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Abstract: Four platinum(IV) prodrugs incorporating a biotin moiety to selectively target cancer
cells were synthesised, characterised, and their biological activity assessed. All complexes exhib-
ited exceptional in vitro cytotoxicity against a panel of cancer cell lines, with [Pt(5,6-dimethyl-1,10-
phenanthroline)(1S,2S-diaminocyclohexane)(biotin)(hydroxido)](NO3)2, (2) exhibiting the lowest
GI50 of 4 nM in the prostate Du145 cancer cell line. Each complex displayed significantly enhanced
activity compared to cisplatin, with 2 being 1000-fold more active in the HT29 colon cancer cell line.
Against the MCF-7 breast cancer cell line, in which high levels of biotin receptors are expressed,
2, [Pt(4,7-dimethoxy-1,10-phenanthroline)(1S,2S-diaminocyclohexane)(biotin)(hydroxido)](NO3)2,
(3), and [Pt(5-methyl-1,10-phenanthroline)(1S,2S-diaminocyclohexane)(biotin)(hydroxido)](NO3)2,
(4) exhibited enhanced activity compared to their platinum(II) cores, with 4 being 6-fold more active
than its platinum(II) precursor. Furthermore, 3 exhibited 3-fold greater selectivity towards MCF-7
breast cancer cells compared to MCF10A breast healthy cells, and this was further confirmed by plat-
inum uptake studies, which showed 3 to have almost 3-fold greater uptake in MCF-7 cells, compared
to MCF10A cells. The results show that lipophilicity and selectivity both contributed to the cellular
uptake of 1–4; however, this was not always translated to the observed cytotoxicity.

Keywords: 56MESS; biotin; cancer; cellular accumulation; cytotoxicity; lipophilicity; platinum(IV);
prodrugs; receptor target; selectivity

1. Introduction

Cancer is the second leading cause of death worldwide, accounting for ~10 million
deaths in 2020 [1]. Chemotherapy is one of the main forms of cancer treatment, with
platinum-based drugs administered in ~50% of all chemotherapy treatments [2]. Platinum
compounds approved by the FDA for cancer treatment worldwide include cisplatin and its
derivatives, carboplatin and oxaliplatin (Figure 1), which are effective in the treatment of
numerous cancer types [3–5]. The structural similarities of these platinum(II) complexes
give rise to similar mechanisms of action where they bind covalently to DNA, distorting
the double helix, which ultimately results in cell death [6,7]. Despite the great efficiency
of these compounds against numerous cancers, their applicability is limited due to in-
trinsic and acquired drug resistance and toxic side-effects caused by reactions with off
target molecules [8,9]. Third generation platinum(II) complexes have been developed
and approved for regional use, including nedaplatin, lobaplatin, and heptaplatin, which
are approved for clinical use in Japan, China, and the Republic of Korea, respectively
(Figure 1) [10–13]. However, by employing the same square planar design, these second
and third generation complexes elicit analogous mechanisms of action, with similar clinical
challenges to cisplatin [11].
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lobaplatin (e), and heptaplatin (f).

One way of addressing these limitations is by designing platinum compounds that
deviate from the traditional structural design of cisplatin and its second and third gen-
eration derivatives. A promising group of unconventional platinum complexes of the
type [Pt(PL)(AL)]2+, where PL is a polyaromatic ligand such as 1,10-phenanthroline (Phen)
and AL is a chiral ancillary ligand, such as 1S,2S-diaminocyclohexane (SSDACH), exhibit
in vitro nanomolar GI50 values across several cancer cell lines [14,15]. Dissimilar to cisplatin,
this group of complexes exhibit multimodal mechanisms of action contributing to their cy-
totoxicity, where they were reported to alter the cytoskeletal environment, damage nuclear
DNA, reduce the mitochondrial membrane potential, and induce epigenetic processes [16].
However, the noteworthy in vitro cytotoxicity of these compounds has not entirely trans-
lated in vivo, suggesting poor pharmacokinetics [17]. To address this, platinum(IV) com-
plexes comprising two hydroxido axial ligands in the form [Pt(PL)(AL)(OH)2]2+ were
created by oxidation, and have been reported to exhibit improved activity in vivo [18,19].

Platinum(IV) compounds are more kinetically stable due to their low spin, d6 oc-
tahedral geometry, making them less susceptible to react with undesirable extracellular
biomolecules, which is key in reducing side-effects [20–22]. The two additional ligands
in the axial positions of platinum(IV) complexes allow for facile derivatisation to modify
the pharmacological properties of the drug, including reduction potential, lipophilicity,
bioactivity, and, more importantly, selectivity [23–26]. Platinum(IV) prodrugs have a single
pharmacokinetic profile which has advantages over administering a cocktail of drugs in
combination. Drug delivery is facilitated by reduction to platinum(II) with concomitant
release of the axial ligands once inside the cell [27–29]. Three platinum(IV) complexes
have entered clinical trials—iproplatin, tetraplatin, and satraplatin—however, iproplatin
and tetraplatin were rejected due to severe neurotoxicity and lower activity than current
platinum(II) drugs, respectively, which could be attributed to the simple axial ligands
(Figure 2) [30]. Satraplatin in combination with prednisone completed phase III of clinical
trials; however, satraplatin was not approved by the FDA due it not showing an overall
improvement in survival [31–36].
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Figure 2. The chemical structures of platinum(IV) compounds iproplatin (a), tetraplatin (b), and
satraplatin (c) that entered clinical trials.

To improve selectivity, targeting vectors have been tethered to many platinum(IV) pro-
drugs [9]. Suitable targets include receptors that are overexpressed on cancer cells, which can
be exploited as biomarkers to selectively target and deliver the prodrug to cancer cells [13,37].
Due to the rapidly dividing nature of cancer cells, an increased level of vitamins, such as
vitamin B12, folic acid, riboflavin, and biotin (vitamin H or B7) are necessary to sustain this
rapid growth and are important for tumour proliferation [38,39]. Therefore, the receptors
involved in the uptake of vitamins become overexpressed on the surface of cancer cells. Of
these, biotin receptors, (known as sodium-dependent multivitamin transporters (SMVTs)),
have been reported to be the most overexpressed vitamin receptors on cancer cells, although
they have been investigated the least [38–40]. Some biotin-conjugated chemotherapeutics
have been developed and have shown to selectivity target cancer cells [41–45].

To improve the selectivity of [Pt(PL)(AL)(OH)2]2+-type complexes towards cancer cells, we
have developed a series of biotin conjugated platinum(IV) prodrugs of the type [Pt(PL)(AL)(biotin)
(OH)]2+, where PL = Phen or a substituted variant of Phen and AL = SSDACH (Figure 3). These
include: [Pt(1,10-phenthroline)(1S,2S-diaminocyclohexane)(biotin)(hydroxido)](NO3)2 (1), [Pt(5,6-
dimethyl-1,10-phenanthroline)(1S,2S-diaminocyclohexane)(biotin)(hydroxido)](NO3)2 (2), [Pt(4,7-
dimethoxy-1,10-phenanthroline)(1S,2S-diaminocyclohexane)(biotin)(hydroxido)](NO3)2 (3), and
[Pt(5-methyl-1,10-phenanthroline)(1S,2S-diaminocyclohexane)(biotin)(hydroxido)](NO3)2 (4). Pre-
vious studies have explored the conjugation of COX inhibitors as well as long chain fatty acids
to these types of platinum complexes and whilst they displayed promising results, they were
not shown to exhibit selectivity towards cancer cells in vitro [24,46,47]. This is the first report
of a receptor targeting moiety conjugated to these types of platinum complexes. Additionally,
previous studies have utilised the platinum(II) cores PHENSS(II) and 56MESS(II) in prodrugs,
whereas here, we have developed a series of compounds with four different cores to determine
how the core influences their activity (Figure 3). The complexes were fully characterised using a
range of biophysical techniques, their lipophilicity was ascertained using RP-HPLC, and NMR
spectroscopy was used to assess their reduction half-life in the presence of ascorbic acid. The
in vitro cytotoxicity was determined using MTT assays against a group of cancerous cell lines
and one non-cancerous cell line to assess their selective toxicity towards cancer cells. To further
investigate their activity, ICP-MS was utilised to investigate the cellular accumulation in two
breast cell lines: the cancerous MCF-7 cell line, which has a high level of biotin expression, and
the non-cancerous MCF10A cell line, which has no biotin expression [45].
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Figure 3. The chemical structures of complexes 1–4 comprised of biotin (blue) conjugated to different
platinum cores (black) PHENSS (1), 56MESS (2), 47OMESS (3), and 5MESS (4).

2. Materials and Methods
2.1. Materials

All reagents were used as received without further purification. MilliQTM water (Merck,
Melbourne, Australia) was utilised, and organic solvents were of analytical grade. We
acquired 1S,2S-Diaminocyclohexane (SSDACH, 98%), 4,7-dimethoxy-1,10-phenanthroline
(47O2Me2Phen), 1,10-phenanthroline (Phen), 5-methyl-1,10-phenanthroline (5MePhen), 5,6-
dimethyl-1,10-phenanthroline (56Me2Phen), biotin, silver nitrate, N-(3-Dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC-HCl), and N-hydroxysuccinimide (NHS) from
Sigma-Aldrich, Sydney, NSW. Potassium tetrachloroplatinate (K2PtCl4) was obtained from Pre-
cious Metals Online. Potassium iodide (KI) was purchased from Merck, Melbourne, Australia.
Hydrogen peroxide (H2O2, 30%) was obtained from VWR chemicals, Philadelphia, USA. Ace-
tonitrile (ACN), dimethyl formamide (DMF), diethyl ether, methanol (MeOH), and dimethyl
sulfoxide (DMSO) were purchased from Chem-Supply, Adelaide, Australia. Sep-Pak® C18
columns were acquired from Waters, Australia. For ICP-MS experiments, the certified refer-
ence standard used was purchased from High-Purity standards, North Charleston, United
States. Ultra-pure HNO3 (69%) was obtained from Choice Analytical, Sydney, Australia.
Deuterated solvents used for NMR experiments (d6-dimethyl sulfoxide (DMSO-d6, 99.9%)
and deuterium oxide (D2O, 99.9%) were acquired from Novachem, Melbourne, Australia.

2.2. Synthesis of [Pt(PL)(SSDACH)]Cl2 (PHENSS(II), 56MESS(II), 47OMESS(II), and
5MESS(II)) and [Pt(PL)(SSDACH)(OH)2](NO3)2 (PHENSS(IV), 56MESS(IV), 47OMESS(IV),
and 5MESS(IV)) (Where PL = Phen, 56Me2Phen, 47O2Me2Phen or 5MePhen)

The platinum(II) and platinum(IV) precursors were synthesised following previously
published methods [18,46,48].
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2.3. Synthesis of Biotin-NHS Ester

The synthesis of Biotin-NHS followed a method previously published [42]. Biotin
(400 mg, 1.64 mmol), NHS (0.283 g, 2.46 mmol), and EDC-HCl (0.345 g, 1.80 mmol) were
dissolved in anhydrous DMF (12 mL) and left to stir at room temperature overnight. The
resulting solution was then added to ice-cold water (80 mL) forming a white precipitate.
Vacuum filtration was used to collect the precipitate which was then washed with H2O (×2)
and MeOH (×2). The biotin-NHS ester was used immediately for the next step (conjugated
to platinum) or stored at −20 ◦C. Yield (463.9 mg, 83%). 1H NMR (400 MHz, DMSO-d6)
δ (ppm): 6.42 (s, 1H), 6.37 (s, 1H), 4.31 (m, 1H), 4.15 (m, 1H), 3.11 (m, 1H), 2.82 (m, 5H),
2.68 (t, J = 7.34 Hz, 2H), 2.59 (d, J = 12.43 Hz, 1H), 1.66 (m, 3H), 1.46 (m, 3H).

2.4. Synthesis of [Pt(PL)(SSDACH)(Biotin)(OH)](NO3)2 (PL = Phen (1), 56Me2Phen (2),
47O2Me2Phen (3), or 5MePhen (4))

[Pt(PL)(SSDACH)(OH)2](NO3)2 (200 mg) and 2 mol. equiv. of Biotin-NHS ester were
dissolved in DMSO (1.5–2 mL) and stirred in the dark at 40 ◦C overnight. This produced a
golden-green solution which was diluted with MeOH (6 mL) and precipitated with ether
(~40 mL). The resulting white precipitate was collected by vacuum filtration and washed
with ether. To purify these complexes, a flash chromatography system was employed.
Complexes were dissolved in minimal water then eluted through a C18 column over
different H2O/MeOH gradients at a flowrate of 4 mL/min (outlined in Table S1).

2.4.1. [Pt(Phen)(SSDACH)(Biotin)(OH)](NO3)2 (1)

Yield (178.1 mg, 66%). Electronic spectrum λmax nm (ε/mol−1 dm3 cm−1, water):
204 (70,400 ± 180), 279 (25,300 ± 70), 306 (6200 ± 85). CD spectrum λmax nm (mdeg mol
L−1, water): 212 (−2.8), 276 (−0.4). 1H NMR (400 MHz, D2O) δ (ppm): 9.34 (d, J = 5.46 Hz,
1H), 9.26 (d, J = 5.51 Hz, 1H), 9.01 (dd, J1 = 8.26 Hz, J2 = 1.85 Hz, 2H), 8.34 (s, 2H), 8.27 (dd,
J1 = 8.07 Hz, J2 = 5.71 Hz, 2H), 4.43 (dd, J1 = 7.90 Hz, J2 = 4.83 Hz, 1H), 4.01 (dd, J1 = 7.96 Hz,
J2 = 4.55 Hz, 1H), 3.16 (m, 2H), 2.78 (m, 2H), 2.61 (d, J = 13.11 Hz, 1H), 2.39 (m, 2H),
2.06 (m, 2H), 1.68 (m, 4H), 1.30 (m, 2H), 1.17 (m, 2H), 1.04 (m, 1H), 0.91 (m, 1H), 0.60 (m,
1H), 0.46 (m, 1H). 1H-195Pt HMQC (400/86 MHz, D2O): δ 9.36, 9.25, 8.26/539. 195Pt NMR
(86 MHz, D2O): δ 539 ppm. HPLC tR: 5.7 min. HRMS-ESI: Calc. [M-H]+ m/z = 748.2245,
found = 748.2262.

2.4.2. [Pt(56Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (2)

Yield (170.9 mg, 64%). Electronic spectrum λmax nm (ε/mol−1 dm3 cm−1, water):
206 (75,900 ± 360), 290 (26,800 ± 170), 318 (6700 ± 30). CD spectrum λmax nm (mdeg
mol L−1, water): 212 (−2.6), 243 (−0.6), 256 (0.1), 286 (−0.6). 1H NMR (400 MHz, D2O)
δ (ppm): 9.29 (d, J = 5.48 Hz, 1H), 9.19 (m, 3H), 8.24 (m, 2H), 4.39 (dd, J1 = 7.85 Hz,
J2 = 4.72 Hz, 1H), 3.93 (dd, J1 = 7.88 Hz, J2 = 4.48 Hz, 1H), 3.14 (m, 2H), 2.83 (s, 6H),
2.70 (m, 2H), 2.55 (d, J = 12.95 Hz, 1H), 2.38 (m, 2H), 2.15 (m, 1H), 2.00 (m, 1H), 1.67 (m, 4H),
1.29 (m, 2H), 1.11 (m, 2H), 1.01 (m, 1H), 0.73 (m, 1H), 0.37 (m, 1H), 0.23 (m, 1H). 1H-195Pt
HMQC (400/86 MHz, D2O): δ 9.30, 9.17, 8.25/527. 195Pt NMR (86 MHz, D2O): δ 526 ppm.
HPLC tR: 6.2 min. HRMS-ESI: Calc. [M-H]+ m/z = 776.2558, found = 776.2574.

2.4.3. [Pt(47O2Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (3)

Yield (163.7 mg, 62%). Electronic spectrum λmax nm (ε/mol−1 dm3 cm−1, water):
194 (110,400 ± 190), 212 (103,200 ± 130), 267 (60,100 ± 130), 280 (38,100 ± 320),
347 (8200 ± 15). CD spectrum λmax nm (mdeg mol L−1, water): 214 (−2.7), 247 (0.1),
268 (−0.5), 305 (0.5). 1H NMR (400 MHz, D2O) δ (ppm): 9.08 (d, J = 6.74 Hz, 1H), 8.99 (d,
J = 6.76, 1H), 8.38 (s, 2H), 7.63 (dd, J1 = 6.84 Hz, J2 = 2.04 Hz, 2H), 4.43 (dd, J1 = 7.86 Hz,
J2 = 4.84 Hz, 1H), 4.31 (s, 6H), 3.97 (dd, J1 = 7.88 Hz, J2 = 4.53 Hz, 1H), 3.11 (m, 2H),
2.67 (m, 3H), 2.37 (m, 2H), 2.07 (m, 2H), 1.67 (m, 4H), 1.28 (m, 2H), 1.14 (m, 2H), 1.01 (m,
1H), 0.84 (m, 1H), 0.45 (m, 1H), 0.33 (m, 1H). 1H-195Pt HMQC (400/86 MHz, D2O): δ 9.08,
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8.97, 7.63/590. 195Pt NMR (86 MHz, D2O): δ 590 ppm. HPLC tR: 6.5 min. HRMS-ESI: Calc.
[M-H]+ m/z = 808.2456, found = 808.2479.

2.4.4. [Pt(5MePhen)(SSDACH)(Biotin)(OH)](NO3)2 (4)

Yield (174.5 mg, 65%). Electronic spectrum λmax nm (ε/mol−1 dm3 cm−1, water):
206 (72,400 ± 310), 284 (25,800 ± 160), 312 (6500 ± 50). CD spectrum λmax nm (mdeg
mol L−1, water): 212 (−1.8), 242 (−0.3), 251 (0.3), 284 (−0.3). 1H NMR (400 MHz, D2O)
δ (ppm): 9.35 (d, J = 5.61 Hz, 1H), 9.25 (t, J = 4.83 Hz, 1H), 9.17 (m, 1H), 8.96 (m, 1H), 8.29
(m, 1H), 8.20 (m, 1H), 8.15 (s, 1H), 4.42 (dd, J1 = 7.83 Hz, J2 = 4.97 Hz, 1H), 3.97 (m, 1H),
3.16 (m, 2H), 2.90 (s, 3H), 2.74 (m, 2H), 2.59 (m, 1H), 2.38 (m, 2H), 2.12 (m, 1H), 2.01 (m, 1H),
1.68 (m, 4H), 1.29 (m, 2H), 1.14 (m, 2H), 1.02 (m, 1H), 0.81 (m, 1H), 0.49 (m, 1H), 0.33 (m,
1H). 1H-195Pt HMQC (400/86 MHz, D2O): δ 9.37, 9.26, 9.14/540. 195Pt NMR (86 MHz, D2O):
δ 540 ppm. HPLC tR: 5.9 min. HRMS-ESI: Calc. [M-H]+ m/z = 762.2401, found = 762.2419.

2.5. NMR Spectroscopy

We obtained 1D and 2D NMR spectra using a Bruker Avance (Melbourne, Australia)
400 MHz spectrometer. All spectral data were acquired at 298 K and samples were prepared
in either D2O or DMSO-d6. For 1H NMR spectra, 65,536 data points were obtained, with
a spectral width of 8251 Hz. COSY spectra were acquired using a spectral width of
4085 Hz for both 1H nuclei (F1 and F2 dimensions), with 256 data points for F1 and
2048 data points for F2. 195Pt NMR spectra were recorded with 674 data points and a
spectral width of 85,470 Hz. 1H-195Pt HMQC spectra were obtained using a spectral width
of 215,156 Hz and 256 data points for the 195Pt nucleus (F1 dimension) and a spectral width
of 4808 Hz and 2048 data points for the 1H nucleus (F2 dimension). The chemical shifts are
reported in parts per million (ppm) and the J coupling constants are reported in Hz.

2.6. Flash Chromatography

A Biotage IsoleraTM One flash chromatography system (Shimadzu, Sydney, Australia)
was used to purify the platinum complexes (1–4). Samples were dissolved in minimal water
and eluted through a Biotage SNAP KP-C18-HS 12 g cartridge (Shimadzu, Sydney, Australia)
using varying H2O/MeOH gradients at 4 mL/min (Table S1). Sample absorbances were
monitored at wavelengths 230 and 280 nm, using a photodiode array (PDA).

2.7. Ultraviolet (UV) Absorption Spectroscopy

An Agilent Cary 3500 UV-Vis spectrophotometer (Melbourne, Australia) was used
to obtain UV absorbance spectra. Samples were prepared in water at room temperature.
A 1 cm quartz cuvette was used to collect data from 190–400 nm, with water as the reference.
To determine the extinction coefficients, a concentrated stock solution of each complex
(1 mM) was initially prepared in water and aliquoted (2–5 µL) into a cuvette containing wa-
ter (3000 µL). Experiments were repeated in triplicate and the average extinction coefficients
were calculated.

2.8. Circular Dichroism (CD) Spectroscopy

Circular dichroism (CD) spectra were obtained using a Jasco J-810 CD spectropolarime-
ter (Easton, United States) in the range 200–400 nm. All samples were prepared at room
temperature in water in a 1 cm cylindrical quartz cuvette. Spectra were obtained over
50 accumulations using a scan speed of 100 nm/min, a spectral bandwidth of 1 nm, a
response of 1 s, a data pitch of 1 nm, and a sensitivity setting of 100 mdeg, with nitrogen
gas flowing at 6 L/min. A water baseline was subtracted from each spectrum and HT
levels remained below 450 V for all samples.

2.9. Mass Spectrometry (MS)

A Waters (Sydney, Australia) SYNAPT G2-S quadruple time-of-flight (QTOF) HDMS
equipped with an ESI source was used to obtain spectra in positive ion mode. All samples
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were prepared in water at a concentration of 10–100 ng/mL. Spectra were acquired in the
range m/z = 50–1200 Da using a capillary voltage ranging from 1–2.0 kV.

2.10. High Performance Liquid Chromatography (HPLC) and Lipophilicity Measurements

HPLC experiments were carried out using an Agilent Technologies (Melbourne, Aus-
tralia) 1260 Infinity instrument, equipped with a Phenomenex (Sydney, Australia) OnyxTM

Monolithic C18 reverse phase column (100 × 4.6 mm, 130 Å). The mobile phase was made
up of 0.06% TFA in water (solvent A) and 0.06% TFA in an acetonitrile:water (9:1) mixture
(solvent B). Samples were eluted over a gradient of 0–100% (% B) for 15 min, at a flow rate
of 1 mL/min, with a sample injection volume of 10 µL. Eluting peaks were detected using
a PDA at 254 nm.

For lipophilicity experiments, RP-HPLC was utilised to determine the log kw of each
compound, similarly to what has been previously published for similar complexes [46].
Samples were eluted at various isocratic percentages, ranging from 18–30% solvent B. To
determine the dead volume of the column, potassium iodide was used as an external dead
volume marker. The retention time of each sample in each isocratic run (tr) and the dead
volume time (t0) were both substituted in Equation (1) to calculate the capacity factor (k).

k =
tr − t0

t0
(1)

Following this, log k was plotted against the percentage of ACN. For each complex, a
minimum of four concentrations of ACN were used. This produced a linear graph with the
equation in the form:

log k = Sϕ + log kw (2)

where S is the slope, ϕ is the percentage of ACN, and log kw is the y-intercept, which
represents the capacity factor of the compound in 100% water.

2.11. In Vitro Cytotoxicity Assay

The in vitro cytotoxicity assays were undertaken at Calvary Mater Hospital, Waratah,
NSW, Australia, following a method previously published in the literature [47]. A stock
solution for each compound was prepared in DMSO (30 mM) and stored at −20 ◦C. The cell
lines used in the study include HT29 colon, U87 glioblastoma, MCF-7 breast, A2780 ovarian,
H460 lung, A431 skin, Du145 prostate, BE2-C neuroblastoma, SJ-G2 glioblastoma, MIA
pancreas, and cisplatin-resistant ADDP ovarian (subclone of A2780) cancer cells, as well as
the non-cancerous-derived MCF10A breast cell line. The cancer cell lines were cultured in
a humidified atmosphere 5% CO2 at 37 ◦C and maintained in Dulbecco’s modified Eagle’s
medium (Trace Biosciences, Sydney, Australia), supplemented with 10% foetal bovine
serum, sodium bicarbonate (10 mM), penicillin (100 IU/mL), streptomycin (100 µg/mL),
and glutamine (4 mM). The non-cancerous MCF10A cell line was maintained in DMEM:F12
(1:1) cell culture media, with 5% heat inactivated horse serum, supplemented with penicillin
(50 IU/mL), streptomycin (50 µg/mL), glutamine (2 mM), HEPES (20 mM), epidermal
growth factor (20 ng/mL), hydrocortisone (500 ng/mL), cholera toxin (100 ng/mL), and
insulin (10 µg/mL). Cells were plated in duplicate in medium (100 µL) at a density of
2500–4000 cells per well in 96-well plates. On day 0, (24 h after plating) when the cells
were in logarithmic growth, medium (100 µL) with or without the test agent was added to
each well. The growth inhibitory effects were evaluated after 72 h drug exposure, using
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, with the
absorbance read at 540 nm. An eight-point dose–response curve was produced, which was
used to determine the concentration at which growth was inhibited by 50% (GI50). This
calculation was based on the difference between the optical density values on day 0 and
those at the end of drug exposure. The GI50 values for cisplatin, carboplatin, oxaliplatin,
PHENSS(II), 56MESS(II), PHENSS(IV), and 56MESS(IV) were taken from the literature,



Pharmaceutics 2022, 14, 2780 8 of 22

where the same method was used [18,46,47]. Experiments were conducted on three separate
occasions and GI50 values were reported as the mean and standard error of the mean.

2.12. Cellular Accumulation

Cellular uptake studies were carried out in MCF-7 (breast cancer) and MCF10A
(healthy breast) cell lines. Reported in Table S2 are the numbers of cells per well that were
seeded onto 12-well plates for each replicate and cell line. After incubating overnight at
37 ◦C, the cell culture medium was replaced with fresh media containing the test com-
pounds at concentrations of 1.0 and 0.1 µM. After incubating for 4 h, the medium was
removed, the cells were washed with PBS twice, and then incubated with trypsin solution
until the cells dissociated from the plate. The harvested cells were then placed into an
Eppendorf tube and PBS was added to a volume of 1 mL. Cell numbers were determined
using trypan blue staining. Cell pellets were obtained after centrifugation and the cells
were dispersed in 50 µL of MilliQ™ water and stored immediately at −20 ◦C until plat-
inum analysis was conducted. These experiments were repeated in triplicate on three
separate occasions.

2.13. Platinum Analysis

Sixty-nine percent HNO3 (50 µL) was added to each sample and digested at 80 ◦C for
1.5 h, before being taken up to 1 mL with H2O. The platinum analysis was conducted using
a PerkinElmer (Melbourne, Australia) NexION™ 300X inductively coupled plasma mass
spectrometer (ICP-MS). A four-point calibration curve was produced by serial dilution of a
certified platinum reference standard. The calibration was linear over the working range
(R2 > 0.9999) and the most abundant platinum isotope (m/z = 195) was monitored. The
average values for three independent experiments were reported with standard deviations.

3. Results and Discussion
3.1. Synthesis and Characterisation

The synthesis of the platinum(II) (PHENSS(II), 56MESS(II), 47OMESS(II), and
5MESS(II)) and di-hydroxido platinum(IV) (PHENSS(IV), 56MESS(IV), 47OMESS(IV),
and 5MESS(IV)) precursors were completed following previous methods with no modifica-
tions [18,46,48]. The NHS ester of biotin was initially synthesised, which was subsequently
reacted with the corresponding di-hydroxido platinum(IV) complex in minimal DMSO.
For the more lipophilic Phen derivatives, slightly more DMSO was used to ensure com-
plete dissolution. 195Pt NMR experiments were used to monitor the formation of the
mono-substituted complex from the di-hydroxido platinum(IV) complex in the reaction to
mixture. In DMSO, a platinum chemical shift of ~330 ppm correlates with the unreacted
di-hydroxido platinum(IV), while a platinum chemical shift of ~480 ppm corresponds to
the mono-substituted platinum(IV) complexes of this type [24,48].

The first reaction was initially trialled using 2 molar equivalents of the biotin-NHS
ester and left to stir at room temperature. After ~12 h, 195Pt NMR showed that a significant
amount of di-hydroxido platinum(IV) remained unreacted in the solution. Consequently,
it was heated to 45 ◦C, and was shown to fully react after another ~12 h. Thus, for the
remaining complexes, rather than increasing the equivalence of the biotin, the reactions
were heated to 45 ◦C since heat facilitated the reaction, and full conversion was achieved
within 12 h. After full conversion to the mono-substituted complex, the solution was
diluted with MeOH, and the product was precipitated by the addition of diethyl ether.
All complexes were purified using flash chromatography to isolate the mono-substituted
complex from any unreacted ligand or platinum. The resulting white precipitate was
dissolved in water, which permitted the insoluble biotin to be filtered off before purification
using flash chromatography. Complexes were eluted at a flow rate of 4 mL/min, using a
C18 12 g cartridge and various H2O/MeOH gradients (Table S1).

We used 1D and 2D NMR spectroscopy to evaluate the structure and purity of each
complex (Figures S1–S18). RP-HPLC was utilised to confirm the purity of each complex,
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with all chromatograms showing peak areas greater than 95% (Figures S19–S22). ESI-MS
produced the correct mass peaks and expected isotopic distribution patterns for platinum
complexes (Figures S23–S26). All characterisation data confirmed the successful synthesis
and purification of each complex (Table S3).

3.2. NMR Spectroscopy

A combination of 1D (1H and 195Pt) and 2D (1H-1H COSY and 1H-195Pt HMQC) NMR
experiments were undertaken to characterise each complex (Figures S1–S18). The NMR
spectra of the platinum(II) and platinum(IV) precursors were each in agreement with
published data [18,49]. In the 1H NMR spectra of 1–4, the resonances arising from the PL
in the aromatic region and those observed in the aliphatic region corresponding to the AL
SSDACH were all consistent with previously published NMR elucidations [18,49].

Also depicted in the aliphatic region are the resonances from the axially bound biotin
ligand, which displays resonances comparable to previous literature (Figures S3, S7, S11
and S15) [42]. In the 1H NMR spectrum of 1, there were resonances at 4.43 and 4.01 ppm,
each integrating for 1 proton (Figure 4). The resonance at 4.43 ppm was assigned to G,
as this was coupled to two protons (at 2.78 and 2.61 ppm, assigned to protons H), whilst
the resonance at 4.01 ppm was assigned to F, as this was only coupled to one resonance
(2.78 ppm, assigned to E). In the COSY spectrum, E was also coupled to two resonances
at 1.17 and 0.91 ppm, and thus assigned to the two protons at D. The resonances for D
were also coupled to two additional resonances, at 0.60 and 0.46 ppm, corresponding to
C. The protons at C were also each coupled to the resonances at 1.17 and 1.04 ppm, and
therefore assigned to B, which was coupled to the multiplet integrating for two protons at
2.06 ppm. This multiplet was assigned to A, which exhibited a downfield chemical shift
due to the electronegativity from the oxygens. The assignment for the protons of biotin in
2–4 followed the same rationale as 1 (Figures S7, S11 and S15).
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The amine proton resonances were not observed in any of the spectra due to exchange
with D2O. Since the platinum coordination sphere is sensitive to any changes, 195Pt and 1H-
195Pt HMQC NMR experiments were undertaken to determine the platinum chemical shift
and confirm the successful conjugation of biotin to the platinum centre (Figures S5, S6, S9,
S10, S13, S14, S17 and S18). The di-hydroxido platinum(IV) precursors from this group ex-
hibit platinum chemical shifts at ~400 ppm (in D2O), whilst the mono-substituted complexes
experience a downfield chemical shift, towards ~530 ppm [46,48]. Complexes 1, 2, and 4
exhibited platinum chemical shifts at ~530 ppm, consistent with similar mono-substituted
complexes; however, 3, with the coordinated PL 4,7-dimethoxy-1,10-phenanthroline, ex-
hibited a further downfield shift at ~590 ppm. This increased downfield shift was also
exhibited by its di-hydroxido platinum(IV) precursor and is due to the electronegativity of
the methoxy groups on the phenanthroline [49]. The NMR characterisation confirmed the
successful conjugation of biotin to platinum for each complex.

3.3. Electronic Spectra

UV experiments were completed for 1–4 and their molar extinction coefficients were
calculated (Table S3 and Figures S27–S30). The spectra displayed the expected π–π* tran-
sitions arising from the 1,10-phenthanroline and metal-to-ligand charge transfer (MLCT)
interactions [18]. There were two distinct absorbance bands produced by each complex,
with additional weaker bands. Complexes 1, 2, and 4 each displayed a strong absorbance
band at ~205 nm; however, 3, with the 4,7-dimethoxy substituent, exhibited a blue-shift of
11 nm compared to them, absorbing at 194 nm (Figure 5) The second strong absorbance
band was present in the spectra of 1, 2, and 4 at ~280 nm, and it was observed that the
addition of methyl groups on the PL resulted in this band being red-shifted. For 1, with
the Phen substituent, this absorbance band was observed at 279 nm. The addition of one
methyl group in 4 resulted in a red-shift of 5 nm, absorbing at 284 nm, and the addition
of a second methyl group in 2 resulted in another red-shift, of 6 nm, absorbing at 290 nm.
The red-shift caused by the methyl groups on the Phen is consistent with that observed
by similar compounds published previously [18,49,50]. In contrast, the methoxy groups
present in 3 resulted in a blue-shift in this region, showing it absorbing strongly at 267 nm.
The spectra of 1, 2, and 4 also displayed a weak absorption band at ~306 nm, which was
red-shifted by 6 nm by the addition of each methyl group. The band in this region was
not clearly defined for 3. The spectrum of 3 also depicted additional peaks at 212, 280, and
347 nm, which are attributed to the substituents on the Phen, as these were also present in
the spectrum of the 47O2Me2Phen ligand. A shoulder at ~240 nm was observed for each
complex, which is attributed to the MLCT interactions, since it was not exhibited by the
individual PLs.

CD spectroscopy was used to confirm the chirality of each complex (Figures S31–S34).
The chirality of the AL is important for the activity of these complexes since the SSDACH
derivatives demonstrate superior activity to their RRDACH analogues, and thus it is vital
to ensure that the chirality was conserved during synthesis [51,52]. As shown in Figure 6,
the main similarity depicted in the CD spectra of 1–4 is the strong negative peak at ~212 nm.
Complex 1, with the PL Phen, exhibited only one additional peak that was clearly defined
at 276 nm. Complexes 4 and 2, with the PL comprising of one and two methyl substituents,
respectively, exhibited comparable spectra, with both showing two additional negative
peaks at ~242 and ~285 nm and one positive peak at ~254 nm. Complex 3, with the PL
containing the methoxy groups exhibited distinctly different absorption patterns, showing
one additional negative peak at 268 nm and two positive peaks at 247 and 305 nm. The
general spectral pattern of 1–4 is consistent with previously published complexes that
include the coordinated SSDACH and confirms that the chirality was retained during
synthesis [18,49].
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3.4. Reduction Studies via 1H NMR

To confirm that the reduction of these prodrugs occurs and the axially bound biotin
ligands are released from the cytotoxic platinum(II) core, reduction studies were under-
taken using 1H NMR experiments for 3. The complex was prepared in 5 mM D2O with
10X PBS. Ascorbic acid (5 mM) was added, and the reduction was monitored at 37 ◦C by
1H NMR experiments. Over time, the resonances corresponding to the platinum(IV) species
decreased, while new resonances corresponding to the platinum(II) species increased
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(Figure 7). Subsequent 195Pt NMR experiments showed that the peak corresponding to
the prodrug at 590 ppm had disappeared, and a new peak at -2801 ppm had developed,
confirming reduction to its platinum(II) congener (Figures S35 and S36). The percent-
age of platinum(II) and platinum(IV) species were graphed over time and a half-life of
~30 ± 7 min was determined over the course of four experiments, one of which is displayed
in Figure S37. While the half-life under these conditions does not mimic the biological
environments the drugs would be exposed to, this study gives an indication of their stability
when exposed to reducing agents and confirms that they do reduce to their platinum(II)
congeners, which is essential for the mechanism and potent activity of these complexes.
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3.5. Lipophilicity Studies

It is important to explore the lipophilicity of a drug, as it is widely believed that increased
lipophilicity results in greater cellular accumulation [53]. To understand the lipophilicity of
1–4, RP-HPLC was utilised to determine the log kw of each complex. To calculate this, each
complex was eluted at different isocratic percentages, whereby the retention time was used
in Equation (1) to calculate the capacity factor (k). The percentage of the organic solvent
was then plotted against log k for each isocratic percentage, producing a linear equation that
allowed for log kw to be deduced using Equation (2) (Figure S38). The log kw value represents
the capacity factor of the compound in 100% water and can be used to compare a series of
compounds. Since 1–4 comprise the same axially bound ligand, biotin, the lipophilicity was
influenced by the groups on the PL. The log kw of each complex is presented in Table 1, with
their corresponding PL. The increasing lipophilicity of the complexes followed the order:
1 < 4 < 2 < 3. As expected, the increasing methyl groups on the PL resulted in a higher log kw
value and the methoxy substituents had the greatest lipophilicity.
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Table 1. The log kw and average GI50 of each complex, with its corresponding PL. Average GI50

values were calculated from the panel of cancer cell lines tested (Table S4).

Complex logkw PL Average GI50 (µM)

1 0.64 Phen 0.455
4 0.74 5MePhen 0.055
2 0.78 56Me2Phen 0.027
3 0.96 47O2Me2Phen 0.459

3.6. In Vitro Cytotoxicity

The in vitro cytotoxicity of the platinum(II) and platinum(IV) precursors, biotin, and
1–4 was determined using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay against a range of cancer cell lines including HT29 colon, U87 glioblastoma,
MCF-7 breast, A2780 ovarian, H460 lung, A431 skin, Du145 prostate, BE2-C neuroblastoma,
SJ-G2 glioblastoma, MIA pancreas, and ADDP cisplatin-resistant ovarian, as well as the
non-cancerous MCF10A breast cell line (Table S4). All complexes exhibited exceptional
activity, with the most potent being 2, with a GI50 of 4 nM in the Du145 prostate cancer
cell line (Figure 8A). All complexes showed significantly better activity than cisplatin,
carboplatin, and oxaliplatin in almost all cancer cell lines tested, with 2 exhibiting more
than 1000-fold greater activity than cisplatin in the HT29 colon cancer cell line (Figure 8B).
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and cisplatin toward ADDP (subclone of A2780) versus A2780 ovarian cancer cell lines. Complexes
were incubated for 72 h. GI50 values (µM) are the mean and reported with standard error of the mean;
produced from three independent experiments.
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Drug resistance is one of the major limitations of currently used platinum-based
chemotherapeutics [13]. To assess the ability of 1–4 to overcome the acquired resistance of
cisplatin, the resistance factor (RF) was calculated. The RF value is determined as a ratio of
the GI50 values of a complex in a resistant and sensitive cell line. The RF of 1–4 and cisplatin
were determined using the GI50 values in the cisplatin-resistant ADDP (subclone of A2780)
and A2780 ovarian cancer cell lines (Figure 8C). The RF of cisplatin was calculated to be
28, whilst the RF of complexes 1–4 were all less than 1, with the order of complexes with
decreasing RF being: cisplatin > 1 > 4 > 2 > 3. This indicates that complexes 1–4 are able to
overcome cisplatin resistance against the ADDP cell line.

The average GI50 value was calculated for each complex across all cancer cell lines.
The order of increasing cytotoxicity is: 3 < 1 < 4 < 2. These values were recorded in
Table 1 with their corresponding log kw values. Table 1 shows that the prodrug with the
PL 56Me2Phen (2) was the most cytotoxic (average GI50 = 0.027 µM), followed by that
with the PL 5MePhen (4, 0.055 µM), and lastly the prodrugs with the PL Phen (1) and
47O2Me2Phen (3) exhibited average GI50 values that were comparable (0.455 µM and
0.459 µM, respectively). This follows the same order as the cytotoxicity of the platinum(II)
cores, supporting that the prodrugs are reducing to their platinum(II) precursors within the
cell [18,47,48]. There is a correlation between the cytotoxicity and RF of these complexes;
as the cytotoxicity increases, the RF value decreases, indicating that the more potent the
complex, the greater its ability to overcome cisplatin resistance. It is interesting to note,
however, that 3 was an exception to this. It was the least potent complex out of 1–4, yet
had the lowest RF value (0.46), indicating it has the greatest ability to overcome cisplatin
resistance. There is also a correlation between the lipophilicity and average GI50 values
of 1–4; however, 3, again, was the exception. For 1, 2, and 4, as the lipophilicity increased
(log kw values increased), the cytotoxicity also increased (GI50 values decreased), suggesting
that increased lipophilicity may contribute to the cytotoxicity of these complexes.

Whilst 1–4 each exhibited outstanding cytotoxicity in the cancerous cell lines, they
were also active in the non-cancerous MCF10A breast cell line. However, 3, comprising of
the PL 47O2Me2Phen, displayed more than 3-fold selectivity towards the cancerous breast
(MCF-7) cell line, compared to the healthy breast (MCF10A) cell line (Figure 9). Biotin is
overexpressed on numerous cancer types, particularly the MCF-7 breast cell line, which
has a high degree of biotin expression, whilst the healthy breast (MCF10A) cell line has
no biotin expression [45]. The platinum(II) and platinum(IV) precursors (47OMESS(II)
and 47OMESS(IV)) also exhibited selectivity towards this cancer cell line (3- and 7-fold,
respectively), so it is not clear whether the selectivity exhibited by 3 is due to the platinum(II)
core or the axial biotin moiety [49].

To investigate the influence of the axially bound biotin ligand on the activity of
each complex, the cytotoxicity of 1–4 were compared to their platinum(II) precursors
(Figure 10). Of them, 1, 3, and 4 exhibited comparable toxicity in the non-cancerous
MCF10A breast cell line compared to their platinum(II) precursors. Across all cancer cell
lines, 1, comprising of the PHENSS core, showed comparable activity to its platinum(II)
precursor, whilst 2, with the 56MESS core, exhibited ~2-fold enhanced activity compared to
56MESS(II). Despite 1 and 2 exhibiting low GI50 values (4–100 nM), they did not display
any selectivity, particularly towards the MCF-7 cell line, which is overexpressed with the
biotin receptor. Conversely, 3 and 4 both displayed interesting results. In all the cell lines
tested, 3 exhibited the greatest activity against MCF-7 breast cancer cells, and compared to
its 47OMESS(II) precursor, 3 exhibited ~1.3-fold enhanced activity across the cancer cell
lines. Additionally, 4 also exhibited increased activity (~2.3-fold) compared to its precursor,
5MESS(II), across all cancer cell lines, particularly in the MCF-7 breast cell line, where it
was 6-fold more active. These results suggest that the biotin moiety may be improving
the selectivity of both 3 and 4 in MCF-7 breast cancer cells. Whilst 3 was not necessarily
the most potent complex from this series, it was, on average, still 8-fold more active
than cisplatin against all cancer cells, and this, together with the selectivity 3 exhibited
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towards breast cancer cells compared to breast healthy cells, make it unique from this series
of compounds.
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3.7. Platinum Uptake Studies

Platinum uptake studies of 1–4, their platinum(II) and platinum(IV) precursors, as
well as cisplatin, were undertaken against the MCF-7 (breast cancer, high degree of biotin
expression) and MCF10A (healthy breast, no biotin expression) cell lines. Cells were
exposed to the complexes for 4 h, at 1.0 and 0.1 µM concentrations and ICP-MS was utilised
to determine the cellular platinum uptake levels (Figure 11). At 1.0 µM, the platinum(II)
complexes exhibited the greatest uptake, followed by prodrugs 1–4, then the platinum(IV)
di-hydroxido complexes, with cisplatin exhibiting the lowest uptake (Figure 11A). It is
interesting to note that at the lower concentration (0.1 µM), prodrugs 1–3 exhibited the
greatest uptake in the MCF-7 breast cancer cell line (2.6–4.2 ng/million cells), whereas
their uptake in the MCF10A healthy cell line was ~1.8-fold lower and comparable to that
of the platinum(II) precursors in both cell lines (Figure 11B). The platinum(II) precursors
displayed only marginally greater uptake (1–1.3-fold, at 0.1 µM) in the MCF-7 cancer cell
line compared to the MCF10A non-cancerous cell line. These results suggest that the biotin
moiety may be contributing to the greater uptake of 1–3 in the MCF-7 breast cancer cell
line at 0.1 µM. At both concentrations (1.0 and 0.1 µM), the uptake of 4 in the MCF-7 cell
line was ~2-fold lower than its platinum(II) precursor, suggesting that the biotin moiety
was not increasing its uptake at these concentrations. This is in contrast to its exhibited
cytotoxicity, where 4 was shown to have 6-fold greater activity in MCF-7 breast cancer
cells, compared to its platinum(II) precursor. At 0.1 µM, 3 exhibited the greatest uptake
in MCF-7 breast cancer cells when compared to all the compounds, whilst also exhibiting
almost 3-fold higher uptake towards the cancer (MCF-7) cell line over the non-cancerous
(MCF10A) cell line (Figure 11B). This corresponds with the cytotoxicity exhibited by 3,
where it was shown to be 3-fold selective towards MCF-7 breast cancer cells compared to
MCF10A non-cancerous cells.
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Figure 11. Cellular accumulation levels of 1–4, their platinum(II) and platinum(IV) precursors and
cisplatin against MCF-7 (breast cancer) and MCF10A (healthy breast) cells that were treated for 4 h,
at 1.0 µM (A) and 0.1 µM (B) concentrations. Values are reported in ng/106 cells and are reported
with standard error of the mean; produced from three independent experiments.

When comparing the cellular uptake levels to resulting cytotoxicity, there was no clear
trend in the MCF-7 cell line; however, a linear trend was observed in the MCF10A cell
line when comparing the prodrugs to one another and when comparing the platinum(II)
complexes to one another, but not necessarily when comparing the prodrugs to platinum(II)
complexes (Figure S39). The discrepancy in correlation between cellular uptake and
cytotoxicity might be due to the selected concentrations. At 1.0 µM, the platinum(II)
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complexes exhibited greater uptake, while at 0.1 µM, the prodrugs exhibited greater uptake
(more so in the MCF-7 cell line), indicating that concentration does influence the resulting
uptake levels of the different groups, relative to one another. In saying this, the trends
in uptake levels between the different PLs appear to be consistent at both concentrations.
The platinum(IV) di-hydroxido complexes exhibited consistently lower uptake at both
concentrations. These results indicate that it is not the PL that is being affected by the
concentration, but rather the effect of the coordination sphere/conjugation of the biotin
moiety. Whilst the 0.1 µM concentration seems more appropriate for these complexes
(due to their high toxicity), it may be that additional concentrations are required to fully
understand how the biotin moiety is influencing cellular accumulation levels. These
results indicate that the biotin moiety is influencing cellular uptake, which in some cases is
influencing the cytotoxicity of these complexes, but there are additional factors influencing
their cytotoxicity.

To determine whether lipophilicity is influencing uptake, the cellular uptake levels of
1–4 were plotted against the log kw values obtained from the lipophilicity studies (Figure 12).
The order of complexes in increasing lipophilicity are: 1 < 4 < 2 < 3. There appears to be a
correlation between increasing lipophilicity and increasing uptake levels of the complexes,
more so in the MCF-7 cell line. In the MCF10A cell line, the common outlier present at
both concentrations is 3, which exhibited the lowest uptake levels of the four complexes
in the healthy cell line. This could be attributed to the selectivity exhibited by 3 towards
MCF-7, resulting in its lower uptake in the MCF10A cell line. Previous studies with
similar complexes demonstrated no clear correlation between increasing lipophilicity and
increasing cellular uptake; however, one of these studies utilised long chain fatty acids as the
axial ligands, while the other utilised COX inhibitors, and neither of these previously tested
drugs comprised of the 47OMESS core [24,48]. Rather than comparing the lipophilicity of
different axial ligands to one another, here, we have compared prodrugs comprised of the
same axial ligand conjugated to different platinum cores. This indicates that increasing
the lipophilicity of the platinum core results in the greater cellular uptake. It is apparent
that lipophilicity of the platinum core and selectivity from the biotin moiety are both
contributing factors to the increased cellular uptake of 1–4. In some cases, this translated to
the resulting cytotoxicity; however, it was dependent on concentration and the choice of
cell line. The discrepancy in correlation between cellular uptake and cytotoxicity could be
due to the mechanisms by which these prodrugs cause cell death.
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4. Conclusions

A series of platinum(IV) prodrugs of the type [Pt(PL)(AL)(biotin)(OH)]2+ (where
PL = Phen or a substituted variant of Phen and AL = SSDACH) comprised of a biotin
moiety to selectively target cancer cells were synthesised and characterised before their
biological activity was assessed. The structure and purity of the complexes were confirmed
by NMR spectroscopy, HPLC, ESI-MS, UV, and CD spectroscopy. Reduction studies for
3 were undertaken using 1H NMR spectroscopy and confirmed the release of the axially
bound biotin ligand, with a half-life of ~30 min. RP-HPLC was employed to assess the
lipophilicity of the complexes, producing log kw values, which determined the order of
increasing lipophilicity to be: 1 < 4 < 2 < 3.

The in vitro cytotoxicity of the complexes was assessed using MTT assays and showed
that 2 was the most cytotoxic in this series, exhibiting a GI50 of 4 nM in the Du145 prostate
cancer cell line. All complexes displayed significantly enhanced cytotoxicity compared
to cisplatin against all the cell lines tested, with 2 being more than 1000-fold more active
in the HT29 colon cancer cell line relative to cisplatin. The addition of the biotin moiety
to the axial position proved to enhance the activity of 2, 3, and 4 in the MCF-7 (breast,
high biotin expression) cancer cell line when compared to their platinum(II) precursors.
Prodrug 3 and its precursors (47OMESS(II) and 47OMESS(IV)) also exhibited 3–7-fold
selectivity towards MCF-7 breast cancer cells compared to MCF10A breast healthy cells,
indicating this selectivity may be a combination of the 47OMESS core and the axially bound
biotin ligand.

To further elucidate the activity of the complexes, ICP-MS was used to determine
platinum cellular uptake levels in MCF-7 and MCF10A cells. At 0.1 µM, 3 exhibited the
greatest uptake in the MCF-7 cell line, almost 3 times greater than the MCF10A cell line,
which is comparable to the trend observed for its cytotoxicity in these cell lines. There
appeared to be a slight correlation between increasing cellular uptake and increasing
cytotoxicity of the compounds in the MCF10A cell line, but only when comparing the
prodrugs to one another, and the platinum(II) complexes to one another. At 0.1 µM, the
biotin moiety was shown to improve the cellular uptake of 1–3 in the MCF-7 cell line (by
~1.8-fold) when compared to their platinum(II) precursors and compared to their uptake
levels in the MCF10A cell line. It is apparent that the selectivity from the biotin moiety
is influencing the cellular accumulation levels, but additional drug concentrations are
required to understand how this is influencing their resulting cytotoxicity. There was an
increasing linear trend observed with the lipophilicity and cellular uptake of the complexes,
suggesting that lipophilicity of the platinum core may also be a contributing factor to the
activity of these complexes. These findings suggest that the selectivity from the biotin
moiety and lipophilicity of the platinum core are contributing factors to the cellular uptake
of 1–4; however, this was not always translated to the observed cytotoxicity, indicating that
additional factors are contributing to their activity.

5. Patents

This work is part of an Australian Provisional Patent Application 2022900110, Plat-
inum(IV) complexes, February 2022, Western Sydney University, Australia.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics14122780/s1, Table S1: The flash chromatography conditions
for 1–4, including flow rates, gradients, and elution of complexes represented by column volume (CV).
Table S2: The number of cells per well for each cell line and replicate. Figure S1: The 1H NMR spectrum
of biotin-NHS ester in DMSO-d6 at 298 K. Insert: The chemical structure of biotin-NHS ester with
assigned numbering. Figure S2: The COSY NMR spectrum of biotin-NHS ester in DMSO-d6 at 298 K.
Figure S3: The 1H NMR spectrum of [Pt(Phen)(SSDACH)(Biotin)(OH)](NO3)2 (1) in D2O at 298 K.
Insert: The chemical structure of 1 with assigned numbering. Figure S4: The COSY NMR spectrum of
[Pt(Phen)(SSDACH)(Biotin)(OH)](NO3)2 (1) in D2O at 298 K. Figure S5: The 195Pt NMR spectrum of
[Pt(Phen)(SSDACH)(Biotin)(OH)](NO3)2 (1) in D2O at 298 K, showing a peak at 539 ppm. Figure S6:
The 1H-195Pt HMQC NMR spectrum of [Pt(Phen)(SSDACH)(Biotin)(OH)](NO3)2 (1) in D2O at 298 K.
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Figure S7: The 1H NMR spectrum of [Pt(56Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (2) in D2O at 298 K.
Insert: The chemical structure of 2 with assigned numbering. Figure S8: The COSY NMR spectrum of
[Pt(56Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (2) in D2O at 298 K. Figure S9: The 195Pt NMR spectrum
of [Pt(56Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (2) in D2O at 298 K, showing a peak at 526 ppm.
Figure S10: The 1H-195Pt HMQC NMR spectrum of [Pt(56Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (2)
in D2O at 298 K. Figure S11: The 1H NMR spectrum of [Pt(47O2Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2
(3) in D2O at 298 K. Insert: The chemical structure of 3 with assigned numbering. Figure S12:
The COSY NMR spectrum of [Pt(47O2Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (3) in D2O at 298 K.
Figure S13: The 195Pt NMR spectrum of [Pt(47O2Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (3) in
D2O at 298 K, showing a peak at 590 ppm. Figure S14: The 1H-195Pt HMQC NMR spectrum of
[Pt(47O2Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (3) in D2O at 298 K. Figure S15: The 1H NMR spec-
trum of [Pt(5MePhen)(SSDACH)(Biotin)(OH)](NO3)2 (4) in D2O at 298 K. Insert: The chemical structure
of 4 with assigned numbering. Figure S16: The COSY NMR spectrum of [Pt(5MePhen)(SSDACH)(Biotin)
(OH)](NO3)2 (4) in D2O at 298 K. Figure S17: The 195Pt NMR spectrum of [Pt(5MePhen)(SSDACH)(Biotin)
(OH)](NO3)2 (4) in D2O at 298 K, showing a peak at 540 ppm. Figure S18: The 1H-195Pt HMQC NMR
spectrum of [Pt(5MePhen)(SSDACH)(Biotin)(OH)](NO3)2 (4) in D2O at 298 K. Figure S19: The HPLC
chromatogram of [Pt(Phen)(SSDACH)(Biotin)(OH)](NO3)2 (1), at 254 nm, at a gradient of 0–100%
(ACN:H2O, 9:1) over 15 min. Figure S20: The HPLC chromatogram of [Pt(56Me2Phen)(SSDACH)(Biotin)
(OH)](NO3)2 (2), at 254 nm, at a gradient of 0–100% (ACN:H2O, 9:1) over 15 min. Figure S21: The HPLC
chromatogram of [Pt(47O2Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (3), at 254 nm, at a gradient of
0–100% (ACN:H2O, 9:1) over 15 min. Figure S22: The HPLC chromatogram of [Pt(5MePhen)(SSDACH)
(Biotin)(OH)](NO3)2 (4), at 254 nm, at a gradient of 0–100% (ACN:H2O, 9:1) over 15 min. Figure S23: Full
ESI-MS spectrum of [Pt(Phen)(SSDACH)(Biotin)(OH)](NO3)2 (1). Below: The expanded region of the
[M-H]+ peak. Figure S24: Full ESI-MS spectrum of [Pt(56Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (2).
Below: The expanded region of the [M-H]+ peak. Figure S25: Full ESI-MS spectrum of [Pt(47O2Me2Phen)
(SSDACH)(Biotin)(OH)](NO3)2 (3). Below: The expanded region of the [M-H]+ peak. Figure S26: Full
ESI-MS spectrum of [Pt(5MePhen)(SSDACH)(Biotin)(OH)](NO3)2 (4). Below: The expanded region of
the [M-H]+ peak. Table S3: Summary of characterisation data for 1–4. Figure S27: The UV spectrum of a
replicate of [Pt(Phen)(SSDACH)(Biotin)(OH)](NO3)2 (1) in water. Figure S28: The UV spectrum of a
replicate of [Pt(56Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (2) in water. Figure S29: The UV spectrum
of a replicate of [Pt(47O2Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (3) in water. Figure S30: The UV
spectrum of a replicate of [Pt(5MePhen)(SSDACH)(Biotin)(OH)](NO3)2 (4) in water. Figure S31: The CD
spectrum of [Pt(Phen)(SSDACH)(Biotin)(OH)](NO3)2 (1) in water. 9pt smoothing applied. Figure S32:
The CD spectrum of [Pt(56Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (2) in water. 9pt smoothing applied.
Figure S33: The CD spectrum of [Pt(47O2Me2Phen)(SSDACH)(Biotin)(OH)](NO3)2 (3) in water. 9pt
smoothing applied. Figure S34: The CD spectrum of [Pt(5MePhen)(SSDACH)(Biotin)(OH)](NO3)2 (4)
in water. 9pt smoothing applied. Figure S35: The Pt(IV) region in the 195Pt NMR spectrum of 3 after
reduction, showing the disappearance of the peak at 590 ppm. Figure S36: The Pt(II) region in the 195Pt
NMR spectrum of 3 after reduction, showing a new peak at −2801 ppm. Figure S37: A replicate of
the time course reduction study of 3 via 1H NMR. The Pt(II) and Pt(IV) resonances are plotted as a
percentage. Figure S38: Plot of the concentration of organic solvent vs. log kw for 1–4. Table S4: The
in vitro cytotoxicity values of complexes 1–4, their platinum(II) and platinum(IV) precursors, biotin,
cisplatin, carboplatin and oxaliplatin. GI50 values (µM) are reported with standard error of the mean;
produced from experiments that were conducted on three separate occasions (n = 3); n.d. = not deter-
mined. Resistance factor (RF) defined as GI50 in ADDP/GI50 in A2780. Figure S39: The correlation
between the cellular accumulation and cytotoxicity of 1–4 and their platinum(II) precursors against
MCF-7 (breast cancer, (A) and (C)) and MCF10A (normal breast, (B) and (D)) cells that were treated for
4 h, at 1.0 µM ((A) and (B)) and 0.1 µM ((C) and (D)) concentrations.
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