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α-Lipoic acid, known for its anti-inflammatory and antioxidant activity, represents a promising ligand for Pt(IV)
prodrugs. Three new Pt(IV) lipoate complexes were synthesized and characterized by NMR spectroscopy (1H, 13C,
195Pt), mass spectrometry and elemental analysis. Due to the low solubility of the complex containing two axial
lipoate ligands, further experiments to examine the biological activity were performed with two Pt(IV) complexes
containing just one axial lipoate ligand. Both complexes exhibit anticancer activity and produce reactive oxygen
species (ROS) in the cell lines tested. Especially, the monosubstituted complex can be reduced by ascorbic acid
and forms adducts with 9-methylguanine (9MeG), which is favorable for the formation of DNA-crosslinks in the
cells.
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Introduction

α-Lipoic acid (ALA), first isolated and characterized by
Lester Reed and coworkers in 1951,[1] has been
extensively studied for pharmaceutical and nutraceut-
ical potentials regarding its antioxidant and anti-
inflammatory properties.[2–5] Besides the regulation of
the redox status in cells through thiol/disulfide
exchange reactions,[3,6,7] ALA acts as an essential
cofactor for α-ketoacid dehydrogenase complexes
(e.g., pyruvate dehydrogenase, PDH) in the cellular
energy metabolism.[8,9] The activity of PDH, which
catalyzes the oxidative carboxylation of pyruvate in

the mitochondria and thereby bridges the anaerobic
and aerobic metabolism,[9,10] can be enhanced by ALA
supplementation.[11] The previous mentioned charac-
teristics of ALA contribute to the reported inhibition of
proliferation in various cancer cell lines, which feature
inefficient aerobic glycolysis (‘Warburg effect’) and
oxidative stress.[4,6,10,12] Apart from that, ALA was
referred to have beneficial protective effects on
chemotherapy-induced side-effects,[13–15] nevertheless
additional clinical trials need to be conducted.

Metal-based anticancer agents, especially Pt(II)
complexes approved by the Food and Drug Admin-
istration (cisplatin, carboplatin, oxaliplatin) have shown
excellent efficacy in the treatment of numerous types
of carcinomas all over the world.[16–18] Despite Pt-
based drugs’ documented medical success, adverse
effects such as nephro-, cardio- or neurotoxicity as
well as intrinsic and acquired resistance mechanisms

+ These authors contributed equally to this work.
Supporting information for this article is available on the
WWW under https://doi.org/10.1002/cbdv.202200695

doi.org/10.1002/cbdv.202200695 RESEARCH ARTICLE

Chem. Biodiversity 2022, 19, e202200695 © 2022 The Authors. Chemistry & Biodiversity published by Wiley-VHCA AG

Wiley VCH Dienstag, 18.10.2022

2210 / 267251 [S. 2/12] 1

http://orcid.org/0000-0003-3809-5669
http://orcid.org/0000-0001-7511-5206
http://orcid.org/0000-0002-8311-1632
http://orcid.org/0000-0001-7945-1426
http://orcid.org/0000-0003-0877-1822
http://orcid.org/0000-0002-1631-4018
http://orcid.org/0000-0001-5177-1006
https://doi.org/10.1002/cbdv.202200695


still restrain their application.[19–21] To overcome the
frontiers of Pt(II) anticancer agents, octahedral Pt(IV)
complexes with two additional axial ligands, synthe-
sized by additive oxidation to cisplatin and its analogs,
might enhance drug efficiency and decrease severe
side-effects during therapy. Due to their higher kinetic
stability compared to that of Pt(II), Pt(IV) prodrugs are
believed to remain intact before entering the cells and
are activated by intracellular reduction releasing the
cytotoxic Pt(II) species and the free axial ligands.[22–25]

Following the aquation of the released Pt(II) species,
reactive Pt(II) metabolites attack and distort the cancer
cell DNA, initiating cell death if the DNA damages
cannot be repaired.[19,20,26] Bioactive axial ligands can
influence the pharmacological characteristics of the
drug as well as circumvent cisplatin resistance.[24,26,27]

One example of bioactive ligands displays phenyl-
butyric acid (PhB), an inhibitor auf histone deacety-
lases, which affect epigenetic mechanisms and are
known to have anticancer activity.[28–30] The introduc-
tion of phenyl butyrate ligands as inhibitor of histone
deacetylases was already shown to enhance the
cytotoxicity of Pt(IV) complexes compared to
cisplatin.[28] In the literature, Pt(IV) lipoate complexes
based on kiteplatin have already shown promising
anticancer activity in vitro.[31]

Herein, we describe the synthesis and character-
ization of three Pt(IV) lipoate complexes based on
cisplatin (Scheme 1). Two of them were further
analyzed for their stability, reduction behavior in
presence of ascorbic acid and electrochemical proper-

ties. Their interaction with a DNA model, the cytotox-
icity against different cancer cell lines as well as their
ability to produce reactive oxygen species were
examined.

Results and Discussion

Synthesis and Characterization

Cisplatin was prepared according to previously pub-
lished procedures with slight modifications.[32] The
corresponding Pt(IV) precursor, oxoplatin, was ob-
tained by oxidation with hydrogen peroxide solution
(w/w, 30%).[33] Two different synthesis strategies were
used to prepare monofunctional lipoate complex 1.
On the one hand, commercially available ALA was
activated into its succinimide ester (ALA-NHS),[34] on
the other hand, ALA anhydride was formed using N,N’-
dicyclohexylcarbodiimide (DCC) as coupling agent.[35]

Subsequently, oxoplatin was reacted with ALA-NHS
(method A1) in DMSO or ALA anhydride (method B1)
in DMF to yield complex 1, respectively (Scheme 1).
Here, complex 1 was mainly synthesized using method
B1, since the reaction could be performed at room
temperature and DMF can be removed by rotary
evaporation. The reaction of oxoplatin with an excess
of ALA anhydride yielded the disubstituted Pt(IV)
complex 2 (Scheme 1). The ‘triple-action’ Pt(IV) com-
plex 3 is synthesized by a reaction of complex 1 with
PhB anhydride in DMF (method A2).

In an alternative route, 3 can be prepared by the
synthesis of the monofunctional Pt(IV) phenylbutyrate
complex and the following reaction with ALA anhy-
dride (method B2). However, due to longer reaction
times and lower yield of method B2 compared to
method A2, we usually applied method A2 for the
synthesis of complex 3.

All complexes were characterized by nuclear mag-
netic resonance (NMR) spectroscopy, electrospray
ionization mass spectrometry (ESI-MS) and elemental
analysis. The ESI mass spectra show the deprotonated
molecular ions of all complexes (Figures S1, S4, S8), the
found isotopic patterns accord with the theoretical
ones.

The proton resonances of the ammine coordinated
to the Pt(IV) center of 1 appeared over a wide range
from 5.83 to 6.09 ppm, which is in good agreement
with literature reports.[36] A full assignment of 1H shifts
to the lipoate moiety was accomplished by using
1H-1H correlation spectroscopy (COSY) NMR measure-
ments (Figure S2). The methylene protons (H1, see
numbering of protons in Figure S2) of coordinated ALA

Scheme 1. Synthetic routes of Pt(IV) lipoate complexes 1–3.
Reactants and conditions: a) Method A1: ALA-NHS (1.05 equiv.),
DMSO, 50 °C, overnight; method B1: ALA anhydride
(0.91 equiv.), DMF, r.t., overnight; b) ALA anhydride (4 equiv.),
DMF, r.t., 2 d; c) Method B2: i) PhB anhydride (0.95 equiv.),
DMSO, r.t., overnight; ii) ALA anhydride (4 equiv.), DMF, r.t., 3 d;
d) method A2: PhB anhydride (4 equiv.), DMF, r.t., overnight.
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showed a triplet at 2.16 ppm. Two multiplets at 1.48
and 1.38 ppm were assigned to the methylene protons
H2 und H3. The multiplets located at 1.65 and
1.53 ppm were attributed to two protons (H4). The
proton signal resonating at 3.60 ppm was assigned to
the CH of H5 based on a COSY cross peak with the
protons of H4 and two additional cross peaks with the
multiplets resonating at 2.42 and 1.88 ppm, which
were dedicated to the methylene protons H6, respec-
tively. The last multiplet with an integration of two
protons at 3.16 ppm belongs to the methylene
protons of the 1,2-dithiolane ring at H7.

The proton resonance signals of the symmetrical
disubstituted complex 2 differ slightly from the signals
of the monosubstituted complex 1, because the axial
hydroxido ligand of 1 causes a different chemical
environment than the axial lipoate ligand. Due to the
low solubility of complex 2, it was excluded from
further studies.

The proton resonances of the ammine coordinated
to the Pt(IV) center of complex 3 appeared down-
shifted to 6.5 ppm, compared to those of complex
1.[36] As the proton resonances of the lipoate moiety in
complex 3 are basically coincident with those of
complex 1, thus only proton assignments of PhB were
described here. Signals in the aromatic region of the
NMR spectrum of 3 with a range of 7.29–7.15 ppm
were assigned to five protons of the phenyl group
(H11), while the triplet at 2.59 ppm was assigned to
the methylene group (H10) attached to the phenyl
group (Figure S5). Multiplets from 2.25 to 2.20 ppm
were assigned to the methylene groups next to the
carboxylic groups of lipoate (H1) and phenylbutyrate
(H8), respectively. The methylene protons H9 of
phenylbutyrate are shown at 1.75 ppm, overlapping
with the protons from lipoate (H4).

Stability Study

The stabilities of complexes 1 and 3 were evaluated
using 195Pt{1H} NMR spectrometry in a solution of
mixed DMSO-phosphate-saline buffer (PBS, pH 7.4;
4 : 1) at 37 °C. After 96 h, signals of 1026 ppm for 1 and
1205 ppm for 3 were found and no signals were
observed in the range of � 1000 to � 4000 ppm
typically for Pt(II) species, which suggested that
complexes 1 and 3 are stable under these conditions
over 96 h (Figure S9).

Electrochemistry

Acting as prodrugs, biologically active Pt(II) species
need to be released after intracellular reduction of
Pt(IV) complexes, rendering the reduction potential of
Pt(IV) prodrugs a crucial pharmacological parameter.
Thus, complexes 1 and 3 were investigated by cyclic
voltammetry in DMF solution at a scan rate of
200 mVs� 1 using 0.10 M [n-Bu4N][PF6] as supporting
electrolyte. [Fe(η5-C5H5)2] (Fc/Fc

+) was used as the
internal standard. The cyclic voltammograms of those
two compounds are displayed in Figure 1. Both
complexes 1 and 3 showed a reduction peak (� 2.50 V)
relating to the reduction of S� S bond, which was in
accordance with that of the free ligand ALA (Fig-
ure S10). Complexes 1 and 3 displayed one irreversible
reduction peak corresponding to Pt(II/IV) reduction at
� 1.43 V and � 1.28 V, respectively. The monofunc-
tional complex 1 showed a more negative reduction
potential of Pt(II/IV) than that of complex 3, which is
consistent with reported literatures.[37,38]

Reduction Rate in the Presence of Ascorbic Acid

Unfortunately, there is no direct correlation between
the reduction potentials and reduction rates of Pt(IV)
complexes.[37,39] Therefore, the reduction rate in the
presence of ascorbic acid (AsA; 5 equiv.) was inves-
tigated for complexes 1 and 3. Due to the limited
water solubilities of both complexes, the reduction
study was investigated in a mixture of DMF and PBS
(pH 7.4; 4 :1) at 37 °C over 24 h. The reaction progress
was monitored by 195Pt{1H} NMR spectroscopy.

As shown in Figure 2, the 195Pt signal of complex 1
disappeared after incubation for 24 h, while a peak at
� 2096 ppm was detected and assigned to cisplatin.
The reduction rate of complex 3 is significantly slower
than that of 1, as the signal at 1229 ppm was still

Figure 1. The cyclic voltammograms of 1 and 3 (1 mM) in 0.1 M
DMF-[n-Bu4N][PF6] at a scan rate of 0.2 Vs

� 1.
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observed after an incubation time of 24 h. Also, no
peak around � 2000 ppm was detected, demonstrating
no or marginal reduction happened (Figure S11a). Even
the addition of further 10 equiv. AsA and extension of
the incubation time to 48 h, the reduction was not
complete (Figure S11b). In general, the coordination
sphere of the Pt(IV) ion influences the reduction rate
of the complexes. In contrast to disubstituted Pt(IV)
complexes, monosubstituted Pt(IV) complexes are
easier reduced by ascorbic acid, since the hydroxido
ligand facilitates the electron transfer from the reduc-
ing agent to the Pt(IV) center.[36,37,40]

DNA Interaction

The generally accepted mechanism of action of
cisplatin involves the formation of Pt-DNA adducts via
covalent binding of a Pt(II) species with purine bases,
particularly the N7 position of guanine.[19,26] Complex
1 can be reduced and thereby activated by AsA, since
the signal for Pt(IV) disappeared in the 195Pt{1H} NMR
spectrum (Figure 2b). To check its redox stability and
DNA interaction, we investigated the reaction of
complex 1 and 9MeG as DNA model with prior
reduction by excess of AsA in DMF-PBS (pH 7.4; 4 :1) at
37 °C. The reaction was analyzed by LC-ESI-MS for
postulation of the species formed. The ESI-spectrum
shows species with m/z 430.1 (tR=1.10 min, Figure 3)
and m/z 578.0 (tR=1.80 min, Figure S12), that can be
assigned to the complexes [PtII(9MeG)(NH3)2Cl]

+ and
[PtII (9MeG)2(NH3)Cl]

+, respectively.

Moreover, the two Pt(II) species can be found
coordinated with acetonitrile (m/z 470.8 and m/z
618.8, Figures S13, S14), which is used as eluent in the
LC-ESI-MS. To confirm the general formation of PtII-
9MeG adducts, the reaction was repeated with
cisplatin and 3 equiv. 9MeG. The retention times and
the species formed correspond to the previous experi-
ment (Figures S15, S16).

Biological Activity

The complexes 1 and 3, lipoic acid and a referential
mixture of cisplatin and lipoic acid (1 : 1) were tested
on their cytotoxicity in SW480 (colon carcinoma), A549
(non-small-cell lung carcinoma) and CH1/PA-1 (ovarian
teratocarcinoma) cells. Complexes 1 and 3 were
dissolved in DMSO, cisplatin and lipoic acid in
supplemented MEM, and all were serially diluted in
MEM. Due to the low activity of ALA, its examined
concentration range was extended to 800 μM. After an
incubation time of 96 h at 37 °C, concentration-effect
curves were obtained by the MTT assay from at least
three independent experiments (Figure 4). The assay
measures the metabolic activity of cells by reduction
of the MTT dye to formazan crystals, which usually
correlates directly with the number of viable cells.[41,42]

ALA, which is known for its antiproliferative effects in
cancer cells[43–45] has shown the highest IC50 and
thereby the lowest potency (Table 1). Both Pt(IV)
complexes show (at least slightly) lower IC50 values
than cisplatin. Furthermore, 3 with the axial bioactive
phenyl butyrate ligand (histone deacetylase inhibitor)
seems to be slightly though not significantly more
cytotoxic than 1 in CH1/PA-1 cells. Taking into

Figure 2. 195Pt{1H} NMR spectra of a) cisplatin in DMF-PBS
(pH 7.4; 4 : 1); b) and c) complex 1 (16 mM) and AsA (5 equiv.) in
DMF-PBS (pH 7.4; 4 : 1) with an incubation period of 24 h at
37 °C.

Figure 3. LC-ESI-MS of the reaction of complex 1 with 9MeG in
the presence of AsA in DMF-PBS (pH 7.4; 4 : 1) after 20 h. The
insets show: a) The isotope pattern of m/z 430.1, assigned to
[C6H13N7OClPt]

+; b) The binding mode of [PtII(9MeG)(NH3)2Cl]
+.
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consideration the high cytotoxicity of the Pt(IV)
complexes compared to the referential Pt(II) complex
cisplatin, the question arose if the coordination bond
of the Pt(IV) center and ALA has an influence on the
activity of the prodrugs. That is why a 1 :1 mixture of

ALA and cisplatin was also tested by means of the
MTT assay (Table 1). The combination of cisplatin and
ALA turned out to have similar cytotoxicity to cisplatin
in SW480 and A549 cells with IC50 values of 4.0 μM
and 4.7 μM, respectively. This is not surprising consid-
ering the low cytotoxicity of ALA which is probably
due to its inability to penetrate cancer cells efficiently
due to its polarity. Remarkably, the IC50 values of ALA
+cisplatin and 1 are similar in CH1/PA-1 cells.

Since ALA is known as a biological antioxidant in
cells,[46,47] but also for its prooxidative properties,[48,49]

the generation of reactive oxygen species (ROS) by
Pt(IV) lipoate complexes was of special interest. The
excessive occurrence of ROS, e.g., H2O2, HO· or O2

� ,
causes oxidative stress in cells, leading to damage of
lipids, proteins and nucleic acids as well as cell
death.[50,51] Pt drugs are known to induce ROS
triggering apoptosis,[52–54] while ROS can also be
associated with resistance mechanisms hampering the
antitumor activity of the drugs.[55,56] The ROS assay
uses non-fluorescent 2’,7’-dichloro-dihydrofluorescein
diacetate (DCFH-DA), which enters the cells, is hydro-
lyzed by cellular esterases and reacts with ROS under
conversion to fluorescent 2’,7’-dichloro-fluorescein
(DCF) that can be detected.[57] Complexes 1 and 3
were tested in four different concentrations from 3.125
to 200 μM in equal steps. The relative fluorescence
intensity measured over time for the complexes is
summarized in Figure 5.

Complexes 1 and 3 can both induce ROS gener-
ation up to 4- and 3.5-fold, respectively, but only when
concentrations manifold higher than the long-term
IC50 values (according to the 96 h MTT assay reported
above) are applied. The axial hydroxido ligand of the
mono-substituted complex facilitate the induction of
ROS.[39]

Conclusions

Three Pt(IV) lipoate complexes 1–3 were prepared and
thoroughly characterized by means of spectroscopic

Figure 4. Concentration-effect curves of complexes 1 and 3,
ALA and ALA+cisplatin compared to cisplatin in the MTT assay
(96 h exposure) in three human cancer cell lines A549, CH1/
PA-1 and SW480.

Table 1. Cytotoxicity values of complexes 1 and 3, ALA and ALA+cisplatin (1 : 1) compared to cisplatin (mean IC50
values� standard deviations in μM in the MTT assay, 96 h exposure).

Compound CH1/PA-1 SW480 A549

Complex 1 0.045�0.002 0.74�0.08 1.1�0.1
Complex 3 0.027�0.009 0.70�0.08 1.5�0.2
ALA 597�79 331�24 212�22
ALA+cisplatin 0.057�0.012 4.0�0.8 4.7�0.4
cisplatin 0.073�0.001 2.3�0.2 3.8�1.0
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and spectrometric techniques. The in vitro cytotoxicity
of 1 and 3 was tested on a panel of three human
cancer cell lines. Complex 1 exhibits a more negative
reduction potential than that of 3, however, complex
1 can be reduced by AsA faster than 3, thus, no
correlation between reduction potentials and the ease
of reduction with AsA was observed. Through the
reaction of 9MeG and complex 1, PtII-9MeG adducts
were observed by use of mass spectrometry. Hence,
after intracellular reduction, the activated Pt(II) species
can attack the DNA strands, resulting in the formation
of PtII-DNA crosslinks. Treatment of SW480 cells with 1
and 3 showed an increase in cellular ROS production
applying fourfold concentrations with respect to the
observed IC50 values.

Experimental Section

Materials and Methods

All reagents and solvents were of analytical grade and
were used as received without further purification.
K2PtCl4 was donated from Umicore AG & Co. KG
Hanau-Wolfgang. α-Lipoic acid was obtained from
abcr GmbH. DCC was purchased from Carl Roth
GmbH. NHS was purchased from TCI Deutschland
GmbH. 4-Phenylbutyrate acid, anhydrous DMSO and
anhydrous DMF were obtained from Sigma–Aldrich
and Alfa Aesar Thermo Fisher Scientific, respectively.
The 1H,13C{1H} and 195Pt{1H} NMR spectra were re-
corded with a Bruker Avance 400 MHz spectrometer.
Chemical shifts are given in parts per million with
references to internal SiMe4 (

1H, 13C) or to external
K2PtCl4 (

195Pt). The mass spectra were recorded with
Bruker (Bremen, Germany) MAXIS mass spectrometer.
Elemental analysis was performed with a Leco CHNS-
932 apparatus. TLC was performed by using Merck TLC
aluminum sheets (silica gel 60 F254). Geduran Si 60
(0.063–0.200 mm) was used as the stationary phase
for column chromatography.

Synthesis of Compounds

ALA-NHS

To a solution of lipoic acid (100 mg, 0.48 mmol) in
7 ml of acetonitrile, N-hydroxysuccinimide (NHS,
78 mg, 0.68 mmol) and 1-Ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC ·HCl, 122 mg,
0.63 mmol) were added. The mixture was kept stirring
overnight at room temperature. After reaction, the
solvent was removed by reduced pressure and the
residue was dissolved in dichloromethane (15 ml). The
resulted solution was washed with a saturated solution
of NaHCO3, dried over anhydrous Na2SO4 and evapo-
rated in vacuum to obtain a yellow solid (140 mg,
95%). 1H-NMR (400 MHz, CDCl3): δ 3.62–3.55 (m, 1H,
-CH-), 3.18–3.12 (m, 2H), 2.84 (br. s, 4H, CO-CH2CH2-
CO), 2.63 (t, J=7.3, 2H, -CH2-CO), 2.48–2.45 (m, 1H),
1.95–1.88 (m, 1H), 1.83–1.50 (m, 6H) ppm. 13C{1H}
NMR (150 MHz, CDCl3): δ 169.3, 168.5, 56.2, 40.3, 38.6,
34.5, 30.9, 28.4, 25.7, 24.5 ppm.

PhB Anhydride

EDC·HCl (708 mg, 3.68 mmol) was added to a solution
of 4-phenylbutyric acid (1.01 g, 6.14 mmol) in 10 mL
chloroform. The reaction mixture was stirred overnight
at room temperature. The next day, EDC·HCl (236 mg,

Figure 5. ROS induction in SW480 cells by complexes 1 (top)
and 3 (bottom) in different concentrations over time for up to
2 h. Values are normalized to the untreated, negative control.
The negative control level is indicated with the dashed line.
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1.22 mmol) was added again to complete the reaction.
After 2 h, the solution was washed with citric acid (1 g/
100 mL) and NaHCO3 (1 g/100 mL), dried over anhy-
drous Na2SO4 and dried in vacuum. The final product
was stored in the freezer and yielded as white solid
(786 mg, 82%). 1H-NMR (400 MHz, CDCl3); δ 7.32–7.28
(m, 2H), 7.23–7.17 (m, 3H), 2.70 (t, J=7.6, 2H, CH2-CO),
2.45 (t, J=7.4, 2H, Ar-CH2-), 2.04–1.96 (m, 2H, -CH2-)
ppm. 13C{1H} NMR (125 MHz, CDCl3): δ 169.3, 141.0,
128.6, 128.6, 126.3, 34.8, 34.5, 25.8 ppm. EA: calculated
for C20H22O3: C, 77,39; H, 7.14%. Found: C, 77.09; H,
7.02%.

ALA Anhydride

A mixture of lipoic acid (109 mg, 0.53 mmol) and N,N’-
dicyclohexylcarbodiimide (DCC, 60 mg, 0.29 mmol) in
5 ml of dichloromethane was kept stirring overnight at
room temperature. The mixture solution was kept at
� 20 °C for complete precipitation of N,N’-dicyclohex-
ylurea. The by-product was filtered off and the solution
was dried under reduced pressure. A yellow oil was
yielded (206 mg, 99%). The product was used for the
next step directly without further purification.

cis,cis,trans-[Pt(NH3)2Cl2(ALA)(OH)] 1

Method A1. Oxoplatin (32 mg, 0.09 mmol) was added
to a solution of ALA-NHS (30 mg, 0.10 mmol,
1.05 equiv.) in 3 ml of anhydrous DMSO. The suspen-
sion was heated to 50 °C and kept stirring under
nitrogen overnight in the dark. The unreacted oxopla-
tin was removed through centrifuge. Excessive diethyl
ether (2×40 ml) was added to remove DMSO. The
residue was treated with dichloromethane to form a
yellow precipitate, which was washed with dichloro-
methane and diethyl ether several times and dried
under vacuum to receive complex 1 as yellow solid
(20 mg, 40%).

Method B1. Oxoplatin (73 mg, 0.22 mmol) was
added to a solution of freshly prepared ALA anhydride
(79 mg, 0.20 mmol) in 6 ml of anhydrous DMF. The
reaction mixture was stirred overnight at room tem-
perature in the dark. Any insoluble solid was filtered
off. DMF was removed by rotary evaporation and the
residue was purified by column chromatography (SiO2,
MeOH/DCM=1 :10) to get complex 1 (16 mg, 15%).

1H-NMR (400 MHz, (D6)DMSO): δ 6.09–5.77 (m, 6H,
2×-NH3), 3.64–3.57 (m, 1H, H5), 3.22–3.09 (m, 2H, H7),
2.46–2.38 (m, 1H, H6), 2.17 (t, J=6.0, 2H, H1), 1.93–

1.85 (m, 1H, H6), 1.72–1.63 (m, 1H, H4), 1.59–1.34 (m,
5H, H4/H3/H2) ppm.

13C{1H} NMR (100 MHz, (D6)DMSO):
δ 181.4, 56.7, 40.6, 38.5, 36.7, 34.7, 28.9, 25.9 ppm.
195Pt{1H} NMR (86 MHz, (D6)DMSO): δ +1050 ppm. ESI-
MS� : m/z [M� H]� calc. for C8H19N2O3Cl2S2Pt: 520.9,
found 520.8; m/z [M+Cl]� calc. for C8H20N2O3Cl3S2Pt:
556.9, found 556.7. EA: calculated for
C8H20N2O3Cl2S2Pt: C, 18.39; H, 3.85; N, 5.36; S, 12.37%.
Found: C, 18.37; H, 3.90; N, 5.85; S, 12.11%.

cis,cis,trans-[Pt(NH3)2Cl2(ALA)2] 2

ALA anhydride (158 mg, 0.40 mmol) was added to a
suspension of oxoplatin (33 mg, 0.10 mmol) in 5 ml of
anhydrous DMF. The reaction mixture was stirred for
2 days at room temperature in the dark. The insoluble
material was removed by centrifugation. The clear
solution was evaporated to dryness in a rotary
evaporator and the residue was purified by column
chromatography (SiO2, MeOH/DCM=1 :10) to get
complex 2 (20 mg, 28%) as a yellow solid.

1H-NMR (400 MHz, (D6)DMSO): δ 6.50 (m, 6H), 3.62–
3.56 (m, 2H), 3.22–3.09 (m, 4H), 2.48–2.40 (m, 2H),
2.23 (m, 4H), 1.92–1.84 (m, 2H), 1.71–1.63 (m, 2H),
1.58-1.37 (m, 10H) ppm. 13C{1H} NMR (75 MHz
(D6)DMSO): δ 181.1. 56.6, 38.5, 35.9, 34.6, 28.7, 27.1,
25.7 ppm. 195Pt{1H} NMR (76 MHz, (D6)DMSO): δ
+1230 ppm. ESI-MS� : m/z [M� H]� calc. for
C16H31N2O4Cl2S4Pt: 709.0, found 709.0. EA: calculated
for C16H32N2O4Cl2S4Pt: C, 27.04; H, 4.54; N, 3.94; S,
18.05%. Found: C, 26.90; H, 4.34; N, 3.83; S, 18.11%.

cis,cis,trans-[Pt(NH3)2Cl2(ALA)(PhB)] 3

Method A2: PhB anhydride (124 mg, 0.80 mmol) was
added to a suspension of 1 (67 mg, 0.20 mmol) in 2 ml
of anhydrous DMF. The mixture was stirred overnight
at room temperature. The clear solution, which was
obtained through centrifugation, was dried by evapo-
ration at reduced pressure. The resulted residue was
treated with acetonitrile to form a yellow precipitation,
which was washed with acetonitrile and diethyl ether
several times and dried in vacuo to receive complex 3
as yellow solid (40 mg, 30%).

Method B2: Oxoplatin (69 mg, 0.21 mmol) was
added to a solution of PhB anhydride (62 mg,
0.20 mmol) in 7 ml of DMSO. The mixture solution was
stirred overnight at room temperature in the dark. The
insoluble solid was filtered off to get a yellow solution.
ALA anhydride (83 mg, 0.21 mmol) was added to the

Chem. Biodiversity 2022, 19, e202200695

www.cb.wiley.com (7 of 11) e202200695 © 2022 The Authors. Chemistry & Biodiversity published by Wiley-VHCA AG

Wiley VCH Dienstag, 18.10.2022

2210 / 267251 [S. 8/12] 1

www.cb.wiley.com


filtrate and the mixture was kept stirring for 3 days at
room temperature in the dark. DMSO was removed by
addition of diethyl ether and the residue was purified
by column chromatography (SiO2, MeOH/DCM=1 :20)
to get compound 3 (30 mg, 22%) as yellow solid.

1H-NMR (400 MHz, (D6)DMSO): δ 7.30–7.15 (m, 5H,
H11), 6.53 (br. s, 6H, 2×-NH3), 3.64–3.57 (m, 1H, H5),
3.22–3.09 (m, 2H, H7), 2.59 (t, J=8.0, 2H, H10), 2.46–
2.38 (m, 1H, H6), 2.25–2.20 (m, 4H, H1/H8), 1.93–1.85
(m, 1H, H6), 1.75 (quint, 2H, H9), 1.70–1.63 (m, 1H, H4),
1.57–1.34 (m, 5H, H2/H3/H4) ppm. 13C{1H} NMR
(100 MHz, (D6)DMSO): δ 181.2, 181.0, 142.5, 128.9,
128.7, 126.1, 56.7, 40.9, 38.5, 36.0, 35.5, 34.9, 34.6, 28.7,
28.0, 25.7 ppm. 195Pt NMR{1H} (76 MHz, (D6)DMSO): δ
+1228 ppm. ESI-MS� : m/z [M� H]� calc. for
C18H29N2O4Cl2S2Pt: 667.0, found 666.8. EA: calculated
for C18H30N2O4Cl2S2Pt: C, 32.33; H, 4.52; N, 4.19; S,
9.59%. Found: C, 32.18; H, 4.85; N, 3.74; S, 10.01%.

Electrochemistry

The measurements were performed on a Reference
600 Potentiostat (Gamry Instruments) using a three-
electrode system consisting of glassy carbon (diameter
1.6 mm) as working electrode, Ag/Ag+ in MeCN as
reference electrode, and Pt wire as counter electrode.
Corrections for the iR drop were performed for the
experiments. All measurements were conducted in
anhydrous DMF-[n-Bu4N][PF6] (0.1 M) solutions with a
substance concentration of 1.0 mM at room temper-
ature. The glassy carbon electrode was polished with
alumina and the solutions were bubbled with nitro-
gen, prior to each measurement. During the measure-
ments, the nitrogen stream was maintained over the
solutions. Potential values presented here were calcu-
lated by referencing the potential of the ferrocenium/
ferrocene (Fc+/Fc) couple.

Reduction Study

Complexes 1 and 3 (16 mM) were mixed with ascorbic
acid (5 equiv.) in DMF-PBS buffer (pH 7.4; 4 :1). The
solutions were incubated at 37 °C. 195Pt{1H} NMR
spectra were measured at different incubation times.

DNA Interaction

Complex 1 (16 mM) was reacted with 9MeG (3 equiv.)
in the presence of AsA (5 equiv.) in DMF-PBS (pH 7.4;
4 : 1) at 37 °C for 20 h. Cisplatin (16 mM) and 9MeG

(3 equiv.) were incubated in DMF-PBS (pH 7.4; 4 : 1) at
37 °C for 20 h.

Cell Cultivation

SW480 (colon carcinoma) and A549 (non-small-cell
lung carcinoma) cells were supplied by the Institute of
Cancer Research, Department of Medicine I, Medical
University of Vienna, Austria. CH1/PA-1 (ovarian terato-
carcinoma) cells were donated by Lloyd R. Kelland,
CRC Center for Cancer Therapeutics, Institute of Cancer
Research, Sutton, UK. The cell lines were cultured in
Minimal Essential Medium (MEM) containing 1 mM
sodium pyruvate, 4 mM l-glutamine, 1% non-essential
amino acids from 100× ready-to-use stock (all pur-
chased from Sigma–Aldrich (Austria)) and 10% heat-
inactivated fetal bovine serum (FBS, from Biowest) in
75 cm2 culture flasks from CytoOne (Starlab, UK). Cells
were grown under incubation at 37 °C and 5% CO2 in
a humidified atmosphere.

MTT Assay

Cells were trypsinized by using trypsin-EDTA (Sigma–
Aldrich), counted, seeded into 96-well plates (SW480:
2000 cells per well; A549: 3000 cells per well; CH1/PA-
1: 1000 cells per well, each in 100 μL) and incubated
for 24 h at 37 °C and 5% CO2. The Pt(IV) complexes
were dissolved in DMSO, cisplatin and lipoic acid in
supplemented MEM and serially diluted to different
concentrations that were added in volumes of 100 μL
onto the cells and incubated for 96 h at 37 °C. After-
wards, the cells were treated with 100 μL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) solution (0.6 mol/L in RPMI1640 me-
dium containing 10% heat-inactivated FBS and 4 mM
L-glutamine) per well and incubated for 4 h at 37 °C.
150 μL DMSO per well were used to dissolve the
formazan crystals. Plates were measured at 550 nm
(absorption maximum of formazan) and 690 nm (refer-
ence) with a microplate reader (BioTek ELx808), and
IC50 values were interpolated by using Gen5TM soft-
ware (BioTek). At least three biologically independent
experiments were performed, each of them containing
three replicates per concentration.

ROS Assay

SW480 cells were trypsinized, counted, seeded into 96-
well-plates (25,000 cells per well in 100 μL) and
preincubated for 24 h at 37 °C and 5% CO2. The wells
were washed with Hanks‘ Balanced Salt Solution
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(HBSS) containing 1% FBS and cells were treated with
100 μL of 25 μM 2’,7’-dichlorofluorescein diacetate
(DCFH-DA) solution in HBSS (1% FBS) for 45 min at
37 °C and washed with 200 μL HBSS (1% FBS). The
complexes and tert-butyl peroxide (400 μM) as positive
control were serially diluted in phenol-red-free MEM
(1% FBS). After incubation with DCFH-DA, cells were
washed two times with 200 μL HBSS (1% FBS), after-
wards treated with the substances as well as the
positive control. The positive control was used to
exemplify the staining efficiency (Figure S17). For
representation, the values were calculated as ratio
between the means of the treated samples and the
means of the untreated, negative control. The devel-
opment of fluorescence was measured over 2 h every
10 min with the Synergy HT reader (BioTek; excitation:
485/20 nm, emission: 516/20 nm.
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