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The four new ligands, dialkyl esters of (S,S)-propylenediamine-N,N'-di-(2,2'-di-(4-hydroxy-benzil))acetic
acid (R,-S,S-pddtyr-2HCI) (R = ethyl (L1), propyl (L2), butyl (L3), and pentyl (L4)) and corresponding palla-
dium(i) complexes have been synthesized and characterized by microanalysis, infrared, *H NMR and **C
NMR spectroscopy. In vitro cytotoxicity was evaluated using the MTT assay on four tumor cell lines,
including mouse mammary (4T1) and colon (CT26), and human mammary (MDA-MD-468) and colon
(HCT116), as well as non-tumor mouse mesenchymal stem cells. Using fluorescence spectroscopy were
investigated the interactions of new palladium(i) complexes [PdCl(R,-S,S-pddtyr)]; (R = ethyl (C1), propyl
(C2), butyl (C3), and pentyl (C4)) with calf thymus human serum albumin (HSA) and DNA (CT-DNA). The
high values of the binding constants, Ky, and the Stern—Volmer quenching constant, Ksy, show the good
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binding of all complexes for HSA and CT-DNA. The mentioned ligands and complexes were also tested
on in vitro antimicrobial activity against 11 microorganisms. Testing was performed by the microdilution
method, where the minimum inhibitory concentration (MMC) and the minimum microbicidal concen-
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Introduction

With discovery of cisplatin,’ chemotherapy with metal-based
drugs represents one of the most widely used strategies in
clinical practice for cancer therapy.

Therefore, the discovery of new potential anticancer com-
pounds has become one of the most important goals in medic-
inal chemistry, and for these reasons, medicinal chemistry has
developed rapidly, especially in the field of drug design and
development.” The main reason is to obtain new potential
drugs or to modify the parent compounds with different struc-
tural modifications to achieve the desired profile of biological
activity and less limitations due to toxicity and resistance.
Non-platinum complexes may exhibit anticancer activity and
toxic side effects that differ significantly from those of plati-
num-based drugs, which are expected to have different chemi-
cal behavior, hydrolysis rates, and mechanisms of action.
Based on the structural analogy between platinum(u) and pal-
ladium(u) complexes, there is great interest in the study of pal-
ladium(n) complexes as potential anticancer drugs.? The appli-
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cation of Pd(u) complexes in medicine is very limited, and the
only application is '**Pd as a radioactive isotope in the treat-
ment of rapidly growing high-grade prostate cancer.’” Initially,
palladium complexes showed lower antitumor activity in vitro
than platinum(n) complexes, which could be related to the
more labile nature of palladium(u) compared to platinum(u)
complexes.>” The choice of ligands greatly affects the anti-
cancer activity of the complex, because they can modify the
reactivity and lipophilicity.® Some palladium(u) complexes
have been found to have high cytotoxicity comparable to
cisplatin.”'° Due to the proven cytotoxicity of these palladium
(1) compounds, a large number of new palladium(i) complexes
are continuously being synthesized. As a result of these find-
ings, N,N' bidentate esters, R,pdda-type ligands, are now
mainly used in our studies. Recently, we have reported on the
synthesis and characterization of the palladium(u) complexes
with R,pdda type esters of (S,S)-propylenediamine-N,N"-di-2-(2-
benzyl)acetic acid.'

Now, this study is focused on in vitro the biological activity
from newly palladium(ir) complexes with dialkyl esters of 0,0'-
diethyl- (L1); 0,0-dipropyl- (L2); O,0'-dibutyl- (L3); 0,0’-dipen-
tyl-  (L4)  (S,S)-propylenediamine-N,N'-di-(2,2'-di-(4-hydroxy-
benzil))acetic acid dihydrochloride and their corresponding
palladium(u) complexes: dichloro-(0,0")-diethyl-(S,S)-propyle-
nediamine-N,N'-di-(2,2'-di-(4-hydroxy-benzyl))-acetato-palladium
(u)-complex [PdCl,(det-S,S-pddtyr)], (C1), dichloro-(0,0’)-dipro-
pyl-(S,S)-propylenediamine-N,N'-di-(2,2’-di-(4-hydroxy-benzyl))-
acetato-palladium(u)-complex [PdCl,(dpr-S,S-pddtyr)], (C2),
dichloro-(0,0")-dibutyl-(S,S)-propylenediamine-N,N'-di-(2,2'-di-
(4-hydroxy-benzyl))-acetato-palladium(u) complex [PdCl,(dbu-S,
S-pddtyr)], (C3), dichloro-(0,0)-dipentyl-(S,S)-propylenedi-
amine-N,N'-di-(2,2'-di-(4-hydroxy-benzyl))-acetato-palladium(u)-
complex [PdACl,(dpe-S,S-pddtyr)] (C4).

The cytotoxicity study revealed cytotoxic effects of these
compounds, particularly the L4 ligand, against carcinoma cells

View Article Online

Paper

with lower toxicity towards non-cancerous cells. L4 ligand as
well as C4 complex, induced apoptosis in HCT116 cells,
demonstrated by increased early and late-stage apoptosis and
caspase-3 expression, and decreased Bcl-2 expression. A
notable decline in Ki67 expression and cell cycle arrest in the
G0/G1 phase was also observed, indicating their potential in
inhibiting cell proliferation.

Also, in this work, the interactions of palladium(u) com-
plexes with HSA and DNA were investigated. The fluorescence
spectra were recorded to examine the structural changes of
HSA induced by the addition of complexes and to determine
their binding constants (Kp) and the number of binding sites
(n) for this biomolecule. To examine the ability of the com-
pound to displace ethidium bromide (EB) from the EB-DNA
complex, the interactions of the complex with DNA in the pres-
ence of EB were examined by using fluorescence spectroscopy.

The antimicrobial test confirmed that L4 shows the most
significant activity against most tested Gram-positive bacteria
and yeasts, especially Rhodotorula mucilaginosa, where the
activity is in the range of the positive control. The same ligand
L4 and the complex C2 show good antimicrobial activity on
E. coli ATCC 25922.

Results and discussion
Chemistry

Esters L1-L4 were synthetized by using similar well known pro-
cedure (Scheme 1).""'*> The complexes were obtained by direct
reaction of K,[PdCl,] with corresponding esters
(Scheme 2)."*'* These esters are soluble in water and di-
methylsulfoxide while complexes are soluble in dimethyl-
sulfoxide and dimethylformamide. The structure of new
ligands and corresponding palladium(n) complexes were
assumed based on the elemental analysis.

OH OH
HO o RO o
H H H H
U NF OH ROH, HCI NP OR
—_—
Tcr Tcr 1Tcr Tcr
H H 0 H H 0
OH OH

R = Et(L1), n-Pr(L2), n-Bu(L3), n-Pe(L4)

Scheme 1 General procedure for the synthesis of new ligands (L1-L4).
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Scheme 2 General procedure for the synthesis of palladium(i) complexes (C1-C4) with numeration used for NMR data.

Spectroscopic analysis

IR and NMR (*H and "*C) spectra of isolated ligands and com-
plexes were used to determine the coordination mode of
dialkyl esters to the palladium(u)-ion. The obtained spectral
data were in good agreement with the proposed structures of
complexes (Scheme 2).

A characteristic strong absorption band for C=O stretching
vibration of esters was found in the infrared spectra of the
ligands (1737, 1737, 1740 and 1738) and complexes (1727,
1729, 1726 and 1723), as well as the specific absorption bands
of 1(C-0) of the ligands (L1-L4: 1234, 1230, 1243 and 1235)
and of corresponding complexes (C1-C4: 1237, 1237, 1239 and
1236), clearly indicated that there was no coordination via
oxygen atom. The position of absorption bands for secondary
amino groups of complexes C1-C4: y(R,N-H) was found at
3212, 3213, 3212 and 3210 cm™" indicating the coordination of
the ligands through the nitrogen atoms. Other specific bands
were found at similar positions for corresponding ligands and
complexes, thus indicating no other atom was coordinated to
the palladium center.

The signals in the '"H NMR spectra originating from the
ester protons of the complexes and the ligands showed similar
chemical shifts, suggesting that there is no coordination
between the palladium(u) ion and the oxygen from the men-
tioned group. In the "H NMR spectra, the signals of hydrogen
atoms from secondary amino groups appeared between
5.15-5.79 ppm for C1-C4, while in the ligands mentioned
signals occurred at around 10 ppm from NH," amino salts.
The signals of protons from the propylenediamine bridge
(C°H,) displayed coordination-induced shifts in the spectra of
complexes (up to 0.6 ppm). In BC NMR spectra, ester carbon
atom resonances were found as expected position, at 168 ppm

7924 | Dalton Trans., 2024, 53, 7922-7938

in ligands and at 170 ppm in complexes, which verifying that
oxygen is not ligating atom. All the signals of the carbon
atoms from alcoholic residues in both ligands and complexes
were found on similar chemical shifts. Six aromatic carbon
atoms showed resonances at around 125 ppm (C*), 115 ppm
(c%, c®), 130 ppm (C*?, C°P) and 156 ppm (C”). The chemical
shifts of C*> atom in complexes were shifted by 5 ppm com-
pared with signals of same carbon atom in the ligands. Also,
due to coordination, there are a shifts in the signal of the C®
and C° carbon atoms from the propylenediamine bridge about
7 ppm and 8 ppm. Mentioned above indicates the coordi-
nation of palladium(u) ions via two nitrogen atoms.

HSA binding studies

It has been proved that the most important role of the serum
albumins is the transportation of metal ions and metal com-
plexes as well as other biologically active compounds in the
blood."'® The investigation of binding interactions between
the potentially active compounds and HSA can be important
in exploring their potential biological activity and
application."”'® To investigate the structural changes in HSA
caused by the addition Pd complexes and determine the
quenching constants (kg), the binding constant (K) and the
number of binding sites (n) for the complex formed between
complex and HSA, fluorescence spectra were measured.

Interaction of Pd(u) complexes with HSA by fluorescence
spectroscopy

The recorded fluorescence spectra of HSA with different con-
centrations of complexes C1-C4 are shown in Fig. 1 and
Fig. S1-S3 (ESIf). As shown in Fig. 1 and Fig. S1-S3 (ESI{),
adding a complex of Pd(u) to the HSA solution, HSA fluo-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00659c

Open Access Article. Published on 22 April 2024. Downloaded on 3/6/2026 11:05:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

20 1

intensity
=

View Article Online

Paper

0.8

10 0.00E+00 1.50E-05 3.00E-05 4.50E-05 6.00E-05
g Q [M]
Z s
S 6

4

2 4

0 T T T T T T T

310 330 350 370 390 410 430 450
Wavelenght (nm)

Fig. 1 Fluorescence emission spectra of HSA in the presence of various concentrations of C1 (T = 298 K, pH = 7.4) in a DMSO (5%)/PBS pH
7.4 mixture buffered solution. [HSA] = 2 pM; [C1] = 0—80 pM. The inset shows the Stern—Volmer plots of the fluorescence quenching of HSA by

[C1]. x represents 80 uM [C1] only.

rescence intensity, with an increase of complex concentration,
decreased gradually. That means the result suggests that
complex can interact with HSA and quench its internal
fluorescence.

The Ksv and quenching constants (k) of the interactions of
the compounds with the albumins were calculated (Table 1)
from the Stern-Volmer quenching equation (eqn (1)) (given in
experimental), where the fluorescence lifetime of tryptophan
in HSA was taken as 7, = 1072 s. As can be seen in Table 1, the
quenching constants (>10"> M™" s™) are higher than the
different quenching types for the biopolymer fluorescence
(10" M™' s71), suggesting that a new conjugate was formed
between each complex and HSA and the interaction of com-
plexes with albumins take place through a static quenching
mechanism.

The values of K;, (association binding constant) and n
(number of binding sites per albumin) for the C1-C4 were
obtained from the intercept and slope of the plots of log(F, —
F)/F versus log[Q] (Fig. 2), using the equation (eqn (1)) (see
experimental) and they are given in Table 1.

The HSA-binding constants showed that there is a strong
binding force between complex and HSA, which implies that

-0.7 1
-0.5 1
-0.3 4
-0.1 1
0.1
0.3
0.5

log [(FO-F)/F]

0.7
0.9

1.1 4

1.3
-4.00
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log [Q]
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Fig. 2 Logarithmic plots of the fluorescence quenching of HSA by C1-
C4 at 298 K.

HSA can transfer investigated complexes toward potential bio-
targets. The calculated value of n is around one for all com-
plexes, indicating the existence of just a single binding site in
HSA.

Table 1 The HSA binding constants and parameters (Ksy, kg, Kb, n) derived for C1-C4

Complex Ksy (MY kM s™ R* K, (M) n R*
c1 6.37 + 0.26 x 10* 6.37 + 0.26 x 10*? 0.99 1.82 +0.15 x 10° 1.10 0.99
Cc2 3.02 + 0.33 x 10* 3.02 +0.33 x 10*? 0.92 1.42 +0.18 x 10* 0.91 0.98
Cc3 3.59 +0.29 x 10* 3.59 +0.29 x 10*? 0.96 5.90 +0.17 x 10° 0.80 0.98
c4 1.45 +0.09 x 10° 1.45 + 0.09 x 10" 0.97 4.37 +0.02 x 10° 1.10 0.98

%R is the correlation coefficient.

This journal is © The Royal Society of Chemistry 2024
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DNA binding studies

The determination of the interactions between small mole-
cules and DNA is important in pharmacology when evaluating
the potential of new antitumor complexes,'® and therefore
interactions between DNA and the synthesized complexes
should be investigated. Studies indicate that transition metal
complexes bind covalently with DNA by intercalation, groove
binding, and external electrostatic binding.”® The mode and
strength for the binding of the synthesized complexes of palla-
dium(u) to CT-DNA were studied with the fluorescence spectro-
scopic method.

Interaction of Pd(u) complexes with DNA by fluorescence
spectroscopy

Ethidium bromide (3,8-diamino-5-ethyl-6-phenylphenanthridi-
niumbromide) belongs to the group of intercalation indicators
because it builds fluorescent complexes with nucleic acids.
Changes after the addition of the test complexes observed in
the fluorescent spectrum of the EB-DNA system are used to
study their interaction with DNA.>"** To examine the ability of
the compound to displace ethidium bromide (EB) from the
EB-DNA complex, the interactions of new complexes of pala-
dium(u) with DNA in the presence of EB were examined by
using fluorescence spectroscopy.

The emission spectra of DNA in the absence and presence
of complexes, at room temperature in solution, have been
recorded for increasing amounts of complexes C1-C4 and were
shown in Fig. 3 (C1) and in ESI (Fig. S4-S6t1 for C2-C4). The
fluorescence changes are results that indicate that the complex
interacted with DNA. The addition of complexes at diverse r
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values results in a significant decrease in the intensity of the
emission band of the DNA-EB system at 612 nm indicating the
competition of the complexes with EB in binding to DNA. The
observed quenching of DNA-EB fluorescence for all tested
compounds suggests that they displace EB from the DNA-EB
complex, and they can interact with DNA, but the certain
mode of binding still cannot be defined.

The quenching parameter can be analyzed according to the
Stern-Volmer eqn (1) given in Experimental. The calculated
constants shown in Table 2, indicate that all the complexes
can insert between DNA base pairs.

Viscosity

Using the viscometric method, possible intercalation, or non-
intercalation of compounds into DNA nucleobases can be
determined.”® It is known that intercalation results in DNA
elongation, due to the separation of base pairs at the intercala-
tion site, which at the same time leads to an increase in the
relative specific viscosity of such solutions.>* The results of vis-
cosity measurements of complexes C1-C4 were indicated that
complexes are not performing intercalation between the DNA
bases, and which probably bind to minor/major grooves. The
obtained measurement values were shown in Fig. 4.

Assessment of cytotoxic cffects of synthesized ligands and
palladium(ur) complexes on carcinoma cells using MTT assay
The cytotoxicity of four newly synthesized ligands - dialkyl
esters of (S,S)-propylenediamine-N,N'-di-(2,2"-di-(4-hydroxy-
benzil))acetic acid dihydrochloride (R,-S,S-pddtyr-2HCI) (desig-
nated as R = ethyl (L1), propyl (L2), butyl (L3), and pentyl (L4))

25 A -2

2 -

15 k“‘(/A
1

0.5
0.00E+00

Fo/F

590 610

630 650

Wavelenght (nm)

Fig. 3 The fluorescence emission spectra of EB-DNA in the absence and presence of increasing amounts of [C1] (T = 298 K, pH = 7.4) in a DMSO
(5%)/PBS pH 7.4 mixture buffered solution. [HSA] = 2 pM; [C1] = 0—80 pM. The inset shows the Stern—Volmer plots of the fluorescence quenching
of HSA by [C1]. x represents 80 pM [C1] only. [DNA] = 2.27 x 107> M; [EB] = 2 x 10~°> M; [C1] = 0-6 x 107> M; the inset shows the plot of Fo/F vs. [Q].

X represents 6 x 107° [C1] only.
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Table 2 The DNA Stern—Volmer constants (Ksy), binding constants (K,,) and the number of binding sites (n) for C1-C4

Complex Ksy (M7 kgM's™) R Ky (M) n R
Cc1 2.64 +0.20 x 10* 2.64 + 0.20 x 10*2 0.96 6.80 + 0.16 x 10* 1.10 0.99
Cc2 9.61 + 0.15 x 10° 9.61 + 0.15 x 10" 0.92 1.50 + 0.08 x 107 1.79 0.95
Cc3 1.20 + 0.07 x 10* 1.20 £ 0.07 x 10** 0.97 5.42 + 0.02 x 10* 1.15 0.97
C4 1.02 + 0.06 x 10° 1.02 + 0.06 x 10" 0.98 1.83 +0.02 x 10° 1.08 0.95

“R is the correlation coefficient.

1.02 -
- —-4C1
\é --C2
£ -=-C3
—--C4
1.00 T T
0.00 0.50 1.00

r ([Complex]/[DNA])

Fig. 4 Viscosity assays in solution in a DMSO (5%)/PBS pH 7.4 mixture
buffered solution with [complex]/[DNA] ratios.

- and their corresponding palladium(i) complexes [PACl,(R,-S,
S-pddtyr)]; (R = ethyl (C1), propyl (C2), butyl (C3), and pentyl
(C4)) was evaluated using MTT assay procedures. This assess-
ment was conducted on a variety of cell lines: mouse (4T1) and
human (MDA-MB-468) breast carcinoma cells, mouse (CT26)
and human (HCT116) colon carcinoma cells, and non-cancer-
ous mouse mesenchymal stem cells (mMSC). These cell lines
were subjected to exposure of the synthesized complexes for
24 hours, at concentrations ranging from 7.8 to 500 pM. The
results indicated that both ligands (designated as L1-L4) and
complexes (designated as C1-C4) displayed modest cytotoxic
effects, reducing viability in both human and mouse carci-
noma cells (as shown in Fig. 5). Additionally, the complexes
and ligands exhibited dose-dependent cytotoxic activity
against breast cancer cell lines (4T1 in mice and MDA-MB-468
in humans) and colorectal cancer cells (CT26 in mice and
HCT116 in humans), as depicted in Fig. 5E. Correspondingly,
previous research has shown that palladium(n) complexes with
certain esters of (S,S)-ethylenediamine-N,N'-di-(2,2'-di(4-
hydroxy-benzyl))-acetic acid and their ligand precursors also
exhibited dose-dependent cytotoxic effects towards various
human cancer cell lines, including MDA-MB-231 (breast
cancer), A549 (lung cancer), and CLL lymphocytes (chronic
lymphocytic leukemia cells).>

In the process of developing new drugs with low toxicity, it
is crucial to evaluate their antiproliferative activity against non-
cancerous cells in vitro. For this purpose, the toxicity of the
tested compounds to normal mouse mesenchymal stem cells

This journal is © The Royal Society of Chemistry 2024

(mMSC) was assessed. The study found that all the tested
ligands and complexes diminished the viability of non-cancer-
ous cells (mMSC) in a dose-dependent manner, as illustrated
in Fig. 5E. Notably, the C4 complex exhibited a lower cytotoxic
effect on mMSC at concentrations ranging from 7.8 to 63.5 pM
when compared to its effect on cancer cells, including the 4T1
and CT26 mouse carcinoma cells, as well as the MDA-MB-468
and HCT116 human carcinoma cells. The reduced cytotoxicity
of the C4 complex towards mMSC, coupled with its ability to
decrease the viability of 4T1, MDA-MB-468, CT26 and HCT116
tumor cells, suggests a potential selective cytotoxicity of this
new complex against tumor cell lines. These observations
imply that the C4 complex might be better tolerated in live
organisms. On the other hand, the L4 ligand demonstrates
minimal cytotoxic effects on mMSC at lower concentrations,
ranging from 7.8 to 31.25 pM. However, at higher concen-
trations, there is a significant reduction in the viability percen-
tage of mMSC.

In this study, the cytotoxic efficacy of C1-C4 complexes and
L1-L4 ligands was thoroughly investigated by quantifying their
half-maximal inhibitory concentration (ICs) values. The evalu-
ation focused on several cell lines, including mouse (4T1) and
human (MDA-MB-468) breast carcinoma cells, mouse (CT26)
and human (HCT116) colon carcinoma cells, and non-cancer-
ous mouse mesenchymal stem cells (mMSC). The ICs, values,
which represent the concentration required to inhibit 50% of
cell viability, are meticulously detailed in Table 3. Analysis of
these values revealed that the ligand L4 displayed significant
cytotoxic effects, outperforming other ligands (L1-L3) and the
palladium complexes (C1-C4). In contrast, cisplatin (CDDP), a
standard chemotherapeutic agent, exhibited more potent cyto-
toxic effects on these tumor cells compared to the C1-C4 com-
plexes. However, it is important to note that cisplatin also
showed increased cytotoxicity towards mouse mesenchymal
stem cells, as detailed in Table 3. Based on these findings
from the MTT assay, the C4 complex and L4 ligand were
selected for further molecular analyses of their effects on
cancer cells.

Assessment of apoptotic induction by C4 complex and L4
ligand in carcinoma cells

Apoptosis, or programmed cell death, is a critical and highly
controlled process which selectively eliminates specific cells
without harming adjacent healthy cells. This targeted elimin-
ation is especially beneficial in treating various carcinomas by
focusing on the diseased cells while preserving healthy ones.>®
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Fig. 5 Evaluation of dose-dependent cytotoxicity in palladium(i) complexes (C1-C4) and ligands (L1-L4). This figure presents graphs illustrating
the cytotoxicity of palladium(i) complexes (C1-C4) and ligands (L1-L4) in a dose-dependent manner. Specific graphs include: (A) survival of murine
breast cancer cells (4T1), (B) survival of human breast carcinoma cells (MDA-MB-468), (C) survival of murine colorectal cancer cells (CT26), (D) survi-
val of human colorectal cancer cells (HCT116), and (E) survival of mouse mesenchymal stem cells (MMSC) after a 24-hour growth period in the pres-
ence of these compounds. The figure also includes a comparison with cisplatin (CDDP). All data are presented as mean values derived from three

independent experiments, each conducted in triplicate.

The capacity of the C4 complex and L4 ligand to prompt apop-
tosis in carcinoma cells was scrutinized using flow cytometric
analysis. This method employed Annexin V FITC and propi-
dium iodide staining to discern apoptotic cells. Annexin V
FITC binds to phosphatidylserine, which is externalized in
early apoptosis, while propidium iodide permeates and stains
cells only in the later stages of apoptosis or necrosis.”” The
study’s results, illustrated in Fig. 6, revealed that a substantial
fraction of HCT116 cells entered late apoptosis after 24 hours
of treatment with the C4 complex and L4 ligand. Similarly, a
significant number of HTC116 cells were observed in the
initial stages of apoptosis following comparable treatment

7928 | Dalton Trans., 2024, 53, 7922-7938

periods, in contrast to untreated cells. Furthermore, a greater
proportion of HCT116 cells displayed late-stage apoptotic
characteristics after a 24-hour period with these compounds (p
< 0.05) compared to the untreated group, as detailed in
Fig. 6A. These results align with findings from a study con-
ducted by Zhou M. et al., which also demonstrated the impact
of palladium complexes in inducing apoptosis.”®

The extrinsic apoptotic pathway primarily involves death
receptors leading to the activation of caspase-3.%° The intrinsic
or mitochondrial apoptotic pathway, on the other hand, is trig-
gered by an imbalance between proapoptotic and antiapopto-
tic proteins, one of which is Bcl-2. Bcl-2, a critical antiapopto-
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Table 3 Comparative ICsq values for C1-C4 complexes, L1-L4 ligands,
and cisplatin (CDDP) across 4T1, CT26, MDA-MB-468, HCT116 and
mMSC cell lines, as measured by MTT assay

ICs = SD (uM) (24 h)

Agents  4T1 MDA-MD-468 CT26  HCT116 mMSC
c1 185+10  >500 405+5 321+6 4694
c2 274+5  >500 360+ 6 234+6  254%9
c3 281+8  459+8 471+4 1763  >500

c4 291+9  >500 345+7 223+8  448+4
L1 >500 298 +7 >500 190+3  431+9
L2 273+9  100+1 260+9 622 247 +3
L3 54+4 71+ 0.53 90+4  19+3 47 +0.23
L4 47+0.09 <7.8 56+1  <7.8 24 +2
CDDP 17 +1 13+1 20+1 184036 14+2

tic protein, plays a significant role in regulating cell death by
maintaining mitochondrial membrane integrity and prevent-
ing the release of cytochrome c, a key step in apoptosis induc-
tion. An imbalance in Bcl-2 levels affects mitochondrial mem-
brane permeability, leading to the release of cytochrome c,
which activates caspase-3 and consequently triggers apopto-
sis.>® Our study’s results demonstrated that treating HCT116
cells with ICs, concentrations of the tested compounds, C4
and L4, resulted in a notable decrease in the percentage of Bcl-
2 positive HCT116 cells (as shown in Fig. 6B) compared to
untreated cells. Conversely, there was a marked increase in the
percentage of cells expressing active caspase-3 in HCT116 cells
treated with the C4 complex or L4 ligand, as illustrated in
Fig. 6C. The treatment with the C4 complex and L4 ligand
resulted in an increased percentage of cancer cells in both
early and late stages of apoptosis and an elevated percentage
of caspase-3 positive cancer cells, while simultaneously
decreasing the expression of critical anti-apoptotic com-
ponents like Bcl-2. These findings suggest that the C4 and L4
complex can potentially trigger cancer cell death via the apop-
totic pathway. Additionally, related research has shown that
new palladium(u) complexes with certain derivatives of 2-ami-
nothiazoles also lead to the inhibition of the antiapoptotic Bcl-
2 molecule.*’ This finding highlights a common mechanism
where palladium(u) complexes, through their structural vari-
ations, effectively reduce the expression of antiapoptotic pro-
teins like Bcl-2, thereby promoting apoptosis in cancer cells.
Furthermore, similar results were reported by Espino J. et al.,
who found that the percentage of active caspase-3 was elevated
in human promyelocytic leukemia HL-60 cells following treat-
ment with a newly synthesized thiazoline-based palladium(u)
complex, further supporting the potential efficacy of such com-
pounds in inducing apoptosis in cancer cells.*

Comprehensive evaluation of proliferation and cell cycle
dynamics

Ki67 is a well-acknowledged protein associated with cell pro-
liferation, acting as a DNA-binding marker primarily expressed
in actively dividing cells, and absent in quiescent ones. It
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serves as a reliable indicator of cell proliferation, being present
throughout the active stages of the cell cycle (G1, S, G2, and M
phases) but not during the resting phase (G0). The expression
level of Ki67 is directly linked to the rate of cell proliferation,
making it an invaluable tool for gauging the proliferative
activity of cancer cells and the impact of anticancer
treatments.*

In this study, the antiproliferative effects of the C4 complex
and L4 ligand on HCT116 cells were assessed by measuring
Ki67 expression levels. The findings revealed a significant
decrease in Ki67 expression in HCT116 cells treated with these
compounds, compared to untreated control cells, as depicted
in Fig. 7A. This reduction in Ki67 expression signifies a
notable decline in cell proliferation, highlighting the potential
potency of these treatments in curtailing cancer cell growth.
Additionally, a study by Frenich A. et al. reported similar find-
ings in the context of dinuclear palladium(u) complexes with
benzodiazines as bridging ligands. In their research, it was
observed that the percentage of Ki67-positive CT26 cells was
significantly reduced when treated with these palladium com-
plexes.** This parallel finding further corroborates the poten-
tial of palladium(u) complexes in reducing cell proliferation
and underscores the utility of Ki67 as a reliable biomarker for
assessing the efficacy of anticancer treatments.

This study investigated the cell cycle arrest in HCT116 col-
orectal carcinoma cells following treatment with the potent
compounds C4 and L4 to better understand the cellular
mechanisms behind their anticancer effects. HCT116 cells
were exposed to these compounds for a 24-hour period. The
results indicated that the newly synthesized C4 complex and
L4 ligand effectively induced a GO0/G1 phase arrest in the
treated cells, as shown in Fig. 7B. This arrest is likely due to
molecular changes within the cancer cells after treatment.
Additionally, a significant reduction in the synthesis (S) phase,
crucial for DNA replication, was noted following treatment
with tested compounds, as depicted in Fig. 7B. This decrease
in the S phase highlights the effectiveness of these compounds
in impeding cell cycle progression. These observations are con-
sistent with findings from a similarly designed study examin-
ing new palladium(n) complexes with propylenediamine
derivatives of phenylalanine. In that research, it was found
that the ligand L4 and the corresponding C4 complex facili-
tated cell cycle arrest in the GO/G1 phase, further supporting
the potential of these complexes in exerting antiproliferative
effects on cancer cells.™

Cyclins are crucial in regulating the cell cycle, functioning
as a family of proteins that govern cell progression through the
activation of cyclin-dependent kinases (CDKs).>®

Cyclin D3, in particular, is an oncogene and serves as one
of the initial internal regulators of the cell cycle. It plays a key
role in transitioning cells from the G1 to the S phase, thus its
regulation is vital in cancer biology.*® In this study, the impact
of the C4 complex and L4 ligands on cyclin D expression in
HCT 116 cells was investigated. Cells were treated with an ICs,
concentration of the tested compounds for 24 hours. The
results, as depicted in Fig. 7C, showed that there was a
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Fig. 6 Comprehensive analysis of apoptosis anduction and Bcl-2 and caspase-3 expression in HCT116 cells treated with C4 complex and L4 ligand.
This figure provides an all-encompassing view of the apoptotic effects induced by the C4 complex and L4 ligand on colorectal cancer cells.
Apoptosis in untreated, C4 complex-treated, and L4 ligand-treated HCT116 cells was assessed using flow cytometry, employing Annexin V (FITC)
and propidium iodide (PI) double staining. Representative FACS plots show the distribution of viable (AnnV~PI7), early apoptotic (AnnV*PI7), late
apoptotic (AnnV*PI*), and necrotic (AnnV~PI*) HCT116 cells (panel A). The expression of crucial apoptosis-related molecules following treatment
with the C4 complex and L4 ligand is also illustrated. Panel B focuses on the expression of Bcl-2 proteins, evaluated through flow cytometry, with
representative plots depicting Bcl-2 expression in untreated, C4 complex, and L4 ligand-treated HCT116 cells for 24 hours. Panel C examines the
expression of caspase-3, again using flow cytometry, with plots showing the percentage of caspase-3 in untreated, C4 complex, and L4 ligand-
treated HCT116 cells. Data are presented as means + SEM (standard error of the mean) from three independent experiments, with *p < 0.05 indicat-

ing a significant difference between treated and untreated cells.

decrease in cyclin D expression following treatment with the
complex/ligand. However, this decrease was not statistically
significant. This reduced expression of cyclin D indicates a
potential mechanism by which these compounds inhibit cell
proliferation. Furthermore, it has been demonstrated in
related studies that new palladium(n) complexes with deriva-
tives of 2-aminothiazoles also lead to an inhibition of cyclin D
expression, further implicating a decrease in cyclin-D as a
common pathway in the antiproliferative effects of these
complexes.*

7930 | Dalton Trans., 2024, 53, 7922-7938

Antimicrobial activity

The results of in vitro testing antimicrobial activities of the syn-
thesized ligands and corresponding palladium(u) complexes,
tetracycline, and fluconazole, are shown in Tables 4 and 5. The
solvent (10% DMSO) did not inhibit the growth of the tested
microorganisms. The intensity of antimicrobial action varied
depending on the species of microorganism and on the type of
substances. In general, the tested compounds show selective
and moderate activity. MIC values for ligands were obtained

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Effects of C4 complex and L4 ligand on Ki67 expression and cell cycle dynamics in HCT116 cells. This figure provides a visual representation
of the influence of C4 complex and L4 ligands on Ki67 protein expression and cell cycle distribution in HCT116 cancer cells. In panel A, representa-
tive FACS plots display the levels of Ki67 expression in HCT116 cells after 24 hours of treatment with the compounds. Panel B highlights the impact
of these compounds on the cell cycle distribution, comparing untreated and treated HCT116 colorectal carcinoma cells. Panel C presents the
expression of cyclin D in the cells. These findings, derived from flow cytometric analysis, are represented as mean + SEM, based on data from three
separate experiments. Statistical significance is indicated by *p < 0.05, which highlight the significant differences observed in the expression of these
proteins between the treated cells and the untreated control group.

Table 4 Antimicrobial activity of ligands (L1, L2, L3) and corresponding platinum(i) complexes (C1, C2, C3)

L1 c1 L2 C2 L3 C3
Tested compounds
Species MIC* MMC? MIC MMC MIC MMC MIC MMC MIC MMC MIC MIC
Bacillus subtilis 500 1000 500 >1000 250 1000 500 >1000 62.5 500 500 >1000
B. subtilis ATCC 6633 500 1000 250 500 500 500 250 500 62.5 125 250 500
Staphylococcus aureus >1000 >1000 1000 1000 >1000 >1000 1000 >1000 >1000 >1000 1000 1000
S. aureus ATCC 25923 500 1000 1000 >1000 500 1000 1000 >1000 125 1000 1000 >1000
Escherichia coli 1000 >1000 1000 1000 1000 >1000 1000 1000 1000 1000 1000 1000
E. coli ATCC 25922 500 1000 250 1000 500 1000 62.5 500 250 1000 250 500
Proteus mirabilis ATCC 12453 1000 >1000 1000 1000 >1000 >1000 1000 1000 >1000 >1000 1000 1000
Salmonella enterica >1000 >1000 1000 1000 1000 >1000 1000 1000 1000 >1000 1000 1000
Candida albicans ATCC 10231 1000 >1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
Rhodotorula mucilaginosa 500 500 250 500 500 500 250 500 500 500 250 1000
Saccharomyces boulardii >1000 >1000 1000 >1000 500 1000 1000 1000 250 250 1000 1000

@ MIC values (ug mL™") - means inhibitory activity. > MMC values (ug mL™") - means microbicidal activity.

This journal is © The Royal Society of Chemistry 2024
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Table 5 Antimicrobial activity of ligands (L4), corresponding platinum(i) complex (C4) and positive controls (tetracycline and fluconazole)

L4 C4 Tetracycline Fluconazole
Tested compounds
Species MIC* MMC? MIC MMC MIC MMC MIC MMC
Bacillus subtilis 15.63 500 500 1000 0.11 1.95 — —
B. subtilis ATCC 6633 31.25 62.50 125 250 1.95 15.63 — —
Staphylococcus aureus >1000 >1000 1000 1000 0.98 15.63 — —
S. aureus ATCC 25923 250 500 1000 1000 0.22 3.75 — —
Escherichia coli 1000 >1000 1000 1000 15.63 31.25 — —
E. coli ATCC 25922 62.50 1000 500 1000 15.63 31.25 — —
Proteus mirabilis ATCC 12453 >1000 >1000 1000 1000 125 125 — —
Salmonella enterica 1000 >1000 1000 1000 15.63 31.25 — —
Candida albicans ATCC 10231 250 250 1000 1000 — — 31.25 1000
Rhodotorula mucilaginosa 62.5 250 500 500 — — 62.5 1000
Saccharomyces boulardii 125 125 1000 >1000 — — 7.81 31.25

4 MIC values (ug mL™) - means inhibitory activity. > MMC values (ug mL~

from 15.63 to >1000 pg mL™" and for complexes from 62.50 to
>1000 pg mL ™.

The activity of the ligands and the corresponding com-
plexes are generally similar. In several cases, the ligands work
better than the complex itself, but regularity was not
observed.'" Complexes C1 and C2 have better antimicrobial
activity than their ligands L1 and L2, while in C3 and C4 the
situation is reversed. However, the differences in action are not
significant.’” L4 shows the best effect on Gram-positive bac-
teria (Staphylococcus aureus ATCC 25923 and Bacillus subtilis
standard and clinical strain). The same ligand also shows
good activity on yeasts (62.50-250 pg mL™"). Rhodotorula muci-
laginosa is most sensitive to influence. This sensitivity is in the
range of the fluconazole positive control. There is a clear
difference in the effect of the tested substances on Gram-posi-
tive and Gram-negative bacteria."’?*”*® The influence on
G-bacteria was low (Table 4) with exception C2 and L4 (MICs
62.50 pg mL™") on E. coli ATCC 25922. And other studies show
that some ligands and palladium complexes show strong anti-
bacterial activity against E. coli.>**°

Earlier research showed that some palladium(i1) complexes
with alkyl esters of (S,S)-ethylenediamine-N,N'-di-2-propanoic
acid demonstrated the significant antifungal activity against
pathogenic fungi Aspergillus flavus and Aspergillus fumigatus.
Like our study, these complexes demonstrated moderate anti-
bacterial activity."' Some palladium(n) complexes with alkyl
esters of (S,S)-ethylenediamine-N,N-di-2-(3-methyl)-butanoic
acid show selective and moderate activity.>” There are studies
that indicate a difference in antimicrobial activity between
ligands and complexes and it is always higher with palladium
() complexes which is not in agreement with our research.>**!

Like our research some dialkyl esters of ethylenediamine-N,
N'-di-S,S-(2,2"-dibenzyl)acetic acid and their platinum(iv) com-
plexes showed different degree of antimicrobial activity in
relation to the tested species. This ligands demonstrated
better activity against majority of tested fungi than corres-
ponding platinum(iv) complexes like our study.*> Also, the
platinum(iv) complexes manifested significant or moderate

7932 | Dalton Trans., 2024, 53, 7922-7938

) - means microbicidal activity.

activity against Gram-positive bacteria and low activity against
the Gram-negative bacteria.*?

Similar to our study, it was observed that the palladium
complexes with different esters of ethylenediamine or (S,S)-
propylenediamine as ligands showed mostly lower anti-
microbial activity compared to commercial antibiotics.>**"*>

Experimental and discussion
Chemistry

Reagents and instruments. All reagents used for synthesis
were purchased commercially and used without further purifi-
cation. H,-S,S-pddtyr-2HCI-2H,0, (S,S)-propylenediamine-N,N'-
di-(2,2"-di-(4-hydroxy-benzil))acetic acid dihydrochloride dihy-
drate, was synthesized according to the procedure described
earlier,'? as well as standard methods for drying alcohols.

Elemental microanalyses for C, H and N were done by stan-
dard methods at the Institute for Information Technologies,
University of Kragujevac, Republic of Serbia.

Infrared spectra were recorded by PerkinElmer FT-IR
spectrophotometer spectrum two, using KBr pellet technique
in the range 400-4000 cm™*. 'H and *C NMR spectra were
recorded by a Varian Gemini-2000 (200 MHz) spectrometer in
DMSO-ds for both ligands precursors and palladium(u)
complexes.

Human serum albumin (HSA), highly polymerized calf
thymus DNA (CT-DNA), ethidium bromide (EB) and DMSO
were purchased from Sigma-Aldrich and used as received. The
solutions of HSA, DNA and EB were prepared by dissolving in
a phosphate buffer (PBS, 5 x 107> mol dm™, pH 7.4) and
0.15 mol dm™ NaCl after which it was stirred at 277 K for 3
days and kept no longer than a week. The concentration of the
stock solution of CT-DNA was determined by UV absorption at
260 nm using a molar absorption coefficient of 6600 dm?
mol™ cm.*® The purity of the DNA was checked which pro-
vided a ratio of the UV absorbance at 260/280 nm was of
1.8-1.9, which indicates that DNA was adequately free from

This journal is © The Royal Society of Chemistry 2024
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protein.** For the preparation of all solutions was used double
distilled water.

Emission measurements were carried out by using an
RF-1501 PC spectrofluorometer (Shimadzu, Japan). The exci-
tation wavelength was fixed, and the emission range was
adjusted before measurements, with the excitation and emis-
sion slit widths set at 10 nm. Viscosity was measured using a
Anton Paar Density Meter, DMA 4100 M viscometer.

General procedure for the synthesis of 0,0'-dialkyl esters of
(S,S)-propylenediamine-N,N'-di-(2,2"-di-(4-hydroxy-benzil))acetic
acid, (R,-S,S-pddtyr-2HCI)

5 g (9.82 mmol) of H,-S,S-pddtyr-2HCI-2H,0 was added into
40 mL of dry alcohol (ethanol, n-propanol, n-butanol or n-pen-
tanol) previously saturated with gas HCl during 3 hours and
the mixture was refluxed for 12 hours.'” Then the ligands were
determined according to the similar already described pro-
cedure.'’ After cooling at room temperature, the reaction
mixture evaporated to dryness on a rotary vacuum evaporator
and the ocher precipitate was left overnight. Then ethyl acetate
was added to the ester and after the treatment in an ultrasonic
bath, a suspension was obtained and separated by centrifu-
gation. The resulting precipitate was washed with ether. In
Scheme 1 is presented general procedure for the synthesis of
new ligands (L1-L4).

0,0'-Diethyl-(S,S)-propylenediamine-N,N'-di-(2,2'-di-(4-hydroxy-
benzil)) acetate dihydrochloride, Et,-S,S-pddtyr-2HCl (L1).
Yield: 3.45 g (66.1%) Anal. Calc. for CysH36CLLN,06 (M, =
531.44): C, 56.49; H, 6.83; N, 5.27. Found: C, 56.65; H, 6.96; N,
5.34. '"H NMR (200 MHz, DMSO-ds, § ppm): 0.96-1.11 (t, 6H,
C"Hj;), 2.05-2.31 (m, 2H, C°H,), 2.86-3.19 (m, 4H, C°H,),
3.28-3.41 (dd, 4H, C*H,), 3.95-4.09 (m, 4H, C'°H,), 4.11-4.22
(m, 2H, C?H), 6.65-6.78 (m, 4H, C°*°°H), 6.96-7.12 (m, 4H,
C***H), 8.38-8.71 (s, 2H, OH), 9.51-10.43 (d, 4H, NH,). *C
NMR (50 MHz, DMSO-d,, § ppm): 13.88 (C''H,), 22.51 (C°H,),
34.48 (C*H,), 43.43 (C®H,), 61.86 (C*H), 65.05 (C'°H,), 115.42
(C***PH), 124.32 (C*), 130.43 (C°**"H), 156.78 (C’H), 168.29
(C'OOEt). IR (ecm™): 3080-3030 (y(=CH))., 2980-2850
(v(CH)), 1737 (¥(C=0)), 1614, 1516, 1467, 1446 (1 (C=C).,),
1234 (145(C-0)), 1175(v5(C-0)), 851, 830, 781 (ya(—CH)).

0,0'-Dipropyl-(S,S)-propylenediamine-N,N'-di-(2,2"-di-(4-hydroxy-
benzil)) acetate dihydrochloride Pr,-S,S-pddtyr-2HCI (L2).
Yield: 3.78 g (68.8%) Anal. Calc. for C,;H;,CL,N,06 (M, =
559.49): C, 57.96; H, 7.21; N, 5.00. Found: C, 58.14; H, 7.33; N,
5.04. '"H NMR (200 MHz, DMSO-ds, § ppm): 0.67-0.81 (t, 6H,
C"H;), 1.34-1.54 (m, 4H, C"'H,), 2.07-2.28 (m, 2H, C°H,),
2.87-3.17 (m, 4H, C®H,), 3.27-3.41 (dd, 4H, C*H,), 3.89-4.02
(m, 4H, C'°H,), 4.08-4.24 (m, 2H, C’H), 6.67-6.78 (m, 4H,
C****H), 6.97-7.10 (m, 4H, C**°"H), 8.55-8.75 (s, 2H, OH),
9.49-10.48 (d, 4H, NH,). "*C NMR (50 MHz, DMSO-d,, § ppm):
10.25 (C'?H;), 21.30 (C'"Hy), 22.55 (C°H,), 34.48 (C*H,), 43.38
(C°H,), 60.81 (C?H), 67.28 (C'°H,), 115.45 (C°*°°H), 124.30
(CY, 130.32 (C***PH), 156.77 (C’H), 168.36 (C'OOPr). IR
(em™): 3090-3030 (Y(=CH))a,, 2939-2879 (¥(CH)), 1737
(1(C=0)), 1615, 1595, 1517, 1463, 1448 ((C—=C),), 1230
(1as(C-0)), 1175 (15(C-0)), 928, 827, 781 (yo(—CH)).
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0,0'-Dibutyl-(S,S)-propylenediamine-N,N'-di-(2,2'-di-(4-hydroxy-
benzil))acetate dihydrochloride, Bu,-S,S-pddtyr-2HCI (L3).
Yield: 3.39 g (62.3%) Anal. Calc. for CyoH,4ClLN,Op (M, =
587.54): C, 59.28; H, 7.55; N, 4.76. Found: C, 59.39; H, 7.62; N,
4.79. "H NMR (200 MHz, DMSO-dg, 6 ppm): 0.89-0.95 (t, 6H,
C"H;), 0.67-0.81 (m, 4H, C'*Hj), 1.34-1.54 (m, 4H, C''H,),
2.07-2.28 (m, 2H, C°H,), 2.87-3.17 (m, 4H, C®H,), 3.27-3.41
(dd, 4H, C*H,), 3.89-4.02 (m, 4H, C'°H,), 4.08-4.24 (m, 2H,
C’H), 6.67-6.78 (m, 4H, C°*°°H), 6.97-7.10 (m, 4H, C**°°H),
8.55-8.75 (s, 2H, OH), 9.49-10.48 (d, 4H, NH,). "*C NMR
(50 MHz, DMSO-ds, § ppm): 13.56 (C'*Hj), 18.49 (C'?*H,), 22.51
(C°H,), 29.87 (C''H,), 34.46 (C°H,), 43.35 (C®H,), 60.78 (C*H),
65.43 (C'°H,), 115.40 (C®*°PH), 124.27 (C%), 130.25 (C**°"H),
156.77 (C’H), 168.34 (C'OOBu). IR (cm™'): 3095-3028
(Y(=CH))ar, 2936-2873 (¢(CH)), 1740 (1(C=O0)), 1615, 1596,
1464, 1448 (1(C=C),), 1243 (vas(C-0)), 1176 (v5(C-0)), 934,
830, 784 (ya(—CH)).

0,0"-Dipentyl-(S,S)-propylenediamine-N,N'-di-(2,2'-di-(4-hydroxy-
benzil))acetate dihydrochloride, Pe,-S,S-pddtyr-2HCl (L4).
Yield: 3.86 g (63.9%) Anal. Calc. for C3;H,sCl,N,Of (M, =
615.59): C, 60.48; H, 7.86; N, 4.55. Found: C, 60.57; H, 7.83; N,
4.62. "H NMR (200 MHz, DMSO-dg, § ppm): 0.74-0.90 (t, 6H,
C'Hj), 0.97-1.28 (m, 8H, C“H,C"°H,), 1.31-1.50 (m, 4H,
C"H;), 2.07-2.26 (m, 2H, C°H,), 2.84-3.16 (m, 4H, C°H,),
3.23-3.42 (dd, 4H, C*H,), 3.89-4.05 (m, 4H, C'°H,), 4.07-4.24
(m, 2H, C?H), 6.67-6.76 (m, 4H, C°*°°H), 6.95-7.07 (m, 4H,
C***’H), 8.51-8.81 (s, 2H, OH), 9.40-10.41 (d, 4H, NH,). *C
NMR (50 MHz, DMSO-dg, § ppm): 13.94 (C'*H;), 21.85 (C*H,),
22.68 (C°H,), 27.46 (C'*H,), 27.58 (C''H,), 34.58 (C*H,), 43.47
(C°H,), 60.84 (C?H), 65.76 (C'°H,), 115.42 (C°*°°H), 124.36
(CY, 130.30 (C°*°"H), 156.80 (C’H), 168.57 (C'OOPe). IR
(em™): 3100-3030 (v(=CH))y, 2934-2871 (v(CH)), 1738
(1(C=0)), 1614, 1595, 1466 (1(C=C)ar), 1235 (14s(C-0)), 1175
(v5(C-0)), 958, 829, 780 (ya(—CH)).

General procedure for the synthesis of complexes (C1-C4)

In water solution of K,[PdCl,] (0.1 g, 0.306 mmol) was added
equimolar amount of the L1 (0.1626 g, 0.306 mmol), L2
(0.1712 g, 0.306 mmol), L3 (0.1797 g, 0.306 mmol) or L4
(0.1884 g, 0.306 mmol) in small portions. Previously esters
were dissolved in water and neutralized with the LiOH (in
molar ration 1:2). After complete addition of the corres-
ponding dissolved ligand, the mixture was stirred for 3 hours.
After this period, ocher/yellow precipitate of the complex (C1-
C4) was obtained, then filtered off and dried on air. General
procedure for the synthesis of complexes (C1-C4) is presented
in Scheme 2.
Dichlorido-(0,0")-diethyl-(S,S)-propylenediamine-N,N'-di-(2,2'-
di-(4-hydroxy-benzil)) acetate-palladium(u), [PdCl,(Et,-S,S-
pddtyr)] (C1). Yield: 0.1266 g (65%) Anal. Calc. for
C,5H;3,CLN,O6Pd (M, = 635.84): C, 47.22; H, 5.39; N, 4.41.
Found: C, 47.31; H, 5.42; N, 4.46. "H NMR (200 MHz, DMSO-
ds, 6 ppm): 0.82-1.16 (t, 6H, C''H,), 1.62-1.88 (m, 2H, C°H,),
2.67-3.16 (m, 8H, C®H,, C*H,), 3.81-4.22 (m, 6H, C'°H,, C*H),
6.55-6.75 (m, 4H, C°*°°H), 6.90-7.19 (m, 4H, C**°"H),
9.24-9.43 (s, 2H, OH), 5.16-5.79 (d, 2H, NH). *C NMR
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(50 MHz, DMSO-de, 6 ppm): 13.74 (C'"Hy), 28.79 (C°H,), 39.98
(C*H,), 50.71 (C®H,), 61.01 (C°H), 61.36 (C'°H,), 115.25
(C®**PH), 125.94 (C*), 130.02 (C**°°H), 156.39 (C'H), 170.47
(C'OOE). IR (em™): 3212 (¢(NH)), 3065 (v(=CH)),,, 30202937
(v(CH)), 1727 (1(C=0)), 1612, 1444 (1(C=C),,), 1237 (ras(C-0)),
1176 (v5(C-0)), 962, 827, 735 (ya:(—CH)), 540 (Pd-N).

Dichlorido-(0,0')-dipropyl-(S,S)-propylenediamine-N,N'-di-(2,2'-
di-(4-hydroxy-benzil)) acetate-palladium(u), [PdCl,(Pr,-S,S-
pddtyr)] (C2). Yield: 0.1403 g (69%) Anal. Calc. for
C,7H33CLN,06Pd (M, = 663.89): C, 48.84; H, 5.77; N, 4.21.
Found: C, 48.99; H, 5.81; N, 4.39. "H NMR (200 MHz, DMSO-
de, & ppm): 0.49-0.88 (t, 6H, C'*H3), 1.16-1.56 (m, 4H, C'"H,),
1.64-1.92 (m, 2H, C°H,), 2.65-3.17 (m, 8H, C°®H,, C’H,),
3.74-4.05 (m, 4H, C'°H,, C*H), 6.55-6.77 (m, 4H, C°*°PH),
6.86-7.06 (m, 4H, C°*°°H), 9.22-9.45 (s, 2H, OH), 5.17-5.73 (d,
2H, NH). *C NMR (50 MHz, DMSO-dg, § ppm): 10.14 (C'*Hj,),
21.30 (C''H,), 29.11 (C°Hy), 39.95 (C*H,), 49.69 (C®H,), 66.65
(C*H), 66.87 (C'°H,), 115.23 (C***H), 125.93 (C*), 130.08
(C***PH), 156.35 (C’H), 170.56 (C'OOPr). IR (cm™'): 3213
(v(NH)), 3032 (1(=CH))a;, 2970-2881 (v(CH)), 1729 (v(C=0)),
1613, 1445 (Y(C=C),), 1237 (ras(C-0)), 1176 (v4(C-0)), 931,
827, 735 (yar(=CH)), 543 (Pd-N).

Dichlorido-(0,0')-dibutyl(S,S)-propylenediamine-N,N'-di-(2,2"-
di-(4-hydroxy-benzil))acetate-palladium(u), [PACl,(Bu,-S,S-
pddtyr)] (C3). Yield: 0.1547 g (73%) Anal. Calc. for
CooH4,CLN,O6Pd (M, = 691.94): C, 50.33; H, 6.11; N, 4.04.
Found: C, 50.32; H, 6.25; N, 4.15. "H NMR (200 MHz, DMSO-
de, 8 ppm): 0.66-0.89 (t, 6H, C'*Hj3), 0.92-1.49 (m, 8H, C'°Hj,
C'"H,), 1.59-1.93 (m, 2H, C°H,), 2.66-3.14 (m, 8H, C°®H,,
C*H,), 3.75-4.16 (m, 6H, C'°H,, C*H), 6.59-6.77 (m, 4H,
C***"H), 6.90-7.08 (m, 4H, C**°"H), 9.25-9.42 (s, 2H, OH),
5.15-5.66 (d, 2H, NH). *C NMR (50 MHz, DMSO-dg, § ppm):
13.54 (C*’Hj;), 18.47 (C'*H,), 29.91 (C''H,), 30.38 (C°H,), 39.98
(C’H,), 49.19 (C®H,), 64.41 (C’H), 65.05 (C'°H,), 115.41
(C***PH), 125.88 (C*), 130.05 (C°*°°H), 156.36 (C'H), 170.48
(C'OO0Bu). IR (em™): 3212 (¥(NH)), 3030 (¢(=CH))a, 29602872
(v(CH)), 1726 ((C=0)), 1612, 1446 ((C=C)ar), 1239 (1a5(C-0)),
1175 (v5(C-0)), 936, 826, 736 (y.(—CH)), 540 (Pd-N).

Dichlorido-(0,0')-dipentyl-(S,S)-propylenediamine-N,N"-di-(2,2'-
di-(4-hydroxy-benzil)) acetate-palladium(u) [PdCl,(Pe,-S,S-
pddtyr)] (C4). Yield: 0.1367 g (62%) Anal. Calc. for
C31H46CLN,O6Pd (M, = 719.97): C, 51.71; H, 6.44; N, 3.88.
Found: C, 51.86; H, 6.56; N, 4.02. "H NMR (200 MHz, DMSO-
ds, 6 ppm): "H NMR (200 MHz, DMSO-de, § ppm): 0.71-0.94 (t,
6H, C'*H;), 1.03-1.32 (m, 8H, C'*H,C"?H,), 1.35-1.52 (m, 4H,
C'H;), 1.58-1.80 (m, 2H, C°H,), 2.63-3.11 (m, 8H, C°H,,
C*H,), 3.76-4.13 (m, 6H, C'°H,, C*H), 6.58-6.76 (m, 4H,
C***"H), 6.86-7.06 (m, 4H, C**°"H), 9.22-9.39 (s, 2H, OH),
5.23-5.58 (d, 2H, NH). *C NMR (50 MHz, DMSO-dq, § ppm):
13.85 (C'*H;), 21.80 (C*H,), 27.41 (C'*H,), 27.52 (C''H,),
32.33 (C°H,), 39.97 (C*H,), 50.20 (C°H,), 64.92 (C*H), 65.07
(C'°H,), 115.39 (C**°PH), 125.13 (C*), 130.05 (C**°"H), 156.41
(C’H), 170.79 (C'OOPe). IR (cm™'): 3210 (¥(NH)), 3030
(U(=CH))ar, 2956-2867 (1(CH)), 1723 (1(C=0)), 1612, 1444
(U(C=C)ar), 1236 (1as(C-0)), 1176 (v5(C-0)), 957, 825, 732
(rax(=CH)), 541 (Pd-N).
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HSA and DNA binding study

HSA-binding experiments. The HSA binding studies were
carried out by measuring the suppression of the fluorescence
of the tryptophan residue of HSA (2.0 x 10™> M) in the phos-
phate buffer (pH 7.4) in the presence and absence of the com-
plexes. The fluorescence spectra were recorded from 310 to
450 nm at an excitation wavelength of 295 nm. The fluo-
rescence quenching is described by the Stern-Volmer
equation:*®

Fo

7= 1Kq7o[complex] = 1 + Ksy[complex] (1)
where F, is the emission intensity in the absence of the com-
pound, F is the emission intensity in the presence of the com-
pound, Ksy is the Stern-Volmer quenching constant, K is the
bimolecular quenching constant, 7, (107% 5)*° is the lifetime of
the fluorophore in the absence of the quencher and [complex]
is the concentration of the compound. The Ky value is
obtained as a slope from the plot of F,/F versus [complex].

The binding constant (K},) and the binding stoichiometry
(n) of HSA-compounds system can be estimated by the follow-
ing eqn (2) *° using the fluorescence intensity data:

Fo

logT_F = log K + n log[Q] (2)

The values of K and n were obtained from the intercept and
slope of the plots of log(F, — F)/F versus log[Q].

DNA-binding experiments

All the experiments involving CT-DNA were studied by emis-
sion spectroscopy at room temperature in PBS buffer solution
(pH 7.4). The complexes were dissolved in a mixed solvent of
5% DMSO and 95% PBS buffer for all the experiments. The
ethidium bromide displacement experiments were carried out
with fluorescence measurements. In all the experiments, the
DNA ([DNA] = 2.27 x 10~* mol dm?®) was pre-treated with ethi-
dium bromide ([EB] = 2.0 x 10> mol dm?) for 30 min. Then to
these solutions were added a solution of the test compounds
at different concentrations (0-6 x 107> mol dm?®), and the
change in the fluorescence intensity was measured. The exci-
tation and the emission wavelength were 520 nm and
610-615 nm, respectively.

The Stern-Volmer constant Kgy is described by the Stern-
Volmer relation (eqn (1)), similarly as described above for HSA
binding studies.

Viscosity measurements

Changes in DNA viscosity was measured at room temperature
in the presence of increasing concentrations of tested com-
pounds (C1-C4). Density values were obtained by direct
reading and were shown graphically.

Cytotoxic study

Cell culture. In this research, a range of cell lines were meti-
culously cultured, encompassing both mouse (4T1) and
human (MDA-MB-468) breast carcinoma cells, as well as
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mouse (CT26) and human (HCT116) colon carcinoma cells.
These cell lines were procured from the American Type Culture
Collection (ATCC), USA. Additionally, mouse mesenchymal
stem cells (mMSC) were obtained from Gibco. All cell lines
were consistently cultivated in Dulbecco’s modified Eagle’s
medium (DMEM), enriched with 10% fetal bovine serum (FBS)
sourced from Sigma Aldrich, St Louis, MO, USA. The cultures
were sustained in a controlled environment with 5% CO, at
standard laboratory conditions. For the experiments, only
those cell suspensions that demonstrated a viability of over
95% were selected. Cell viability and count were rigorously
assessed using Trypan blue staining, a critical step to ensure
the accuracy and reliability of the experimental results.

MTT assay

This study focused on assessing the cytotoxic effects of newly
synthesized ligands and complexes, in addition to cisplatin,
employing the MTT assay technique based on established pro-
tocols.?” Cells in the exponential growth phase were harvested
from culture flasks, quantified, and then seeded in 96-well
culture plates at a density of 5 x 10> cells per well. The treat-
ment phase involved exposing these cells to varied concen-
trations of the synthesized complexes, ligands, and cisplatin,
ranging from 7.8 to 500 pM, over a period of 24 hours, using
fresh complete medium as a control. The cytotoxicity results
were quantified relative to the control group, thereby providing
a comparative measure of the compounds’ cytotoxic effects.
Moreover, ICs, values, indicative of the concentration necess-
ary to inhibit 50% of cell viability, were calculated utilizing
Microsoft Office Excel 2010.

Analysis of apoptotic response in cells

This study conducted an evaluation of apoptosis in treated
cells using the Annexin V and propidium iodide double stain-
ing assay, adhering to the methodologies established in pre-
vious research.’® This technique was instrumental in deter-
mining the percentage of apoptotic cells after a 24-hour treat-
ment with the newly synthesized ligand L4 and its corres-
ponding palladium(n) complex, C4. In subsequent experi-
ments, cells were fixed and permeabilized using a buffer
provided by BD Bioscience, Heidelberg, Germany. The cells
were then incubated with antibodies targeting Bcl-2 and
caspase-3, sourced from Thermo Fisher Scientific, Cambridge,
MA, USA, in line with protocols from prior studies.*® The ana-
lysis of these treated cells was performed using a FACS Calibur
flow cytometer, with data processing carried out using FlowJo
software.

Investigating the impact on cell cycle dynamics

This research delved into the potential effects of the newly syn-
thesized L4 ligand and C4 complex on the cell cycle dynamics
of HCT 116 tumor cells, with a focus on identifying changes in
Ki67 expression and cell cycle progression. The study involved
a comparative analysis between cells treated with ICs, concen-
trations of these compounds and a control group of untreated
cells. Following a 24-hour incubation period post-treatment,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

the cells were subjected to trypsinization, triple washing in
PBS, and counting. The cells in each sample tube were then
stained with Ki67-specific antibodies (eBioscience, San Diego,
USA) and 1 pL of Vybrant® DyeCycleTM Ruby stain (Thermo
Fisher Scientific, Inc.). After permeabilization, the cells were
incubated with antibodies targeting Cyclin D (Thermo Fisher
Scientific, Inc.) for cell cycle analysis. The samples were sub-
sequently examined using a FACS Calibur flow cytometer, with
a minimum of 15000 events per sample being analyzed. The
data analysis was performed using FlowJo vX.0.7 software,
facilitating a thorough assessment of the cell cycle phases.

The binding constant (K},) and the binding stoichiometry
(n) of HSA-compounds system can be estimated by the follow-
ing eqn (2) *® using the fluorescence intensity data:

Fo

logT_F = log K + n log[Q] (2)

The values of K and n were obtained from the intercept and
slope of the plots of log(F, — F)/F versus log[Q].

Materials
In vitro antimicrobial assay

Test substances and test microorganisms. The tested com-
pounds were dissolved in DMSO and then diluted into nutri-
ent liquid medium to achieve a concentration of 10%.
Dimethyl sulfoxide (DMSO) was purchased from Acros
Organics (New]Jersey, USA). Resazurin was obtained from Alfa
Aesar GmbH & Co. (KG, Karlsruhe, Germany). An antibiotic,
tetracycline (Pfizer Inc., USA), was dissolved in nutrient liquid
medium, a Mueller-Hinton broth (Torlak, Belgrade), while
antimycotic, fluconazole (Pfizer Inc., USA) was dissolved in
Tryptone soya broth (Torlak, Belgrade).

The antimicrobial activity of the ligands and complexes was
tested against 11 microorganisms. The experiment involved 8
strains of bacteria (four standard strains and four isolates:
Bacillus subtilis, B. subtilis ATCC 6633, Staphylococcus aureus,
S. aureus ATCC 25923, Proteus mirabilis ATCC 12453,
Escherichia coli, E. coli ATCC 25922, Salmonella enterica). Also,
three yeast species were tested (Candida albicans ATCC 10231,
Rhodothorula mucilaginosa, Saccharomyces boulardii). All iso-
lates were a generous gift from the Institute of Public Health,
Kragujevac. The other microorganisms were provided from the
collection held by the Microbiology Laboratory Faculty of
Science, University of Kragujevac.

Suspension preparation

The bacterial suspensions were prepared by the direct colony
method. The turbidity of the initial suspension was adjusted
using densitometer (DEN-1, BioSan, Latvia). When adjusted to
the turbidity of the 0.5 McFarland’s standard®® the bacteria
suspension contains about 10°® colony forming units (CFU) per
mL and the suspension of yeast contains 10° CFU per mL.
Ten-fold dilutions of the initial suspension were additionally
prepared into sterile 0.85% saline. Bacterial inoculi were
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obtained from bacterial cultures incubated for 24 h at 310 K
on Miiller-Hinton agar substrate and brought up by dilution
according to the 0.5 McFarland standard to approximately 10°
CFU per mL. Yeast inoculi incubated for 48 h at 299 K on
Tryptone soya agar substrate and brought up by dilution
according to the 0.5 McFarland standard to approximately 10*
CFU per mL.

Microdilution method

Antimicrobial activity was tested by determining the minimum
inhibitory concentrations (MIC) and minimum microbicidal
concentration (MMC) using the microdilution plate method
with resazurin.”® The 96-well plates were prepared by dispen-
sing 100 pL of nutrient broth, Mueller-Hinton broth for bac-
teria and Tryptone soya broth for yeast, into each well. A
100 pL aliquot from the stock solution of the tested compound
(with a concentration of 2000 pug mL™") was added into the
first row of the plate. Then, twofold serial dilutions were per-
formed by using a multichannel pipette. The obtained concen-
tration range was from 1000 to 7.8 pg mL™". The method is
described in detail in the reported paper.>*

Tetracycline and fluconazole were used as a positive
control. 10% DMSO (as solvent control test) was recorded not
to inhibit the growth of microorganisms. Each test included
growth control and sterility control. All the tests were per-
formed in duplicate, and the MICs were constant. Minimum
microbicidal concentrations were determined by plating 10 pL
of samples from wells where no indicator color change, or no
mycelia growth was recorded, on nutrient agar medium. At the
end of the incubation period the lowest concentration with no
growth (no colony) was defined as the minimum microbicidal
concentration.

Conclusion

Four new ligands L1-L4 and their corresponding palladium(n)
complexes C1-C4 were synthesized and characterized by IR, 'H
NMR, *C NMR spectroscopy and elemental analysis. All spec-
troscopic data indicate that ligands were coordinated for palla-
dium(u) ion via nitrogen donor atoms. In this comprehensive
study, the cytotoxic and antiproliferative effects of novel
ligands and their corresponding palladium(i) complexes were
evaluated on various carcinoma and non-cancerous cell lines.
The results highlighted the L4 ligand as particularly potent,
exhibiting significant cytotoxicity against carcinoma cells
while showing lower toxicity towards non-cancerous cells. L4
ligand, as well as C3 complex, successfully triggered apoptosis
in HCT116 cells, evidenced by a rise in both early and late-
stage apoptosis, enhanced expression of active caspase-3, and
a reduction in the expression of the anti-apoptotic protein Bcl-
2. Additionally, a marked reduction in Ki67 expression and cell
cycle arrest in the GO/G1 phase underscored their potential in
inhibiting cell proliferation. Despite these promising results, it
is crucial to acknowledge the need for additional in vitro and
in vivo research to fully understand the mechanisms of action,
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optimize the therapeutic efficacy, and evaluate the safety
profile of these compounds. This further investigation is
essential to pave the way for potential clinical applications and
the development of effective cancer treatments.

The DNA interaction and protein binding properties of the
new complexes were evaluated by fluorescence spectroscopies.
All the complexes show a good binding affinity to HSA protein
giving relatively high binding constants. The present study of
interaction with CT-DNA shows that palladium(u) complexes
interact with DNA, and by additional viscosity measurements
were indicated that complexes are not performing intercalation
between the DNA bases, and which probably bind to minor/
major grooves.

The intensity of antimicrobial action varied depending on
the species of microorganism and on the type of substances.
In general, the tested compounds show selective and moderate
activity of all tested substances, ligand L4 shows the best anti-
microbial activity against most tested Gram-positive bacteria
and yeasts. The same ligand L4 and the complex C2 show
good antimicrobial activity on E. coli ATCC 25922.
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