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Simple Summary: Traditional intravenous platinum(II) chemotherapy drugs such as cisplatin, ox-
aliplatin and carboplatin are highly effective in treating multiple cancer types. Unfortunately, this
treatment is most often beset with detrimental side effects that inevitably impact the patient’s will-
ingness to comply with treatment programs. Platinum(II) drugs are scarcely selective, have poor
bioavailability, and exhibit inherent and acquired resistance. A promising approach to address these
impediments is the development of kinetically stable octahedral platinum(IV) complexes. This design
strategy has been exploited for cisplatin and its derivatives and has been reported widely in the liter-
ature. This is a highly attractive approach for synthetic chemists due to the versatility it offers. Here,
we contribute to this paradigm shift by using structurally distinct platinum(IV) scaffolds as effective
prodrugs. The findings reported are expected to advance our understanding of cancer treatment.

Abstract: Developing new and versatile platinum(IV) complexes that incorporate bioactive moieties
is a rapidly evolving research strategy for cancer drug discovery. In this study, six platinum(IV) com-
plexes (1–6) that are mono-substituted in the axial position with a non-steroidal anti-inflammatory
molecule, naproxen or acemetacin, were synthesised. A combination of spectroscopic and spectro-
metric techniques confirmed the composition and homogeneity of 1–6. The antitumour potential of
the resultant complexes was assessed on multiple cell lines and proved to be significantly improved
compared with cisplatin, oxaliplatin and carboplatin. The platinum(IV) derivatives conjugated with
acemetacin (5 and 6) were determined to be the most biologically potent, demonstrating GI50 values
ranging between 0.22 and 250 nM. Remarkably, in the Du145 prostate cell line, 6 elicited a GI50 value
of 0.22 nM, which is 5450-fold more potent than cisplatin. A progressive decrease in reactive oxygen
species and mitochondrial activity was observed for 1–6 in the HT29 colon cell line, up to 72 h. The
inhibition of the cyclooxygenase-2 enzyme was also demonstrated by the complexes, confirming that
these platinum(IV) complexes may reduce COX-2-dependent inflammation and cancer cell resistance
to chemotherapy.

Keywords: platinum(II); cisplatin; chemotherapy; platinum(IV); naproxen; acemetacin; cytotoxicity;
ROS; mitochondria; cyclooxygenase-2

1. Introduction

With the rapid expansion of knowledge in coordination and organometallic chem-
istry, plenty of innovation towards exploiting metal elements to design and create valu-
able diagnostic and therapeutic drugs have been conveyed in the literature, especially
for cancer treatment [1]. Cancer continues to be a major public health concern, and
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cancer treatment strategies have become more advanced in an attempt to provide ef-
fective treatment [2]. Traditional intravenous chemotherapy is still the established clin-
ical regimen and is considered to be the most effective approach to kill cancer cells.
This is predominantly due to the ground-breaking clinical success of platinum(II) drugs,
cis-diamminedichloroplatinum(II) (cisplatin), trans-L-(1R,2R-diaminocyclohexane) oxalato-
platinum(II) (oxaliplatin) and cis-diammine(1,1-cyclobutanedicarboxylato) platinum(II)
(carboplatin) (Figure 1) as mainstream anticancer agents [3–6]. The therapeutic potential of
these drugs is attributed to their ability to covalently bind with deoxyribonucleic acid (DNA)
and form crosslinks (i.e., DNA inter/intra-strand crosslinks and DNA-protein crosslinks)
that prevent further DNA replication, and consequently, induce apoptosis [5,7–10]. Al-
though these drugs are effective against multiple tumour types, indiscriminate toxicity,
poor bioavailability, and easily acquired drug resistance are challenging parameters that
limit their use in the clinic [11–14].
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Our most potent complex, [PtII(5,6-Me2phen)(SS-DACH)]2+ (56MESS), demonstrates a 
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Figure 1. Structures of classical DNA-coordinating platinum(II) drugs, together with a non-traditional
class of biologically active platinum(II) precursors of type [PtII(HL)(AL)]2+ (PHENSS, 5MESS and
56MESS). Counter-ions were omitted for clarity.

We have previously reported a class of non-DNA coordinating platinum(II) complexes
in the form of [PtII(HL)(AL)]2+, where HL is the heterocyclic ligand (i.e., 1,10-phenanthroline
(phen), 5-methyl-1,10-phenanthroline (5-Mephen) or 5,6-dimethyl-1,10-phenanthroline
(5,6-Me2phen)) and AL is an ancillary ligand which is chiral, 1S,2S-diaminocyclohexane
(SS-DACH or DACH) (Figure 1), which exhibits exceptional in vitro activity [15–20]. This
unconventional class of platinum(II) complexes demonstrated potency significantly better
than cisplatin, oxaliplatin or carboplatin in multiple cancer cell lines [20–22]. Our most
potent complex, [PtII(5,6-Me2phen)(SS-DACH)]2+ (56MESS), demonstrates a mode of ac-
tion that differs from traditional platinum(II) drugs, as this complex is proposed to modify
the cytoskeletal architecture, induce bioenergetic stress that reduces the mitochondrial
membrane potential (MtMP) and promotes epigenetic changes [21,23]. This class of plat-
inum(II) complexes exhibits incomparable in vitro activity, but this was not initially seen
during in vivo experiments. Treatment with 56MESS of BD-IX rats exhibiting peritoneal
carcinomatosis through intravenous and intraperitoneal routes did not demonstrate tu-
mour suppression response but instead induced nephrotoxicity [24]. Alternatively, when
PHENSS or cisplatin were administered to mice transplanted with a PC3 (prostate carci-
noma) tumour, both complexes exhibited a comparable reduction in mean tumour mass
relative to the vehicle-treated control group [19]. Notably, treatment with PHENSS did not
elicit any toxic side effects, while those mice treated with cisplatin were euthanised due
to adverse side effects by Day 20. Due to the in vitro and in vivo discrepancies observed,
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their corresponding platinum(IV) derivatives have been studied to improve their phar-
macokinetics and to potentially enhance in vivo antitumour effects, as demonstrated in
preliminary studies [22,25].

Designing platinum(IV) complexes is an effective strategy to improve the pharmacoki-
netic and pharmacological limitations of platinum(II) complexes [26–33]. The low spin d6

electronic configuration of platinum(IV) complexes translates to improved drug stability,
which promotes enhanced selectivity with the potential to lessen the incidence of undesir-
able side effects [26,32]. The six-coordinate octahedral geometry of platinum(IV) complexes
allow for the coordination of specialised bioactive or non-bioactive moieties. Platinum(IV)
complexes are regularly synthesised via oxidation of platinum(II) complexes in the presence
of hydrogen peroxide (H2O2) or chlorine gas (Cl2) to create the core platinum(II) scaffold
with two axially coordinated hydroxido (OH) or chlorido (Cl) ligands [31,32], which are
available for nucleophilic substitution reactions.

Intracellularly, platinum(IV) complexes are reported to maintain their structural in-
tegrity prior to interacting with their desired biological targets, the cell [34]. Typically,
platinum(IV) complexes undergo a two-electron reduction when exposed to biological
reductants such as glutathione (GSH) or ascorbic acid (AsA), resulting in the formation of
the core platinum(II) species and release of the axial moieties (Figure 2) [26,32,34]. This
advantageous key feature allows for the introduction of multiple drugs in a single dose,
rather than having to administer combinations of multiple drugs, as exemplified in com-
bination therapy. While drug combinations can maximise the chances of killing cancer
cells and overcome resistance to any single drug, it can also complicate the management
and treatment of cancer as well as the prediction of therapeutic outcomes because each
co-administered drug has a different pharmacokinetic profile and target [35].

Cancers 2023, 15, x FOR PEER REVIEW 3 of 36 
 

 

Alternatively, when PHENSS or cisplatin were administered to mice transplanted with a 
PC3 (prostate carcinoma) tumour, both complexes exhibited a comparable reduction in 
mean tumour mass relative to the vehicle-treated control group [19]. Notably, treatment 
with PHENSS did not elicit any toxic side effects, while those mice treated with cisplatin 
were euthanised due to adverse side effects by Day 20. Due to the in vitro and in vivo 
discrepancies observed, their corresponding platinum(IV) derivatives have been studied 
to improve their pharmacokinetics and to potentially enhance in vivo antitumour effects, 
as demonstrated in preliminary studies [22,25]. 

Designing platinum(IV) complexes is an effective strategy to improve the pharmaco-
kinetic and pharmacological limitations of platinum(II) complexes [26–33]. The low spin 
d6 electronic configuration of platinum(IV) complexes translates to improved drug stabil-
ity, which promotes enhanced selectivity with the potential to lessen the incidence of un-
desirable side effects [26,32]. The six-coordinate octahedral geometry of platinum(IV) 
complexes allow for the coordination of specialised bioactive or non-bioactive moieties. 
Platinum(IV) complexes are regularly synthesised via oxidation of platinum(II) complexes 
in the presence of hydrogen peroxide (H2O2) or chlorine gas (Cl2) to create the core plati-
num(II) scaffold with two axially coordinated hydroxido (OH) or chlorido (Cl) ligands 
[31,32], which are available for nucleophilic substitution reactions.  

Intracellularly, platinum(IV) complexes are reported to maintain their structural in-
tegrity prior to interacting with their desired biological targets, the cell [34]. Typically, 
platinum(IV) complexes undergo a two-electron reduction when exposed to biological re-
ductants such as glutathione (GSH) or ascorbic acid (AsA), resulting in the formation of 
the core platinum(II) species and release of the axial moieties (Figure 2) [26,32,34]. This 
advantageous key feature allows for the introduction of multiple drugs in a single dose, 
rather than having to administer combinations of multiple drugs, as exemplified in com-
bination therapy. While drug combinations can maximise the chances of killing cancer 
cells and overcome resistance to any single drug, it can also complicate the management 
and treatment of cancer as well as the prediction of therapeutic outcomes because each 
co-administered drug has a different pharmacokinetic profile and target [35]. 

 
Figure 2. Exemplar platinum(IV) complex incorporating the platinum(II) scaffolds (PHENSS, 
5MESS or 56MESS) with axial ligands (X). The separation of the axial ligands from the platinum(II) 
scaffolds is initiated by the two-electron reduction process. Counter-ions were omitted for clarity. 

The configurational arrangement of platinum(IV) complexes is an attribute of the de-
sign and a game changer for researchers in this area of research. Cisplatin, oxaliplatin and 
carboplatin are the most popular platinum(II) cores used to generate platinum(IV) scaf-
folds in many studies, and each have been coordinated to various enzymatic inhibitors 
that supress cancer development and progression [28,36]. In particular, the coordination 
of non-steroidal anti-inflammatory drugs (NSAIDs) to the cores of cisplatin and its deriv-
atives have resulted in chemo-anti-inflammatory prodrugs that are capable of reversing 
chemoresistance because of enhanced bioavailability [37–41]. Since the 1970s, NSAIDs 
have been extensively administered to cancer patients, simply for cancer pain manage-
ment, but there was also a growing curiosity as to whether the regular ingestion of 
NSAIDs would help combat cancer and decrease cancer risk [42–45]. NSAIDs suppress 

Figure 2. Exemplar platinum(IV) complex incorporating the platinum(II) scaffolds (PHENSS, 5MESS
or 56MESS) with axial ligands (X). The separation of the axial ligands from the platinum(II) scaffolds
is initiated by the two-electron reduction process. Counter-ions were omitted for clarity.

The configurational arrangement of platinum(IV) complexes is an attribute of the
design and a game changer for researchers in this area of research. Cisplatin, oxaliplatin
and carboplatin are the most popular platinum(II) cores used to generate platinum(IV)
scaffolds in many studies, and each have been coordinated to various enzymatic inhibitors
that supress cancer development and progression [28,36]. In particular, the coordination of
non-steroidal anti-inflammatory drugs (NSAIDs) to the cores of cisplatin and its deriva-
tives have resulted in chemo-anti-inflammatory prodrugs that are capable of reversing
chemoresistance because of enhanced bioavailability [37–41]. Since the 1970s, NSAIDs have
been extensively administered to cancer patients, simply for cancer pain management, but
there was also a growing curiosity as to whether the regular ingestion of NSAIDs would
help combat cancer and decrease cancer risk [42–45]. NSAIDs suppress the activity of
cyclooxygenase (COX) enzymes, COX-1 and COX-2, which play a role in prostaglandin
biosynthesis [46]. Prostaglandins are a group of physiologically active lipids that are
involved in cellular signal transduction pathways and also, are key mediators in the in-
flammatory response [47]. Chronic inflammation is a key factor in cancer progression
and occurs in 20% of all human cancers [48]. Because chronic inflammation is directly
involved with the overexpression of COX enzymes [49,50], this makes COX enzymes as
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viable therapeutic targets, especially COX-2, as it is predominantly overexpressed in a few
cancer types (i.e., lung, colon, prostate, and breast) [51].

We present here six mono-substituted platinum(IV) complexes that incorporate either
naproxen (NPX) or acemetacin (ACE), which is the prodrug of indomethacin (Figure 3). The gen-
eral structure of the synthesised platinum(IV) complexes are defined as [PtIV(HL)(AL)(X)(OH)]2+,
where X represents NPX and ACE: [PtIV(phen)(SS-DACH)(NPX)(OH)]2+ (PHENSS(IV)-NPX
or 1), [PtIV(5-Mephen)(SS-DACH)(NPX)(OH)]2+ (5MESS(IV)-NPX or 2), [PtIV(5,6-Me2phen)
(SS-DACH)(NPX)(OH)]2+ (56MESS(IV)-NPX or 3), [PtIV(phen)(SS-DACH)(ACE)(OH)]2+

(PHENSS(IV)-ACE or 4), [PtIV(5-Mephen)(SS-DACH)(ACE)(OH)]2+ (5MESS(IV)-ACE or
5), and [PtIV(5,6-Me2phen)(SS-DACH)(ACE)(OH)]2+ (56MESS(IV)-ACE or 6) (Figure 3).
The axial coordination of NPX or ACE into the platinum(IV) scaffolds is expected to pro-
duce prodrugs with enhanced biological activity. This approach will also provide a better
understanding of the influence of NSAIDs in platinum(IV) prodrug chemotherapeutics in
cancer treatment.
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Figure 3. Chemical structures of NSAIDs, NPX and ACE, together with their platinum(IV) complexes,
1–6. Counter-ions were omitted for clarity.

The composition and homogeneity of the studied platinum(IV) complexes (1–6) was
confirmed by high-performance liquid chromatography (HPLC), nuclear magnetic res-
onance (1H-NMR; two-dimensional correlation spectroscopy (2D-COSY); heteronuclear
multiple quantum correlation (1H-195Pt-HMQC)), ultraviolet–visible (UV), circular dichro-
ism (CD), high-resolution electrospray ionisation mass spectrometry (ESI-MS), and infrared
(IR) spectroscopy. The solubility of 1–6 was determined. The reduction behaviour of 1–6 in
aqueous solution containing AsA at 37 ◦C was reported with the aid of 1H-NMR and one-
dimensional 195Pt-NMR (1D-195Pt-NMR). The stability of 1–6 in aqueous solution without
a reducing agent was monitored using HPLC, at room temperature and at 37 ◦C for 36 h.
Lipophilicity measurements were also undertaken for 1–6, utilising HPLC. In vitro cytotox-
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icity of 1–6 was assessed in multiple cell lines, including: HT29 colon, U87 glioblastoma,
MCF7 breast, A2780 ovarian, H460 lung, A431 skin, Du145 prostate, BE2C neuroblas-
toma, SJG2 glioblastoma, MIA pancreas, ADDP ovarian variant (cisplatin-resistant A2780
clone), and the non-tumour derived MCF10A breast line. Finally, the reactive oxygen
species (ROS) potential, changes in MtMP, and COX-2 inhibition capability of 1–6 were
assessed to evaluate how impactful these parameters are to the overall in vitro cytotoxicity
of the complexes.

2. Materials and Methods
2.1. Materials

All laboratory reagents used in the experiments were of analytical grade. The deionised
water (d.i.H2O) utilised for the experiments was procured from a MilliQTM system (Mil-
lipore Australia Pty Ltd., Sydney, NSW, Australia). Phen, 5-Mephen, 5,6-Me2phen, NPX,
ACE, N,N′-dicyclohexylcarbodiimide (DCC), dimethyl sulfoxide (DMSO), acetonitrile
(CH3CN) and trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich, Sydney, NSW,
Australia. Sep-Pak® C18-reverse phase columns were purchased from Waters Australia
Pty Ltd., Sydney, NSW, Australia. Deuterated oxide 99.9% (D2O) and deuterated DMSO
(DMSO-d6) were purchased from Cambridge Isotope Laboratories, Andover, MA, USA.
Methanol (MeOH) was obtained from Honeywell Research Chemicals, NJ, USA. Diethyl
ether (Et2O) and acetone (C3H6O) were purchased from ChemSupply Australia, Gillman,
SA, Australia. Additional laboratory reagents were acquired from commercial sources.

2.2. Chemistry
2.2.1. Synthesis Route of NHS Esters

The NHS esters of NPX and ACE were prepared using previously established protocols
without modifications (see Supplementary Materials) [52–54].

NHS-NPX—Yield: 250 mg; 82%.1H-NMR (400 MHz, DMSO-d6, δ): 7.82 (t, c and d; a,
3H), 7.46 (d, e, 1H, J = 8.5 Hz), 7.32 (s, b, 1H), 7.19 (dd, f, 1H, J1 = 2.1 Hz, J2 = 8.9 Hz), 4.40 (q,
α, 1H, J = 7.0 Hz), 3.88 (s, γ, 3H), 2.79 (s, g and h, 4H), and 1.60 (d, β, 3H, J = 7.1 Hz). HPLC,
TR: 254 nm, 11.8 min. ESI-MS: calculated for [M]+: m/z = 327.11; experimental: m/z = 327.12.

NHS-ACE—Yield: 310 mg; 78%. 1H-NMR (400 MHz, DMSO-d6, δ): 7.66 (q, a, b, c and
d, 4H, J = 8.6 Hz), 7.05 (d, b1, 1H, J = 2.4 Hz), 6.94 (d, a1, 1H, J = 9.0 Hz), 6.72 (dd, c1, 1H,
J1 = 2.3 Hz, J2 = 9.0 Hz), 5.20 (s, α1, 2H), 3.94 (s, α2, 2H), 3.76 (s, f, 3H), 2.82 (s, g and h, 4H),
and 2.23 (s, e, 3H). HPLC, TR: 254 nm, 13.3 min. ESI-MS: calculated for [M]+: m/z = 512.10;
experimental: m/z = 512.30.

2.2.2. Synthesis Route of Platinum(II) Precursors and Platinum(IV) Scaffolds

All platinum(II) precursors of type [PtII(HL)(AL)]2+ and platinum(IV) scaffolds of type
[PtIV(HL)(AL)(OH)2]2+ were synthesised as reported (see Supplementary Materials) [53,55].

2.2.3. Synthesis Route of Platinum(IV) Derivatives Incorporating NPX and ACE (1–6)

The synthesis of [PtIV(HL)(AL)(X)(OH)]2+ was undertaken using previously estab-
lished protocols (see Supplementary Materials) [52,53].

1—Yield: 25 mg; 60%. 1H-NMR (400 MHz, D2O, δ): 9.12 (t, H2 and H9, 2H, J = 5.0 Hz),
8.74 (d, H4, 1H, J = 8.3 Hz), 8.70 (d, H7, 1H, J = 8.3 Hz), 8.10 (m, H3 and H8, 2H), 7.67 (q, H5
and H6, 2H, J = 8.9 Hz), 7.12 (m, c and d, 2H), 7.05 (s, a, 1H), 6.84 (d, e, 1H, J = 8.5 Hz), 6.71
(s, b, 1H), 6.40 (dd, f, 1H, J1 = 1.4 Hz, J2 = 8.5 Hz), 3.99 (s, γ, 3H), 3.50 (q, α, 1H, J = 7.0 Hz),
3.12 (m, H1′ and H2′, 2H), 2.37 (m, H3′ and H6′ eq., 2H), 1.65 (m, H4′ and H5′ eq.; H3′

and H6′ ax., 4H), 1.25 (m, H4′ and H5′ ax., 2H), and 1.15 (d, β, 3H, J = 7.1 Hz). 1H-195Pt-
HMQC (400 MHz, D2O, δ): 9.12/545 ppm; 8.10/545 ppm. HPLC, TR: 254 nm, 7.78 min.
UV λmax nm (ε/M.cm−1 ± SD × 104, d.i.H2O): 206 (8.92 ± 5.54), 227 (7.08 ± 3.59), 279
(2.56 ± 0.25), 306 (0.77 ± 0.88). CD λmax nm (∆ε/M.cm−1 × 101, d.i.H2O): 202 (−1263), 224
(+178), 239 (+329), 281 (−137). IR (cm−1): 3380, 3062, 2936, 1603, 1220. ESI-MS: calculated
for [M-H]+: m/z = 734.23; experimental: m/z = 734.23.
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2—Yield: 37 mg; 69%. 1H-NMR (400 MHz, D2O, δ): 9.12 (t, H2, 1H, J = 5.6 Hz), 9.04
(d, H9, 1H, J = 5.6 Hz), 8.84 (q, H4, 1H, J = 8.5 Hz), 8.60 (q, H7, 1H, J = 8.3 Hz), 8.10 (m,
H3 and H8, 2H), 7.40 (d, H6, 1H, J = 19 Hz), 7.10 (d, c and d, 2H, J = 3.2 Hz), 7.03 (d,
e, 1H, J = 4.5 Hz), 6.84 (dd, f, 1H, J1 = 2.4 Hz, J2 = 8.5 Hz), 6.67 (d, a, 1H, J = 7.8 Hz),
6.40 (d, b, 1H, J = 8.4 Hz), 3.97 (s, CH3, 3H), 3.50 (m, α, 1H), 3.14 (d, H1′ and H2′,
2H), 2.56 (s, γ, 3H), 2.38 (d, H3′ and H6′ eq., 2H), 1.66 (m, H4′ and H5′ eq.; H3′ and
H6′ ax., 4H), 1.27 (m, H4′ and H5′ ax., 2H), and 1.15 (q, β, 3H, J = 4.6 Hz). 1H-195Pt-
HMQC (400 MHz, D2O, δ): 9.12/544 ppm; 9.04/544 ppm. HPLC, TR: 254 nm, 7.98 min.
UV λmax nm (ε/M.cm−1 ± SD × 104, d.i.H2O): 207 (9.95 ± 6.78), 228 (8.39 ± 4.98), 283
(2.92 ± 0.12), 312 (0.86 ± 0.85). CD λmax nm (∆ε/M.cm−1 × 101, d.i.H2O): 201 (−1061),
223 (+120), 232 (+48.1), 243 (+309), 287 (−109). IR (cm−1): 3471, 3076, 2940, 1605, 1220.
ESI-MS: calculated for [M-H]+: m/z = 748.25; experimental: m/z = 748.25.

3—Yield: 29 mg; 65%. 1H-NMR (400 MHz, D2O, δ): 9.06 (d, H2 and H9, 2H, J = 5.5 Hz),
8.84 (t, H4 and H7, 2H, J = 9.0 Hz), 8.09 (m, H3 and H8, 2H), 7.01 (s, c and d, 2H), 6.94 (s, a,
1H), 6.77 (d, e, 1H, J = 8.5 Hz), 6.62 (s, b, 1H), 6.38 (d, f, 1H, J = 8.4 Hz), 3.92 (s, γ, 3H), 3.48
(q, α, 1H, J = 7.0 Hz), 3.16 (m, H1′ and H2′, 2H), 2.42 (s, 2 × CH3; H3′ and H6′ eq., 8H), 1.67
(m, H4′ and H5′ eq.; H3′ and H6′ ax., 4H), 1.28 (m, H4′ and H5′ ax., 2H), and 1.15 (d, β,
3H, J = 7.0 Hz). 1H-195Pt-HMQC (400 MHz, D2O, δ): 9.06/534 ppm; 8.09/534 ppm. HPLC,
TR: 254 nm, 8.19 min. UV λmax nm (ε/M.cm−1 ± SD × 104, d.i.H2O): 208 (8.73 ± 5.35), 231
(6.74 ± 3.23), 289 (2.08 ± 0.42), 318 (0.67 ± 0.91). CD λmax nm (∆ε/M.cm−1 × 101, d.i.H2O):
204 (−1007), 223 (+9.32), 230 (−9.99), 244 (+316), 293 (−93.2). IR (cm−1): 3466, 3076, 2937,
1603, 1218. ESI-MS: calculated for [M-H]+: m/z = 762.26; experimental: m/z = 762.26.

4—Yield: 31 mg; 62%. 1H-NMR (400 MHz, D2O, δ): 9.16 (d, H2, 1H, J = 5.4 Hz), 9.14 (d,
H9, 1H, J = 5.5 Hz), 8.68 (q, H4 and H7, 2H, J = 5.6 Hz), 8.03 (q, H3 and H8, 2H, J = 5.8 Hz),
7.91 (s, H5 and H6, 2H), 7.21 (s, a and b; c and d, 4H), 6.69 (d, b1, 1H, J = 8.4 Hz), 6.53 (s, a1,
1H), 6.42 (d, c1, 1H, J = 8.4 Hz), 4.27 (s, α2, 2H), 3.55 (s, f, 3H), 3.37 (s, α1, 2H), 3.15 (m, H1′

and H2′, 2H), 2.33 (m, H3′ and H6′ eq., 2H), 1.76 (s, e, 3H), 1.65 (m, H4′ and H5′ eq.; H3′

and H6′ ax., 4H), and 1.21 (m, H4′ and H5′ ax., 2H). 1H-195Pt-HMQC (400 MHz, D2O, δ):
9.16/547 ppm; 9.14/547 ppm; 8.03/547 ppm. HPLC, TR: 254 nm, 9.62 min. UV λmax nm
(ε/M.cm−1 ± SD × 104, d.i.H2O): 203 (4.43 ± 0.42), 278 (1.15 ± 2.70), 305 (0.49 ± 3.40). CD
λmax nm (∆ε/M.cm−1 × 101, d.i.H2O): 206 (−447), 249 (+8.15). IR (cm−1): 3410, 3063, 2942,
1609, 1262, 845. ESI-MS: calculated for [M-H]+: m/z = 919.22; experimental: m/z = 920.22.

5—Yield: 42 mg; 68%. 1H-NMR (400 MHz, D2O, δ): 9.18 (dd, H2, 1H, J = 5.5 Hz), 9.06
(dd, H9, 1H, J = 5.4 Hz), 8.79 (q, H4, 1H, J = 5.0 Hz), 8.41 (q, H7, 1H, J = 8.5 Hz), 8.08 (t, H3,
1H, J = 6.8 Hz), 7.92 (m, H8, 1H), 7.58 (d, H6, 1H, J = 6.4 Hz), 7.05 (q, a and b; c and d, 4H,
J = 8.0 Hz), 6.58 (d, b1, 1H, J = 8.7 Hz), 6.52 (s, a1, 1H), 6.27 (d, c1, 1H, J = 8.6 Hz), 4.28 (m, α2,
2H), 3.48 (s, f, 3H), 3.34 (s, α1, 2H), 3.15 (d, H1′ and H2′, 2H), 2.50 (s, CH3, 3H), 2.34 (d, H3′

and H6′ eq., 2H), 1.65 (m, H4′ and H5′ eq.; H3′ and H6′ ax.; e, 7H), and 1.23 (m, H4′ and H5′

ax., 2H). 1H-195Pt-HMQC (400 MHz, D2O, δ): 9.18/545 ppm; 9.06/547 ppm; 8.08/545 ppm;
7.92/545 ppm. HPLC, TR: 254 nm, 9.83 min. UV λmax nm (ε/M.cm−1 ± SD× 104, d.i.H2O):
204 (18.6 ± 5.44), 284 (6.16 ± 2.63), 311 (2.12 ± 1.68). CD λmax nm (∆ε/M.cm−1 × 101,
d.i.H2O): 205 (−373), 209 (−419), 234 (−144). IR (cm−1): 3385, 3066, 2943, 1608, 1265, 846.
ESI-MS: calculated for [M-H]+: m/z = 933.23; experimental: m/z = 934.22.

6—Yield: 28 mg; 58%. 1H-NMR (400 MHz, D2O, δ): 9.12 (d, H2, 1H, J = 5 Hz), 9.06
(d, H9, 1H, J = 5.4 Hz), 8.76 (q, H4 and H7, 2H, J = 4.9 Hz), 7.98 (m, H3 and H8, 1H),
6.95 (s, a and b; c and d, 4H), 6.53 (s, a1; b1, 2H), 6.18 (d, c1, 1H, J = 7.6 Hz), 4.29 (s, α2,
2H), 3.44 (s, f, 3H), 3.33 (s, α1, 2H), 3.14 (m, H1′ and H2′, 2H), 2.38 (s, H3′ and H6′ eq.;
2 × CH3, 8H), 1.62 (m, H4′ and H5′ eq.; H3′ and H6′ ax.; e, 7H), and 1.23 (m, H4′ and
H5′ ax., 2H). 1H-195Pt-HMQC (400 MHz, D2O, δ): 9.12/531 ppm; 9.06/531 ppm; 7.98/531
ppm. HPLC, TR: 254 nm, 10.2 min. UV λmax nm (ε/M.cm−1 ± SD × 104, d.i.H2O): 204
(16.7 ± 4.75), 244 (5.90 ± 2.34), 290 (5 ± 1.40), 316 (1.94 ± 0.47). IR (cm−1): 3418, 3071, 2941,
1609, 1263, 846. CD λmax nm (∆ε/M.cm−1 × 101, d.i.H2O): 214 (−175), 241 (−29.2), 285
(+11.9). ESI-MS: calculated for [M-H]+: m/z = 947.25; experimental: m/z = 948.25.
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2.3. Instrumentation

A range of equipment was utilised to confirm the homogeneity and composition of
the reported platinum(IV) complexes. The protocols performed are summarised in the
Supplementary Materials.

2.4. Physicochemical and Biological Investigations
2.4.1. Solubility Measurements

The solubility of complexes 1–6 was tested in d.i.H2O at room temperature. Small
aliquots of d.i.H2O were titrated into an Eppendorf tube containing each metal complex
(1 mg) until full dissolution. For every titration performed, each sample was vortexed and
sonicated. All solubility values were expressed in mg/mL and mol/L.

2.4.2. Stability Studies

The stability measurements for complexes 1–6 were determined by dissolving each
complex in 10 mM aqueous phosphate buffered saline (PBS) solution at pH ~7.4 and
incubated at room temperature and at 37 ◦C for 36 h. The experiments were monitored
via HPLC.

2.4.3. Lipophilicity Studies

Lipophilicity measurements were undertaken using HPLC, as previously described
(see Supplementary Materials) [53,55–59].

2.4.4. Reduction Studies

The reduction behaviour of 1–6 was probed via 1H-NMR and 1D-195Pt-NMR spec-
troscopy, as previously described (see Supplementary Materials) [53,55].

2.4.5. Cell Viability Assays

Cell viability assays were completed at the Calvary Mater Newcastle Hospital, NSW,
Australia, as previously reported (see Supplementary Materials) [52,53,55,60]. The GI50
values of platinum(II) precursors and platinum(IV) scaffolds, together with cisplatin, ox-
aliplatin and carboplatin, which were determined using the previously reported method,
were also presented in this study for comparison [53,55]. The selectivity cytotoxicity index
(SCI) for 1–6 and ligands (NPX and ACE) was calculated by dividing the GI50 values of the
complexes or ligands in the normal breast cell line MCF10A by their GI50 in the cancerous
prostate cell line Du145. Generally, a greater SCI denotes higher selectivity towards cancer
cells [61,62].

2.4.6. Reactive Oxygen Species (ROS) Potential

To determine the presence of ROS in treated cells, a DCFDA/H2DCFDA-cellular ROS
Assay Kit (Abcam, Cambridge, MA, USA) was utilised, as previously reported [53,55,63,64].
The ROS potential of platinum(II) precursors and platinum(IV) scaffolds, which were
determined using the same method, were also presented in this study for comparison [53].

2.4.7. Mitochondrial Membrane Potential (MtMP)

To study the MtMP changes in treated cells, a TMRE-MtMP Assay Kit (Abcam, Cam-
bridge, MA, USA) was used (see Supplementary Materials) [21].

2.4.8. Cyclooxygenase-2 (COX-2) Inhibition

To determine the levels of COX-2 inhibitory characteristics of 1–6, the COX-2 (human)
Inhibitor Screening Assay Kit (Item No. 701080, Cayman Chemical, Ann Arbor, MI, USA)
was used (see Supplementary Materials).
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3. Results and Discussion
3.1. Synthesis and Characterisation

The NHS esters of NPX and ACE were synthesised using previously established
methods [52,53]. The successful synthesis of the NHS esters was confirmed by HPLC
(Figures S1 and S2), 1H-NMR (Figures S3 and S4), and ESI-MS (Figures S5 and S6) experi-
ments. The platinum(II) precursors and platinum(IV) scaffolds of types, [PtII(HL)(AL)]2+

and [PtIV(HL)(AL)(OH)2]2+, were synthesised as previously described [52,53,55]. To pre-
pare [PtIV(HL)(AL)(X)(OH)]2+ (1–6) (Figure 4), previously established protocols were
applied [52,53]. All resulting complexes were purified through a flash chromatogra-
phy system to obtain higher purity. Characterisation confirming the composition and
homogeneity of 1–6 included HPLC (Figures S7–S12), 1H-NMR (Figures S13–S18), 2D-
COSY (Figures S19–S24), 1H-195Pt-HMQC (Figures S25–S36), UV (Figures S37–S42), CD
(Figures S43–S48), ESI-MS (Figures S49–S54), and IR (Figures S55–S60). All experimental
yields, HPLC peak areas (%) and TR, and mass-to-charge ratios (m/z) of 1–6 are outlined in
Table 1.
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Table 1. A summary of experimental yields (%), HPLC peak areas (%), TR (min) and mass-to-charge
ratios (m/z) of 1–6.

Platinum(IV)
Complexes

Experimental
Yields (%)

TR (min) HPLC Peak
Areas (%)

Mass-to-Charge Ratios (m/z)

Calc. Exp.

1 60.0 7.78 97 734.23 734.23

2 69.0 7.98 98 748.25 748.25

3 65.0 8.19 99 762.26 762.26

4 62.0 9.62 97 919.22 920.22

5 68.0 9.83 96 933.23 934.22

6 58.0 10.2 97 947.25 948.25
Calc., calculated; Exp., experimental.

3.1.1. NMR Spectra Assignment

A summary of the 1H-NMR and 1H-195Pt-HMQC data of 1–6 is presented in Tables 2 and 3,
including chemical shifts (δ ppm), multiplicity, integration, and calculated J-coupling
constants (Hz). Due to proton exchange with D2O, no amine proton resonances were
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observed. With respect to the 1H-NMR spectrum of 1 (Figure 5), 17 peaks were recorded
including the large signal at 4.70 ppm induced by the deuterated solvent used. A notable
upfield shift movement was observed along the aromatic region (8–9 ppm) according to
the resonances elicited by the phen protons. While this is mostly influenced by the axial
coordination of NPX, a more viable explanation to this phenomenon is reflective of the
structure of NPX. NPX contains an electron-rich naphthalene group, which may have
interacted with the phen ring system of the complex through π–π stacking. Considering the
high electron density of the aromatic rings (i.e., phen and naphthalene), this effect generates
greater opposition to the applied magnetic field, which causes the hydrocarbons to shield
and resonate at a lower frequency.

Table 2. Summary of the 1H-NMR and 1H-195Pt-HMQC data of platinum(IV)-NPX derivatives (1–3),
including chemical shifts (δ ppm), multiplicity, integration and J-coupling constants (Hz).

Proton Labels 1 2 3

H2 9.12 (t, 2H, J = 5.0 Hz)
(signals overlapping)

9.12 (t, 1H, J = 5.6 Hz) 9.06 (d, 2H, J = 5.5 Hz)
(signals overlapping)H9 9.04 (d, 1H, J = 5.6 Hz)

H4 8.74 (d, 1H, J = 8.3 Hz) 8.84 (q, 1H, J = 8.5 Hz) 8.84 (t, 2H, J = 9.0 Hz)
(signals overlapping)H7 8.70 (d, 1H, J = 8.3 Hz) 8.60 (q, 1H, J = 8.3 Hz)

H5 and H6 7.67 (q, 2H, J = 8.9 Hz) - -

H6 - 7.40 (d, 1H, J = 19 Hz) -

H3 8.10 (m, 2H)
(signals overlapping)

8.10 (m, 2H)
(signals overlapping)

8.09 (m, 2H)
(signals overlapping)H8

a 7.05 (s, 1H) 6.67 (d, 1H, J = 7.8 Hz) 6.94 (s, 1H)

b 6.71 (s, 1H) 6.40 (d, 1H, J = 8.4 Hz) 6.62 (s, 1H)

c 7.12 (m, 2H)
(signals overlapping)

7.10 (d, 2H, J = 3.2 Hz)
(signals overlapping)

7.01 (s, 2H)
(signals overlapping)d

e 6.84 (d, 1H, J = 8.5 Hz) 7.03 (d, 1H, J = 4.5 Hz) 6.77 (d, 1H, J = 8.5 Hz)

f 6.40 (d, 1H, J1 = 1.4,
J2 = 8.5 Hz)

6.84 (dd, 1H, J1 = 2.4,
J2 = 8.5 Hz) 6.38 (d, 1H, J = 8.4 Hz)

γ 3.99 (s, 3H) 2.56 (s, 3H) 3.92 (s, 3H)

α
3.50 (m, 1H,
J = 7.0 Hz) 3.50 (m, 1H) 3.48 (q, 1H, J = 7.0 Hz)

H1′ and H2′ 3.12 (m, 2H) 3.14 (d, 2H) 3.16 (t, 2H)

CH3
(5 position) - 3.97 (s, 3H) 3.92 (s, 3H)

2 × CH3
(5 and 6 positions) - - 2.42 (s, 8H)

(signals overlapping)
H3′ and H6′ eq. 2.37 (m, 2H) 2.38 (d, 2H)

H4′ and H5′ eq.;
H3′ and H6′ ax. 1.65 (m, 4H) 1.66 (m, 4H) 1.67 (m, 4H)

H4′ and H5′ ax. 1.25 (m, 2H) 1.27 (m, 2H) 1.28 (m, 2H)

β 1.15 (d, 3H, J = 7.1 Hz) 1.15 (q, 3H, J = 4.6 Hz) 1.15 (d, 3H, J = 7.0 Hz)
1H/195Pt 9.12, 8.10/545 9.12, 9.04/544 9.06, 8.09/534

The protons originating from phen, H2 and H9 resonated as a triplet at 9.12 ppm with
a calculated J-coupling constant of 5.0 Hz. Due to the deshielding effect induced by the
electronegativity of the nitrogen (N) atoms bound to the phen ring, the protons resonated
furthest downfield. The two individual doublets at 8.74 and 8.70 ppm were assigned to H4
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and H7 protons, respectively, and both have a calculated J-coupling constant of 8.3 Hz This
was followed by a multiplet at 8.10 ppm, exhibited by H3 and H8 protons. The quartet
at 7.67 ppm with a calculated J-coupling constant of 8.9 Hz was assigned to protons H5
and H6. Overall, these multiplicities observed for 1 in the aromatic region contrast what is
typically reported for its corresponding platinum(II) and platinum(IV) complexes, PHENSS
and PHENSS(IV)(OH)2, as they typically resonate as doublets and particularly a singlet
for H5 and H6 (Figure 6) [22,52,53,55–57,65].

Table 3. Summary of the 1H-NMR and 1H-195Pt-HMQC data of platinum(IV)-ACE derivatives (4–6),
including chemical shifts (δ ppm), multiplicity, integration and J-coupling constants (Hz).

Proton Labels 4 5 6

H2 9.16 (d, 1H, J = 5.4 Hz) 9.18 (dd, 1H, J = 5.5 Hz) 9.12 (d, 1H, J = 5.4 Hz)

H9 9.14 (d, 1H, J = 5.5 Hz) 9.06 (dd, 1H, J = 5.4 Hz) 9.06 (d, 1H, J = 5.4 Hz)

H4
8.68 (q, 2H, J = 5.6 Hz)

8.79 (q, 1H, J = 5.0 Hz)
8.76 (q, 2H, J = 4.9 Hz)

H7 8.41 (q, 1H, J = 8.5 Hz)

H5 and H6 7.91 (s, 2H) - -

H6 - 7.58 (d, 1H, J = 6.4 Hz) -

H3 8.03 (q, 2H, J = 5.8 Hz)
(signals overlapping)

8.08 (t, 1H, J = 6.8 Hz)
7.98 (m, 1H)

H8 7.92 (m, 1H)

a and b 7.21 (s, 4H)
(signals overlapping)

7.05 (q, 4H, J = 8.0 Hz)
(signals overlapping)

6.95 (s, 4H)
(signals overlapping)c and d

a1 6.53 (s, 1H) 6.52 (s, 1H) 6.53 (s, 2H)
(signals overlapping)b1 6.69 (d, 1H, J = 8.4 Hz) 6.58 (d, 1H, J = 8.7 Hz)

c1 6.42 (d, 1H, J = 8.4 Hz) 6.27 (d, 1H, J = 8.6 Hz) 6.18 (d, 1H, J = 7.6 Hz)

f 3.55 (s, 3H) 3.48 (s, 3H) 3.44 (s, 3H)

α2 4.27 (s, 2H) 4.28 (m, 2H) 4.29 (s, 2H)

α1 3.37 (s, 2H) 3.34 (s, 2H) 3.33 (s, 2H)

H1′ and H2′ 3.15 (s, 2H) 3.15 (d, 2H) 3.14 (m, 2H)

CH3
(5 position) - 2.50 (s, 3H) -

2 × CH3
(5 and 6 positions) - - 2.38 (s, 8H)

(signals overlapping)
H3′ and H6′ eq. 2.33 (s, 2H) 2.34 (d, 2H)

e 1.76 (s, 3H) 1.65 (m, 7H)
(signals overlapping)

1.62 (m, 7H)
(signals overlapping)H4′ and H5′ eq.;

H3′ and H6′ ax. 1.65 (m, 4H)

H4′ and H5′ ax. 1.21 (m, 2H) 1.23 (m, 2H) 1.23 (m, 2H)

β - - -
1H/195Pt 9.16, 9.14, 8.03/547 9.18, 9.06, 8.08, 7.92/545 9.12, 9.09, 7.98/531

As for the protons originating from the naphthalene group of NPX represented by a, b,
c, d, e and f, varied multiplicity was also demonstrated (Figure 5). The more deshielded
protons near the alkoxy group, c and d, resonated as a multiplet at 7.12 ppm, while the
less deshielded protons, a and b, resonated as separate singlets at 7.04 and 6.71 ppm,
respectively. Moreover, e resonated as a doublet at 6.84 ppm with a calculated J-coupling
constant of 8.5 Hz, while f, which is the least deshielded proton in the naphthalene group,
resonated at 6.40 ppm as a doublet of doublets with calculated J-coupling constants of
1.4 and 8.5 Hz. The sharp singlet at 3.99 ppm was assigned to the methyl at the alkoxy
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group of NPX represented by γ. The methylene (α) and methyl (β) protons near the
carbonyl group of NPX were assigned to the quartet and doublet at 3.50 and 1.15 ppm,
respectively. Finally, the chemical multiplicity in the aliphatic region (1–3 ppm) exhibited
by the ancillary ligand, SS-DACH agrees with the literature data [22,25,52,53,55–59,66].
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To further confirm the successful coordination of NPX to the platinum core and only
occupied one axial position, 1H-195Pt-HMQC experiments were undertaken at –2800 and
400 ppm. Normally, the platinum(II) scaffolds used in this study resonate at −2800 ppm
while their corresponding platinum(IV) derivatives resonate at 400 ppm, as previously
reported [22,25,52,53,55–59,66]. According to the 1H-195Pt-HMQC spectrum of 1 (Figure 7),
the correlation of the phen protons to the platinum was confirmed when two peaks res-
onated at 545 ppm. Specifically, the cross-coupling of H2 and H9 (9.12 ppm) and of H3 and
H8 (8.10 ppm) protons with the platinum peaks at 545 ppm demonstrate correlation.

With respect to the 1H-NMR spectrum of 2 (Figure S14), a few differences in multi-
plicity were noted compared to the results observed for 1 (Figure 5) and 3 (Figure S15),
specifically the multiplicity in the aromatic region (8–9 ppm). For example, the H2 and
H9 protons of 2 appeared as two separate signals, a triplet at 9.12 ppm and a doublet
9.04 ppm, exhibiting the same J-coupling constant of 5.6 Hz, respectively. Additionally, the
two separate quartets at 8.84 and 8.60 ppm were assigned to H4 and H7 protons, while the
multiplet at 8.10 ppm was assigned to H3 and H8 protons. The H6 proton resonated as a
doublet at 7.40 ppm, with a J-coupling constant of 19 Hz. This high J-coupling constant is a
result of the long-range coupling between H6 and its neighbouring methyl group at the
5 position (consisting of three protons) in the heterocyclic ring system (Figure S20). Overall,
these differences in multiplicity of the heterocyclic protons are indicative of the structure of
the complexes, considering that 2 and 3 contain methyl groups in their heterocyclic ring
systems, while 1 does not. Nonetheless, the successful coordination of NPX to platinum was
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confirmed according to the 1H-195Pt-HMQC results observed for 2 (Figures S27 and S28)
and 3 (Figures S29 and S30).
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Furthermore, the results obtained for the remaining complexes incorporating the ACE
ligand, 4–6, also showed distinct differences in their chemical shifts, which are attributed to
the axial coordination of ACE and the number of methyl groups in the heterocyclic ligands.
The assignment of resonances for the 1H-NMR spectra of 4–6 (Table 3 and Figures S16–S18)
followed the same rationale to that described for 1–3. Lastly, the successful coordina-
tion of ACE to platinum at one axial position was also confirmed by 1H-195Pt-HMQC
(Figures S31–S36).

3.1.2. Electronic Spectra Analysis

The electronic transitions demonstrated in the UV measurements were compara-
ble with similar complexes in the literature [22,52,53,55–59,66]. The UV spectra of 1–6
(Figures S37–S42) were acquired as previously reported [52,53,55]. In addition, CD ex-
periments were undertaken to confirm if the chirality of the ancillary ligand, SS-DACH,
was retained by the resulting complexes. The patterns observed in the CD spectra 1–6
(Figures S43–S48) were also consistent with the literature data [22,52,53,55–59,66]. All
notable peaks in the UV and CD spectra of the complexes are outlined in Table 4.

The UV spectra for 1–6 (Figures S37–S42) were recorded. For the UV measurements,
both metal-to-ligand charge transfer interactions and π–π* transitions were observed. These
are primarily influenced by the heterocyclic ligands of the complexes (i.e., phen, 5-Mephen,
and 5,6-Me2phen) that demonstrate ligand-centred π–π* transitions. The UV spectra of
platinum(IV) derivatives incorporating NPX (1–3) exhibited similar absorption bands
(Figures S37–S39 and 8). Three prominent absorption bands were recorded at the wave-
lengths, ~200, ~230 and ~279–289 nm. The differences in the methylation of the heterocyclic
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ligands of the complexes resulted in slight bathochromic shifts or red shifts, as shown in
Figure 8. This pattern is also in agreement with the literature data [25,52,53,55–59,66,67]. Of
further note, a prominent absorption band at ~235 nm was acquired for the uncoordinated
NPX ligand, followed by three small peaks between 260 and 290 nm. Upon coordination of
NPX to platinum(IV), the band at ~235 nm was shifted to lower wavelengths (Figure 8).
This may be influenced by the π–π interactions between the aromatic system of NPX and
the heterocyclic system of the platinum(IV), since larger conjugated systems tend to absorb
at lower wavelengths.
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Table 4. Characteristic peaks in the UV and CD spectra of 1–6.

Platinum (IV) Complexes UV λmax nm (ε/M.cm−1 ± SD × 104) CD λmax nm (∆ε/M.cm−1 × 101)

1 206 (8.92 ± 5.54), 227 (7.08 ± 3.59),
279 (2.56 ± 0.25), 306 (0.77 ± 0.88) 202 (−1263), 224 (+178), 239 (+329), 281 (−137)

2 207 (9.95 ± 6.78), 228 (8.39 ± 4.98),
283 (2.92 ± 0.12), 312 (0.86 ± 0.85)

201 (−1061), 223 (+120), 232 (+48.1), 243 (+309),
287 (−109)

3 208 (8.73 ± 5.35), 231 (6.74 ± 3.23),
289 (2.08 ± 0.42), 318 (0.67 ± 0.91)

204 (−1007), 223 (+9.32), 230 (−9.99),
244 (+316), 293 (−93.2)

4 203 (4.43 ± 0.42), 278 (1.15 ± 2.70),
305 (0.49 ± 3.40) 206 (−447), 249 (+8.15)

5 204 (18.6 ± 5.44), 284 (6.16 ± 2.63),
311 (2.12 ± 1.68) 205 (−373), 209 (−419), 234 (−144)

6 204 (16.7 ± 4.75), 244 (5.90 ± 2.34),
290 (5 ± 1.40), 316 (1.94 ± 0.47) 214 (−175), 241 (−29.2), 285 (+11.9)
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In comparison, the UV spectra of the platinum(IV) derivatives incorporating ACE (4–6)
also followed a similar trend to 1–3, particularly the red shift recorded between 270 and 290 nm
(Figures 9 and S40–S42). The absorption bands recorded for 4–6 were slightly blue shifted
compared to the absorption bands measured for 1–3. This may be due to the structural
differences of the axial ligands, NPX and ACE. NPX contains a naphthalene group that
experiences hyperconjugation, which may be increased by the presence of the oxygen (O)
in its alkoxy group. The O at the alkoxy group is electron-donating, thus this increases the
delocalisation of electrons within the naphthalene ring. On the contrary, while ACE also
contains aromatic rings, these are surrounded by electron-withdrawing groups, such as Cl
and N atoms, and a carbonyl that reduces electron density.

Since 1–6 incorporate a chiral ancillary ligand, SS-DACH, it was only appropriate
to confirm if the complexes’ chirality has been retained during synthesis. Chirality is an
essential parameter that influences the potency of the complexes, and it has been previously
established that by substituting the SS-DACH to its enantiomer, RR-DACH, significant
differences in overall cytotoxicity of the complexes were observed [17,18,20,65], where those
complexes incorporating RR-DACH were significantly less potent than those complexes
that incorporate the SS-DACH as the ancillary ligand.

For the CD measurements of 1–6, variations were exhibited (Figures S43–S48). The
absorption bands of 1–3 (Figures S43–S45) were more defined and prominent compared
to the absorption bands of 4–6 (Figures S46–S48). Evidently, 1–3 displayed stronger pos-
itive and negative absorption bands, while 4–6 displayed weaker positive and negative
absorption bands (Table 4). Prominent positive absorption bands at the lower wavelengths
(239–244 nm) were exhibited by 1–3 (Figures S43–S45), which were not recorded for 4–6
(Figures S46–S48). These variations are likely more influenced by the axial ligands, NPX
and ACE, rather than the methylation of the heterocyclic systems of the complexes. In sum-
mary, except for the strong positive absorption bands exhibited by 1–3 between 239–244
nm, the CD measurements obtained follow a comparable trend with published exam-
ples of platinum(IV) complexes [22,52,53,55–59,66], confirming that chirality was retained
during synthesis.
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IR measurements were also undertaken to further verify the functional groups present
in the structures of 1–6 (Figures S55–S60). Some of the prominent IR absorption peaks
recorded for the complexes are summarised in Table 5. Because of the structural sim-
ilarities of the complexes, the peaks for all complexes follow almost the same pattern
(Figures S55–S60). As shown in Table 5, the types of bonds observed in the IR spec-
tra of 1–6 included the following: O-H stretch (3410–3385 cm−1), C-H aromatic stretch
(3062–3076 cm−1), C-H alkyl stretch (2936–2943 cm−1), C-C aromatic stretch (1603–1609 cm−1),
C-O alkyl aryl ether stretch (1218–1265 cm−1) and a C-Cl halogen stretch (845–846 cm−1).
These functional groups are also present in the complexes. The C-Cl stretch was only exhib-
ited by the platinum(IV) complexes incorporating the ACE axial ligand, 4–6 (845–846 cm−1),
considering that ACE is the only axial ligand that has a Cl atom. Because of the multiple
functional groups present in the complexes, the frequencies observed cannot be assigned
to a specific functional group. For example, the C-H and C-C vibrations from the hetero-
cyclic ligands (phen, 5-Mephen and 5,6-Me2phen) of the platinum(II) cores may exhibit
overlapping vibrations as those with the coordinated ACE and NPX ligands. Overall, the
vibrations observed in the IR spectra of 1–6 are comparable to literature data [68–72].

Table 5. Characteristic peaks in the IR spectra of 1–6.

Platinum(IV)
Complexes

Type of Bond and Frequency (cm−1)

O-H Stretch
(Alcohol)

C-H Stretch
(Aromatic)

C-H Stretch
(Alkyl)

C-C Stretch
(Aromatic)

C-O Stretch
(Alkyl Aryl Ether)

C-Cl Stretch
(Halogen)

1 3380 3062 2936 1603 1220 -

2 3471 3076 2940 1605 1220 -

3 3466 3076 2937 1603 1218 -

4 3410 3063 2942 1609 1262 845

5 3385 3066 2943 1608 1265 846

6 3418 3071 2941 1609 1263 846
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3.1.3. Solubility Measurements

Solubility is an essential parameter that can predict drug effectiveness [73]. Generally,
a drug with poor solubility will only promote pharmacokinetic challenges (Figure 10).
Platinum(II) drugs such as cisplatin, oxaliplatin and carboplatin are effective; however, they
cannot be administered orally due to their limited solubility in aqueous conditions [36].
The poor solubility of these drugs is also a consequence of their poor bioavailability, and
generally, high-dose administration is often required to achieve adequate pharmacological
response. Although, high-dose administration can increase patient burden, especially
the risks of patients developing adverse side effects considering the high toxicity of the
drugs [74].
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Figure 10. A flowchart showcasing the cumulative effects of administering a poorly soluble drug.

The inherent characteristics of platinum(IV) complexes have inspired optimism that
an effective orally available prodrug can be designed. Evidence has been demonstrated pre-
viously with bis-(acetate)-ammine dichloro-(cyclohexylamine) platinum(IV) (satraplatin),
which was the first oral platinum agent that took part in phase III clinical trials but had to
be discontinued due to low overall survival benefit [75]. The availability of orally available
anticancer prodrugs will undoubtedly improve treatment experience and patient care, as
hospitalisation would not be necessary.

In this study, the solubility for 1–6 in d.i.H2O at room temperature was determined.
All values were expressed in mg/mL and mol/L, as shown in Table 6. Complexes 1–6 were
found to be more soluble than cisplatin, oxaliplatin and carboplatin in water (Table 6). The
results indicate that the studied complexes should have better bioavailability than clinically
used platinum(II) drugs and may be suited for oral administration.

Table 6. Solubility of 1–6 in d.i.H2O at room temperature, with values expressed in mg/mL
and mol/L.

Complexes
Solubility

mol/L mg/mL

1 3.7 × 10−2 32

2 3.2 × 10−2 28

3 4.3 × 10−2 38

4 1.5 × 10−2 26

5 2.9 × 10−2 31

6 3.3 × 10−2 36

Cisplatin - 2.5 *

Oxaliplatin - 7.9 *

Carboplatin - 11.7 *
* The solubility of cisplatin, oxaliplatin and carboplatin were obtained from the literature [76].

3.1.4. Lipophilicity Measurements

In conjunction with solubility, lipophilicity also plays a vital role in drug effective-
ness, as it directly impacts the diffusion of a drug through cell membranes (or perme-
ability) [77]. Generally, NSAIDs (i.e., NPX and ACE) are highly lipophilic substances
because they contain lipophilic groups such as carboxylic acids and aromatic rings [78].
Moreover, the biological activity of NSAIDs is mostly dependent on lipophilicity [79].
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Since complexes 1–6 incorporate the NSAIDs, NPX and ACE, it was only appropriate to
determine their lipophilicity.

Lipophilicity measurements were undertaken using HPLC as previously described [53,55–59].
The complexes were eluted at different isocratic ratios. The capacity factor (k) was cal-
culated using the retention times of the complexes. A standard curve was generated to
determine the log value of the capacity factor (log k), and this was performed by plotting
the log k value at each isocratic ratio versus the percentage of the organic solvent used in
solvent (Figure S61). This produced a linear expression that allowed for the extrapolation
of log kw. Log kw is the measure of lipophilicity; therefore, a greater value corresponds to
increased lipophilicity.

The rank of complexes by increasing lipophilicity is 1 < 2 < 3 < 4 < 5 < 6 (Table 7).
It is evident that those complexes containing the smaller axial ligand NPX (1–3) are less
lipophilic than those derivatives containing the larger axial ligand ACE (4–6). This trend
also corresponds to the reported lipophilicity values of NPX (2.88) and ACE (4.49) [80].
Moreover, the methylation at the heterocyclic systems of the complexes also influenced
lipophilicity, since the 5,6-Me2phen derivatives (3 and 6) were more lipophilic than the
phen derivatives (1 and 4), and this observation is also comparable with the literature
data [53,55–59]. Overall, the axial coordinated NPX and ACE ligands had more influence
on the overall lipophilicity of the complexes than the change in methylation in their
heterocyclic ligands.

Table 7. A summary of log kw values of 1–6.

Complexes Heterocyclic
Ligands (or HL)

NSAID
Axial Ligands log kw Values

1 Phen NPX 1.44

2 5-Mephen NPX 1.46

3 5,6-Me2phen NPX 1.48

4 Phen ACE 1.93

5 5-Mephen ACE 2.16

6 5,6-Me2phen ACE 2.29

3.1.5. Preliminary Reduction Studies

Platinum(IV) complexes are expected to maintain their octahedral structure in the
bloodstream prior to their activation inside cancer cells [81]. The intracellular activation of
platinum(IV) complexes is typically initiated by biological reducing agents such as AsA
or GSH, which act as catalysts in the reduction of platinum(IV) complexes to their corre-
sponding active platinum(II) species, along with the release of the axial ligands [34,81–83].
Because of this phenomenon, platinum(IV) complexes are considered prodrugs.

The reduction behaviour of 1–6 was monitored by 1H-NMR and 1D-195Pt-NMR spec-
troscopy using previously established methods [53,55]. Prior to the reduction measure-
ments, each metal complex was dissolved with PBS in D2O only. Initial 1H-NMR and
1D-195Pt-NMR experiments measured at 400 and −2800 ppm (30 min per region) at 37 ◦C
were performed to confirm the purity of the complexes, and most importantly, to show that
the PBS does not affect the structural integrity of the complexes and causes reduction.

Based on the initial 1D-195Pt-NMR spectra acquired (Figures S62 and S63), the struc-
tural integrity of the complexes was retained, and no signs of reduction were observed,
thus also confirming that the PBS had no effect on the complexes. Subsequently, AsA was
added in each solution containing the metal complex, PBS and D2O. Then, sequential 1H-
NMR experiments were undertaken for 1 h, followed by final 1D-195Pt-NMR experiments
measured within the regions of 400 and −2800 ppm (Figures S64–S75). The approximate
time points for 1–6 at which an estimated 50 and 100% reduction had occurred, in the
presence of AsA, as represented by T50% and T100%, are summarised in Table 8.



Cancers 2023, 15, 2460 18 of 34

Table 8. A summary of estimated time points in min for 1–6 at which 50 and 100% reductions proceed,
expressed as T50% and T100%.

Platinum(IV)
Complexes

Heterocyclic
Ligands (or HL)

NSAID
Axial Ligands

Reduction Times (min)

T50% T100%

1 Phen NPX 20–25 post 60

2 5-Mephen NPX 10–15 post 60

3 5,6-Me2phen NPX 10–15 post 60

4 Phen ACE 0–5 10–15

5 5-Mephen ACE 0–5 10–15

6 5,6-Me2phen ACE 0–5 5

In summary, the platinum(IV)-NPX derivatives (1–3) reduced gradually in the pres-
ence of AsA compared to the platinum(IV)-ACE derivatives (4–6), which reduced rapidly
(Table 8). The differences in the reduction times are more influenced by the axial ligands
rather than by the methylation at the heterocyclic ligands of the complexes. The 1H-NMR
reduction spectra obtained for 1 demonstrated notable movement of resonances originating
from the protons of the heterocyclic ligand (phen) and the NPX ligand (Figure 11). The
resonances of H2 and H9 protons had shifted upfield and overlapped with the resonances
of H4 and H7 protons, as shown in Figure 11. Moreover, the resonances of H3 and H8
protons shifted upfield, while the resonances of H5 and H6 protons shifted downfield
(Figure 11). Finally, small peaks (with slight overlapping) of the uncoordinated NPX ligand
were also recorded between 7.2 and 7.7 ppm, as shown in Figure 11.
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Immediately after the 1H-NMR experiments, 1D-195Pt-NMR experiments were mea-
sured on the regions 400 and −2800 ppm. After 40 min from the final 1H-NMR experiment,
there was still a platinum peak detected in the 1D-195Pt-NMR spectrum of 1 at 400 ppm,
as shown in Figure 12. A more prominent platinum peak was recorded at −2800 ppm
30 min after the preceding 1D-195Pt-NMR experiment, which indicates the presence of
the corresponding platinum(II) precursor, PHENSS (Figure 12). The results suggest that
complex 1 is a potential prodrug of PHENSS because it can successfully reduce back to its
platinum(II) precursor.
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Furthermore, the changes in chemical shifts observed for 1 were also comparable in the
1H-NMR and 1D-195Pt-NMR reduction spectra of complexes 2 and 3 (Figures S66–S69). The
only difference is that 2 and 3 had completely reduced to their corresponding platinum(II)
precursors, 5MESS and 56MESS, respectively, at ~1.5 h based on the final 1D-195Pt-NMR
experiment that was measured at 400 ppm, due to the absence of platinum(IV) peaks
(Figures S67 and S69). Additionally, the platinum(IV)-ACE derivatives (4–6) reduced
rapidly in the presence of AsA, which only occurred within 10 min according to the
acquired 1H-NMR spectra (Figures S70, S72 and S74).

During the experiments, it was observed that upon adding and mixing AsA with
the sample solutions of these complexes (4, 5 and 6), the solutions turned cloudy within
30 s. For these complexes, T50% was within 5 min, as shown in Table 8. Complex 6 had
completely reduced at 5 min, while for 4 and 5, full reduction was achieved between 10
and 15 min (Table 8). Overall, the results indicate that 1–6 can successfully reduce to their
corresponding platinum(II) precursors; thus, it is correct to conclude that they are prodrugs.

3.1.6. Stability Studies

Additional stability studies for 1–6 were undertaken using 10 mM PBS (~7.4 pH) as
the aqueous solution, but without the presence of a reducing agent such as AsA. This was
only to show whether the complexes would be stable in aqueous solution for long hours.
Each complex was dissolved in PBS and incubated at room temperature and at 37 ◦C for
36 h. After the incubation, all samples were analysed through HPLC. The platinum(IV)
derivatives incorporating NPX (1–3) were relatively stable for 36 h in PBS at room tem-
perature and at 37 ◦C, as shown in Figure S76. Although for 2, some traces of precursor
platinum(IV) complexes and the dissociated NPX ligand were evident (Figure S76). In
contrast, the platinum(IV) derivatives incorporating ACE (4–6) were less stable for 36 h in
PBS at room temperature and at 37 ◦C (Figure S77), compared with 1–3. After 36 h at room
temperature, peak traces of platinum(IV) complexes and the platinum(II) precursors, as
well as the dissociated ACE ligand, were present, as shown in Figure S77. Treatment of 4–6
at 37 ◦C for 36 h resulted in a major reduction of the complexes (Figure S77). From this, it
was reasoned that the larger the ligand conjugated to our platinum(IV) scaffold (i.e., ACE),
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the more susceptible the resulting derivatives (4–6) are to reduction, as they reduce even
without a reducing agent. This parallels the results from the reduction experiments above,
where 4–6 were the quickest to reduce in the presence of AsA. Overall, the stability of the
complexes was more influenced by the axial ligands, NPX and ACE, more so than the
methylation in their heterocyclic ligands.

3.2. Biological Investigations
3.2.1. Growth Inhibition Studies

The reported platinum(IV) complexes (1–6) and their axial ligands, NPX and ACE,
were evaluated for antiproliferative activity in twelve cell lines including HT29 colon,
U87 glioblastoma, MCF7 breast, A2780 ovarian, H460 lung, A431 skin, Du145 prostate,
BE2C neuroblastoma, SJG2 glioblastoma, MIA pancreas, ADDP ovarian variant, and the
non-tumour-derived MCF10A breast line. Since current platinum(II) drugs are generally
used to treat genitourinary cancers such as ovarian cancer, A2780 ovarian and the resistant
ADDP ovarian cell lines were selected to probe the capacity of 1–6 to reverse and overcome
chemoresistance. Compound growth inhibition was assessed using the MTT assay after
72 h of treatment. All determined GI50 values are summarised in Table 9, including the
GI50 values of the platinum(II) precursors and platinum(IV) scaffolds, as well as cisplatin,
oxaliplatin and carboplatin [53,55], to allow for comparison.

The platinum(II) precursors (PHENSS, 5MESS and 56MESS) and platinum(IV) scaf-
folds (PHENSS(IV)(OH)2, 5MESS(IV)(OH)2 and 56MESS(IV)(OH)2) utilised in this study
to create the studied complexes, 1–6, display exceptional potency, substantially greater
than cisplatin, oxaliplatin and carboplatin (Table 9). It was our interest to further enhance
the biological activity of these complexes by conjugating the NSAIDs, NPX and ACE, as
axial ligands to their cores. Notably, GI50 values ranging between 0.22 and 2570 nM were
recorded for 1–6, as summarised in Table 9. This indicates their superiority as anticancer
agents, especially when compared with cisplatin, oxaliplatin and carboplatin.

The calculated mean GI50 values for 1–6 in the entire cell line tested was 32–931 nM,
which is significantly lower than the calculated mean GI50 values for cisplatin, oxaliplatin
and carboplatin (1463–32,242 nM) (Table 9). The platinum(IV) derivatives incorporating the
heterocyclic ligands, 5-Mephen (2 and 5) and 5,6-Me2phen (3 and 6) were more growth in-
hibitory than those incorporating the phen ligand (1 and 4), as expected (Table 9). The trend
observed here confirms once again that the methylation of the heterocyclic ligand influences
biological activity, and this has been translated in previous studies [16,24,53,55–59,66]. Fur-
thermore, the platinum(IV) derivatives incorporating the NPX ligand (1–3) were less potent
than those platinum(IV) derivatives incorporating the ACE ligand (4–6). This is likely due
to the response of NPX and ACE intracellularly, despite having the same GI50 values of
>50,000 nM (Table 9). Nonetheless, this may also suggest that the ACE ligand has more
synergism with platinum than the NPX ligand.

Relative to the corresponding platinum(IV) scaffolds of 1–6 (PHENSS(IV)(OH)2,
5MESS(IV)(OH)2 and 56MESS(IV)(OH)2), enhancement in cytotoxicity was observed
upon coordination of NPX and ACE (Table 9). For example, in the MCF7 breast cell line,
PHENSS(IV)(OH)2 had a GI50 value of 16,000 ± 4500 nM, which decreased by 14- and 19-
fold upon coordination of NPX and ACE to create 1 (1120 ± 342 nM) and 4 (840 ± 390 nM),
respectively. 5MESS(IV)(OH)2 elicited a GI50 value of 1400 ± 300 nM in the BE2C neu-
roblastoma cell line, to which this also decreased by 4- and 5.6-fold when NPX and ACE
were conjugated to its core to create 2 (680 ± 17 nM) and 5 (250 ± 33 nM), respectively.
Moreover, in the H460 lung cell line, 56MESS(IV)(OH)2 (190 ± 150 nM) was 3- and almost
12-fold less potent than its derivatives, 3 (56 ± 5 nM) and 6 (16 ± 2 nM), respectively.
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Table 9. A summary of the GI50 values (nM) of 1–6, NPX and ACE in multiple cell lines. The data presented for cisplatin, oxaliplatin, carboplatin and the precursor
platinum(II) and platinum(IV) scaffolds were obtained from previous studies [53,55]. nd, not determined; SCI, GI50 in MCF10A/GI50 in Du145.

Platinum(IV)
Prodrugs HT29 U87 MCF7 A2780 H460 A431 Du145 BE2C SJG2 MIA MCF10A ADDP Mean GI50

Values

Selectivity
Cytotoxicity
Index (SCI)

GI50 Values (nM)
1 400 ± 23 2570 ± 440 1120 ± 342 420 ± 50 860 ± 124 1020 ± 390 230 ± 17 1470 ± 67 1570 ± 67 660 ± 100 450 ± 24 400 ± 19 931 ± 139 1.96
2 210 ± 19 1330 ± 190 720 ± 240 290 ± 56 410 ± 37 530 ± 180 130 ± 27 680 ± 17 620 ± 43 370 ± 54 310 ± 12 280 ± 27 490 ± 75 2.38
3 28 ± 6 180 ± 23 60 ± 22 39 ± 9 56 ± 5 75 ± 33 10 ± 2 220 ± 12 230 ± 18 47 ± 7 36 ± 4 25 ± 2 84 ± 12 3.60
4 290 ± 30 1720 ± 140 840 ± 390 350 ± 47 610 ± 80 930 ± 490 150 ± 40 1300 ± 150 1450 ± 104 490 ± 36 360 ± 29 330 ± 27 735 ± 58 2.40
5 13 ± 8 140 ± 8 39 ± 18 30 ± 12 43 ± 8 60 ± 45 1.3 ± 0.4 250 ± 33 200 ± 21 29 ± 14 20 ± 5 9.3 ± 2 70 ± 15 15.4
6 4.7 ± 4 28 ± 3 12 ± 6 10 ± 4 16 ± 2 16 ± 12 0.22 ± 0.1 160 ± 19 130 ± 25 7.8 ± 4 3.4 ± 1 1.3 ± 0.5 32 ± 7 15.5

Unconventional Platinum(II) Complexes
PHENSS 160 ± 45 980 ± 270 1500 ± 500 230 ± 30 360 ± 35 480 ± 170 100 ± 38 380 ± 46 330 ± 66 200 ± 57 300 ± 58 190 ± 47 434 ± 110 3.00
5MESS 33 ± 4 320 ± 26 200 ± 12 61 ± 10 41 ± 5 120 ± 25 22 ± 3 270 ± 38 220 ± 10 48 ± 2 30 ± 2 34 ± 2 117 ± 12 1.36

56MESS 10 ± 1.6 35 ± 6.4 93 ± 44 76 ± 57 21 ± 2 29 ± 1 4.6 ± 0.4 59 ± 4 66 ± 22 13 ± 2 16 ± 1 13 ± 2 36 ± 10 3.48
Unconventional Platinum(IV) Scaffolds

PHENSS(IV)(OH)2 710 ± 300 4900 ± 610 16,000 ± 4500 800 ± 84 1700 ± 200 4300 ± 530 310 ± 92 3000 ± 530 1700 ± 350 3400 ± 2200 1700 ± 200 1300 ± 350 3318 ± 880 5.48
5MESS(IV)(OH)2 60 ± 6 900 ± 58 1200 ± 390 240 ± 9 60 ± 5 360 ± 58 41 ± 5 1400 ± 300 640 ± 70 160 ± 29 130 ± 19 130 ± 22 443 ± 81 3.17
56MESS(IV)(OH)2 36 ± 7 190 ± 23 480 ± 140 59 ± 7 190 ± 150 120 ± 22 15 ± 2.6 240 ± 22 210 ± 45 43 ± 2.5 61 ± 7 170 ± 120 151 ± 50 4.07

Traditional Chemotherapy Agents
Cisplatin 11,300 ± 1900 3800 ± 1100 6500 ± 800 1000 ± 100 900 ± 200 2400 ± 300 1200 ± 100 1900 ± 200 400 ± 100 7500 ± 1300 5200 ± 520 28,000 ± 1600 5842 ± 610 4.33

Oxaliplatin 900 ± 200 1800 ± 200 500 ± 100 160 ± 100 1600 ± 100 4100 ± 500 2900 ± 400 900 ± 200 3000 ± 1200 900 ± 200 nd 800 ± 100 1463 ± 320 nd
Carboplatin >50,000 >50,000 >50,000 9200 ± 2900 14,000 ± 1000 24,000 ± 2200 15,000 ± 1200 19,000 ± 1200 5700 ± 200 >50,000 >50,000 >50,000 32,242 ± 1450 3.33

NSAIDs (Axial Ligands)
NPX >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 1.00
ACE >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 >50,000 1.00
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When comparing the in vitro cytotoxicity of 1–6 with their corresponding platinum(II)
precursor complexes (PHENSS, 5MESS and 56MESS), notable differences were also ob-
served. PHENSS and 5MESS were more potent than 1, 2 and 4, which are their platinum(IV)
derivatives. The phen derivatives, 1 and 4, had calculated mean GI50 values of 931 ± 139
and 735 ± 58 nM, respectively, demonstrating a 1- to 2-fold difference compared to the
mean GI50 value of PHENSS (434 ± 110 nM) (Table 9). The calculated mean GI50 value of 2
(490 ± 58 nM) is 4-fold more than the mean GI50 value of 5MESS (117 ± 12 nM). However,
derivative (5) had a calculated mean GI50 value of 70 ± 12 nM over all cell lines, which
infers that it is more potent than its platinum(II) precursor, 5MESS (Table 9). Our lead
complex, 56MESS, had a calculated mean GI50 value of 36 ± 10 nM over the entire range
of cell lines, which proves to be more potent than its derivative, 3. Remarkably, the other
derivative (6) proved to be marginally more potent than 56MESS, eliciting the lowest GI50
values (Table 9).

The most biologically active platinum(IV) derivatives in the study were 5 and 6,
which incorporated the 5-Mephen and 5,6-Me2phen heterocyclic ligands, respectively,
and ACE as the axial ligand. Compound 5 elicited a GI50 value of 1.3 ± 0.4 nM in the
Du145 prostate cell line, which makes it 17-fold more potent than its platinum(II) precursor,
5MESS (22 ± 3 nM), at least 920-fold more potent than cisplatin (1200 ± 100 nM), and
2230-fold and 11,540-fold more potent than oxaliplatin (2900 ± 400 nM) and carboplatin
(15,000 ± 100 nM), respectively (Table 9). Additionally, 5 also responded strongly in the
ADDP ovarian variant cell line, eliciting a GI50 value of 9.3 ± 2 nM, making it 3000-fold
more potent than cisplatin (28,000 ± 1600 nM) in that cell line. Finally, 6 proved to be
more potent than its platinum(II) precursor 56MESS in all cell lines, except for the BE2C
neuroblastoma and SJG2 glioblastoma cell lines (Table 9). The in vitro cytotoxicity of
6 was significantly enhanced in nine cell lines: HT29 colon (4.7 ± 4 nM), MCF7 breast
(12 ± 6 nM), A2780 ovarian (10 ± 4 nM), H460 lung (16 ± 2 nM), A431 skin (16 ± 12 nM),
Du145 prostate (0.22 ± 0.1 nM), MIA pancreas (7.8 ± 4 nM), MCF10A breast (3.4 ± 1 nM),
and the ADDP ovarian variant (1.3 ± 0.5 nM) (Table 9). Notably, in the Du145 prostate cell
line, 6 proved to be almost 21-fold potent than 56MESS (4.6± 0.4 nM) and at least 5450-fold
more potent than cisplatin (1200 ± 100 nM) in the same cell line, as shown in Table 9.
Moreover, 6 was more potent in the cisplatin-resistant ADDP ovarian cells (1.3 ± 0.5 nM)
than in the parental A2780 cisplatin-sensitive ovarian cells (10 ± 4 nM). Collectively, these
outcomes suggest that 1–6 are not sensitive to the drug resistance mechanisms observed
from typical cisplatin-based regimens, as indicated by their potency in the ADDP ovarian
variant cell line.

The selectivity cytotoxicity index (SCI) for the metal complexes and compounds (NPX
and ACE) was also calculated by dividing the GI50 values of the complexes or compounds
in MCF10A (non-tumour) by their GI50 in Du145, which is reported in Table 9. The SCI
gives a measure of the efficacy of the drug against cancer cells: the greater the SCI the
higher the selectivity towards cancer cells [61,62]. The high SCI exhibited by 5 and 6 to-
wards the Du145 cell line of 15.4 and 15.5 are notable (Table 9). In contrast, the platinum(II)
precursors (PHENSS, 5MESS and 56MESS), platinum(IV) scaffolds (PHENSS(IV)(OH)2,
5MESS(IV)(OH)2 and 56MESS(IV)(OH)2), complexes 1–4, cisplatin, carboplatin, NPX
and ACE showed little selectivity towards Du145, with SCI values ranging between
1.00 and 5.48. From this, it can be inferred that the coordination of the ACE ligand to
the platinum(IV) scaffolds 5MESS(IV)(OH)2 and 56MESS(IV)(OH)2 had significantly im-
proved the selectivity of the resultant platinum(IV) derivatives 5 and 6 towards prostate
cancer cell populations.

Furthermore, platinum(IV) complexes utilising the cores of platinum(II) drugs incorpo-
rating NPX as axial ligands have also been investigated for their anticancer properties, most
specifically in the MCF7 cell line [37,72]. Tolan et al. synthesised cisplatin-NPX, oxaliplatin-
NPX and carboplatin-NPX complexes, which demonstrated GI50 values of 10,400 ± 790,
9470± 750 and 9120± 630 nM, respectively, in the MCF7 cell line [72]. These values are still
substantially higher than the GI50 values elicited by our platinum(IV) complexes containing
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NPX (1–3) in that cell line (Table 9). For example, 3 (60± 0.5 nM) proved to be 173-fold more
potent than cisplatin-NPX (10,400 ± 790 nM), 158-fold more potent than oxaliplatin-NPX
(9470 ± 750 nM), and 152-fold more potent than carboplatin-NPX (9120 ± 630 nM) in the
MCF7 cell line. It is only appropriate to mention that these differences in cytotoxicity are
mostly attributed to the biological activity of the platinum(II) cores of these complexes, con-
sidering that our platinum(II) scaffolds (PHENSS, 5MESS and 56MESS) are significantly
more potent than cisplatin, oxaliplatin and carboplatin.

3.2.2. ROS Potential

ROS is a family of highly reactive chemicals generated in the mitochondria, which
are also natural by-products of cellular metabolic processes [84]. The regulation of ROS
is critical for normal biological functions; however, if compromised by stress factors
(i.e., chemotherapy drugs), it can lead to oxidative stress [85]. Oxidative stress reflects
the imbalance between ROS production and the ability of a biological system to detoxify
these. Clearly, the abundant accumulation of ROS has deleterious side effects on DNA, pro-
teins, lipids, and other cellular components that are vital for life. While this phenomenon
is detrimental to normal healthy cells, this can be applied as a treatment strategy against
cancer cells, as conveyed in the literature [86–89]. Most importantly, there are two roles
of ROS activity in cancer. With the right amount of ROS intracellularly, it can promote
metastasis and help cancer cells acquire resistance to treatment [90]. On the contrary, if the
ROS levels are significantly elevated and prolonged, cytotoxic effects would transpire and
therefore induce apoptosis and potentially inhibit the resistance mechanisms of cancer cells
to treatment [91].

In this study, the ROS activity of 1–6, together with their axial ligands (NPX and ACE),
and cisplatin in the human colon cancer cell line, HT29 at 24, 48 and 72 h are reported
(Table 10, Figures 13 and S78). A summary of measured fluorescence in RFU units for the
complexes and ligands is summarised in Table 10. Additionally, the ROS potential of the
platinum(II) precursors and platinum(IV) scaffolds was determined previously [53,55] and
was presented here to allow for comparison (Table 10 and Figure 13). The HT29 colon
cell line was selected for testing, as it is one of the cell lines wherein 1–6 demonstrated
exceptional in vitro cytotoxicity (Table 9). Treatment with the complexes and ligands was
completed at each specific GI50 concentration.
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Figure 13. ROS production upon treatment with 1–6 (PHENSS(IV)-NPX (1), 5MESS(IV)-NPX
(2), 56MESS(IV)-NPX (3), PHENSS(IV)-ACE (4), 5MESS(IV)-ACE (5), and 56MESS(IV)-ACE (6)),
NPX, ACE, the platinum(II) precursors (PHENSS, 5MESS and 56MESS) and platinum(IV) scaffolds
(PHENSS(IV)(OH)2, 5MESS(IV)(OH)2 and 56MESS(IV)(OH)2), and cisplatin in HT29 colon cells at
24, 48 and 72 h. **** indicates p < 0.0001 compared with control. *** indicates p < 0.001 compared with
control. ** indicates p < 0.01 compared with control. * indicates p < 0.05 compared with control. Data
points denote mean ± SEM. n = 3 from three independent experiments where samples were run in
triplicate. The data presented for platinum(II) precursors (PHENSS, 5MESS and 56MESS) and plat-
inum(IV) scaffolds (PHENSS(IV)(OH)2, 5MESS(IV)(OH)2 and 56MESS(IV)(OH)2) were obtained
from previous studies [53,55].
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A significant increase in ROS production was detected for 1–6 and the axial ligands,
NPX and ACE, in HT29 colon cells at 24 and 48 h, relative to the control (Table 10 and
Figure 13). This increase also corresponds to the ROS activity exhibited by the platinum(II)
precursors and platinum(IV) scaffolds, and cisplatin, as shown in Table 10 and Figure 13.
Notably, the RFU values of 1–6 were higher compared with the RFU values of their cor-
responding platinum(II) precursors and platinum(IV) scaffolds at 24 and 48 h (Table 10
and Figure 13). This confirms that the conjugation of NPX and ACE to our platinum(IV)
scaffolds enhanced ROS production. A consistent decline in ROS activity was demonstrated
by 1–6 and the NPX and ACE ligands, particularly the drastic decreased ROS activity at
72 h (Table 10 and Figure 13). For the platinum(IV) derivatives incorporating NPX, 1–3,
their RFU values at 72 h (1: 63 RFU; 2: 84 RFU; 3: 104 RFU) were lower than the RFU
value of the control (131 RFU) (Table 10 and Figure 13). While this trend also paralleled
the ROS activity of the platinum(IV) derivatives incorporating ACE, 4–6, their RFU values
at 72 h (4: 168 RFU; 5: 192 RFU; 6: 202 RFU) were still higher than the control (131 RFU)
(Table 10 and Figure 13). Nonetheless, this consistent decline in ROS production observed
for 1–6 and NPX and ACE, was not demonstrated by cisplatin, platinum(II) precursors or
platinum(IV) scaffolds, since the ROS activity of these complexes remained significantly
high at 24, 48 and 72 h, relative to the control (Table 10).

We conclude that the initial increase in ROS production at 24 h, followed by the
decline in ROS activity at 48 and 72 h, exhibited by 1–6, is reflective of the pro-oxidant
and antioxidant effects of the coordinated axial ligands (or NSAIDs), NPX and ACE,
intracellularly towards ROS. There is sufficient evidence suggesting that NSAIDs can both
effectively induce ROS production and scavenge ROS [92–95]. The results acquired from
this study indicate that the studied platinum(IV) complexes, 1–6, can promote cellular
damage towards cancer cells by production of ROS.

Table 10. Production of ROS upon treatment with 1–6, NPX, ACE, and cisplatin in HT29 colon cells
at 24, 48 and 72 h. The data presented for platinum(II) precursors (PHENSS, 5MESS and 56MESS)
and platinum(IV) scaffolds (PHENSS(IV)(OH)2, 5MESS(IV)(OH)2 and 56MESS(IV)(OH)2) were
obtained from previous studies [53,55].

Compounds
ROS Production in Different Time Intervals (RFU)

24 h 48 h 72 h

Control 100 ± 17 130 ± 11 131 ± 12

Cisplatin 299 ± 25 370 ± 22 392 ± 21

TBHP 658 ± 28 504 ± 15 497 ± 10

PHENSS 174 ± 2 172 ± 9 176 ± 7

5MESS 204 ± 4 205 ± 3 188 ± 3

56MESS 240 ± 5 218 ± 3 255 ± 4

PHENSS(IV)(OH)2 144 ± 5 273 ± 4 303 ± 1

5MESS(IV)(OH)2 234 ± 1 323 ± 9 335 ± 2

56MESS(IV)(OH)2 259 ± 3 356 ± 11 438 ± 7

NPX 187 ± 12 178 ± 13 15 ± 5

1 235 ± 23 215 ± 19 63 ± 7

2 290 ± 17 261 ± 15 84 ± 9

3 297 ± 21 287 ± 11 104 ± 15

ACE 279 ± 7 260 ± 9 132 ± 13

4 303 ± 8 298 ± 17 168 ± 15

5 313 ± 11 305 ± 10 192 ± 7

6 344 ± 17 312 ± 13 202 ± 10
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3.2.3. Mitochondrial Membrane Potential (MtMP)

Mitochondria is the powerhouse of the cell, and most significantly, the main driver in
creating energy for metabolic processes to sustain normal cellular functions [96]. Exoge-
nous stressors such as chemotherapy drugs (and other metallodrugs) are known to induce
bioenergetic stress in the mitochondria and cause MtMP disruption, which then activates
the mitochondrial apoptotic pathway [21,97–101]. MtMP is a critical predictor of mitochon-
drial activity that reflects the electrical potential difference between the intracellular and
extracellular environment of a cell [102]. Loss in MtMP is indicative of bioenergetic stress
that may result in apoptosis.

Here, we report the MtMP changes upon treatment of 1–6, NPX, ACE, the platinum(II)
precursors (PHENSS, 5MESS and 56MESS), platinum(IV) scaffolds (PHENSS(IV)(OH)2,
5MESS(IV)(OH)2 and 56MESS(IV)(OH)2), and cisplatin in HT29 colon cells at 24, 48 and
72 h (Table 11 and Figure 14). A summary of measured fluorescence in RFU units for the
complexes and ligands is summarised in Table 11. TMRE was used to stain HT29 colon
cells, and treatment with the complexes and ligands was completed at each specific GI50
concentration. The MtMP changes detected are expressed as RFU. Additionally, lower RFU
values correspond to a decline in mitochondrial activity.

Table 11. MtMP changes upon treatment with 1–6, NPX, ACE, the platinum(II) precursors
(PHENSS, 5MESS and 56MESS) and platinum(IV) scaffolds (PHENSS(IV)(OH)2, 5MESS(IV)(OH)2

and 56MESS(IV)(OH)2), and cisplatin in HT29 colon cells at 24, 48 and 72 h.

Compounds
MtMP Changes in Different Time Intervals (RFU)

24 h 48 h 72 h

Control 495 ± 7 412 ± 15 411 ± 5

Cisplatin 256 ± 9 236 ± 13 199 ± 11

FCCP 194 ± 10 143 ± 5 80 ± 5

PHENSS 289 ± 17 271 ± 15 237 ± 10

5MESS 210 ± 15 204 ± 6 144 ± 5

56MESS 156 ± 10 162 ± 13 103 ± 7

PHENSS(IV)(OH)2 321 ± 17 241 ± 10 216 ± 8

5MESS(IV)(OH)2 301 ± 14 214 ± 9 198 ± 4

56MESS(IV)(OH)2 245 ± 16 177 ± 11 125 ± 12

NPX 499 ± 10 397 ± 13 304 ± 9

1 382 ± 11 211 ± 12 163 ± 5

2 368 ± 9 160 ± 13 130 ± 7

3 351 ± 5 152 ± 8 104 ± 6

ACE 494 ± 6 371 ± 10 295 ± 13

4 416 ± 8 343 ± 8 184 ± 5

5 412 ± 4 284 ± 12 140 ± 5

6 387 ± 7 284 ± 11 112 ± 8
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From the results, a decrease in mitochondrial activity was detected upon treatment of
cisplatin, the platinum(II) precursors (PHENSS, 5MESS and 56MESS) and platinum(IV)
scaffolds (PHENSS(IV)(OH)2, 5MESS(IV)(OH)2 and 56MESS(IV)(OH)2), the studied plat-
inum(IV) complexes, 1–6, and the axial ligands, NPX and ACE, up to 72 h (Table 11 and
Figure 14). Particularly for 1–6, the decrease in mitochondrial activity for the duration
of the treatment followed the same trend that was observed in the ROS activity detected
for these complexes (Table 10, Figures 13 and S78). This may suggest that the decline in
mitochondrial activity is due to the accumulation of ROS induced by the complexes, consid-
ering that increased ROS production can impair mitochondrial functions and progressive
cell dysfunction. This observation is also proof that there is a correlation between ROS
production and MtMP changes (Figures 13 and 14) [98,103,104]. The findings indicated
the ability of 1–6 to cause MtMP changes, by reducing the mitochondrial activity up to
72 h in HT29 colon cells. Although, it is noteworthy that the MtMP changes detected
for the complexes were mostly influenced by their corresponding platinum(II) precursors
(PHENSS, 5MESS and 56MESS) rather than by the released axial ligands, NPX and ACE.

3.2.4. Cyclooxygenase-2 (COX) Inhibition

NSAIDs are well recognised as inhibitors of the COX enzymes, COX-1 and COX-2 [37,42,45].
While both COX-1 and COX-2 are responsible in prostaglandin production, they are
distinct from one another in terms of their tissue distribution and regulation of gene
expression [49,105]. COX-1 is typically expressed in most tissues and is associated with nor-
mal physiological functions, particularly by maintaining prostaglandin production at basal
levels [49,50]. In contrast, COX-2 is involved in the excessive production of prostaglandin
during inflammation (or hypoxia), and extensive studies have shown that COX-2 resultant
prostaglandins are overexpressed in tumours [49,50]. Most importantly, the overexpression
of COX-2 promotes tumour development and progression [51,106]; therefore, COX-2 is
a more valuable target than COX-1. To explore the COX-2 inhibitory properties of the
studied complexes (1–6), ELISA was used against the COX-2 enzyme. Here, we report the
% of COX-2 inhibitory activity of 1–6, NPX, ACE, the platinum(II) precursors (PHENSS,
5MESS and 56MESS) and cisplatin at 72 h (Table 12, Figures 15 and S79). A summary of
the measured COX-2 percentage inhibition for the complexes and ligands is outlined in
Table 12.
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Table 12. The % of COX-2 inhibition of 1–6, NPX, ACE, the platinum(II) precursors (PHENSS, 5MESS
and 56MESS), and cisplatin at 72 h.

Compounds
Percentage COX-2 Inhibitory Activity (%)

72 h

Control 84 ± 3

Cisplatin 9 ± 2

PHENSS 8 ± 4

5MESS 6 ± 3

56MESS 5 ± 4

NPX 83 ± 5

1 55 ± 3

2 44 ± 6

3 37 ± 4

ACE 76 ± 8

4 48 ± 3

5 36 ± 2

6 32 ± 3
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from three independent experiments where samples were run in triplicate.

The greatest COX-2 inhibitory activity was demonstrated by the COX-inhibiting
ligands, NPX (83%) and ACE (76%) (Table 12 and Figure 15). In contrast, the platinum(II)
precursors (PHENSS, 5MESS and 56MESS) and cisplatin showed the lowest inhibitory
response towards COX-2 (Table 12 and Figure 15), with the COX-2 inhibition ranging
from only 5–9%. Upon coordination of NPX and ACE to our platinum(IV) scaffolds,
the COX-2 inhibition for 1–6 improved significantly, when compared with the COX-2
inhibition of PHENSS, 5MESS, 56MESS and cisplatin (Table 12 and Figure 15). However,
relative to the significant COX-2 inhibition demonstrated by NPX (83%) and ACE (76%),
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the COX-2 inhibitory activity of 1–6 was comparatively lower (Table 12 and Figure 15).
This may be dependent on the reductive state of the complexes 1–6 in vitro and the ability
to release COX-inhibiting ligands. Furthermore, the platinum(IV) derivatives of PHENSS
and 5MESS (1, 2, 4 and 5) elicited more inhibitory activity towards COX-2 compared to
the platinum(IV) derivatives of 56MESS (3 and 6). It is also evident that COX-2 inhibition
of the platinum(IV)-NPX derivatives (1–3) was slightly greater than for those derivatives
containing ACE (4–6) (Table 12 and Figure 15). The results suggest that COX-2 inhibition is
independent of the cytotoxicity and lipophilicity of the complexes. The most cytotoxic and
lipophilic complexes contain the ACE ligand (4–6), which exhibited a reduced response
towards inhibiting COX-2, while the least cytotoxic and lipophilic complexes incorporating
NPX (1–3) exhibited a marginally improved response towards inhibiting COX-2. These
findings confirm that the coordination of the NSAIDs, NPX and ACE, to our platinum(IV)
scaffolds generated complexes that are capable of inhibiting COX-2, may potentially be
effective in reducing tumour-related inflammation, and may also show selectivity towards
tumours that overexpress COX-2 resultant prostaglandins.

4. Conclusions

Six mono-substituted platinum(IV) complexes (1–6) incorporating the NSAIDs, NPX
and ACE, were synthesised, characterised and evaluated for their antitumour activity.
A range of spectroscopic and spectrometric techniques confirmed the composition and
homogeneity of the complexes. Solubility tests were performed at room temperature in
d.i.H2O. Complexes 1–6 were found to be more soluble than cisplatin, oxaliplatin and
carboplatin. 1H-NMR and 1D-195Pt-NMR provided insight on the reduction properties of
the complexes in PBS (~7.4 pH) and AsA at 37 ◦C. Complexes 1–6 were reduced to their
corresponding platinum(II) precursors and released the axial ligands, indicating their po-
tential as prodrugs. Those derivatives incorporating the smaller ligand NPX (1–3) reduced
slower, while those derivatives incorporating the larger ligand ACE (4–6) reduced rapidly
in the presence of AsA. Stability and lipophilicity measurements were also undertaken
using HPLC. Complexes 1–3 were stable in PBS at room temperature and at 37 ◦C for 36 h,
unlike 4–6 which exhibited major reduction. According to the log kw values, 4–6 proved to
be more lipophilic than 1–3.

The in vitro cytotoxicity of 1–6 in multiple cell lines was assessed via the MTT assay.
The most potent platinum(IV) derivatives, 5 and 6, which incorporated ACE, elicited the
lowest GI50 values. Complexes 5 and 6 were found to be the most lipophilic complexes,
and their high lipophilicity may have directly contributed to their exceptional potency.
All the synthesised platinum(IV) complexes demonstrated exceptional in vitro activity
compared with conventional chemotherapeutics, such as cisplatin, oxaliplatin and oxali-
platin. Despite the notable potency exhibited by 1–6, they are not entirely selective towards
cancer cells because they were also found to be toxic in the normal breast cancer cell line,
MCF10A. Nevertheless, 1–6 may overcome drug resistance mechanisms associated with
the cisplatin-resistant ADDP ovarian variant cell line. Complexes 1–6 also demonstrated
both antioxidant and pro-oxidant effects, which were predominantly influenced by the in-
tracellular release of the axial ligands, NPX and ACE, in the HT29 colon cells. The impact of
the increased accumulation of ROS exhibited by the complexes at 24 h was observed in the
mitochondrial activity, with the MtMP changes being significantly reduced. Furthermore,
the COX-2 inhibitory activity of 1–6 was also assessed, with the results attesting that these
complexes can reduce tumour-related inflammation, despite the lack of correlation between
COX-2 inhibition and in vitro cytotoxicity and lipophilicity. Finally, cellular uptake studies
for the most potent platinum(IV) complexes, 5 and 6, are scheduled in the near future to
further confirm whether enhanced cytotoxicity correlates with increased cellular uptake.

5. Patents

This work is part of Australian PCT application (PCT/AU2023/050027), Platinum(IV)
complexes, 20 February 2023, Western Sydney University, Sydney, Australia.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15092460/s1, Figure S1: HPLC chromatogram of NHS-
NPX with product peak trace at 11.8 min; Figure S2: HPLC chromatogram of NHS-ACE with product
peak trace at 13.3 min; Figure S3: 1H-NMR spectrum of NHS-NPX in DMSO-d6; Figure S4: 1H-NMR
spectrum of NHS-ACE in DMSO-d6; Figure S5: ESI-MS spectrum of NHS-NPX; Figure S6: ESI-MS
spectrum of NHS-ACE; Figure S7: HPLC chromatogram of 1; Figure S8: HPLC chromatogram of 2;
Figure S9: HPLC chromatogram of 3; Figure S10: HPLC chromatogram of 4; Figure S11: HPLC
chromatogram of 5; Figure S12: HPLC chromatogram of 6; Figure S13: 1H-NMR spectrum of 1
in D2O; Figure S14: 1H-NMR spectrum of 2 in D2O; Figure S15: 1H-NMR spectrum of 3 in D2O;
Figure S16: 1H-NMR spectrum of 4 in D2O; Figure S17: 1H-NMR spectrum of 5 in D2O; Figure S18:
1H-NMR spectrum of 6 in D2O; Figure S19: 2D-COSY spectrum of 1 in D2O; Figure S20: 2D-COSY
spectrum of 2 in D2O; Figure S21: 2D-COSY spectrum of 3 in D2O; Figure S22: 2D-COSY spectrum
of 4 in D2O; Figure S23: 2D-COSY spectrum of 5 in D2O; Figure S24: 2D-COSY spectrum of 6 in
D2O; Figure S25: 1H-195Pt-HMQC spectrum of 1 in D2O obtained at 400 ppm; Figure S26: 1H-
195Pt-HMQC spectrum of 1 in D2O at −2800 ppm; Figure S27: 1H-195Pt-HMQC spectrum of 2
in D2O at 400 ppm; Figure S28: 1H-195Pt-HMQC spectrum of 2 in D2O at –2800 ppm; Figure S29:
1H-195Pt-HMQC spectrum of 3 in D2O at 400 ppm; Figure S30: 1H-195Pt-HMQC spectrum of 3
in D2O at –2800 ppm; Figure S31: 1H-195Pt-HMQC spectrum of 4 in D2O at 400 ppm; Figure S32:
1H-195Pt-HMQC spectrum of 4 in D2O at −2800 ppm; Figure S33: 1H-195Pt-HMQC spectrum of 5
in D2O at 400 ppm; Figure S34: 1H-195Pt-HMQC spectrum of 5 in D2O at −2800 ppm; Figure S35:
1H-195Pt-HMQC spectrum of 6 in D2O at 400 ppm; Figure S36: 1H-195Pt-HMQC spectrum of 6
in D2O at −2800 ppm; Figure S37: UV spectra of 1 and plot curves at 206, 227, 279 and 306 nm;
Figure S38: UV spectra of 2 and plot curves at 207, 228, 283 and 312 nm; Figure S39: UV spectra of 3
and plot curves at 208, 231, 289 and 318 nm; Figure S40: UV spectra of 4 and plot curves at 203, 278
and 305 nm; Figure S41: UV spectra of 5 and plot curves at 204, 284 and 311 nm; Figure S42: UV
spectra of 6 and plot curves at 204, 244, 290 and 316 nm; Figure S43: CD spectrum of 1; Figure S44:
CD spectrum of 2; Figure S45: CD spectrum of 3; Figure S46: CD spectrum of 4; Figure S47: CD
spectrum of 5; Figure S48: CD spectrum of 6; Figure S49: ESI-MS spectrum of 1; Figure S50: ESI-MS
spectrum of 2; Figure S51: ESI-MS spectrum of 3; Figure S52: ESI-MS spectrum of 4; Figure S53:
ESI-MS spectrum of 5; Figure S54: ESI-MS spectrum of 6; Figure S55: IR spectrum of 1; Figure S56: IR
spectrum of 2; Figure S57: IR spectrum of 3; Figure S58: IR spectrum of 4; Figure S59: IR spectrum of 5;
Figure S60: IR spectrum of 6; Figure S61: Generated plots of log k versus concentration of organic
solvent, CH3CN to determine the chromatographic lipophilicity index, log kw of 1–6; Figure S62:
Preliminary 1D-195Pt-NMR spectra of 1, 2 and 3 in 10 mM PBS (~7.4 pH) within the regions of 400
and −2800 ppm at 310.15 K; Figure S63: Preliminary 1D-195Pt-NMR spectra of 5, 6 and 8 in 10 mM
PBS (~7.4 pH) within the regions of 400 and −2800 ppm at 310.15 K; Figure S64: 1H-NMR spectra of
1 with 10 mM PBS (~7.4 pH) and AsA in D2O at 310.15 K, in different time intervals, highlighting the
movement of resonances from the heterocyclic protons and the aromatic protons of the NPX ligand
as indicated by the arrows and boxes. T represents time in min; Figure S65: 1D-195Pt-NMR spectra of
1 with 10 mM PBS (~7.4 pH) and AsA in D2O, within the regions of 400 and −2800 ppm at 310.15 K,
highlighting its partial reduction after 1 h from the final 1H-NMR experiment. Inset: structures of
complex 1 and its corresponding platinum(II) precursor, PHENSS; Figure S66: 1H-NMR spectra of 2
with 10 mM PBS (~7.4 pH) and AsA in D2O at 310.15 K, in different time intervals, highlighting the
movement of resonances from the heterocyclic protons and the aromatic protons of the NPX ligand
as indicated by the arrows and boxes. T represents time in min; Figure S67: 1D-195Pt-NMR spectra of
2 with 10 mM PBS (~7.4 pH) and AsA in D2O, within the regions of 400 and −2800 ppm at 310.15 K,
highlighting its complete reduction after 1 h from the final 1H-NMR experiment. Inset: structures of
complex 2 and its corresponding platinum(II) precursor, 5MESS; Figure S68: 1H-NMR spectra of 3
with 10 mM PBS (~7.4 pH) and AsA in D2O at 310.15 K, in different time intervals, highlighting the
movement of resonances from the heterocyclic protons and the aromatic protons of the NPX ligand
as indicated by the red arrows. T represents time in min; Figure S69: 1D-195Pt-NMR spectra of 3
with 10 mM PBS (~7.4 pH) and AsA in D2O, within the regions of 400 and −2800 ppm at 310.15 K,
highlighting its complete reduction after 1 h from the final 1H-NMR experiment. Inset: structures of
complex 3 and its corresponding platinum(II) precursor, 56MESS; Figure S70: 1H-NMR spectra of 4
with 10 mM PBS (~7.4 pH) and AsA in D2O at 310.15 K, in different time intervals, highlighting the
movement of resonances from the heterocyclic protons and the aromatic protons of the ACE ligand
as indicated by the arrows and boxes. T represents time in min; Figure S71: 1D-195Pt-NMR spectra of
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4 with 10 mM PBS (~7.4 pH) and AsA in D2O, within the regions of 400 and –2800 ppm at 310.15 K,
highlighting its complete reduction after 1 h from the final 1H-NMR experiment. Inset: structures of
complex 4 and its corresponding platinum(II) precursor, PHENSS; Figure S72: 1H-NMR spectra of 5
with 10 mM PBS (~7.4 pH) and AsA in D2O at 310.15 K, in different time intervals, highlighting the
movement of resonances from the heterocyclic protons and the aromatic protons of the ACE ligand
as indicated by the arrows and boxes. T represents time in min; Figure S73: 1D-195Pt-NMR spectra of
5 with 10 mM PBS (~7.4 pH) and AsA in D2O, within the regions of 400 and –2800 ppm at 310.15 K,
highlighting its complete reduction after 1 h from the final 1H-NMR experiment. Inset: structures of
complex 5 and its corresponding platinum(II) precursor, 5MESS; Figure S74: 1H-NMR spectra of 6
with 10 mM PBS (~7.4 pH) and AsA in D2O at 310.15 K, in different time intervals, highlighting the
movement of resonances from the heterocyclic protons and the aromatic protons of the ACE ligand
as indicated by the arrows and boxes. T represents time in min; Figure S75: 1D-195Pt-NMR spectra of
6 with 10 mM PBS (~7.4 pH) and AsA in D2O, within the regions of 400 and −2800 ppm at 310.15 K,
highlighting its complete reduction after 1 h from the final 1H-NMR experiment. Inset: structures
of complex 6 and its corresponding platinum(II) precursor, 56MESS; Figure S76: Combined HPLC
chromatograms acquired for 1–3 incubated with PBS (~7.4 pH) at room temperature and at 37 ◦C after
36 h; Figure S77: Combined HPLC chromatograms acquired for 4–6 incubated with PBS (~7.4 pH)
at room temperature and at 37 ◦C after 36 h; Figure S78: ROS production upon treatment with 1–6,
NPX, ACE, and cisplatin in HT29 colon cells at 0, 0.25, 0.5, 1, 3, 6, 12, 24, 48 and 72 h. PHENSS(IV)-
NPX (1), 5MESS(IV)-NPX (2), 56MESS(IV)-NPX (3), PHENSS(IV)-ACE (4), 5MESS(IV)-ACE (5), and
56MESS(IV)-ACE (6). TBHP: t-butyl hydroperoxide. Data points denote mean ± SEM. n = 3 from
three independent experiments where samples were run in triplicates; Figure S79: COX-2 calibration
curve generated by plotting the absorbance against known concentrations (pg/mL). This curve was
used to quantify the inhibition of COX-2 in HT29 cells after a 72 h treatment with complexes 1–6,
NPX, ACE or cisplatin; y= 0.0038x + 0.1167 and R2= 0.9988.

Author Contributions: Conceptualization, A.D.A. and J.R.A.-W.; Data curation, A.D.A., M.G.E., J.G.
and J.A.S.; Formal analysis, A.D.A., M.G.E., J.G. and J.A.S.; Investigation, A.D.A., M.G.E., J.G. and
J.A.S.; Methodology, A.D.A. and M.G.E.; Project administration, A.D.A. and J.R.A.-W.; Supervision,
C.P.G., K.F.S. and J.R.A.-W.; Validation, A.D.A., M.G.E., J.G., J.A.S. and J.R.A.-W.; Visualization,
A.D.A.; Writing—original draft, A.D.A.; Writing—review and editing, A.D.A., M.G.E., C.P.G., J.A.S.,
K.F.S. and J.R.A.-W. All authors have read and agreed to the published version of the manuscript.

Funding: The authors thank Western Sydney University for financial support. Angelico D. Aputen
and Maria George Elias were supported through a Western Sydney University Australian Postgrad-
uate Award. The School of Science, Western Sydney University, has supported this work through
research funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data relevant to the publication are included.

Acknowledgments: The authors gratefully acknowledge the scientific and technical support at
the Biomedical Magnetic Resonance Facility and the Mass Spectrometry Facility, Western Sydney
University. Angelico D. Aputen, Christopher P. Gordon and Janice R. Aldrich-Wright thank Jayne
Gilbert and Jennette A. Sakoff for their continuous collaboration with the research team. Maria
George Elias and Janice R. Aldrich-Wright thank Kieran F. Scott at the Ingham Institute. The authors
also thank Paul Wormell for his insights on the UV and CD measurements of this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Paprocka, R.; Wiese-Szadkowska, M.; Janciauskiene, S.; Kosmalski, T.; Kulik, M.; Helmin-Basa, A. Latest developments in metal

complexes as anticancer agents. Coord. Chem. Rev. 2022, 452, 214307. [CrossRef]
2. Pucci, C.; Martinelli, C.; Ciofani, G. Innovative approaches for cancer treatment: Current perspectives and new challenges.

Ecancermedicalscience 2019, 13, 961. [CrossRef] [PubMed]
3. Siddik, Z.H.; Al-Baker, S.; Thai, G.; Khokhar, A.R. Antitumor activity of isomeric 1,2-diaminocyclohexane platinum(IV) complexes.

J. Cancer Res. Clin. Oncol. 1994, 120, 409–414. [CrossRef] [PubMed]
4. Kelland, L. The resurgence of platinum-based cancer chemotherapy. Nat. Rev. Cancer 2007, 7, 573–584. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ccr.2021.214307
https://doi.org/10.3332/ecancer.2019.961
https://www.ncbi.nlm.nih.gov/pubmed/31537986
https://doi.org/10.1007/BF01240140
https://www.ncbi.nlm.nih.gov/pubmed/8188734
https://doi.org/10.1038/nrc2167
https://www.ncbi.nlm.nih.gov/pubmed/17625587


Cancers 2023, 15, 2460 31 of 34

5. Kelland, L.R.; Sharp, S.Y.; O’Neill, C.F.; Raynaud, F.I.; Beale, P.J.; Judson, I.R. Mini-review: Discovery and development of
platinum complexes designed to circumvent cisplatin resistance. J. Inorg. Biochem. 1999, 77, 111–115. [CrossRef] [PubMed]

6. Brown, A.; Kumar, S.; Tchounwou, P.B. Cisplatin-based chemotherapy of human cancers. J. Cancer Sci. Ther. 2019, 11, 97.
7. Brabec, V.; Kasparkova, J. Modifications of DNA by platinum complexes. Relation to resistance of tumors to platinum antitumor

drugs. Drug Resist. Updat. 2005, 8, 131–146. [CrossRef]
8. Florea, A.M.; Busselberg, D. Cisplatin as an anti-tumor drug: Cellular mechanisms of activity, drug resistance and induced side

effects. Cancers 2011, 3, 1351–1371. [CrossRef]
9. Gomez-Ruiz, S.; Maksimovic-Ivanic, D.; Mijatovic, S.; Kaluderovic, G.N. On the discovery, biological effects, and use of cisplatin

and metallocenes in anticancer chemotherapy. Bioinorg. Chem. Appl. 2012, 2012, 140284. [CrossRef]
10. Rocha, C.R.R.; Silva, M.M.; Quinet, A.; Cabral-Neto, J.B.; Menck, C.F.M. DNA repair pathways and cisplatin resistance: An

intimate relationship. Clinics 2018, 73 (Suppl. S1), e478s. [CrossRef]
11. Johnson, S.W.; Shen, D.W.; Pastan, I.; Gottesman, M.M.; Hamilton, T.C. Cross-resistance, cisplatin accumulation, and platinum–

DNA adduct formation and removal in cisplatin-sensitive and -resistant human hepatoma cell lines. Exp. Cell Res. 1996, 226,
133–139. [CrossRef]

12. Wheate, N.J.; Walker, S.; Craig, G.E.; Oun, R. The status of platinum anticancer drugs in the clinic and in clinical trials. Dalton
Trans. 2010, 39, 8113–8127. [CrossRef] [PubMed]

13. Hartmann, J.T.; Lipp, H.P. Toxicity of platinum compounds. Expert. Opin. Pharmacother. 2003, 4, 889–901. [CrossRef] [PubMed]
14. Alassadi, S.; Pisani, M.J.; Wheate, N.J. A chemical perspective on the clinical use of platinum-based anticancer drugs. Dalton

Trans. 2022, 51, 10835–10846. [CrossRef]
15. Brodie, C.R.; Collins, J.G.; Aldrich-Wright, J.R. DNA binding and biological activity of some platinum(II) intercalating compounds

containing methyl-substituted 1,10-phenanthrolines. Dalton Trans. 2004, 8, 1145–1152. [CrossRef] [PubMed]
16. Wheate, N.J.; Taleb, R.I.; Krause-Heuer, A.M.; Cook, R.L.; Wang, S.; Higgins, V.J.; Aldrich-Wright, J.R. Novel platinum(II)-based

anticancer complexes and molecular hosts as their drug delivery vehicles. Dalton Trans. 2007, 43, 5055–5064. [CrossRef]
17. Fisher, D.M.; Bednarski, P.J.; Grünert, R.; Turner, P.; Fenton, R.R.; Aldrich-Wright, J.R. Chiral platinum(II) metallointercalators

with potent in vitro cytotoxic activity. Chem. Med. Chem. 2007, 2, 488–495. [CrossRef]
18. Kemp, S.; Wheate, N.J.; Buck, D.P.; Nikac, M.; Collins, J.G.; Aldrich-Wright, J.R. The effect of ancillary ligand chirality and

phenanthroline functional group substitution on the cytotoxicity of platinum(II)-based metallointercalators. J. Inorg. Biochem.
2007, 101, 1049–1058. [CrossRef]

19. Fisher, D.M.; Fenton, R.; Aldrich-Wright, J. In Vivo studies of a platinum(II) metallointercalator. Chem. Comm. 2008, 43, 5613–5615.
[CrossRef]

20. Krause-Heuer, A.M.; Grunert, R.; Kuhne, S.; Buczkowska, M.; Wheate, N.J.; Le Pevelen, D.D.; Boag, L.R.; Fisher, D.M.;
Kasparkova, J.; Malina, J.; et al. Studies of the mechanism of action of platinum(II) complexes with potent cytotoxicity in
human cancer cells. J. Med. Chem. 2009, 52, 5474–5484. [CrossRef]

21. Kostrhunova, H.; Zajac, J.; Novohradsky, V.; Kasparkova, J.; Malina, J.; Aldrich-Wright, J.R.; Petruzzella, E.; Sirota, R.; Gibson, D.;
Brabec, V. A subset of new platinum antitumor agents kills cells by a multimodal mechanism of action also involving changes in
the organization of the microtubule cytoskeleton. J. Med. Chem. 2019, 62, 5176–5190. [CrossRef] [PubMed]

22. Macias, F.J.; Deo, K.M.; Pages, B.J.; Wormell, P.; Clegg, J.K.; Zhang, Y.; Li, F.; Zheng, G.; Sakoff, J.; Gilbert, J.; et al. Synthesis and
analysis of the structure, diffusion and cytotoxicity of heterocyclic platinum(iv) complexes. Eur. J. Chem. 2015, 21, 16990–17001.
[CrossRef] [PubMed]

23. Garbutcheon-Singh, K.B.; Myers, S.; Harper, B.W.; Ng, N.S.; Dong, Q.; Xie, C.; Aldrich-Wright, J.R. The effects of 56MESS on
mitochondrial and cytoskeletal proteins and the cell cycle in MDCK cells. Metallomics 2013, 5, 1061–1067. [CrossRef] [PubMed]

24. Moretto, J.; Chauffert, B.; Ghiringhelli, F.; Aldrich-Wright, J.R.; Bouyer, F. Discrepancy between in vitro and in vivo antitumor
effect of a new platinum(II) metallointercalator. Investig. New Drugs 2011, 29, 1164–1176. [CrossRef]

25. Harper, B.W.J.; Petruzzella, E.; Sirota, R.; Faccioli, F.F.; Aldrich-Wright, J.R.; Gandin, V.; Gibson, D. Synthesis, characterization and
in vitro and in vivo anticancer activity of Pt(iv) derivatives of [Pt(1S,2S-DACH)(5,6-dimethyl-1,10-phenanthroline)]. Dalton Trans.
2017, 46, 7005–7019. [CrossRef] [PubMed]

26. Hall, M.D.; Hambley, T.W. Platinum(IV) antitumour compounds: Their bioinorganic chemistry. Coord. Chem. Rev. 2002, 232,
49–67. [CrossRef]

27. Wong, D.Y.Q.; Ang, W.H. Development of platinum(IV) complexes as anticancer prodrugs: The story so far. Cosmos 2012, 8,
121–135. [CrossRef]

28. Wang, Z.; Deng, Z.; Zhu, G. Emerging platinum(iv) prodrugs to combat cisplatin resistance: From isolated cancer cells to tumor
microenvironment. Dalton Trans. 2019, 48, 2536–2544. [CrossRef]

29. Jia, C.; Deacon, G.B.; Zhang, Y.; Gao, C. Platinum(IV) antitumor complexes and their nano-drug delivery. Coord. Chem. Rev. 2021,
429, 213640–213675. [CrossRef]

30. Xu, Z.; Wang, Z.; Deng, Z.; Zhu, G. Recent advances in the synthesis, stability, and activation of platinum(IV) anticancer prodrugs.
Coord. Chem. Rev. 2021, 442, 213991–214023. [CrossRef]

31. Ravera, M.; Gabano, E.; McGlinchey, M.J.; Osella, D. Pt(IV) antitumor prodrugs: Dogmas, paradigms, and realities. Dalton Trans.
2022, 51, 2121–2134. [CrossRef] [PubMed]

https://doi.org/10.1016/S0162-0134(99)00141-5
https://www.ncbi.nlm.nih.gov/pubmed/10626362
https://doi.org/10.1016/j.drup.2005.04.006
https://doi.org/10.3390/cancers3011351
https://doi.org/10.1155/2012/140284
https://doi.org/10.6061/clinics/2018/e478s
https://doi.org/10.1006/excr.1996.0211
https://doi.org/10.1039/c0dt00292e
https://www.ncbi.nlm.nih.gov/pubmed/20593091
https://doi.org/10.1517/14656566.4.6.889
https://www.ncbi.nlm.nih.gov/pubmed/12783586
https://doi.org/10.1039/D2DT01875F
https://doi.org/10.1039/b316511f
https://www.ncbi.nlm.nih.gov/pubmed/15252653
https://doi.org/10.1039/b704973k
https://doi.org/10.1002/cmdc.200600211
https://doi.org/10.1016/j.jinorgbio.2007.04.009
https://doi.org/10.1039/b811723c
https://doi.org/10.1021/jm9007104
https://doi.org/10.1021/acs.jmedchem.9b00489
https://www.ncbi.nlm.nih.gov/pubmed/31030506
https://doi.org/10.1002/chem.201502159
https://www.ncbi.nlm.nih.gov/pubmed/26439874
https://doi.org/10.1039/c3mt00023k
https://www.ncbi.nlm.nih.gov/pubmed/23784536
https://doi.org/10.1007/s10637-010-9461-z
https://doi.org/10.1039/C7DT01054K
https://www.ncbi.nlm.nih.gov/pubmed/28513693
https://doi.org/10.1016/S0010-8545(02)00026-7
https://doi.org/10.1142/S0219607712300020
https://doi.org/10.1039/C8DT03923B
https://doi.org/10.1016/j.ccr.2020.213640
https://doi.org/10.1016/j.ccr.2021.213991
https://doi.org/10.1039/D1DT03886A
https://www.ncbi.nlm.nih.gov/pubmed/35015025


Cancers 2023, 15, 2460 32 of 34

32. Hall, M.D.; Mellor, H.R.; Callaghan, R.; Hambley, T.W. Basis for design and development of platinum(IV) anticancer complexes. J.
Med. Chem. 2007, 50, 3403–3411. [CrossRef]

33. Coffetti, G.; Moraschi, M.; Facchetti, G.; Rimoldi, I. The challenging treatment of cisplatin-resistant tumors: State of the art and
future perspectives. Molecules 2023, 28, 3407. [CrossRef]

34. Wexselblatt, E.; Gibson, D. What do we know about the reduction of Pt(IV) pro-drugs? J. Inorg. Biochem. 2012, 117, 220–229.
[CrossRef] [PubMed]

35. Bayat Mokhtari, R.; Homayouni, T.S.; Baluch, N.; Morgatskaya, E.; Kumar, S.; Das, B.; Yeger, H. Combination therapy in combating
cancer. Oncotarget 2017, 8, 38022–38043. [CrossRef]

36. Johnstone, T.C.; Suntharalingam, K.; Lippard, S.J. The next generation of platinum drugs: Targeted Pt(ii) agents, nanoparticle
delivery, and Pt(iv) prodrugs. Chem. Rev. 2016, 116, 3436–3486. [CrossRef]

37. Spector, D.; Krasnovskaya, O.; Pavlov, K.; Erofeev, A.; Gorelkin, P.; Beloglazkina, E.; Majouga, A. Pt(IV) prodrugs with NSAIDs as
axial ligands. Int. J. Mol. Sci. 2021, 22, 3817. [CrossRef]

38. Barth, M.-C.; Häfner, N.; Runnebaum, I.B.; Weigand, W. Synthesis, characterization and biological investigation of the platinum(iv)
tolfenamato prodrug-resolving cisplatin-resistance in ovarian carcinoma cell lines. Int. J. Mol. Sci. 2023, 24, 5718. [CrossRef]

39. Spector, D.V.; Pavlov, K.G.; Akasov, R.A.; Vaneev, A.N.; Erofeev, A.S.; Gorelkin, P.V.; Nikitina, V.N.; Lopatukhina, E.V.;
Semkina, A.S.; Vlasova, K.Y.; et al. Pt(IV) prodrugs with non-steroidal anti-inflammatory drugs in the axial position. J. Med.
Chem. 2022, 65, 8227–8244. [CrossRef]

40. Li, Z.; Wang, Q.; Li, L.; Chen, Y.; Cui, J.; Liu, M.; Zhang, N.; Liu, Z.; Han, J.; Wang, Z. Ketoprofen and loxoprofen platinum(iv)
complexes displaying antimetastatic activities by inducing DNA damage, inflammation suppression, and enhanced immune
response. J. Med. Chem. 2021, 64, 17920–17935. [CrossRef]

41. Yasir Khan, H.; Parveen, S.; Yousuf, I.; Tabassum, S.; Arjmand, F. Metal complexes of NSAIDs as potent anti-tumor chemothera-
peutics: Mechanistic insights into cytotoxic activity via multiple pathways primarily by inhibition of COX–1 and COX–2 enzymes.
Coord. Chem. Rev. 2022, 453, 214316. [CrossRef]

42. Mazhar, D.; Gillmore, R.; Waxman, J. COX and cancer. Int. J. Med. 2005, 98, 711–718. [CrossRef] [PubMed]
43. Sangha, S.; Yao, M.; Wolfe, M.M. Non-steroidal anti-inflammatory drugs and colorectal cancer prevention. Postgrad. Med. J. 2005,

81, 223–227. [CrossRef]
44. Thun, M.J.; Henley, S.J.; Patrono, C. Nonsteroidal anti-inflammatory drugs as anticancer agents: Mechanistic, pharmacologic, and

clinical issues. J. Natl. Cancer Ins. 2002, 94, 252–266. [CrossRef] [PubMed]
45. Ramos-Inza, S.; Ruberte, A.C.; Sanmartín, C.; Sharma, A.K.; Plano, D. NSAIDs: Old acquaintance in the pipeline for cancer

treatment and prevention—Structural modulation, mechanisms of action, and bright future. J. Med. Chem. 2021, 64, 16380–16421.
[CrossRef] [PubMed]

46. Gonzalez-Angulo, A.M.; Fuloria, J.; Prakash, O. Cyclooxygenase 2 inhibitors and colon cancer. Ochsner J. 2002, 4, 176–179.
47. Ricciotti, E.; FitzGerald, G.A. Prostaglandins and inflammation. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 986–1000. [CrossRef]

[PubMed]
48. Zhang, S.; Cao, L.; Li, Z.; Qu, D. Metabolic reprogramming links chronic intestinal inflammation and the oncogenic transformation

in colorectal tumorigenesis. Cancer Lett. 2019, 450, 123–131. [CrossRef]
49. Pannunzio, A.; Coluccia, M. Cyclooxygenase-1 (COX-1) and COX-1 inhibitors in cancer: A review of oncology and medicinal

chemistry literature. Pharmaceuticals 2018, 11, 101. [CrossRef]
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78. Starek, M.; Plenis, A.; Zagrobelna, M.; Dąbrowska, M. Assessment of lipophilicity descriptors of selected NSAIDs obtained at
different tlc stationary phases. Pharmaceutics 2021, 13, 440. [CrossRef]

79. Asirvatham, S.; Dhokchawle, B.V.; Tauro, S.J. Quantitative structure activity relationships studies of non-steroidal anti-
inflammatory drugs: A review. Arab. J. Chem. 2019, 12, 3948–3962. [CrossRef]

80. Dorwald, F.Z. Lead Optimization for Medicinal Chemists: Pharmacokinetic Properties of Functional Groups and Organic Compounds;
Wiley-VCH: Weinheim, Germany, 2012.

81. Chen, C.K.J.; Gui, X.; Kappen, P.; Renfrew, A.K.; Hambley, T.W. The effect of charge on the uptake and resistance to reduction of
platinum(IV) complexes in human serum and whole blood models. Metallomics 2020, 12, 1599–1615. [CrossRef]

82. Chen, C.K.J.; Kappen, P.; Gibson, D.; Hambley, T.W. trans-Platinum(iv) pro-drugs that exhibit unusual resistance to reduction by
endogenous reductants and blood serum but are rapidly activated inside cells: 1H NMR and XANES spectroscopy study. Dalton
Trans. 2020, 49, 7722–7736. [CrossRef]

83. Chen, C.K.J.; Kappen, P.; Hambley, T.W. The reduction of cis-platinum(IV) complexes by ascorbate and in whole human blood
models using 1H NMR and XANES spectroscopy. Metallomics 2019, 11, 686–695. [CrossRef] [PubMed]

84. Liou, G.-Y.; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479–496. [CrossRef]
85. Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P.; Galasso, G.; Castoria, G.; Migliaccio, A. ROS in cancer therapy:

The bright side of the moon. Exp. Mol. Med. 2020, 52, 192–203. [CrossRef]
86. Jia, P.; Dai, C.; Cao, P.; Sun, D.; Ouyang, R.; Miao, Y. The role of reactive oxygen species in tumor treatment. RSC Adv. 2020, 10,

7740–7750. [CrossRef] [PubMed]
87. Aggarwal, V.; Tuli, H.S.; Varol, A.; Thakral, F.; Yerer, M.B.; Sak, K.; Varol, M.; Jain, A.; Khan, M.A.; Sethi, G. Role of reactive oxygen

species in cancer progression: Molecular mechanisms and recent advancements. Biomolecules 2019, 9, 735. [CrossRef] [PubMed]

https://doi.org/10.1039/C0MD00147C
https://doi.org/10.2174/0929867322666150209150639
https://doi.org/10.18632/oncoscience.132
https://doi.org/10.1016/j.cbi.2021.109644
https://doi.org/10.1016/j.jphotobiol.2021.112324
https://www.ncbi.nlm.nih.gov/pubmed/34619435
https://doi.org/10.1039/C2DT31323E
https://www.ncbi.nlm.nih.gov/pubmed/23018340
https://doi.org/10.1016/j.ica.2019.118964
https://doi.org/10.3390/ijms231810469
https://doi.org/10.1016/0022-1902(59)80224-4
https://doi.org/10.5935/0100-4042.20150003
https://doi.org/10.1021/jp0366116
https://doi.org/10.1002/cbdv.201800373
https://doi.org/10.1002/aoc.4763
https://doi.org/10.5402/2012/195727
https://www.ncbi.nlm.nih.gov/pubmed/22830056
https://doi.org/10.2165/11316640-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/19916578
https://doi.org/10.1517/13543780903362437
https://doi.org/10.1016/j.scitotenv.2014.05.127
https://doi.org/10.1016/j.ejps.2004.05.009
https://doi.org/10.3390/pharmaceutics13040440
https://doi.org/10.1016/j.arabjc.2016.03.002
https://doi.org/10.1039/d0mt00157k
https://doi.org/10.1039/D0DT01622E
https://doi.org/10.1039/c9mt00003h
https://www.ncbi.nlm.nih.gov/pubmed/30839039
https://doi.org/10.3109/10715761003667554
https://doi.org/10.1038/s12276-020-0384-2
https://doi.org/10.1039/C9RA10539E
https://www.ncbi.nlm.nih.gov/pubmed/35492191
https://doi.org/10.3390/biom9110735
https://www.ncbi.nlm.nih.gov/pubmed/31766246


Cancers 2023, 15, 2460 34 of 34

88. Prasad, S.; Gupta, S.C.; Tyagi, A.K. Reactive oxygen species (ROS) and cancer: Role of antioxidative nutraceuticals. Cancer Lett.
2017, 387, 95–105. [CrossRef] [PubMed]

89. Snezhkina, A.V.; Kudryavtseva, A.V.; Kardymon, O.L.; Savvateeva, M.V.; Melnikova, N.V.; Krasnov, G.S.; Dmitriev, A.A. ROS
Generation and antioxidant defense systems in normal and malignant cells. Oxid. Med. Cell Longev. 2019, 2019, 6175804.
[CrossRef]

90. Kumari, S.; Badana, A.K.; Murali, M.G.; Shailender, G.; Malla, R. Reactive oxygen species: A key constituent in cancer survival.
Biomark. Insights 2018, 13, 1177271918755391. [CrossRef]

91. Galadari, S.; Rahman, A.; Pallichankandy, S.; Thayyullathil, F. Reactive oxygen species and cancer paradox: To promote or to
suppress? Free Radic. Biol. Med. 2017, 104, 144–164. [CrossRef]

92. Mahmood, K.-A.S.; Ahmed, J.H.; Jawad, A.M. Non-steroidal anti-inflammatory drugs (NSAIDs), free radicals and reactive oxygen
species (ROS): A review of literature. Med. J. Basrah 2009, 27, 46–53. [CrossRef]

93. Ralph, S.J.; Pritchard, R.; Rodríguez-Enríquez, S.; Moreno-Sánchez, R.; Ralph, R.K. Hitting the bull’s-eye in metastatic cancers-
nsaids elevate ros in mitochondria, inducing malignant cell death. Pharmaceuticals 2015, 8, 62–106. [CrossRef]

94. Ramazani, E.; Tayarani-Najaran, Z.; Fereidoni, M. Celecoxib, indomethacin, and ibuprofen prevent 6-hydroxydopamine-induced
PC12 cell death through the inhibition of NFκB and SAPK/JNK pathways. Iran J. Basic Med. Sci. 2019, 22, 477–484. [PubMed]

95. Koncic, M.Z.; Rajic, Z.; Petric, N.; Zorc, B. Antioxidant activity of NSAID hydroxamic acids. Acta Pharm. 2009, 59, 235–242.
[CrossRef] [PubMed]

96. Spinelli, J.B.; Haigis, M.C. The multifaceted contributions of mitochondria to cellular metabolism. Nat. Cell Biol. 2018, 20, 745–754.
[CrossRef] [PubMed]

97. Pistritto, G.; Trisciuoglio, D.; Ceci, C.; Garufi, A.; D’Orazi, G. Apoptosis as anticancer mechanism: Function and dysfunction of its
modulators and targeted therapeutic strategies. Aging 2016, 8, 603–619. [CrossRef] [PubMed]

98. Suski, J.; Lebiedzinska, M.; Bonora, M.; Pinton, P.; Duszynski, J.; Wieckowski, M.R. Relation between mitochondrial membrane
potential and ROS formation. In Mitochondrial Bioenergetics: Methods and Protocols, 2nd ed.; Palmeira, C.M., Moreno, A.J., Eds.;
Springer: New York, NY, USA, 2018; pp. 357–381.

99. Joshi, D.; Bakowska, J. Determination of mitochondrial membrane potential and reactive oxygen species in live rat cortical
neurons. J. Vis. Exp. 2011, 51, 2704.

100. Zajac, J.; Kostrhunova, H.; Novohradsky, V.; Vrána, O.; Raveendran, R.; Gibson, D.; Kasparkova, J.; Brabec, V. Potentiation
of mitochondrial dysfunction in tumor cells by conjugates of metabolic modulator dichloroacetate with a Pt(IV) derivative of
oxaliplatin. J. Inorg. Biochem. 2016, 156, 89–97. [CrossRef]

101. Suntharalingam, K.; Awuah, S.G.; Bruno, P.M.; Johnstone, T.C.; Wang, F.; Lin, W.; Zheng, Y.R.; Page, J.E.; Hemann, M.T.;
Lippard, S.J. Necroptosis-inducing rhenium(V) oxo complexes. J. Am. Chem. Soc. 2015, 137, 2967–2974. [CrossRef]

102. Zorova, L.D.; Popkov, V.A.; Plotnikov, E.Y.; Silachev, D.N.; Pevzner, I.B.; Jankauskas, S.S.; Babenko, V.A.; Zorov, S.D.;
Balakireva, A.V.; Juhaszova, M.; et al. Mitochondrial membrane potential. Anal. Biochem. 2018, 552, 50–59. [CrossRef]

103. Kuznetsov, A.V.; Margreiter, R.; Ausserlechner, M.J.; Hagenbuchner, J. The complex interplay between mitochondria, ROS and
entire cellular metabolism. Antioxidants 2022, 11, 1995. [CrossRef]

104. Zhang, B.-b.; Wang, D.-g.; Guo, F.-f.; Xuan, C. Mitochondrial membrane potential and reactive oxygen species in cancer stem cells.
Fam. Cancer 2015, 14, 19–23. [CrossRef] [PubMed]

105. Hawkey, C.J. COX-1 and COX-2 inhibitors. Best Pract. Res. Clin. Gastroenterol. 2001, 15, 801–820. [CrossRef] [PubMed]
106. Song, J.; Wei, Y.; Chen, Q.; Xing, D. Cyclooxygenase 2-mediated apoptotic and inflammatory responses in photodynamic therapy

treated breast adenocarcinoma cells and xenografts. J. Photochem. Photobiol. 2014, 134, 27–36. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.canlet.2016.03.042
https://www.ncbi.nlm.nih.gov/pubmed/27037062
https://doi.org/10.1155/2019/6175804
https://doi.org/10.1177/1177271918755391
https://doi.org/10.1016/j.freeradbiomed.2017.01.004
https://doi.org/10.33762/mjbu.2009.49041
https://doi.org/10.3390/ph8010062
https://www.ncbi.nlm.nih.gov/pubmed/31217926
https://doi.org/10.2478/v10007-009-0017-8
https://www.ncbi.nlm.nih.gov/pubmed/19564147
https://doi.org/10.1038/s41556-018-0124-1
https://www.ncbi.nlm.nih.gov/pubmed/29950572
https://doi.org/10.18632/aging.100934
https://www.ncbi.nlm.nih.gov/pubmed/27019364
https://doi.org/10.1016/j.jinorgbio.2015.12.003
https://doi.org/10.1021/ja511978y
https://doi.org/10.1016/j.ab.2017.07.009
https://doi.org/10.3390/antiox11101995
https://doi.org/10.1007/s10689-014-9757-9
https://www.ncbi.nlm.nih.gov/pubmed/25266577
https://doi.org/10.1053/bega.2001.0236
https://www.ncbi.nlm.nih.gov/pubmed/11566042
https://doi.org/10.1016/j.jphotobiol.2014.03.015
https://www.ncbi.nlm.nih.gov/pubmed/24792472

	Introduction 
	Materials and Methods 
	Materials 
	Chemistry 
	Synthesis Route of NHS Esters 
	Synthesis Route of Platinum(II) Precursors and Platinum(IV) Scaffolds 
	Synthesis Route of Platinum(IV) Derivatives Incorporating NPX and ACE (1–6) 

	Instrumentation 
	Physicochemical and Biological Investigations 
	Solubility Measurements 
	Stability Studies 
	Lipophilicity Studies 
	Reduction Studies 
	Cell Viability Assays 
	Reactive Oxygen Species (ROS) Potential 
	Mitochondrial Membrane Potential (MtMP) 
	Cyclooxygenase-2 (COX-2) Inhibition 


	Results and Discussion 
	Synthesis and Characterisation 
	NMR Spectra Assignment 
	Electronic Spectra Analysis 
	Solubility Measurements 
	Lipophilicity Measurements 
	Preliminary Reduction Studies 
	Stability Studies 

	Biological Investigations 
	Growth Inhibition Studies 
	ROS Potential 
	Mitochondrial Membrane Potential (MtMP) 
	Cyclooxygenase-2 (COX) Inhibition 


	Conclusions 
	Patents 
	References

