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Complexes [{RuCp(PPhs),-p-dmoPTA-1kP:2k?-N,N'-CuCl},-p-Cl-p-
OCH;](CF3503),-(CH30H), (1) and [{RuCp(PPhs),-p-dmoPTA-1kP:2k>-
N,N’-NiCl},-p-Cl-p-OH](CF3SO3), (2) have been synthesized and
characterized. Their antiproliferative activities were assessed against
six human solid tumours showing nanomolar Glsg values. The effects
of 1 and 2 on SW1573 cells colony formation, HelLa cells action
mechanism and their interaction with the pBR322 DNA plasmid were
evaluated.

Since the discovery of cisplatin antiproliferative properties in
1965," platinum complexes have been extensively studied as
anticancer agents. Nevertheless, the side effects provoked by
the general low selectivity of this class of compounds,’
prompted the research community to investigate alternatives.
Ru-based compounds are thought of as promising substitutes
to platinum drugs due to their adequate ligand exchange kine-
tics, the ability of Ru to mimic iron in biological systems and
its high number of accessible oxidation states.” Different
families of ruthenium compounds have been synthesized
achieving great advances and even entering clinical trials such
as trans-[RuCl,(DMSO)Im][ImH] (NAMI-A),** or Ru-arene com-
plexes (RAPTA) that show interesting pharmacological
profiles.>®

We started an in-depth study on RuCp complexes families
bearing the ligands mPTA and dmoPTA (mPTA = N-methyl-
1,3,5-triaza-7-phosphaadamantane, dmoPTA = 3,7-dimethyl-
1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane) some years ago,””
these complexes displaying medium to high antiproliferative
activities mostly with the ligand dmoPTA.'®""” Additionally, we
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developed a family of complexes with the general formula
[RuCp(L)(PPh;)-u-dmoPTA-1kP:2kN,N"-E] (L = Cl, PPh;; E = H,
ML/',, M = Zn, Ni, Co; L' = Cl, acac) that evidenced the useful-
ness of incorporating a second metallic unit. The best antipro-
liferative activity was shown by the complex [RuCp(PPhj),-p-
dmoPTA-1xP:2k>N,N'-ZnCl,](CF;S0;), together with certain
selectivity against tumoral cells.'® To continue this study, we
decided to coordinate CuCl, and NiCl, fragments to the [RuCp
(PPh;),(dmoPTA)]" scaffold. This choice was born from the
importance of these two metals in various biochemical pro-
cesses: copper is an essential trace element," and is involved
in primary processes being fundamental for scavenging
harmful reactive oxygen species.>**' Similarly, nickel is
another essential element for life, playing important roles in
some metalloenzymes such as urease,” as Ni(u) can coordi-
nate with the N7 of adenine and guanine and stabilize RNA
and DNA.>>?*

This paper presents the reactivity of [RuCp(PPh;),-kP-
dmoPTA](CF;S0;) with CuCl, and NiCl,. The obtained tetra-
metallic compounds were characterized and their antiproli-
ferative activities were tested against a panel of cancer cells.
Finally, to shed light on the action mechanism of these com-
plexes, their apoptotic profile was studied using label-free live
cell imaging and their reactivity was tested against DNA.
Obtained results show how these polymetallic complexes
display exceptional nanomolar anticancer activity.

Reacting one equivalent of CuCl,-2H,0 with [RuCp
(PPh3),(dmoPTA)](CF3S03) in MeOH, crystals of the tetrametal-
lic complex [{RuCp(PPh;),-p-dmoPTA-1kP:2k*-N,N'-CuCl},-p-Cl-
p-OCH;](CF3S03),:(CH30H), (1) were obtained (Scheme 1).
Similar tetrametallic complex [{RuCp(PPhj),-p-
dmOPTA-1kP:2k*N,N"-NiCl},-p-Cl-u-OH](CF5S0;), (2), but with
Ni instead of Cu, was synthesized by reaction of starting
complex with two equivalents of NiCl,-6H,O in an ethanolic
solution (Scheme 1).

Despite the paramagnetic character of Cu(u) and Ni(u)
metals, the distinctive resonances of the PPh; and dmoPTA
ligands were observed in the *'P{'H} NMR spectra of
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Reactions conditions:
1: CuCly-2H,0, MeOH, 30 mins, M = Cu, R= CHj

2: 2 NiCl,6H,0, EtOH, 30 mins, M=Ni,R=H

Scheme 1 Synthesis of 1 and 2.

complexes 1 and 2. For concern 1, two broad signals were
found (Fig. S31) in its *'P{"H} spectrum: one ascribable to
PPh; (6cpei: 37.94 ppm) and the other to dmoPTA (Scpc,:
—43.58 ppm). In the case of 2, in CDCl; two distinct sets of
resonances in a 2 : 1 ratio were observed, which are constituted
by a doublet and a broad triplet: the signals arising at
38.39 ppm (d) and —13.72 ppm (bt), arise at the same chemical
shift that those for the PPh; and HdmoPTA of the complex
[RuCp(PPh;),(HdmoPTA)]*","®  while the resonances at
36.83 ppm (d) and 133.47 ppm (bt) could be ascribable to a bi-
metallic derivative where Ni is coordinated to the dmoPTA
ligand. Both complexes 1 and 2 present two triflate anions as
counterions, whose presence was confirmed by IR spec-
troscopy by the 1(SO;) band (1: 1268 cm™; 2: 1259 cm™%),
which is in the expected range for the triflate anion and
similar to that of the starting compound (1274 cm™")."¢

To determine the behaviour of the obtained complexes in
solution, 'H DOSY NMR experiments were carried out in
CDCl;, where they are enough soluble. The obtained results
suggest that both have evolved in the corresponding bimetallic
complexes, as proposed in Scheme 2. The presence of two
species with slightly different hydrodynamic radii (hydrodyn-
amic radii = 6.69(1) A; 6.48(2) A) was observed, which is
similar to previously published bimetallic complexes contain-
ing dmoPTA.>® Nevertheless, these experiments do not discard
the possible presence of tetrametallic complexes in solution. It
is significant to point out that NMR and IR studies as well as
the obtained hydrodynamic radii (Table S1T) are compatible
with the size of the two possible different bimetallic derivatives
obtained from 1 and 2: complexes 1a, 1b, 2a and 2b
(Scheme 2).

Single crystals of complexes 1 and 2 were obtained in
MeOH and EtOH. Their crystal structure (Fig. 1), their descrip-
tion and discussion, as well as the complete lists of bond
lengths and angles, can be found in ESL{

—‘(CFasoa)z @ N @ n*

R
V=8 \A PhsP R ooy PheP R oy
Solvent N/;P> + N/;P>
SN a
NN 5
g

1:M=Cu, R=CH;
2:M=Ni,R=H

L=Cl;L'=H,0 or CHsOH; n =2
L = L' = H,0 and/or CH3OH; n =3

Scheme 2 Proposed decomposition of the dimetallic complexes 1 and
2 into 1a, 1b, 2a, 2b in solution.
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Fig. 1 Thermal ellipsoid representation (50%) of the complex unit in the
crystal structures of 1 (up) and 2 (bottom). Anions and solvent molecules
have been omitted for the sake of clarity.

Assessing the antiproliferative activity of the complexes
requires dissolving them in a cell culture medium, which con-
tains mainly water. Thus, the stability of 1 and 2 was moni-
tored over time by *'P{'"H} NMR at room temperature and
37 °C both in DMSO and DMSO/D,O (1: 1) mixture (Fig. S10-
S17+%).

The stability test of complex 1 in DMSO at room tempera-
ture (Fig. S10%) shows that noteworthy differences in the ratio
of the intensities in the *'P{"H} NMR signals can be seen even
after 1 h (Fig. S10, S11, S13, S16 and S17f) due to possible
equilibria between different complexes, in which solvent mole-
cules have substituted the labile chlorides. The same behav-
iour was observed at 37 °C (Fig. S111), but the first evidence of
product decomposition appears after 4 h. However, when the
stability is tested in the DMSO-d¢/D,O mixture (1:1), the
complex is stable for 48 h both at room temperature and at
37 °C (Fig. S12 and S13f%), where negligible decomposition
signals (<4%) are observed.

Likewise, the *"P{'H} NMR spectra of complex 2 in DMSO-
de both at room temperature and 37 °C (Fig. S14 and S157)
does not change significantly after 48 h; only a few small new
signals are observed after 24 h with intensities under 8%. In
contrast, when stability is studied in the DMSO/D,O mixture
the signal relative to the dmoPTA ligand remains stable while
those corresponding to PPh; vary their intensities over time
both at room temperature and 37 °C (Fig. S16 and S177). The
NMR spectra of complexes 1 and 2 in DMSO-d¢/D,O are
different to those of the starting complex with CuCl,
(Fig. S187) and NiCl, (Fig. S19t). The presence of species con-
taining dmoPTA-coordinated Cu(u) was confirmed also by
UV-Vis measurements, which show at ca. 650 nm the typical
amino-Cu(u) absorption (Fig. S20t1) and by ESI-MS measure-
ments (Fig. S22-S367). Nevertheless, as mentioned before, con-
sidering the general lability of Cu(u) and Ni(n) complexes in
dissolution, the presence of equilibria involving ligand-solvent
exchange should not be discarded.

The initial assessment of the antiproliferative activity of
complexes 1-2 was carried out in a panel of six human solid
tumour cell lines using cisplatin (CDDP) as standard. The

This journal is © The Royal Society of Chemistry 2023
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Table 1 Glsg values (nM) of cisplatin, 1 and 2 against human solid tumour cell lines

Cell lines

A549 (lung) HBL-100 (breast)

HeLa (cervix)

SW1573 (lung) T-47D (breast) WiDr (colon)

CDDP* 4933 + 180 1866 + 162

RuCp(PPh;),(dmoPTA)]" ? 140 + 20 320 + 30
P!

1* 28 +3.3 32 +0.2

2% 34+8.4 31+11

1787 + 518 2746 £ 375 16 846 + 3258 22978 + 4316
190 £ 10 190 + 50 330+10 270 £ 30
21+1.7 27 +13 20+7.8 21+9.2
28 2.5 41 +6.8 23 +1.6 34 +8.7

“The Gl;, values of CDDP were obtained for this work, being in agreement with those found in the literature.?*® » Ref. 18. *CuCl,-2H,0 and

NiCl,:6H,0 cytotoxicity values found in the literature do not show values comparable to those obtained for 1 and 2.

results expressed as growth inhibition 50% (GIs,) after 48 h
exposure, are shown in Table 1. Both complexes were able to
induce cell growth inhibition at the nanomolar range in all
cell lines. The GI;, values range between 20-32 and 23-41 nM
for complexes 1-2, respectively. The results represent an
enhancement for the previously reported parent complexes,
surpassing the most active complex synthesized by us so far in
all the cell lines tested, except for the SW1573 cell line, which
was more susceptible to the treatment with complex [RuCp
(PPh;),-u-dmoPTA-1kP:2k>N,N"-ZnCl,](CF;S0;)."®

Next, we studied the ability of complexes 1-2 to disturb the
colony formation of SW1573 cells to evaluate the effects on cell
aggregation over time (Fig. 2). Both compounds were assayed
at two doses based on the GI5 values from Table 1: a high
(GlIso) and a low (GI5o/3) dose. None of these molecules was
able to decrease the number of colonies notoriously (Fig. 2A).
Nevertheless, the number of cells in the aggregates was lower
in the treated groups when compared to untreated cells, as
determined by the optical density measurements of the
stained colonies after the solution of the dye (Fig. 2B).
Complex 1 decreased the size and density of the colonies. A
similar effect was also observed for compound 2 (Fig. 2A).

Label-free live cell imaging allowed us to observe cellular
responses to compounds 1-2 over time. With this technology,
it is possible to assess differences in responses to treatments
within a cell population. For instance, cell death is a process
that rarely occurs as an instant event. HeLa cells were exposed
to complexes 1-2 at 10 times the GIs, values, i.e. 200 and 300

w

0.4

ODgyg, (relative to control)

o
N

Fig. 2 Colony formation assay of SW1573 cells exposed to complexes
1-2. (A) Representative crystal violet staining of the colonies formed
after seven days of incubation and the number of colonies counted
under respective conditions. (B) Relative optical density of crystal violet
content of the treatments concerning control cells (C) at high (left bar)
and low (right bar) doses.

This journal is © The Royal Society of Chemistry 2023

29-32

nM, respectively. Fig. 3A depicts how both treatments with 1
and 2 induced apoptotic cell death in HeLa cells. The effect is
broadly observed after 12 hours of exposure to the compounds.
However, hints of these types of cell death are present 6 hours
after exposure, with membrane blebbing and reduction of cell
size compared to the untreated sample. Apoptotic induction
was tracked over time using the live cell death assay, in which
cell content and morphology parameters based on the refrac-
tive index are integrated to evaluate cell status. As seen in

Fig. 3 (A) Representative images of live cell imaging assay on Hela cells
using 200 and 300 nm of 1 and 2 respectively. Yellow arrows point to
apoptotic cells. (B) Kinetics of apoptotic cells obtained with the live cell
death assay after live microscopy observations, the total exposure time
was 12 hours. Green: untreated cells (C). Blue 1 (200 nM). Orange: 2
(300 nM).
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1 2 CDDP

C 11020 11020 1 10 20

Fig. 4 Agarose gel electrophoresis of pBR322 plasmid DNA (C, control)
incubated at 37 °C for 24 with 1, 2 and CDDP at the indicated
concentrations.

Fig. 3B, apoptosis is induced by both compounds, matching
the visual inspection of the samples under every treatment.
Cells treated with 2 entered faster in apoptosis before 7 hours,
and close to 50% of the population showed apoptotic pheno-
types after treatment when compared to 40% for treatment
with compound 1.

Finally, we tested the reactivity of complexes 1-2 with
pBR322 DNA plasmid by gel electrophoresis (Fig. 4) according
to established procedures,”® using cisplatin as a reference.
Compounds 1-2 did not alter the mobility of the plasmid. The
results suggest a lack of interaction with DNA for compounds
1-2 as compared to cisplatin, which induces the retention of
plasmid migration in a dose-dependent manner. Thus, the
mechanism of cell death observed for 1-2 does not seem to be
triggered by DNA interaction.

Conclusions

Complexes [{RuCp(PPh;),-u-dmoPTA-1kP:2k>-N,N'-CuCl},-p-Cl-
pu-OCH3](CF3S0;3),-(CH30H), (1) and  [{RuCp(PPhj),-p-
dmoPTA-1kP:2k*-N,N'-NiCl},-p-Cl-u-OH](CF;3S03), (2) have been
synthesized and characterized by NMR, IR, elemental analysis
and single-crystal X-ray. And their subsequent transformation
in the respective heterobimetallic complexes was demon-
strated. These complexes have shown activity in the range of
20-41 nM, confirming an enhancement in antiproliferative
activity to the most active heterometallic complexes previously
synthesized by us, establishing the known most active anti-
cancer transition metal complexes to the best of our knowl-
edge. Deepening on the mechanism of action of the com-
pounds, both have been studied in different assays such as
colony formation assay for SW1573 cells, where the presence
of the two complexes means a decrease in the size and density
of colonies, cell death mechanism assay for HeLa cells where
both complexes induce apoptosis, with complex 2 causing
faster apoptosis than complex 1 and their interaction with
PBR322 DNA plasmid was also evaluated where it was observed
that none of the compounds modified the mobility of the
plasmid, suggesting that its mechanism of action is different
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from that of cisplatin. Natural metalloenzymes containing
more than one metal are a paradigmatic example of efficiency,
mostly due to their multi-metallic composition that provides a
cooperative single-molecule platform for multi-step catalytic
reactions. Additional essays are in progress to determine the
biological target of the complexes and how they interact with
the cancer cells. Synthesis of new heterometallic complexes is
also in progress both to obtain more active antiproliferative
compounds and to determine the structure factors and chemi-
cal properties that provide their activity.
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