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Abstract: Background/Objectives: Palladium(Il) complexes are promising anticancer agents with
potential advantages over platinum drugs. This study aimed to synthesize and characterize three
novel Pd(II) complexes (2a—c) with Schiff base ligands derived from salicylic acid and amine
scaffolds, and to evaluate their antitumor activity against prostate cancer cells. Methods: The Pd(II)
complexes were synthesized and structurally characterized. Cytotoxicity was tested on two human
prostate cancer cell lines (PC-3, DU-145) and healthy fibroblasts (MRC-5). Apoptosis induction was
assessed by flow cytometry focusing on Bcl-2 and caspase proteins. Molecular docking examined
binding to androgen receptor (AR) and apoptotic regulators (CASP3, BCL2, BAX). DNA and human
serum albumin (HSA) binding were also investigated. Results: All complexes showed significant
cytotoxicity, with complex 2c outperforming cisplatin (IC50: 7.1 uM in DU-145; 8.6 uM in PC-3).
Apoptosis was confirmed as the main cytotoxic mechanism involving Bcl-2 and caspase activation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Docking studies revealed complex 2c had the strongest binding affinity to AR and apoptotic
proteins via hydrogen bonds, m—mt stacking, and hydrophobic interactions. DNA and HSA binding
supported their biological relevance. Conclusions: Complex 2c exhibits potent anticancer activity
through apoptosis induction and dual targeting of AR and apoptotic pathways, making it a
promising candidate for further anticancer drug development.

Keywords: palladium; schiff bases; DNA; albumin; cytotoxicity; apoptosis; prostate cancer

1. Introduction

The treatment of cancer is the most challenging issue of modern science, particularly due to the
resistance of tumor cells to many utilized protocols and treatments, as well as due to serious side
effects. Metal complexes have arouses as a suitable alternative for the treatment of different ailments
due to their unique properties. Among them, platinum-based drugs still represent the most explored
options for cancer treatment, but the novel studies concentrate on the other metal drugs with better
efficacy [1-5]. The idea behind the design of novel metalotherapeutics with increased activity and
lowered toxicity is based mainly on the elucidation of antitumor molecular mechanisms different
from those expressed by platinum compounds [5]. The last two decades have brought increased
interest in the design and synthesis of palladium complexes that could serve as alternative anticancer
drugs [6-8] inspired by their coordination mode similar to that of platinum, but, according to some
studies performed on rats, significantly lower toxicity [9]. As it undergoes redox reaction, the
palladium is also capable of the formation of reactive oxygen species (ROS). Despite the obvious
similarity of these two metalotherapeutics groups, the palladium complexes are much more reactive,
therefore, imposing the need for their stabilization through the utilization of specific chelating
ligands. The choice of the suitable ligand is a crucial step in the development of the promising
antitumor candidate, knowing that finely tuned physicochemical properties of used ligand, its
biological potential, and the strength of the ligand-metal bond directly influence the selectivity and
mechanism of the antitumor activity at a molecular level.

The Schiff bases represent molecules widely utilized in many biological studies as
pharmacophores capable of forming stable complexes with a variety of metals. Besides the nitrogen
atom from imino groups, the molecular scaffold of Schiff bases can be easily manipulated to contain
other donor atoms, such as oxygen and Sulphur and, in that way provide the desired physicochemical
or pharmaceutical properties necessary for the establishment of targeted biological activity. There are
numerous reports evidencing the pharmacological potential of these compounds reflected in
pronounced antitubercular, anti-inflammatory, antiviral, anticholinesterase, antibacterial, anticancer,
and antioxidant activities [10-17]. When it comes to the tumor cells, Schiff bases can be hydrolyzed
by tumor cells in a selective manner or provide release of active amines as antimetabolites [18]. Other
antitumor effects of Schiff bases include the cycle cell arrest by the production of free radicals and
damage of proteins and nucleic acids [19-21]. As a consequence of above mentioned, the Schiff bases
are also utilized as a ligand for the design of palladium complexes as promising candidates for
photodynamic therapy [22], as well as effective anticancer agents against a variety of cancer cell lines
through the different molecular pathways, such as inhibition of proteasomes, enzymes, and cancer
protein markers [23].

In the light of the foregoing, herein we report the synthesis, characterization, and results of in
vitro cytotoxic assay of three novel palladium (II) complexes bearing Schiff base ligands combining
salicylic aldehyde and tryptamine/tyramine and p-OH benzylamine structural motifs. While
tryptamine and tyramine represent examples of biogenic amines, p-OH benzylamine was used due
to the structural resemblance to the tyramine scaffold. The cytotoxic activity was assessed on two
human prostate cancer cell lines PC-3 and DU-145 and the results were compared with those obtained
with healthy fibroblast cell line MRC-5. It was of interest to compare the influence of the palladium
metal ion coordination to the Schiff base ligand on their antitumor potential. To gain further insight
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into their possible mode of action, we focused on one of the key molecular targets in prostate cancer
— the androgen receptor (AR). This receptor plays a central role in disease progression by regulating
the transcription of genes involved in cell growth, survival, and differentiation upon binding with
androgens such as testosterone and dihydrotestosterone [24]. Notably, AR signaling remains active
even under androgen-deprived conditions in tumor cells, facilitating continued tumor proliferation
and the emergence of therapy resistance [25]. Given its critical role, a molecular docking study was
undertaken to evaluate the interaction of the synthesized palladium complexes with AR, aiming to
elucidate their potential as modulators of androgen receptor activity and their contribution to the
observed cytotoxic effects.

2. Results and Discussion

2.1. Synthesis of Pd Complexes 2a-c

The targeted Pd(II) complexes 2a-c have been prepared in one pot procedure comprising the
reaction between corresponding imine 1a-c as ligands and K2PdCls as a metal source in acetonitrile,
at room temperature in a 1:1 ratio (ligand vs. metal salt), as indicated in Scheme 1. Besides the salicylic
part, the ligands were composed of imine patterns — tryptamine, tyramine, and p-OH benzyl moiety
structurally related to the tyramine molecular scaffold. All complexes are new compounds obtained
in the form of powders and fully characterized by the IR, "TH NMR, *C NMR, mass analysis, and
elemental analysis (Experimental part, Supplementary material).

| |
N O//,, ‘\\N
Z R pd’ R
N7 Yo
K,PdCl,
OH —=  — 5 |
CH;CN, rt, 4h
la-c 2a-c
R= HO HO
\
a b I NH

Scheme 1. Synthesis of Schiff base palladium (II) complexes 2a-c.

2.2. NMR Studies

A detailed overview of the NMR characterization data for all synthesized compounds is
provided in Supplementary Information (SI), while representative examples are discussed herein to
highlight key structural changes upon complexation. The representative 'H NMR spectra of
palladium complex 2b were analyzed by comparison with the spectra of ligand compound 1b, as
depicted in Figure 1, a). The azomethine proton -CH=N from the Schiff base located at 8.45 ppm is,
in the case of the palladium complex, shifted to the 7.88 ppm, confirming the involvement of the
imino group in the coordination with the palladium metal ion. The -OH proton peaks from salicylic
moiety appearing at 13.54 ppm in the ligand spectra, completely disappear in the case of palladium
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complex spectra, undoubtedly confirming the coordination of palladium ion with phenolate anion.
Additionally, subtle changes in the aromatic region (6.5-8.0 ppm) further support coordination-
induced electronic redistribution. The multiplet pattern of aromatic protons becomes slightly
broadened and shifts marginally, which can be attributed to changes in magnetic environment and
restricted rotation upon complexation. Taken together, these spectroscopic features strongly support
the formation of a stable square planar Pd(II) complex, in which the ligand coordinates through both
imine nitrogen and deprotonated phenolic oxygen, in agreement with the proposed structure shown
in the figure.
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Figure 1. Comparison of "H NMR spectra of starting ligand 1b and complex compound 2b.

In the ¥C NMR spectra, clear changes in the chemical shifts of characteristic carbon atoms were
observed upon complexation with Pd(II), supporting the proposed coordination mode. In the free
ligand 1b, the signal for the azomethine carbon (-CH=N) appears at 165.82 ppm, while the phenolic
carbon bearing the -OH group (—-C-OH) resonates at 155.68 ppm (Figure 2). Upon complex
formation, the azomethine carbon signal shifts slightly upfield to 163.54 ppm, indicating a decrease
in electron density due to the coordination of the imine nitrogen to the palladium center, which is
consistent with the formation of a Pd-N bond. The phenolic carbon signal shows a negligible shift
(from 155.68 ppm to 155.72 ppm), which suggests that while deprotonation of the hydroxyl group
occurs, the local electronic environment of the carbon remains largely stabilized, possibly due to
resonance delocalization within the chelate ring and Pd—O bond formation. Additionally, several
aromatic carbon signals appear in the 120-140 ppm region, with slight shifts compared to the free
ligand, reflecting electronic redistribution upon coordination. These observations provide further
evidence of ligand binding and the resulting structural reorganization. Overall, the *C NMR data, in
conjunction with the 'H NMR results, strongly support the successful coordination of ligand 1b to
Pd(II) through the imine nitrogen and phenolate oxygen atoms in complex 2b.
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Figure 2. Comparison of 3C NMR spectra of starting ligand 1b and complex compound 2b.

The corresponding '"H NMR spectral data for the CH=N and —-C-OH protons, as most relevant
shifts in complex structure determination for all complexes 2a-c are given in Table 1.

Table 1. '"H NMR spectral data of ligands 1a-c and complex compounds 2a-c.

Imine Proton

Compound HC=N Salicylic OH Proton
la 8.65 ppm, s 13.56 ppm, s
2a 8.20 ppm, s missing
1b 8.45 ppm, s 13.54 ppm, s
2b 791 ppm, s missing
1c 8.48 ppm, s 13.69 ppm, s
2c 7.96 ppm, s missing

2.3. IR Analysis

The experimental IR spectra of all investigated ligands and their corresponding Pd(II) complexes
are provided in the Supplementary Information (SI). IR spectral analysis offers valuable insights into
the coordination behavior of ligands during complex formation with Pd(Il) ions. One of the most
significant vibrational bands in the FTIR spectra of Schiff base ligands is the imine stretching band
(vC=N), typically observed in the range of 1610-1650 cm™. This functional group plays a key role in
metal coordination, and any shift in its position upon complexation serves as strong evidence of such
interaction.

In the IR spectra of the free ligands 1a-1c, the vC=N stretching bands were observed at 1641,
1631, and 1630 cm™, respectively. After coordination with Pd(II), these signals were shifted to lower
frequencies — 1638 cm™ for complex 2a, 1611 cm™ for 2b, and 1618 cm™ for 2c. This redshift,
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particularly pronounced in the case of complex 2b (Av = 20 cm™), indicates a partial loss of double
bond character in the C=N bond as a result of electron donation from the imine nitrogen to the
palladium ion.

The extent of the vC=N shift correlates with the strength of azomethine nitrogen coordination to
the Pd(II) center, further supporting its direct involvement in complex formation. The uniform trend
observed across all examined systems confirms that the ligands coordinate with the palladium ion
via the imine nitrogen.

These IR findings are fully consistent with the 'H and *C NMR data previously discussed,
providing complementary experimental evidence for the formation of bidentate N, O-chelated
palladium(II) complexes.

2.3. Mass Analysis

The electrospray ionization mass spectrometry (ESI-MS) analysis was performed to confirm the
molecular composition and stoichiometry of the synthesized palladium(Il) complexes. In the mass
spectrum of complex 2a, a dominant signal was observed at m/z = 559.0857, which corresponds to the
protonated molecular ion [M + H]*, confirming the formation of the proposed bis-Schiff base Pd(II)
complex (ESI, Figure SI2). Similarly, for complex 2¢, a strong peak at m/z = 633.1490 was detected,
also corresponding to the [M + H] * species (ESI, Figure SI5). The presence of these molecular ion
peaks, which match the calculated molecular masses of the respective complexes, confirms the
proposed coordination of two Schiff base ligands to the Pd(II) ion in a 2:1 ligand-to-metal ratio. These
results provide direct evidence for the successful formation of the target Pd(II) complexes and are in
full agreement with the spectroscopic data (NMR and IR), thereby supporting the proposed
coordination environment illustrated in the structural models.

2.4. In Vitro Cytotoxic Study

The cytotoxicity of the three synthesized Pd(Il) complexes (2a—c) was assessed in vitro using
human prostate carcinoma cells lacking prostate-specific antigen (PSA) and androgen receptor
independence (DU-145), human prostate carcinoma cells (PC-3), and non-cancerous human
fibroblasts (MRC-5). The evaluation was conducted via the MTT assay following 24, 48, and 72 hours
of treatment. For comparative purposes, the cytotoxic profile of cisplatin was also examined. The
findings unequivocally demonstrate that all Pd(Il) complexes, as well as cisplatin, exhibit dose-
dependent cytotoxic effects against DU-145 and PC-3 cell lines. The ICso values for these Pd(II)
complexes and cisplatin are summarized in Table 2, reinforcing their potential as anticancer agents
(Figure 3).

Table 2. ICso values in uM for Pd(II) complexes 2a-c and cisplatin (CP) after 24, 48, and 72 h of drug exposure.

Results are presented as mean * SD and determined from the results of MTT assay in three independent

experiments.
Cell Line Time 2a 2b 2c CP

24 h 83.6+9.2 75.9+7.3 48.4+5.1 22.3+2.4

DU-145 48 h 17.5+1.6 19.2+2.1 11.0+1.2 11.4+1.1
72h 9.3+0.9 8.7+0.8 7.1+0.8 8.2+0.8

24 h 94.149.1 75.2+7.2 38.4+3.6 15.6+1.4

PC-3 48 h 89.8+8.8 58.6+5.6 12.5+1.1 29.7+3.1
72h 79.3£7.7 29.1+2.8 8.6+0.9 21.9+2.2

24 h 94.319.7 87.7+8.8 80.7+8.1 90.1£9.2

MRC-5 48 h 92.449.1 78.5+7.7 75.6+£7.7 41.9+4.4
72h 83.0+8.1 49.2+5.1 42.3+4.1 24.4+0.8

All tested Pd(II) complexes, as well as cisplatin, significantly reduced the viability of DU-145
and PC-3 prostate carcinoma cell lines following 24, 48, and 72 hours of treatment. Among the
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synthesized complexes, compound 2c¢ exhibited the most pronounced cytotoxic activity across all
exposure durations and against both cell lines. Notably, the cytotoxic effect of complex 2c¢ surpassed
that of cisplatin after 48 and 72 hours of treatment under identical experimental conditions (Figure 3
and Table 3). Furthermore, while all Pd(II) complexes demonstrated a relatively lower cytotoxic
impact on non-cancerous human fibroblasts (MRC-5) compared to cisplatin, exceptions were
observed for complexes 2b and 2c¢ at the 24-hour mark. These findings underscore the selective
anticancer potential of the newly synthesized Pd(Il) complexes (2a—c), particularly their preferential
activity against human prostate cancer cell lines.

DU-145 24h PC-3 24h MRCS 24h

——2a
120 —=2 120 4 —-—2h
~8-2b
100 % 100 2c
g & 80 —ecispt & 80 1F N —=CisPt
g £ o0 £ 60 b
2 S £
£ 3 40 S 40
20 20 4
0+ T T T T 1 0+ T T T o] T T 1
0 20 40 60 80 100 0 20 40 60 80 100 o] 20 40 60 80 100
concentration (M) concentration (M) concentration (uM)
DU-145 48h . PC-3 48h MRC5 48h

viability (%)
viability (%)
viability (%)

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
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120 B 120 B 120 -2
—-—2b —a—2b ~8-2b
100 2 100 2 100 S
£ 80 —=CisPt £ 80 ——CisPt £ 80 e GisPt
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Figure 3. The effects of Pd(II) complexes (2a-c) and cisplatin (CisPt) on the viability of human prostate carcinoma
cells without prostate-specific antigen (PSA) and androgen receptor-independent (DU-145), human prostate

carcinoma cells (PC-3), and human non-tumor cells (MRC-5).

The subsequent phase of our investigation focused on determining the mode of cell death
induced by the Pd(I) complexes in DU-145 and PC-3 prostate carcinoma cells. To achieve this, an
annexin V/PI staining assay was employed. The results revealed that all tested Pd(II) complexes
effectively triggered apoptosis (Figure 4). Notably, in DU-145 cells, treatment with an ICs dose of
complex 2¢ resulted in the highest proportion of necrotic cells. Further analyses were conducted to
investigate whether these Pd(Il) complexes affected the intracellular levels of the anti-apoptotic
protein Bcl-2 and the pro-apoptotic protein Bax. Additionally, caspase-3 activation was assessed in
DU-145 cells exposed to the Pd(II) complexes. The findings demonstrated a significant reduction in
Bcl-2 levels and a concomitant increase in BAX concentrations in cells treated with IC50 doses of the
Pd(II) complexes compared to untreated controls (Figure 4). Moreover, a marked elevation in the
percentage of cells exhibiting active caspase-3 was observed following treatment with the Pd(II)
complexes (Figure 5). Collectively, these results indicate that the Pd(II) complexes (2a—c) decreased
the Bcl-2/BAX ratio, thereby promoting caspase-3 activation and inducing apoptosis via intrinsic
apoptotic pathways.
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Figure 4. Three tested Pd(II) complexes (2a-c) decrease viability of treated human prostate carcinoma cells
without prostate-specific antigen (PSA) and androgen receptor-independent (DU-145); (A) Representative flow-
cytometry plots using Annexin V-FITC/PI staining for apoptosis. (B) The average percentage of DU-145 viable
cells (V), early apoptotic cells (EA), late apoptotic cells (LA) and necrotic cells (N) after 24h treatment with ICso
of Pd(II) complexes (2a-c).
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Figure 5. Pd(II) complexes 2a-c induce apoptosis of human prostate carcinoma cells without prostate-specific
antigen (PSA) and androgen receptor-independent (DU-145) via a caspase-dependent pathway. (A) MFI values
(mean fluorescence intensity) for anti-apoptotic protein bcl-2, proapoptotic protein Bax and cleaved caspase 3 of
DU-145 cells treated with ICso of Pd(I) complexes 2a-c. (B) Overview of MFI values for pro-apoptotic protein
active bax, antiapoptotic bcl-2 and active (cleaved) caspase-3 of DU-145 cells treated with ICso of Pd(II) complexes
2a-c.

The induction of apoptosis and/or cell cycle arrest is a well-established mechanism for reducing
cancer cell viability[26,27]. Notably, cancer cells exhibit a heightened reliance on DNA damage repair
mechanisms and the abrogation of the G2 checkpoint. Arrest in the G0/G1 phase typically halts
cellular proliferation while allowing for the repair of damage caused by anticancer agents. In contrast,
G2/M phase arrest is often associated with the initiation of apoptosis. In our study, we investigated
the effects of ICso concentrations of Pd(II) complexes 2a—c on the cell cycle of DU-145 prostate cancer
cells 24 hours post-treatment. Flow cytometric analysis was performed on propidium iodide (PI)-
stained cells to evaluate cell cycle distribution (Figure 6). The results revealed that all Pd(II)
complexes induced GO/G1 phase arrest in DU-145 cells, highlighting their ability to interfere with cell
cycle progression. Furthermore, variations in the mechanisms of action among the Pd(Il) complexes
(2a—c) were observed, underscoring their distinct biological activities.
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Figure 6. Pd(II) complexes (2a-c) induce G2/M cell cycle arrest of treated tumour DU-145 cells. (A) Representative
flow-cytometry plots using PI staining for cell cycle phase detection. (B) The average percentage of DU-145 cells

in GO/G1 cell cycle phase (blue), S cell cycle phase (green) and G2/M cell cycle phase (red) after 24h treatment
with ICso of Pd(II) complexes (2a-c).

The long-term antiproliferative effect of Pd(Il) complexes, was tested by using clonogenic assay.
All tested comounds showed significant antiproliferative effect which was dose-dependend, and the
most pronounced effect was detected after treatment with complex 2¢ (Figure 7).
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Figure 7. Survival fraction (SF) for Pd(II) complexes 2a-c tested in four different concentrations in DU-145 cells.

Results are presented as mean + standard deviation.

The query outlines the synthesis and evaluation of three novel Pd(II) complexes (2a—2c) for their
cytotoxicity and mechanisms of action against human prostate carcinoma cells (DU-145 and PC-3)
and non-cancerous fibroblasts (MRC-5). The findings demonstrate that all three complexes exhibit
potent and selective cytotoxic effects on prostate carcinoma cells, with complex 2c showing superior
efficacy against DU-145 cells after 72 hours compared to cisplatin. The cytotoxic potency follows the
order 2a < 2b < 2¢, potentially due to the presence of an indole ring in the ligand of complex 2c [28,29].
Conversely, the selectivity increases in the reverse order (2c < 2b < 2a), with all Pd(II) complexes
displaying greater selectivity than cisplatin.

The search results corroborate the potential of Pd(II) complexes as anticancer agents. For
instance, studies have shown that Pd(II) complexes induce apoptosis through mechanisms such as
mitochondrial membrane depolarization, Bax upregulation, and Bcl-2 downregulation in prostate
cancer cells like DU-145 and PC-3 [30,31]. Additionally, some Pd(II) complexes demonstrate selective
cytotoxicity against cancer cells while sparing non-cancerous cells. The observed differences in
efficacy and selectivity among Pd(II) complexes may be attributed to structural variations in their
ligands, as highlighted in other research on similar compounds. These findings underscore the
therapeutic potential of Pd(II) complexes for prostate cancer treatment.

Pd(Il) complexes exhibit substantial anticancer potential against DU-145 human prostate cancer
cells, primarily through the induction of apoptosis, particularly early apoptosis [32]. This mechanism
was confirmed in our study, where treatment with Pd(Il) complexes resulted in a significant
transition of cells from viability to the early apoptotic stage. These complexes demonstrate both
cytotoxic and antiproliferative properties by disrupting cellular metabolism and inducing cell death
[30]. Furthermore, Pd(II) complexes exert both short-term and long-term antiproliferative effects,
significantly impairing cell growth and abolishing long-term proliferation. Their action also includes
inhibition of cell migration and adhesion, induction of morphological changes such as cellular
shrinkage, and interaction with DNA, leading to double-stranded DNA cleavage — a key contributor
to their cytotoxic effects [33].

Studies corroborate these findings, highlighting that Pd(II) complexes induce apoptosis via
mitochondrial membrane depolarization, Bax upregulation, and Bcl-2 downregulation [8].
Additionally, their ability to disrupt DNA integrity without activating DNA repair enzymes further
emphasizes their therapeutic potential [34]. These results collectively position Pd(Il) complexes as
promising candidates for prostate cancer treatment due to their multifaceted anticancer mechanisms.
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Research has demonstrated that Pd(II) complexes can induce apoptosis through multiple
pathways, including the activation of cell death receptors and the generation of reactive oxygen
species (ROS). These complexes have shown significant efficacy against DU-145 prostate cancer cells,
highlighting their potential as anticancer agents. The metabolic effects triggered by Pd(II) complexes
can be more rapid compared to those of cisplatin, which may result in faster patient recovery. This
rapid metabolic response is advantageous as it could potentially reduce the duration and severity of
side effects associated with chemotherapy.

Studies on various Pd(Il) complexes have revealed diverse mechanisms of action, including
DNA interaction, ROS-mediated mitochondrial dysfunction, and the activation of intrinsic and
extrinsic apoptotic pathways [8,35]. The ability of Pd(II) complexes to induce apoptosis without
relying on DNA damage, as seen with cisplatin, suggests they may offer a distinct therapeutic
approach with potentially fewer side effects [35]. Additionally, the activation of cell death receptors
and the induction of apoptosis through ROS production underscore the versatility of Pd(II)
complexes in targeting cancer cells [8,36].

Palladium(Il) complexes have demonstrated significant cytotoxic and growth-inhibitory effects
on the DU-145 human prostate adenocarcinoma cell line, primarily through mechanisms such as
DNA interaction and apoptosis induction. These complexes induce cellular changes, including
reduced cell numbers and morphological alterations, which are indicative of their cytotoxic effects.
The formation of DNA adducts following the interaction of Pd(Il) complexes with DNA is a key
contributor to their anticancer activity. Studies highlight that complexation with thiosemicarbazone
ligands enhances the antitumor potential of Pd(II) complexes, making this a promising strategy for
developing novel anticancer agents. For instance, Pd(Il)-thiosemicarbazone complexes have shown
potent cytotoxicity against DU-145 cells, with ICso values significantly lower than those of cisplatin
[37]. Furthermore, Pd(II) complexes have been shown to modulate protein expression in DU-145 cells,
potentially influencing pathways critical to cancer progression [38]. These findings underscore the
therapeutic potential of Pd(II) complexes and the need for further research to optimize their efficacy
and selectivity.

2.5. DNA Interaction Study

Many metal-based anticancer agents have DNA as a primary potential biological target.
Accordingly, it is very important to understand the binding properties of different transition metal
ion complexes. Two possible binding modes of the transition metal ion complexes toward DNA are
defined as covalent and non-covalent types of interactions. The covalent bindings consider the
replacement of the labile ligand of the complex by a nitrogen base of DNA and noncovalent are
intercalation, electrostatic, or groove binding. The most employed method for determination of
binding mode between complexes and DNA is fluorescence quenching [39]. For this investigation
competitive studies with EB and Hoechst, 33258 (Hoe) were made using fluorescence quenching
experiments.

Ethidium bromide (EB) is a classical intercalator that gives significant fluorescence emission
intensity when it intercalates into the base pairs of DNA. The fluorescence titration of EB-DNA with
increasing amounts of 2¢ is shown in Figure 8. The decrease in the emission intensity of the band at
611 nm suggests that complex 2¢ can replace EB from EB-DNA and interact with DNA by the
interactive mode [40,41].
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Figure 8. (a) Emission spectra of EB-DNA in the absence and presence of complex 2¢. pH = 7.4; Aex = 550 nm; (b)

plots of Io/I versus concentration of quencher [2c].

The Stern-Volmer quenching constants (Ksv) are calculated from the slopes of the plots of Io/I vs.
[4] from Equation 1 [42]

Io/I=1+K«[Q] (1)

and presented in Table 3. Quenching rate constants, kqare calculated through the correlation (2),
sience its known that the average fluorescence lifetime of the DNA without a quencher (7o) is 108 s.
[43]

Ksv = kqx To (2)

The obtained values for Ksv suggest that 2c can interact with DNA molecules in interactive mode
[41].

In order to further elucidate the binding mode of complex 2¢ with CT-DNA, competitive
fluorescence quenching studies were also conducted using Hoechst 33258 (Hoe), a synthetic
derivative of N-methylpiperazine known to bind specifically within the minor groove of DNA [7].
Minor groove binding represents a non-covalent interaction typical for small-molecule drugs and
bioactive compounds, often associated with sequence-selective recognition [42]. The fluorescence
titration of the pre-formed Hoe-DNA complex with increasing concentrations of complex 2c is shown
in Figure 9. A gradual decrease in fluorescence intensity suggests that complex 2c can effectively
displace Hoe from the minor groove, indicating a possible groove-binding mode of interaction with
DNA.

Emission intensity

400 450 500 550 600 650 0 0.5 1 1.5 2
Wavelength (nm) 10°[2c] M

Figure 9. (a) Emission spectra of Hoe-DNA in the absence and presence of complex 2¢c. pH = 7.4; Aex = 346 nm;
(b) plots of Io/I versus concentration of quencher [2c].

The decrease in fluorescence intensity, as shown in Figure 9, indicates that the palladium
complex 2c is capable of displacing Hoe from the Hoe-DNA complex. The Stern—Volmer quenching
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constant (Ksv) , calculated and presented in Table 3, supports this observation and further confirms
the proposed interaction between complex 2c and DNA through minor groove binding.

By comparing the Ksv values obtained from the EB and Hoe fluorescence quenching experiments
(Table 3), it can be concluded that the complexes interact with double-stranded DNA through both
binding modes - intercalation and minor groove binding. However, the higher Stern—-Volmer
constant observed for the Hoe displacement assay compared to the EB assay suggests that complex
2c exhibits a stronger preference for minor groove binding over interactive interaction.

2.6. Molecular Docking Study

The inhibition of the AR plays a crucial role in the treatment of androgen-dependent diseases,
particularly prostate cancer. Targeting AR with small molecules can modulate its activity, thereby
disrupting androgen signaling pathways critical for tumor growth and progression. In this context,
our molecular docking study aimed to evaluate the binding affinity of Pd-based complexes as
potential AR inhibitors. As shown in Table 4, molecular docking results indicate that the 2c complex
exhibits the strongest interaction with the receptor, as evidenced by its lowest binding free energy
value. Its inhibition constant, the smallest among the tested compounds, suggests a high potential for
enzyme inhibition, making it the most promising candidate in this study. The 2b complex also
demonstrates significant inhibitory activity, albeit slightly weaker than 2c, yet it still forms stable
interactions with the receptor, highlighting its relevance as a potential inhibitor. In contrast, the 2a
complex shows the highest binding free energy value and the largest inhibition constant, indicating
a weaker affinity for the enzyme’s active site. For comparison, bicalutamide (BIC) was used as a
reference inhibitor, and the results reveal that 2c exhibits a stronger receptor binding affinity. These
findings underscore the potential of Pd complexes as AR receptor inhibitors, with 2c emerging as the
most promising candidate for further investigation.

Table 4. Thermodynamic parameters (kcal/mol) of Pd complexes at the active site of Androgen Receptor (AR)

determined after molecular docking simulation.

Complex AGvina (}:(I\I/I AGinter AGoaw+hbondsdesolv AGetee  AGtotat  AGtor ~ AGunb
AR

2a -5.56 83.36 -7.21 -7.23 0.02 -1.29 1.65 -1.29

2b -8.44 0.65 -10.64 -10.62 -0.02 -1.74 2.20 -1.74

2¢ -10.51 0.02 -12.16 -12.21 0.05 -2.47 1.65 -2.47

BIC -9.11 0.21 -10.76 -10.65 -0.11 -1.92 1.65 -1.92

The molecular interactions between Pd derivatives and AR, illustrated in Figure 10, offer
valuable insights into the potential inhibitory properties of these compounds. Non-covalent
interactions contribute significantly to the stability of the ligand-protein complex by reinforcing the
binding affinity within the enzyme’s active site. Hydrophobic interactions predominantly enhance
the stability of the complex by facilitating favorable packing and minimizing solvent exposure, while
conventional hydrogen bonds provide additional stabilization through directional electrostatic
forces, further strengthening the ligand-enzyme interaction.
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Figure 10. Visualization of key interactions between the Androgen Receptor (AR) and a) 2a, b) 2b, and ¢) 2cin a
2D representation. Interatomic distances are measured in A, with different colors indicating various interaction

types, as described in the legend.

The hydrophobic segments of palladium derivatives enable interactions with various amino
acids, such as A:LEU 704, A:VAL 746, and A:ILE 899, leading to the formation of alkyl/mt-alkyl
contacts. Additionally, other types of non-covalent interactions, including m-sigma and m-sulfur
interactions, play a crucial role in ligand stabilization. mt-sigma interactions arise due to the interaction
between the electron cloud of aromatic rings and sigma bonds within the molecule [44], as observed
in 2c interacting with A:MET 742, A:VAL 746, and A:MET 895. Similarly, 2a and 2b also establish
interactions with these amino acids, in addition to A:LEU 873. m-sulfur interactions, which involve
interactions between sulfur atoms and the m-electron systems of aromatic rings [45], are characteristic
of enzymes containing methionine residues, including A:MET 742, A:MET 745, A:MET 749, A:MET
787, and A:MET 895.

Conventional hydrogen bonds are essential for maintaining the stability of ligand—enzyme
complexes [44,46]. These interactions arise between the hydroxyl groups of 2a and 2b derivatives and
polar amino acid residues within the enzyme’s active site, such as A:MET 742 and A:MET 787.
Moreover, a distinct carbon-hydrogen bond is formed between the 2a derivative and A:ASN 705,
further stabilizing the complex and ensuring the proper alignment of the ligand within the catalytic
pocket. All these interactions collectively play a crucial role in stabilizing the ligand within the
enzyme complex.

The observed interactions with the androgen receptor (AR) suggest that Pd complexes can
effectively modulate receptor activity. Overall, these diverse binding modes highlight the potential
of palladium derivatives for therapeutic applications, particularly in targeting key regulatory
proteins like AR. The molecular docking results indicate that all examined Pd complexes exhibit
significant interactions with key regulators of apoptosis — caspase 3 (CASP3), Bcl-2-associated X
protein (BAX), and the anti-apoptotic B-cell lymphoma 2 (BCL2) protein. The negative values of the
binding free energy (AGvuind) suggest the stability of the formed complexes, while variations in the
obtained parameters provide insight into the binding preferences of these compounds for pro-
apoptotic (CASP3, BAX) and anti-apoptotic (BCL2) proteins.

Analysis of the data in Table 5 highlights 2¢ as the strongest binding ligand, exhibiting the lowest
AGvina values for CASP3 (-8.81 kcal/mol) and BAX (-8.44 kcal/mol). These results suggest that Pd3
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preferentially targets pro-apoptotic proteins, which may indicate its potential to induce cell death by
activating apoptosis. These findings suggest that 2c exhibits selectivity toward pro-apoptotic
proteins, highlighting its potential role as a pro-apoptotic modulator in anticancer strategies. In
contrast, 2a and 2b display a more balanced binding affinity between pro-apoptotic and anti-
apoptotic proteins, which may imply a different mechanism of action.

Table 5. Thermodynamic parameters (kcal/mol) of Pd complexes at the active sites of caspase 3 (CASP3), Bcl-2-
associated X protein (BCL2), and anti-apoptotic B-cell lymphoma 2 (BAX) determined after molecular docking

simulations.
Ki
Complex AGbina (uM) AGinter  AGodwshbondrdesolo AGetee  AGurotal  AGror  AGunb
2a
CASP3 -7.88 1.66 -9.53 -9.49 -0.04 -1.18 1.65 -1.18
BCL2 -7.92 1.56 -9.57 -9.39 -0.18  -1.39 1.65 -1.39
BAX -7.68 2.36 -9.32 -9.27 -0.05  -1.54 1.65 -1.54
2b
CASP3 -7.98 1.42 -10.17 -9.92 -025  -1.90 2.20 -1.90
BCL2 -8.08 1.20 -10.27 -10.22 -0.06  -1.87 2.20 -1.87
BAX -6.86 9.31 -9.06 -8.98 -0.08  -2.18 2.20 -2.18
2c
CASP3 -8.81 0.35 -10.46 -10.41 -0.05  -2.89 1.65 -2.89
BCL2 -8.26 0.88 -9.91 -9.85 -0.06  -2.91 1.65 -2.91
BAX -8.44 0.65 -10.09 -10.11 0.02 -2.72 1.65 -2.72

Since 2c¢ exhibited the most favorable binding results, it was selected to represent the
intermolecular interactions with the active sites of CASP3, BCL2, and BAX, as shown in Figure 11.
These interactions involve a combination of hydrophobic, electrostatic, and hydrogen bonding forces.
Hydrophobic interactions play a central role in driving the binding process, while electrostatic forces
aid in the precise alignment of 2c¢ within the enzyme’s active site. Additionally, hydrogen bonds
further stabilize the complex, enhancing both the strength and specificity of the binding. These
findings underscore the molecular factors that contribute to 2¢’s potential as an effective modulator

of apoptotic pathways.
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Figure 11. Visualization of key interactions between the 2c and a) caspase 3 (CASP3), b) Bcl-2-associated X
protein (BCL2), and c) anti-apoptotic B-cell lymphoma 2 (BAX) in a 2D representation. Interatomic distances are

measured in A, with different colors indicating various interaction types, as described in the legend.

In the context of CASP3 (Figure 11a), 2c engages in a conventional hydrogen bond with A:ARG
207, along with carbon-hydrogen interactions involving A:SER 205 and A:ARG 207. Additionally,
alkyl/mt-alkyl interactions are observed with A:CYS 163, A:ARG 207, and A:TRP 214. The n-mt
interactions can adopt different configurations, such as edge-to-face (T-shape) or offset stacking
(shifted parallel alignment), depending on the local geometry and chemical environment of the
binding site [45,47]. Notably, A:HIS 121 participates in one of these 7-m interactions, adopting an
edge-to-face (T-shape) configuration. 2c also establishes a m-sulfur interaction with A:CYS 163,
further stabilizing its binding. Moreover, electrostatic interactions play a critical role in ligand
stabilization, particularly m-anion and mt-cation interactions, which arise when the electron cloud of
an aromatic ring interacts with an anion or cation [44,48]. In this context, 2c¢ forms a m-cation
interaction with A:ARG 207, underscoring the selectivity of its binding. Together, these diverse
interaction types contribute to a strong binding affinity, aligning with the observed activation of
caspase-3. More broadly, they are essential for the stability and specificity of protein-ligand
complexes, as they enhance charge complementarity between the ligand and active-site residues,
ultimately strengthening overall binding affinity.

For BCL2 (Figure 11b), 2c establishes a conventional hydrogen bond with A:ASN 102 and a
carbon-hydrogen bond with A:ARG 105. Additionally, alkyl/mt-alkyl interactions are observed with
A:VAL 92, A:LEU 96, A:ARG 105, and A:ALA 108, while mt-sulfur hydrophobic interactions occur
with A:tMET 74. Notably, characteristic rt-sigma interactions are also present with A:VAL 92. The
inhibition of BCL2 disrupts mitochondrial membrane stability, triggering the release of pro-apoptotic
factors such as cytochrome c, a key molecule in the initiation of apoptosis.

In the case of BAX (Figure 11c), 2c establishes a carbon-hydrogen bond with A:ALA 104 and
engages in T-shaped m-m interactions with A:PHE 146. Additionally, alkyl/mt-alkyl interactions are
observed with multiple residues, including A:PHE 97, A:VAL 126, A:LEU 130, and A:ALA 149. These
stabilizing interactions enhance BAX activation, promoting pore formation in the mitochondrial
membrane, which facilitates the release of apoptotic factors and drives the process of programmed
cell death.

The molecular interactions of Pd-based complexes with CASP3, BCL2, and BAX offer valuable
insights into their potential role in modulating apoptotic pathways. Through diverse binding modes
- including hydrogen bonding, m-m stacking, alkyl/mt-alkyl interactions, m-sulfur interactions, and
electrostatic forces — these complexes contribute to the stability and specificity of protein-ligand
interactions. Collectively, these findings underscore the ability of Pd-based complexes to regulate key
apoptotic proteins, highlighting their potential as therapeutic agents for apoptosis-related diseases.
The specificity and strength of their interactions with critical residues further reinforce their
significance in fine-tuning apoptotic signaling pathways.

3. Materials and Methods

The complete Methodology section is given in Supplementary Material

4. Conclusions

Three novel palladium complexes 2a-c, derived from Schiff base ligands combing salicylic and
tyramine/tryptamine or p-hydroxyl benzylamine scaffolds in structure, have been synthesized and
characterized. The complexes displayed potent anti-proliferative activity against both human
prostate cancer cell lines PC-3 and DU-145 and good selectivity between cancer and normal cells.
Complex 2¢, combining salicylic and tryptamine structural motifs, has demonstrated even better
activity than cisplatin for both tested cell lines, with ICs values of 7.1 uM (DU-145) and 8.6 uM (PC-
3). The apoptotic assay has revealed the potential of complexes for apoptosis induction through the
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Bcl-2 and caspase family activation pathways. Molecular docking studies revealed that complex 2c
exhibits the strongest binding affinity toward the androgen receptor (AR), surpassing the reference
inhibitor bicalutamide. Additionally, 2c showed selective interactions with pro-apoptotic proteins
CASP3 and BAX, involving stable non-covalent forces such as hydrophobic contacts, m-m stacking,
nt-sulfur, and hydrogen bonds. These interactions suggest a dual mechanism of action — AR inhibition
and pro-apoptotic modulation —supporting 2c¢’s potential as a multifunctional anticancer agent.
Taken together, these findings highlight the therapeutic potential of palladium complex 2¢ as a
promising lead compound for the development of novel, multitarget anticancer agents, particularly
in the treatment of prostate cancer.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure SI1. IR spectra of 2a; Figure SI2. Mass spectra of 2a; Figure SI3. IR spectra
of 2b; Figure SI4. IR spectra of 2¢; Figure SI5. Mass spectra of 2c.

Author Contributions: Conceptualization, D.P. and P.C.; methodology, D.P., N.M., P.C,, M.K,, V.D,, and Z.M,;
software, S.J., M.Z., ZM., and K.M,; validation, T.V., D.J., P.C, MK, ]. D., ZM.,, and I.Z.; formal analysis, D.P.,
N.M, P.C,RZ.Z,].D., VD, and KM,; investigation, D.P.,, N\M., T.V,, D.J,, P.C.,, MK, and I.Z,; resources, T.V.,
DJ., SJ,P.C, MK, and I.Z,; data curation, P.C.; writing —original draft preparation, D.P., N.M., T.V,, D], P.C,,
MK, and I.Z,; writing —review and editing, D.P.,, N.M., T.V,, D.],, P.C,, M.K,, and I.Z,; visualization, P.C., M.Z,,
MK, and I.Z,; supervision, P.C.; project administration, D.P., N.M., and P.C.; funding acquisition, D.P., N.M.,
T.V,, D], P.C, and I.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Education, Science and Technological Development of
the Republic of Serbia [Agreements No. 451-03-137/2025-03/200111; 451-03-136/2025-03/200111; 451-03-136/2025-
03/200378, 451-03-66/2024-03/200122, 451-03-65/2024-03/200122].

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

Data Availability Statement: The data supporting the findings of this study can be obtained from the

corresponding author upon request.

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

References

1.  Gupta, G.; Cherukommu, S; Srinivas, G.; Lee, SW.; Mun, S.H.; Jung, ]J.; Nagesh, N.; Lee, C.Y. BODIPY-
Based Ru(ll) and Ir(Ill) Organometallic Complexes of Avobenzone, a Sunscreen Material: Potent
Anticancer Agents. J. Inorg. Biochem. 2018, 189, 17-29, d0i:10.1016/j jinorgbio.2018.08.009.

2. Cross, ].M,; Blower, T.R.; Gallagher, N.; Gill, ].H.; Rockley, K.L.; Walton, ].W. Anticancer Ru " and Rh
Piano-Stool Complexes That Are Histone Deacetylase Inhibitors. Chempluschem 2016, 81, 1276-1280,
do0i:10.1002/cplu.201600413.

3.  Galanski, M.S,; Arion, V.B.; Jakupec, M.A.; Keppler, B.K. Recent Developments in the Field of Tumor-
Inhibiting Metal Complexes. Curr. Pharm. Des. 2003, 9, 2078-2089, doi:10.2174/1381612033454180.

4. Raza, MK, Noor, A,; Samantaray, P.K. Ir(Ill) and Ru(Il) Complexes in Photoredox Catalysis and
Photodynamic Therapy: A New Paradigm towards Anticancer Applications. ChemBioChem 2021, 22, 3270—
3272, doi:10.1002/cbic.202100469.

5. Prathima, T.S.; Choudhury, B.; Ahmad, M.G.; Chanda, K.; Balamurali, M.M. Recent Developments on
Other Platinum Metal Complexes as Target-Specific Anticancer Therapeutics. Coord. Chem. Rev. 2023, 490,
215231, doi:10.1016/j.ccr.2023.215231.

6. Lazarevi¢, T.; Rilak, A.; Bugarcic, 7.D. Platinum, Palladium, Gold and Ruthenium Complexes as Anticancer
Agents: Current Clinical Uses, Cytotoxicity Studies and Future Perspectives. Eur. ]. Med. Chem. 2017, 142,
8-31, doi:10.1016/j.ejmech.2017.04.007.


https://doi.org/10.20944/preprints202504.2221.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2025 d0i:10.20944/preprints202504.2221.v1

19 of 21

7. Vojtek, M.; Marques, M.P.M.; Ferreira, LM.P.L.V.O.; Mota-Filipe, H.; Diniz, C. Anticancer Activity of
Palladium-Based Complexes against Triple-Negative Breast Cancer. Drug Discov. Today 2019, 24, 1044—
1058, d0i:10.1016/j.drudis.2019.02.012.

8.  Carneiro, T.J.; Martins, A.S.; Marques, M.P.M.; Gil, A.M. Metabolic Aspects of Palladium(II) Potential Anti-
Cancer Drugs. Front. Oncol. 2020, 10, doi:10.3389/fonc.2020.590970.

9.  Abu-Surrah, A.; Kettunen, M. Platinum Group Antitumor Chemistry: Design and Development of New
Anticancer Drugs Complementary to Cisplatin. Curr. Med. Chem. 2006, 13, 1337-1357,
doi:10.2174/092986706776872970.

10. Aslan, H.G.; Akkog, S.; Kokbudak, Z. Anticancer Activities of Various New Metal Complexes Prepared
from a Schiff Base on A549 Cell Line. Inorg. Chem. Commun. 2020, 111, 107645,
doi:10.1016/j.inoche.2019.107645.

11. Hosseini-Yazdi, S.A.; Mirzaahmadi, A.; Khandar, A.A.; Eigner, V.; Dusek, M.; Lotfipour, F.; Mahdavi, M,;
Soltani, S.; Dehghan, G. Synthesis, Characterization and in Vitro Biological Activities of New Water-Soluble
Copper(Il), Zinc(II), and Nickel(Il) Complexes with Sulfonato-Substituted Schiff Base Ligand. Inorganica
Chim. Acta 2017, 458, 171-180, d0i:10.1016/j.ica.2017.01.005.

12.  Gowdhami, B.; Ambika, S.; Karthiyayini, B.; Ramya, V.; Kadalmani, B.; Vimala, R.T.V.; Akbarsha, M.A.
Potential Application of Two Cobalt (III) Schiff Base Complexes in Cancer Chemotherapy: Leads from a
Study Using Breast and Lung Cancer Cells. Toxicol. Vitr. 2021, 75, 105201, doi:10.1016/j.tiv.2021.105201.

13. Kamel, M.M.; Ali, HI.; Anwar, M.M.; Mohamed, N.A.; Soliman, A.M. Synthesis, Antitumor Activity and
Molecular Docking Study of Novel Sulfonamide-Schiff’s Bases, Thiazolidinones, Benzothiazinones and
Their C-Nucleoside Derivatives. Eur. |. Med. Chem. 2010, 45, 572-580, d0i:10.1016/j.ejmech.2009.10.044.

14. Liu, P; Yang, Y.; Tang, Y.; Yang, T.; Sang, Z.; Liu, Z.; Zhang, T.; Luo, Y. Design and Synthesis of Novel
Pyrimidine Derivatives as Potent Antitubercular Agents. Eur. ]. Med. Chem. 2019, 163, 169-182,
doi:10.1016/j.ejmech.2018.11.054.

15. Thiriveedhi, A.; Nadh, R.V,; Srinivasu, N.; Bobde, Y.; Ghosh, B.; Sekhar, K.V.G.C. Design, Synthesis and
Anti-Tumour Activity of New Pyrimidine-Pyrrole Appended Triazoles. Toxicol. Vitr. 2019, 60, 87-96,
doi:10.1016/j.tiv.2019.05.009.

16. Amin, L.H.T.; Shawer, T.Z.; El-Naggar, A.M.; El-Sehrawi, HM.A. Design, Synthesis, Anticancer Evaluation
and Docking Studies of New Pyrimidine Derivatives as Potent Thymidylate Synthase Inhibitors. Bioorg.
Chem. 2019, 91, 103159, doi:10.1016/j.bioorg.2019.103159.

17. Lahmidi, S.; Anouar, E.H.; El Hafi, M.; Boulhaoua, M.; Ejjoummany, A.; El Jemli, M.; Essassi, E.M.; Mague,
J.T. Synthesis, X-Ray, Spectroscopic Characterization, DFT and Antioxidant Activity of 1,2,4-Triazolo [1,5-
a]Pyrimidine Derivatives. . Mol. Struct. 2019, 1177, 131-142, doi:10.1016/j.molstruc.2018.09.046.

18. Shi, S; Yu, S.; Quan, L.; Mansoor, M.; Chen, Z.; Hu, H.; Liu, D.; Liang, Y.; Liang, F. Synthesis and Antitumor
Activities of Transition Metal Complexes of a Bis-Schiff Base of 2-Hydroxy-1-Naphthalenecarboxaldehyde.
J. Inorg. Biochem. 2020, 210, 111173, doi:10.1016/j.jinorgbio.2020.111173.

19. Panchsheela Ashok, U.; Prasad Kollur, S.; Prakash Arun, B.; Sanjay, C.; Shrikrishna Suresh, K.; Anil, N.;
Vasant Baburao, H.; Markad, D.; Ortega Castro, J.; Frau, J.; et al. In Vitro Anticancer Activity of 4(3H)-
Quinazolinone Derived Schiff Base and Its Cu(ll), Zn(Il) and Cd(Il) Complexes: Preparation, X-Ray
Structural, Spectral Characterization and Theoretical Investigations. Inorganica Chim. Acta 2020, 511, 119846,
doi:10.1016/j.ica.2020.119846.

20. Dhivya, R.; Jaividhya, P.; Riyasdeen, A. Palaniandavar, M.; Mathan, G.; Akbarsha, M.A. In Vitro
Antiproliferative and Apoptosis-Inducing Properties of a Mononuclear Copper(II) Complex with Dppz
Ligand, in Two Genotypically Different Breast Cancer Cell Lines. BioMetals 2015, 28, 929-943,
doi:10.1007/s10534-015-9877-1.

21. Ma, Z.-Y,; Qiao, X,; Xie, C.-Z,; Shao, J.; Xu, J.-Y.; Qiang, Z.-Y.; Lou, J.-S. Activities of a Novel Schiff Base
Copper(Il) Complex on Growth Inhibition and Apoptosis Induction toward MCF-7 Human Breast Cancer
Cells via Mitochondrial Pathway. J. Inorg. Biochem. 2012, 117, 1-9, doi:10.1016/j.jinorgbio.2012.08.007.

22. Demirbag, B.; Balli, E.; Yildirnm, M,; Unver, H,; Temel, G.; Yilmaz, M.K;; Degirmenci, E.; Kibar, D.
Investigation of the Anticancer of Photodynamic Therapy Effects by Using the Novel Schiff Base Ligand


https://doi.org/10.20944/preprints202504.2221.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2025 d0i:10.20944/preprints202504.2221.v1

20 of 21

Palladium Complexes on Human Breast Cancer Cell Line. Chem. Pap. 2024, 78, 7611-7621,
doi:10.1007/s11696-024-03622-z.

23. Podolski-Reni¢, A.; Cipak Gasparovi¢, A.; Valente, A.; Lépez, O.; Bormio Nunes, J.H.; Kowol, C.R;
Heffeter, P.; Filipovi¢, N.R. Schiff Bases and Their Metal Complexes to Target and Overcome (Multidrug)
Resistance in Cancer. Eur. |. Med. Chem. 2024, 270, 116363, doi:10.1016/j.ejmech.2024.116363.

24. Chatterjee, B. The Role of the Androgen Receptor in the Development of Prostatic Hyperplasia and Prostate
Cancer. Mol. Cell. Biochem. 2003, 253, 89-101, doi:10.1023/A:1026057402945.

25. Li, C; Cheng, D.; Li, P. Androgen Receptor Dynamics in Prostate Cancer: From Disease Progression to
Treatment Resistance. Front. Oncol. 2025, 15, d0i:10.3389/fonc.2025.1542811.

26. Kacar, O.; Cevatemre, B.; Hatipoglu, I.; Arda, N.; Ulukaya, E.; Yilmaz, V.T.; Acilan, C. The Role of Cell
Cycle Progression for the Apoptosis of Cancer Cells Induced by Palladium(Il)-Saccharinate Complexes of
Terpyridine. Bioorg. Med. Chem. 2017, 25, 1770-1777, doi:10.1016/j.bmc.2017.01.033.

27.  Deljanin, M.; Nikolic, M.; Baskic, D.; Todorovic, D.; Djurdjevic, P.; Zaric, M.; Stankovic, M.; Todorovic, M.;
Avramovic, D.; Popovic, S. Chelidonium Majus Crude Extract Inhibits Migration and Induces Cell Cycle
Arrest and Apoptosis in Tumor Cell Lines. J. Ethnopharmacol. 2016, 190, 362-371,
doi:10.1016/j.jep.2016.06.056.

28. Kandeel, M.M.; AbdElhameid, M.K.; Adel, M.; Al-Shorbagy, M.Y.; Negmeldin, A.T. Design, Synthesis, and
Cytotoxicity Evaluation of Novel Indolin-2-One Based Molecules on Hepatocellular Carcinoma HepG2
Cells as Protein Kinase Inhibitors. Molecules 2025, 30, 1105, d0i:10.3390/molecules30051105.

29. Kamel, M.M.; Abdel-hameid, M.K,; El-Nassan, H.B.; El-Khouly, E.A. Synthesis and Cytotoxicity Evaluation
of Novel Indole Derivatives as Potential Anti-Cancer Agents. Med. Chem. (Los. Angeles). 2019, 15, 873-882,
doi:10.2174/1573406415666190408125514.

30. Valentini, A.; Conforti, F.; Crispini, A.; De Martino, A.; Condello, R.; Stellitano, C.; Rotilio, G.; Ghedini, M.;
Federici, G.; Bernardini, S; et al. Synthesis, Oxidant Properties, and Antitumoral Effects of a Heteroleptic
Palladium(Il) Complex of Curcumin on Human Prostate Cancer Cells. J. Med. Chem. 2009, 52, 484-491,
doi:10.1021/jm801276a.

31. Ulukaya, E.; Frame, F.M.; Cevatemre, B.; Pellacani, D.; Walker, H.; Mann, V.M.; Simms, M.S.; Stower, M.].;
Yilmaz, V.T.; Maitland, N.J. Differential Cytotoxic Activity of a Novel Palladium-Based Compound on
Prostate Cell Lines, Primary Prostate Epithelial Cells and Prostate Stem Cells. PLoS One 2013, 8, e64278,
doi:10.1371/journal.pone.0064278.

32. Plutin, A.M.; Mocelo, R.; Alvarez, A.; Ramos, R.; Castellano, E.E.; Cominetti, M.R.; Graminha, A.E.; Ferreira,
A.G.; Batista, A.A. On the Cytotoxic Activity of Pd(II) Complexes of N,N-Disubstituted-N"-Acyl Thioureas.
J. Inorg. Biochem. 2014, 134, 76-82, doi:10.1016/j.jinorgbio.2014.01.022.

33. Laginha, R.C.; Martins, C.B.; Brandao, A.L.C.; Marques, J.; Marques, M.P.M.; Batista de Carvalho, L.A.E.;
Santos, I.P.; Batista de Carvalho, A.L.M. Evaluation of the Cytotoxic Effect of Pd25pm against Prostate
Cancer through Vibrational Microspectroscopies. Int. J. Mol. Sci. 2023, 24, 1888, doi:10.3390/ijms24031888.

34. Sharma, N.K,; Ameta, RK,; Singh, M. Biological Impact of Pd (II) Complexes: Synthesis, Spectral
Characterization, In Vitro Anticancer, CT-DNA Binding, and Antioxidant Activities. Int. ]. Med. Chem. 2016,
2016, 1-10, doi:10.1155/2016/9245619.

35. Espino, J.; Fernandez-Delgado, E.; Estirado, S.; de la Cruz-Martinez, F.; Villa-Carballar, S.; Vifiuelas-
Zahinos, E.; Luna-Giles, F.; Pariente, ].A. Synthesis and Structure of a New Thiazoline-Based Palladium(II)
Complex That Promotes Cytotoxicity and Apoptosis of Human Promyelocytic Leukemia HL-60 Cells. Sci.
Rep. 2020, 10, 16745, d0i:10.1038/s41598-020-73488-0.

36. Aydinlik, S.; Erkisa, M.; Ari, F.; Celikler, S.; Ulukaya, E. Palladium (II) Complex Enhances ROS-Dependent
Apoptotic Effects via Autophagy Inhibition and Disruption of Multiple Signaling Pathways in Colorectal
Cancer Cells. Anticancer. Agents Med. Chem. 2021, 21, 1284-1291, doi:10.2174/1871520620666200929153804.

37. Hernandez, W.; Paz, J.; Carrasco, F.; Vaisberg, A.; Spodine, E.; Manzur, J.; Hennig, L.; Sieler, ].; Blaurock,
S.; Beyer, L. Synthesis and Characterization of New Palladium(II) Thiosemicarbazone Complexes and Their
Cytotoxic Activity against Various Human Tumor Cell Lines. Bioinorg. Chem. Appl. 2013, 2013, 1-12,
doi:10.1155/2013/524701.


https://doi.org/10.20944/preprints202504.2221.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2025 d0i:10.20944/preprints202504.2221.v1

21 of 21

38. Kontek, R.; Mattawska-Wasowska, K.; Kalinowska-Lis, U.; Kontek, B.; Ochocki, J. Evaluation of
Cytotoxicity of New Trans-Palladium(II) Complex in Human Cells in Vitro. Acta Pol. Pharm. 2011, 68, 127-
136.

39. Recio Despaigne, A.; Da Silva, J.; Da Costa, P.; Dos Santos, R.; Beraldo, H. ROS-Mediated Cytotoxic Effect
of Copper(Il) Hydrazone Complexes against Human Glioma Cells. Molecules 2014, 19, 17202-17220,
doi:10.3390/molecules191117202.

40. Tarushi, A.; Raptopoulou, C.P.; Psycharis, V.; Terzis, A.; Psomas, G.; Kessissoglou, D.P. Zinc(Il) Complexes
of the Second-Generation Quinolone Antibacterial Drug Enrofloxacin: Structure and DNA or Albumin
Interaction. Bioorg. Med. Chem. 2010, 18, 2678-2685, doi:10.1016/j.bm¢c.2010.02.021.

41. Tarushi, A,; Lafazanis, K,; Kljun, J.; Turel, I; Pantazaki, A.A.; Psomas, G.; Kessissoglou, D.P. First- and
Second-Generation Quinolone Antibacterial Drugs Interacting with Zinc(Il): Structure and Biological
Perspectives. |. Inorg. Biochem. 2013, 121, 53-65, d0i:10.1016/j.jinorgbio.2012.12.009.

42. Lakowicz, J.R;; Weber, G. Quenching of Fluorescence by Oxygen. Probe for Structural Fluctuations in
Macromolecules. Biochemistry 1973, 12, 4161-4170, doi:10.1021/bi00745a020.

43. Lakowicz, J.R.; Gryczynski, L; Gryczynski, Z.; Dattelbaum, J.D. Anisotropy-Based Sensing with Reference
Fluorophores. Anal. Biochem. 1999, 267, 397-405, doi:10.1006/abio.1998.3029.

44. Ferreira de Freitas, R.; Schapira, M. A Systematic Analysis of Atomic Protein-Ligand Interactions in the
PDB. Medchemcomm 2017, 8, 1970-1981, d0i:10.1039/C7MDO00381A.

45. Meyer, E.A.; Castellano, R K.; Diederich, F. Interactions with Aromatic Rings in Chemical and Biological
Recognition. Angew. Chemie Int. Ed. 2003, 42, 1210-1250, doi:10.1002/anie.200390319.

46. Bissantz, C.; Kuhn, B.; Stahl, M. A Medicinal Chemist’s Guide to Molecular Interactions. |. Med. Chem. 2010,
53, 5061-5084, doi:10.1021/jm100112;.

47. Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M.; Tanabe, K. Origin of Attraction and Directionality of the
1t/7t Interaction: Model Chemistry Calculations of Benzene Dimer Interaction. J. Am. Chem. Soc. 2002, 124,
104-112, doi:10.1021/ja0105212.

48. Mahadevi, A.S.; Sastry, G.N. Cation-7 Interaction: Its Role and Relevance in Chemistry, Biology, and
Material Science. Chem. Rev. 2013, 113, 2100-2138, d0i:10.1021/cr300222d.

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.


https://doi.org/10.20944/preprints202504.2221.v1

