Open Access Article. Published on 28 April 2025. Downloaded on 4/2/2026 2:34:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
8612

Received 14th March 2025,
Accepted 24th April 2025

DOI: 10.1039/d5dt00616c

rsc.li/dalton

Introduction

Synthesis, structural characterization, and
cytotoxic evaluation of monofunctional
cis-[Pt(NHz),>(N7-guanosine/2’'-deoxyguanosine)X]
(X = Cl, Br, I) complexes with anticancer potentialf

Asjad Ali, 2 § Gianluca Rovito,} Erika Stefano, Federica De Castro,
Giuseppe Ciccarella, 2/ Danilo Migoni, Elisa Panzarini, Antonella Muscella,
Santo Marsigliante, Michele Benedetti 2’ * and Francesco Paolo Fanizzi

A series of new monofunctional platinum(i) complexes of the type cis-[Pt(NH=),(N7-guanosine/2'-deoxy-
guanosine)X] (X = Cl, Br, |) were synthesized and characterized using NMR spectroscopy, mass spectrometry,
and ICP-atomic emission spectroscopy. These complexes are designed to address the limitations of conven-
tional bifunctional platinum-based drugs, such as cisplatin, which include issues with cytotoxicity and selecti-
vity towards cancer cells. By incorporating guanosine or 2'-deoxyguanosine ligands and varying halido sub-
stituents, the study investigated how structural modifications influence the selectivity and cytotoxicity of the
different analogues. To evaluate the anticancer potential of the newly synthesized platinum derivatives,
various cancer cell lines were tested, including renal (Caki-1), uterine cervix (Hela), breast (MCF-7), lym-
phoma (Raji), and mesothelioma (ZL-34). Additionally, selectivity against tumor cells was assessed by com-
paring their cytotoxic effects to those in the healthy, immortalized HK-2 cell line, a proximal tubular cell line
derived from a normal human adult male kidney. Cytotoxicity analysis revealed that bromido-substituted Pt(i)
complexes exhibited superior cytotoxicity across several cancer cell lines, particularly in Hela and Raji cells,
compared to their chlorido- and iodido-substituted counterparts. The iodido complexes exhibited higher
efficacy against MCF-7 breast cancer cells, suggesting tumor-specific selectivity. Notably, these complexes
demonstrated lower cytotoxicity in healthy cells compared to most of the tested cancer cell lines, as
reflected by generally favorable selectivity indices (SI) relative to cisplatin.

damage and reduced drug accumulation.>® Additionally,
their non-specificity and lack of selectivity leads to undesirable

Cancer is the leading cause of death worldwide, and the dis-
covery of new, effective antitumor therapies is a primary objec-
tive of scientific research. Platinum-based anticancer drugs
play a pivotal role in medical oncology, particularly due to the
widespread use of drugs like cisplatin, oxaliplatin, and
carboplatin.>™* Approximately half of all patients undergoing
anticancer chemotherapy are treated with a platinum-based
drug.® These drugs primarily function by forming bifunctional
DNA adducts, which inhibit DNA replication and transcrip-
tion, ultimately leading to cell death. However, the develop-
ment of drug resistance can result in the rapid repair of DNA
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side effects, highlighting the need to explore alternative plati-
num-based drugs with different mechanisms of action, cellu-
lar accumulation, and DNA-binding modes.””®

Cationic monofunctional platinum(u) complexes, characterized
by a single labile ligand, present a promising alternative to conven-
tional platinum-based therapies. These complexes deviate from the
traditional bifunctional mechanism and exhibit unique inter-
actions with biomolecules, potentially reducing side effects and
drug resistance.>'®'* Unlike cisplatin, each monofunctional plati-
num(u) complex can form only one covalent bond with DNA
strands. Initially, monofunctional complexes similar to the inactive
[Pt(dien)Cl]" and [Pt(NH;);Cl]" complexes were also considered
inactive against cancer cells, as it was believed that only cis-config-
ured, square-planar, and neutral platinum(u) complexes could
exhibit anticancer activity.">® This assumption was challenged
when cationic monofunctional cis{Pt(NH;),(Am)Cl]" complexes
(where Am is an aromatic N-heterocyclic amine) were found to
inhibit cancer cells in vitro and in mouse models of leukemia,
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forming stable DNA adducts and demonstrating intercalative
effects.'®'*1%17 Recently, the discovery of the cationic monofunc-
tional Pt(n) complex phenanthriplatin, cis-[Pt
(NHz),(phenanthridine)Cl]", has provided new insights into the
development of platinum-based antitumor agents as alternatives to
existing clinical drugs."""'®*'® Due to the lipophilicity of its mono-
dentate ligand, phenanthriplatin exhibits enhanced cellular uptake
and greater cytotoxicity than cisplatin across various cancer cell
lines.>>'®2%*! Further research has shown that organic cation
transporters (OCTs) play a role in the cellular uptake and activity of
this type of cationic platinum(n) complexes.?*** Additionally, struc-
ture-activity relationship (SAR) analyses have demonstrated that
steric hindrance of the adopted N-heterocyclic imine ligand is
crucial. In fact, it can modulate the type of mono-adducts mainly
formed with purines in DNA, and consequently the activity of RNA
polymerase I1.'*** The improved aqueous solubility, monofunc-
tionality, and cationic nature of these platinum(u) complexes offer
advantages over cisplatin analogs.’

Nucleotide analogues (NAs) are a class of compounds that
include various pyrimidine and purine derivatives, commonly
used as antiviral and anticancer agents.>*° NAs can function as
antimetabolites, capable of interfering with nucleic acid syn-
thesis or altering nucleoside metabolism.*"** Platinum-linked
nucleosides may act as biomimetic substrates, facilitating selec-
tive cellular uptake and processing, potentially following path-
ways similar to those of other nucleoside analogue-based
drugs.?””*® This suggests that, once taken up by membrane trans-
porters and phosphorylated, they may be recognized by nuclear
or mitochondrial DNA polymerases and incorporated into newly
synthesized DNA, leading to tumor cell death.”” Therefore, we
propose that the development of novel drug species based on
NAs and other chemotherapeutics could enhance the thera-
peutic efficacy against various types of cancer.>*?* In essence,
these molecules could establish a new class of antitumor drugs
by merging the properties of both nucleoside analogs and plati-
num-based drugs. The feasibility of this approach for anticancer
applications of monofunctional cis-[Pt(NH;),(Am)Cl]" (Am =
heterocyclic amine) complexes has been evaluated in many
studies using different complexes and in vitro and/or in vivo
experimental approaches.'%?73336-47

In this study, we synthesized and evaluated the anticancer
potential of six platinated nucleoside-based complexes. These
complexes, of the type cis-[Pt(NH;),(N7-guanosine)X] (X = CI (1),
Br (2), I (3)) and cis-[Pt(NH;),(N7-2'-deoxyguanosine)X] (X = Cl
(d1), Br (d2), I (d3)), represent a promising class of antimetabo-
lites for cancer treatment. The choice of halide (Cl, Br, I) influ-
ences both the reactivity and stability of the complexes, as well as
their interaction with biological targets.”*>° By incorporating gua-
nosine or 2-deoxyguanosine ligands, which are intrinsically non-
toxic and physiological, into the Pt(u) coordination sphere, we
aim to enhance selectivity for cancer cells by mimicking natural
nucleosides.”” We synthesized new monofunctional platinum(n)
complexes and tested their anticancer activity against various
cancer cell lines. Additionally, we explored how structural modifi-
cations affect the selectivity and cytotoxicity of the different ana-
logues tested in this study.

This journal is © The Royal Society of Chemistry 2025
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Results and discussion

Synthesis of cis-[Pt(NH;),(N7-guanosine)X], X = Cl (1), Br (2),
I (3), and cis-[Pt(NH;),(N7-2'-deoxyguanosine)X], X = Cl (d1),
Br (d2), I (d3), complexes

In this study, we present a new synthetic pathway for the pro-
duction of a whole set of monofunctional, water-soluble plati-
num(u) complexes as possible promising candidates for anti-
cancer applications. By varying the halido ligands in these
monofunctional complexes, incorporating N7-guanosine (N7-
Guo) and N7-2'-deoxyguanosine (N7-dGuo) ligands, we aimed
to enhance their selectivity and efficacy in targeting cancer
cells, already observed for the chlorido species.'®?*® As
reported, besides the selection of other ligands, the halides
choice is critical in determining the stability and biological
activity of the resulting complexes.”’* Indeed, our findings
indicate that substituting different halides is an effective strat-
egy to modify the biological activities of these complexes while
preserving their molecular structure.

The synthesis of cis-[Pt(NH;),(Am)X]NO;, where Am rep-
resents guanosine (N7-Guo) or 2’-deoxyguanosine (N7-dGuo)
and X is either ClI or Br, follows a previously reported two-step
method.'*?*%%* In the first step, cis[Pt(NH;),X,] (X = CI or Br)
reacts with one equivalent of AgNO; in DMF, resulting in the
formation of the monohalido species cis-[Pt(NH;),(NO3)X]
and/or cis-[Pt(NH;),(DMF)X]|(NO;) (X = Cl or Br). These species
contain oxygen-bound ligands, which act as superior leaving
groups compared to chloride and bromide, thereby enhancing
the Am coordination kinetics. In the subsequent step, these
intermediates react with the guanosine (Guo) or 2'-deoxygua-
nosine (dGuo) ligands to yield the desired platinum complexes
(1-2 and d1-d2). The iodido complexes cis-[Pt(NH;),(N7-Guo)
1]" (3) and cis-[Pt(NH;),(N7-dGuo)I]" (d3) were synthesized
from the corresponding chlorido species (1 or d1) by reaction
with one equivalent of AgNO; in water and further addition of
one equivalent of KI, after AgCl removal (Fig. 1).

The structural characterization of the resulting complexes
was performed using a combination of techniques, including
nuclear magnetic resonance (NMR) spectroscopy, mass spec-
trometry, and inductively coupled plasma atomic emission
spectroscopy (ICP-AES).

NMR spectroscopy

The "H NMR spectra for all six platinum complexes (1-3, d1-
d3) were collected and analyzed confirming the structure of
the compounds. The spectra confirmed the nucleoside coordi-
nation in the metal complexes with chemical shifts variations
according to the halido ligands (Cl, Br, I) attached to the plati-
num center. Key proton signals, including those for H8, NH,
(of guanine), H1', H2', H2", H3', H4', H5', and H5" (of the
sugar moiety), and NH; (platinum-bound ammonia groups),
were clearly assigned (Fig. 2 and S1t). The absence of the H2’
signal of compounds (1-3) and the H3' signal of compounds
(d1-d3) in "H NMR spectra is due to the overlapping with H,O
signal. Moreover, the variation in the total proton integration
arises due to the presence of labile protons that undergo rapid

Dalton Trans., 2025, 54, 8612-8624 | 8613
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Fig. 1 Synthesis of platinum(i) nucleoside monoadducts: cis-[Pt(NHz),(N7-Guo)X]* (1-3) and cis-[Pt(NH3),(N7-dGuo)X]* (d1-d3) complexes, where

X=CL(1), Br(2), 1(3).

exchange with the solvent. These exchangeable protons are
often not observable (e.g., -OH and -NH groups) or appear
with reduced intensity (e.g., -NH, and -NHj3 groups) under the
conditions used. For each compound (1-3, di1-d3), the
expected correlations between nucleoside protons coupled to
each other within the complexes was confirmed using the
['H-"H]-COSY experiment, as reported in the literature.>>>°
The non-exchangeable protons of the sugar moiety resonate
between 2.45 and 4.60 ppm. The NH; signals, appearing
around 3.90-4.25 ppm, exhibit slight shifts across the spectra
because of the different halido ligands bound to the platinum
center. The observed chemical shifts variation for the NH;
signals suggests that the halido ligands modulate the elec-
tronic structure of the platinum-nucleoside complex, affecting
the chemical environment of the surrounding protons. This
structural information is crucial for understanding how these
different halido ligands influence the properties of the plati-
num complexes, potentially impacting their biological activity.

Comparison of the H8 proton chemical shifts of N7-Guo and
N7-dGuo in platinum complexes also reveals distinct shifts
depending on the halido ligands (Cl, Br, I). In all newly syn-
thesized platinum complexes, the H8 proton resonates in the
8.36-8.46 ppm range. The H8 signals display a significant separ-
ation in chemical shifts, with the iodido complexes showing the

8614 | Dalton Trans., 2025, 54, 8612-8624

highest downfield shifts and higher frequencies, followed by the
bromido (2 and d2), and then the chlorido complexes (1 and d1).
In contrast, all other peaks, including those of the sugar moiety
and NH; protons, tend to shift slightly upfield (lower frequen-
cies) by increasing the halogen size, with the effect most pro-
nounced in the iodido complexes (3 and d3). The observed trend
can be attributed to the varying electronegativities and polariz-
abilities of the halido ligands, as well as the relative positions of
the observed nuclei in relation to the occurring NMR magnetic
shielding (Fig. 2 and S17).>’

To observe the direct coupling between the platinum center
and nearby protons, such as those on the N7-Guo/N7-dGuo
base and the ammonia ligands, 2D heteronuclear ['H,"*’Pt]
NMR spectra were acquired (Fig. 3 and S21). The bidimen-
sional spectra display three cross-peaks corresponding to NH;
(cts to halido), NH; (trans to halido), and the H8 proton of the
nucleobase moiety, all coupled with the central *>Pt. Each
platinum-nucleoside complex exhibits unique chemical shifts
for the platinum center, influenced by the electronic pro-
perties of the halido ligands. Complexes with iodido ligands
show the most shielded '*°Pt signals (3 = §(*°>Pt) —2730 ppm,
d3 = 5(**°Pt) —2729 ppm), followed by bromido (2 = §(*°°Pt)
—2413 ppm, d2 = §(*°°Pt) —2413 ppm) and chlorido (1 =
5(*°°Pt) —2282 ppm, d1 = §(**°Pt) —2282 ppm), indicating that

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 *H NMR spectra of cis-[Pt(NHz),(N7-Guo)X]* complexes, where X = Cl (1), Br (2), I (3), in H0/D,O (90 : 10). The Pt-coupled NHs ligands and
the H8 proton of N7-Guo are highlighted in red. The H2' signal is masked by the broad signal of water.
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Fig. 3 [*H,*°3Pt]-HETCOR NMR spectra of the cis-[Pt(NH3)2(N7-Guo)X]* complexes, where X = CL (1), Br (2), | (3), dissolved in H,O/D,0 (90 : 10). The
red labels indicate the groups, as shown in the structure above, that exhibit cross peaks in the 2D spectrum due to significant Jy_p; couplings.
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bulkier halido ligands lead to a more shielded platinum
environment (Fig. 3). These findings align with previous
studies®” > that indicate an inverse relationship between *°Pt
NMR chemical shifts and the cumulative ionic radii of
halides.>”®® The 2D NMR spectra also reveal different cis and
trans NH; ligands. Where, coordinated NHjy’s trans to halido
ligand, show less intense cross peaks with '°°Pt, if compared
to the corresponding signal for cis NH;. This is because of the
higher trans influence of the halido ligand, with respect to the
N7-donor, reducing NMR coupling with "*°Pt, as previously
reported.'®°

Mass spectrometry

The mass spectrometric analysis of the newly synthesized com-
plexes was performed by dissolving them in water and using a
HPLC-FT/MS Thermo Fischer Scientific Q-Exactive HPLC/
HRMS instrument. The results were analyzed and compared
with theoretical spectra®® to assess the accuracy of the pre-
dicted mass-to-charge (m/z) ratios and isotopic distributions.

Hela

24h 48 h

View Article Online
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The experimental spectra (Fig. S37) revealed similar isotopic
patterns for each complex, with peaks corresponding to the
expected mass values, although slight deviations in m/z and
relative abundances were observed. These deviations are
expected in complexes containing platinum and halogens due
to their inherently complex isotopic signatures. The experi-
mental pattern, obtained directly from a high-resolution mass
spectrometer, reflects the actual isotope ratios present in the
sample, which may slightly differ from standard theoretical
models assuming idealized natural abundances. For instance,
platinum has multiple stable isotopes, and halogens contrib-
ute further complexity with their own isotope pairs. The
observed discrepancies are likely due to slight variations in
isotope ratios, instrument-specific response factors, or local
isotope effects during ionization. The presence of the mole-
cular ion peaks for the synthesized complexes at m/z [M + H]"
548.0776 (1), [M + H]' 532.0840 (d1), [M + H]' 592.0282 (2), [M
+ H]" 576.0326 (d2), [M]" 639.0171 (3), and [M]" 623.0216 (d3)
is consistent with the proposed formulas of the corresponding
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Fig. 4 Cytotoxic effects of cisplatin, cis-[Pt(NH3),(N7-Guo)X]* (panels A and C) and cis-[Pt(NH3),(N7-dGuo)X]* (panels B and D) complexes, where
X = Cl (1 and d1), Br (2 and d2), | (3 and d3), on cervical adenocarcinoma Hela cells (panels A and B) and breast adenocarcinoma MCF-7 cells
(panels C and D). These complexes were tested at concentrations ranging from 1 to 1000 pM over three incubation periods (24, 48 and 72 hours).
Data is presented as the mean + standard deviation from three independent experiments, each performed in eight replicates, and expressed as a per-

centage of the control.
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complexes. In this context, “M” represents the corresponding
platinum compound without NO;. These results provide
strong evidence for the successful synthesis of these target
complexes.

Cytotoxicity studies

Fig. 4 and S10-S117 illustrate the cytotoxic effects of cisplatin
and the platinum(u) nucleoside complexes cis-[Pt(NH;),(N7-
Guo)X]" (X = Cl, 1; Br, 2; I, 3) and cis-[Pt(NH;),(N7-dGuo)X]" (X
= Cl, di1; Br, d2; I, d3). Cytotoxicity assays were performed
using the SRB method for renal (Caki-1), uterine cervix (HeLa),
breast (MCF-7), mesothelioma (ZL-34) and normal human
kidney (HK-2) cells. However, for lymphoma (Raji) cells, which
grow in suspension, the MTT assay was used, as it is more suit-
able for non-adherent cell cultures. Cytotoxic effects were eval-
uated over 24-72 hours of exposure. At 24 hours, cisplatin dis-
played greater cytotoxicity than most of the newly synthesized
complexes in all tested cell lines, except for the Raji cells,
where complex 2 was more cytotoxic. The highest cytotoxicity
in every investigated cell line was exhibited by cisplatin for
longer exposures (48 and 72 hours). Notably, at a concentration
of 50 uM, cisplatin caused complete cell death in the pleural
mesothelioma cell line (ZL-34) within 48 hours (Fig. S107).
Among the new synthesized complexes, cis-[Pt(NH;),(N7-
Guo)Br]" (2) and cis{Pt(NH;),(dGuo)Br]" (d2) generally exhibi-
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ted greater cytotoxicity than their chlorido (1, d1) and iodido
(3, d3) counterparts, particularly in the HeLa cell line (see ICs,
values in Table 1 and Fig. 4). Consistently, complexes 1, d1, 3,
and d3 were overall the least cytotoxic of the new synthesized
series. In the case of the chlorido species (1, d1), their rela-
tively higher propensity to halido ligand exchange with sulfur-
containing biomolecules likely could hinder DNA targeting.**
On the other hand, for the iodido complexes (3, d3), reduced
aqueous stability and greater steric hindrance from the iodido
ligand may reduce in some cases cytotoxic efficacy with respect
to the other halido species. Nonetheless, it is noteworthy that
after 24 hours of exposure, iodido complex 3 showed higher
potency against MCF-7 cells than the other Guo-based com-
plexes. This trend was also observed for the iodinated dGuo
derivative d3, which proved to be the most cytotoxic compound
against MCF-7 cells among all tested Guo and dGuo derivatives
in the 24-72-hour timeframe (see IC5, values in Table 1).
Overall, the new Guo complexes were less toxic in renal
(Caki-1) and mesothelioma (ZL-34) cancer cells, where the ICs,
could often be determined only after 48-72 hours (Fig. S10
and S11;f Table 1). For instance, in Caki-1 cells, the ICs, for
the iodido complexes 3 and d3 exceeded 500 pM and could
only be measured after 72 hours (Fig. S11;} Table 1). After
72 hours, ZL-34 cells remained relatively resistant to the chlor-
ido derivatives (ICs, > 500 pM), whereas cell viability decreased

Table 1 Cytotoxic effects of cisplatin, cis-[Pt(NHz)2(N7-Guo)X]* (X = CL, 1; Br, 2; I, 3) and cis-[Pt(NH3),(N7-dGuo)X]* complexes (X = Cl, d1; Br, d2; I,
d3) on cervical adenocarcinoma (Hela), sarcomatoid pleural mesothelioma (ZL-34), breast adenocarcinoma (MCF-7), lymphoma (Raji), renal carci-
noma (Caki-1) and proximal tubule epithelial (HK-2) cells. Complexes were tested at concentrations ranging from 1 to 1000 uM over incubation
periods of 24, 48 and 72 hours. Viable cells were determined using the SRB and the MTT assays. Data is presented as mean + standard deviation
from three independent experiments conducted in eight replicates, expressed as a percentage of the control. ICsq values are calculated and pre-

sented as mean + standard deviation

ICso (M)
24 h 48 h 72 h 24 h 48 h 72 h
HK-2 Hela
Cisplatin Cisplatin
1 >1000 >1000 >1000 1 492.13 +1.17 164.24 + 1.09 115.61 + 1.09
2 >1000 661.36 £ 1.37 1O859) 2 11D 2 265.99 £ 1.16
3 >1000 675.15 £JIC16 72491 + 1,11 3 >1000 570.97 1055 168.36 + 1.33
d1 >1000 >1000 >1000 d1 39808 +£1.31 195.44 +1.05 124.74 + 1.04
d2 >1000 595.05 £ 1.20 175809 BISIS d2
d3 >1000 >1000 >1000 d3 >1000 55877 55 234.33 +1.30
MCF-7 Raji B
Cisplatin Cisplatin 552.84 +1.31
1 921.45 +1.24 375.89 +1.18 148.93 £ 1.17 1l 645.34 + 1.42 13616 31329 547.86 £ 1.18
2 >1000 1370 a= 11,118) 2 210.49 £ 1.26 117.64 £ 1.36
3 232.53 £1.33 {8588 ORERIRIO) 3 >1000 >1000 >1000
d1 >1000 580.31 + 1.16 154.38 + 1.16 d1 >1000 501.14 + 1.20 543.20 + 1.39
d2 >1000 126.55 + 1.26 _ d2 6115:56111.26 115.67 £1.34 124.37 £1.33
d3 d3 >1000 756.39 £ 1.38 995.21 + 1.48
Caki-1 71.-34
Cisplatin 141.40 £1.21 Cisplatin 106.39 +1.20
1 >1000 714.41 £1.19 1C8.35 ax 1Ll 1 >1000 >1000 >1000
2 >1000 395.02 + 1.22 172.72 £1.22 2 >1000 470.75 + 1.32 188,37 a8 11116
3 >1000 >1000 551/ OEERIN'S 3 >1000 594.86 + 1.11 543.47 £1.05
d1 >1000 482,71 11T 278.24 £1.15 d1 >1000 978.48 +1.48 588:28F .31
d2 >1000 428.87 £1.22 107.10 £ 1.24 d2 >1000 574.68 £ 1.28 189.09 £ 1.18
d3 >1000 >1000 767.93 £1.16 d3 >1000 485.75 £ 1.08 505.23 £ 1.05
>1000 400-1000 200-400
100-200
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upon exposure to the more cytotoxic bromido complexes 2 and
d2 (Fig. S10;f Table 2).

To further evaluate the antitumor potential of the cis-[Pt
(NH3),(N7-Guo)X]" (X = Cl, 1; Br, 2; 1, 3) and cis-[Pt(NHz),(N7-
dGuo)X]" (X = Cl, d1; Br, d2; I, d3) complexes, we calculated
their selectivity index (SI), defined as the ratio of the ICs, in a
normal immortalized proximal tubule epithelial cell line
(HK-2) to that in each immortalized cancer cell line (HeLa,
MCF-7, Raji, Caki-1, ZL-34) (Fig. 4, $10, S11;F Table 2). A value
of SI greater than 1 indicates a higher specificity for cancer
cells compared to healthy cells, while SI values above 4 classify
the compound as highly selective (Table 2).°* Several of the
nucleoside-based complexes studied in this work exhibited SI

Table 2 Selectivity indexes (SI) were calculated as the ratio of the ICsq
values obtained for the normal immortalized proximal tubule epithelial
cell line (HK-2) to those obtained for each cancer cell line (HeLa, MCF-7,
Raji, Caki-1, or ZL-34). When one of the ICsq values exceeded 1000 pM,
the S| could only be estimated. In these cases, Sl values are reported
exclusively if significant cytotoxicity was observed in the corresponding
cancer cell line?

Selectivity index (SI)

24 h 48 h 72 h

Slav

HelLa (cervical Cisplatin 2.4

adenocarcinoma) 1 >2.0¢ >6.1¢ >5.6
2 >3.8¢
3 — 1.2 4.3 2.75
di >2.5% >5.1¢ >5.2,
d2
d3 = >1.8¢ >4.3% >3.1

MCF-7 (breast cancer) Cisplatin 1.8 1.8 3.7 2.4
1 >1.1 >2.7  >6.7° >3.5
2 = 4.8 3.8 4.3
3 >4.3% 50 781 >5.8
di = >1.7¢ >6.5% >4.1
d2 — 4.7 3.3 4
d3

Raji (lymphoma) Cisplatin 0.1 0.7 3.3 1.4
1 >1.5¢ >7.3¢  >1.8° >35
2 >4.8¢ 5.6 2.3 >4.2
3 = <0.7¢  <0.7  <0.7
di — >2.0¢  >1.8 >1.9
d2 >1.6% 5.1 1.4 >2.7
ds — >1.3¢  >1.0¢ >1.2

Caki-1 (renal cancer)  Cisplatin 0.4 0.8 1.8 1
1 = >1.4% | >52% >33
2 = 1.7 1.1 1.4
3 — <0.7¢ 1.3 <1
di — >2.1%  >3.6° >2.9
d2 = 1.4 1.6 1.5
ds — — >1.3  >1.3

Z1-34 (sarcomatoid Cisplatin 0.5 1.4 1.2 1

pleural mesotelioma) 1 — — _ _

2 = 1.4 1.1 1.3
3 — 1.1 1.3 1.2
d1 — >1.0°  >1.7* >1.4
d2 — 1.0 0.9 1
d3 — >2.1% >2.0 >2.1
<1 1-2 2-4
4-8  [le=i6 G

“ICs50(HK-2) or ICso(tumor cell line) not measurable, since higher of
maximum tested concentration (1000 pM). In this case, the not mea-
surable IC5, value is assumed equal to 1000 pM for the estimation of
the possible indicated minimum or maximum SI value.
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values that exceeded those of cisplatin. To better identify the
most selective complexes against each tumor cell line, we cal-
culated an average SI across the 24-, 48-, and 72-hour intervals
that we will indicate as Sl (Table 2). The principal factors
affecting the SI,, appear to be the type of cancer cell line and
the identity of the halido ligand in the considered nucleoside
derivatives. A secondary, yet still noteworthy, effect could be
attributed to the presence of either Guo or dGuo.

In HeLa cancer cells, the bromo complex d2 yielded the
highest Sl,y, surpassing also its structural analog 2 (Table 2).
Both complexes were more selective than cisplatin. The order
of decreasing SI,y for HeLa cells was d2 > 2 > cisplatin > 1 > d1
> d3 > 3. Interestingly, d2 was also the most cytotoxic complex
in HeLa cells among the tested nucleobase derivatives, fol-
lowed by 2. For this reason, both complexes d2, 2 appear
promising antitumor drugs for HeLa cells related tumors.

In contrast, the iodido derivative d3 (dGuo), followed by the
iodido derivative 3 (Guo) showed higher selectivity for MCF-7
cells where cisplatin appeared the least selective. The order of
decreasing selectivity for MCF-7 cells was d3 > 3 > 2 > d1 > d2
> 1 > cisplatin. Notably, d3 was also the most cytotoxic
complex for the cisplatin resistant MCF-7 tumor cells among
tested nucleobase derivatives, followed by 3. For this reason,
both complexes seem promising antitumor drugs for tumor
types related to MCF-7 cells.

In the Raji cells the bromido derivative 2 was the most
selective, followed by the chlorido complex 1, both
showing higher selectivity than cisplatin (Table 2). The des-
cending order of selectivity for Raji cells was 2 >1 > d2 > d1 >
cisplatin > d3 > 3. Complex 2 was also the most cytotoxic in
Raji cells among the tested nucleobase derivatives, followed by
d2 and 1. For this reason, both complexes could be considered
promising antitumor drugs for tumor types related to Raji
cells.

In Caki-1 the chlorido complexes 1 and d1 were most selec-
tive, both exceeding cisplatin (Table 2). The descending order
of Sl for Caki-1 was 1 > d1 > d2 > 2 > d3 > cisplatin > 3.
Meanwhile, the significant cytotoxicity of 1 and d2 for Caki-1
cells indicates that both complexes could be considered prom-
ising antitumor drugs for tumor types related to Caki-1 cells.

Lastly, in ZL-34 the iodido derivative d3 exhibited the
highest Sl,y, followed by the chlorido derivative d1, both sur-
passing cisplatin (Table 2). The descending order of Sl for
ZL-34 was d3 > d1 > 2 > 3 > d2 = cisplatin. On the other hand,
d3 showed relatively moderate cytotoxicity (ICs, after 72 hours
~ 505 pM), especially if compared to complex 2 (ICs, ~ 183 pM
at 72 hours) and d2 (ICso &~ 189 pM at 72 hours). Therefore 2
and d2 appear the most promising compounds for tumor
types related to ZL-34 cells as the only nucleoside-bound plati-
num agents among those tested to exhibit a significant cyto-
toxicity and a selectivity similar or slightly higher than that of
cisplatin. This suggests the need for further studies on com-
plexes 2 and d2 to maximize both selectivity and potency when
targeting the ZL-34 and other related tumor types, for which
cisplatin remains more immediately cytotoxic but less selective
overall.

This journal is © The Royal Society of Chemistry 2025
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Considering together, these comparative results (Table 2)
indicate substantial potential for the here reported platinated
nucleoside derivatives in designing possible innovative thera-
peutic strategies. By selecting halido ligands (Cl, Br, I) and
nucleobase moieties (Guo or dGuo), one could fine-tune both
cytotoxic potency and tumor selectivity, guiding future devel-
opment and further preclinical evaluation of these promising
anticancer agents.

Experimental section
Reagents and methods

All commercially available reagents and solvents were obtained
from Sigma-Aldrich and used as received, without further puri-
fication. All reactions were performed under ambient con-
ditions. NMR spectra were acquired using a Bruker Avance III
400 NMR spectrometer, equipped with inverse detection
probes and z-gradient capabilities for gradient-enhanced NMR
spectroscopy. Two-dimensional ['H,'®’Pt}-HETCOR and 'H
NMR spectra were acquired using H,O/D,O (90:10) as the
solvent. The "H NMR spectra were calibrated against tetra-
methylsilane (TMS), using the residual proton signal from
H,0/D,0 (90:10) (5(*H) = 4.7 ppm) as the internal reference.
'pt NMR chemical shifts were referenced to H,[PtCly]
[6(**°Pt) = 0 ppm] in H,0/D,0 (90:10) as the external refer-
ence. The use of H,O/D,O (90:10) as the solvent ensures the
detection of exchangeable protons (e.g., -NH; and -NH,
groups). In pure D,O, these labile protons would rapidly
undergo deuterium exchange, effectively replacing protons
with deuterons and making them undetectable in the "H NMR
spectrum. By maintaining a 90% H,O environment, the
solvent acts as a reservoir for protons, preserving the protona-
tion state of exchangeable groups and enabling their obser-
vation. Additionally, a small fraction of D,0 (10%) provides a
sufficient deuterium signal for the NMR spectrometer’s “lock
system”, which stabilizes the magnetic field during data acqui-
sition. Coupling constants (J values) are given in Hertz, and
the NMR signal multiplicities are noted as follows: s (singlet),
d (doublet), dd (doublet of doublets), t (triplet), m (multiplet),
and b (broad). Mass spectrometry (MS) analysis was conducted
by dissolving complexes (1-3, d1-d3) in water, with sample
injections handled via a Chemyx Inc. Model Fusion 101
syringe pump. Electrospray ionization (ESI) and high-resolu-
tion mass spectrometry (HRMS) spectra were collected using a
Thermo Fisher Scientific Q-Exactive HPLC-FT/MS system
under standard conditions: positive ion mode, flow rate of
0.200 mL min~", sheath gas at 5.0 L min~", capillary tempera-
ture at 320 °C, spray voltage at 4500 V, and a mass range of
3000 000-8 000000 m/z. Platinum concentration
measured by Inductively Coupled Plasma - Atomic Emission
Spectroscopy (ICP-AES) using a Thermo iCAP 6000 spectro-
meter. To quantify platinum levels, the samples were subjected
to acid digestion using 10 mL of ultrapure nitric acid (2%) for
24 hours at room temperature. Before analysis, the samples
were filtered to remove any particulate matter that could poten-

was
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tially interfere with the spectrometer. Calibration was carried
out using a four-point standard curve (1, 10, 100, and 1000 pg
L") to ensure analytical precision.®*

Synthesis of platinum complexes

Platinum complexes cis-[Pt(NH;),(N7-Guo/dGuo)Cl] (1 and d1)
and cis-[Pt(NH;3),(N7-Guo/dGuo)Br] (2 and d2) were syn-
thesized following a previously reported method'®**** with
minor modifications. Briefly, cis-[Pt(NH;),Cl,] (for complexes 1
and d1) (100 mg, 0.332 mmol) or cis-[Pt(NH;),Br,] (for com-
plexes 2 and d2) (100 mg, 0.257 mmol) and an equimolar
amount of AgNO; were dissolved in 5 mL of N,N-dimethyl-
formamide (DMF) and stirred at room temperature for
24 hours. The resulting AgX (X = Cl or Br) precipitate was then
removed by centrifugation. The clear supernatant was further
reacted with an equimolar amount of guanosine (for com-
plexes 1 and 2) or 2-deoxyguanosine monohydrate (for com-
plexes d1 and d2) and stirred for an additional 24 hours. Upon
completion of the reaction, the DMF solvent was evaporated
under reduced pressure, leaving a solid residue. This residue
was washed three times with dichloromethane (CH,Cl,), with
stirring each time, and then dried. Finally, the crude product
was purified by recrystallization from hot water, repeating the
process three times, and then dried in air.
cis[Pt(NH;),(N7-Guo)CI|NO; (1). Yield: 110 mg, 54%. Anal.
caled (found) for C;oH;oCINgOgPt: Pt, 31.99 (31.71). MS (ESI)
m/z calculated for C;,H;oCIN,O5Pt [M]": 547.0784, found: [M +
H]" 548.0776. 'H NMR (400 MHz, H,0/D,0 90: 10, 300 K) &:
8.41 (s, 1H, H-8), 6.48 (s, 2H, NH,), 5.90 (d, 1H, H-1', J = 4.82
Hz), 4.34 (t, 1H, H-3', J = 4.96 Hz), 4.24 (s, 3H, NH;), 4.17 (q,
1H, H-4', ] = 3.35 Hz), 4.06 (s, 3H, NH,), 3.88-3.75 (m, 2H, H-5'
& H-5"), 5(*°°Pt) —2282 ppm.
cis[Pt(NH;),(N7-Guo)Br]NO; (2). Yield: 81 mg, 48%. Anal.
caled (found) for C;oH;9BrNgOgPt: Pt, 29.78 (29.90). MS (ESI)
m/z calculated for C;oH;oBrN;O5Pt [M]": 591.0279, found: [M +
HJ" 592.0282. "H NMR (400 MHz, H,0/D,0 90: 10, 300 K) 6
8.44 (s, 1H, H-8), 6.47 (s, 2H, NH,), 5.89 (d, 1H, H-1', J = 4.70
Hz), 4.33 (t, 1H, H-3', J = 4.99 Hz), 4.23 (s, 3H, NH;), 4.16 (q,
1H, H-4', J = 3.81 Hz), 4.04 (s, 3H, NH3;), 3.88-3.75 (m, 2H, H-5'
& H-5"), 5(*°Pt) —2414 ppm.
cis[Pt(NH;),(N7-dGuo)CI|NO;-H,O (d1). Yield: 85.5 mg,
42%. Anal. caled (found) for C;oH,;CINgOgPt: Pt, 31.88 (31.18).
MS (ESI) m/z calculated for C,,H;o,CIN,O,Pt [M]": 531.0835,
found: [M + H]" 532.0840. '"H NMR (400 MHz, H,0/D,0 90: 10,
300 K) &: 8.36 (s, 1H, H-8), 6.45 (s, 2H, NH,), 6.27 (t, 1H, H-1', J
= 6.50 Hz), 4.23 (s, 3H, NH3;), 4.07 (q, 1H, H-4', J = 4.08 Hz),
4.06 (s, 3H, NH;), 3.79-3.69 (m, 2H, H-5' & H-5"), 2.69 (m, 1H,
H-2'), 2.49 (m, 1H, H-2"), §(**°Pt) —2282 ppm.
cis[Pt(NH;),(N7-dGuo)Br]NO;-H,O (d2). Yield: 59.2 mg,
35%. Anal. caled (found) for C,,H,;BrNgOgPt: Pt, 29.72 (29.17).
MS (ESI) m/z calculated for C;oH;oBrN,O,Pt [M]": 575.0330,
found: [M + H]" 576.0326. 'H NMR (400 MHz, H,0/D,0 90: 10,
300 K) &: 8.39 (s, 1H, H-8), 6.44 (s, 2H, NH,), 6.26 (t, 1H, H-1', J
= 6.48 Hz), 4.22 (s, 3H, NH;), 4.07 (q, 1H, H-4', J = 4.08 Hz),
4.04 (s, 3H, NH3), 3.79-3.68 (m, 2H, H-5' & H-5"), 2.69 (m, 1H,
H-2"), 2.49 (m, 1H, H-2"), 5(*°*Pt) —2413 ppm.
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Synthesis of the platinum complexes 3 and d3

The aqueous solution of chlorido precursors (1 or d1) was
reacted with an equimolar aqueous solution of AgNO;. After
the AgCl was removed, one equivalent of KI was added, initiat-
ing an immediate reaction. The solvent was then removed
under reduced pressure. The resulting solid was washed
thoroughly with cold water three times and dried to yield the
pure iodido complexes cis-[Pt(NHj3),(N7-Guo/dGuo)I|[NO; (3
and d3).

cis-[Pt(NH3),(N7-Guo)I|NO; (3). Yield: 66.7 mg, 58%. Anal.
caled (found) for C;oH;oINgOgPt: Pt, 27.82 (27.90). MS (ESI)
m/z calculated for C;oH;4IN,OsPt [M]": 639.0140, found: [M]"
639.0171. 'H NMR (400 MHz, H,0/D,0 90:10, 300 K) &: 8.46
(s, 1H, H-8), 6.45 (s, 2H, NH,), 5.84 (d, 1H, H-1', ] = 4.66 Hz),
4.29 (t, 1H, H-3', ] = 4.96 Hz), 4.18 (s, 3H, NH;), 4.13 (q, 1H,
H-4, ] = 3.92 Hz), 3.99 (s, 3H, NH;), 3.84-3.71 (m, 2H, H-5' &
H-5"), 5(*°°Pt) —2730 ppm.

cis-[Pt(NH;3),(N7-dGuo)I|NO;-H,O (d3). Yield: 50.6 mg, 44%.
Anal. caled (found) for C;oH,;INgOgPt: Pt, 27.74 (27.31). MS
(ESI) m/z calculated for CyoH;oIN,04Pt [M]": 623.0191, found:
[M]" 623.0216. '"H NMR (400 MHz, H,0/D,0 90: 10, 300 K) &:
8.41 (s, 1H, H-8), 6.43 (s, 2H, NH,), 6.21 (t, 1H, H-1, ] = 6.43
Hz), 4.18 (s, 3H, NH;), 4.02 (q, 1H, H-4', J = 4.12 Hz), 3.98 (s,
3H, NH;), 3.74-3.64 (m, 2H, H-5' & H-5"), 2.65 (m, 1H, H-2'),
2.44 (m, 1H, H-2"), 5(**°Pt) —2729 ppm.

Cell cultures

The following cell lines derived from frozen stocks MCF-7
(human breast adenocarcinoma): HTB-22™, HeLa (human cer-
vical adenocarcinoma): CRM-CCL-2™, Caki-1 (human renal
carcinoma): HTB-46™, HK-2 (human kidney proximal tubule
epithelial cells): CRL-2190™, Raji (human Burkitt’s lym-
phoma): CCL-86™ were purchased from the American Type
Cell Culture collection (ATCC), Manassas, VA, USA. ZL-34
(human pleural mesothelioma) cell line (cat. no. 11120713)
was purchased from Sigma-Aldrich, St Louis, MO, USA.

Z1-34, Raji and MCF-7 cells were cultured in RPMI
1640 medium (EuroClone, Pero, MI) supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (FBS), 2 mM
r-glutamine, penicillin (100 U mL™"), and streptomycin (100 pg
mL™"). HeLa, Caki-1, and HK-2 cells were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM) with 4.5 ¢ L™"
glucose (EuroClone, Pero, MI), supplemented with 10% (v/v)
heat-inactivated FBS, 2 mM r-glutamine, penicillin (100 U
mL ™), and streptomycin (100 pg mL™"). Cells were grown in a
humidified incubator with 5% CO, in air at 37 °C and were
used for biological assays upon reaching 70-80% confluence.
Cells were sub-cultured for further study after reaching 80%
confluence.

Cell viability assays

SRB assay. The viability of Caki-1, HeLa, MCF-7, ZL-34, and
HK-2 cell lines was assessed using the sulforhodamine B (SRB)
colorimetric assay.®>®® Approximately 100 pl of cell suspension
was added to each well of a 96-well microtiter plate (90 000

8620 | Dalton Trans., 2025, 54, 8612-8624

View Article Online

Dalton Transactions

cells per ml). For cell treatments, the Pt-compounds were dis-
solved in Dulbecco’s phosphate-buffered saline (PBS) to
prepare a stock solution (1 mM), from which subsequent
dilutions ranging from 1 to 1000 uM were prepared. After over-
night incubation, the cells were treated with various concen-
trations (0, 1, 10, 50, 100, 200, 500, and 1000 pM) of cisplatin
and platinum(u) nucleoside complexes for 24, 48 and 72 h. At
the end of each treatment period, 100 pL of ice-cold 10% (w/v)
trichloroacetic acid was added to each well and incubated for
30 min at 4 °C. The plates were then washed five times with
double-distilled water and allowed to air-dry overnight.
Subsequently, 60 puL of 0.4% (w/v) SRB solution was added to
each well and incubated for 20 min, followed by four washes
with 1% (v/v) acidic acetic acid. Finally, the SRB was solubil-
ized in 200 pL of 10 mM unbuffered Tris-base solution, and
the absorbance was measured at 560 nm using a spectrophoto-
meter.®” The percentage of cell survival was calculated as the
ratio of the absorbance of treated cells to that of vehicle-
treated control cells.

MTT assays. The viability of non-adherent Raji cells was
assessed using the MTT assay, which is more suitable than the
SRB assay for suspension cells. Since Raji cells do not adhere
to the plate, they are prone to being lost during the washing
steps. The MTT assay avoids this issue because its formazan
product remains inside the cells until dissolved, ensuring a
more reliable viability measurement. Cells were treated with Pt
(1) compounds as previously described. After treatment, the
medium was removed, and 10 pL of MTT solution was added
to each well containing Raji cells. Following a 3-hour incu-
bation, 100 pL of isopropanol was added to dissolve the purple
formazan crystals.®® An additional 100 pL of HCl-isopropanol
was then added directly to the wells after platinum compounds
exposure. Absorbance was measured at 595 nm using a
spectrophotometer. Cell viability (%) was calculated as the
absorbance percentage relative to untreated control cells.

Conclusions

In this study, we synthesized and characterized six Pt(i) com-
plexes of the form cis-[Pt(NH;),(N7-Guo)X]" (X = Cl, 1; Br, 2; I,
3) and cis-[Pt(NH;),(N7-dGuo)X]" (X = Cl, d1; Br, d2; I, d3). We
also assessed their effects in multiple cancer cell lines (HeLa,
MCF-7, Raji, Caki-1, ZL-34) as well as a proximal tubule epi-
thelial cell line (HK-2). The impact of different coordinated
halido ligands on cytotoxicity of the examined six monofunc-
tional platinated nucleosides resulted significant. Our finding
confirmed various recent investigations on metal complexes
showing how the halido ligand modulates both the reactivity
and stability of these metal-drugs, thereby altering their cyto-
toxic profiles against diverse cancer cell lines.***%”°

In the HeLa cells, the bromido-complex d2 displayed the
highest cytotoxicity and selectivity among the tested nucleo-
base derivatives, followed closely by complex 2, which was
slightly less potent yet still more selective than cisplatin
(Tables 1 and 2). A similar pattern emerged in MCF-7 breast

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00616c

Open Access Article. Published on 28 April 2025. Downloaded on 4/2/2026 2:34:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

cancer cells but shifted toward the iodido species, where d3
outperformed the other nucleobase derivatives in both cyto-
toxicity and selectivity. Complex 3 was moderately effective in
these cells but remained less selective than d3, although both
complexes surpassed cisplatin in terms of selectivity.

In Raji cells, complex 2 emerged as the most cytotoxic
agent among the nucleobase derivatives, followed by d2.
Notably, 1, d1 and 2, d2 all demonstrated superior selectivity
relative to cisplatin, suggesting further potential in the lym-
phoma treatment. In Caki-1 cells, d2 was the most cytotoxic
among the nucleobase derivatives; however, complexes 1 and
d1 exhibited the highest selectivity, again surpassing cisplatin
(Table 2).

With ZL-34, the iodido derivative d3 presented the greatest
selectivity but only moderate cytotoxicity, while complex 2 and
d2 achieved stronger cytotoxic effects (albeit with slightly
reduced selectivity), remaining more selective than cisplatin
overall.

Although these newly synthesized complexes generally
showed lower absolute cytotoxicity than cisplatin, their struc-
tural features, particularly the identity of the halido ligand (Cl,
Br, or I), strongly influence their biological activity and selecti-
vity profiles. Bromido-substituted species (2, d2) often exhibi-
ted elevated potency, underscoring the prospect of nucleoside-
based platinum agents in the treatment of lymphoid and
myeloid malignancies.””””! Likewise, iodido complexes (3, d3)
demonstrate marked cytotoxicity and selectivity in MCF-7 cells,
illustrating that the type of halido ligand can tailor activity in a
tumor-selective manner.

Importantly, all six Pt(u) nucleoside complexes displayed
significantly reduced cytotoxicity in the healthy immortalized
cell line (HK-2), frequently showing ICs, values beyond the
maximum tested concentration. While they were not as potent
as cisplatin in most investigated tumor models, their higher
Selectivity Indexes suggest possible available therapeutic
windows in which cancer cells are more strongly affected than
healthy cells. Overall, the halido substituent emerges as a
crucial factor in tuning both cytotoxic properties and overall
selectivity, offering a strategic route to develop Pt(u)-based
agents with improved therapeutic and fewer off-target effects.
According to the here reported results for Guo and dGuo plati-
nated derivatives, this is particularly true in the following
tumor cell lines, showing the better compromise between cyto-
toxicity and selectivity for each of the selected tumors: HeLa
(2, d2); MCF-7 (3, d3); Raji (2); Caki-1 (1, d2); ZL-34 (2, d2).
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