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Abstract

Half of all cancer treatments worldwide involve the use of Pt chemotherapeutics but despite
their wide clinical usage, Pt drugs have severe disadvantages, including cell toxicity. Sunitinib
is a FDA approved Tyrosine Kinase Inhibitor which selectively targets renal cell carcinoma due
to the overexpression of its receptors such as vascular endothelial growth factor receptor
(VEGFR) and platelet derived growth factor receptor (PDGFR). Here, a family of three Pt(IV)
prodrugs, based on the clinically approved cisplatin, oxalilplatin and carboplatin, bearing
sunitinib-derived axial ligands have been developed with the aim to overcome healthy cell
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toxicity. This study highlights the first Pt(IV) complexes targeting renal carcinoma tumours
overexpressing VEGFR. Conjugation of the sunitinib-based ligand was shown not to jeopardize
its kinase inhibitory activity. In vitro cytotoxicity proved the cisplatin prodrug derivative to be
36 times more active to cisplatin chemotherapy and 3D spheroids assays reinforced this
superior activity. The cisplatin-based prodrug was tested in vivo against renal carcinoma
xenografts, revealing exceptional superior activity to cisplatin control. This work
demonstrates the excellent potential of Pt(IV)-Sunitinib conjugates for the treatment of Renal
cell carcinoma, as they display far enhanced tumour reduction and lower systemic toxicity
when compared to cisplatin chemotherapy.

Introduction

Cisplatin, oxaliplatin and carboplatin are three of the most widely used Pt(ll)-based anticancer
chemotherapeutics and are approved worldwide for the treatment of various cancer types,
including testicular?, colorectal?, ovarian®* and lung* cancers (Figure 1). Although 50% of all
cancer treatments involve the use of Pt (1) drugs®, their clinical success is hindered by three
main disadvantages: (i) toxic side-effects®~1%, (ii) acquired/innate drug resistance'>'3 and/or,
(iii) poor oral bioavailability'®. Pt(IV) prodrugs address these limitations. As octahedral,
kinetically inert d® complexes'® with high stability in the bloodstream,®=2° they act as
prodrugs, activated via intracellular reduction simultaneously releasing the cytotoxic Pt(ll)
species and the axial ligands. Importantly,*6=2°many Pt(IV) prodrugs described in the literature
carry at least one bioactive axial ligand?'23,

Conjugating tyrosine kinase inhibitors (TKls) to Pt(IV) prodrugs represents a promising
strategy. Tyrosine kinases catalyse the transfer of phosphate groups from adenosine
triphosphate (ATP) to intracellular proteins, regulating cellular growth and proliferation?.
Kinases receptors such as Vascular Endothelial Growth Factor Receptor (VEGFR) and Platelet
Derived Growth Factor Receptor (PDGFR) 2*are frequently overexpressed in multiple
cancers,?>31 making TKiIs like imatinib, gefitinib and dasatinib (Figure 1) clinically valuable for
treating different tumour types. To date, four Pt(IV)-TKI conjugates have been reported:
Pt(IV)-gefitinib3233/erlotinib3® derivatives, a Pt(IV)-dasatinib analogue3*, and Pt(IV)-
Imatinib/Nilotinib derivatives®>. None of the aforementioned Pt(IV)-TKI conjugates use a TKI
ligand that has clinical approval for use against VEGFR expressing tumours. We sought to
develop a family of Pt(IV)-TKI complexes that target VEGFR for the treatment of renal cell
carcinomas.
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Figure 1. Top: Structures of three worldwide approved Pt(ll) anticancer chemotherapeutics. Bottom:
Structures of imatinib, sunitinib, gefitinib and dasatinib.

Sunitinib (Figure 1) is an FDA approved TKI that is clinically used for the treatment of renal
cell carcinoma (RCC), imatinib-resistant gastrointestinal stromal tumour (GIST) and pancreatic
cancer3®, The combination of cisplatin and sunitinib demonstrated synergistic or additive
effects against a wide range of cancer types, including gastric, urothelial, testicular, thyroid,
bladder cancers, both in vitro and in vivo3=*'. As such, incorporating sunitinib into a Pt(IV)
prodrug is expected to potentiate the activity of both drugs against tumours overexpressing
VEGFR and/or PDGFR. Additionally, such prodrugs may enhance tumour selectivity and
overcome resistance due to their dual mode of action. This approach is anticipated to
outperform conventional chemotherapy by ensuring concomitant intracellular release of
both drugs.

Here, we report the synthesis, chemical characterization, stability studies, electrochemical
behaviour, biological evaluations and in vivo efficacy of three Pt(IV)-sunitinib-based prodrugs
(Figure 2).



Figure 2. Structures of the three Pt(IV)—sunitinib prodrugs based on cisplatin (A), oxaliplatin (B) and
carboplatin (C) pharmacophores.

Experimental
Detailed material and methods and all the spectra are reported in the ESI.

Syntheses
Cisplatin, dihydroxycisplatin (oxoplatin), oxaliplatin, dihydroxyoxaliplatin, carboplatin and
dihydroxycarboplatin were synthesized as previously described*?=44,

(2)-5-((5-fluoro-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl-1H-pyrrole-3- carboxylic acid.
(2) 1.2 g (7.65 mmol, 1 eq.) of 5-fluoro-1,3-dihydroindol-2-one and 1.47 g of 5-formyl-
dimethyl-1H-pyrrole-3-carboxylic acid (9.6 mmol, 1.25 eq.) were added to a 250 ml round
bottom flask. 60 ml of absolute EtOH was added and the mixture was stirred for 5 minutes.
12 drops of piperidine were added and the mixture was stirred at reflux for 3 hours (TLC,
CHCl3:MeOH = 95:5). The mixture was allowed cool to 25°C and the solids were collected via
vacuum filtration. The solid was again stirred in 22.5 ml of EtOH at 72 °C for 30 mins. The
mixture was allowed cool to 25°C and the solids were collected via vacuum filtration, washed
with 2 x 12 ml of EtOH and dried using a Schlenk line (yield: 1.93 g, 84%). The procedure use
was adapted from a literature procedure by Sansook, et al., 2017%°. 'H NMR (500 MHz,
DMSO): 6 13.88 (s, 1H, pyrrole-NH), 10.95 (s, 1H, indole-NH), 7.80 (dd, J=9.4, 2.5 Hz, 1H, ArH),
7.76 (s, 1H, alkeneH), 7.00 — 6.91 (m, 1H, ArH), 6.86 (dd, J = 8.4, 4.5 Hz, 1H, ArH), 2.55 (s, 3H,
CHs). 3C NMR (126 MHz, DMSO-d®): 170.0, 166.4, 157.8 (J = 234.4 Hz), 141.3, 135.2, 133.9,
127.4 (J=9.5 Hz), 126.5, 125.3, 116.1 (/ = 3.4 Hz), 114.8, 113.3 (/= 23.9 Hz), 113.1, 110.6 (J =
8.6 Hz), 110.56, 106.8 (J = 25.8 Hz), 14.9, 11.9. °F-{*H} NMR (470 MHz, CDCls): & -122.371 (s,
1F). IR (ATR): 2819, 1652, 1537, 1474, 1297, 1127, 922, 759 cm™. LC-MS: 93.4%. HRMS:
Calculated mass for M: 300.0910. Found (M): 300.0913. Difference 0.93 ppm (71.59% IMS)

methyl (2)-4-(5-((5-fluoro-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl-1H-pyrrole-3-
carboxamido)butanoate (3). 1 g (3.3 mmol, 1 eq.) of acid derivative and 2.13 g of TBTU (6.6
mmol, 2 equivalents) were added to a round bottom flask. The flask was purged with N3, prior
to addition of 20 ml of DMF followed by 2.7 ml (2.02 g, 19.9 mmol, 6 eq.) of TEA. The solution
was now stirred for 20 minutes, prior to cannula addition of 1.0 g (6.6 mmol, 2 eq.) of y-
aminobutyric methyl ester dissolved in 4 mL of anhydrous DMF. The solution was stirred at
room temperature for 24 hours (TLC, CHCI3:MeOH = 9:1). The solvent was removed in vacuo
at 60°C. 300 ml of H,O was added to the residue followed by 100 ml of saturated sodium
bicarbonate aqueous solution. The resulting precipitate was collected via vacuum filtration,
washed with 40 ml of deionised and then dried using a Schlenk line (yield: 0.54 g, 41%). 'H
NMR (500 MHz, DMSQ): 6 13.68 (s, 1H, pyrrole-NH), 10.90 (s, 1H, indole-NH), 7.77 (dd, J = 9.4,
2.5 Hz, 1H, ArH), 7.72 (s, 1H, alkeneH), 7.68 (t, J = 5.7 Hz, 1H, amide-NH), 6.96 — 6.90 (m, 1H,



ArH), 6.85 (dd, J = 8.4, 4.5 Hz, 1H, ArH), 3.61 (s, 3H, O-CH3), 3.25 (dd, J = 12.8, 6.8 Hz, 2H, CH,),
2.43 (s, 3H, CHs), 2.42 — 2.38 (m, 5H, CH3/CH,), 1.78 (p, J = 7.2 Hz, 2H, CH,). 3C NMR (126
MHz, DMSO-d®): 173.6, 170.0, 165.2, 158.6 (d, J = 234.1 Hz) 136.8, 134.9, 130.7, 127.5 (d, J =
9.4 Hz), 126.2, 125.3,121.4, 115.0 (d, J = 6.6 Hz), 112.9 (d, J = 21.2 Hz), 112.5, 112.4, 110.4 (d,
J=8.7 Hz), 106.5, 106.3 (d, J = 28.1 Hz), 51.7, 38.5, 31.3, 25.1, 13.1, 10.9. °F-{*H} NMR (470
MHz, DMSO): 6 -122.56 (s, 1F). IR (ATR): 3292, 2952, 1730, 1621, 1538, 1475, 1376, 1194,
1161, 922, 860, 793, 696, 607, 446 cm™. LC-MS: Calculated mass for (M+H)*: 400, Found:
400.4 (100%). HRMS: Calculated mass for M: 399.1594. Found (M): 399.1601. Difference 1.66
ppm (95.78% IMS).

Synthesis of (2)-4-(5-((5-fluoro-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl-1H-pyrrole-3-
carboxamido)butanoic acid (4). 0.52 g (1.3 mmol, 1 eq.) of ester derivative was suspended in
60 ml of MeOH. 10 mL of 5 M NaOH was added and the mixture was sonicated for 5 minutes.
The mixture was stirred at room temperature for 2 hours (TLC, CHCI3:MeOH =9:1). The MeOH
was removed in vacuo. 1 M HCl was added to the aqueous mixture until the mixture was
acidified to pH = 4. The precipitate was collected via vacuum filtration, washed with abundant
H,0 and dried using a Schlenk line (yield: 0.44 g, 86%). *H NMR (500 MHz, DMSO): 6 13.68 (s,
1H, pyrrole-NH), 12.09 (s, 1H, COOH), 10.89 (s, 1H, indole-NH), 7.77 (dd, J = 8.6 Hz, 1H, ArH),
7.72 (s, 1H, alkene-H), 7.67 (t, 1H, amide-NH), 6.93 (t, J = 8.1 Hz, 1H, ArH), 6.85 (dd, J = 8.0,
4.4 Hz, 1H, ArH), 3.25 (d, J = 6.0 Hz, 2H, CH3), 2.44 (s, 3H, pyrrole-CHs), 2.42 (s, 3H, pyrrole-
CHs), 2.30 (t, / = 7.2 Hz, 2H, CH3), 1.78 — 1.71 (m, 2H, CH;). *3C NMR (126 MHz, DMSO-d®): 6
174.7,170.0, 165.2, 158.2 (d, J = 234.1 Hz), 157.7, 136.8, 134.97, 130.7, 127.6 (d, J = 9.6 Hz),
126.2,125.3,121.5,114.9 (d, J = 3.1 Hz), 112.9 (d, J = 24.1 Hz), 110.4 (d, J = 8.7 Hz), 106.3 (d,
J=25.7 Hz), 38.6, 31.6, 25.2, 13.7, 10.4. °F-{*H} NMR (470 MHz, DMSO): & -122.55 (s, 1F). IR
(ATR): 2925, 1716, 1670, 1598, 1556, 1478, 1324, 1198, 801, 606 cm™. LC-MS: Calculated mass
for (M+H)*: 386.1511, Found: 386.1 (100%). HRMS: Calculated mass for M: 385.1438. Found
(M): 385.1434. Difference: -1.01 ppm (99.57% IMS).

2,5-dioxopyrrolidin-1-yl (Z)-4-(5-((5-fluoro-2-oxoindolin-ylidene)methyl)-2,4-dimethyl-1H-
pyrrole-3-carboxamido)butanoate (5). 0.4 g (1. mmol, 1 eq.) of acid derivative and 0.21 g (1.9
mmol, 1.78 eq.) of N-hydroxysuccinimide were added to a round bottom flask. The flask was
purged with Ny, prior to addition of 10 ml of DMF. 0.29 mL of DIC (0.23 g, 1.87 mmol, 1.78
equivalents), was added while the reaction vessel was kept under an ice bath. The reaction
was stirred for 45 minutes and then allowed to adjust to room temperature. The solution was
stirred at room temperature for 16 hours (TLC, CHCI3:MeOH = 9:1). The solution was added
dropwise to 100 ml of water. The resulting precipitate was collected via vacuum filtration,
washed with 2 x 10 ml of H,0 and dried using a Schlenk line. The crude solid was triturated
with 50 mL of chloroform, collected using vacuum filtration, washed with 2 x 30 mL of
Chloroform and dried using a Schlenk line (yield: 0.42 g, 82%). *H NMR (500 MHz, DMSO): &
13.68 (s, 1H, pyrrole-NH), 10.89 (s, 1H, indole-NH), 7.78 — 7.67 (m, 3H, ArH/Alkene/amide-
NH), 6.92 (td, J = 9.5, 2.4 Hz, 1H, ArH), 6.84 (dd, J = 8.4, 4.5 Hz, 1H, ArH), 3.32 — 3.28 (m, 2H,
CHy), 2.82 (s, 4H, NHS-CH), 2.75 (dd, J = 15.2, 7.7 Hz, 2H, CH>), 2.43 (s, 3H, CH3), 2.41 (s, 3H,
CHs), 1.92 — 1.84 (m, 2H, CH;). 3C NMR (126 MHz, DMSO-d®): § 170.7, 170.0, 169.3, 165.3,
158.7 (d, J = 234.2 Hz), 136.9, 134.98, 130.7, 127.6, 126.2 (d, J = 9.5 Hz), 125.3, 121.3, 115.0
(d,/=3Hz),112.9(d, J=24.2 Hz), 110.5 (d, /= 8.7 Hz), 106.5 (d, J = 25.7 Hz), 38.3, 28.4, 25.9,
25.0,13.7,10.9. °F-{*H} NMR (470 MHz, DMSO): 6 -122.54 (s, 1F). IR (ATR): 2922, 1810, 1781,
1738, 1674, 1567, 1477, 1262, 1197, 1072, 804, 726, 649, 583, 448 cm™*. LC-MS: Calculated



mass for (M+H)*: 483.2, Found: 483.2 (100%). HRMS: Calculated mass for M: 482.1602. Found
(M): 482.1602. Difference: 0.14 ppm (99.37% IMS).

[Pt(OH)(Cl)2(NHs)2((2)-4-(5-((5-fluoro-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl-1H-
pyrrole-3-carboxamido)butanoic acid)] (A) 0.28 g of oxoplatin (0.85 mmol, 1.05 equivalents)
was added to a round bottom flask. 0.39 g (0.81 mmol, 1 eq.) of NHS-ester was dissolved in
15 ml of DMSO and added. The solution was stirred at 55°C for 16 hours in the absence of
light. The reaction mixture was filtered through cotton wool to remove excess oxoplatin. The
filtrate was added to 200 ml of deionised water. The precipitate was collected via vacuum
filtration and dried using a Schlenk line. The solid was dissolved in 3 mL of DMF. 27 mL of
diethyl ether was added and the precipitate was collected via centrifugation. This was
repeated 3 times and the solid was subsequently washed with 2 x 20 mL of diethyl ether and
dried using a Schlenk line (yield: 0.42 g, 73%). *H NMR (500 MHz, DMSO): 6§ 13.67 (s, 1H,
pyrrole-NH), 10.88 (s, 1H, indole-NH), 7.76 (dd, J = 9.4, 2.3 Hz, 1H, ArH), 7.71 (s, 1H, alkene-
H), 7.67 — 7.60 (m, 1H, amide-NH), 6.96 — 6.88 (m, 1H. ArH), 6.84 (dd, J = 8.4, 4.6 Hz, 1H, ArH),
6.20 —5.74 (m, 6H, 2 x NH3), 3.23 (dt, J = 12.9, 6.7 Hz, 2H, CH,), 2.40 (t, J = 13.0 Hz, 3H, CH3),
2.24 (t, ) = 7.4 Hz, 3H, CH3), 1.72 (dt, J = 14.5, 7.4 Hz, 2H, CH,). 13C NMR (126 MHz, DMSO-d®):
6181.0,170.0, 165.2,162.7, 157.7 (d, J = 234.2 Hz), 136.8, 134.9, 130.7, 127.6 (d, /= 49.0 Hz),
126.2, 125.3, 121.5, 114.9 (d, J = 3.0 Hz), 112.9 (d, J = 24.5 Hz), 112.7, 110.5 (d, J = 8.3 Hz),
106.3 (d, J = 25.1 Hz), 38.8, 34.3, 26.3, 13.8, 11.0. °F-{*H} NMR (470 MHz, DMSO): & -122.55
(s, 1F). 195Pt NMR (108 MHz, DMSO): § 1047.36 (s, 1Pt). LC-MS: (100%). IR (ATR): 3196, 1617,
1544,1475,1323, 1260, 1197, 1144, 1026, 923, 851, 796, 696, 666, 607, 584, 444 cm™*. HRMS:
Calculated mass for M: 700.0943. Found: 699.0870 (M-H)-. Difference: -1.4 ppm.

[Pt(OH)(Oxalate)2(DACH)2((2)-4-(5-((5-fluoro-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl-
1H-pyrrole-3-carboxamido)butanoic acid)] (B). 0.15 g of dihydroxyoxaliplatin (0.35 mmol,
1.05 equivalents) was added to a round bottom flask. 0.16 g (0.34 mmol, 1 eq.) of NHS-ester
was dissolved in 8 ml of DMSO and added. The solution was stirred at 55°C for 16 hours in the
absence of light. The reaction mixture was filtered through cotton wool to remove excess
oxoplatin. The DMSO solution was added dropwise to 50 mL of water. The resulting
precipitate was collected via centrifugation, washed with 2 x 20 mL of water and then dried
using a Schlenk line. The solid was dissolved in 3 mL of DMF. 27 mL of diethyl ether was added
and the precipitate was collected via centrifugation. This was repeated 3 times and the solid
was subsequently washed with 2 x 20 mL of diethyl ether and dried using a Schlenk line (Yield:
0.26 g, 97%). *H NMR (500 MHz, DMSO): § 13.68 (s, 1H, pyrrole-NH), 10.91 (s, 1H, indole-NH),
8.45 (s, 1H, NH), 8.16 (s, 1H, NH), 7.87 (s, 1H, NH), 7.80 — 7.74 (m, 1H, ArH), 7.71 (s, 1H, NH),
7.68 (t, J = 5.5 Hz, 1H, Amide-NH), 7.15 (s, 1H, alkene-H), 6.96 — 6.89 (m, 1H, ArH), 6.84 (dd, J
= 8.3, 4.5 Hz, 1H, ArH), 3.21 (d, J = 6.1 Hz, 2H, CH>), 2.56, (s, 2H, CH>), 2.42 (s, 3H, CH3), 2.40
(s, 3H, CH3), 2.27 (t, J = 7.1 Hz, 2H, CHy), 2.12 — 2.02 (m, 2H, CH3), 1.72 — 1.65 (m, 2H, CH>),
1.53-1.30 (m, 4H, 2 x CH,), 1.12 (d, J = 9.9 Hz, 2H, CH,). 13C NMR (126 MHz, DMSO0): 6 182.1,
170.0, 165.2, 164.3 (d, J = 234.4 Hz), 157.7, 136.8, 134.9, 130.7, 127.6 (d, J = 9.6 Hz), 126.2,
125.4,121.4,114.9 (d,J=2.9 Hz), 112.9(d, J = 23.7 Hz), 110.5 (d, /=9.2 Hz), 106.5 (d, J = 25.1
Hz), 61.8, 60.5, 38.6, 34.5, 26.3, 24.1, 13.7, 11.0. *°F-{*H} NMR (471 MHz, DMSO): 6 -122.50
(1F, s). %Pt NMR (108 MHz, DMSO): § 1408.01 (s, 1Pt). IR (ATR): 2938, 1723, 1659, 1626,
1567, 1476, 1439, 1320, 1257, 1192, 1160, 1144, 1064, 1026, 921, 848, 804, 777, 663, 584,



444 cmt. HRMS: Calculated mass for M: 797.1928. Found (M): 797.1916. Difference: -1.3
ppm.

[Pt(OH)(CBDCA)2(DACH)2((Z2)-4-(5-((5-fluoro-2-oxoindolin-3-ylidene)methyl)-2,4-dimethyl-

1H-pyrrole-3-carboxamido)butanoic acid)] (C). 0.083 g of dihydroxycarboplatin (0.20 mmol,
1.05 equivalents) was added to a round bottom flask. 0.09 g (0.19 mmol, 1 eq.) of NHS-ester
was dissolved in 6 ml of DMSO and added. The solution was stirred at 55°C for 16 hours in the
absence of light. The DMSO solution was added dropwise to 25 mL of water. The resulting
precipitate was collected via centrifugation, washed with 20 mL of water and dried using a
Schlenk line. The crude solid was dissolved in 1.5 mL of DMF. 17 mL of diethyl ether was added
to the filtrate and the precipitate was collected via centrifugation. This was repeated 3 times
and the solid was subsequently washed with 2 x 20 mL of diethyl ether and dried using a
Schlenk line (yield: 0.13 g, 80%). *H NMR (500 MHz, DMSO): § 13.68 (s, 1H, pyrrole-NH), 10.91
(s, 1H, indole-NH), 7.77 (dd, /=9.3, 2.2 Hz, 1H, ArH), 7.72 (s, 1H, alkene-H), 7.67 (t, /= 5.2 Hz,
1H, amide-NH), 6.97 — 6.89 (m, 1H, ArH), 6.85 (dd, J = 8.4, 4.5 Hz, 1H, ArH), 6.12 — 5.74 (m,
6H, 2 x NH3), 3.25-3.19 (m, 2H, CHy), 2.55 (dd, J = 16.0, 10.2 Hz, 2H, CH;), 2.47 (d, J = 8.1 Hz,
2H, CH3), 2.42 (s, 3H, CH3), 2.40 (s, 1H, CH3). 2.25 (t, /= 7.5 Hz, 2H, CH;), 1.85—-1.64 (m, 4H, 2
x CH;). 3C NMR (126 MHz, DMSO): 6 180.4,177.0,170.0, 165.1, 158.7 (d, J = 234.1 Hz), 136.8,
134.9, 130.7, 127.6 (d, J = 9.6 Hz), 126.2, 125.4, 121.5, 114.9 (d, / = 2.8 Hz), 110.4 (d, /= 8.1
Hz), 106.5 (d, J=25.2 Hz), 56.1, 38.8,32.8, 31.7, 26.3, 16.3, 13.7, 10.9. *F-{*H} NMR (471 MHz,
DMSO): § -122.54 (1F, s). **>Pt NMR (108 MHz, DMSO): § 1756.48 (s, 1Pt). IR (ATR): 3221,
1626, 1568, 1476, 1438, 1321, 1257, 1194, 1160, 1145, 1095, 1026, 919, 849, 796, 664, 585,
469, 445 cm™. HR-MS: Calculated mass for M: 772.1832. Found: (M+H)*. Difference: -7.5 ppm.

Results & Discussion

Syntheses

As highlighted in our group’s recent review on metal-TKI conjugates®®, a crucial aspect TKI
functionalization is preserving kinase inhibitory activity that requires modifications in the
solvent-exposed regions. Docking studies of sunitinib with VEGFR2 by Wang et al. 4’ and Peng
et al. ® revealed that the diethylaminoethyl functional group of Sunitinib does not engage the
active site of the protein. Functionalization at this position is therefore unlikely to
compromise active site binding and experimental evidence further indicates that
functionalisation within this hydrophilic moiety is well tolerated®. Sunitinib derivatives
maintained excellent activity against PDGFRa, VEGFR and c-KIT, when compared to sunitinib
itself*. For example, Argyros et al. synthesized a sunitinib-peptide conjugate that retained
excellent kinase inhibitory activity despite its sterically demanding macrocyclic peptide
moiety*®. Guided by this rationale, we designed and synthesised three Pt(IV)-sunitinib
conjugates A, B and C (Figure 2) with functionalisation exclusively at the diethylaminoethyl
moiety (Scheme 1).
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A = R is cisplatin scaffold
B = R is oxaliplatin scaffold
C = R is carboplatin scaffold

Scheme 1. Synthesis of the three Pt(IV) — Sunitinib prodrugs: (i) 5-fluorooxindole, piperidine, EtOH,
80°C, 3 h, 84% (ii) y-aminobutyric methyl ester, TBTU, TEA, DMF r.t., 24 h, 41% (iii) 1M NaOH,
MeOH/H,0, r.t.,, 24 h, 86% (iv) DIC, DMF, r.t., 24 h, 82% (v) oxoplatin, DMSO, 55°C, 16 h, 73% (vi)
dihydroxyoxaliplatin, DMSO, 55°C, 16 h, 97% (vii) dihydroxycarboplatin, DMSO, 55°C, 16 h, 80%.

Overall, an NHS-ester strategy was implemented to synthesize all three Pt(IV) complexes.
NHS-activation has previously been shown by our group to be a highly successful strategy to
synthesize Pt(IV) prodrugs®>°%>2, The initial reaction involves a Knovenegal condensation
between 5-fluorooxindole and 5-formyl-dimethyl-1H-pyrrole-3-carboxylic acid (1) to yield
carboxylic acid conjugate, 2, in excellent yield. Here, it was decided to conjugate this
carboxylic acid derivative to a Pt(IV) scaffold, again using the NHS-conjugation strategy.
However, the reaction of the NHS-ester derivative of 2 with oxoplatin did not indicate the
formation of a mono-axial functionalised Pt(IV) derivative as desired. Hence, we incorporated
a C3 linker into the sunitinib moiety as this has been shown to alleviate the possible steric
problems previously encountered in the synthesis of Pt(IV)—imatinib complexes®. The C3
linker would provide sufficient distance between the sunitinib moiety and the Pt(IV) scaffold,
maintaining interactions in the binding sites of VEGFR, PDGFR and c-KIT. As such, amide
coupling of 2 with y-aminobutyric methyl ester using TBTU as the coupling agent yields the
formation of the methyl ester, 3. Base deprotection of the methyl ester provided the desired
carboxylic acid derivative, 4, in excellent yield. Finally, after optimisation of the reaction
conditions, the NHS-ester, 5, was synthesized by using N,N'-diisopropylcarbodiimide as
coupling agent. Conjugation of 5 with cisplatin-, oxaliplatin-, and carboplatin-derived Pt(IV)
precursors proceeded efficiently (73—97% vyield) with minimal optimization, yielding
complexes A, B, and C. The final complexes were characterised by 1D and 2D multinuclear
NMR (*H, 13C, 1°F, 1%°Pt) spectroscopy, IR spectroscopy and high-resolution mass spectrometry
and the purity and the stability of the complexes was assessed using LC-MS (Figures S1-S7).

Stability Studies

The stability of the complexes was assessed over a 72-hour period using LC-MS in 1:1 (v/v)
DMSO : RPMI 1640 cell culture medium solution, at 37 °C, (Figure $8-10). Complexes B and C
were sufficiently stable in the DMSO:RPMI mixture within 72 hours, retaining >87% of intact
Pt(IV) species after 72 hours while complex A underwent significant decomposition under
these conditions. After 72 hours, only 41.3% of the complex remained intact (r.t. = 28 min,
Figure S8), while 14.1% was identified as free carboxylic acid ligand 4 (r.t. = 30 min, m/z
(M+H)* = 386.1)), indicating the release of the axial ligand. More intriguingly, an unexpected



third peak accounted for 44.7% of the composition was found at an earlier retention time (r.t.
= 26 min). Analysis of the corresponding mass-spectrum (Figure S8) and the fragmentation
pattern identified the dominant decomposition product (m/z 680) as a mono-hydroxo-
aquated Pt(IV) species [Pt(4)(OH2)(NHs).CI(OH)]* (with literature precedent®!). This mono-
aquation is rather unexpected for cisplatin-derived Pt(IV) prodrugs, which are typically
kinetically inert. Notably, 62 the observed decomposition of complex A contrasts sharply with
the observed stability of complexes B and C under identical conditions®?. The hydrolytic
product of A is expected to behave similar fashion as A itself, as after reduction, the two
intracellularly released moieties would be the axial sunitinib ligand and the mono-aquated,
active form of cisplatin. As such, the stability was deemed sufficient to continue assessments
of each complex. The reduction of the three complexes in DMSO:PBS 1:1 by an excess of
ascorbic acid (10 equivalents) was followed by LCMS (Figure 4 and S11-13) and NMR (Figure
$14). Both complex A and complex C were fully reduced within 24 hours, while complex B had
a negligible amount of intact complex remaining even after 72 hours (~14.5%).
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Figure 4. Reduction of complex A (top) and complex B (bottom) as followed by LCMS. The peak at 31
min is the released axial free ligand, confirming reduction of the Pt(IV) complexes. Reduction of C can
be found in the ESI (Figure S13).

Electrochemical Studies

The redox behaviour of both the released upon reduction carboxylic acid ligand 4, and each
Pt(IV) complex was further characterized by cyclic voltammetry (CV), Figure 5 and Figure S15-
19. Compound 4 displayed only one reduction peak at Ej; = -1.82 V vs Ag/Ag* (Peak |, Figure
5), consistent with the literature values for sunitinib (Ej; =-1.90V vs Ag/Ag*, when a slightly
different solvent system was implemented i.e. 10% DMSO in ACN®3). This one-electron
process is attributed to reduction of the indole ring®.



CVs of each complex were compared with ligand 4 to determine their Pt(IV)/Pt(ll) reduction
potentials. Figure 5 illustrates this for complex A, showing the ligand's reduction peak (Ej; = -
1.82 V vs. Ag/Ag*) alongside a second peak at Ej = -1.36 V (Peak Il) corresponding to
Pt(IV)/Pt(ll) reduction. This value aligns with literature reports for monoaxial cisplatin-based
Pt(IV) prodrugs®®. Applying the same method as above for B and C (Figures S15-S19), the
Pt(IV/Il) reduction potentials were determined to be as follows: -1.36 V for A, -1.54 V for B,
and -1.58 V for C. Notably, the observed reduction rates (A > C > B) invert the thermodynamic
trend implied by reduction potentials (A >> B > C). This kinetic vs. thermodynamic disparity is
consistent with established Pt(IV) prodrug behaviour.
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Figure 5. The cyclic voltammogram of complex A overlayed with 4. The experiment was performed at
the same concentration ([compound] =2 mM) in 0.1 M DMSO-[n-BusN][PFs] at a scan rate of 0.1 Vs™.
Legend: 4 = Red, complex A = Black.

Biological Studies

Enzyme Inhibition Assays

The inhibitory activity of Pt(IV) complexes A-C and of the free ligand 4 against isolated
VEGFR2, PDGFRB and c-KIT kinases was evaluated, with ICso values summarized in Figure 6.5°
All compounds retained nanomolar activity against all three kinases. Against VEGFR2,
complexes A-C showed only a marginal decrease in activity compared to sunitinib (ICso = ~
100 vs 79.5 nM). For PDGFRP and c-KIT, the activity reduction was more pronounced (e.g. ICso
for C and Sunitinib vs PDGFRB = 71.7 and 2.4 nM, respectively). Importantly, the axial ligand
4 (released intracellularly upon Pt(lIV) reduction) maintained strong kinase inhibition,
confirming that functionalization preserved TKI activity, thereby validating the design strategy
of modifying solvent-exposed regions.



PDGFR-B VEGFR-2 c-KIT

(nM) (nM) (nM)

4 11.5+2.2 83.2+4.1 89.4+55
A 59.3+4.6 101.9+8.8 162 +18.8
B 69.4+5.9 99.3+6.9 185+25.1
C 71.7+5.5 105.8+11.5 175%22.3
Sunitinib 2.4+0.6 79.5+2.4 81.4+6
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Figure 6. Inhibition of isolated enzyme isoforms of VEGFR2, PDGR-B and c-KIT. Top: ICso values (nM)
for inhibition of tested compounds A, B, C and 4 (at 0.2 uM). Bottom: Heat-map displaying showing
the relative inhibition of tested compounds A, B, C and 4 (at 0.2 uM). Data are the means of three
independent experiments.

2D cytotoxicity studies

The cytotoxicity of the Pt(IV) complexes A, B and C together with the free carboxylic acid
derivative 4, was tested by MTT assay (Table 1). The complexes were tested against three
different cell lines: human renal cell carcinoma (786-0), murine renal cell carcinoma (Renca)
and non-cancerous lung fibroblast cell lines (MRC-5) with 72 h incubation time. The 786-0O
RCC cell line was selected as a clinically relevant model, reflecting sunitinib's FDA-approved
use against RCC3®, This cell line is known to express high levels of VEGFR”® and PDGFR.”%72

Table 1. ICso Cytotoxicity values (LM) of A, B, C, 4 and cisplatin determined by MTT assay after 72
hours of exposure.

Compound 786-0° Renca?® MRC-5°
4 >130P >130 >130
A 0.50+0.10 0.10+0.02 0.43+0.11
B >20 >20 6.3+1.8
C >46 >46 13+2
Cisplatin 18+ 4 1.1+0.2 2.3+0.8

agffective concentrations of 50% in 786-O (human renal cell carcinoma), Renca (murine renal cell carcinoma) and MRC-5
(human lung fibroblasts) determined by means of the MTT assay with the exposure time of 72 h. Values are means * standard
deviations obtained fromat least three independent experiments. ® The maximum tested concentrations were limited by the
solubility of the compounds in DMSO.

The MTT assay results demonstrated notable variations in the cytotoxic effects of sunitinib-
derived ligand 4 and its Pt(IV) conjugates A-C (Table 1). The ligand 4 did not show any
cytotoxicity, with ICso values exceeding 130 uM in all tested cell lines, potentially because of
reduced cellular uptake when sunitinib is functionalised with a carboxylic acid. In contrast,
the Pt(IV)-sunitinib-cisplatin conjugate A exhibited remarkable cytotoxicity in a low
micromolar range, demonstrating exceptional potency across all tested cancer cell lines.
Complex A showed comparable cytotoxicity against both MRC-5 and 786-0 cells, revealing no



preferential activity against renal cancer cells. Most importantly, A was orders of magnitude
more potent than either of its individual components (4 or cisplatin) in all cancer models,
strongly supporting a synergistic (or at least additive) mechanism resulting from the
conjugation. The remaining conjugates, Pt(IV)-sunitinib-oxaliplatin B and Pt(IV)-sunitinib-
carboplatin C, demonstrated minimal cytotoxicity across all the cancer cell lines (ICsp >20 uM
and >46 uM, respectively). Surprisingly, however, they exhibited moderate activity against
normal MRC-5 fibroblasts (B: 6.3 + 1.8 uM; C: 13 + 2 uM). This striking contrast underscores
that the platinum drug moiety is a critical determinant of anti-cancer efficacy, with the
cisplatin-based conjugate A proving dramatically more effective than its oxaliplatin or
carboplatin counterparts. Cisplatin alone showed moderate cytotoxicity against 786-0 (18 +
4 uM), with notably higher potency against Renca (1.1 + 0.2 uM). It also displayed activity in
MRC-5 cells (2.3 £ 0.8 uM). These results highlight the exceptional enhancement achieved by
conjugation of cisplatin and sunitib-derived ligand in A. However, the lack of in-vitro activity
shown by complex B and C was of both interest and concern. We hypothesized that the lower
cellular uptake of B and C compared to A may play a role in their reduced activity.

Cellular Uptake

In order to assess potential correlations between cytotoxic activity and intracellular
accumulation, we performed cellular uptake experiments in 786-O cells. The cells were
treated with A-C or cisplatin at equimolar (1 uM) concentrations, and Pt accumulation was
evaluated by GF-AAS at 12 h and 24 h time points (Figure 7).

The results revealed striking differences in intracellular accumulation of Pt(IV) complexes.
Complex A demonstrated superior and time-dependent accumulation in cancer cells,
achieving intracellular Pt levels up to 18-fold higher than cisplatin. In contrast, complexes B
and C showed substantially lower uptake, mirroring cisplatin's poor cell uptake These studies
provide a mechanistic explanation for the previously observed differences in cytotoxic activity
between complexes A-C. The exceptional cellular internalization of complex A directly
correlated with its enhanced cytotoxic potency, while the limited uptake of complexes B, C
and cisplatin aligns with their reduced activity.
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Figure 7. Cellular uptake. 786-0 cancer cells were incubated with equitoxic concentrations (1 uM) of
A, B, C and cisplatin for 12 or 24 h, and cellular platinum content was detected by GF-AAS analysis.
Error bars indicate the standard deviation. **p<0.05



3D cytotoxicity

While conventional 2D cell cultures remain widely employed for in vitro drug screening due
to their cost-effectiveness and reliability, they fail to properly reproduce the complex
microenvironment of solid tumors. In contrast, 3D cell culture models better mimic tumor
heterogeneity and have demonstrated superior predictive value for in vivo outcomes’®. To
evaluate compound performance in a more physiologically relevant model, we tested the
complexes A-Cin renal cancer cell spheroids for 72 h by means of the acid phosphatase (APH)
assay (Table 2). Consistent with the 2D results, complex A emerged as the most active
compound, exhibiting 7-fold higher activity than cisplatin. Complexes B and C again showed
no activity, likely due to their poor cellular uptake as observed in previous permeation studies.

Table 2. 3D cytotoxicity against renal cancer cell spheroids.
ICs0 (uM) £ S.D.

786-0°
A 6.4+3.9
B >200
C >200

Cisplatin 45.1+5.3

@ Spheroids (1.5x103 cells/well) were treated for 72 h with increasing concentrations of test compounds. The growth
inhibitory effect was evaluated by means of the APH test. ICsq values were calculated from the dose-survival curves by the
four parameter logistic model (P < 0.05). SD=standard deviation. Data are the means of three independent experiments.

In-vivo orthotopic RCC model

The orthotopic RCC mouse model study provided compelling validation of the in vivo potential
of complex A in comparison with cisplatin (Figure 8). Tumour progression and treatment
efficacy were systematically evaluated through longitudinal measurements of tumour volume
(calculated as [length x width?]/2) and body weight (assessing systemic toxicity), with
treatments administered on Days 40, 42, and 44, and terminal analysis on Day 45. A exhibited
exceptional tumour suppression, achieving an 81% reduction in mean tumour volume versus
vehicle control (152 mm?3 vs. 806 mm?3) and a 68% improvement over cisplatin (483 mm3).
While vehicle-treated tumours displayed aggressive, heterogeneous growth (332-1527 mm3)
and cisplatin showed variable efficacy (84-803 mm3), A demonstrated remarkable
consistency across all mice (56-226 mm?3), including one mouse with near-complete
regression (56 mm3).

Critically, complex A also displayed enhanced safety in comparison with cisplatin,
underscoring its therapeutic potential. Mice treated with A and vehicle experienced only mild
weight loss (~1.33 g and ~1.53 g, respectively), attributable to tumour burden rather than
toxicity of the treatment. In contrast, cisplatin induced higher weight loss (~2.23 g), consistent
with its known adverse effects in patients. These findings position complex A as a promising
candidate for RCC therapy, combining robust antitumor activity with a favourable tolerability.
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Figure 8. (A) Representative tumour pictures: high-resolution images of orthotopically implanted renal
cell carcinoma tumours within murine kidneys across treatment groups.

(B) Tumour volume change at the endpoint: a bar graph depicting the change in tumour volume at the
experimental endpoint (Day 45).

Conclusion

The severe drawbacks of clinically used platinum(ll) and tyrosine kinase inhibitor anti-cancer
compounds has led to research into combination therapy of both in order to overcome
resistance and potentially reduce side effects. To date, only four Pt(IV)-TKI conjugates have
been reported in literature: Pt(IV)-Gefitinib, Pt(IV)-Erlotinib, Pt(IV)-Dasatinib, and Pt(IV)-
Imatinib/Nilotinib derivatives. In this study, we presented the first series of Pt(IV) complexes
targeting VEGFR through rationally designed sunitinib derivatives. The hydrolytic stability of
these novel complexes was of considerable importance, as the hydrolysis of the equatorial
ligands differed greatly to what is observed in the literature®?. Comprehensive
characterization through CV and LCMS reduction studies proved the potential of these
complexes to act as effective prodrugs. Importantly, enzyme inhibition assays demonstrated
that the functionalisation of sunitinib, had not jeopardized its kinase inhibitory activity.

Among the synthesized compounds, the cisplatin-based Pt(IV)-sunitinib prodrug A emerged
as the clear lead candidate, exhibiting substantially greater anticancer activity compared to
oxaliplatin and carboplatin counterparts across the renal cancer cell lines. The superior
performance of complex A was directly correlated with its enhanced cellular uptake. The
promising results from adherent 2D cell culture experiments were further validated in 3D
spheroid models, warranting its progression into in vivo studies. In orthotopic RCC (Renal Cell
Carcinoma) allograft models using BALB/c mice, complex A demonstrated significantly
improved efficacy compared to cisplatin, while maintaining a much more favourable toxicity
profile. These compelling results highlight its potential as a next-generation anticancer agent
against RCC. Future studies will focus on enhancing the aqueous solubility of these conjugates
and optimising new synthetic protocols to enable precise modulation of their
targeting/uptake characteristics and reductive properties through strategic functionalisation
of the second axial position. In addition, we plan to explore the therapeutic potential of these



complexes against other tumour types, such as colorectal cancer, to broaden their clinical
applicability.
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