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A B S T R A C T   

In the last decades, inflammation has been recognized as being closely connected to cancer, and joint strategies 
encompassing chemotherapeutic and anti-inflammatory agents have been extensively studied. In this work, a 
series of novel cisplatin and oxaliplatin-based Pt(IV) complexes comprising non-steroidal anti-inflammatory 
drugs (NSAIDs) and their carboxyl ester analogues as axial moieties were synthesized. Several of the cisplatin- 
based Pt(IV) complexes 22–30 showed increased cytotoxicity in the human cancer cell lines CH1/PA-1, 
SW480 and A549 compared to the Pt(II) drug. For the most potent complex 26, comprising two aceclofenac 
(AFC) moieties, the formation of Pt(II)-9-methylguanine (9-MeG) adducts after activation with ascorbic acid 
(AsA) was proven. Additionally, a significant inhibition of cyclooxygenase (COX) activity and prostaglandin E2 
(PGE2) production was observed, as well as increased cellular accumulation, depolarization of mitochondrial 
membranes, and strong proapoptotic potencies in SW480 cells. Overall, these systematic effects shown in vitro 
confer 26 as a potential anticancer agent combined with anti-inflammatory properties.   

1. Introduction 

During the last couple of decades, the association between inflam
mation and oncogenesis has gained enormous attention [1–5]. It has 
been demonstrated that inflammation predisposes cancer and promotes 
all stages of tumorigenesis. Cyclooxygenase (COX), a key enzyme in the 
biosynthesis of prostaglandins derived from arachidonic acid, has 
crucial functions in promoting inflammation. This enzyme has been 
identified in three isoforms: COX-1, COX-2, and COX-3, in which COX-3 
is characterized as a splice variant of COX-1 at least in dogs. Both COX-1 
and COX-2 initialize the catalysis of arachidonic acid to prostaglandins. 
COX-1 is constitutively expressed in almost all tissues and is responsible 
for regulation of the basal levels of prostaglandins in normal physio
logical processes. By contrast, inducible COX-2 is found in inflammatory 

and tumorigenic tissue, meanwhile, overexpression of prostaglandin E2 
(PGE2) preferentially mediated by COX-2 is observed [6–10]. In recent 
studies, it has been shown that PGE2 plays an important role in cancer 
development, invasion, metastasis, and drug resistance [6,8–10]. Hence, 
therapeutic approaches using anticancer agents coupled with 
anti-inflammatory or COX-inhibiting (especially COX-2) potential have 
attracted high interest [7,11,12]. Widely used NSAIDs inhibit COX ac
tivity, thereby preventing the formation of prostaglandins and their 
inflammatory effects. At present, several NSAIDs, including aspirin, 
ibuprofen or celecoxib are under (pre)clinical investigation as single 
agents or in combination with chemotherapeutic drugs for their cancer 
prevention and antineoplastic potential [13–15]. 

Pt(IV) prodrugs with d6 low-spin octahedral geometry have the po
tential of overcoming the side effects and drug resistance development 
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to the FDA-approved Pt(II) anticancer drugs cisplatin, carboplatin and 
oxaliplatin [16–20]. In addition, the linked axial ligand(s), which can 
also possess specific therapeutic properties, can be released as a conse
quence of intracellular reduction of Pt(IV) prodrugs, making the actual 
therapeutically active Pt(II) species and its biologically active ligand(s) 
the perfect combination for a multi-action therapy [17,20–22]. Based on 
the joint strategy of anticancer and anti-inflammatory potential, a series 
of multi-specific Pt(IV) complexes with NSAIDs as axial ligands have 
been designed. For example, naproxen, indomethacin, ibuprofen, flur
biprofen, etc. have been already attached to Pt(IV) complexes, thereby 
revealing increased anticancer activity [23–30]. 

Acetylsalicylic acid, also known by its trade name aspirin, has been 
used as axial ligand for Pt(IV) complexes, which exhibited advantages by 
significantly enhancing anticancer properties, overcoming drug resis
tance, and reducing side effects related to ototoxicity [31–33]. However, 
salicylic acid (SA), an active metabolite of aspirin, has not been used as 
axial moiety for Pt(IV) prodrugs [34]. Found mainly in willow bark and 
in a variety of fruits and vegetables, SA was used, historically, as 
treatment for pain and fever reduction due to its potency to decrease 
prostaglandin formation by inhibiting COX activity. Hence, SA as well as 
two salicylate derivatives (salsalate (SSA) and diflunisal (DFS)) were 
proposed to be attached to the axial positions of Pt(IV) complexes (see 
Fig. 1). Also, diclofenac (DCF) is a potent anti-inflammatory drug that 
inhibits COX. In addition to the COX-inhibition-related antiproliferative 
effects on tumor cells, recent research showed that DCF can alter 
mitochondrial activities and induce downstream apoptosis-associated 
events [35–39]. Thus, we designed NSAIDs-linked Pt(IV) complexes 
comprising DCF, SA, SSA and DFS as axial ligands. Besides, carbox
ymethyl ester analogues (ASA, ASSA and ADFS) of those NSAIDs were 
also prepared and used as axial moieties. Aceclofenac (ACF), a carbox
ymethyl ester of DCF, is known as a potent NSAID and possesses better 
efficiency and gastrointestinal safety than DCF [40,41]. From the 
structural perspective, ACF can be taken as a linked conjugate of glycolic 
acid (GA) and DCF, whereas to suppress prostaglandin formation, ACF is 
selectively inhibiting COX-2 and DCF inhibits COX-1 and COX-2 with 
relatively low potency [40,41]. In view of synthesis strategy, ligands 
with a terminal carboxylic acid group can be directly attached to Pt(IV) 
precursors, which can be achieved by linking the free ligands in the 
presence of coupling agents to Pt(IV), or by reaction with activated 
forms of the ligands, including N-hydroxysuccinimide (NHS) esters, 
anhydrides or acyl chlorides. For ligands without a carboxylic acid 
group, a linker or spacer unit such as succinic acid, N,N′-disuccinimidyl 
carbonate (DSC) or glycolic acid (GA) was attached, followed by teth
ering them to the axial position of Pt(IV) precursors. The approach of 
linking a spacer to the onsite carboxylic acid group to form a second 
carboxylic acid group is a blind spot and has not been reported so far. 
After submission of this manuscript, Aldrich-wright and co-workers re
ported three mono-substituted Pt(IV) complexes bearing one acemetacin 
as an axial ligand. Like ACF, acemetacin is also a commercially available 
NSAID and can be considered as a conjugate of indometacin with GA 
[42]. Based on those strategies, twelve Pt(IV) complexes (22–31 and 33) 
were synthesized and thoroughly characterized using spectroscopic 
techniques. The antiproliferative effects on a panel of three different 

cancer cell lines (CH1/PA-1, SW480 and A549) and COX inhibition in 
A549 cells were studied. For the most potent complexes 24 and 26, a 
series of additional biological investigations was conducted to elucidate 
the underlying mechanisms of action. 

2. Results and discussion 

2.1. Synthesis and characterization 

The syntheses of carboxymethyl ester analogues 9–11 and Pt(IV) 
compounds 22–34 are summarized in Scheme 1. The structures of these 
Pt(IV) complexes were characterized by NMR spectroscopy (1H, 13C, 19F 
and 195Pt), mass spectrometry and elemental analysis (see experimental 
section). Briefly, the Pt(IV) precursors oxoplatin and dihydroxido oxa
liplatin were obtained through oxidation with hydrogen peroxide (w/w, 
30%) of cisplatin and oxaliplatin. NSAIDs (1–4) were activated with 
NHS resulting in esters (12–15), followed by the reaction with oxoplatin 
and dihydroxido oxaliplatin in order to gain the mono-substituted 
complexes 22–25 and 31, respectively. Mixing complexes 22 and 31 
with acetic anhydride generated complexes 30 and 32, respectively. The 
attempt to synthesize di-substituted Pt(IV) complexes with two DCF 
moieties was not successful, as a lactam (diclofenac amide) featuring a 
steady five-membered ring was always formed when using general 
synthetic routes to prepare DCF anhydride or acyl chloride (simply using 
higher equivalents of DCF-NHS did not work; see below). In order to 
generate the bis-DCF Pt(IV) complexes, 6-aminohexanoic acid contain
ing a terminal amino group was selected as a linker, which is similar to 
previous studies [43,44]. First, boc-protected Pt(IV) complex 33 was 
obtained by a reaction between dihydroxido oxaliplatin(IV) and 21, 
which was then deprotected to form 34 through the conjugation be
tween the released terminal amine group and 12. However, in the case 
of oxoplatin, this synthetic approach did not work. Alternatively, when 
processing of ACF (8), which contains an extended carboxylic acid group 
by conjugation with glycolic acid, the formation of mentioned above 
lactam can be avoided. During the synthetic process, the di-substituted 
Pt(IV) complex 26 was surprisingly obtained by a reaction between 
the NHS-activated ACF (16) and oxoplatin. Then, the same strategy was 
expanded to compounds 2–4, resulting in the generation of 9–11. Sub
sequently, after activation with NHS, the yielded compounds 17–19 
were reacted with oxoplatin to produce the di-substituted Pt(IV) com
plexes 27–29. 

The synthesis of di-substituted Pt(IV) complexs using NHS esters has 
been rarely reported [45]. Interestingly, we observed a distinctly 
accelerated reaction rate when using the NHS ester of the linked GA 
compared to the unmodified NHS-NSAIDs. This difference was proven 
by monitoring the reaction process with 1H NMR. In Fig. 2, the reaction 
of oxoplatin with 1.1 eq of ACF-NHS (Fig. 2a) or DCF-NHS (Fig. 2b) in 
DMSO‑d6 at 50 ◦C is shown. After 1 h, the reaction solution with 
ACF-NHS became clear, which suggested that oxoplatin was consumed 
completely (the signal of the ammine for mono-substituted Pt(IV) spe
cies was found at 5.94 ppm). However, the solution with DCF-NHS was 
still turbid, indicating that the reaction was not finished within 1 h 
(Fig. 2c). Therefore, one more equivalent of NHS esters was added to the 

Fig. 1. Non-steroidal anti-inflammatory drugs (NSAIDs) used in this paper.  
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Scheme 1. General overview of synthesis routes. Regents and conditions: (a) benzyl chloroacetate, TEA, acetone, 50 ◦C, 24 h; (b) H2, Pd/C (10%), DCM, rt, 
overnight; (c) NHS, DCC, DCM, overnight; (d) di-tert-butyl dicarbonate (Boc anhydride) , TEA, acetone-H2O, rt, 4 h; (e) DCC, DCM, rt, overnight; (f) NHS esters 
(12–15), DMSO, 50 ◦C, overnight; (g) NHS esters (16–19), DMSO, 50 ◦C, 2 d; (h) acetic anhydride, DMF, rt, overnight; (i) DCF-NHS, DMSO, 50 ◦C, overnight; (j) 
acetic anhydride, DMF, rt, overnight; (k) L-Boc anhydride 21, DMF, rt, 4 d; (l) i) excess TFA, DCM, rt, 3 h; ii) DCF-NHS, TEA, DMF, rt, overnight. 

X. Liu et al.                                                                                                                                                                                                                                      



European Journal of Medicinal Chemistry 257 (2023) 115515

4

solution to complete the reaction. As the reaction time increased for the 
ACF-NHS ester, also the ammine signal for the di-substituted species was 
detected at 6.52 ppm, concomitant with a decrease of the peak at 5.94 
ppm (Fig. 2a). After 45 h and addition of two more equivalents of 
ACF-NHS the mono-substituted Pt(IV) species at 5.94 ppm eventually 
disappeared (Fig. 2a). In contrast to ACF-NHS, when using DCF-NHS 
only small amounts of di-substituted species could be observed even 
after longer reaction times and excess ester (Fig. 2b). Therefore, the 
linkage of GA accelerated the formation of mono-substituted Pt(IV) 
complex and furthermore also allowed for the preparation of 
di-substituted species using NHS esters. 

2.2. Cytotoxicity 

Cytotoxicity of Pt(IV) complexes 22–32 and 34 was determined in 
CH1/PA-1 (ovarian teratocarcinoma), SW480 (colon carcinoma), and 
A549 (non-small-cell lung carcinoma) cell lines by the metabolic MTT 

assay. The IC50 values (= concentrations of substance which result in a 
number of viable cells equal to 50% of untreated controls) are reported 
in Table 1 and concentration-effect curves are shown in Figs. S1–S3. To 
exclude artifacts resulting from possible direct interactions between the 
compounds and mitochondrial metabolism, four of the more potent 
compounds were spot-checked in a single neutral red assay experiment 
in CH1/PA-1 cells, with results deviating negligibly from MTT-based 
results (data not shown). 

Especially in the broadly chemosensitive CH1/PA-1 cells, cisplatin- 
based complexes 22–30 possessed the strongest potency. They showed 
lower IC50 values than cisplatin, except for complexes 23 and 24 in A549 
and CH1/PA-1 cells, respectively. Among the homologous mono- 
substituted complexes 22–25, the DCF-bearing complex 22 was the 
most potent in two of the three cell lines. Otherwise, there is no uni
versally valid rank order of cytotoxicity with respect to the variable axial 
ligand. ACF (the carboxymethyl ester derivative of DFC) yielded the 
most cytotoxic complex 26 (in two of three cell lines) among the di- 
substituted homologues 26–29, whereas the carboxymethyl ester of 
SA yielded the least cytotoxic (27), being roughly 2–5 times less potent 
than 26. Notably, the most effective complex 26 in SW480 and A549 
cells showed 37-fold and 10-fold higher cytotoxicity than cisplatin. 
Replacing the hydroxido ligand of 22 with an acetato ligand (complex 
30) had virtually no consequences for cytotoxicity. 

Oxaliplatin-based complexes 31, 32 and 34 had comparable or 
higher IC50 values than those of oxaliplatin in the three cell lines, with 
an axial acetato ligand (complex 32) being slightly but consistently 
advantageous over a hydroxido ligand (complex 31) in this case. 
Furthermore, 31 and 32 are overall by roughly one order of magnitude 
less potent than their cisplatin-based analogues 22 and 30, respectively. 
Surprisingly though, complex 34 bearing two linker-coupled DCF moi
eties turned out to be completely inactive in A549 cells, while retaining 
activity in the other two cell lines. 

2.3. Inhibition of PGE2 formation in A549 cells 

Due to up-regulated COX-2 expression in cancer cells, an increased 
level of PGE2 is frequently detected in the tumor environment. 

Table 1 
Cytotoxicity of 22–32 and 34 compared to cisplatin and oxaliplatin in three 
human cancer cell lines. IC50 values are means ± standard deviations from at 
least three independent experiments (MTT assay, 96 h exposure).  

Complex IC50 (μM) ± SD 

CH1/PA-1 SW480 A549 

22 0.0091 ± 0.0020 0.14 ± 0.03 0.35 ± 0.04 
23 0.052 ± 0.006 0.16 ± 0.04 2.9 ± 0.7 
24 0.073 ± 0.012 0.082 ± 0.024 2.0 ± 0.7 
25 0.033 ± 0.006 0.20 ± 0.07 1.1 ± 0.3 
26 0.015 ± 0.003 0.070 ± 0.019 0.26 ± 0.06 
27 0.032 ± 0.001 0.31 ± 0.06 1.4 ± 0.1 
28 0.014 ± 0.002 0.14 ± 0.02 0.48 ± 0.14 
29 0.022 ± 0.005 0.15 ± 0.02 0.66 ± 0.08 
30 0.011 ± 0.003 0.12 ± 0.03 0.34 ± 0.02 
cisPt 0.056 ± 0.002 2.6 ± 0.4 2.7 ± 0.2 
31 0.41 ± 0.10 1.3 ± 0.1 4.9 ± 0.7 
32 0.12 ± 0.01 0.50 ± 0.19 2.1 ± 0.5 
34 0.10 ± 0.02 2.6 ± 1.1 >200 
oxaliPt 0.11 ± 0.02 0.35 ± 0.07 1.3 ± 0.2  

Fig. 2. Selected area of time-dependent 1H NMR spectra of reaction process of (a) oxoplatin with ACF-NHS; (b) oxoplatin with DCF-NHS; (c) the picture of reaction 
solutions with two NHS esters (1.1 eq) after 1 h. 
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Additionally, many studies suggest that COX-2-derived PGE2 is capable 
of increasing tumor proliferation and invasion, promoting metastasis 
and angiogenesis, as well as suppressing antitumor immunity [9,10]. 
The aim of this work is to combine anticancer and anti-inflammatory 
properties; hence, we studied the effect of di-substituted Pt(IV) com
plexes (26, 27 and 29) and their corresponding free drugs (8, 9 and 11) 
on the levels of COX-mediated products including PGE2, PGD2, PGJ2, 
PGF2α, and thromboxane B2 (TXB2) (Fig. 3a) as well as PGE2 levels alone 
(Fig. 3b) in A549 cells at concentrations of 1.5, 15 and 50 μM. To induce 
COX-2 expression, A549 cells were first treated with 2 ng/mL IL-1β for 
24 h, test compounds were added, and cells were then stimulated with 
2.5 μM Ca2+-ionophore A23187 for 10 min to induce COX product 
formation. Compared to the vehicle control and cisplatin groups, the 
most cytotoxic complex 26 as well as its free ligand 8 (= ACF), showed 
significant inhibition of COX activity, as the levels of COX products were 
remarkably decreased in a concentration-dependent manner (Fig. 3a). 
Even at the lowest tested concentration of 1.5 μM, the inhibition by 26 
and 8 achieved up to 70%. Moreover, compound 11 exhibited a similar 
concentration-dependent inhibition; however, the inhibition by its cor
responding Pt(IV) species 29 did not parallel the inhibitory efficiency of 
11 with increasing concentrations. The least cytotoxic di-substituted 
complex 27 and its ligand 9 did not show noteworthy COX inhibition, 
except that 27 was slightly (though not significantly) inhibitory at the 
highest tested concentration. In general, the potency of COX inhibition 
seems to correlate with the cytotoxicity profiles in A549 cells in the 
following order: 26 > 29 > 27. As depicted in Fig. 3b, compounds 8 and 
26 remarkably reduced PGE2 production. PGE2 plays a pivotal role in 
the migration of cancer cells, and high expression of COX-2 in tumor 
tissue can lead to dysfunction of the antitumor immune response 
through PGE2. The inhibition of COX-2 and secretion of PGE2 suggest 
that complex 26 potentially can hamper tumor progression and alter the 
immune microenvironment of cancer cells. However, it should be 
mentioned that the inhibition of PGE2 formation in A549 cells was 
measured within 1 h, whereas cytotoxicity was determined after 96 h, 
suggesting that COX inhibition and cytotoxicity may act independently. 

2.4. Stability 

The stability of complex 26 in DMF(d7)-PBS (phosphate-buffered 
saline, in D2O, pH = 7.4) (v/v; 4/1) at 37 ◦C was examined using 1H 
NMR spectroscopy. As displayed in Fig. S4, the 1H NMR spectra were 
checked at different incubation times. After 48 h, no new peaks or 
species were observed. As a reference, compound 8 was checked under 

the same conditions, and hydrolysis of the linked GA was not observed. 
In general, compounds 8 and 26 are stable under the tested conditions. 

2.5. Reduction with ascorbic acid 

Pt(IV) complexes working as prodrugs are proposed to release active 
Pt(II) species under intracellular reduction. Thus, the reduction of 
complex 26 was studied using ascorbic acid (AsA) as a reducing agent. 
The 195Pt NMR spectra were evaluated after incubation of complex 26 in 
the presence of AsA (10 eq) in DMF-PBS (v/v; 4/1) at 37 ◦C for 18 h. The 
signal of Pt(IV) disappeared during incubation. At the same time, the 
peak for Pt(II) was observed at −2097 ppm, which was in agreement 
with that of cisplatin (Fig. 4) [46]. 

Fig. 3. Inhibition of COX product formation by 
compounds 8, 9, 11, 26, 27 and 29 in A549 cells. 
A549 cells were preincubated with 2 ng/mL IL-1β for 
24 h and then treated with either vehicle (veh., con
taining 0.1% DMSO), cisplatin, Pt(IV) complexes (26, 
27 and 29) or the free drugs (8, 9, 11) for 15 min and 
then stimulated with 2.5 μM Ca2+-ionophore A23187 
to induce COX product formation for 10 min at 37 ◦C. 
COX products were then purified by solid-phase 
extraction and analyzed by UPLC-MS/MS. Values 
are given as COX products (PGE2, PGD2, TXB2, PGF2α 
and PGJ2) in pg/106 A549 cells in (a) for COX product 
levels (the sum of PGE2, PGD2, TXB2, PGF2α and 
PGJ2) or (b) for PGE2 levels alone, after exposure to 
compounds 8, 9, 11, 26, 27 and 29. Data are means 
± SEM, n = 3; Data were log-transformed for statis
tical analysis; *p < 0.05, **p < 0.01, ***p < 0.001, 
one-way ANOVA with Dunnett’s multiple compari
sons test against DMSO control.   

Fig. 4. 195Pt NMR spectra of complex 26 in DMF-PBS (v/v; 4/1) (a) before 
adding AsA; (b and c) after adding AsA (10 eq), the solution was incubated at 
37 ◦C for 18 h. 
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2.6. 9-Methylguanine binding experiment 

It is well-known that the mechanism of action of cisplatin involves 
the crosslinking of DNAbases by formation of DNA-Pt adducts, pre
venting repair of the DNA, finally leading to DNA damage and subse
quently inducing apoptosis in cancer cells. The crosslinks normally 
occur on the N7 position of guanine [22]. Thus, we investigated DNA 
binding using 9-methylguanine (9-MeG) as a simple model. Complex 26 
was incubated with 9-MeG (3 eq) in the presence of AsA (10 eq) at 37 ◦C 
for 24 h. Two peaks with m/z 430.02 (tR = 1.07 min) and m/z 577.97 (tR 
= 1.65 min), which can be assigned to the adducts [(Pt(NH3)2(9-MeG) 
Cl)]+ and [(Pt(NH3)(9-MeG)2Cl)]+, respectively, were found in the 
LC-ESI(+)-MS spectrum (Fig. S5). Comparable adducts were also found 
when incubating cisplatin with 9-MeG under the same conditions [46]. 

2.7. Cellular accumulation 

It has been demonstrated that increased lipophilicity within ho
mologous series of Pt(IV) complexes may lead to enhanced cellular 
accumulation via passive diffusion [47]. Generally, conjugation with 
hydrophobic ligands leads to enhanced lipophilicity. Thus, the most 
potent cytotoxic complexes, in respect to the lowest IC50 values in the 
colon carcinoma cell line SW480, were chosen for evaluation of cellular 
accumulation, depolarization of the mitochondrial membranes as well 
as for induction of apoptosis: 24, as a mono-substituted salicylate 
complex, and 26, as a di-substituted diclofenac complex. As shown in 
Fig. S6, the cellular accumulation of complex 26 (448 fg platinum/cell), 
being the more lipophilic complex, is approximately 2.3-fold higher 
compared to the mono-substituted complex 24 (191 fg platinum/cell). 

Cisplatin, as the reference compound, with a cellular accumulation of 
12 fg platinum/cell, demonstrated a significant lower uptake under 
essentially similar experimental conditions [48]. 

2.8. Depolarization of mitochondrial membranes and induction of 
apoptosis 

NSAIDs have been reported to induce mitochondrial dysfunction, 
especially changes that affect the mitochondrial membrane potential 
(ΔΨm). The collapse of the ΔΨm may lead to the opening of the mito
chondrial permeability transition pores and subsequent release of cyto
chrome c, which in turn triggers downstream events such as apoptosis. To 
assess the condition of mitochondrial membrane potentials in a cell pop
ulation, SW480 cells were treated with complexes 24 and 26 and stained 
with JC-1, which is a membrane-permeable lipophilic cationic fluoro
chrome showing potential-dependent accumulation in mitochondria. As 
illustrated by Fig. 5a, concentration-dependent mitochondrial damage 
upon incubation with 26 for 24 h was observed. At a concentration of 5 μM, 
35% of cells with depolarized mitochondria were observed; by increasing 
the concentration to 25 μM, the value went up to 89%. In the case of 
complex 24 at the same concentrations, the values were only 1% and 17%, 
respectively, implying that 26 is much more potent than 24 (Fig. S7). 

The induction of cell death by complexes 24 and 26 was investigated 
using a flow-cytometric annexin V-FITC/propidium iodide (PI) double 
staining assay in the colon cancer line SW480 with concentrations of 0.2, 
1.0, 5.0 and 25 μM (Fig. 5b, c and Fig. S8). Complexes 24 and 26 induced 
concentration-dependent increases in necrosis, as well as in early and late 
apoptosis. After exposure for 24 h at a concentration of 25 μM, 13.2% and 
51.8% of cells were induced to enter late apoptosis, respectively. This is 

Fig. 5. Flow cytometry analysis of SW480 cells upon 
treatment with complex 26 for 24 h. (a) Percentage of 
cells with depolarized mitochondria according to the 
JC-1 assay after treatment with 0.2, 1.0, 5.0 or 25 μM 
of 26. Values are means ± SDs of triplicate experi
ments. (b) Percentage of necrotic, late apoptotic, 
early apoptotic, and viable cells according to the 
annexin V-FITC/PI assay upon treatment at different 
substance concentrations. (c) Exemplary dot plot 
analysis from the latter assay (one out of three inde
pendent experiments for each of the four concentra
tions). Dots represent necrotic (Q1, upper left 
quadrant), late apoptotic (Q2, upper right), early 
apoptotic (Q3, lower right) and viable cells (Q4, 
lower left).   
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particularly remarkable as we have previously found that treatment with 
100 μM of cisplatin causes only less than 3% of SW480 cells to enter late 
apoptosis after 24 h [49], which suggests that complexes 24 and 26 have 
manifold higher pro-apoptotic effects than cisplatin. 

3. Conclusion 

In summary, a series of Pt(IV) complexes comprising NSAIDs or their 
carboxymethyl ester analogues as axial ligands are described with re
gard to their synthesis and structural characterization. Di-substituted Pt 
(IV) complexes were synthesized through NHS esters linked via glycolic 
acid, providing an alternative synthesis route for Pt(IV) complexes. 
Overall, cisplatin-based Pt(IV) complexes showed increased cytotoxicity 
in three human cancer cell lines. Among them, complex 26 (containing 
two axial aceclofenac ligands) was most potent in SW480 and A549 cells 
and was up to 37-fold and 10-fold more cytotoxic than cisplatin. A 
reduction study of 26 in the presence of ascorbic acid proved that it can 
be used as a prodrug that becomes activated upon reduction by bio
logically relevant reductants. Furthermore, two Pt(II)-9-MeG adducts 
were found when the complex was exposed to 9-MeG in the presence of 
ascorbic acid, suggesting the possibility of Pt(II)-DNA cross-link forma
tion, analogous to the mode of action of cisplatin. Compared to the 
parent drug cisplatin, enhanced cellular accumulation and a manifold 
increased apoptosis-inducing potency of 26 in SW480 cells were 
observed. To investigate the combined anticancer and anti- 
inflammatory strategy, the ability of COX inhibition was explored by 
assessment of prostaglandin formation in A549 cells. The levels of COX- 
derived prostanoids were remarkably reduced by the treatment with 
complex 26 or its axial ligand ACF (compound 8); moreover, the sup
pression of PGE2 alone occurred essentially to the same extent. Alto
gether, Pt(IV) prodrug 26 with two aceclofenac moieties as axial ligands 
possesses potential as a promising antitumor agent with enhanced 
cellular accumulation, high apoptosis-inducing potency and outstanding 
COX-inhibiting properties. 

4. Experimental section 

4.1. Materials and methods 

4.1.1. Chemical agents 
All the reagents and solvents were of analytical grade and were used 

without further purification. Potassium tetrachloroplatinate(II) was 
donated from Umicore Hanau. N,N′-Dicyclohexylcarbodiimide (DCC) 
was purchased from Carl Roth GmbH. Benzyl chloroacetate, 2-(2,6- 
dichloroanilino)phenylacetic acid, 2-carboxyphenyl salicylates, N- 
hydroxysuccinimide (NHS) and di-tert-butyl dicarbonate were pur
chased from TCI Deutschland GmbH. Anhydrous DMSO and anhydrous 
DMF were obtained from Sigma-Aldrich and Alfa Aesar Thermo Fisher 
Scientific, respectively. 6-Aminocaproic acid was obtained from Fluka 
Chemie GmbH. All solvents were dried and distilled prior to use ac
cording to standard methods. 

4.1.2. Instruments 
The 1H,13C{1H}, 19F{1H} and 195Pt NMR spectra were recorded with 

Bruker Avance 300 MHz, 400 MHz and 600 MHz spectrometers at 297 K. 
Chemical shifts are given in parts per million with references to internal 
SiMe4 (1H, 13C), to external K2PtCl4 (195Pt), and to external tri
fluorotoluene (19F). The mass spectrum was 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 aluminium sheets (silica gel 60 F254). Geduran Si 60 
(0.063–0.200 mm) was used as the stationary phase for column 
chromatography. 

4.1.3. Single-crystal X-ray structural analyses 
The single-crystal X-ray intensity data for compounds 5 and 15 were 

collected on a Bruker-Nonius Kappa-CCD diffractometer equipped with 
a Mo-Kα IμS microfocus source and an Apex2 CCD detector, at T = 120 
(2) K. The crystal structures were solved with SHELXT-2018/3 [50] and 
refined by full matrix least-squares methods on F2 with SHELXL-2018/3 
[51], using the Olex 1.2 environment [52]. Multi-scan absorption 
correction was applied to the intensity data [53]. CCDC 2241070 (for 
compound 5) and 2219838 (for compound 15) contain the supple
mentary crystallographic data for this paper. These data can be obtained 
free of charge from The Cambridge Crystallographic Data Centre (CCDC; 
http://www.ccdc.cam.ac.uk). 

4.1.4. Cell lines and media 
CH1/PA-1 cells (identified via STR profiling as PA-1 ovarian 

teratocarcinoma cells by Multiplexion, Heidelberg, Germany) were a gift 
from Lloyd R. Kelland, CRC Center for Cancer Therapeutics, Institute of 
Cancer Research, Sutton, UK. SW480 (human adenocarcinoma of the 
colon) and A549 (human non-small cell lung cancer) cells were provided 
by the Institute of Cancer Research, Department of Medicine I, Medical 
University of Vienna, Austria. All cell culture media, supplements and 
assay reagents were purchased from Sigma-Aldrich, and plasticware 
from Starlab unless noted otherwise. Cells were grown in 75 cm2 culture 
flasks as adherent cultures in minimum essential medium (MEM) sup
plemented with 10% heat-inactivated fetal bovine serum (FBS; Bio
West), 1 mM sodium pyruvate, 4 mM L-glutamine, and 1% non-essential 
amino acids (from 100 × ready-to-use stock). Cultures were maintained 
at 37 ◦C in a humidified atmosphere containing 5% CO2. 

4.2. Synthesis of compounds 

4.2.1. General procedure a for the preparation of benzyloxy carbonyl 
methyl esters 5–7 

Benzyl chloroacetate (1 mmol) was added dropwise to a solution of 
corresponding acids 2–4 (1.1 mmol) and triethylamine (1.5 mmol) in 10 
ml of acetone. The solution was heated to 50 ◦C for 24 h. Then, the 
mixture solution was filtered and dried using a rotary evaporator. 

4.2.1.1. 2-Oxo-2-(phenylmethoxy)ethyl 2-hydroxybenzoate (5) SA-GA- 
Bn. Purification via column chromatography (SiO2, DCM) to give 5 as a 
white solid (yield, 66%). Rf = 0.71 (DCM). The single crystal of com
pound 5 was obtained by slow evaporation of solution in DCM at room 
temperature. The molecular structure was determined by using X-ray 
crystallography (see Table S1 and Fig. S. 75). 

1H NMR (400 MHz, CDCl3): δ 10.39 (s, 1H), 7.93 (dd, J = 8.0, 1.6 Hz, 
1H), 7.49 (t, J = 7.4 Hz, 1H), 7.38–7.34 (m, 5H), 6.99 (d, J = 8.0 Hz, 
1H), 6.91 (t, J = 7.6 Hz, 1H), 5.25 (s, 2H), 4.91 (s, 2H) ppm. 

13C{1H} NMR (101 MHz, CDCl3, 297 K): δ 169.3, 167.2, 161.8, 
136.3, 135.0, 130.2, 128.7128.6, 128.4, 119.4, 117.7, 111.6, 67.3, 61.2 
ppm. 

Anal Calc. for C16H14O5: C, 67.13; H, 4.93%. Found: C, 67.06; H, 
4.95%. 

4.2.1.2. 2-Oxo-2-(phenylmethoxy)ethyl (2-((2-hydroxybenzoyl)oxy)ben
zoate) (6) SSA-GA-Bn. Purification via column chromatography (SiO2, 
EtOAc/cyclohexane = 1/5) to give 6 as a white solid (yield, 58%). Rf =

0.27 (EtOAc/cyclohexane = 1/5). 
1H NMR (400 MHz, CD2Cl2): δ 10.27 (s, 1H), 8.17 (dd, J = 7.9, 1.6 

Hz, 1H), 8.11 (dd, J = 8.0, 1.6 Hz), 7.71 (td, J = 7.8, 1.6 Hz, 1H), 7.57 (t, 
J = 7.8 Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 7.36–7.31 (m, 5H), 7.05 (d, J =
8.4 Hz, 1H), 6.99 (t, J = 7.6 Hz, 1H), 5.16 (s, 2H), 4.76 (s, 2H) ppm. 

13C{1H} NMR (101 MHz, CD2Cl2): δ 169.2, 167.6, 163.9, 162.4, 
150.6, 136.9, 135.7, 134.9, 132.5, 131.1, 128.9, 128.8, 128.6, 127.1, 
124.4, 123.0, 119.9, 118.0, 112.4, 67.4, 61.7 ppm. 

Anal Calc. for C23H18O7: C, 67.98, H, 4.46%. Found: C, 68.03; H, 
4.41%. 
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4.2.1.3. 2-Oxo-2-(phenylmethoxy)ethyl 2′,4′-difluoro-3-hydroxy[1,1′- 
biphenyl]-4-carboxylate (7) DFS-GA-Bn. Purification via column chro
matography (SiO2, EtOAc/cyclohexane = 1/5) to give 7 as a white solid 
(yield, 58%). Rf = 0.43 (EtOAc/cyclohexane = 1/5). 

1H NMR (400 MHz, CDCl3): δ 10.46 (s, 1H), 8.06 (s, 1H), 7.69–7.60 
(m, 1H), 7.44–7.30 (m, 6H), 7.08 (d, J = 8.7 Hz, 1H), 7.00–6.85 (m, 2H), 
5.25 (s, 2H), 4.93 (s, 2H). 

13C{1H} NMR (101 MHz, CDCl3): δ 169.2 (s), 167.1 (s), 163.5 (d, J =
11.8 Hz), 161.4 (s), 160.9 (dd, J = 11.8, 5.5 Hz), 158.4 (d, J = 11.9 Hz), 
136.8 (d, J = 3.1 Hz), 134.9 (s), 131.1 (dd, J = 9.5, 4.8 Hz), 130.4 (d, J 
= 2.6 Hz), 128.7 (d, J = 3.3 Hz), 128.4 (s), 126.4 (s), 124.0 (dd, J = 13.6, 
3.9 Hz), 118.0 (m), 111.5 (d, J = 3.8 Hz), 104 (t, J = 26.0 Hz), 67.4 (s), 
61.3 (s) ppm. 

19F{1H} NMR (376 MHz, CDCl3): δ −111, −114 ppm. 
Anal Calc. for C22H16O5F2: C, 66.33; H, 4.05%. Found: C, 66.13; H, 

4.08%. 

4.2.2. General procedure B for the preparation of carboxymethyl esters 
9–11 

Corresponding benzyloxy carbonyl methyl esters 5–7 (1 mmol), Pd/ 
C (10 wt% loading, 7.3% mol) and dichloromethane (10 ml) were mixed 
in the flask. Remove O2 in the solvent and air inside the flask by 
hydrogen (H2) bubbling using a H2-filled double-layered rubber balloon. 
Then the mixture solution was stirred overnight under hydrogen at
mosphere at room temperature. After filtration through Celite, the 
filtrate was dried by a rotary evaporator and the appropriate product 
was obtained as a solid. 

4.2.2.1. 2-(2-Hydroxybenzoyl)oxyacetic acid (9) SA-GA. Compound 9 
was obtained as a reddish solid (yield, 88%). 

1H NMR (400 MHz, CDCl3): δ 10.35 (br s, 1H), 7.92 (dd, J = 8.0, 1.3 
Hz, 1H), 7.50 (t, J = 7.8 Hz, 1H), 7.00 (d, J = 8.5 Hz, 1H), 6.92 (t, J =
7.6 Hz, 1H), 4.93 (s, 2H) ppm. 

13C{1H} NMR (101 MHz, CDCl3): δ 172.7, 169.2, 161.8, 136.5, 
130.2, 119.5, 117.7, 111.4, 60.5 ppm. 

Anal Calc. for C9H8O5: C, 55.11; H, 4.11%. Found: C, 55.00; H, 
4.13%. 

4.2.2.2. 2-(2-((2-Hydroxybenzoyl)oxy)benzoate)oxyacetic acid (10) 
SSA-GA. Compound 10 was obtained as a white solid (yield, 88%). 

1H NMR (400 MHz, CD2Cl2): δ 8.15 (d, J = 7.7 Hz, 1H), 8.10 (d, J =
7.9 Hz, 1H), 7.70 (t, J = 7.7 Hz, 1H), 7.54 (t, J = 7.8 Hz, 1H), 7.45 (t, J =
7.6 Hz, 1H), 7.30 (d, J = 8.1 Hz, 1H), 7.03–6.97 (m, 2H), 4.75 (s, 1H) 
ppm. 

13C{1H} NMR (101 MHz, CD2Cl2): δ 172.3, 168.7, 163.5, 161.9, 
150.1, 136.5, 134.6, 132.1, 130.6, 126.7, 124.0, 122.4, 119.6, 117.6, 
111.9, 60.7 ppm. 

Anal Calc. for C16H12O7: C, 60.76; H, 3.82%. Found: C, 60.43; H, 
3.84%. 

4.2.2.3. 2-(2′,4′-difluoro-3-hydroxy[1,1′-biphenyl]-4-carboxylate)oxy
acetic acid (11) DFS-GA. Compound 11 was obtained as a light grey 
solid (yield, 94%). 

1H NMR (400 MHz, CDCl3): δ 10.42 (br s, 1H), 8.05 (s, 1H), 7.64 (dd, 
J = 8.7, 1.7 Hz, 1H), 7.37 (td, J = 8.7, 6.5 Hz, 1H), 7.08 (d, J = 8.7 Hz, 
1H), 7.01–6.85 (m, 2H), 4.94 (s, 2H) ppm. 

13C{1H} NMR (101 MHz, CDCl3): δ 172.0 (s), 169.1 (s), 163.5 (d, J =
11.9 Hz), 161.4 (s), 161.0 (dd, J = 11.8, 8.5 Hz), 158.5 (d, J = 11.9 Hz), 
137.0 (d, J = 3.0 Hz), 131.1 (dd, J = 9.5, 4.8 Hz), 130.3 (d, J = 2.6 Hz), 
126.4 (s), 123.9 (d, J = 13.7 Hz), 118.1 (s), 111.7 (dd, J = 21.1, 3.7 Hz), 
104.4 (t, J = 26.0 Hz), 60.6 (s) ppm. 

19F{1H} NMR (376 MHz, CDCl3): δ −111, −114 ppm. 
Anal Calc. for C15H10O5F2: C, 58.45; H, 3.27%. Found: C, 58.16; H, 

3.28%. 

4.2.3. General procedure C for the preparation of NHS esters 12–19 
Dicyclohexylcarbodiimide (DCC, 1.5 mmol) was added to a solution 

of corresponding acids 1–4 and 8–11 (1.0 mmol) and NHS (1.3 mmol) in 
6 ml of dichloromethane. The solution was kept stirring overnight at 
room temperature. After keeping at −20 ◦C overnight for complete 
precipitation of N,N′-dicyclohexylurea, the by-product was filtered off 
and the solvent was removed by rotary evaporation. 

4.2.3.1. 2,5-Dioxo-1-pyrrolidinyl 2-((2,6-dichlorophenyl)amino) benze
neacetate (12) DFC-NHS. Purification via column chromatography 
(SiO2, MeOH/DCM = 1:50) to get 12 as a white solid (yield, 51%). Rf =

0.34 (DCM). 
1H NMR (400 MHz, CDCl3): δ 7.35 (d, J = 8.1 Hz, 3H), 7.20 (td, J =

7.8, 1.4 Hz, 1H), 7.06 (td, J = 7.5, 0.9 Hz, 1H), 7.00 (t, J = 8.1 Hz, 1H), 
6.64 (d, J = 7.9 Hz, 1H), 6.23 (s, 1H), 4.16 (s, 2H), 2.85 (s, 4H) ppm. 

13C{1H} NMR (101 MHz, CDCl3): δ 168.8, 167.3, 142.8, 138.2, 
131.1, 129.3, 128.8, 124.1, 123.4, 123.1, 119.9, 34.9, 25.6 ppm. 

ESI-MS (positive mode, m/z) [M+H]þ calc. for C18H15O4N2Cl2: 
393.0, found 393.0; m/z [M+Na]þ calc. for C18H14O4N2Cl2Na: 415.0, 
found 415.0. 

Anal Calc. for C18H14O4N2Cl2: C, 54.98; H, 3.59; N, 7.12%. Found: C, 
54.71; H, 3.61; N, 6.87%. 

4.2.3.2. (2,5-Dioxopyrrolidin-1-yl) 2-hydroxybenzoate (13) SA-NHS. 
Purification via column chromatography (SiO2, MeOH/DCM = 1/20) to 
give 13 as an off-white solid (yield, 69%). Rf = 0.29 (DCM). 

1H NMR (400 MHz, CDCl3): δ 9.51 (s, 1H), 8.00 (dd, J = 8.0, 1.6 Hz, 
1H), 7.58 (t, J = 7.86 Hz, 1H), 7.05 (d, J = 8.4 Hz, 1H), 6.98 (t, J = 7.6 
Hz, 1H), 2.92 (s, 4H). 

13C{1H} NMR (101 MHz, CDCl3): δ 168.9, 165.1, 162.2, 137.9, 
130.1, 120.0, 118.1, 108.2, 25.7 ppm. 

Anal Calc. for C11H9NO5: C, 56.17; H, 3.86; N, 5.96%. Found: C, 
56.33; H, 3.89; N, 5.86%. 

4.2.3.3. (2,5-Dioxopyrrolidin-1-yl) 2-((2-hydroxybenzoyl)oxy)benzoate 
(14) SSA-NHS. Purification via column chromatography (SiO2, MeOH/ 
DCM = 1/20) to give 14 as a white solid (yield, 72%). Rf = 0.27 (DCM). 

1H NMR (400 MHz, CDCl3): δ 10.21 (s, 1H), 8.21 (dd, J = 7.9, 1.5 Hz, 
1H), 8.09 (dd, J = 7.9, 1.5 Hz, 1H), 7.74 (t, J = 7.8 Hz, 1H), 7.51 (t, J =
7.8 Hz, 2H), 7.45 (t, J = 7.6 Hz, 2H), 7.35 (d, J = 8.2 Hz, 1H), 7.01 (d, J 
= 8.2, 1H), 6.95 (t, J = 7.6 Hz, 1H), 2.78 (br s, 4H) ppm. 

13C{1H} NMR (101 MHz, CDCl3): δ 168.9, 168.2, 162.2, 159.4, 
150.6, 136.6, 135.9, 132.3, 130.8, 126.8, 124.3, 119.6, 119.0, 117.7, 
111.6, 25.6 ppm. 

Anal Calc. for C18H13NO7: C, 60.85; H, 3.69; N, 3.94%. Found: C, 
60.87; H, 3.67; N, 3.87%. 

4.2.3.4. (2,5-Dioxopyrrolidin-1-yl) 2′,4′-difluoro-3-hydroxy[1,1′-biph 
enyl]-4-carboxylate (15) DFS-NHS. Purification via column chromatog
raphy (SiO2, MeOH/DCM = 1/20). Yield: 15%. Rf = 0.30 (DCM). 

The single crystal of compound 15 was obtained by slow evaporation 
of solution in MeOH-DCM (1:20) at room temperature. The molecular 
structure was determined by using X-ray crystallography (see Table S1 
and Fig. S. 76). 

1H NMR (400 MHz, CDCl3): δ 9.57 (s, 1H), 8.12 (d, J = 1.8 Hz, 1H), 
7.73 (dt, J = 8.8, 1.9 Hz, 1H), 7.41–7.35 (m, 1H), 7.13 (d, J = 8.8 Hz, 
1H), 6.98–6.89 (m, 2H), 2.93 (br s, 4H) ppm. 

13C{1H} NMR (101 MHz, CDCl3): δ 168.8 (s), 165.0 (s), 163.6 (d, J 
= 11.8 Hz), 161.7 (s), 161.0 (dd, J = 25.4, 11.8 Hz), 158.4 (d, J = 11.9 
Hz), 138.4 (d, J = 3.3 Hz), 131.1 (dd, J = 9.5, 4.6 Hz), 130.1 (d, J = 2.5 
Hz), 127.1 (s), 123.4 (dd, J = 13.6, 3.9 Hz), 118.4 (s), 111.8 (dd, J =
21.2, 3.8 Hz), 108.4 (s), 104.5 (t, J = 25.7 Hz), 25.7 (s) ppm. 

19F{1H} NMR (376 MHz, CDCl3): δ −113, −116 ppm. 
Anal Calc. for C22H16O5F2: C, 66.33; H, 4.05%. Found: C, 66.13; H, 

4.08%. 
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4.2.3.5. 2-[(2,5-Dioxo-1-pyrrolidinyl)methoxy]-2-oxoethyl 2-[(2,6- 
dichlorophenyl)amino]benzeneacetate (16), 2-[(2,5-Dioxo-1-pyrrolidinyl) 
methoxy]-2-oxoethyl 2-hydroxybenzoate (17), 2-[(2,5-Dioxo-1-pyrroli
dinyl)methoxy]-2-oxoethyl 2-((2-hydroxybenzoyl)oxy) benzoate (18), 
and 2-[(2,5-Dioxo-1-pyrrolidinyl)methoxy]-2-oxoethyl 2′,4′-difluoro-3-hy
droxy[1,1′-biphenyl]-4-carboxylate (19). After drying by rotary evapo
ration, compounds 16–19 were yielded quantitatively and were used for 
next the steps directly without any purification. 

4.2.4. Synthesis of compound 21 

4.2.4.1. 6-((tert-butoxycarbonyl) amino) hexanoic acid (L-Boc) 20. To a 
solution of 6-aminohexanoic acid (1.31g, 10 mmol) and triethylamine 
(2.8 ml, 20 mmol) in acetone-water (1:1, 30 ml), di-tert-butyl dicar
bonate (2.40 g, 11 mmol) was added and the reaction mixture was 
stirred for 4 h at room temperature. Then, the solution was concentrated 
under vacuum and the residual aqueous solution was acidified with 1 M 
HCl to pH 4–5. The solution was extracted with dichloromethane and 
the combined organic phase was washed with brine, dried with anhy
drous Na2SO4. The solvent was removed by rotary evaporation to give 
the product as a colourless oil. (2.22 g, 96%). 

1H NMR (400 MHz, CDCl3): δ 4.59 (s, 1H), 3.09 (s, 2H), 2.33 (t, J =
7.4 Hz, 2H), 1.68–1.59 (m, 2H), 1.53–1.40 (m, 11H), 1.39–1.30 (m, 2H). 

13C{1H} NMR (101 MHz, CDCl3): δ 178.9, 156.1, 79.2, 40.3, 33.9, 
29.7, 28.4, 26.2, 24.3 ppm. 

4.2.4.2. L-Boc anhydride 21. To a solution of L-Boc (462 mg, 2 mmol) in 
20 ml of dichloromethane, DCC (247 mg, 1.2 mmol) was added. The 
solution was stirred overnight at room temperature, then was kept at 
−20 ◦C overnight for complete precipitation of N,N′-dicyclohexylurea. 
The by-product was filtered off and the solvent was removed by a rotary 
evaporator. Quantitatively yielded product was given as a light yellow 
solid and was used directly for the next steps without any purification. 

4.2.5. General procedure D for the preparation of complexes 22–25 and 
31 

Corresponding NHS esters 12–15 (0.33 mmol) were added to a sus
pension of Pt(IV) precursor (0.30 mmol) in 3 ml of anhydrous DMSO. 
The suspension was heated to 50 ◦C and kept stirring for 2 days. The 
insoluble material was removed through centrifugation. Excessive 
diethyl ether (2 × 40 ml) was added to remove DMSO. 

4.2.5.1. cis,cis,trans-[Pt(NH3)2Cl2(DCF)(OH)] 22. The residue was pu
rified by column chromatography (SiO2, MeOH/DCM = 1:10) to get 22 
as a light brown solid (yield, 44%). Rf = 0.15 (MeOH/DCM = 1/10). 

1H NMR (400 MHz, DMSO‑d6): δ 7.64 (s, 1H), 7.50 (d, J = 8.1 Hz, 
2H), 7.16 (t, J = 7.1 Hz, 2H), 7.03 (t, J = 7.6 Hz, 1H), 6.81 (t, J = 7.3 Hz, 
1H), 6.26 (d, J = 7.9 Hz, 1H), 6.17–5.72 (m, 6H), 3.69 (s, 2H) ppm. 

13C{1H} NMR (101 MHz, DMSO‑d6): δ 179.7, 143.6, 138.0, 131.4, 
130.4, 129.5, 127.4, 126.4, 125.5, 120.8, 116.2, 41.0 ppm. 

195 Pt NMR (86 MHz, DMSO‑d6): δ +1045 ppm. 
ESI-MS (positive mode, m/z) [M+H]þ calc. for C14H18O3N3Cl4Pt: 

612.0, found 612.0; [M+Na]þ calc. for C14H17O3N3Cl4PtNa: 634.0, 
found 634.0. 

Anal Calc. for C14H17O3N3Cl4Pt: C, 27.47; H, 2.80; N, 6.86%. Found: 
C, 27.77; H, 3.05; N, 7.02%. 

4.2.5.2. cis,cis,trans-[Pt(NH3)2Cl2(SA)(OH)] 23. The residue was puri
fied by column chromatography (SiO2, MeOH/DCM = 1/10) to give 23 
as a yellow powder (yield, 49%). Rf = 0.20 (MeOH/DCM = 1/5). 

1H NMR (400 MHz, DMSO‑d6): δ 11.43 (br s, 1H), 7.77 (dd, J = 8.7, 
1.7 Hz, 1H), 7.38 (t, J = 7.7 Hz, 1H), 6.86–6.82 (m, 1H), 6.26–5.87 (m, 
6H) ppm. 

13C{1H} NMR (101 MHz, DMSO‑d6): δ 175.0, 160.3, 134.2, 131.4, 
118.7, 117.5, 116.9 ppm. 

195 Pt NMR (100 MHz, DMSO‑d6): δ +1036 ppm. 
MS-ESI (negative mode, m/z): [M − H]– Found 452.97, Calc. 453.16; 

[M+Cl]– Found 489.95, Calc. 489.62. 
Anal Calc. for C7H12O4N2Cl2Pt: C, 18.51; H, 2.66; N, 6.17%. Found: 

C, 18.89; H, 2.87; N, 6.46%. 

4.2.5.3. cis,cis,trans-[Pt(NH3)2Cl2(SSA)(OH)] 24. The residue was pu
rified by column chromatography (SiO2, MeOH/DCM = 1/10) to give 24 
as a yellow powder (yield, 29%). Rf = 0.20 (MeOH/DCM = 1/10). 

1H NMR (400 MHz, DMSO‑d6): δ 10.12 (br s, 1H), 8.04 (dd, J = 7.9, 
1.6 Hz, 1H), 7.96 (dd, J = 7.8, 1.7 Hz, 1H), 7.60–7.55 (m, 2H), 7.38 (td, 
J = 7.6, 1.1 Hz, 1H), 7.28 (dd, J = 8.1, 0.9 Hz, 1H), 7.03–6.98 (m, 2H), 
6.07–5.75 (m, 6H) ppm. 

13C{1H} NMR (101 MHz, DMSO‑d6): δ 172.0, 167.3, 160.4, 149.0, 
136.2, 132.8, 132.3, 131.8, 128.3, 126.3, 124.0, 119.9, 117.9, 114.0 
ppm. 

195 Pt NMR (86 MHz, DMSO‑d6): δ +1036 ppm. 
MS-ESI (positive mode, m/z): [M+H]þ Found 575.01, Calc. 575.19; 

[M+Na]þ Found 597.99, Calc. 597.27. 
MS-ESI (negative mode, m/z): [M − H]– Found 573.01, Calc. 573.27; 

[M+Cl]– Found 609.98, Calc. 609.73. 
Anal Calc. for C14H16O6N2Cl2Pt: C, 29.28; H, 2.81; N, 4.88%. Found: 

C, 29.08; H, 3.13; N, 4.74%. 

4.2.5.4. cis,cis,trans-[Pt(NH3)2Cl2(DFS)(OH)] 25. The residue was pu
rified by column chromatography (SiO2, MeOH/DCM = 1/10) to give 25 
as a white powder (yield, 42%). Rf = 0.11 (MeOH/DCM = 1/10). 

1H NMR (400 MHz, DMSO‑d6): δ 11.63 (s, 1H), 7.93–7.89 (m, 1H), 
7.56–7.47 (m, 2H), 7.38–7.31 (m, 1H), 7.18 (td, J = 8.4, 2.1 Hz, 1H), 
6.96 (d, J = 8.5 Hz, 1H), 6.31–5.81 (m, 6H) ppm. 

13C{1H} NMR (151 MHz, DMSO‑d6): δ 174.6 (s), 162.8 (s), 162.6 (d, 
J = 12.4 Hz), 161.0 (d, J = 12.2 Hz), 160.2 (d, J = 12.2 Hz), 160.1 (s), 
158.6 (d, J = 12.3 Hz), 134.5 (s), 131.9 (dd, J = 9.6, 4.7 Hz), 131.6 (s), 
124.8 (d, J = 9.0 Hz), 117.5 (d, J = 8.9 Hz), 116.8 (s), 112.5 (dd, J =
21.0, 3.5 Hz), 105.0 (t, J = 26.6 Hz) ppm. 

19F{1H} NMR (376 MHz, DMSO‑d6): δ −112, −114 ppm. 
195 Pt NMR (86 MHz, DMSO‑d6): δ +1032 ppm. 
MS-ESI (positive mode, m/z): [M+H]þ Found 566.00, Calc. 566.00; 

[M+Na]þ Found 587.98, Calc. 587.98. 
MS-ESI (negative mode, m/z): [M − H]– Found 563.99, Calc. 563.98. 
Anal Calc. for C13H14O4N2F2Cl2Pt: C, 27.57; H, 2.49; N, 4.95%. 

Found: C, 27.44; H, 2.54; N, 4.90%. 

4.2.5.5. [Pt(DACH)(DCF)(OH)ox] 31. The residue was purified by 
column chromatography (SiO2, MeOH/DCM = 1:10) to get 31 as a white 
solid (yield, 45%). Rf = 0.16 (MeOH/DCM = 1/10). 

1H NMR (400 MHz, DMSO‑d6): δ 8.39–7.68 (m, 7H), 7.60–7.46 (m, 
6H), 7.17 (t, J = 8.2 Hz, 4H), 7.04 (t, J = 7.7 Hz, 2H), 6.82 (t, J = 7.4 Hz, 
2H), 6.28 (d, J = 8.0 Hz, 2H), 3.72 (s, 4H), 2.67–2.59 (m, 4H), 2.08–1.95 
(m, 4H), 1.53–1.40 (m, 6H), 1.30–1.24 (m, 2H), 1.13–0.94 (m, 4H) ppm. 

13C{1H} NMR (101 MHz, DMSO‑d6): δ 180.8, 164.3, 143.2, 137.7, 
131.3, 130.0, 129.7, 127.6, 125.9, 125.6, 121.1, 116.4, 61.6, 60.6, 41.1, 
31.2, 24.2 ppm. 

195 Pt NMR (86 MHz, DMSO‑d6): δ +1410 ppm. 
ESI-MS (positive mode, m/z) [M+H]þ calc. for C22H26O7N3Cl2Pt: 

710.1, found 710.1; [M+Na]þ calc. for C22H25O7N3Cl2PtNa: 732.1, 
found 732.1. 

ESI-MS (negative mode, m/z) [M − H]- calc. for C22H24O7N3Cl2Pt: 
708.1, found 708.1. 

Anal Calc. for C22H25O7N3Cl2Pt: C, 37.25; H, 3.55; N, 5.92%. Found: 
C, 37.12; H, 3.73; N, 5.75%. 

4.2.6. General procedure E for the preparation of 26–29 
The corresponding NHS esters 16–19 (0.50 mmol) were added to a 

suspension of oxoplatin (0.20 mmol) in 4 ml of anhydrous DMSO. The 
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suspension was heated to 50 ◦C and kept stirring overnight. The insol
uble material was removed through centrifugation. Excessive diethyl 
ether (2 × 20 ml) was added to remove DMSO. 

4.2.6.1. cis,cis,trans-[Pt(NH3)2Cl2(ACF)2] 26. The residue was purified 
by column chromatography (SiO2, MeOH/DCM = 1:50) to get 26 as a 
light brown solid (yield, 46%). Rf = 0.39 (MeOH/DCM = 1/20). 

1H NMR (400 MHz, DMSO‑d6): δ 7.53 (d, J = 8.1 Hz, 2H), 7.26 (dd, J 
= 7.5, 1.2 Hz, 1H), 7.21 (t, J = 8.1 Hz, 1H), 7.11–7.04 (m, 1H), 6.96 (s, 
1H), 6.92–6.85 (m, 1H), 6.52 (s, 3H), 6.28 (d, J = 7.9 Hz, 1H), 4.67 (s, 
2H), 3.87 (s, 2H) ppm. 

13C{1H} NMR (101 MHz, DMSO‑d6): δ 174.9, 171.3, 143.4, 137.7, 
131.5, 131.1, 129.6, 128.3, 126.3, 123.9, 121.4, 116.8, 60.9, 37.4 ppm. 

195 Pt NMR (86 MHz, DMSO‑d6): δ +1239 ppm. 
ESI-MS (positive mode, m/z) [M+H]þ calc. for C32H31O8N4Cl6Pt: 

1007.4, found 1007.0. 
Anal Calc. for C32H30O8N4Cl6Pt: C, 38.19; H, 3.00; N, 5.57%. Found: 

C, 38.32; H, 2.93; N, 5.38%. 

4.2.6.2. cis,cis,trans-Pt[(NH3)2Cl2(ASA)2] 27. The residue was purified 
by column chromatography (SiO2, MeOH/DCM = 1:40) to get 27 as a 
light brown solid (yield, 40%). Rf = 0.29 (MeOH/DCM = 1/20). 

1H NMR (400 MHz, DMSO‑d6): δ 10.32 (s, 2H), 7.87–7.81 (m, 2H), 
7.58–7.53 (m, 2H), 7.04–6.96 (m, 4H), 6.55 (s, 6H), 4.91 (s, 4H) ppm. 

13C{1H} NMR (101 MHz, DMSO‑d6): δ 175, 168, 160, 136, 131, 
120, 118, 113, 61 ppm. 

195 Pt NMR (86 MHz, DMSO‑d6): δ +1238 ppm. 
ESI-MS (positive mode, m/z) [M − H]– calc. for C18H19O10N2Cl2Pt: 

689.3, found 689.0. 
Anal Calc. for C18H20O10N2Cl2Pt: C, 31.32; H, 2.92; N, 4.06%. Found: 

C, 31.65; H, 3.14; N, 3.97%. 

4.2.6.3. cis,cis,trans-Pt[(NH3)2Cl2(ASSA)2] 28. The residue was puri
fied by column chromatography (SiO2, MeOH/DCM = 1:80) to get 28 as 
a light brown solid (yield, 9%). Rf = 0.13 (MeOH/DCM = 1/40). 

1H NMR (300 MHz, CDCl3): δ 10.24 (s, 2H), 8.08 (t, J = 7.8 Hz, 4H), 
7.63 (t, J = 7.6 Hz, 2H), 7.48 (t, J = 7.3 Hz, 2H), 7.37 (t, J = 7.6 Hz, 2H), 
7.24 (d, J = 8.0 Hz, 2H), 6.97 (dd, J = 7.8, 6.0 Hz, 4H), 5.44 (s, 6H), 4.68 
(s, 4H) ppm. 

13C{1H} NMR (101 MHz, CD2Cl2): δ 177, 169, 165, 161, 150, 137, 
135, 132, 131, 127, 124, 123, 120, 118, 112, 62 ppm. 

195 Pt NMR (86 MHz, CD2Cl2): δ +1087 ppm. 
ESI-MS (positive mode, m/z) [M+H]þ calc. for C32H29O14N2Cl2Pt: 

931.5, found 931.1; [M+Na]þ calc. for C32H29O14N2Cl2PtNa: 953.5, 
found 953.1. 

Anal Calc. for C32H28O14N2Cl2Pt: C, 41.30; H, 3.03; N, 3.01%. Found: 
C, 41.61; H, 3.16; N, 2.97%. 

4.2.6.4. cis,cis,trans-Pt[(NH3)2Cl2(ADFS)2] 29. The residue was puri
fied by column chromatography (SiO2, MeOH/DCM = 1:80) to get 29 as 
a yellowish solid (yield, 40%). Rf = 0.10 (MeOH/DCM = 1/40). 

1H NMR (400 MHz, DMSO‑d6): δ 10.42 (s, 1H), 7.96 (s, 1H), 7.71 
(dd, J = 8.7, 1.5 Hz, 1H), 7.57 (dd, J = 8.9, 2.2 Hz, 1H), 7.39–7.33 (m, 
1H), 7.21–7.16 (m, 1H), 7.13 (d, J = 8.6 Hz, 1H), 6.55 (s, 3H), 4.92 (s, 
2H) ppm. 

13C{1H} NMR (101 MHz, DMSO‑d6): δ 174.5 (s), 167.5 (s), 163.3 (d, 
J = 12.2 Hz), 160.7 (t, J = 11.6 Hz), 159.9 (s), 158.3 (d, J = 12.3 Hz), 
136.4 (s), 132.0 (dd, J = 9.7, 4.6 Hz), 130.8 (s), 125.8 (s), 124.0 (dd, J =
13.3, 3.8 Hz), 118.5 (s), 113.9 (s), 112.6 (dd, J = 21.2, 3.6 Hz), 105.0 (t, 
J = 26.4 Hz), 61.2 (s) ppm. 

195Pt NMR (86 MHz, DMSO‑d6): δ +1234 ppm. 
19F{1H} NMR (282 MHz, DMSO‑d6): δ −111, −113 ppm. 
ESI-MS (negative mode, m/z) [M − H]- calc. for C30H23O10N2Cl2F4Pt: 

913.5, found 913.0. 
Anal Calc. for C30H24O10N2Cl2F4Pt: C, 39.40; H, 2.65; N, 3.06%. 

Found: C, 39.68; H, 2.90; N, 2.93%. 

4.2.7. Synthesis of cis,cis,trans-[Pt(NH3)2Cl2(DCF)(OAc)] 30 
Acetic anhydride (53 mg, 0.52 mmol) was added to a solution of 

complex 22 (53 mg, 0.086 mmol) in 4 ml of dry DMF. The solution was 
stirred overnight at room temperature. Then DMF was removed by ro
tary evaporation and the obtained residue was purified by column 
chromatography (SiO2, MeOH/DCM = 1:30) to get a light brown solid 
(55 mg, 46%). Rf = 0.21 (MeOH/DCM = 1/20). 

1H NMR (300 MHz, DMSO‑d6): δ 7.49 (d, J = 8.1 Hz, 2H), 7.25 (s, 
1H), 7.19–7.11 (m, 2H), 7.02 (t, J = 7.5 Hz, 1H), 6.81 (t, J = 6.6 Hz, 1H), 
6.41 (br s, 6H), 6.24 (d, J = 8.0 Hz, 1H), 3.75 (s, 2H), 1.91 (s, 3H). 

13C{1H} NMR (101 MHz, DMSO‑d6) δ 179.3, 178.8, 143.6, 137.9, 
131.4, 130.8, 129.5, 127.6, 125.8, 125.7, 120.8, 116.1, 40.9, 23.4 ppm. 

195 Pt NMR (86 MHz, DMSO‑d6): δ +1229 ppm. 
ESI-MS (positive mode, m/z) [M+H]þ calc. for C16H20O4N3Cl4Pt: 

654.0, found 654.0; [M+Na]þ calc. for C16H19O4N3Cl4PtNa: 676.0, 
found 676.0. 

Anal Calc. for C16H19O4N3Cl4Pt: C, 29.37; H, 2.93; N, 6.42%. Found: 
C, 29.48; H, 3.10; N, 6.24%. 

4.2.8. Synthesis of [Pt(DACH)(DCF)(OAc)ox] 32 
Following the same procedure of preparation for 30, complex 32 was 

synthesized from 20 mg of complex 31. The residue was purified by 
column chromatography (SiO2, MeOH/DCM = 1:20), obtaining 32 as a 
white solid (16 mg, 76%). Rf = 0.13 (MeOH/DCM = 1/20). 

1H NMR (400 MHz, DMSO‑d6): δ 8.52–8.20 (m, 3H), 8.12–7.93 (m, 
1H), 7.52 (d, J = 8.1 Hz, 2H), 7.25 (s, 1H), 7.18 (t, J = 8.1 Hz, 2H), 
7.09–7.02 (m, 1H), 6.83 (t, J = 7.1 Hz, 1H), 6.28 (d, J = 7.9 Hz, 1H), 
3.78 (s, 2H), 2.69–2.53 (m, 2H), 2.14–2.04 (m, 2H), 1.97 (s, 3H), 
1.52–1.32 (m, 4H), 1.18–0.99 (m, 2H) ppm. 

13C{1H} NMR (101 MHz, DMSO‑d6): δ 179.6, 178.8, 163.9, 143.2, 
137.6, 131.4, 130.2, 129.6, 127.8, 125.8, 125.2, 121.2, 116.4, 61.6, 
61.3, 31.4, 24.0, 23.9, 23.4 ppm. 

195 Pt NMR (86 MHz, DMSO‑d6): +1575 ppm. 
ESI-MS (positive mode, m/z) [M+H]þ calc. for C24H28O8N3Cl2Pt: 

752.1, found 752.1. 
ESI-MS (negative mode, m/z) [M − H]- calc. for C24H26O8N3Cl2Pt: 

750.1, found 750.1. 
Anal Calc. for C24H27O8N3Cl2Pt: C, 38.36; H, 3.62; N, 5.59%. Found: 

C, 37.99; H, 3.69; N, 5.48%. 

4.2.9. Synthesis of [Pt(DACH)(L-Boc)2ox] 33 
L-Boc anhydride (391 mg, 1.2 mmol) was added to a suspension of 

dihydroxido oxaliplatin(IV) (95 mg, 0.22 mmol) in 5 ml of DMF. The 
mixture was stirred for 4 days at room temperature. Then DMF was 
removed by rotary evaporation and the obtained residue was purified by 
column chromatography (SiO2, MeOH/DCM = 1:20) to get a white solid 
(80 mg, 42%). 

1H NMR (400 MHz, DMSO‑d6): δ 8.37 (br s, 4H), 6.75 (t, J = 5.5 Hz, 
2H), 2.86 (dd, J = 13.1, 6.7 Hz, 4H), 2.58–2.52 (m, 2H), 2.26–2.22 (m, 
4H), 2.12 (d, J = 11.7 Hz, 2H), 1.51–1.30 (m, 30H), 1.22–1.09 (m, 6H). 

13C{1H} NMR (101 MHz, DMSO‑d6): δ 181.5, 163.8, 156.0, 77.8, 
61.6, 36.2, 31.4, 29.6, 28.7, 26.2, 25.5, 24.0 ppm. 

195 Pt NMR (86 MHz, DMSO‑d6): δ +1604 ppm. 
ESI-MS (positive mode, m/z) [M+H]þ calc. for C30H55O12N4Pt: 

858.3, found 858.3; [M+Na]þ calc. for C30H54O12N4PtNa: 880.3, found 
880.3. 

Anal Calc. for C30H54O12N4Pt: C, 42.00; H, 6.34; N, 6.53%. Found: C, 
42.30; H, 6.38; N, 6.54%. 

4.2.10. Synthesis of [Pt(DACH)(L-DCF)2ox] 34 
Complex 33 (80 mg, 0.093 mmol) was dissolved in 2 ml of DCM, 

followed by excessive addition of trifluoracetic acid (about 1 ml). The 
solution was kept stirring for 3 h, then it was dried under reduced 
pressure. The product was yielded quantitatively and was used for the 
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next step directly without any purification. Triethylamine (188 mg, 
1.86 mmol) and DCF-NHS (110 mg, 0.28 mmol) were added to a solu
tion of product yielded in the prior step in 3 ml of DMF. The solution was 
stirred overnight at room temperature. Then DMF was removed by ro
tary evaporation and the obtained residue was purified by column 
chromatography (SiO2, MeOH/DCM = 1:20) to get a white solid (70 mg, 
62%). Rf = 0.24 (MeOH/DCM = 1/20). 

1H NMR (400 MHz, DMSO‑d6): δ 8.44–8.30 (m, 3H), 7.51 (d, J = 8.1 
Hz, 2H), 7.26–7.12 (m, 2H), 7.03 (t, J = 7.2 Hz, 1H), 6.85 (t, J = 7.3 Hz, 
1H), 6.28 (d, J = 7.9 Hz, 1H), 3.56 (s, 2H), 3.12–2.94 (m, 2H), 2.59–2.52 
(m, 1H), 2.31–2.16 (m, 2H), 2.11 (d, J = 10.9 Hz, 1H), 1.53–1.05 (m, 
9H) ppm. 

13C{1H} NMR (101 MHz, DMSO‑d6): δ 181.4, 171.9, 163.9, 143.4, 
137.6, 130.8, 129.8, 129.7, 127.6, 126.0, 125.5, 121.1, 116.4, 61.6, 
39.1, 36.2, 31.4, 29.1, 26.3, 25.5, 24.0 ppm. 

195 Pt NMR (86 MHz, DMSO‑d6): δ +1604 ppm. 
ESI-MS (positive mode, m/z) [M+H]+ calc. for C48H57O10N6Cl4Pt: 

1215.3, found 1215.3. 
Anal Calc. for C48H56O10N6Cl4Pt: C, 47.49; H, 4.65; N, 6.92%. Found: 

C, 47.42; H, 4.66; N, 6.80%. 

4.3. Cytotoxicity assay 

Subconfluent SW480 (colon carcinoma), CH1/PA-1 (ovarian 
teratocarcinoma) and A549 (non-small cell lung cancer) cells were 
harvested by trypsinization for 3–5 min. Supplemented MEM was added 
to stop trypsinization, and cells were centrifuged for 3 min at 1200 rpm 
(Thermo Scientific, Megafuge 1.0R). After aspiration of the supernatant, 
the cell pellet was resuspended in supplemented MEM. Afterwards, 
CH1/PA-1, SW480, A549 cells were seeded in 100 μL aliquots in den
sities of 1.0 × 103, 2.0 × 103 and 3.0 × 103 cells/well, respectively, in 
clear flat-bottom 96-well microculture plates. After incubation of the 
plates for 24 h, test compounds as well as the reference compounds 
cisplatin and oxaliplatin were dissolved in 100% DMF, serially diluted in 
supplemented MEM and added in triplicates of 100 μL/well, whereupon 
the concentration of DMF did not exceed 0.5% v/v. Plates were incu
bated for 96 h, then the medium was replaced with 100 μL/well of an 
MTT-medium mixture (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide). For this purpose, MTT powder had been dis
solved in PBS to a concentration of 5 mg/ml and then diluted 1:7 in 
supplemented RPMI 1640 medium (supplemented with 10% heat- 
inactivated FBS and 4 mM L-glutamine). After 4 h of incubation, the 
dyeing solution was replaced with 150 μL/well of DMSO and optical 
densities were measured at 550 nm (with 690 nm as reference) with a 
microplate reader (BioTek, ELx808). Interpolated IC50 values were 
averaged from at least three independent experiments. In addition, a 
single neutral red assay experiment with four compounds (22, 26, 30 
and 32) in CH1/PA-1 cells was performed as described previously [54]. 

4.4. COX inhibition and analysis of prostaglandins 

A549 cells (1 × 106) were seeded into 6-well-plates in RPMI 1640 
(Thermo Fisher Scientific, Schwerte, Germany) containing heat- 
inactivated FCS (10% v/v), penicillin (100 U/mL), streptomycin (100 
μg/mL) and L-glutamine (2 mmol/L). After attachment, the cells were 
preincubated with 2 ng/mL IL-1β for 24 h. Then, the supernatant was 
removed and cells were treated with either DMSO (0.1%), cisplatin, 
platinum(IV) complexes with ACF, ASSA or ADFS or the free drugs for 
15 min in PBS containing 1 mM CaCl2 at 37 ◦C. Afterwards, cells were 
treated with 2.5 μM Ca2+-ionophore A23187 (Cayman Chemical/Bio
mol GmbH, Hamburg, Germany) to induce COX product formation for 
10 min at 37 ◦C. Afterwards, the reaction was stopped by adding 2 mL of 
ice-cold methanol containing deuterated LM standards (200 nM d8-5S- 
HETE, d4-LTB4, d5-LXA4, d5-RvD2, d4-PGE2 and 10 μM d8-AA; Cayman 
Chemical/Biomol GmbH). Then, samples were stored at −20 ◦C for at 
least 60 min to allow protein precipitation. The extraction of 

prostaglandins was performed as recently published [55]. In brief, after 
centrifugation (1200×g; 4 ◦C; 10 min) acidified H2O (9 mL; final pH =
3.5) was added and samples were extracted on solid phase cartridges 
(Sep-Pak® Vac 6 cc 500 mg/6 mL C18; Waters, Milford, MA, USA). 
Samples were loaded after equilibration with methanol followed by 
H2O. After washing with H2O and n-hexane, samples were eluted with 
methyl formate (6 mL). The solvent was fully evaporated using an 
evaporation system (TurboVap LV, Biotage, Uppsala, Sweden) and 
resuspended in 150 μL methanol/water (1:1, v/v) for UPLC-MS-MS 
analysis. The prostaglandins were analyzed with an Acquity™ UPLC 
system (Waters, Milford, MA, USA) and a QTRAP 5500 Mass Spec
trometer (ABSciex, Darmstadt, Germany) equipped with a Turbo V™ 
Source and electrospray ionization. Prostaglandins were eluted using an 
ACQUITY UPLC® BEH C18 column (1.7 μm, 2.1 mm × 100 mm; Waters, 
Eschborn, Germany) heated at 50 ◦C with a flow rate of 0.3 mL/min and 
a mobile phase consisting of methanol-water-acetic acid in the ratio of 
42:58:0.01 (v/v/v) that was ramped to 86:14:0.01 (v/v/v) over 12.5 
min and then to 98:2:0.01 (v/v/v) for 3 min. The QTRAP 5500 was run 
in negative ionization mode using scheduled multiple reaction moni
toring (MRM) coupled with information-dependent acquisition. The 
scheduled MRM window was 60 s, optimized prostaglandin parameters 
were adopted, with a curtain gas pressure of 35 psi. The retention time 
and at least six diagnostic ions for each prostaglandin were confirmed by 
means of an external standard (Cayman Chemical/Biomol GmbH, 
Hamburg, Germany). Quantification was achieved by calibration curves 
for each prostaglandin. Linear calibration curves were obtained for each 
prostaglandin and gave r2 values of 0.998 or higher. Additionally, the 
limit of detection for each targeted prostaglandin was determined [56]. 

4.5. Stability study 

ACF (1.8 mg) and complex 26 (2.5 mg) were dissolved in a mixture of 
DMF-d7 (0.4 ml) and PBS (D2O, 0.1 ml), respectively. The solution was 
incubated at 37 ◦C. The 1H NMR spectra were checked at 0 h and 48 h. 

4.6. Reduction study 

Complex 26 (2.5 mg) and ascorbic acid (4.4 mg, 10 eq) were incu
bated in 0.5 ml of DMF-PBS (v/v; 4/1) at 37 ◦C. The 195Pt NMR spectra 
were measured after 18 h. 

4.7. 9-Methylguanine binding experiment 

The mixture of complex 26 (1.3 mg), ascorbic acid (2.3 mg, 10 eq) 
and 9-methylguanine (0.7 mg, 3 eq) was incubated in 0.5 ml of DMF-PBS 
(v/v; 4/1) at 37 ◦C. After 24 h, the reaction solution was checked by LC- 
ESI-MS. 

4.8. Cellular accumulation 

Subconfluent SW480 cells were harvested by trypsinization for 4–5 
min. Supplemented MEM was added to stop trypsinization, and cells were 
centrifuged for 3 min at 1200 rpm. After aspiration of the supernatant, the 
cell pellet was resuspended in supplemented MEM. Then, cells were 
seeded in 1 mL triplicates in a density of 1.5 × 105 cells/well in clear flat- 
bottom 12-well microculture plates and incubated for 24 h. Afterwards, 
medium was aspirated and 50 μM (prepared from 100% DMF stock so
lution) of each test compound in supplemented MEM (500 μL/well) were 
applied for 2 h. Medium was aspirated and cells were washed 3 × with 
PBS. 400 μL/well nitric acid were added for 1 h at room temperature, then 
300 μL of acidified suspension were transferred into 7.7 mL MilliQ water 
in 15 mL tubes. Pt concentrations (ng/mL) were quantified by ICP-MS as 
described previously.29 Note: To enable assessments of Pt amounts in fg/ 
cell, a reference plate for cell counting was seeded simultaneously with 
the test plates. After incubation for 24 h, cells were washed 3 × with PBS 
and trypsinized for 5 min (500 μL/well). Single-cell suspensions were 
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transferred into 1.5 mL tubes and filled to 1 ml with PBS. Cells were 
counted by using a hemocytometer and the mean of three counts was 
taken for calculation of cellular Pt contents. 

4.9. JC-1 assay 

Changes in cells’ mitochondrial membrane potential were quanti
tatively analyzed via flow cytometry using the polychromatic JC-1 dye 
(2 mg, final 5 mM DMSO solution, MCE), which emits orange fluores
cence in intact mitochondria, but green fluorescence in damaged ones. 
For these experiments, SW480 cells were seeded into 48-well plates (7 ×
104 cells/well) in 600 μL aliquots of MEM and allowed to settle for 24 h. 
Afterwards, cells were incubated with different concentrations (pre
pared from 100% DMF stock solutions) of compounds 24 and 26 for 24 
h. After treatment, the supernatant was removed and cells were washed 
once with PBS. The washing solution was collected and cells were 
trypsinized for 5 min at 37 ◦C. Trypsinization was stopped by adding 
supplemented MEM, the resulting cell suspension was added to the pre- 
collected medium and cells were centrifuged (300 g, 3 min). Then, the 
supernatant was removed and the cell pellet was resuspended with 500 
μL JC-1/MEM solution (200 μM DMSO stock, final concentration: 2 μM) 
and incubated for 15 min at 37 ◦C. Cells were centrifuged and the su
pernatant was discarded. Before analysis with a Millipore Guava easy
Cyte 8HT instrument with InCyte software, the cell pellet was 
resuspended in 250 μL PBS. At least three independent experiments were 
quantified by FlowJo software. 

4.10. Apoptosis/necrosis assay 

Apoptosis was quantitatively analyzed by flow cytometry using 
double staining with FITC-conjugated annexin V (eBioscience) and 
propidium iodide (PI, 1.0 mg/mL, Sigma-Aldrich). SW480 cells were 
seeded into 48-well plates (7 × 104 cells/well) in 600 μL MEM per well 
and allowed to settle for 24 h. Afterwards, cells were incubated with 
different concentrations (prepared from 100% DMF stock solutions) of 
compounds 24 and 26 for 24 h. After treatment, the supernatant was 
removed and cells were washed once with PBS. The washing solution 
was collected and cells were trypsinized for 5 min at 37 ◦C. Trypsini
zation was stopped by adding supplemented MEM, the resulting cell 
suspension was added to the pre-collected medium and cells were 
centrifuged (300 g, 3 min). Then, the supernatant was removed and the 
cell pellet was resuspended with 1.5 μL FITC-conjugated annexin V in 
150 μL binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl and 
2.5 mM CaCl2•2H2O) and incubated for 15 min at 37 ◦C. 1 μL of pro
pidium iodide in 150 μL binding buffer was added shortly before flow- 
cytometric analysis, using a Millipore Guava easyCyte 8HT instrument 
with InCyte software. Results of at least three independent experiments 
were evaluated by using FlowJo software. 
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