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Herein, we describe the synthesis and characterization of a series of thiosemicarbazone platinacycles.
Their activity towards HCT116 and A2780 cancer cell lines as well as normal fibroblasts was explored and
conclusions about the influence of their structures were drawn based on the results. Ligands L1-3, tetra-
nuclear compounds [Pt(L1-3)14, [Pt(L1-3)(PPh3)l, and [Pt(L1-L3),{Ph,P(CH,)4PPh,}], and phosphine
derivatives, were deemed unpromising owing to their lack of activity. However, mono-coordinated dipho-
sphine complexes [Pt(L1-L3)(Ph,PCH,PPh,-P)] showed high selectivity and low ICsq values, and their
antiproliferative activity was further studied. The three studied derivatives 3a, 3b and 3c showed a fast
internalization of HCT116 colorectal cancer cells with similar ICsq values, which induced a depolarization
of mitochondrial membrane potential, with the subsequent triggering of apoptosis and autophagy in the
case of 3c. In the case of compounds 3a and 3b, cell death mechanisms (extrinsic and intrinsic apoptosis,
respectively) were triggered via the induction of reactive oxygen species (ROS). The three compounds
were not toxic to a chicken embryo in vivo (after 48 h), and, importantly, showed an anti-angiogenic
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Introduction

Since the seminal paper by Cope and Siekman' describing
cyclometallated compounds, i.e., metallacycles, achieving the
activation of aromatic C-H bonds using transition metals was
published, the chemistry of such species has attracted much
attention. Although many transition metals can potentially be
applied to achieve corresponding metallacycles, the primary
ones include palladium and platinum. This is a result of the
numerous applications of these two transition metals in
reactivity,>* metallomesogens,”® and synthetic chemistry,”®
where they are used in the functionalization of aromatic
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potential after exposure to the ICso of compounds 3a, 3b and 3c.

carbons through insertion reactions.”'® Palladium and

platinum have also found application in catalysis after the
discovery of phosphine palladacycles by Herrmann et al.'' ™
Furthermore, being of particular note are the Suzuki'*™"® and
Mizoroki-Heck cross-coupling reactions.'®?® One application
that has expanded the most for obvious reasons is their usage
as antineoplastic substances, where the functionality of metal-
lacycles is mainly marked by palladium or platinum.>'>® The
choice of the ligand in the synthesis of new compounds is of
great importance, especially when bioactive applications are to
be considered, since their properties will depend on the final
structure of the compound. Thiosemicarbazone ligands are
typical ligands in cyclometallation chemistry owing to the ease
of their preparation via a simple condensation reaction, which
is also compatible with a number of functional groups. Their
selection is enhanced because they are bioactive on their
own?” as well as when they are combined with the metals of
coordination compounds and cyclometallated species.*® Their
effects as antiplasmodic agents were studied for years, but
research interests and new findings have shifted their appli-
cation to other diseases such as cancer.”* We have reported
that in thiosemicarbazone metallacycles, the organic ligand is
able to bind to a metal centre as tridentate [C,N,S] in a tetra-
nuclear®® structure through M-Schelating and M—Spyidging bonds.
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This favours the addition of an appropriate leaving group on
the metal in the resulting mononuclear compound, holding
fast the thiosemicarbazone/metal moiety. This safeguards
metallacycle structural integrity during the transport in bio-
logical fluids until it reaches cancer cells, securing its biologi-
cal/drug activity. This also allows to modify the characteristics
of the compounds with diverse ancillary ligands, which has
proved to be vital in the proficiency of the parent compound in
catalytic reactions, spectroscopic and emissive chemilumines-
cence and antiproliferative effect. In this sense, phosphine
ligands can be a great way to add variability to the resulting
structures by using different ligands and changing the reaction
conditions. Our previous experience with cyclometallated com-
pounds tested the potential of mononuclear and dinuclear
species as anticancer agents. The results allowed us to con-
clude that the inclusion of a second metal via palladacycle
metallo-ligands bearing a monocoordinated diphosphine did
not produce a noticeable improvement, and that the combi-
nation of the boronic acid function and dppm showed great
potential. Nevertheless, the enhanced effect could not be
attributed to one factor alone. Furthermore, it was unclear if
all types of boronic acid derivatives, regardless of the ancillary
ligands, could be as effective.’® The results presented here
confirm the effectiveness of the platinum analogues, and
point to the dppm ligand as a key structural moiety in the bio-
logical effect of these species. In the present work, we aimed
to expand on the knowledge of the family of thiosemicarba-
zone platinacycles by adjustment of the imine groups and the
ancillary ligands in a series of compounds derived from acetyl-
phenylboronic acid to determine the effect of this tuning in
their bioactivity as anticancer drugs.

Experimental section
General procedures

All solvents were used without any previous purification. All
chemicals were of reagent grade. The phosphines PPh; (tri-
phenylphosphine), PPh,(CH,)PPh, [bis(diphenylphosphino)
methane, dppm] and PPh,(CH,),PPh, [bis(diphenylpho-
sphino)-butane, dppb] were purchased from Sigma-Aldrich.
Elemental analyses were performed in a THERMO FINNIGAN,
model FLASH 1112. IR spectra were acquired with a JASCO FT/
IR-4600 spectrometer equipped with an ATR, model ATR-PRO
ONE. The NMR spectra were acquired on Varian INOVA 400 or
Bruker DPX-250 spectrometers, using the solvent signal
(CDCl;, 6 'H = 7.26, DMSO-dg, § 'H = 2.50; acetone-dg, 6 'H =
2.05), or external H3PO, (85%), as appropriate. Coupling con-
stants are reported in Hz.

Synthesis of the ligands

L1 (a) 4-Acetylphenylboronic acid (500 mg, 3.05 mmol) was
added to 3-thiosemicarbazide (277.92 mg, 3.05 mmol), hydro-
chloric acid (35%, 0.65 cm?) and water (40 cm®), resulting in a
clear solution that was stirred at room temperature (RT) for
3 h. The formed white solid powder was filtered off, washed
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with cold water, and dried in vacuo. White solid. Yield:
650.7 mg, 90%. Anal. Found: 45.8; H, 5.2; N, 17.7; S, 13.5%;
CoH;,BN;0,S (237.08 g mol ™) requires C, 45.6; H, 5.1; N, 17.7;
S, 13.5%. IR cm™' y(O-H) 3458; y(N-H) 3272, 3330; 1(C=N)
1596; 1(B-0) 1352; 1(C=S) 813. "H NMR (400 MHz, DMSO-d,,
5): 10.24 (s, 1H, NNH), 8.31 (s, 1H, NH,), 8.14 (s, 2H, B(OH),),
7.96 (s, 1H, NH,), 7.89 (vd, N = 7.8 Hz, 2H, H2/H6), 7.78 (v, N =
7.8 Hz, 2H, H3/H5), 2.29 (s, 3H, MeC—=N).

L2 (b) was prepared similarly from 3.05 mmol of acetylphe-
nylboronic acid and methylthiosemicarbazone. White solid.
Yield: 719.8 mg, 94%. Anal. Found: C, 47.6; H, 5.5; N, 16.8; S,
12.8%; C1oH,4BN;0,S (251.11 ¢ mol ™) requires C, 47.8; H, 5.6;
N, 16.7; S, 12.8%. IR ecm™" 1(O-H) 3500; v(N-H) 3314, 3341;
1(C=N) 1595; y(B-0O) 1363; v(C=S) 831. '"H NMR (400 MHz,
DMSO-dg, 6): 10.26 (s, 1H, NNH), 8.49 (br, 1H, NHMe), 8.17 (s,
2H, B(OH),), 7.90 (d, N = 7.6 Hz, 2H, H2/H6), 7.80 (vd, N = 7.8
Hz, 2H, H3/H5), 3.03 (d, ] = 4.0 Hz, 3H, NHMe), 2.29 (s, 3H,
MeC=N).

L3 (c) was made from 3.05 mmol of acetylphenylboronic
acid and methylthiosemicarbazone following the same pro-
cedure. White solid. Yield: 768.1 mg, 95%. Anal. Found: C,
50.0; H, 6.1; N, 16.0; S, 12.0%; C1,H;4BN;0,S (265.14 g mol ™)
requires C, 49.8; H, 6.1; N, 15.9; S, 12.1%. IR cm™" 1(O-H)
3450; y(N-H) 3317, 3321; y(C=N) 1592; 1(B-O) 1357; 1(C=S)
819. "H NMR (400 MHz, DMSO-dg, 8): 10.16 (s, 1H, NNH), 8.55
(br, 1H, NHEt), 8.13 (s, 2H, B(OH),), 7.88 (vd, N = 7.8 Hz, 2H,
H2/H6), 7.80 (vd, N = 7.8 Hz, 2H, H3/H5), 3.62 (dq, ] = 7.0 Hz,
2H, CH,), 2.28 (s, 3H, MeC=N), 1.14 (t, *] = 7.0 Hz, 3H, Me).

[PtL1], (1a). L1 (50 mg, 0.21 mmol) was added to a suspen-
sion of potassium tetrachloroplatinate (0.18 mmol, 1 eq.) in a
mixture of ethanol (20 mL) and water (0.5 mL). The mixture
was stirred at 55 °C for 48 h. Ethanol was removed under
reduced pressure and the resulting orange solid was washed
with water, centrifuged, and dried in vacuo. Yield: 84.9 mg,
92%. Anal. Found: C, 24.8; H, 2.2; N, 9.6; S, 7.6%;
(CoH14BN;O,PtS), (1720.6 g mol ') requires C, 25.1; H, 2.3; N,
9.8; S, 7.5%. IR cm ™' 1(O-H) 3448; v(N-H) 3289, 3162; (C=N)
1577; ¥(B-0) 1317. '"H NMR (400 MHz, DMSO-ds, 6): 7.83 (s,
1H, H5), 7.16 (d, ’J = 7.6 Hz, 1H, H3), 6.60 (s, 2H, NH,), 6.41
(d, *J = 7.6 Hz, 1H, H2), 1.88 (s, 3H, MeC=N).

[PtL2], (1b) was prepared from L2 (50 mg, 0.20 mmol) and
potassium tetrachloroplatinate (75 mg, 0.18 mmol) following
the same procedure. Yield: 72.5 mg, 82%. Anal. Found: C,
27.0; H, 2.5; N, 9.3; S, 7.5%; (C1oH,BN;0,PtS), (1776.72 ¢
mol ™) requires C, 27.1; H, 2.7; N, 9.5; S, 7.2%. IR cm™" 1(O-H)
3472; 1(N-H) 3305, 3210; (C—=N) 1582; 1(B-0O) 1351. "H NMR
(400 MHz, DMSO-d,, 8): 7.93 (s, 1H, H5), 7.58 (s, 2H, B(OH),),
7.36 (d, 3] = 7.6 Hz, 1H, H3), 6.70 (d, *J = 7.6 Hz, 1H, H2), 6.49
(s, 1H, NHMe), 2.93 (d, %] = 4.7 Hz, 3H, NHMe), 1.51 (s, 3H,
MeC=N).

[PtL3], (1c) was prepared employing L3 (53 mg, 0.20 mmol)
and potassium tetrachloroplatinate (75 mg, 0.18 mmol) as
starting materials. Yield: 69.1 mg, 80%. Anal. Found: C, 28.9;
H, 3.1; N, 9.4; S, 7.2%; (C1,H;4BN;O,PtS), (1832.84 g mol ™)
requires C, 28.8; H, 3.1; N, 9.2; S, 7.0%. IR cm™" (O-H) 3419;
y(N-H) 3244, 2972; y(C=N) 1575; y(B-O) 1320. 'H NMR

This journal is © The Royal Society of Chemistry 2024
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(400 MHz, DMSO-ds, 6): 7.92 (s, 1H, H5), 7.35 (d, °J = 7.6 Hz,
1H, H3), 6.68 (d, %] = 7.6 Hz, 1H, H2), 6.29 (s, 1H, NHEt), 1.54
(s, 3H, MeC=N), 1.11 (t, > = 7.2 Hz, 3H, Me).

[PtL1(PPh;)] (2a). Compound 1a (50 mg, 0.029 mmol) and
triphenylphosphine (30.5 mg, 0.11 mmol, 1:4) were added in
a carrousel reaction flask fitted with a stirring rod, and
vacuum/argon cycles were performed; then, deoxygenated
acetone was added through a syringe. This mixture was stirred
for 6 h to yield a clear solution. After solvent removal, the
resulting solid was triturated with dichloromethane/n-hexane
and centrifuged. The coral solid was then dried under vacuum.
Yield: 63.6 mg, 79%. Anal. Found: 46.6; H, 3.6; N, 6.2; S, 4.8%;
C,,H,5BN;0,PPtS (692.44 g mol™ ") requires C, 46.8; H, 3.7; N,
6.1; S, 4.6%. IR cm™ 1(O-H) 3452; v(N-H) 3049; 1(C=N) 1574;
1(B-0) 1328. "H NMR (400 MHz, acetone-dg, 8): § 7.71-7.64 (m,
6H, 0-PPh;), 7.49-7.39 (m, 11H, PPh;), 7.31 (dd, J = 7.5, 1.2 Hz,
1H, H3), 6.98 (d, J = 7.6 Hz, 1H, H2), 6.96 (q, / = 1.8 Hz, 1H,
H5), 6.05 (s, 2H, NH,), 2.43 (s, 3H, MeC=N). *'P-{'"H} NMR
(400 MHz, acetone-dg) & 23.91, 'J(PtP) = 3892.86 Hz.

The remaining phosphine and/or diphosphine derivatives
were prepared similarly.

[PtL2(PPh;)] (2b) was prepared from 0.1 mmol of triphenyl-
phosphine and 0.025 mmol of 1b. Yield: 56.5 mg, 71%. Anal.
Found: C, 47.4; H, 3.8; N, 6.0; S, 4.4%; C,gH,,BN;0,PPtS
(706.47 g mol_l) requires C, 47.6; H, 3.8; N, 5.9; S, 4.5%. IR
em™" 1(O-H) 3412; y(N-H) 3324; 1(C=N) 1574; 1(B-O) 1335.
"H NMR (400 MHz, acetone-de, 6): 7.75-7.63 (m, 6H, PPhy),
7.47-7.35 (m, 9H, PPh3), 7.30 (d, %/ = 7.5 Hz, 1H, H3), 6.98 (d,
3] = 8.0 Hz, 1H, H2), 6.94 (d, ¥ = 1.6 Hz, 1H, H5), 6.04 (s, 1H,
NHMe), 2.96 (d, *J = 4.5 Hz, 3H, NHMe), 2.42 (s, 3H, Me). >'pP-
{"H} NMR (400 MHz, acetone-dg) & 23.91 'J(PtP) = 3888 Hz.

[PtL3(PPh;)] (2¢) was prepared from 0.1 mmol of triphenyl-
phosphine and 0.025 mmol of 1c. Yield: 62.9 mg, 80%. Anal.
Found: C, 48.1; H, 4.0; N, 5.9, S, 4.6%; C,oH,oBN;O,PPtS
(720.50 g mol™") requires C, 48.3; H, 4.1; N, 5.8, S, 4.5%. IR
em™! »(O-H) 3434; y(N-H) 3052; (C=N) 1574; 1(B-0O) 1330.
"H NMR (400 MHz, acetone-dg, 8): 7.67 (dd, *J(PH) = 11.3 Hz,
3] = 7.7 Hz, 6H, 0-PPh;), 7.45 (dd, J = 8.2, 5.2 Hz, 9H), 7.31 (d,
3] = 7.6 Hz, 1H, H3), 6.99 (d, °J = 8.3 Hz, 1H, H2), 6.96 (s, 1H,
H5), 6.11 (s, 1H, NHEL), 3.40 (p, %] = 6.9 Hz, 2H, CH,), 2.44 (s,
3H, Me), 1.17 (td, *J = 7.1, 2.3 Hz, 3H, Me). *'P-{"H} NMR
(400 MHz, acetone-dg) 5 23.83 'J(PtP) = 3912.3 Hz.

[PtL1(dppm-P)] (3a) was prepared from 0.2 mmol of dppm
and 0.05 mmol of 1a. Yield: 101.3 mg, 57% Anal. Found: C,
49.8; H, 3.7; N, 5.1; S, 3.8%; Cs,H;,BN;O,P,PtS (814.55 g
mol ') requires C, 50.1; H, 3.9; N, 5.2; S, 3.9. IR cm™" (O-H)
3444; y(N-H) 3051; y(N-H) 1575; u(B-O) 1330. 'H NMR
(400 MHz, acetone-dg, 6): 7.90-7.82 (m, 4H, PPh,), 7.42-7.33
(m, 6H, PPh,), 7.33-7.27 (m, 4H, PPh,), 7.21-7.13 (m, 5H,
PPh,), 7.03 (d, J = 1.6 Hz, 1H, H5), 6.89 (d, 3] = 7.6 Hz, 1H, H2),
6.28 (s, 2H, B(OH),), 6.08 (s, 2H, NH,), 3.72-3.51 (m, 2H,
PCH,P), 2.37 (s, 3H, MeC=N). *'P-{'"H} NMR (400 MHz,
acetone-dg) 6 12.54 (d, J(PP) = 78.9 Hz, *J(PtP) = 3863.70 Hz),
—23.51 (d, ’J(PP) = 79.0 Hz, ] (PtP) = 77.76 Hz).

[PtL2(dppm-P)] (3b) was prepared from 0.2 mmol of dppm
and 0.05 mmol of 1b. Yield: 88.8 mg, 62%. Anal. Found: C,

This journal is © The Royal Society of Chemistry 2024
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50.6; H, 4.1; N, 5.0; S, 3.8%; C35H34BN;O,P,PtS (828.58 g
mol ™) requires C, 50.7; H, 4.1; N, 5.1; S, 3.9%. IR cm™" 1(O-H)
3391; y(N-H) 3051; (C=N) 1574; y(B-O) 1331. 'H NMR
(400 MHz, acetone-dg, 6): 7.86 (t, J = 9.7 Hz, 4H, PPh,), 7.33 (q,
J = 7.3 Hz, 10H, PPh,), 7.18 (p, J = 7.7 Hz, 6H, PPh,), 7.03 (s,
1H, H5), 6.90 (d, *J = 7.6 Hz, 1H, H2), 6.32 (s, 2H, B(OH),), 6.12
(s, 1H, NHMe), 3.72-3.55 (m, 2H, PCH,P), 2.99 (t, *J = 3.5 Hz,
3H, NHMe), 2.37 (s, 3H, MeC=N). *'P-{'"H} NMR (400 MHz,
acetone-dg) & 12.55 (d, */(P-P) = 79.5 Hz, “J(Pt-P) = 3860.46
Hz), —23.59 (d, >/ (PP) = 79.0 Hz, *J(PtP) = 38.6 Hz).

[PtL3(dppm-P)] (3c) was prepared from 0.2 mmol of dppm
and 0.05 mmol of 1c. Yield: 89.4 mg, 63%. Anal. Found: C,
51.1; H, 4.2; N, 5.1; S, 3.9%; C36H36BN;O,P,PtS (842.60 g
mol ™) requires C, 51.3; H, 4.3; N, 5.0; S, 3.8%. IR cm™" 1(O-H)
3391; y(N-H) 3054; (C=N) 1574; y(B-O) 1334. 'H NMR
(400 MHz, acetone-d, 6): 7.86 (t, J = 9.8 Hz, 4H), 7.49 (s, 1H),
7.33 (q, J = 7.5 Hz, 10H), 7.18 (t, J = 8,4 Hz, 6H), 7.03 (s, 1H,
H5), 6.89 (dd, %] = 7.6, 2.5 Hz, 1H, H,), 6.31 (d, J = 2.5 Hz, 2H,
B(OH),), 6.12 (s, 1H, NHEt), 3.62 (dd, J = 17.9, 9.8 Hz, 2H,
PCH,P), 3.43 (p, *J = 7.2 Hz, 2H, PCH,P), 2.36 (d, J = 2.5 Hz,
3H, MeC=N), 1.20 (td, *J = 7.2, 2.3 Hz, 3H, Me). *'P-{'"H} NMR
(400 MHz, acetone-ds) § 12.55 (d, */(P-P) = 78.9 Hz, J(Pt-P) =
3859.6 Hz), —23.53 (d, %/ (P-P) = 78.4 Hz, ] (Pt-P) = 38.7 Hz).

[(PtL1),(p-dppb)] (4a) was prepared from 0.05 mmol of
dppb and 0.025 mmol of 1a. Yield: 53.8 mg, 72%. Anal. Found:
C, 42.6; H, 3.7; N, 6.7; S, 4.7%; C46H,sB,NgO,P,Pt,S,
(1286.78 g mol ") requires C, 43.0; H, 3.8; N, 6.5; S, 5.0%. IR
em™" y(O-H) 3389; v(N-H) 3050; 1(C=N) 1574; 1(B-0) 1331.
'H NMR (400 MHz, acetone-dg) 6 7.84-7.71 (m, 8H, PPh,), 7.50
(q, J = 9.4, 8.1 Hz, 6H, PPh,), 7.40 (td, J = 5.2, 2.7 Hz, 6H,
PPh,), 7.37-7.30 (m, 3H, PPh,), 7.05 (d, *J = 7.5 Hz, 2H, H2),
6.94 (t, J = 6.6 Hz, 2H, H5), 6.43 (s, 4H, B(OH),), 6.17 (s, 4H,
NH,), 2.35 (d, J = 5.9 Hz, 6H, MeC=N), 2.30-2.16 (m, 4H,
PCH,), 1.92-1.85 (m, 4H, CH,). *'P-{'"H} NMR (400 MHz,
acetone-dg) § 16.04, 15.06, 'J(PtP) = 3818.23 Hz.

[(PtL2),(p-dppb)] (4b) was prepared from 0.05 mmol of
dppb and 0.025 mmol of 1b. Yield: 50.3 mg, 68%. Anal.
Found: C, 44.3; H, 4.1; N, 6.2; S, 4.7%; C4sH5,B,NgO,P,Pt,S,
(1314.84 g mol™") requires C, 43.9; H, 4.0; N, 6.4; S, 4.9%. IR
em™" y(O-H) 3394; v(N-H) 3054; 1(C=N) 1576; v(B-0) 1333.
'H NMR (400 MHz, acetone-dgs) § 7.82-7.75 (m, 6H, PPh,),
7.55-7.46 (m, 6H, PPh,), 7.39 (dq, J = 6.1, 2.5 Hz, 4H, PPh,),
7.36-7.32 (m, 4H, PPh,), 7.07 (t, J = 3.8 Hz, 2H, H5), 6.96 (d, %/
= 7.5 Hz, 2H, H2), 6.33 (s, 4H, B(OH),), 6.10 (s, 2H, NHMe),
2.98 (dd, J = 8.6, 4.6 Hz, 6H, NHMe), 2.40 (d, J = 7.8 Hz, 6H,
MeC=N), 2.31-2.17 (m, 4H, PCH,), 1.92-1.76 (m, 4H, CH,).
3'p—{'H} NMR (400 MHz, acetone-d¢) § 16.04, 15.06, J(PtP) =
3818.23 Hz.

[(PtL3),(p-dppb)] (4c) was prepared from 0.05 mmol of
dppb and 0.025 mmol of 1ec. Yield: 57.1 mg, 78%. Anal. Found:
C, 44.9; H, 4.3; N, 6.1; S, 4.6%; Cs5oHs6BNgO4P,Pt,S,
(1342.89 g mol_l) requires C, 44.7; H, 4.2; N, 6.3; S, 4.8%. IR
em™ »(O-H) 3399; y(N-H) 3046; 1(C=N) 1572; v(B-O) 1330.
'H NMR (400 MHz, acetone-de) § 7.82-7.75 (m, 6H, PPh,),
7.55-7.46 (m, 6H, PPh,), 7.39 (dt, J = 6.1, 2.1 Hz, 4H, PPh,),
7.36-7.32 (m, 4H, PPh,), 7.09-7.05 (m, 2H, H5), 6.96 (d, J = 7.5
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Hz, 2H, H2), 6.31 (s, 4H, B(OH),), 6.17 (s, 2H, NHEt), 3.43
(ddd, y = 9.2, 7.1, 5.1 Hz, 4H, CH,), 2.40 (d, J = 7.1 Hz, 6H,
MeC=N), 2.34-2.17 (m, 4H, PCH,), 1.94-1.73 (m, 4H, CH,),
1.19 (q, *J = 7.1 Hz, 6H, Me). *'P-{"H} NMR (400 MHz, acetone-
de) 6 16.06, 15.01, 'J(PtP) = 3821.58 Hz.

The compound synthesis reactions are shown in Scheme 1.

Cell culture

The HCT116 colorectal cancer cell line and the primary human
dermal fibroblasts were obtained from American Type Culture
Collection (ATCC®, Manassas, VA, USA) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM), while the A2780
carcinoma cell line was acquired from Sigma-Aldrich (Madrid,
Spain) and cultured in Roswell Park Memorial Institute (RPMI)
medium. Media were supplemented with 10% (v/v) fetal bovine
serum (FBS) and 1% (v/v) of a penicillin/streptomycin solution.
The media and supplements were obtained from Thermo Fischer
Scientific (Waltham, Massachusetts, USA).

Cells were cultured in 25 cm® and/or 75 cm® T-flasks in a
CO, incubator with a humidified atmosphere at 37 °C and 5%
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(viv) CO, (SANYO CO, Incubator, Electric Biomedical Co.,
Osaka, Japan).

Cell viability assays

Cells were initially seeded in 96-well plates at a cell density of
0.75 x 10° cells per mL and incubated (37 °C, 5% (v/v) CO,) for
24 h. After this period, the media were replaced with fresh
media containing the desired compounds (concentrations
ranging from 0.1 uM to 50 puM), 0.1% (v/v) of DMSO or 0.4 uM
doxorubicin (Dox). After 48 h of incubation under the same
conditions, the CellTiter 96® aqueous one solution cell pro-
liferation assay kit (Promega, Madison, USA) was used to
evaluate the cell viability by measuring the absorbance at
490 nm in a Tecan Infinite M200 microplate reader (Tecan,
Minnedorf, Switzerland). Data were analysed with the
GraphPad Prism 8 software, where viability-concentration
response curves facilitated the calculation of the concentration
of compounds that induced a 50% reduction in cell viability

(ICs0)-

B(OH), B(OH),
H,N
+ 2N 8 H,OM*
HN -
N
O NHR \ s aR<H
o b: R = Me
NHR c¢:R=Et
H,O/E1CH | K3[PtCl]
v
B(OH), B(OH)» B(OH),
3 5
P;QP Ph,PCH,PPh; |2 PPh, PPh,
N A REE Me,CO N ”‘\ g « Pt
“ N 2 N N\ Me.CO N N\
\ \ |
N= N—< N=
NHR NHR NHR
— ‘,1 3
3a, 3b, 3c 1a, 1b, 1c Baibde
Me,CO | PhoP{CH,),PPh,
RHN
B(OH), .__N\
s\ N
Ph, Pl/ N
/P\/\/\P/
g /Pl Ph,
NS
}\J_ B(OH),
NHR
4a, 4b, 4Ac

Scheme 1 Reaction sequence for the synthesis of the reported compounds.
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Complex stability in biological media

The stability of the three platinum compounds (3a, 3b and 3c)
was analysed via UV-Visible spectroscopy (Shimadzu Scientific
Instruments) with a quartz cuvette (1 cm path length) over a
wavelength range of 220-700 nm for three different incubation
times, namely 0, 3, 24 and 48 h. Compounds were diluted in
RPMI medium without phenol red and FBS after being first
dissolved in 100% (v/v) DMSO. Compounds 3a and 3c were
analysed at a final concentration of 50 pM, while 3b was ana-
lysed at a final concentration of 150 pM.

ICP-AES (inductively coupled plasma-atomic emission
spectrometry)

To evaluate the compound internalization in HCT116 cells,
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) was performed. HCT116 cells were seeded in 25 cm®
T-flasks at a density of 5 x 10° cells/T-flask and incubated for
24 h. The culture medium was then replaced with fresh medium
with 10x ICs, concentrations of the studied compounds or 0.1%
(v/v) DMSO, and cells were incubated for 3 h. After this period,
the cell culture medium was recovered in a 15 mL Falcon tube
and the cells were washed with PBS. After this washing step, the
PBS washing solution was also recovered in the 15 mL Falcon
tube. Cells were detached from the T-flask with 2 mL of TrypLE
Express and centrifuged at 750g (Sigma 3-16K Sartorius,
Germany) for 5 min. The supernatant was removed and added to
the 15 mL Falcon tube, and the cell pellet was washed 2 more
times with PBS. Aqua regia (3 :1 HCI/HNOj3) was prepared, and
added to the 15 mL Falcon tubes containing the previous
washing solutions and the supernatant (non-cellular fraction) or
to the cell pellets (cellular fraction). Samples were incubated at
room temperature (RT) for 24 h in a hood fume, and then deli-
vered to Laboratdrio de Analises/LAQV to quantify the platinum
levels by ICP-AES.

Analysis of apoptosis induction by flow cytometry

Apoptosis was evaluated using the Alexa Fluor® 488 Annexin V/
dead cell apoptosis kit (Invitrogen, Thermo Fisher Scientific, MA,
USA). HCT116 cells were seeded in 6-well plates (at a density of 2
x 10° cells per well) for 24 h, and later incubated for 48 h period
with the ICs, concentrations of compounds 3a, 3b and 3c. Cells
treated with 0.1% (v/v) DMSO were used as the vehicle control,
while cells treated with 0.4 pM Dox were used as positive con-
trols. After 48 h of incubation, cells were washed with PBS and
detached from the wells with TrypLE Express (Invitrogen), and
then washed again with PBS. Lastly, cells were incubated with
the Alexa® Fluor 488-Annexin V solution and 100 pg mL™" of pro-
pidium iodide (PI) at RT for 15 min.

Samples were evaluated by the Attune® acoustic focusing
flow cytometer (Life Technologies, Carlsbad, USA), and the
results were analysed with the Attune® Cytometric software.

Quantification of BAX and BCL-2 protein levels by western blot

HCT116 cells were cultivated, incubated and collected, as
described previously.* After collection, cells were submitted to

This journal is © The Royal Society of Chemistry 2024
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5 ultrasound pulses on ice (2 min on ultrasound, followed by
30 s on ice; Elma D-78224; Singen/Htw, Germany) and centri-
fuged at 1000g for 5 min. The total amount of protein in the
supernatant extracts was quantified with Pierce 660 nm
Protein Assay Reagent (Thermo Fisher Scientific, Waltham,
MA, USA). For SDS-PAGE, 20 pg of protein was loaded on 10%
polyacrylamide gel and transferred to a 0.45 pm PVDF mem-
brane (GE Healthcare Life Sciences, Germany) (BAX and BCL-2
proteins). The membrane was blocked for 2 h with 5% (w/v)
non-fat milk in TBST (50 mM Tris-HCI, pH 7.5, 150 mM NacCl,
0.1% (v/v) Tween-20), and incubated at room temperature for
1 h under constant agitation with the respective primary anti-
body solution (anti-BAX, 1:5000, Abcam, United Kingdom;
and anti BCL-2, 1:1000, Sigma, St Louis, MO, USA). After incu-
bation, membranes were washed with TBST buffer three times,
for a duration of 5 min each (procedure also repeated after the
secondary antibody incubation) and exposed to the secondary
antibody solution (1:3000, anti-mouse IgG, horseradish per-
oxidase HPR-linked antibody or 1 :2000, anti-rabbit IgG, HPR-
linked antibody; Cell Signalling Technology, USA). Membranes
were treated with the WesternBright ECL substrate (Advansta,
USA) for 5 min and later exposed to a film in a dark room.
After that, to normalize the results, membranes were incu-
bated two times with stripping buffer (0.1 M glycine, 20 mM
magnesium acetate, 50 mM KCl, pH 2.0) for a duration of 10
and 20 min, respectively, and then incubated with anti-p actin
(1:5000; Sigma, St Louis, USA). BAX and BCL-2 protein quanti-
fication (densitometry) was performed using the Image J soft-
ware. BAX and BCL-2 protein levels were normalized to f actin
levels.

Mitochondrial membrane potential (A¥,,) analysis by flow
cytometry

AY¥,, was analysed using the JC-1 mitochondrial membrane
potential assay kit (Abnova Corporation, Walnut, CA, USA).
HCT116 cells were seeded in 6-well plates with a density of 2 x
10> cells per well, incubated for 24 h, and later incubated for
another 48 h period with the ICs, concentrations of com-
pounds 3a, 3b and 3c or with 0.1% (v/v) DMSO. As positive
controls, 0.4 pM Dox and 5 pM Cis were used. After that, cells
were washed with PBS, detached with TrypLE Express, and
washed with DMEM medium. Cells were then resuspended in
DMEM medium without phenol red + 5% (v/v) FBS, and
stained with the JC-1 staining solution for 20 min at 37 °C.
Lastly, cells were resuspended in DMEM medium without
phenol red + 5% (v/v) FBS, and analysed in the Attune®
Acoustic  Focusing Flow Cytometer (Life Technologies,
Carlsbad, CA, USA).

Caspase-8 activity

HCT116 cells were seeded in 25 cm?® T-flasks at a density of 2 x
10° cells/T-flasks. After 24 h incubation, under the same con-
ditions as described previously, the medium was replaced with
fresh medium containing DMSO 0.1% (v/v), 0.4 pM Dox, 5 pM
Cis or IC5 concentrations of the compounds 3a, 3b and 3c,
and incubated for 48 h. After that, cells were detached using
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cold PBS and a cell scraper, and centrifuged at 500g for 5 min.
Then, the instructions provided in the caspase-8 assay kit
(Abcam) procedure were followed. Caspase 8 activity was
obtained by measuring the absorbance at 400 nm of each
sample. Caspase 8 activities were normalized to the corres-
ponding value in DMSO samples.

Analysis of autophagy by flow cytometry

The autophagic potential of HCT116 cells was evaluated using
the autophagy assay kit (ab139484) (Abcam, Cambridge,
United Kingdom). HCT116 cells were seeded in 6-well plates
with a density of 2 x 10> cells per well and incubated for 24 h.
After the replacement of the culture medium with fresh
medium containing the ICs, concentrations of compounds 3a,
3b and 3c, cells were incubated for another 48 h. 0.1% (v/v)
DMSO, 0.4 pM Dox and 5 pM Cis were used as controls. In
addition, 15 h before finishing the 48 h incubation time,
0.5 pM Rapamycin was added to the respective wells. After
that, cells were washed with PBS, detached with TrypLE
Express, washed with DMEM medium without phenol red +
5% (v/v) FBS, and then incubated with the green stain solution
in DMEM medium without phenol red + 5% (v/v) FBS for
30 min at RT. After this period, cells were washed, resus-
pended in the assay buffer, and then analysed with the
Attune® Acoustic Focusing Flow Cytometer (Life Technologies,
Carlsbad, CA, USA). The results were analysed with the
Attune® Cytometric software.

Analysis of reactive oxygen species (ROS) production by flow
cytometry

HCT116 cells were seeded in 6-well plates at a density of 2 x
10° cells per well and incubated for 24 h. The culture medium
was replaced with fresh medium containing the ICs, concen-
trations of compounds 3a, 3b and 3¢, 0.1% (v/v) DMSO, 0.4 pM
Dox, 5 pM cisplatin or 30 uM TBHP (positive control as indi-
cated by the manufacturer), and cells were incubated for
another 48 h period. Cells were then washed with PBS,
detached with TrypLE Express, washed with PBS, and later
incubated with 10 pM of 2,7-dichlorodihydrofluorescein dia-
cetate (H2DCF-DA) (Thermo Fisher Scientific, Waltham, MA,
USA) in PBS for 20 min. Cells were later analysed with the
Attune® Acoustic Focusing Flow Cytometer (Life Technologies,
Carlsbad, USA), and the results were treated with the Attune®
Cytometric software.

Ex ovo CAM assay

The pro-/anti-angiogenic potential of the compounds was eval-
uated with the ex ovo chorioallantoic membrane (CAM) assay,
as previously described in (Reigosa-Chamorro et al,
2021 2%).>%3*1 Chicken embryos were first incubated for 24 h
and later exposed to the ICs, concentrations of compounds 3a,
3b and 3c dissolved in PBS (in the centre of O-rings) or 0.1%
(v/v) DMSO. The compounds’ and DMSO’s distribution in the
embryos were always performed in a different order. Then,
embryos were incubated for another 48 h at 37 °C and its
images were captured after 0, 24 and 48 h with a digital USB

17808 | Dalton Trans., 2024, 53,17803-17818

View Article Online

Dalton Transactions

Microscope Camera (Opti-Tekscope OT-V1) to manually count
the newly formed blood vessels via Image] software. The ex ovo
CAM assay fulfils the Directive 2010/63/EU of the European
Parliament to protect the animal models for scientific
purposes.

Statistical analysis

The presented data are referred to as mean + SEM from at
least three biological independent experiments, unless other-
wise stated. One-way ANOVA or Student’s ¢-test were performed
to determine the statistical significance (p < 0.05) with the
GraphPad Prism 8 software (GraphPad Software, San Diego,
CA, USA).

Results and discussion

The compounds and respective reactions are shown in
Scheme 1 for simplification. The thiosemicarbazone ligands
L1-L3, a, b and ¢ were prepared by reaction of 4-acetylphenyl-
boronic acid with the corresponding thiosemicarbazide as
pure air-stable solids, as appropriate (see Experimental
section). The NNH proton resonated ca. 10.2 ppm, whilst the
NH, protons, a, gave rise to two characteristic resonances in
the "H NMR spectrum which were attributed to the restricted
rotation of the NH, group about the C(S)NH, bond axis. The
NHR protons, b, ¢, showed a broad resonance at ca. § 8.5 ppm.
The characteristics of the ligand spectra included two virtual
doublets stemming from the aromatic AA’XX’ spin system with
an N value at ca. 8.0-7.8 ppm. From them, the new cyclometal-
lated compounds were obtained as described in Scheme 1.
The preparative details and characteristic microanalytical and
spectroscopic data are given in the Experimental section.
Reaction of a, b or ¢, as appropriate, with potassium tetrachlor-
oplatinate in water/ethanol gave clear solutions. These solu-
tions were used to isolate the tetranuclear compounds la-1c
as pure air-stable solids, with the ligand in the E,Z configur-
ation. Absence of the NH resonance agreed with deprotonation
at the hydrazine group. The 'H NMR spectra showed the
absence of the AA'XX' spin system upon metalation of the
para-substituted phenyl ring, and distinct resonances were
accordingly assigned to the H2, H3 and H5 nuclei (see
Experimental).

Reaction of [Pt(L1-3)], 1a-1c with tertiary phosphines PPh;,
Ph,PCH,PPh, (dppm), and Ph,P(CH,),PPh, (dppb), in 1:4 or
1:2 molar ratios, as appropriate, gave the compounds
[Pt(L1-3)(PPh;)] 2a-2¢, [Pt(L1-L3)(Ph,PCH,PPh,-P)] 3a-3c, and
[Pt(L1-L3),{p-Ph,P(CH,),PPh,}] 4a-4c as pure air-stable solids
(Scheme 1). The microanalytical and spectroscopic data are
presented in the Experimental section. The use of excess
diphosphine only gave cleavage of the Pt-Sprigging. Therefore,
in compounds with diphosphines, coordination to the metal
was only through one phosphorus atom. Usage of excess phos-
phine did not cleave the Pt-Scpeiae bond. The 'H NMR spectra
showed the high-field shift of the H5 resonance at ca. 1 ppm
with respect to the corresponding tetranuclear compound,

This journal is © The Royal Society of Chemistry 2024
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owing to the shielding effect of the phosphine phenyl rings.
The *'P NMR spectra for the 3a-3¢ compounds showed two
doublets assigned to the two non-equivalent phosphorus
nuclei. The lower field resonance, at ca. 12.5 ppm, was
assigned to the *'P nucleus bonded to platinum, in agreement
with the J(Pt-P) values. Meanwhile, for 4a-4c, the *'P reso-
nance was a singlet signal in accordance with the existence of
equivalent phosphorus nuclei; the chemical shift values were
consistent with a phosphorus to nitrogen trans geometry.>>%?
The resonance for the ABXY spin system of the PCH,P protons
appeared at ca. at 6 3.52. Attempts to produce mononuclear
species analogous to 3a-3c with diphosphines other than
Ph,PCH,PPh, were unsuccessful.

Suitable crystals of 1b were grown by slowly evaporating an
acetone solution of the complex. The ORTEP illustration of
compound 1b is shown in Fig. 1. The tetranuclear compound
crystallizes in the Pcan space group with two acetone mole-
cules. Within each molecule, the metalated moieties are dis-
played as two sets of almost coplanar antiparallel pairs separ-
ated at ca. 3.5 A. Each platinum atom of the internal Pt,S,
nucleus is bonded to a tridentate C,N,Schelating ligand and to
the sulfur atom, Sprigging, Of another metalated species. The
longer Pt-Scpelaing bond lengths, as opposed to Pt-Scpelating)
reflect the differing ¢trans influence of the phenyl carbon and
nitrogen atoms of the ligands.

Suitable crystals of 2c were grown by slowly evaporating a
chloroform solution of the complex. The crystals were triclinic
with P1 space group. The ORTEP illustration is shown in
Fig. 2. The structure of compound 2¢ comprises a molecule

Fig. 1 ORTEP drawing of the platinacycle 1b with thermal ellipsoid plot
shown at the 50% probability level. Hydrogen atoms and solvent mole-
cules are omitted for clarity. Selected bond distances (A) and angles (°)
for 10: Pt(1)-C(11) 2.013(8), Pt(1)-N(10) 1.988(7), Pt(1)-S(3) 2.287(2), Pt
(1)-S(4) 2.347(2), S(4)-Pt(1)-S(3) 100.76(8), N(10)-Pt(1)-S(3) 174.5(2),
N(10)-Pt(1)-S(4) 84.1(2), C(11)-Pt(1)-S(3) 94.6(3), C(11)-Pt(1)-S(4) 163.9
(3), and C(11)-Pt(1)—-N(10) 80.8(3).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 ORTEP drawing of the platinacycle 2c with thermal ellipsoid plot
shown at the 50% probability level. Hydrogen atoms and solvent mole-
cules have been omitted for clarity. Selected bond distances (A) and
angles (°) for 10: Pt(1)-C(6) 2.038(6), Pt(1)-N(1) 2.032(5), Pt(1)-S(1)
2.3558(17), Pt(1)-P(1) 2.2234(18), S(1)-Pt(1)-P(1) 96.97(6), N(1)-Pt(1)-S
(1) 83.44(16), N(1)-Pt(1)-P(1) 179.24(18), C(6)-Pt(1)-S(1) 162.95(19),
C(6)-Pt(1)-P(1) 99.79(19), and C(6)-Pt(1)—N(1) 79.8(2).

with the platinum(n) atom bonded in a slightly distorted
square planar coordination to four different donor atoms, a tri-
dentate thiosemicarbazone through the aryl C(6) carbon, the
imine N(1) nitrogen, and the thioamide S(1) sulfur atom, and
to a phosphorus atom P(1) of the triphenylphosphine. The
bond distances and angles are within the expected values for
analogous structures, as was provided by Mogul 2020.3 from
the CCDC program package. The angles at platinum are close
to 90° with allowance for the somewhat smaller C(6)-Pt(1)-N
(1) and S(1)-Pt(1)-N(1) angles, 79.81° and 83.4°, respectively,
and larger C(6)-Pt(1)-P(1) and S(1)-Pt(1)-P(1) angles, 99.80°
and 96.97°, also respectively, consequent upon chelation. The
crystal packing shows the molecules are arranged in sheets
held together by means of hydrogen bonding interactions
between the boronic acid function, the chlorine atom of the
solvent molecule and the amide nitrogen, as well as by n—=
stacking.

Antiproliferative activity

The in vitro antiproliferative potential of compounds 1a-c, 2a-
¢, 3a-c, 4a—-c and the respective ligands a-c was assessed using
the CellTiter 96®Aqueous non-radioactive cell proliferation
assay (MTS assay), as described in the Experimental section.>*
This antiproliferative activity was analysed by exposure of the
ovarian carcinoma (A2780) and colorectal carcinoma (HCT116)
cell lines and normal human primary dermal fibroblasts to
0.1-50 uM of all compounds for 48 h (ESI Fig. S1t). As shown
in Fig. S1,1 a reduction of the cell viability is observed upon
increase of the compounds concentrations. Cell viability-con-
centration curves (GraphPad software) allowed us to calculate

Dalton Trans., 2024, 53,17803-17818 | 17809


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt01490a

Open Access Article. Published on 23 kolovoza 2024. Downloaded on 3.3.2026. 12:21:59.

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

(cc)

Paper

the relative ICs, values of each compound for each cell line
(Table 1). Moreover, as positive controls, the antiproliferative
activity of the Dox and Cis was evaluated through the exposure
of A2780, HCT116 and Fibroblast cells to 0.1-50 pM of these
antitumor drugs for 48 h (ESI Fig. S21). The selectivity index
(SI) of each compound - the ratio ICs, in fibroblasts/ICs, in
the tumour cell line - was determined, and it is reported in
Table 1 to evaluate the selectivity of the compound towards
tumour cell lines. Higher SI values were correlated with higher
selectivity of the compound for a particular tumour cell line
compared to the normal cells.>”

Comparing the ICs, values obtained for the HCT116 cancer
cell line for all of the tested compounds (Table 1), compounds
3a-c presented the lowest ICs, values (2.1, 1.9 and 8.6 uM,
respectively) with the following cytotoxicity order: 3b > 3a > 3c.
Moreover, A2780 cells compounds 3a-c also presented the
lowest IC5, values (5.0, 1.9, 8.0, respectively), maintaining the
same cytotoxicity order of 3b > 3a > 3c (Table 1). Interestingly,
in the HCT116 cells, these 3 compounds presented a higher
cytotoxic potential when compared to the chemotherapeutic
agent, cisplatin (ICs, value of 15.6 pM). All the other com-
pounds do not demonstrate cytotoxicity in the HCT116 color-
ectal carcinoma cell line (IC5, > 50 pM). This clearly indicates
that coordination with dppm - Ph,PCH,PPh,-P provides a
higher cytotoxicity compared to the other phosphines (PPh; or
dppb) (Table 1).

In A2780 ovarian carcinoma cells, compounds 1a-c, 2b, and
4a-c show moderate cytotoxicity values (10 pM < IC5, < 50 M)
(Table 1). Among all compounds, it seems that compounds
with substitution b (R=Me) show more cytotoxic effects,
although ligands 1, 2 and 3 did not present any cytotoxicity
when tested separately (Table 1). We have yet to find a plaus-
ible explanation for the differing values for compounds 3a, 3b
as compared to 3c. The modification of the -NHR group was
not thought to have a significant effect on the modes of action
of the compounds, but more in the fine-tuning of internaliz-
ation and their properties. It is possible that R groups with
longer carbon chains affect interactions with the biological
membranes and/or targets. This puts forward the need to
examine distinct options when designing a metallodrug.

One of the main reasons and interest to develop new plati-
num-based compounds is to circumvent the high cytotoxicity
of approved platinum drugs, and to reduce the side effects in
healthy tissues. Therefore, it is important that compounds 3a-
¢ have much higher ICs, values in a normal human cell line
when compared to the values obtained for the studied tumor
cell lines. Fibroblasts were used as healthy cells due to their
importance in the tumor microenvironment,*® and the ICs,
values obtained are reported in Table 1.

Interestingly, when analysing the ICs, values obtained for
fibroblasts (Table 1), all of the compounds showed low cyto-
toxic potential (ICs, values >50 uM), which is reflected in the
high SI values. At the limit, if we consider the ICs, of com-
pounds 3a-c in fibroblasts as equal to 50 uM, compounds 3a
and 3b showed the highest SI values (23.8 and 26.3, respect-
ively) in the HCT116 cancer cell line, meaning that those com-

17810 | Dalton Trans., 2024, 53,17803-17818

View Article Online

Dalton Transactions

Table 1 Relative IC5q values and Sl obtained for each of the platinum
compounds and respective ligands in HCT116, A2780 and fibroblast cell
lines. ICsq values are expressed as the mean + SEM of at least three bio-
logical independent assays

Complex Cell line ICs0 (uM) SI
la HCT116 >50 —
A2780 10 < ICso < 50 —
Fibroblasts >50 —
1b HCT116 >50 —
A2780 35.7 >1.4
Fibroblasts >50 —
1c HCT116 >50 —
A2780 10 < ICs < 50 —
Fibroblasts >50 —
2a HCT116 >50 —
A2780 >50 —
Fibroblasts >50 —
2b HCT116 >50 —
A2780 31.9 >1.6
Fibroblasts >50 —
2¢ HCT116 >50 —
A2780 >50 —
Fibroblasts >50 —
3a HCT116 2.1 >23.8
A2780 5.0 >10
Fibroblasts >50 —
3b HCT116 1.9 >26.3
A2780 1.9 >26.3
Fibroblasts >50 —
3c HCT116 8.6 >5.8
A2780 8.0 >6.3
Fibroblasts >50 —
4a HCT116 >50 —
A2780 10 < ICs, < 50 —
Fibroblasts >50 —
4b HCT116 >50 —
A2780 31.0 >1.6
Fibroblasts >50 —
4c HCT116 >50 —
A2780 10 < ICso < 50 —
Fibroblasts >50 —
L1 HCT116 >50 —
A2780 >50 —
Fibroblasts >50 —
L2 HCT116 >50 —
A2780 >50 —
Fibroblasts >50 —
L3 HCT116 >50 —
A2780 >50 —
Fibroblasts >50 —
Doxorubicin (Dox) HCT116 0.5 +0.10 24.2
A2780 0.1 £0.04 121
Fibroblasts 12.1 £ 0.20 —
Cisplatin (Cis) HCT116 15.6 + 5.30 0.6
A2780 1.9 £ 0.20 4.6
Fibroblasts 8.8 +2.90 —

> indicates that the ICs, is higher than the value indicated; - SI
values not calculated.
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pounds are at least 23.8x more cytotoxic for HCT116 cancer
cells than for fibroblasts. Considering the same approach,
compounds 3a and 3b also show higher SI values in the A2780
cancer cell line (10 and 26.3, respectively). Compound 3¢ pre-
sented a SI value of 5.8 in the HCT116 cell line, and a slightly
higher SI value (6.3) for the A2780 cell line. It is also interest-
ing to note that all of the ligands (a, b and ¢) do not show a
cytotoxic effect in the tested cell lines (ICs5, > 50 pM in tumor
and normal cells). Interestingly, our previous data®” show high
cytotoxicity for the free PPh; (a ligand that is present in com-
pounds 2a, 2b and 2c¢) and for other free diphenylphosphines
in normal fibroblasts. In the present work, we show a high
cytotoxicity for compounds, particularly those harbouring
dppm, in tumor cell lines and no cytotoxicity in fibroblasts.
This means that this effect is probably attributed to the effects
of the compounds per se, and not of the free ligands, even
though free phosphines also have high cytotoxicity in these
tumor cell lines.>” Thus, compounds 3a, 3b and 3¢ show an
overall very good therapeutic window and potential in the
HCT116 cell line and from now on, all of the remaining stabi-
lity and biological analysis will be assessed for these 3 com-
pounds in the HCT116 cell line.

Complex stability in biological media

After selection of the best compounds for pursuing additional
biological characterization, the stability of the compound (3a,
3b and 3c) in biological medium was analyzed using
UV-Visible spectroscopy over a wavelength range of 220 to
700 nm for different incubation times (-0, 3 h, as shown in
Fig. 3; 0, 24, 48 h in ESI Fig. S51).

Analysing the spectra of all compounds, high-energy
absorption bands corresponding to © — n* and n — n* tran-
sitions with peaks in the 230-330 and 330-400 nm ranges,
respectively, that are associated with the aromatic rings of ter-
pyridines can be observed.*® According to Fig. 3, for com-
pound 3a, bands are observed at approximately 235 nm,
265 nm and 360 nm at 0 h. For compound 3b, four character-
istic bands can be identified at approximately 293, 325, 352
and 371 nm. Finally, compound 3¢ presents bands at approxi-
mately 235 nm, 265 nm, 327 nm, 365 nm, 380 nm and
530 nm. As observed in Fig. 3, from 0 h to 3 h, there is an
increase of absorbance that is most probably due to a better
solubilization of the complexes in the medium, maintaining
their characteristic bands. However, analysing the data from
ESI Fig. S5, it is possible to observe a change in the peak at
265 nm to 272 nm from 0 h to 48 h for compound 3c.
However, for 3a at 24 h, the band at 360 nm is no longer
observed. Furthermore, at 48 h there is a peak at approximately
325 nm, which may indicate that the complex is not stable in
solution (ESI Fig. S5f). Furthermore, there is not a large
decrease in the absorbance values throughout the spectrum
between the different acquisition times. Regarding compound
3b, the four characteristic bands remained at the same wave-
length throughout the 48 h. However, between 0 h and 24 h,
there is a slight decrease in all absorbances throughout the
spectrum (ESI Fig. S57).
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Fig. 3 Evaluation of the stability of compounds 3a (A), 3b (B) and 3c (C)
via UV-visible spectroscopy for 3 h. Absorbance spectra of 50 pM of
compounds 3c and 3a and 150 yM 3b in an RPMI medium without
phenol red and FBS at different incubation times: 0 h (orange) and 3 h
(blue).

Considering the stability of all compounds during the first
three hours, we further accessed their internalization in
HCT116 cells in this period. Nevertheless, for ensuring the
best solubility and stability of the compounds in all biological
assays, they were always performed with freshly prepared solu-
tions of these compounds.

Compound cellular internalization by ICP-AES

The internalization of the platinum compounds 3a, 3b and 3¢
in HCT116 cells was evaluated by ICP-AES technique, which
allows a quantitative measurement of the amount of metal
present in each sample. This assay allows us to understand if
the compounds under study are indeed internalized by
HCT116 cells.*® To perform this technique, HCT116 cells were
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exposed to 10x the ICs, values of each platinum compounds
for 3 h.

The obtained results showed an internalization of almost
100% for all compounds after 3 h, with compound 3¢ being
the one with a higher percentage of internalization (97.3 =+
0.2%), followed by compound 3b (96.5 + 0.3%) and ultimately
compound 3a (95.7 + 0.1%). Considering this, the compounds
are stable and soluble in biological medium by the time they
are internalized in HCT116 cells (Fig. 3).

Cell death by apoptosis and/or necrosis

As the platinum compounds can induce a decrease in HCT116
cell viability, it is important to understand the type of cell
death that is been triggered by their presence. Thus, the levels
of apoptosis (a programmed cell death mechanism) and necro-
sis (a non-programmed cell death mechanism) after the
exposure of HCT116 cells for 48 h to compounds 3a-c (at their
IC5, concentrations) were measured through flow cytometry
using Annexin V-Alexa fluor 488/PI double staining (Fig. 4).
0.1% DMSO (v/v) was used as the vehicle control (negative
control) and Dox (0.4 pM) was used as the positive control.
Annexin V has a high affinity for phosphatidylserine, which
is present on the inner surface of the lipid bilayer of plasma
membranes in viable cells. Once cells initiate the apoptotic
process, phosphatidylserine is translocated to the outer layer
of the membrane, favouring the interaction between annexin V
and phosphatidylserine and the identification of cells in apop-
tosis by flow cytometry.***' Furthermore, PI (a fluorescent
molecule that is impermeable to membranes in viable cells)
allows for the detection of cells with a compromised mem-
brane - cells in necrosis.*®*? Therefore, this method allows for
distinguishing between cells in early apoptosis (labelled with
annexin V-Alexa fluor 488), cells in late apoptosis (labelled
with both annexin V-Alexa fluor 488 and PI), and cells in necro-
sis (labelled with PI) from normal viable cells (not
labelled).*>** The results shown in Fig. 4 indicate that the
HCT116 cells exposed to compound 3c present the highest per-

100 = e
s Cells in necrosis
) Bl Cells in late apoptosis
§ B Cells in initial apoptosis
o 50 = Viable cells
[
8
c
8
[
o

0=

DMSO  Dox 3a 3b 3c

Fig. 4 Apoptosis induction in HCT116 cells exposed to the ICsq of the
compounds 3a—c for 48 h via flow cytometry using Annexin V/PI double
staining. DMSO 0.1% (v/v) was used as a negative control (vehicle
control) and Dox (0.4 pM) as a positive control. Data are expressed as
mean + SD of at least two independent assays. The symbols ****, *x*
and * represent p < 0.0001, p < 0.001 and p < 0.1, respectively.
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centage of apoptosis (40.3%), while cells exposed to com-
pounds 3a and 3b present about 30% apoptosis. On the con-
trary, cells exposed to DMSO presented 75.1% viable cells,
24.3% apoptosis and 0.6% necrosis. The exposure of the cells
to Dox leads to cell values of 40% in apoptosis and 20.2% in
necrosis. These results are in agreement with that previously
observed in the literature.*

Comparing the results obtained for each complex to those
obtained for DMSO, compound 3¢ shows a significant increase
of 1.7x of the percentage of cells in apoptosis, while com-
pounds 3a and 3b show an increase of 1.2x of the percentage
of cells in apoptosis. Therefore, the platinum compounds
induce apoptosis in HCT116 cells in levels that are relatively
close to those exhibited in the presence of the positive control,
Dox (Fig. 4). Fig. 4 also reveals that the percentage of necrotic
cells was low under all analysed conditions, except for HCT116
cells exposed to Dox (~20%), a result that correlates with the
literature.**> This result is highly relevant as necrosis is a
non-programmed cell death mechanism that is usually associ-
ated with the trigger of inflammation, a process that is not
ideal in a tumor context.**> It is interesting to note that com-
pound 3c has a slightly higher internalization by ICP-AES after
3 h, which correlates with its higher level of apoptosis (Fig. 4).

To evaluate whether the platinum compounds could induce
apoptosis by the intrinsic pathway, the expression of BAX and
BCL-2, a pro-apoptotic and an anti-apoptotic protein, respect-
ively, was analysed in HCT116 cells after 48 h of exposure to
the IC5, of each compound (Fig. 5). Usually, a BAX/BCL-2 ratio
of >1 indicates that cell death by apoptosis is promoted.
Conversely, a ratio lower than 1 results in cell survival. Thus,
the balance of these two proteins is an important factor to
determine the cell fate.***”
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Fig. 5 Relative expression of BAX (A) and BCL-2 (B) proteins in HCT116
cells after 48 h exposure to the ICso of compounds 3a, 3b and 3c or
0.1% DMSO (vehicle control). (C) BAX/BCL-2 ratio. (D) Western blot
bands used for quantification of BAX and BCL-2 proteins. Data were
normalized to the DMSO vehicle control (value of 1 is represented with
a dotted line) after an initial normalization with p-actin. Results are
expressed as the mean + SEM of two independent assays. The symbols
***+* and ** represent p < 0.0001 and p < 0.01, respectively.
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An increase of the expression of BAX protein when HCT116
cells are exposed to compounds 3b and 3c, compared to the
levels shown by the control, is accompanied by a decrease of
the expression of the BCL-2 protein (Fig. 5A and B). On the
contrary, cells exposed to compound 3a have the same levels of
expression of the BAX and BCL-2 proteins when compared to
the DMSO control. The BAX/BCL-2 ratio (Fig. 5C) shows that
compounds 3b and 3¢ have a 2.6-fold or 4-fold increase over
the control, respectively, an indication that they can trigger the
intrinsic/mitochondrial apoptotic pathway in the HCT116 cell
line. On the contrary, compound 3a exhibits a BAX/BCL-2 ratio
that is near 1, which suggests that this compound does not
seem to induce an apoptotic pathway that is dependent on the
expression of BAX. Nevertheless, as we have demonstrated,
compound 3a induces apoptosis (Fig. 4) without other alterna-
tive pathways, such as the extrinsic apoptotic pathway or an
intrinsic pathway that is dependent on BAK or other pro-apop-
totic protein.

To further confirm that compounds 3b and 3¢ can induce
the intrinsic apoptotic pathway, their effect in disrupting the
mitochondrial membrane potential (AY¥;,) should also be
analysed.

Evaluation of the mitochondrial membrane potential (AN°,,,)

The induction of the intrinsic/mitochondrial pathway of apop-
tosis correlates with changes in the mitochondrial membrane
potential.*®*° In this regard, it is essential to study the effect
of the compounds in the mitochondria and in its membrane
potential. The cationic dye JC-1 has been widely used to evalu-
ate the integrity/changes in the mitochondrial membrane
potential.*®*® This dye naturally accumulates within the mito-
chondria due to its cationic properties, which enables the for-
mation of aggregates that show a red fluorescence (from 532 to
590 nm).*>*° When the inner mitochondrial membrane is
compromised and has a negative potential (high AY¥,,), the
JC-1 dye will leave the mitochondria, accumulating in the
cytosol in the monomeric form, which changes the dye’s fluo-
rescence to green (from 510 to 560 nm).***° Therefore, cells
with depolarized mitochondria will display a lower red/green
fluorescence ratio. The HCT116 cell line was exposed to the
ICs, concentrations of each platinum compound for 48 h, and
the red/green fluorescence ratios were obtained and are rep-
resented in Fig. 6.

The results presented in Fig. 6 show that all of the com-
pounds promote significant changes in the mitochondrial
membrane when compared to the DMSO control. Compound
3b affects the mitochondrial membrane the most, with a JC-1
ratio of 0.69. According to the previous results (Fig. 5),
exposure of the cells to compounds 3b and 3¢ promote a loss
of AN°,, and permeability occurs, which leads to the release of
mitochondria proteins (e.g., cytochrome C) into the cytosol,
and activation of the intrinsic apoptosis pathway (Fig. 6).
Compound 3a has previously been shown to induce apoptosis
(Fig. 4) and a disruption of the mitochondrial membrane
potential (Fig. 6), which is not in line with the results obtained
for the expression of BAX and BCL-2 protein since their ratio
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Fig. 6 Evaluation of the mitochondrial membrane potential of HCT116
cells exposed for 48 h to the ICsq concentrations of the compounds
3a—c via flow cytometry. 0.1% (v/v) DMSO was used as the vehicle
control, and 5 pM Cis and 0.4 pM Dox were used as positive controls.
Data are normalized to the control of DMSO and expressed as the mean
+ SEM of at least two independent biological assays. The symbols ** and
* represent p < 0.0001 and p < 0.01, respectively.

was only slightly above 1 (1.27) (Fig. 5). This indicates that the
depolarization of the mitochondria membrane potential is
probably dependent on a different pro-apoptotic protein (e.g.,
BAK), or via an alternative extrinsic pathway involving
t-BID.”"** The extrinsic apoptotic pathway is usually activated
through external signals recognized by death receptors at the
cell membrane. This triggers activation of caspase-8 that may
cleave BID into t-BID.>>”® Compound 3a may also directly
affect the mitochondria, as described previously in the
literature.>®

Evaluation of caspase-8 activity

As explained above, external signals recognized by the death
cellular receptors are able to trigger caspase 8, which can
induce the cleavage of several molecules, such as t-BID, mito-
chondrial or nuclear proteins, or directly downstream
caspases.”> The chromogenic substrate IEDT-pNA, which is
constituted by the IETD (Ile-Glu-Thr-Asp) peptide conjugated
with the chromophore p-nitroanilide (pNA), is usually used as
a way to quantify the caspase 8 activity of the total protein
extracts.>® When the substrate is cleaved by caspase 8, the pNA
is released, which can be quantified by measuring the absor-
bance at 400 nm.>® To evaluate caspase 8 activity induced by
the compounds, HCT116 cells were incubated for 48 h with
the IC5, concentration of compound 3a (Fig. 7).

Analysing the data presented in Fig. 7, exposure of the
HCT116 cells to compound 3a or Cis leads to an increase of
caspase-8 activity when compared to the DMSO control (4x
and 6x higher, respectively). These data agree with previous
results (Fig. 5 and 6), and confirm that compound 3a can
induce cell death via the extrinsic apoptotic pathway.

Evaluation of autophagy induction

Besides apoptosis, there are other different types of pro-
grammed cell death, such as autophagy, that are commonly
triggered by different metal compounds.®® Autophagy is associ-
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Caspase 8 activity

Cis 3a

Fig. 7 Caspase-8 activity in HCT116 cells exposed to the ICso of com-
pound 3a for 48 h. 0.1% (v/v) DMSO was used as the vehicle control and
5 pM Cis as positive control. Caspase 8 activity was quantified using the
caspase 8 assay kit (Abcam). Date are normalized to the control of
DMSO (value represented with a dotted line) and expressed as the mean
+ SEM of at least two independent biological assays. The symbols ** and
* represent p < 0.0001 and p < 0.001, respectively.

ated with an increase in autophagosomes (which are intra-
cellular double membrane vesicles) that can fuse with lyso-
somes, resulting in cellular material degradation.”” Therefore,
the induction of autophagy in HCT116 cells after 48 h of
exposure to ICs, concentrations of the compounds 3a-c was
evaluated (Fig. 8).

Fig. 8 shows that compound 3¢, Dox and Cis can induce the
autophagic process in HCT116 cells (77.1%, 61.3% and 65.2% of
cells in autophagy, respectively), demonstrating 1.6-, 1.3- and 1.4-
fold increase of autophagic vesicles over the control, respectively.
Compounds 3a and 3b do not seem to induce this type of cell
death mechanism. These results indicate that compound 3c can
activate both cell death mechanisms through activation of the
apoptosis and autophagy in HCT116 cells. These results are sup-
ported by the literature, where it is described that platinum com-
pounds can induce apoptosis and autophagy.>®

To further understand the triggering process of those cell
death processes and loss of viability by the presence of the
platinum compounds, the levels of intracellular reactive
oxygen species (ROS) were measured.’®
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Fig. 8 Induction of autophagy in HCT116 cells after 48 h of exposure
to the IC5o of compounds 3a, 3b and 3c. 0.1% (v/v) DMSO was used as
the vehicle control, while 5 pM Cis, 0.4 uM Dox and 500 nM Rapamycin
were used as positive controls. Data are expressed as the mean + SEM of
at least two independent biological assays. The symbols ***, ** and *
represent p < 0.0001, p < 0.01 and p < 0.1, respectively.
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Production of reactive oxygen species (ROS)

The level of intracellular ROS was quantified in HCT116 cells
after their exposure to the platinum compounds (Fig. 9) using the
probe 2',7'-dichlorohydrofluorescein diacetate (H2DCF-DA). This
probe can diffuse into the cells, and once inside, can be deacety-
lated by intracellular esterases and oxidized by ROS, originating
from the fluorescent molecule 2',7'-dichlorofluorescein (DCF),
which can be detected by flow cytometry.>®

The results shown in Fig. 9 indicate that the compounds 3a
and 3b can trigger ROS production in HCT116 cells, with a
respective increase by 1.5-fold and 1.8-fold, over the DMSO
control, with these values being close to the positive control
TBHP (1.6x higher than the DMSO control). Intracellular ROS
production by HCT116 cells in the presence of compounds 3a
and 3b may lead to the activation of cell death by
apoptosis.”>® Induction of ROS production by the action of
the platinum compounds has been described previously in the
literature.®® Compound 3c does not seem to induce ROS pro-
duction (Fig. 9).

Ex ovo chorioallantoic membrane (CAM) in vivo assay

The angiogenesis process, which consists of the formation of
new blood vessels, has a determinant role in the tumor devel-
opment, since it increases the nutrition of cancer cells and
enables the invasion of adjacent tissues.®>®® Therefore, it is
important to understand the role of new compounds in this
process to achieve better cancer treatment.®*

The ex ovo chorioallantoic membrane (CAM) assay is a great
in vivo model to evaluate the cytotoxicity of different com-
pounds and their potentiality to modulate angiogenesis, being
pro-angiogenic or anti-angiogenic. In this regards, CAMs of
chicken embryos were treated with the ICs, concentrations of
compounds 3a-c¢ for 48 h. All newly formed vessels were
counted at different time points (0 h (control), 24 h and 48 h)
after exposure, and then compared with the formed vessels for
DMSO 0.1% vehicle controls (Fig. 10).

Based on Fig. 10, exposure to all compounds lead to a
reduction of the newly formed blood vessels, indications that

ROS Production

Cis Dox TBHP 3a 3b 3c

Fig. 9 ROS produced by HCT116 cells after 48 h of exposure to the
IC50 of compounds 3a—c. 0.1% (v/v) DMSO was used as the vehicle
control, and 30 pM TBHP (tert-butyl hydroperoxide), 5 pM Cis and
0.4 pM Dox were used as positive controls. Data were normalized
against the DMSO control (value represented as a dot line at y = 1) and
expressed as the mean + SEM of two independent assays. The symbols
**% ** and * represent p < 0.0001, p < 0.01 and p < 0.1, respectively.
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Fig. 10 Newly formed blood vessels after exposure of chick embryos to
the I1Cso of compounds 3a—c for a duration of 48 h. (A) RGB image of
the O-ring interior; (B) green channel of the same image used for count-
ing the number of veins; (C) binary of the segmented image used to cal-
culate the number of branches; (D) percentage of newly formed vessels
in ex ovo YSMs after 24 h and 48 h exposure to ICsg concentrations of
compounds 3a—c. At least 7 independent chicken embryos experiments
were used for each condition. The values were normalized to the
number of tertiary veins obtained after exposure to the control (0.1%
DMSO) and the number of tertiary veins obtained in the corresponding
o-ring at O hours of incubation in the same embryo. The 100% value
refers to the 0.1% (v/v) DMSO sample in PBS. Symbols: dots — 24 hours,
triangles — 48 h. The symbols ** and * represent p < 0.01 and p < 0.1,
respectively.

are in line with their anti-angiogenic potential at their ICs,
concentrations.

Importantly, after 48 h of exposure to the ICs, concen-
tration of these three platinum compounds, no in vivo toxicity
to embryos were observed, considering their survival through-
out the duration of the assay.

Conclusions

The study of the different structures synthesized in this work
reveals a trend in the anticancer effect of the series. While the
metallated compounds show differing levels of cytotoxicity, the
tested ligands a, b and ¢ do not show cytotoxicity in the tested
tumor cell lines, disclosing that the observed cytotoxicity for
the platinum compounds might not be attributed to them.
However, the effect of the ancillary ligands was far greater than
the substitution of the amine group. Among all studied com-
pounds, the ones bearing dppm stood out for their high cyto-
toxicity in HCT116 and A2780 cancer cell lines. Moreover, com-
pounds 3a, 3b and 3¢ do not show cytotoxicity in normal cells
(fibroblasts), which is in line with their high selectivity index
towards cancer cells when compared to normal cells (fibro-
blasts). All compounds were able to induce apoptosis via a
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depolarization of the mitochondria membrane potential. In
the case of compound 3a, this is triggered via an extrinsic
mechanism (probably associated with t-BIB). Conversely, com-
pounds 3b and 3c can induce mitochondrial or intrinsic apop-
tosis via BAX. Moreover, compound 3c is able to induce cell
death by autophagy. Compounds 3a and 3b are able to induce
intracellular ROS, which might be associated with the loss of
cell viability and cell death. It is also worth mentioning that
these compounds are shown to be non-toxic in vivo in an
ex ovo CAM model, although they show an anti-angiogenic poten-
tial after exposure to the ICs, of compounds 3a, 3b and 3c.
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