancer medications.

Ph
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Figure 9. Pd(II) complexes that induce apoptosis in tumor cells.

Romashev et al. (2022) discovered that heteroleptic Pd(II) complexes with redox-active
quinonoid ligands attacked cancer cells in a number of different ways. Cytotoxicity was
produced by the complexes at ICsy values between 1.5 and 3.2 uM, and they showed
a significant selectivity for cancer cells. Following 12 h of exposure to 2 uM of Pd(II)
complex, detailed ROS quantification experiments revealed a 150% rise in ROS levels
compared to the unexposed control group. Increased ROS cause oxidative stress on lipids
and proteins, which compromises the integrity of the mitochondrial membrane. Additional
evidence of DNA intercalation by these Pd(II) complexes comes from the substantial
hypochromic effects and bathochromic shifts seen in UV-visible spectra. Approximately
2.3 times 10° M~! was determined for the binding affinity constants, indicating a strong
interaction with DNA that impedes the processes of replication and transcription [100].

Conducting further research into arylamide-liganded cyclometallated Pd(II) com-
plexes, Dolengovski et al. (2024) built upon this earlier investigation. Reversible redox
peaks indicated electron transfer capacity conducive to oxidative stress, which was vali-
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dated using cyclic voltammetry, indicating that these complexes displayed redox cycling
behavior. There was a clear relationship between redox potential and cytotoxicity, as shown
by their ICs( values ranging from 2.8 to 6.5 uM in lung and colon cancer models. A maximal
2.5-fold increase at 4 pM after 24 h was achieved in ROS generation, which was dependent
on both time and dosage. There was a 60% drop in mitochondrial membrane potential and
cellular viability tests connected this oxidative damage to apoptosis in the mitochondrial
pathway. Furthermore, apoptosis via the intrinsic route was confirmed by Western blotting,
which showed an increase in Bax and cleaved caspase-3 [91].

Other studies focused on Pd(II) complexes with Schiff base ligands and their DNA-
binding and enzyme-inhibiting capabilities. Results from fluorescence quenching tests
showed that there was substantial intercalation and disturbance of DNA stability, with
binding constants reaching up to 3.1 x 10 M~!. The resolution of DNA supercoiling was
impaired, as topoisomerase inhibition experiments demonstrated an enzymatic suppression
of over 85% at 5 uM [101]. Lastly, in cell-specific lines, Vojtek et al. (2019) showed that Pd(II)
complexes were effective against triple-negative breast cancer, with ICsy values <1 uM.
Highlighting the multi-faceted anticancer tactics of Pd complexes, cell cycle arrest in the
G2/M phase was the result of the synergy between ROS production and DNA-binding
capacities [102].

The creation of prodrugs based on Pd(Il) that are activated in the tumor microenviron-
ment might also lead to improved outcomes during treatment, fewer side effects, and more
precise targeting of cancer cells. By extending the therapeutic window of palladium-based
medicines, these initiatives have the potential to solidify their position as an essential class
of metallodrugs in cancer treatment.

There are still issues with palladium complexes’ stability and bioavailability, despite
the fact that they show encouraging redox activity.

Researchers are exploring ligand designs that enhance their pharmacokinetic prop-
erties, such as incorporating bulky, electron-donating groups to improve solubility and
tumor specificity.

3. Preparation Process—Literature Review

This literature review on noble metal complexes in cancer treatment includes papers
that were handpicked after a long and methodical selection process to guarantee high
quality, reliability, and coverage of the topic. To begin, we combed through a large number
of scientific publications” worth of research papers utilizing databases like PubMed, Scopus,

o

and Google Scholar. To narrow the search, we used keywords like “cancer therapy”, “noble
metal complexes”, “platinum-based drugs”, “gold complexes”, and “redox mechanisms”
to find the best research. With an emphasis on more recent developments in the subject,
only publications published in the previous 20 years were taken into account.

Included articles contributed directly to our knowledge of noble metal complexes’
function in cancer treatment; in particular, studies that investigated these compounds’ bio-
logical processes, molecular interactions, and therapeutic promise were given preference.
Research on complexes based on palladium, gold, silver, and platinum that shed light on
their synthesis, redox behavior, and cytotoxic effects was given precedence. Both experi-
mental investigations, including in vitro and in vivo models, and clinical trial data were
included to make sure the review addressed a variety of viewpoints. The trustworthiness
of the source was also considered as an additional factor for inclusion. For this evaluation,
we strictly regarded peer-reviewed publications in medicinal chemistry, oncology, and
biochemistry journals with a high impact factor. This made sure that the data were solid
and backed by solid science. Additionally, articles detailing new complicated designs,
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innovative methodology, and developing treatment approaches (such as targeted drug
delivery systems and ways to combat drug resistance) were given preference.

To guarantee a comprehensive overview, articles were selected to reflect both historical
perspectives on established treatments, like cisplatin, and newer advancements in the field,
including the exploration of AuNPs and novel palladium complexes. Special attention was
given to studies that focused on understanding the molecular targets of these metal-based
compounds, such as DNA, proteins, and redox-sensitive enzymes, as well as their ability
to induce oxidative stress, a key mechanism in cancer cell destruction. Only studies that
were relevant to the review’s aim—providing a detailed understanding of the potential
and challenges of noble metal complexes in cancer therapy—were ultimately selected.

By employing this rigorous selection process, a well-rounded and current body of
literature was identified, offering valuable insights into the therapeutic applications and
limitations of noble metal complexes in the treatment of cancer.

4. Conclusions

In summary, the distinct redox properties of noble metal complexes (e.g., palladium,
platinum, gold, and silver) make them very promising cancer treatments. The literature
review concludes that the ability of platinum-based medicines to inhibit DNA replication
and generate ROS makes them an important component of cancer chemotherapy. These
treatments include cisplatin, oxaliplatin, and the more modern Pt(IV) prodrugs. New
platinum complexes with improved pharmacokinetics, selectivity, and reduced side effects
have been developed in response to the persistent problems of resistance and toxicity. The
therapeutic potential of these platinum-based medicines has been enhanced by innovations
such as tailored drug delivery systems, better ligands, and nanocarriers.

Research has shown that gold complexes, particularly those containing the +1 and
+3 oxidation states, have a considerable inhibitory effect on TrxR. For cancer cells, this
means a redox imbalance and cell death by selective killing. Their anticancer effectiveness
is further enhanced when used in conjunction with AuNPs, which decrease systemic
toxicity and allow for targeted medication delivery. The dual-action mechanism of AuNDPs,
which combines therapy and diagnostics, highlights their potential in customized medicine.

The ability of silver complexes to generate ROS and enhance oxidative stress has
made them famous for their anticancer effects, and this is especially true in cancer cells
that have developed resistance to many medicines. They can interact with proteins and
DNA, and they can increase oxidative damage; therefore, they have potential as cancer
treatment agents. AgNPs enhance therapeutic efficacy and provide additional advantages
by facilitating targeted drug distribution and boosting ROS production.

Palladium complexes” ability to generate ROS and speed up redox reactions gives
them great potential, despite the fact that they have received less attention from researchers
than platinum-based medicines. In particular, complexes functionalized with redox-active
ligands, such as terpyridine, have a specific cytotoxic effect on cancer cells. This is par-
ticularly true in colorectal and breast cancer models. Future studies on palladium-based
prodrugs and customized delivery methods have the potential to enhance their effective-
ness while reducing adverse effects, transforming them into valuable resources for cancer
therapy.

Although noble metal complexes have shown encouraging results, they will not be
able to fulfill their therapeutic promise unless advances in drug transport, molecular de-
sign, and the elimination of issues related to stability, toxicity, and resistance are addressed.
Combining these metal-based medications with modern technologies, such as combination
therapy and nanomedicine, is the key to improving clinical outcomes in cancer treatment.
Future research should focus on optimizing these complexes for specific cancer types, en-
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hancing their bioavailability, and decreasing systemic toxicity to make them more effective
in cancer treatment plans as a whole.
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