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Many efforts have been made in the last few decades to selectively transport antitumor agents to their
potential target sites with the aim to improve efficacy and selectivity. Indeed, this aspect could greatly
improve the beneficial effects of a specific anticancer agent especially in the case of orphan tumors like
the triple negative breast cancer. A possible strategy relies on utilizing a protective leaving group like ali-
zarin as the Pt(i) ligand to reduce the deactivation processes of the pharmacophore enacted by Pt resist-
ant cancer cells. In this study a new series of neutral mixed-ligand Pt(1) complexes bearing alizarin and a
variety of diamine ligands were synthesized and spectroscopically characterized by FT-IR, NMR and UV-
Vis analyses. Three Pt(i) compounds, i.e., 2b, 6b and 7b, emerging as different both in terms of structural
properties and cytotoxic effects (not effective, 10.49 + 1.21 uM and 24.5 + 1.5 pM, respectively), were
chosen for a deeper investigation of the ability of alizarin to work as a selective carrier. The study com-
prises the in vitro cytotoxicity evaluation against triple negative breast cancer cell lines and ESI-MS inter-
action studies relative to the reaction of the selected Pt(i1) complexes with model proteins and DNA frag-
ments, mimicking potential biological targets. The results allow us to suggest the use of complex 6b as a
prospective anticancer agent worthy of further investigations.

Introduction

One of the greatest successes of medicinal inorganic chemistry
is the discovery of Pt(u) anticancer agents, medically used for
over 30 years in the treatment of various tumours.'™ Three
anticancer Pt(u)-based drugs (cisplatin, carboplatin and oxali-
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platin) are in clinical use worldwide, while an additional four
are exclusively approved in selected countries (nedaplatin and
miriplatin in Japan, lobaplatin in China and heptaplatin in
South Korea) (Fig. 1).°

Although some details of their mechanism of action are
still to be clarified, it is well known that the main anticancer
activity of most of the Pt(u) drugs arises from their direct inter-
action with DNA. Generally, these compounds - beyond
nucleic acids - display numerous additional intracellular
targets as biomolecules containing nitrogen, sulphur, and
oxygen atoms (mostly peptides and proteins), such as ribonu-
cleic acids, thiols, glutathione and phospholipids, causing
their systemic toxicity.®™®

The lack of tumor selectivity, the associated side effects and
acquired drug resistance have greatly limited the therapeutic
application of these drugs. To improve the efficacy of Pt(u)-
based compounds, the design and synthesis of new classes of

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Chemical structures of approved chemotherapeutic Pt(i) based drugs.

these compounds were focused on the decrease in systemic
toxicity through in situ activation. With the aim to improve
cancer therapy, including receptor targeting, selective drug
delivery and design of prodrugs, a wide range of functional Pt
(v) and Pt(u)-based drugs have been studied by applying
different synthetic strategies.”®

Based on our long experience in the development of syn-
thetic routes to afford both neutral and ionic complexes of the
platinum group,'®~>* we recently synthesized and studied novel
charged platinum complexes exhibiting comparable cyto-
toxicity to cisplatin in particular against the triple negative
breast cancer cell line (MDA-MB-231).>>>® Thus, we focused
our attention on MDA-MB-231 known for being a highly
aggressive, invasive and poorly differentiated triple-negative
breast cancer (TNBC) cell line as it lacks estrogen receptor (ER)
and progesterone receptor (PR) expression, as well as HER2
(human epidermal growth factor receptor 2) amplification. For
these reasons, antitumoral drugs towards this specific cell line
are highly needed and searched for.>**”

In the first study, we reported on the synthesis and cytotoxic
activity of a series of Pt(u) complexes using 8-aminoquinoline
and its chiral 5,6,7,8-tetrahydro-derivatives as chelating
ligands.? Afterwards, we studied two different series of anionic
cyclometalated Pt(n) complexes bearing two different (0~O)
chelated ligands, tetrabromocatechol (BrCat)’~ and alizarin

This journal is © The Royal Society of Chemistry 2024

(aliz).?® In both studies, promising novel anticancer candidates
were identified, showing that both the cycloplatinated amine
ligands and the aliz ancillary ligand could induce favorable
antitumoral activities in the resulting Pt(un) complexes. On this
basis, we decided to combine the main structural features,
matching the chelating amine ligands with aliz as the leaving
group.

The choice of the leaving group has also been proven to
deeply influence the cytotoxicity of the platinum-based che-
motherapeutics. The necessity to improve the stability of cis-
platin together with the idea to introduce selectivity toward
specific tumor cell lines has been realized by substituting the
chloride atoms in cisplatin with O,0 dicarboxylate groups
leading indeed to the more stable carboplatin and oxaliplatin.
Based on these important achievements, a series of Pt(i1) com-
plexes bearing different pyridylmethylamine N,N ligands both
in the form of oxalate and cyclobutanedicarboxylate complexes
were prepared. Among them, Oxamusplatin cytotoxicity was
demonstrated to be the most potent of the series towards
breast adenocarcinoma (MCF-7, ICs, = 8.1 + 0.8 pM) and meta-
static prostate carcinoma (DU-145, ICso = 21 + 1 pM). These
complexes also exhibited a better selectivity, even better than
that of oxaliplatin, highlighting the importance of finding the
perfect match between the nitrogen diamine ligands and the
0,0 leaving groups.”®
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Recently Pt(u) anticancer agents containing differently sub-
stituted O*O ferrocenylbutane-1,3-diones as leaving ligands
were synthesized with the aim to modulate the reactivity
towards deactivating biomolecules. This study is of relevance
in showing the effect of the leaving group on substantially
changing the pharmacokinetic and pharmacodynamic pro-
cesses of the diamino-Pt fragment. Due to the need for increas-
ing pharmacokinetic stability and the selectivity toward cispla-
tin-resistant cancer cells, Pt(1v) complexes could be synthesized
as well and take advantage of the presence of oxygenated
ligands in axial positions usually endowed with biological
properties.>>*° Converesly to what described above, another
recent example in the literature provides the use of a-hydroxyl
carboxylate as the leaving group as in nedaplatin and lobapla-
tin in view of increasing both the anticancer potency and
expanding the nonselective cytotoxicity of platinum che-
motherapeutics. This series of 3-hydroxyacrylatoplatinum(u)
complexes containing Michael acceptors as leaving groups
afforded anticancer complexes with similar activity to oxalipla-
tin but with a better safety profile in vivo.*'

However, the use of 0,0 leaving groups different from the
popular dicarboxylates for the synthesis of platinum com-
plexes endowed with a new biological profile remains largely
unexplored. In this regard, the catechol moiety in alizarin as a
dichelating O,0 leaving ligand in platinum complexes should
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represent a truly novel approach for the development of anti-
cancer drugs with higher selectivity.

Indeed, herein we report a series of neutral Pt(u) complexes
with the general formula [(N~N)Pt(aliz)], 1b-9b. Specifically,
the coordination sphere comprises an (N~N) neutral bidentate
ligand and aliz as the OO ligand. This set of (N"N) spectator
ligands was selected with the aim of probing the influence of
the structural and, therefore, electronic features of the ligands
on the cytotoxic activity. Furthermore, the (N*N) ligands were
also chosen because of their differences in hydrophobicity,
steric bulk, and ligand orientation (Fig. 2).>*7*

In particular, the starting ligand to be considered for this
study is 1,2-diaminoethane (L1). We decided to extend the
series by adding 1,2-phenylenediamine (L2), which maintained
invariant the two NH, chelating groups but introduced a
greater rigidity into the resulting metallocycle. To form a
second subclass of the series, we chose 2-picolylamine (L3)
that with respect to 1,2-diaminoethane introduces the sp®
hybridized nitrogen atom of the pyridine ring in place of the
second NH, functional group. This subclass was completed
with three aminoquinoline derivatives differing in their substi-
tuents or in aromaticity, namely: 5,6,7,8-tetrahydro-8-amino-
quinoline (L4), 2-methyl-5,6,7,8-tetrahydro-8-aminoquinoline
(L5) and 8-aminoquinoline (L6). Finally, the series was com-
pleted by introducing two pyridinyl nitrogen atoms through
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Fig. 2 Chemical structures: on the left panel, literature homologous Pt(1) complexes previously studied; on the right panel, selected ligands (L1-L9)
and related Pt(i) complexes (1b—9b) containing alizarin, objects of the present study.

2604 | Dalton Trans., 2024, 53, 2602-2618

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/d3dt03889k

Open Access Article. Published on 03 January 2024. Downloaded on 2/10/2024 8:38:10 AM.

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

(cc)

Dalton Transactions

adding to the ligand pool the ligands 2,2"-bipyridine (L7), 1,10-
phenanthroline (L8), and pyrazino[2,3-f][1,10]phenanthroline
(L9), which were selected not only because of their differences
in rigidity and extension of aromaticity, but also because their
biological activity is well known (Fig. 2).3°77

Several studies have been conducted to investigate the
effect of the non-leaving (N~N) ligands on the reactivity of Pt
(u) antitumor drugs and, also, on the rate of ligand exchange
for the formation of Pt(un) diaqua complexes, which are impor-
tant because they represent the reactive species in the crucial
step of cisplatin binding to DNA.?3:%:39

In order to explore how their properties are influenced by
the use of (N~N) ligands, the [(NH3),Pt(aliz)] complex was also
synthesized.?

Experimental section
Materials

All commercially available chemicals were purchased from
Sigma-Aldrich or Alfa Aesar and used without further purifi-
cation. [(N*N)PtCl,] precursors 1a, 3a, 8a, 9a*** and 4a-
6a”"** were synthesized following already reported methods.
DMEM, trypsin-EDTA, penicillin, streptomycin, non-essential
amino acid solution, fetal calf serum (FCS), disposable culture
flasks and Petri dishes were purchased from Euroclone S.p.A.
(Pero, Milan, Italy).

Physical methods

Melting points were determined with a Leica DMLP polarizing
microscope equipped with a Leica DFC280 camera and a
CalCTec (Italy) heating stage.*” Elemental analyses were per-
formed with a PerkinElmer 2400 analyzer CHNS/O. FT-IR
spectra (KBr pellets) were recorded on a Spectrum One
PerkinElmer FT-IR spectrometer. '"H and '*C NMR spectra
were recorded on a Bruker Avance 300 MHz spectrometer and
in DMSO-dg with TMS as the internal standard.*® ESI-MS ana-
lyses were performed by using a Thermo Finnigan (MA, USA)
LCQ Advantage system MS spectrometer with an electrospray
ionisation source and an ‘Ion Trap’ mass analyser. The MS
spectra were obtained by direct infusion of a sample solution
in MeOH under ionisation, ESI positive. For UV-Visible spec-
troscopy, spectrofluorimetric-grade solvents were used for the
preparation of all solutions. The buffer solution (pH 7.4) was
prepared by dissolving one phosphate buffered saline tablet
(Sigma-Aldrich) in 200 mL of water. Compounds 1b—9b were
dissolved in DMSO and then diluted to reach a final concen-
tration of 1 x 107> M in DMSO/buffer solution (DMSO 0.5%
v/v). A PerkinElmer Lambda 900 spectrophotometer was
employed to record the UV-Visible absorption spectra, using
10 mm path-length quartz cuvettes.

Preparation of [(N“N)PtCl,] complexes 2a, 6a, and 7a

Potassium tetrachloroplatinate (3.47 mmol) was dissolved in
10 mL of distilled water in a Schlenk tube under a nitrogen
atmosphere and to this 3.47 mmol of the diamine ligand L1-

This journal is © The Royal Society of Chemistry 2024
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L9 was added. The mixture was acidified with 6 M HCI
(4.62 mL) and heated under reflux overnight. After cooling to
room temperature, the product was collected as a differently
colored solid, washed extensively with water followed by small
amounts of diethyl ether and dried under vacuum. The com-
plexes were completely characterized, and the data obtained
were in accordance with those reported in the literature.

[(L2)PtCl,], 2a. Yield 80%; m.p. >250 °C; C¢HgCl,N,Pt (MW
= 372.97): Anal. caled: C, 19.26; H, 2.16; N, 7.49; found C,
19.63; H, 2.20; N, 7.30. '"H NMR (300 MHz, DMSO-ds) 6 7.61
(bs, 4H), 7.43-7.40 (m, 2H), 7.30-7.27 (m, 2H) ppm. “*C NMR
(101 MHz, DMSO-ds) § 143.64, 127.87, 126.47 ppm; MS(ESI):
m/z [M]" caled 389.16; found 412.08 [M + Na]’; 352.32 [M —
cly'.

[(L6)PtCL,], 6a. Yield 98%; m.p. >250 °C; CoHgCl,N,Pt (MW
= 408.97): Anal. caled: C, 26.36; H, 1.97; N, 6.83; found C,
26.87; H, 2.06; N, 6.94. "H NMR (300 MHz, DMF-d,) § = 9.67
(dd,J = 5.3, 1.3 Hz, 1H), 8.94 (dd, J = 8.4, 1.3 Hz, 1H), 8.09 (dd,
J = 21.3, 7.5 Hz, 2H), 7.96-7.64 (m, 2H), 4.02 (brs, 2H) ppm.
3C NMR (101 MHz, DMF-d,) § 149.12, 148.90, 141.99, 138.72,
130.72, 129.11, 128.23, 127.53, 123.74 ppm; MS(ESI): m/z [M]"
caled 408.97; found 409.23 [M + H]".

[(L7)PtCl,], 7a. Yield 92%; m.p. >250 °C; C1oHgCl,N,Pt (MW
= 420.97): Anal. caled: C, 28.45; H, 1.71; N, 6.64; found C,
28.35; H, 1.85; N, 6.49. "H NMR (300 MHz, DMSO-d,) 6 9.43 (d,
J =32.6, 19.5 Hz, 1H), 8.58 (d, J = 8.1 Hz, 1H), 8.41 (t,J = 7.8
Hz, 1H), 7.83 (t, J = 6.7 Hz, 1H) ppm. *C NMR (101 MHz,
DMSO-dg) § 124.8, 128.3, 141.1, 149.3, 157.9 ppm; MS(ESI): m/z
[M]" caled 422.17; found 423.08 [M + H]".

Preparation of [(N*N)Pt(aliz)] complexes 1b-9b

[(L1)Pt(aliz)], 1b. H,(aliz) (58 mg, 0.24 mmol) was solubil-
ized in 15 mL of degassed ethanol, and KOH (54 mg,
0.96 mmol) was added. After 1a (80 mg, 0.24 mmol) was sus-
pended, the mixture was stirred for 12 h at r.t. The desired
product was filtered off and washed with ethanol, distilled
water, dichloromethane, and ethyl ether. Purple solid, yield
67%; m.p. >250 °C; C;6H14N,0,Pt (MW = 493.38): Anal. calcd:
C, 38.95; H, 2.86; N, 5.68%; found: C, 38.92; H, 2.89; N, 5.67%;
FT-IR (KBr) v(cm™) = 3303s (NH), 3206s (NH), 3063s (CH aro-
matic), 2995w (CH aliphatic), 1630s (CO), 1587s (CO), 1455s
(CC), 1349vs (C-0), 1204m, 716s; "H NMR (300 MHz, DMSO-
de) 6 8.12 (pseudo-dd, 2H), 7.75 (m, 2H), 7.52 (d, J = 8.25 Hz,
1H), 6.32 (d, J = 8.49 Hz, 1H), 5.60 (sbr, 4H, -NH,), 2.48 (s, 4H)
ppm; >C NMR (75 MHz, DMSO-d,,) § 186.90, 176.01, 168.72,
155.67, 135.30, 133.13, 132.92, 131.10, 125.35, 125.19, 124.27,
117.87, 113.69, 112.39, 46.54 ppm; MS(ESI): m/z [M]" caled
493.38; found 493.01 [M]".

[(L2)Pt(aliz)], 2b. The reaction conditions were analogous to
those reported for 1b, using 2a (100 mg, 2.73 mmol), H,(aliz)
(128 mg, 5.34 mmol) and KOH (61 mg, 10.91 mmol). Dark
purple solid, yield 88%; m.p. >250 °C; CyoH;4N,O,Pt (MW =
541.42): Anal. caled: C, 44.37; H, 2.61; N, 5.17%; found: C,
44.40; H, 2.63; N, 5.15%; FT-IR (KBr) v(cm™") = 3224sh (NH),
3060w (CH aromatic), 2914vw (CH aliphatic), 1625m (CO),
1584m (CO), 15565 (CC), 1497vs, 1465vs, 1392vs (C-0), 1361m,

Dalton Trans., 2024, 53, 2602-2618 | 2605
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1206s, 717s; "H NMR (300 MHz, DMSO-dg) 6 8.14 (m, 4H), 7.77
(m, 4H), 7.56 (m, 1H), 6.51 (m, 1H) ppm; **C NMR (101 MHz,
DMSO-dg) & 188.41, 178.50, 163.85, 155.83, 154.74, 135.55,
134.54, 133.87, 132.99, 126.67, 126.50, 124.00, 122.22, 119.62,
118.83, 116.93, 115.37 ppm; MS(ESI): m/z [M]" caled 541.42;
found 408.56 [M — CgH,0,]".

[(L3)Pt(aliz)], 3b. The reaction conditions were analogous to
those reported for 1b. The reaction was conducted using 3a
(100 mg, 2.67 mmol), Hy(aliz) (128 mg, 5.34 mmol) and KOH
(61 mg, 10.70 mmol). The mixture was heated at reflux temp-
erature for 24 hours. Dark blue solid, yield 89%; m.p. >250 °C;
CoH{4N,0,Pt (MW = 541.42): Anal. caled: C, 44.37; H, 2.61; N,
5.17%; found: C, 44.34; H, 2.59; N, 5.17%; FT-IR (KBr) v(cm™)
= 3219m (NH), 3185sh (NH), 3117w (CH aromatic), 1624m
(CO), 1584m (CO), 1555s (CC), 1497vs, 1461vs, 1391vs (C-O),
1362m, 1206s, 716s; "H NMR (300 MHz; DMSO-dg) & 9.06 (m,
1H), 8.10 (m, 4H), 7.74 (m, 3H), 7.49 (m, 1H), 6.37 (m, 2H,
-NH,), 4.02 (m, 2H) ppm; “*C NMR (101 MHz, DMSO-d¢) &
173.08, 170.24, 166.77, 157.40, 149.21, 147.63, 143.38, 142.19,
139.19, 135.89, 134.22, 129.27, 125.78, 125.06, 125.06, 124.67,
123.51, 123.01, 122.31, 122.31, 53.31 ppm; MS(ESI): m/z [M]"
caled; found 423.32 [M — C,H,0,]".

[(L4)Pt(aliz)], 4b. [(L4)PtCl,], complex 4a (0.73 mmol) and Ag
(CF;3S03) (1.46 mmol) were suspended in dimethylformamide
(10 mL) and stirred at room temperature for 12 h under a
nitrogen atmosphere in the dark. The precipitate was filtered
off on Celite and to the resulting solution were added H,(aliz)
(0.73 mmol) and 2 M NaOH (2 eq.). After 5 h, the solvent was
evaporated under vacuum and the obtained powder was sus-
pended in 20 mL of acetone. At this point, the mixture was fil-
tered yielding the desired product as a purple solid, yield 58%;
m.p. >250 °C; C,3H14N,0,Pt (MW = 577.06); Anal. calcd: C,
47.84; H, 2.44; N, 4.85; found: C, 47.35; H, 2.50; N, 4.34; FT-IR
(KBr) y(em™) = 3486w (N-H), 3062w (CH aromatic), 1623m
(CO), 1588s(CC), 1387s(C-0), 1254w, 1225s, 828s, 717vs; 'H
NMR (300 MHz, DMSO-d) 8.20-8.06 (m, 3H), 7.80-7.70 (m,
3H), 7.42 (d, J = 9.5 Hz, 2H), 6.47 (d, J = 8.0 Hz, 1H), 3.91 (s,
1H), 3.06 (m, 2H), 2.69-2.65 (m, 1H), 2.54 (m, 2H), 2.38-2.29
(m, 1H) ppm. >C NMR (101 MHz, DMSO-d,) § 189.29, 181.08,
153.37, 151.29, 149.32, 141.85, 139.07, 135.61, 134.56, 134.07,
133.36, 130.38, 129.80, 129.32, 128.19, 127.45, 127.22, 126.99,
124.23, 124.00, 121.62, 121.33, 116.76 ppm; MS(ESI): m/z [M]"
caled 577.46; found 578.09 [M + H]".

[(L5)Pt(aliz)], 5b. The reaction conditions were analogous to
those reported for 4b. The product was obtained as a purple
powder, yield 83%; m.p. >250 °C; Cy3H;sN,O,Pt (MW =
581.09); Anal. caled: C, 47.34; H, 3.45; N, 4.80; found: C, 47.23;
H, 3.40; N, 4.77; FT-IR (KBr) v(cm™) = 3522w (N-H), 3216w
(CH aromatic), 1659m (CO), 1589s (CC), 1398s (C-0O), 1252w,
1165w, 828s, 714s; 'H NMR (300 MHz, DMSO-d,) § 8.17 (m,
2H), 7.91-7.83 (m, 3H), 7.74 (s, 1H), 7.57 (d, J = 8.2 Hz, 1H),
7.36 (m, 1H), 7.08 (d, J = 8.0 Hz, 1H), 2.87 (s, 3H), 2.83-2.70
(m, 4H), 2.60 (m, 2H) ppm. >C NMR (101 MHz, DMSO-dg) &
178.68, 162.78, 150.90, 149.82, 143.31, 135.86, 135.70, 133.50,
132.59, 126.38, 122.76, 122.29, 120.09, 119.39, 117.39, 117.37,
116.17, 116.13, 114.81, 108.69, 107.92, 107.16, 36.25,
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31.25 ppm. MS(ESI): m/z [M]" caled 581.49; found 582.33 [M +
H]".

[(L6)Pt(aliz)], 6b. The reaction conditions were analogous to
those reported for 4b. The product was obtained as a purple
powder, yield 64%; m.p. 185 °C; C,3H,oN,0,Pt (MW = 595.11);
Anal. calcd: C, 48.41; H, 3.39; N, 4.70; found: C, 48.12; H, 3.32;
N, 4.67; FT-IR (KBr) v(em™") = 3367w (N-H), 3119w (CH aro-
matic), 3053w (CH aliphatic), 2890s (CH aliphatic), 1661m
(CO), 1587s (CC), 1454w (CH aliphatic), 1399s (C-O), 1287w,
1161w, 830s, 773m, 713m; "H NMR (300 MHz, DMSO-dg) &
9.63-9.43 (m, 1H), 8.86 (dd, J = 8.4, 1.2 Hz, 1H), 8.29-8.16 (m,
2H), 8.02 (dd, J = 8.9, 4.4 Hz, 1H), 7.99-7.88 (m, 3H), 7.76 (m,
2H), 7.71-7.63 (m, 1H), 7.30 (d, J = 8.3 Hz, 1H) ppm. *C NMR
(101 MHz, DMSO-dg) § 180.57, 162.76, 159.36, 157.95, 141.40,
140.95, 135.14, 135.13, 134.79, 134.77, 134.07, 132.94, 131.48,
127.09, 126.78, 126.73, 123.26, 121.63, 119.99, 114.35, 36.22,
26.63, 22.98, 20.66 ppm. MS(ESI): m/z [M]" caled 595.52; found
596.72 [M + HJ".

[(L7)Pt(aliz)], 7b. The reaction conditions were analogous to
those reported for 1. The reaction was conducted using 7a
(80 mg, 0.19 mmol), Hy(aliz) (45 mg, 0.19 mmol) and KOH
(37 mg, 0.76 mmol). Very dark purple solid, yield 88%; m.p.
>250 °C; CpsH;4N,0,Pt (MW = 589.46): Anal. caled: C, 48.90;
H, 2.39; N, 5.75%; found: C, 48.91; H, 2.42; N, 5.73%; FT-IR
(KBr) v(cm™) = 3085w (CH aromatic), 3059w (CH aromatic),
1624m (CO), 1584m (CO), 1557s (CC), 1500s (CC), 1392vs (C-
0), 1207s, 761vs, 717vs; "H NMR (300 MHz; DMSO-dg) 6 9.50
(m, 2H), 8.59 (d, J = 7.77 Hz, 2H), 8.44-8.39 (m, 2H), 8.15-8.09
(m, 2H), 7.86-7.69 (m, 4H), 7.55-7.45 (m, 1H), 6.36 (d, J = 8.46
Hz, 1H) ppm; *C NMR (101 MHz, DMSO-d,) § 181.36, 173.83,
157.27, 156.30, 148.83, 140.95, 140.21, 134.05, 133.53, 133.01,
128.34, 128.13, 126.54, 126.24, 124.64, 123.00, 119.92 ppm; MS
(ESD): m/z [M]" caled 613.49; found 461.19 [M — C,H,0,]".

[(L8)Pt(aliz)], 8b. The reaction conditions were analogous to
those reported for 1b. The reaction was conducted using 8a
(80 mg, 0.18 mmol), Hy(aliz) (43 mg, 0.18 mmol) and KOH
(30 mg, 0.72 mmol). Black-purple solid, yield 51%; m.p.
>250 °C; CpeH14N,0,Pt (MW = 613.48): Anal. caled: C, 50.90;
H, 2.30; N, 4.57%; found: C, 50.88; H, 2.33; N, 4.55%; FT-IR
(KBr) y(em™") = 3082s (CH aromatic), 3059s (CH aromatic),
1626s (CO), 1585m (CO), 1492vs, 1462m (CC), 1382vs (C-O),
1208s, 839vs, 716m, 707vs; "H NMR (300 MHz; DMSO-dg) &
9.69 (d, J = 5.43 Hz, 2H), 9.04 (d, J = 7.77 Hz, 2H), 8.29 (s, 2H),
8.19-8.10 (m, 4H), 7.76-7.66 (m, 2H), 7.47 (d, J = 8.28 Hz, 1H),
6.29 (d, J = 8.52 Hz, 1H) ppm; *C NMR (101 MHz, DMSO-d) §
198.48, 187.82, 174.37, 150.84, 149.84, 140.39, 139.47, 137.12,
134.38, 134.00, 132.87, 131.21, 128.61, 127.27, 126.97, 126.84,
126.72, 124.23, 123.42, 120.34, 118.45 ppm; MS(ESI): m/z [M]"
caled 613.49; found 469.25 [M — CgH,05]".

[(L9)Pt(aliz)], 9b. The reaction conditions were analogous to
those reported for 1b. The reaction was conducted using 9a
(80 mg, 0.16 mmol), H,(aliz) (38 mg, 0.16 mmol) and KOH
(36 mg, 0.64 mmol). Light purple solid, yield 57%; m.p.
>250 °C; CpgH,4N,0,Pt (MW = 665.52): Anal. caled: C, 50.53;
H, 2.12; N, 8.42%; found: C, 50.56; H, 2.09; N, 8.40%; FT-IR
(KBr) v(em™") = 3122w (CH aromatic), 1624m (CO), 1584m
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(CO), 1555s (CC), 1497vs, 1462vs, 1389vs (C-0), 1206s, 716s;
"H NMR (300 MHz; DMSO-dg) § 9.47 (pseudo-dd, 1H), 9.25 (m,
1H), 9.17 (pseudo s, 2H), 8.15-8.09 (m, 2H), 7.97 (dd, 2H),
7.79-7.73 (m, 2H), 7.54 (d, J = 8.22 Hz, 1H), 6.42 (d, J = 8.76
Hz, 1H) ppm; *C NMR (101 MHz, DMSO-d,) § 188.48, 156.14,
152.92, 147.66, 146.28, 140.46, 136.41, 134.56, 134.40, 133.40,
132.83, 127.38, 126.87, 126.71, 125.23, 125.12, 120.78, 119.41,
115.22 ppm; MS(ESI): m/z [M]" caled 665.53; found 591.91 [M
— CeH4]"-

Log P,,, determination

RP-HPLC analyses were performed to correlate the hydrophobi-
city of the platinum(u) complexes with their retention time.
The chromatograms were registered using a Partisil C18-ODS
reversed-phase HPLC column, at 25 °C and with a water/
methanol ratio of 80/20 in the presence of 15 mM HCOOH as
the mobile phase and using KI as the internal standard (flow
rate of 1 mL min~", 1 = 210 nm). The calibration curve was rea-
lized in comparison with reference compounds, chosen in
commercially available platinum compound series (i.e. cispla-
tin, oxaliplatin and carboplatin).>*?*

Interaction study with GSH

The binding studies with GSH were directly conducted in NMR
tubes mixing 1 eq. of the compound (2b, 6b or 7b) in 20% of
0.9% w/v NaCl-D,O solution in DMSO-dg; then 1.1 eq. GSH
was added to the solution. The sample was evaluated at 24 h
by 'H NMR analysis.

Cell culture

The breast cancer cell line MDA-MB-231 cells were cultured in
DMEM supplemented with penicillin (10 000 U mL ™), strepto-
mycin (10 mg mL "), non-essential amino acid solution and
10% fetal calf serum (FCS). The cells were incubated with
newly synthesized complexes dissolved in DMSO. The same
volume of solvent was added to control conditions and did not
exceed 0.5% v/v.>**®

Sulphorodamine B cell viability assay

Cellular toxicity of the MR compounds was assessed using the
sulphorodamine (SRB) assay according to the protocol estab-
lished by Skehan et al.*” 8000 cells per well were seeded in a
96 well-tray in 100 pl per well of the complete medium. The fol-
lowing day, the medium was replaced with fresh media con-
taining 0.4% FBS and treatments or DMSO as the control.
After 24 h of incubation, the SRB assay was performed and
absorbances were measured at 570 nm with a Victor Nivo mul-
tiplate reader by PerkinElmer.

Determination of intracellular and DNA-bound Pt
concentrations

For the DNA-bound Pt concentrations, the nuclear DNA was
extracted by incubating cell monolayers with digest buffer
(final composition: 50 mM in Tris HCl, 100 mM NaCl,
100 mM EDTA, 1% SDS), then transferred to 1.5 mL microcen-
trifuge tubes and a saturated NaCl solution was added. The
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samples were then clarified by centrifugation for 15 min at
13 000 rpm and the supernatant transferred to new microcen-
trifuge tubes and DNA precipitated by isopropanol. DNA was
then washed by centrifugation twice with 70% ethanol and
resuspended in TE buffer (10 mM Tris pH 8.0, 0.1 mM EDTA).
The Pt concentrations were then determined by ICP-MS and
normalized by total DNA. For the determination of total intra-
cellular Pt concentrations, cells were washed twice with PBS
and lysed by incubation with 1% Triton X100/0.1% SDS for
5 min at room temperature. Cell lysates were then removed by
centrifugation at 14 000g for 10 min, and the Pt concentrations
were determined by ICP-MS (the calibration curve was realized
by using platinum chloride standard solution (platinum stan-
dard solution, for AAS, 1 mL = 1.00 mg Pt = 5.13 mmol L™ in
10-20% HCl)). Data were normalized with the protein concen-
trations determined using the BCA protein assay (Thermo
Scientific, Rockford, IL USA).

ESI MS experiments

Sample preparation: stock solutions of ODN (Merck), bovine
pancreatic ribonuclease A (Merck) and human serum albumin
(Merck) 10> M were prepared by dissolving the lyophilized
protein or oligonucleotide in LC-MS grade water. Stock solu-
tions of 107> M platinum compounds were prepared by dissol-
ving the samples in acetonitrile. For the experiments, an
aliquot of the stock solutions of the selected protein was
mixed with aliquots of each platinum compound at a protein-
to-metal ratio of 1:1 and diluted with 2 mM ammonium
acetate solution (pH 6.8) to 100 pM final protein concen-
tration. The mixtures were incubated at 37 °C up to 48 h. After
the incubation time, the protein solutions were sampled and
diluted to a final protein concentration of 500 nM using 2 mM
ammonium acetate solution, pH 6.8 and adding 0.1% v/v
formic acid just before the infusion in the mass spectrometer.
For the oligomer the final concentration was 1 pM, diluted
with 2 mM ammonium acetate solution, pH 6.8 and 1% v/v tri-
ethylamine was added just before infusion in the mass
spectrometer. Instrumental parameters: the ESI mass spectra
were acquired through direct infusion at 7 uL. min~" flow rate
in a Tri-pleTOF® 5600+ high-resolution mass spectrometer
(Sciex, Framingham, MA, U.S.A.), equipped with a DuoSpray®
interface operating with an ESI probe.

The ESI source parameters were as follows:

RNase: positive polarity, ionspray voltage floating 5500 V,
temperature 0, ion source gas 1 (GS1) 45 L min~'; ion source
gas 2 (GS2) 0; curtain gas (CUR) 15 L min~"', declustering
potential (DP) 60 V, collision energy (CE) 10 V, acquisition
range 570-1300 m/z.

HSA: positive polarity, ionspray voltage floating 5500 V,
temperature 0, ion source gas 1 (GS1) 30 L min™"; ion source
gas 2 (GS2) 0; curtain gas (CUR) 12 L min~", declustering
potential (DP) 150 V, collision energy (CE) 10 V, acquisition
range 1000-2600 m/z.

ODN: negative polarity, ionspray voltage floating —4500 V,
temperature 0, ion source gas 1 (GS1) 30 L min~'; ion source
gas 2 (GS2) 0; curtain gas (CUR) 20 L min~", declustering
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potential (DP) 50 V, collision energy (CE) 10 V, acquisition
range 600-1400 m/z.

For acquisition, Analyst TF software 1.7.1 (Sciex) was used,
and deconvoluted spectra were obtained by using the Bio Tool
Kit micro-application v.2.2 embedded in Peak-ViewIM soft-
ware v.2.2 (Sciex).

Theoretical calculations

All the quantum mechanical calculations were performed
using density functional theory (DFT) by using the Gaussian16
software package.’® The hybrid B3LYP exchange and corre-
lation functional,***® comprised of Grimme’s dispersion cor-
rection (D3), was used for the optimization calculations in con-
junction with the Pople double-{ basis set 6-31+G* for the
oxygen atoms and 6-31G** for C, N and H atoms; while the
effective core potentials (ecp) SDD**** were used for the Pt
atom along with the associated split valence basis set. The
aqueous environment effects were taken into consideration by
the integral equation formalism variant of the polarizable con-
tinuum model (IEFPCM),>® using a dielectric constant of 78.4.
Harmonic frequency calculations were performed in order to
identify both the minimum and transition state nature of each
stationary point (0 or 1 imaginary vibrational frequencies,
respectively) and to get Gibbs free energies at 298 K and 1 atm
from total energies, including zero-point, thermal and solvent
corrections.> Intrinsic reaction coordinate analysis was per-
formed to properly connect minima to each transition
state.”>*® Final energies were obtained by means of single-
point calculations employing the triple-{ basis set 6-311+G**
for all the atoms, except Pt for which ECP def2-QZVP basis set
was employed in conjunction with the split valence basis set.
UV-Vis spectra were achieved, within the non-equilibrium
time dependent (TD) DFT approach, as vertical electronic exci-
tations on the ground-state structure, using the same protocol
as that used for the optimization calculations.

The gauge-independent atomic orbital (GIAO) metho
was used to estimate the absolute chemical shielding as
implemented in Gaussian 16. The standard basis set 6-
311++G** for all the atoms and the SDD for the Pt center, were
coupled to the B3LYP functional. Chemical shifts have been
then obtained from absolute shieldings by subtraction of a cal-

457,58

N\Pt/Cl
N~ Tl

+

L1-L9 + K,PtCl,

[(NAN)PICI,], 1a-9a

Scheme 1 Synthesis of [(NAN)Pt(aliz),] complexes, 1b—9b.

2608 | Dalton Trans., 2024, 53, 2602-2618

View Article Online

Dalton Transactions

culated reference, the absolute chemical shielding of TMS
computed at the same level of theory.

Results and discussion
Synthesis and characterization

Complexes [(N*N)Pt(aliz)], 1b-9b were prepared starting from
their corresponding [(N*N)PtCl,] precursors, 1a-9a, obtained
following or adapting already reported procedures,’®™® to
afford after filtration and washing the desired products in
overall good yields of 60-90% (Scheme 1).

All complexes were obtained as dark powders, mostly in-
soluble in the common organic solvents except for dimethyl
sulfoxide (DMSO). Complexes 1b-9b were fully characterized
through spectroscopic characterization (FT-IR, multinuclear
NMR, and electrospray ionization ESI-MS) as well as melting
point determination and elemental analysis. In the free
H,(aliz) ligand, the (C=O) bands are present at 1683 and
1663 cm ™" while the (C-O) band is at 1320 ecm™".>>*° In com-
plexes 1b-9b, the (C=O0) stretching vibration band is present
as a red-shifted medium or a strong band centred at
1625 cm™'. Moreover, each spectrum exhibits an intense band
at ca. 1555 cm™* that can be reconducted to mixed (C=0) and
(C==C) vibrations. With regards to the C-O bond, a very strong
absorption band is present at 1349 cm™' for 1b and in the
range of 1382-1392 cm™" for complexes 2b-9b. Lastly, for the
complexes 1b-6b, it is important to underline the presence of
the stretching bands related to the (N-H) vibrations.
Specifically, they are positioned at 3303-3200 (1b), 3219 (2b),
3224 (3b), 3486 (4b), 3522 cm™' (5b) and 3367 (6b) cm™,
respectively. "H NMR spectra confirm exhaustively once again
the complexation of aliz. For each complex 1b-9b the coordi-
nation of aliz is testified by the shift of the aliz protons nearest to
coordination sites, the most sensitive protons to ligand coordi-
nation. In each spectrum, the signal of the two H most sensitive
to metal coordination is shifted to high fields with respect to
H,(aliz) and, in particular, of ca. 0.72 and 0.10 ppm respectively.
Notably, the synthesis of complexes 3b-6b could afford a mixture
of geometrical isomers, due to the asymmetry of both aliz and
their corresponding (N*N) ligand.®® The cis/trans isomers can be

Cones

H,(aliz) N/Pt\o

[(N*N)Pt(aliz)], 1b-9b

[(L1)Pt(aliz)], 1b
[(L2)Pt(aliz)], 2b
[(L3)Pt(aliz)], 3b
[(L4)Pt(aliz)], 4b
[(L5)Pt(aliz)], 5b

[(L6)Pt(aliz)], 6b
[(L7)Pt(aliz)], 7b
[(L8)Pt(aliz)], 8b
[(L9)Pt(aliz)], 9b
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Fig. 3 Geometric cis/trans isomers of complexes 3b—6b.

defined in function of the relative position of the N-atom of the
-NH, function with respect to the more sterically hindered
O-chelated atom of the alizarin ligand (Fig. 3).

However, the '"H NMR spectra of compounds 3b-6b display
a sole set of signals for both ligands evidencing that only a
single isomer was obtained in each case. The spectral features
of the two possible isomers of complexes 3b-6b were simu-
lated in the framework of the GIAO method in order to estab-
lish if there is any evidence supporting the presence of one or
other isomers in the examined sample. Both *C and "H NMR
spectrum simulations of the two possible isomers of com-
plexes 3b-6b evidenced a very similar behavior of the two
species; no significant difference in the computed chemical
shifts (collected in Table S11) about the key region of each
complex was found. Even from a thermodynamic point of
view, the relative stability of the two isomers differs by no
more than 0.5 keal mol™". In the absence of suitable crystals
for X-Ray diffraction, to shed light on the nature of the syn-
thesized isomer, we computationally analyzed the shortest dis-
tances between protons of the two ligands separated by the Pt
() metal center in the complexes, looking for possible candi-
dates prone to display the nuclear Overhauser effects (NOE).
Measured distances computed in DMSO were extracted from
the optimized geometries of complexes 3b-6b as reported in
Table TS2.1 Comparing the interproton distances complex 5b
with a methyl group at the ortho-position of the pyridine ring
has been identified as the rightful candidate for this study.
Indeed, the interproton distance between the protons of the
methyl group and the nearest proton of the alizarin ligand is
3.85 A in the cis isomer, an ideal value for a NOE effect, as
observed in the case of a Pd(n) complex.®® Therefore, in a
2D-NOESY experiment, it is expected that cis-5b isomer is
expected to display two correlations: one with the nearest
proton of alizarin, and one with the neighboring proton of the
pyridine ring, while the trans-5b isomer should only display
the latter one. The 2D-NOESY spectrum of 5b recorded in
DMSO-dg as reported in Fig. S16,f clearly shows a unique NOE
effect, thus evidencing that the ¢rans isomer was produced. It
is therefore hypothesized that for all complexes 3b-6b, only
the trans isomer was indeed synthesized.

From a structural point of view, computations evidenced
that all the complexes are characterized by a square planar
structure in which the OO and the N”N ligands, when fully
aromatic, are coplanar to each other. While a distortion from
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the planarity on the N*N ligand can be observed, as expected,
when one or both nitrogen atoms coordinated to the platinum
center are sp’. The nature of the N*N ligands has only a mar-
ginal influence on the Pt-N and Pt-O bond lengths, as pre-
viously reported for some aquo complexes with similar nitro-
gen ligands.?> However, looking at such distances reported in
Fig. S177 a slight shortening of the Pt-O bond trans to aro-
matic N as compared to trans to NH, can be observed.
Similarly, the Pt-N distances involving aromatic nitrogen
atoms are shorter than those with non-aromatic ones. For
further detailed description, cartesian coordinates are reported
in Table TS3.}

Stability of Pt complexes in buffered solutions (experimental
and theoretical)

The UV-Visible absorption spectra of complexes 1b—9b were
recorded in 1 x 10~> M DMSO/buffer solution (DMSO 0.5% v/v)
at room temperature, and the results are shown in Fig. 4.
Moreover, in order to spectroscopically assess the long-term
stability of all compounds in an aqueous medium, the absorp-
tion profiles were acquired over time (0, 3, 6 and 24 h)
(Fig. S18t). The TD-DFT computed spectra in the water
environment are reported in Fig. S19F and more detailed infor-
mation collected in Table S4.f Both aqueous solutions of 1b
and 2b, bearing N*N ligands L1 and L2, respectively, display
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Fig. 4 Absorption spectra of complexes 1b—2b (A), 3b—6b (B), and 7b—
9b (C).
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absorption spectra characterized by a peak at 326 nm and by a
broad, structureless electronic band at a lower energy
(440-650 nm). In agreement with the experimental and theore-
tical absorption spectra of the analogous compound [(NHj3),Pt
(aliz)] and other aliz transition metal complexes**>** such a
band is assigned to metal to ligand charge-transfer (MLCT) tran-
sitions involving the aliz fragment (Fig. 4A). Indeed, the plot of
the natural transition orbitals (NTOs), reported in Fig. S20,t
confirm the MLCT nature of the band, which is generated by a
pure electronic transition from HOMO to LUMO centered at 517
and 513 nm for 1b and 2b, respectively. The highest energy peak,
is, instead, due to an intraligand charge transfer localized on the
aliz ligand (ILCT), with a very weak participation of the metal
only in the case of 1b. The electronic transition starts from an
inner orbital (H-4) and ends at the LUMO.

Analogously 3b-6b, all characterized by having a sp> hybri-
dized nitrogen atom in the coordination sphere, show elec-
tronic absorption features in the UV-Visible range very similar
to those of the related [(NH3),Pt(aliz)] complex, pointing out
the predominant involvement of the (O*O) ligand over the
(N~N) one (Fig. 4B). The two bands, thus, originated by tran-
sitions with MLCT and ILCT character in the regions 440-650
and 275-420 nm, respectively.

The recorded and computed absorption spectra of the Pt
(u)-diamine complexes 7b-9b are reported in Fig. 4C and
Fig. S19C.} In all cases, a band between 440 and 650 nm is
observed, attributed to a charge-transfer transition from the
metal center to the aliz ligand. Nevertheless, differently from
the other cases, the plot of NTOs clearly proves the partici-
pation of the (0*0) ligand in the charge transfer from the
metal center (Fig. S207). In the highest energy region
(275-420 nm), also according to the comparison with the
absorption spectra of the representative Pt(u) complexes 7a-9a,
7b-9b exhibit bands attributable to MLCT transitions invol-
ving the (0”0) ligand as well as the (N*N) ligand.®>°® This is
particularly evident in the case of 9b, for which a contribution
of transitions having ligand to ligand charge transfer character
can be highlighted.

In conclusion, it is possible to state that the photophysics
of compounds 1b-9b is characterized by electronic transitions
which strongly involve the 1,2-dihydroxy-9,10-anthraquinone
ligand, as also observed in other alizarin-bearing coordination
compounds.®”*®

Log P,,, and pharmacological evaluation

For complexes 1b-9b, logP,, values were determined by
RP-HPLC and using commercially available Pt(u) complexes as
references.®”’! The values were generally comparable, in a
range of 2.79-3.57, depending on the type of the N*N ligands
and on the presence of aliz (Table 1 and Fig. S13-15%).

The cytotoxicity of complexes 1b-9b was tested in vitro on a
triple negative breast cancer MDA-MB-231 cell line by the sul-
forhodamine B (SRB) assay. After 24 h incubation with increas-
ing concentrations of the compounds, the ICs, values were
determined. As shown in Table 1, by the analysis of the cyto-
toxic activity results, only 5b, 6b and 7b showed a considerable
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Table1l LogP,, and cytotoxic effects of 1b—9b complexes on
MDA-MB-231

[(N~N)Pt(aliz)] complexes Log Py IC50 on MDA-MB-231°
1b 2.84 >200 pM

2b 2.82 >200 uM

3b 2.87 >200 pM

4b 3.26 >200 pM

5b 3.57 89.54 +2.21 uM
6b 3.39 10.49 £ 1.21 pM
7b 2.81 24.5+1.5uM
8b 2.79 >200 pM

9b 2.79 >200 pM
Cisplatin -2.21 59.4 +10.06 pM

“Log P, was evaluated by RP-HPLC, equipped with C18 ODS at 25 °C
with water/methanol in ratio 80/20 in presence of 15 mM HCOOH as
an eluent. °ICs, values were determined by the sulforhodamine B
(SRB) assay.

decrease of cell viability with ICs, values of 89.54 + 2.21 pM
(5b), 10.49 + 1.21 pM, (6b) and 24.5 + 1.5 pM (7b), respectively.
In particular, 6b revealed the lowest IC5, value.

Given the promising values of cytotoxicity obtained for
some of the complexes, the object of this work, the intent was
to study their possible mechanism of action. Therefore, we
decided to deeply investigate complexes 2b, 6b and 7b which
are similar from the structural point of view, but with very
different cytotoxic profiles (not effective, 10.49 + 1.21 pM and
24.5 + 1.5 pM, respectively), in order to elucidate the funda-
mental role played by the (N~N) ligand. Furthermore, for a
better understanding of the contribution of aliz in these three
complexes’ reactivity, they are compared to their dichloride
precursors 2a (ICso value of 6.65 pM), 6a (4.5 uM)** and 7a
(11.92 pM). In order to understand the cause of the difference
in terms of activity of these six complexes, Pt(n) bioavailability
was analyzed by measuring the intracellular concentrations of
Pt concentrations by ICP-MS of cellular lysates. Surprisingly,
we detected minimal amounts of Pt after 6 h of incubation
with 6b and 7b. Instead, 2b, 2a, 6a and 7a produced the
highest incorporation into cellular proteins (Fig. 5).

Since it was observed that the Pt established a minimal
association with intracellular proteins, the amount of Pt
bound to DNA was determined in order to justify its cytotoxic
effect. The complex that displayed the largest affinity to
nuclear DNA is 6b, probably due to its efficient transport into
the nucleus without affecting cellular proteins. The Pt percen-
tage bound to DNA, in relation to the entire compound incu-
bated, exhibited by 6b was the highest compared to the other
complexes selected. These results suggest that 6b elicits its
highly potent cytotoxic effect by a very large association with
nuclear DNA with a minimal interaction with intracellular pro-
teins. The DNA binding capacity of 6b was significantly higher
than cisplatin (Fig. 6).

ESI-MS and NMR interaction studies of Pt complexes with
biological molecules

A number of binding studies were conducted according to a
well-defined ESI-MS experimental protocol that was recently

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Protein-bound concentrations of Pt after incubation of the
MDA-MB-231 cell line with Pt(1) complexes. Cells were seeded
(250 000/35 mm Petri dish) and incubated with DMEM supplemented
with 10% FCS; 24 h later the medium was replaced with the one con-
taining 0.4% FCS and indicated concentrations of compounds. The incu-
bation was continued for 6 h at 37 °C. At the end of this incubation
period, the total cell homogenates were prepared. (A) ng Pt per mg
protein and (B) percentage of Pt protein-bound compared to pM con-
centration utilized.

developed in the METMED laboratory in Florence and is now
documented in several papers.””””* In more detail, we reacted
two distinct proteins, i.e. ribonuclease A (RNase A) and human
serum albumin (HSA), and a DNA oligonucleotide, ie. the
single-stranded 12-mer ODN1, with equimolar amounts of
three complexes 2b, 6b and 7b and of their respective chloride
counterparts (2a, 6a and 7a) and analyzed through ESI-MS the
products of those interactions. Notably, HSA (65 kDa) is a rela-
tively big globular protein characterized by the presence of 17
disulfide bonds and only one free cysteine residue (Cys34);”
HSA is the most abundant protein in the plasma and is known
to interact with several metallodrugs including the classical
anticancer drug cisplatin.”® RNase A (14 kDa) is a relatively
small protein with four disulfide bonds in its native state, i.e.,
Cys26-84, Cys58-110, Cys40-95 and Cys65-72; these disul-
phide bonds are relatively well exposed to the solvent. RNase is
usually used as a model protein to better understand the mole-
cular mechanisms of interaction of platinum metal complexes
with proteins.”” The DNA oligonucleotide ODN1 contains a
single “GG” box in the middle of the sequence (5'-
ATTAGGCCTAAT-3') which is the typical binding site for the
Pt(u) complexes.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 DNA-bound concentrations of Pt after incubation of the
MDA-MB-231 cell line with Pt(n) complexes and cisplatin. Cells were
seeded (250 000/35 mm Petri dish) and incubated with DMEM sup-
plemented with 10% FCS; 24 h later the medium was replaced with one
containing 0.4% FCS and indicated concentrations of compounds. The
incubation was continued for 6 h at 37 °C. At the end of this incubation
period, the total DNA was extracted. (A) ng Pt per mg DNA and (B) per-
centage of Pt DNA-bound compared to pM concentration utilized.

Interestingly, the obtained ESI-MS spectra reveal a large
difference in the reactivity of complex 6b compared to 2b and
7b, despite their close structural relationship. Indeed, in the
case of complex 6b, an appreciable reactivity is observed with
RNase and ODN1; in both cases complex 6b leads to the for-
mation of a well-defined adduct bearing the Pt(u) 8-aminoqui-
noline fragment (Fig. 7).

Conversely, complexes 2b and 7b did not show any signifi-
cant reactivity with RNase and ODN1; no adduct formation
was indeed detected in the ESI-MS spectra after incubation
(data not shown). No adduct formation was detected between
complexes 2b, 6b and 7b and HSA.

At variance, all the chloride compounds, i.e. complexes 2a,
6a and 7a, manifested a large reactivity towards all tested
targets (RNase, HSA and ODN), owing to the presence of the
more labile chloride ligands. In Fig. 7, the ESI-MS spectra of
complex 6b and its chloride counterpart, i.e. complex 6a, inter-
acting with the above biomolecules are comparatively shown.
In all spectra the signal of the native biomolecule is retained
indicating that complete metalation of the targets has not
occurred. In the case of ODN1 the peak at 3643 Da belongs to
the native oligonucleotide and the other two signals at 3980
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Fig. 7 (A) Deconvoluted ESI-Q-TOF spectra of ODN with complex 6b

(left) and 6a (right). (B) Deconvoluted ESI-Q-TOF spectra of RNase with
complex 6b (left) and 6a (right). (C) Deconvoluted ESI-Q-TOF spectra of
HSA with complex 6b (left) and 6a (right), in a 1: 1 molecules to platinum
ratio. All spectra were recorded at 24 h.

Da and 4318 Da belong to the adducts with the Pt(u) 8-amino-
quinoline fragment with a binding stoichiometry of up to 1:2
of metal fragment/target. A similar reaction pattern is also
identified in the case of RNase, with the native protein signal
at 13680 Da and a binding stoichiometry of up to 1:1.
Instead, complex 6b did not react with HSA, as shown in
Fig. 7C, while the complex 6a interacts with the protein,
binding the classical Pt(u) 8-aminoquinoline fragment.

These findings pointed out that the chloride leaving group
enhanced the reactivity of the Pt(n) complexes compared to the
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aliz analogues. This aspect is also confirmed by the compara-
tive studies performed with the well-known anticancer agent
cisplatin. The interactions between this drug and some bio-
logical targets, such as ODN, RNase and HSA, were evaluated;
the adduct formation with the metal fragment [Pt(NH;)**] was
observed in the case of RNase and ODN (see Fig. S217).

It turns out that the aliz ligand greatly reduced the ability of
the Pt(u) complexes to interact with the model biomolecules.
However, the greater reactivity of complex 6b towards the
targets, in contrast to the behavior of complexes 2b and 7b,
was in good agreement with the cytotoxicity data; in fact, the
cytotoxic data demonstrated that complex 6b (ICs, value of
10.49 uM) was more active against the MDA-MB-231 cell line
than complexes 2b and 7b, with ICs, values of >200 pM and
24.5 pM, respectively.

Regarding the interaction with GSH, an NMR study was per-
formed (Fig. S227). As shown in the "H NMR spectrum, the
appearance of two multiplets at 3.1-3.3 and 2.8-2.95 ppm is
noted, assigned to the shift of the methylene protons next to
the SH group originally present as a multiplet located at
2.60-2.85 ppm. Moreover, the new multiplet at 4.55-4.70 ppm
arose in the spectrum originally represented as a multiplet at
4.3-4.4 ppm and relative to two methane functions, underlin-
ing the interaction between the complexes and GSH, more
evident after 24 h in the case of 6b. With these types of com-
plexes, despite the protective role possibly played by the aliz
ligand, evidence is clearly obtained for sulfur coordination to
the platinum center and adduct formation. Yet, it remains to
be established to what extent the reaction proceeds in the real
cellular environment and what is the precise platinum specia-
tion. The relevant cytotoxic effects still produced by 6b in
cancer cells suggest that only partial inactivation of the plati-
num complex by GSH has occurred.

Computational exploration of the mechanism of action

Given the substantially different abilities of the characterized
complexes in causing cell death, a detailed computational
study was carried out to explore their respective mechanisms
of action. On the basis of the measured ICs, (Table 1), com-
plexes 2b, 6b and 7b were selected as they can be considered
as a representative of inactive, highly active and medium active
complexes, respectively. For the sake of comparison, the same
calculations were performed on the chlorido derivatives 2a, 6a
and 7a, the precursors of the selected complexes, in order to
assess the influence of the aliz ligand on the anticancer
action.

The key steps of the mechanism of action of Pt(u)-based
anticancer drugs inside the cell, as depicted in Scheme 2, are
as follows: (i) the labile ligand substitution by water molecules
that leads to the formation of the corresponding aqua-com-
plexes (hydrolysis) and (ii) the subsequent binding to nuclear
DNA (DNA platination). The product of the first part of the
mechanism can be both the mono- and di-aquo complexes as
a result of the first and the second hydrolysis, respectively.
Accordingly, the second part of the mechanism of action, that
is DNA platination, can in principle involve either the mono-

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Schematic reaction mechanism accounting for the mode of action of the anticancer [(NAN)Pt(aliz)] complexes.

aquo (path a) or the di-aquo complexes (path b). The latter step,
as is well-known, causes the structural distortion of DNA that ulti-
mately leads to cell death. Complex 6b, as some of the investi-
gated complexes for which the N*N ligand is not symmetric, can
exist in two different isomeric forms. Calculations evidenced
equal stability (energy difference of less than 0.5 kcal mol™") of
the two isomers and, as no trans effect can influence the water
attack, the anticancer activity was explored only for the trans
isomer, being the experimentally obtained one.

In Table 2 the activation free energies and the reaction free
energies computed for both hydrolysis steps and DNA platina-
tion, are reported.

The anticancer action starts with the entrance of water in
place of one arm of the O*O ligand (1* hydrolysis). All the
investigated complexes show approximately the same tendency to
undergo the first hydrolysis. In all cases the reaction is endergo-
nic in a range between 6 (for 6a) and 17 kecal mol™" (for 7b). The
detachment of one oxygen coordinating atom of aliz in favor of
water coordination requires the highest energy amount to be rea-
lized in complex 2b (see AG* for the 1° hydrolysis in Table 2),
while for the reference complex 6a the lowest energy barrier was
computed. The subsequent step, that is the formation of the
diaquo-complex (2™ hydrolysis), is only slightly endergonic for
all the complexes. The kinetics of the second hydrolysis is rather

Table 2 Calculated activation (AG¥) and reaction (AG,) free energies
(kcal mol™) in water describing the first and second hydrolysis processes
and guanine interaction with mono- (aGua) and di-aquo (bGua)
complexes

15 ond aGua bGua

AGY  AG, AGY  AG, AGT  AG, AGt  AG,
2b  28.0 107 22.8 6.2 17.8 -11.9 169 -12.4
6b 264 149 209 5.5 19.6 -14.2 131  -11.3
7b 231 163 212 4.9 19.5 —7.8 17.5  -15.9
2a 232 5.9 205 7.0 16.7 -10.6 — —
6a 239 6.1 232 8.2 15.3 -151 — —
7a 209 5.8 255 9.6 189 -11.5 — —

This journal is © The Royal Society of Chemistry 2024

similar for all the complexes. The associated activation energies
remain in a range of 20-23 kcal mol™". The energies put into
play suggest the first hydrolysis as the rate limiting step of the
complete aquation reaction, as found for the analogue neutral
complex [(NH;),Pt(aliz)] previously studied.>

DNA platination involves the attack of the Pt-based com-
plexes to DNA nucleobases to form inter- and intrastrand
crosslinks that cause structural distortion. Such a step of the
anticancer action is usually modelled by simulating the attack
on the preferred site of attack that is the guanine purine base
of DNA at the N7 position.”® Displacement of water allows
guanine coordination to the metal center. This reaction was
explored by taking into consideration the guanine attack to
both mono- and di-aquo complexes (aGua and bGua in
Table 2, respectively). The outcomes, in terms of activation
and reaction free energies (Table 2), suggest that the behavior
of the mono- and di-aquo complexes is similar for all the
investigated complexes. Overall, the platination reaction is
rather exergonic, similar to that observed for analogous com-
plexes having the (C*N) ligand.>>”°

The soft nature of the platinum center may result in de-
activation of the complexes due to the presence in the biologi-
cal environment of sulfur-containing molecules, which can
form stable adducts with Pt(u) complexes. As in our previous
works, N-acetyl methionine (NAM) was used as a representative
of such a class of biological residues, with the aim to explore
the proclivity of the investigated complexes to undergo the
attack of sulphur-containing units.®® The computed free
energy profiles are reported in Fig. S23.7 Outcomes evidence
that complexes 2b and 7b exhibit the same reactivity toward
NAM. In contrast, complex 6b shows a certain resistance to
being attacked by NAM. Among the chlorido derivatives, again,
that bearing the L6 N~N ligand (7a) is less prone to undergo
one aliz arm detachment in favor of NAM coordination. The
adduct formation with NAM is endergonic in all cases, with
the exception of 2a and 6a chlorido derivatives for which
product stabilization, by about 2 and 6 kcal mol™", respectively
was observed.
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Conclusions

In the herein proposed series of neutral mixed-ligand Pt(u)
complexes, the bidentate ligand alizarin was rationally intro-
duced as the leaving group with the idea of protecting the
active Pt centre from the deactivation processes
commonly occurring in cells. After a careful evaluation of their
structural properties and their cytotoxic activities, three com-
pounds, ie., 2b, 6b and 7b, were chosen to understand in
more detail the role of aliz in serving as a selective carrier of
the Pt centre to nuclear DNA, the main target of these types of
complexes.

Typically, these tetracoordinated Pt(n) complexes contain
two bidentate ligands, i.e., an inert ligand providing two nitro-
gen donors and aliz providing two oxygen donors. We noticed
that the inert ligand can modulate importantly the biological
activity of these Pt complexes. Indeed, only in two cases, i.e.,
6b and 7b, a significant cytotoxic activity was observed while
the other Pt complexes turned out to be poorly active or inac-
tive. The comparison of 2b, 6b and 7b with their corres-
ponding dichloride precursors 2a, 6a and 7a is particularly
instructive. Indeed, replacement of the two chloride ligands
with aliz makes these compounds far more selective for DNA
than for proteins; this is particularly true in the case of com-
pounds 6b and 7b as clearly indicated by the ICP results. This
feature makes aliz a very attractive ligand for the preparation
of medicinal Pt complexes. ESI-MS and NMR interaction
studies nicely supported the lower reactivity with targets of the
aliz Pt complexes in comparison with their dichlorido ana-
logues. The computational studies confirmed this possible
mechanism of action, leading to the identification of the Pt(u)
complex 6b as a valid candidate for further pharmacological
investigation.
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