
INORGANIC CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Cite this: Inorg. Chem. Front., 2024,
11, 534

Received 5th October 2023,
Accepted 28th November 2023

DOI: 10.1039/d3qi02032k

rsc.li/frontiers-inorganic

Stepwise optimization of tumor-targeted
dual-action platinum(IV)-gemcitabine prodrugs†

Alexander Kastner, a,e Theresa Mendrina,a,b Tomer Babu, c

Subhendu Karmakar, c Isabella Poetsch,a,b Walter Berger, b,d

Bernhard K. Keppler,a,d Dan Gibson, *c Petra Heffeter *b,d and
Christian R. Kowol *a,d

While platinum-based chemotherapeutic agents have established themselves as indispensable com-

ponents of anticancer therapy, they are accompanied by a variety of side effects and the rapid occurrence

of drug resistance. A promising strategy to address these challenges is the use of platinum(IV) prodrugs,

which remain inert until they reach the tumor tissue, thereby mitigating detrimental effects on healthy

cells. Typically, platinum drugs are part of combination therapy settings. Consequently, a very elegant

strategy is the development of platinum(IV) prodrugs bearing a second, clinically relevant therapeutic in

axial position. In the present study, we focused on gemcitabine as an approved antimetabolite, which is

highly synergistic with platinum drugs. In addition, to increase plasma half-life and facilitate tumor-

specific accumulation, an albumin-binding maleimide moiety was attached. Our investigations revealed

that maleimide-cisplatin(IV)-gemcitabine complexes cannot carry sufficient amounts of gemcitabine to

induce a significant effect in vivo. Consequently, we designed a carboplatin(IV) analog, that can be applied

at much higher doses. Remarkably, this novel analog demonstrated impressive in vivo results, character-

ized by significant improvements in overall survival. Notably, these encouraging results could also be

transferred to an in vivo xenograft model with acquired gemcitabine resistance, indicating the high poten-

tial of this approach.

Introduction

Cancer has become the second leading cause of death world-
wide, resulting in approximately 9.6 million fatalities in 2018.1

Consequently, there have been tremendous efforts to discover
new anticancer agents. Platinum complexes are a particularly
effective class of compounds, which have become a standard
component in many treatment schemes. Three platinum(II)
compounds, namely cisplatin, carboplatin, and oxaliplatin,
have been approved for clinical use worldwide since the discov-
ery of the anticancer activity of cisplatin by Barnett Rosenberg

in 1965. Additionally, five more platinum(II) compounds
are clinically used in select Asian countries.2 These complexes
are administered intravenously and enter the cells either
through passive diffusion or active transport. After aquation
and loss of the labile ligands, the platinum binds to DNA
bases, specifically adenine and guanine, causing DNA damage
and ultimately apoptosis.3 Unfortunately, this process also
occurs in healthy tissue, leading to a variety of side effects,
ranging from nausea and hair loss to severe nephro- and
neurotoxicity.4

To address this issue, research has shifted towards plati-
num(IV) complexes, which are kinetically more inert.5,6 These
compounds are considered prodrugs, as they only become acti-
vated (i.e., reduced) to their active platinum(II) counterpart in
the tumor tissue.7 Unfortunately, only a few have entered clini-
cal trials (including iproplatin, tetraplatin, and satraplatin),
and none of them have yet been approved for clinical use, indi-
cating that further improvements are necessary for this com-
pound class.5 Octahedral d6-lowspin platinum(IV) further pro-
vides two additional ligands compared to quadratic-planar
platinum(II), allowing for fine-tuning of physicochemical pro-
perties such as solubility, lipophilicity, and reduction behav-
ior. These additional ligands can also be used to further
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enhance drug efficacy by attachment of targeting moieties or
additional bioactive ligands.8

In modern cancer chemotherapy, platinum(II) compounds
are rarely employed as monotherapy, but are usually adminis-
tered in combination with other drugs such as taxanes, topoi-
somerase inhibitors, targeted therapies or antimetabolites.9

One example of the last category is gemcitabine (2′,2′-difluoro-
2′deoxycytidine), an antimetabolite widely used in the treat-
ment of different cancer types.10 As gemcitabine is already
approved in combination with cis- or carboplatin for bladder,
non-small cell lung, and ovarian cancer,11,12 it is an ideal can-
didate for direct axial attachment to platinum(IV) prodrugs.
Recently, Gibson et al. investigated the first gemcitabine-cis-
platin(IV) complexes (with phenylbutyrate as second bioactive
axial ligand), revealing slightly increased effectiveness com-
pared to the combined administration of the free drugs in the
Lewis lung carcinoma model, while at the same time showing
less toxicity.13

However, a general problem of many platinum(IV) com-
plexes is their insufficient tumor-targeting and accumulation
properties. Macromolecular passive targeting strategies offer
the advantage of longer plasma half-life time while simul-
taneously exploiting the enhanced permeability and retention
(EPR) effect.14,15 In more detail, due to the fast growth and
altered signaling processes of the solid tumor tissue, blood
vessels are often not fully functional and leaky, allowing
macromolecules to enter the interstitium. Furthermore, the
lymphatic drainage system is faulty, resulting in retention of
the macromolecules in the tumor.16 An elegant strategy to
exploit these specific characteristics of the malignant tumor is
the use of natural nanocarriers like human serum albumin.17

Albumin is the main blood plasma protein with an exception-
ally long half-life of about 19 days. Albumin is actively taken
up by cells and often even actively degraded in the cancerous
tissue. Noteworthy, albumin has a free cysteine at position 34,
which can be utilized as an endogenous binding site for bio-
active compounds.18 Maleimides are the most frequently used
moieties able to covalently and rapidly bind onto this free
thiol.19 Consequently, during the last years, we focused on the
development of maleimide-bearing, albumin-targeting plati-
num(IV) complexes, which are characterized by improved
pharmacological properties, highly increased tumor accumu-
lation and strong anticancer efficacy.20–22 As only one of the
two axial ligands is needed for albumin-binding, the second
one can be used for the design of targeted dual-action plati-

num(IV) prodrugs, via attachment of an additional synergistic
bioactive ligand.23–25 Our previous data already indicated that
e.g. the exact linker type for the attachment of the bioactive
ligand/maleimide moiety can distinctly impact the activity of
the prodrugs.26 In this study, we developed the first male-
imide-bearing gemcitabine-platinum(IV) complexes and step-
by-step improved their properties based on bioanalytical data
and the in vivo antitumor activity in mice to generate an opti-
mized prodrug for further preclinical development.

Results and discussion

We started the project with the synthesis of two cisplatin(IV)
complexes: CisPt-GemCarb-C2Mal and CisPt-GemCarb-C5Mal.
These two drugs differ in linker length of the maleimide
moiety and thus allowed us to analyze the influence of this
parameter on hydrolytic stability and albumin-binding rate
(Fig. 1). The cisplatin(IV) starting precursor, CisPt(IV)-
diBocGemCarb-OH, was synthesized following literature pro-
cedures (see Experimental part).13 Maleimides were sub-
sequently linked to platinum utilizing isocyanates generated
via ethyl chloroformate and NaN3, or diphenylphosphoryl
azide from the respective carboxylic acids. Finally, the boc-pro-
tecting groups were removed with trifluoroacetic acid (TFA)
and the complexes were purified with preparative high per-
formance liquid chromatography (HPLC) yielding the TFA
salts. As maleimides tend to hydrolyze at physiological pH con-
ditions,27 they are not suitable e.g. for reduction or cell culture
studies. Therefore, additionally the acetato-complex CisPt-
GemCarb-OAc was synthesized as reference, using acetic anhy-
dride (Fig. 1). All compounds were characterized via 1H- and
13C-NMR, mass spectrometry and elemental analysis (see
experimental part). All biologically investigated complexes
showed high solubility (>5 mM) in aqueous solution.

The ability of the complexes to bind to albumin was investi-
gated using size-exclusion chromatography coupled with
inductively coupled plasma mass spectrometry (SEC-ICP-MS).
After dissolving the complexes in fetal calf serum (FCS;
buffered with 150 mM phosphate buffer to ensure a stable pH
of 7.4 over 24 h), the samples were incubated at 37 °C and
48SO and 195Pt were measured every hour for 5 h and once
after 24 h (Fig. 2). The 48SO trace of an untreated serum
sample and pure albumin proved elution of albumin at
4.0 min and the albumin dimer at ∼3.4 min (Fig. S1†). The

Fig. 1 First panel of cisplatin-releasing maleimide-platinum(IV)-gemcitabine complexes with two different maleimide linker lengths.
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first chromatogram after incubation with the maleimide com-
plexes revealed that even after the short time of sample prepa-
ration (30 s), for both complexes most of the platinum was
already bound to albumin (Fig. 2; ∼85% for CisPt-GemCarb-

C5Mal and ∼65% for CisPt-GemCarb-C2Mal). After 1 h the
initial peaks of unbound complex in the low-molecular weight
fraction (LMWF) disappeared. However, for CisPt-GemCarb-
C2Mal a small peak (∼6%) at slightly lower retention time

Fig. 2 195Platinum-traces of CisPt-GemCarb-C2Mal (A), CisPt-GemCarb-C5Mal (B) and CisPt-GemCarb-OAc (C), incubated in FCS (containing
150 mM phosphate buffer, pH 7.4) at 37 °C, measured with SEC-ICP-MS. (D) 48Sulfur trace of experiment (A).

Fig. 3 Maleimide hydrolysis of 1 mM CisPt-GemCarb-C2Mal (A; 2.4 min) and CisPt-GemCarb-C5Mal (B; 2.9 min) in phosphate buffer (150 mM, pH
7.4) at 37 °C, monitored with UHPLC at 220 nm. Inset: decrease of the respective educt in %.
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developed. This can most probably be explained by hydrolysis
of the maleimide, which disables albumin binding. For CisPt-
GemCarb-C5Mal, this new peak only accounted for 2% plati-
num. Both complexes exhibited stable binding to albumin
over 24 h. The reference complex CisPt-GemCarb-OAc, as
expected, did not bind initially to albumin and remained in
the LMWF (Fig. 2C). However, within 24 h, ∼30% of the plati-
num were bound to the protein fraction, most likely in an
electrostatic manner.

In order to better understand the difference in the
albumin-binding rate between the two maleimide complexes,
we investigated the hydrolysis behavior of the maleimide
moiety through stability studies in phosphate buffer at pH 7.4
and 37 °C (Fig. 3). The maleimide of CisPt-GemCarb-C2Mal
showed quite fast hydrolysis of about 40% within the first
hour (for peak assignment see Fig. S2†). On the other hand,
the maleimide of the extended C5 linker of CisPt-GemCarb-
C5Mal, was only ∼10% hydrolyzed at that time point. After 6 h,
the maleimide of CisPt-GemCarb-C2Mal was already nearly
fully hydrolyzed (∼95%), while ∼30% of CisPt-GemCarb-C5Mal
remained intact. These results are in line with literature data
on the hydrolysis of different maleimide linkers27 and can
explain the observed difference in albumin-binding rate
(Fig. 2). CisPt-GemCarb-OAc, as a non-maleimide reference,
revealed no significant changes over 6 h under the same con-
ditions, indicating high stability of the platinum core
(Fig. S3A†) and no significant hydrolysis of the carbonate-gem-
citabine moiety within this time frame.28

Knowing that the C5 maleimide linker is preferred, as a
next step, the linkage between the platinum core and gemcita-
bine was modulated. In the first panel (Fig. 1), gemcitabine
was directly connected to platinum through a carbonate group.
However, previous research demonstrated an alternative
approach, where gemcitabine was attached to platinum via a
succinate linker moiety, resulting in the formation of two ester
bonds (CisPt-GemSucc-C5Mal; Fig. 4).13 For synthesis, in the
first step the amine and 3′-OH of gemcitabine were protected
again with Boc2O. Afterwards, the succinate moiety
was coupled via N,N′-dicyclohexylcarbodiimide and

N-hydroxysuccinimide.13 The formed ligand was coupled to
CisPt(IV)(OH)2, resulting in CisPt-DiBocGemSucc-OH.
Subsequently, the isocyanate of the C5-maleimide was
attached, yielding CisPt-DiBocGemSucc-C5Mal, which after de-
protection and purification, resulted in CisPt-GemSucc-C5Mal.
Additionally, CisPt-GemSucc-OAc was synthesized as the new
acetato reference complex (Fig. 4 and Experimental part).

The stabilities and maleimide hydrolysis data of the new
succinate complexes were comparable to the first panel
(Fig. S3A+B and S4†). Next, we were interested, whether the
different connectivities influenced the reduction properties.
Therefore, CisPt-GemCarb-OAc and CisPt-GemSucc-OAc
(1 mM) were dissolved in phosphate buffer (150 mM, pH 7.4)
at 20 °C and 10 eq. ascorbic acid were added. The reaction was
analyzed with ultra-high performance liquid chromatography
(UHPLC) (Fig. 5). The “carbonate” complex CisPt-GemCarb-
OAc was completely reduced after only 3 h, while ∼65% of
“succinate” analogue CisPt-GemSucc-OAc were still intact at
this time point. After 6 h ∼30% CisPt-GemSucc-OAc remained

Fig. 4 Second panel of maleimide-platinum(IV)-gemcitabine complexes, with two different gemcitabine-platinum linkers (indicated in red).

Fig. 5 Reduction kinetics of CisPt-GemCarb-OAc and CisPt-GemSucc-
OAc at 20 °C with 10 eq. of ascorbic acid over 24 h in phosphate buffer
(150 mM, pH 7.4), measured with UHPLC.
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and after 24 h complete reduction was observed.
Consequently, in line with literature,13 the “carbonate” type
linked complex is reduced faster compared to the “succinate”
type complex. Furthermore, also lower stability of the “carbon-
ate” type complexes in cell culture medium was reported.28

The released gemcitabine and gemcitabine-succinate could
also be detected (Fig. S5†). The albumin-binding ability of the
maleimide complex CisPt-GemSucc-C5Mal (Fig. S6†) was

similar to the “carbonate” analogue CisPt-GemCarb-C5Mal
(Fig. 2).

As a next step, we investigated the biological activities of
the new drugs. Cell culture experiments with maleimide-
bearing complexes are not feasible due to chemical reactions
of the maleimide with the artificially high content of free
amino acids in the culture medium. Therefore, we used the
maleimide-free platinum(IV) analogs CisPt-GemCarb-OAc and
CisPt-GemSucc-OAc (Fig. 4) in comparison to CisPt(OAc)2 and
cisplatin. As test models, we chose the human HCT116 and
murine CT26 colon cancer as well as the intrinsically gemcita-
bine-resistant human pancreatic cancer cells Panc-1
(Table 1).29 Gemcitabine was very active in the nM range (with
the exception of Panc-1), while cisplatin had IC50 values in the
low µM range. The prodrug CisPt(OAc)2 was ∼2–10-fold less
active than cisplatin. In the colon cancer cell models, the two
gemcitabine-releasing platinum complexes behaved more like
gemcitabine with IC50 values also in the nM range. However, a
2–5-fold reduction in activity compared to gemcitabine was
observed. Noteworthy, our new complexes were also able to

Table 1 Anticancer activity, determined by MTT assays after 72 h treat-
ment. IC50 values (µM) are given as mean ± SD

Drugs
HCT116 CT26 Panc-1
IC50 (µM) ± SD

Gemcitabine 0.008 ± 0.002 0.040 ± 0.004 >100
Cisplatin 5.5 ± 1.0 3.4 ± 0.5 10.7 ± 1.6
CisPt(OAc)2 68.7 ± 10.3 8.4 ± 0.1 90.9 ± 12.8
CisPt-GemCarb-OAc 0.020 ± 0.002 0.15 ± 0.01 29.7 ± 5.7
CisPt-GemSucc-OAc 0.052 ± 0.002 0.14 ± 0.03 15.7 ± 4.0

Fig. 6 Anticancer activity against CT26 allografts in immune-competent Balb/c mice. (A) Impact on tumor growth. Data are presented as means ±
SEM. Arrows indicate i.v. treatments on day 3, 6, 10 and 13. Animals were treated with equimolar concentrations of CisPt-GemCarb-C5Mal (10.1 mg
kg−1 in 0.9% NaCl), CisPt-GemSucc-C5Mal (10.5 mg kg−1 in 0.9% NaCl), cisplatin (3 mg kg−1 in 0.9% NaCl) or solvent control (0.9% NaCl). In case of
gemcitabine, a dose of 26.2 mg kg−1 was used, 10-fold higher compared to the platinum drugs. Significance was calculated using two-way ANOVA
and Tukey’s multiple comparison test (****p < 0.0001). (B) Overall survival is depicted via Kaplan–Meier curve. Significance was calculated using log-
rank test and Mantel–Cox posttest (*p < 0.05). (C) Change in body weight of the treated mice.
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efficiently circumvent the intrinsic gemcitabine resistance of
the Panc-1 cells, resulting in a 3–7-fold increased activity com-
pared to free gemcitabine, with the succinate being more
efficient than the carbamate. This indicates that in gemcita-
bine-sensitive models the platinum core serves as carrier for
gemcitabine. In contrast, gemcitabine-resistant models seem
to be more affected by the platinum cytotoxicity or are re-sensi-
tized against gemcitabine, resulting in effectivity also in these
cancer cell types, thereby highlighting the advantages of
multitargeting.

In order to investigate, whether these effects also translate
into the in vivo situation, allograft experiments using s.c.
CT-26 in immunocompetent Balb/c mice were performed
using the respective maleimide-bearing complexes CisPt-
GemCarb-C5Mal and CisPt-GemSucc-C5Mal. The platinum
drugs were applied i.v. two-times a week for two weeks at a
concentration equimolar to 3 mg kg−1 cisplatin (known as the
maximal tolerated dose (MTD) for cisplatin). In case of gemci-
tabine, there is a very strong difference in the activity/toxicity
in cell culture (nM range) and in vivo with high doses of 60 mg
kg−1 i.v.13 or even 125 mg kg−1 i.p.30 Consequently, many
different therapy schemes are used. Thus, as a compromise,
we applied a 10-fold excess of free gemcitabine (26.2 mg kg−1)
compared to the amount released from the cisplatin(IV) pro-
drugs. As shown in Fig. 6, CisPt-GemCarb-C5Mal displayed
anticancer activity similar to cisplatin, which both did not
reach statistical significance compared to solvent control. In
comparison, CisPt-GemSucc-C5Mal showed higher activity (p >
0.01 compared to solvent control). These data suggest that the
slower reduction of CisPt-GemSucc-C5Mal (compare Fig. 5)
could correlate with higher in vivo anticancer activity. However,
the complex was not as active as free gemcitabine alone, which
given at a 10-fold excess was the only drug significantly impact-
ing on the overall survival of the CT26-bearing mice. We
hypothesized that the released amount of gemcitabine from
cisplatin(IV) complexes, when applied at equimolar doses to

the MTD of cisplatin, is not sufficient to distinctly improve the
in vivo anticancer activity. Consequently, we focused our atten-
tion on carboplatin(IV) prodrugs because the tolerability of car-
boplatin is much higher with an MTD of 60 mg kg−1 in Balb/c
mice and consequently also the applied dose of gemcitabine
can be distinctly increased. In addition, a carboplatin core is
characterized by extremely slow reduction rates compared to
cisplatin,31 which could further improve the trend already seen
in the cisplatin(IV) panel above.

For the synthesis of the third panel, again DiBocGemSucc-
NHS was used and attached to the CarboPt(IV)(OH)2 precursor
resulting in the asymmetric CarboPt-DiBocGemSucc-OH.
Subsequently, similar to the synthetic strategies before (see
Experimental part), the isocyanate C5-maleimide or the acetate
moiety were finally coupled yielding CarboPt-GemSucc-C5Mal
and its reference compound CarboPt-GemSucc-OAc (Fig. 7).

Fig. 7 Third panel of maleimide-platinum(IV)-gemcitabine complexes, with two different platinum core structures (cisplatin vs. carboplatin).

Fig. 8 Reduction kinetics of CarboPt-GemSucc-OAc over 24 h in
phosphate buffer (150 mM, pH 7.4) at 20 °C with the addition of 10 eq.
ascorbic acid, measured with UHPLC (CisPt-GemSucc-OAc data from
Fig. 5 was added for comparison).
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CarboPt-GemSucc-C5Mal also showed fast and stable
albumin binding (Fig. S7†), comparable to the cisplatin ana-
logue CisPt-GemCarb-C5Mal. Furthermore, the acetato
complex CarboPt-GemSucc-OAc showed high stability over
>6 h of incubation at 37 °C and pH 7.4 (Fig. S3C†). Regarding
reduction kinetics, CarboPt-GemSucc-OAc showed, as desired,

massively increased stability with >95% intact complex after
24 h (Fig. 8). At this time point even the more stable CisPt-
GemSucc-C5Mal was already completely reduced.

Table 2 Anticancer activity, determined by MTT assays after 72 h treat-
ment. IC50 values (µM) are given as mean ± SD

Drugs
HCT116 CT26 Panc-1
IC50 (µM) ± SD

Gemcitabine 0.008 ± 0.002 0.040 ± 0.004 >100
Carboplatin 60.9 ± 15.1 20.7 ± 5.9 67.6 ± 0.5
CarboPt(OAc)2 >100 87.2 ± 12.6 >100
CarboPt-GemSucc-OAc 0.047 ± 0.007 0.19 ± 0.06 >100

Fig. 9 Anticancer activity against CT26 allografts in immune-competent Balb/c mice. (A) ICP-MS measurement of mice treated once i.v. for 24 h
with the indicated drug. CarboPt-GemSucc-C5Mal (95.9 mg kg−1 in 15% propylene glycol (PG) in 0.9% NaCl) was dosed equimolar to 30 mg kg−1

carboplatin (in 0.9% NaCl). Platinum levels in isolated tissues were detected by ICP–MS and normalized to tissue weight. Significance was calculated
by two-way ANOVA and Tukey’s multiple comparisons test (ns – non significant, ***p < 0.001, ****p < 0.0001). (B) Change in body weight of the
treated mice. (C) Impact on tumor growth. Data are presented as means ± SEM. Arrows indicate i.v. treatments (on day 4, 11 and 18) of solvent (15%
PG in 0.9% NaCl), CarboPt-GemSucc-C5Mal (95.9 mg kg−1 in 15% PG in 0.9% NaCl) and gemcitabine (21.3 mg kg−1 in 0.9% NaCl); all were applied
equimolar to 30 mg kg−1 carboplatin. Significance was calculated using two-way ANOVA and Tukey’s multiple comparison test (****p < 0.0001). (D)
Overall survival is depicted via Kaplan–Meier curve. Statistical significance was calculated using log-rank test and Mantel–Cox posttest (*p < 0.05,
**p < 0.01).

Table 3 Anticancer activity, determined by MTT assays after 72 h treat-
ment. IC50 values (µM) are given as mean ± SD

Drugs
Capan1

Capan1/
GemR -fold resistance

IC50 (µM) ± SD

Gemcitabine 0.029 ± 0.013 83.7 ± 5.1 2790.0
Cisplatin 4.3 ± 0.7 4.2 ± 0.7 1.0
CisPt(OAc)2 41.7 ± 13.8 88.8 ± 2.5 2.1
CisPt-GemCarb-OAc 0.12 ± 0.03 20.4 ± 2.3 170.0
CisPt-GemSucc-OAc 0.046 ± 0.011 26.1 ± 8.0 522.0
Carboplatin 50.4 ± 9.7 35.7 ± 2.7 0.7
CarboPt(OAc)2 94.7 ± 0.5 >100 >1.0
CarboPt-GemSucc-OAc 0.086 ± 0.002 73.3 ± 17.6 916.3
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Concerning the in vitro viability experiments a similar
pattern as for the cisplatin complexes was observed with a
potent nM activity of CarboPt-GemSucc-OAc in the gemcita-
bine-sensitive HCT116 and CT26 cells (Table 2). The CarboPt
(OAc)2 reference complex was basically inactive at the tested
concentrations up to 100 µM. Due to the already very low
activity of carboplatin, and in accordance with the hypothesis
that the activity of the platinum core is central in the mode of
action against Panc-1 cells, both carboplatin(IV) complexes
were basically inactive in this gemcitabine-resistant model.

In parallel performed organ distribution data in vivo
(CarboPt-GemSucc-C5Mal was applied at equimolar concen-
trations to 30 mg kg−1 carboplatin) indicated that the male-
imide-functionalization resulted not only in a distinctly pro-
longed plasma half-life but also improved tumor accumulation
of the drug 24 h after treatment (Fig. 9A). For a better compar-
ability of the drugs, we again chose the CT26 allograft model
for in vivo anticancer activity, although previous data indicated
that this model is rather carboplatin-resistant (data not
shown). Due to the long plasma half-live and high plasma
levels of the maleimide drug, we decided on a once a week
application scheme. Due to the much higher MTD of carbopla-
tin and to allow a better direct comparability, gemcitabine was
applied at equimolar doses and in the same scheme as
CarboPt-GemSucc-C5Mal. As shown in Fig. 9B, all therapies
were well tolerated. CarboPt-GemSucc-C5Mal revealed strong
and highly significant anticancer activity against the carbopla-
tin-resistant CT26 tumors (Fig. 9C), which resulted in signifi-
cantly prolonged overall survival of the animals from ∼20 days
in the solvent control to ∼40 days (Fig. 9D).

Based on the promising in vitro anticancer activity of the
cisplatin(IV) drugs against the intrinsically gemcitabine-resist-
ant human Panc-1 cells, we wondered whether the new multi-
action complexes were also able to break the acquired gemcita-
bine-resistance of Capan1/GemR cells.32 In cell culture experi-
ments, comparable to data in HCT116 and CT26, the gemcita-

bine-releasing platinum(IV) acetato complexes had activity in
the low nM range against the parental chemo-naïve Capan-1.
In contrast, the platinum-only drugs had µM IC50 values
(Table 3). With regard to the drug resistance, attachment of
gemcitabine to the platinum(IV) cores resulted in 3- to 16-fold
reduction of the resistance factor of Capan1/GemR as com-
pared to the cytotoxicity of gemcitabine against Capan1 (Table 3).

Encouraged by these results, we tested the activity of
CarboPt-GemSucc-C5Mal in Capan1/GemR xenografts (Fig. 10).
Based on the human origin of this cell model, immune-
deficient C.B.-17/SCID mice had to be used. In general, Capan1/
GemR xenografts are characterized by a very slow tumor growth
(only 3-fold increase in tumor volume over 6 weeks) and the
occurrence of cachexia (indicated by the continuous loss in
body weight of the solvent control, which also finally required
the termination of the experiment after 10 weeks). Therapy was
started on day 28 (with a scheme comparable to the CT-26
experiment), when the tumors reached a mean size of 100 mm3.
Capan1/GemR-bearing C.B.-17/SCID mice proofed to be more
sensitive to the therapy, indicated by an enhanced loss in body
weight upon gemcitabine therapy and even death of one animal
in the CarboPt-GemSucc-C5Mal group. Consequently, only two
cycles of therapy were applied. Noteworthy, in contrast to gemci-
tabine, all remaining CarboPt-GemSucc-C5Mal-treated animals
experienced long-lasting stable disease (in some cases even
partial remissions) which resulted in a highly significant
reduced tumor burden compared to the solvent control.
Consequently, beside the limitations of this model, these data
indicate that CarboPt-GemSucc-C5Mal could be a promising
drug to overcome acquired gemcitabine resistance.

Conclusion

Most clinical anticancer drug treatment schemes contain two
or more therapeutics with synergistic activity to optimize the

Fig. 10 Anticancer activity against Capan1/GemR xenografts in immune-incompetent SCID mice. (A) Change in body weight of the treated mice.
(B) Impact on tumor growth. Data are presented as means ± SEM. Arrows indicate i.v. treatments (on day 28 and 35) of solvent (15% PG in 0.9%
NaCl), CarboPt-GemSucc-C5Mal (95.5 mg kg−1 in 15% PG in 0.9% NaCl) or gemcitabine (21.3 mg kg−1 in 0.9% NaCl) equimolar to 30 mg kg−1 carbo-
platin. Significance was calculated on raw data using two-way ANOVA and Tukey’s multiple comparison test (ns – non significant, ****p < 0.0001).
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tumor response. However, this can also lead to severe accumu-
lated toxicities, especially in case of chemotherapeutics with
low tumor selectivity. Platinum(IV) prodrugs are promising
representatives for the development of platinum therapeutics
with improved tolerability. Moreover, due to the additional
ligands in axial position, other synergistic drugs can be
attached. This is especially interesting when using already
approved drug combinations like cisplatin/carboplatin with
gemcitabine. Noteworthy, the malignant tissue is characterized
by an enhanced need for nutrients, thus, increased accumu-
lation of the plasma protein and nutrient carrier albumin is
frequently observed. This can be exploited to specifically
enrich drugs in the malignant tissue further improving their
tumor selectivity. In this study we step-by-step optimized and
improved albumin-binding gemcitabine-platinum(IV) com-
plexes based on their bioanalytical behavior and in vivo antitu-
mor activity in mice. We started with cisplatin(IV) complexes
with gemcitabine as axial ligand and an albumin-binding
maleimide moiety. Here a longer maleimide linker (resulting
in slower maleimide hydrolysis) and a succinate moiety
between the platinum core and gemcitabine (resulting in
slower platinum reduction) was preferable. However, due to
the frequently higher general toxicity of cisplatin complexes,
the amount of gemcitabine possible to be administered via the
platinum(IV) complex was limited. This problem of drug ratios
should in general be considered, especially when developing
multi-action cisplatin(IV) drugs. Consequently, a respective
gemcitabine-carboplatin(IV) derivative was synthesized, exploit-
ing the distinctly higher tolerability of carboplatin, which also
enabled the application of much higher gemcitabine doses.
Preliminary in vivo experiments in a carboplatin-resistant allo-
graft and a gemcitabine-resistant xenograft revealed signifi-
cantly improved antitumor activity of this new prodrug. This
indicates that the multi-action platinum(IV) approach of com-
bining carboplatin and gemcitabine in one molecule could be
a promising strategy for the development of well-tolerable
next-generation therapeutics with improved anticancer activity.

Materials and methods
Chemicals and instrumentation

Potassium tetrachloridoplatinate (K2[PtCl4]) was purchased
from Johnson Matthey (Switzerland). Water for synthesis was
taken from a reverse osmosis system. For HPLC measurements
Milli-Q water (18.2 MΩ cm, Merck Milli-Q Advantage,
Darmstadt, Germany) was used. Other chemicals and solvents
were purchased from commercial suppliers (Sigma Aldrich,
Merck and Fisher Scientific). CisPt-DiBocGemSucc-OH,13

CisPt-DiBocGemCarb-OH,13 Mal-C2-NCO,
20 Mal-C5-NCO,

24

CarboPt(IV)(OH)2
33 and DiBocGemSucc-NHS13 were syn-

thesized according to literature (Scheme 1).
Analytical HPLC measurements were conducted on a

Thermo Scientific Dionex UltiMate 3000 UHPLC-system using
a reverse-phase C18 column (Waters Acquity UPLC® BEH C18,
3 × 50 mm, 1.7 µm or Phenomenex Kinetex, 100 × 4.60 mm,

2.6 μm, 100 Å). Milli-Q water, containing 0.1% TFA, and aceto-
nitrile (ACN) containing 0.1% TFA were used as eluents with a
gradient of 5–95% over 5 min and a flow rate of 0.6 mL min−1

or 1 mL min−1, respectively, unless otherwise stated. The com-
pounds were purified by preparative reversed phase (RP)-HPLC
using a Phenomenex Luna 250 × 21.2 mm, 10 μm, 100 Å on a
Thermo Scientific UltimaMate 3000 system or a Waters
XBridge C18 column on an Agilent 1200 Series system. Milli-Q
water and acetonitrile were used as eluents with a flow rate of
17 or 15 mL min−1 respectively, unless otherwise stated. One-
and two-dimensional 1H-NMR and 13C-NMR spectra were
recorded on a Bruker Avance III 500, an AV III 600 or an AV III
HD 700 spectrometer at 298 K. For 1H- and 13C-NMR spectra
the solvent residual peak was taken as internal reference.
195Pt-NMR were collected on a Bruker AVANCE III HD 500 MHz
spectrometer and chemical shifts were reported with respect to
K2PtCl4 in water at −1624 ppm. NMR numbering of the com-
pounds are shown in Fig. 11. Electrospray ionization mass
spectra were recorded on a Bruker Amazon SL ion trap mass
spectrometer in positive and/or negative mode by direct infu-
sion. High-resolution mass spectra were measured on a Bruker
maXis™ UHR electrospray ionization time of flight mass
spectrometer. Elemental analysis measurements were per-
formed on a PerkinElmer 2400 CHN Elemental Analyzer at the
Microanalytical Laboratory of the University of Vienna. The
HPLC chromatograms and NMR spectra of the final complexes
are provided in Fig. S8–S30.† In some of the final NMR spectra
the typical triplet for ammonium can be observed. This orig-
inates from the formation of ammonium trifluoroacetate
during preparative HPLC purification, which however did not
exceed 2%.

Synthesis of complexes

(OC-6-44)-Acetato-(((2R,3R,5R)-5-(4-amino-2-oxopyrimidin-1
(2H)-yl)-4,4-difluoro-3-tetrahydrofuran-2-yl)methylcarbonato)
diammine-dichloridoplatinum(IV); CisPt-GemCarb-OAc. CisPt-
DiBocGemCarb-OH (68 mg, 0.083 mmol) was stirred in acetic
anhydride (4 mL). The reaction finished after 3.5 h (monitored
by 195Pt-NMR; 195Pt-shift of the educt: δ = 1059.98 ppm) and
the solvent was evaporated to dryness under reduced pressure.
Methanol was added and the product was precipitated using
excess diethyl ether affording CisPt-DiBocGemCarb-OAc with a
yield of 52 mg (73%). The solid was re-dissolved in a
1 : 1 mixture of dichloromethane (DCM) and TFA (2 mL) and
stirred at room temperature for 15 min (progress of de-
protection was monitored using HPLC). A steady stream of air
was applied for 20 min to remove the solvents and to afford a
sticky yellow solid. Finally, this crude mixture was purified via
preparative RP-HPLC (Agilent system) with a solvent ratio of
H2O/ACN (both with 0.1% TFA) = 95/5 and a flow rate of 17 mL
min−1. The product eluted after about 14 min. The collected
fractions were lyophilized. Yield: 24 mg (60%) white powder.
1H-NMR (700 MHz, DMSO-d6): δ = 8.69 (bs, 1H, NH2), 8.10 (bs,
1H, NH2), 7.73 (d, J = 7.74 Hz, 1H, Gem-Ca-8), 6.71–6.39 (b,
7H, NH3, OH), 6.14 (t, J = 7.85 Hz, 1H, Gem-Ca-6), 6.02 (d, J =
7.96 Hz, 1H, Gem-Ca-9), 4.30 (dd, J = 2.15, 12.26 Hz, 1H, Gem-

Research Article Inorganic Chemistry Frontiers

542 | Inorg. Chem. Front., 2024, 11, 534–548 This journal is © the Partner Organisations 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

8:
36

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3qi02032k


Ca-2), 4.19–4.11 (b, 1H, Gem-Ca-4), 4.14 (dd, J = 12.26, 6.02 Hz,
1H, Gem-Ca-2), 4.04 (m, 1H, Gem-Ca-3), 1.93 (s, 3H, CH3)
ppm. 13C-NMR (175 MHz, DMSO-d6): δ = 177.95 (COCH3),
158.68 (Gem-Ca-1), 158.09 (Gem-Ca-7), 142.62 (Gem-Ca-8),
122.45 (t, J = 259.08 Hz, Gem-Ca-5), 95.14 (Gem-Ca-9), 78.12
(Gem-Ca-3), 69.81 (t, J = 22.88 Hz, Gem-Ca-4), 65.00 (Gem-Ca-
2), 22.39 (COCH3) ppm; 195Pt-NMR (108 MHz, DMSO-d6): δ =
1231.23 ppm; MS: calcd for [C12H19Cl2F2N5O8Pt − H+]+

665.0305, found: 665.0272; elemental analysis calcd for

C12H19Cl2F2N5O8Pt·1.5TFA: C: 21.54, H: 2.47, N: 8.37, found:
C: 21.22, H: 2.12, N: 8.22.

(OC-6-44)-(((2R,3R,5R)-5-(4-amino-2-oxopyrimidin-1(2H)-yl)-
4,4-difluoro-3-tetrahydrofuran-2-yl)methylcarbonato)diammine-
dichlorido(5-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)carba-
matoplatinum(IV); CisPt-GemCarb-C2Mal. Mal-C2-NCO (20 mg,
0.121 mmol, 2 eq.) was dissolved in 3 mL dry DMF, CisPt-
DiBocGemCarb-OH (50 mg, 0.061 mmol) was added and the
mixture was stirred under Ar for 24 h. The solvent was

Scheme 1 Experimental overview of synthesized complexes. (a) DiBocGem-NHS, DMSO; (b) (1) Mal-C2-NCO, DMF (2) CH2Cl2, TFA; (c) (1) Mal-C5-
NCO, DMF (2) CH2Cl2, TFA; (d) (1) Ac2O (2) CH2Cl2, TFA; (e) DiBocGemSucc-NHS, DMSO; (f) (1) Ac2O, DMF (2) CH2Cl2, TFA.

Fig. 11 NMR-numbering scheme of ligands.
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removed under reduced pressure. The crude product was dis-
solved in 4.5 mL CH2Cl2, 500 µL TFA were added and the
mixture was stirred for 1.5 h. The solvent was removed under
reduced pressure. The raw product was dissolved in 6 mL H2O
(with 0.1% TFA) and purified via preparative RP-HPLC (Agilent
system) with a solvent ratio of H2O/ACN (both with 0.1% TFA)
= 90/10 and a flow rate of 17 mL min−1. The product eluted
after about 10 min. The collected fractions were lyophilized.
Yield: 29 mg (60%) white powder. 1H-NMR (600 MHz, DMSO-
d6): δ = 8.55 (bs, 1H, NH2), 7.99 (bs, 1H, NH2), 7.72 (d, J = 7.72
Hz, 1H, Gem-Ca-8), 6.99 (s, 2H, C2-Mal-5), 6.80 (b, 1H, NH),
6.69–6.51 (b, 6H, NH3), 6.47 (b, 1H, OH), 6.14 (t, J = 8.28 Hz,
1H, Gem-Ca-6), 5.99 (d, J = 7.15 Hz, 1H, Gem-Ca-9), 4.30 (d, J =
12.04 Hz, 1H, Gem-Ca-2), 4.19–4.10 (b, 1H, Gem-Ca-4), 4.14
(dd, J = 12.34, 6.36 Hz, 1H, Gem-Ca-2), 4.04 (m, 1H, Gem-Ca-
3), 3.05 (q, J = 6.34 Hz, 2H, C2-Mal-2) ppm. 13C-NMR
(150 MHz, DMSO-d6): δ = 171.64 (C2-Mal-4), 163.93 (Gem-Ca-
10), 159.08 (Gem-Ca-1), 142.93 (Gem-Ca-8), 135.01 (C2-Mal-5),
95.56 (Gem-Ca-9), 78.55 (Gem-Ca-3), 70.46 (Gem-Ca-4), 65.54
(Gem-Ca-2), 37.83 (C2-Mal-2) ppm; MS: calcd for
[C17H23Cl2F2N7O10Pt − H+]+ 789.0572, found: 789.0558;
elemental analysis calcd for C17H23Cl2F2N7O10Pt·2H2O·TFA: C:
24.29, H: 3.00, N: 10.44, found: C: 24.08, H: 2.74, N: 10.28.

(OC-6-44)-(((2R,3R,5R)-5-(4-amino-2-oxopyrimidin-1(2H)-yl)-
4,4-difluoro-3-tetrahydrofuran-2-yl)methylcarbonato)diammine-
dichlorido(5-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)pentyl)carba-
matoplatinum(IV); CisPt-GemCarb-C5Mal. Mal-C5-NCO (32 mg,
0.153 mmol, 2.5 eq.) was dissolved in 3 mL dry DMF, after-
wards CisPt-DiBocGemCarb-OH (50 mg, 0.061 mmol) was
added and the mixture was stirred under Ar for 24 h. The
solvent was removed under reduced pressure. The crude
product was dissolved in 3.6 mL CH2Cl2, 400 µL TFA were
added and the mixture was stirred for 2 h at 40 °C. The solvent
was removed under reduced pressure. The raw product was dis-
solved in 250 µL DMSO, 2 mL ACN and 8 mL H2O (with 0.1%
TFA) and purified via preparative RP-HPLC (Agilent system)
with a solvent ratio of H2O/ACN (both with 0.1% TFA) = 82/18
and a flow rate of 17 mL min−1. The product eluted after about
12 min. The collected fractions were lyophilized. Yield: 28 mg
(55%) white powder. 1H-NMR (700 MHz, DMSO-d6): δ = 7.61
(d, J = 7.53 Hz, 1H, Gem-Ca-8), 7.57 (bs, 1H, NH2), 6.99 (s, 2H,
C5-Mal-8), 6.63 (b, 6H, NH3), 6.42 (b, 1H, NH), 6.14 (b, 1H,
Gem-Ca-6), 5.87 (d, J = 7.65 Hz, 1H, Gem-Ca-9), 4.28 (dd, J =
12.15, 2.26 Hz, 1H, Gem-Ca-2), 4.18–4.09 (b, 1H, Gem-Ca-4),
4.13 (dd, J = 12.26, 6.45 Hz, 1H, Gem-Ca-2), 3.99 (m, 1H, Gem-
Ca-3), 2.87 (d, J = 6.02 Hz, 2H, C5-Mal-6), 2.51 (m, 2H, C5-Mal-
2), 1.46 (qui, J = 7.37 Hz, 2H, C5-Mal-5), 1.35 (m, 2H, C5-Mal-3),
1.18 (qui, 2H, C5-Mal-4) ppm; MS: calcd for
[C20H30Cl2F2N7O10Pt − H+]+ 831.1047, found: 831.1015;
elemental analysis calcd for C20H30Cl2F2N7O10Pt·0.5
H2O·1.5TFA: C: 27.31, H: 3.14, N: 9.69, found: C: 27.09, H:
3.15, N: 10.01.

(OC-6-44)-Acetato(4-(((2R,3R,5R)-5-(4-amino-2-oxopyrimidin-
1(2H)-yl)-4,4-difluoro-3-tetrahydrofuran-2-yl)methoxy)-4-oxobu-
tanoato)diammine-dichloridoplatinum(IV); CisPt-GemSucc-
OAc. CisPt-DiBocGemSucc-OH (50 mg, 0.057 mmol) was

stirred in 4 mL acetic anhydride and the reaction progress was
monitored via 195Pt-NMR (195Pt-shift of the educt: δ =
1049.19 ppm). After 3.5 h, completion of the reaction was
observed and the solvent was evaporated under reduced
pressure. Methanol was added and the product was precipi-
tated using excess diethyl ether. The solid was re-dissolved in
2 mL DCM/TFA (1 : 1) and stirred at room temperature for
15 min (progress of deprotection was monitored via HPLC).
Afterwards, a steady stream of air was applied for 20 min to
remove the solvents and to afford a sticky yellow solid. Finally,
the crude mixture was purified via preparative HPLC (Thermo
system) using a gradient of H2O/ACN (both with 0.1% TFA)
and lyophilized to obtain the final product. Yield: 23 mg (70%)
white powder. 1H-NMR (700 MHz, DMSO-d6): δ = 8.72 (b, 1H,
NH2), 8.16 (b, 1H, NH2), 7.75 (d, J = 7.96 Hz, Gem-Su-11), 6.49
(b, 6H, NH3), 6.15 (t, J = 7.74 Hz, 1H, Gem-Su-9), 6.01 (d, J =
7.74 Hz, 1H, Gem-Su-12), 4.38 (dd, J = 12.48, 2.37 Hz, 1H,
Gem-Su-5), 4.30 (dd, J = 12.47, 6.44 Hz, 1H, Gem-Su-5), 4.22
(m, 1H, Gem-Su-7), 4.07 (m, 1H, Gem-Su-6), 2.54 (m, 2H, Gem-
Su-3), 2.51 (partially under solvent peak, Gem-Su-2), 1.91 (s,
3H, CH3) ppm. 13C-NMR (175 MHz, DMSO-d6): δ = 179.23
(Gem-Su-1), 178.18 (OCOCH3), 172.11 (Gem-Su-4), 158.12
(Gem-Su-10/13), 157.95 (Gem-Su-10/13), 142.95 (Gem-Su-11),
122.29 (t, J = 258.60 Hz, Gem-Su-8), 95.16 (Gem-Su-12), 78.01
(Gem-Su-6), 69.98 (t, J = 22.89 Hz, Gem-Su-7), 62.70 (Gem-Su-
5), 30.29 (Gem-Su-3), 29.57 (Gem-Su-2), 22.81 (COCH3) ppm.
195Pt-NMR (108 MHz, DMSO-d6): δ = 1229.12 ppm; MS: calcd
for [C15H23Cl2F2N5O9Pt − H+]+ 722.36, found 722.0; elemental
analysis calcd for C15H23Cl2F2N5O9Pt·1.5H2O·1.5TFA: C: 23.51,
H: 3.01, N: 7.62, found: C: 23.22, H: 2.68, N: 7.77.

(OC-6-44)-((((2R,3R,5R)-5-(4-amino-2-oxopyrimidin-1(2H)-yl)-
4,4-difluoro-3-tetrahydrofuran-2-yl)methoxy)-4-oxobutanoato)
diammine-dichlorido(5-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)
pentylcarbamato)platinum(IV); CisPt-GemSucc-C5Mal. CisPt-
DiBocGemSucc-OH (60 mg, 0.068 mmol) and Mal-C5-NCO
(28 mg, 0.134 mmol, 2 eq.) were dissolved in 3 mL dry DMF
and the mixture was stirred overnight under Ar. The solvent
was removed under reduced pressure. The residue was taken
up in 3.6 mL CH2Cl2, 400 µL of TFA were added and the
mixture was stirred for 2 h. The solvent was removed under
vacuum and the crude product was purified via preparative
HPLC. The raw product was taken up in 4 mL ACN and 16 mL
H2O and purified via preparative RP-HPLC (Agilent system),
with a solvent ratio of H2O/ACN (both with 0.1% TFA) = 79/21
and a flow rate of 17 mL min−1. The product eluted after about
10 min. The collected fractions were lyophilized. Yield: 28 mg
(55%) white powder. 1H-NMR (700 MHz, DMSO-d6): δ = 8.51
(bs, 1H, NH2), 8.04 (bs, 1H, NH2), 7.71 (d, J = 7.7 Hz, 1H, Gem-
Su-11), 6.99 (s, 2H, C5-Mal-8), 6.57 (b, 6H, NH3), 6.48 (b, 1H,
NH), 6.16 (b, 1H, Gem-Su-9), 5.98 (d, J = 7.74 Hz, 1H, Gem-Su-
12), 4.39 (dd, J = 12.26, 2.15 Hz, 1H, Gem-Su-5), 4.30 (dd, J =
12.37, 6.35 Hz, 1H, Gem-Su-5), 4.21 (m, 1H, Gem-Su-7), 4.07
(m, 1H, Gem-Su-6), 2.86 (b, 2H, C5-Mal-2), 2.54 (m, Gem-Su-3),
2.51 (partially under solvent peak, Gem-Su-2), 1.46 (qui, J =
7.42 Hz, 2H, C5-Mal-5), 1.34 (m, 2H, C5-Mal-3), 1.17 (qui, J =
7.63 Hz, 2H, C5-Mal-4) ppm. 13C-NMR (175 MHz, DMSO-d6):
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δ = 179.21 (Gem-Su-1), 172.14 (Gem-Su-4), 171.13 (C5-Mal-7),
142.68 (Gem-Su-11), 134.46 (C5-Mal-8), 122.50 (t, J = 259.08 Hz,
Gem-Su-8), 95.06 (Gem-Su-12), 84.45 (Gem-Su-9), 77.86 (Gem-
Su-6), 69.86 (t, J = 23.05 Hz, Gem-Su-7), 62.69 (Gem-Su-5),
40.78 (C5-Mal-2), 37.08 (C5-Mal-6), 30.24 (Gem-Su-3), 29.59
(Gem-Su-2), 29.27 (C5-Mal-3), 27.78 (C5-Mal-5), 23.55 (C5-Mal-4)
ppm; MS: calcd for [C23H33Cl2F2N7O11Pt − H+]+ 887.1309,
found: 887.1274; elemental analysis calcd for
C23H33Cl2F2N7O11Pt·1.5TFA: C: 29.5, H: 3.28, N: 9.26, found: C:
29.22, H: 3.44, N: 9.31.

(OC-6-44)-Diammine(4-(((2R,3R,5R)-5-(4-((tert-butoxycarbo-
nyl)amino)-2-oxopyrimidin-1(2H)-yl)-3-((tert-butoxycarbonyl)
oxy)-4,4-difluorotetrahydrofuran-2-yl)methoxy)-4-oxobuta-
noato)(cyclobutane-1,1-dicarboxylato)hydroxidoplatinum(IV);
CarboPt-DiBocGemSucc-OH. DiBocGemSucc-NHS (200 mg,
0.31 mmol, 1.15 eq.) was added to a stirring suspension of
CarboPt(IV)(OH)2 (110 mg, 0.27 mmol) in DMSO (15 mL).
After a day of stirring at room temperature, the reaction
mixture was suspended in excess diethyl ether. The formed
precipitate was collected by centrifugation, redissolved in
methanol and precipitated once again with excess diethyl
ether. Yield: 165 mg (63%) off white solid. 1H-NMR (500 MHz,
DMSO-d6): δ = 10.6 (br, 1H, NHBoc), 7.99 (d, J = 7.7 Hz, 1H,
Gem-Su-11), 7.10 (d, J = 7.7 Hz, 1H, Gem-Su-12), 6.30 (t, J = 8.2
Hz, 1H, Gem-Su-9), 5.96 (br, 6H, NH3), 5.29 (br, 1H, Gem-Su-
5), 4.44–4.34 (m, 3H, Gem-Su-5, Gem-Su-6, Gem-Su-7),
2.55–2.45 (m, 8H, CBCDA-3, Gem-Su-2, Gem-Su-3), 1.80 (qui,
2H, CBCDA-4), 1.46 & 1.45 (s, 18H, t-BuBoc) ppm; 195Pt NMR
(108 MHz, DMSO-d6): δ = 1750.1 ppm; MS: calcd for
[C29H43F2N5O16Pt − Na+]+ 973.2218, found: 973.2209.

(OC-6-44)-Acetato-diammine(4-(((2R,3R,5R)-5-(4-((tert-butox-
ycarbonyl)amino)-2-oxopyrimidin-1(2H)-yl)-3-((tert-butoxycar-
bonyl)oxy)-4,4-difluorotetrahydrofuran-2-yl)methoxy)-4-oxo-
butanoato)(cyclobutane-1,1-dicarboxylato)platinum(IV); CarboPt-
GemSucc-OAc. To a solution of CarboPt-DiBocGemSucc-OH
(165 mg, 0.17 mmol) in 5 mL DMF, acetic anhydride (165 μL,
1.75 mmol, 10 eq.) was added and the mixture was stirred at
room temperature for 6 h. After the confirmation of complete-
ness of the reaction via HPLC, the solvent was removed under
vacuum and the resulting oily residue was dissolved in a
minimal volume of ACN and added to pre-cooled diethyl ether
(45 mL). The resulting precipitate was collected by centrifu-
gation, taken up in methanol and re-precipitated with diethyl
ether to obtain crude acetato complex. The solid was re-dis-
solved in 2 mL DCM/TFA (1 : 1) and stirred at room tempera-
ture for 15 min (progress of deprotection was monitored via
HPLC). Afterwards, a steady stream of air was applied for
20 min to remove the solvents and to afford a sticky yellow
solid. The product was taken up in 4 mL H2O and purified via
preparative RP-HPLC (Agilent system) with a solvent ratio of
H2O/ACN (both with 0.1% TFA) = 88/12 and a flow rate of
17 mL min−1. The product eluted after about 9 min. The col-
lected fractions were lyophilized. Yield: 42 mg (23%) as a white
solid. 1H NMR (500 MHz, DMSO-d6): δ = 8.67 (br, 1H, NH2),
8.13 (br, 1H, NH2), 7.73 (d, J = 7.34 Hz, 1H, Gem-Su-11), 6.33
(br, 6H, NH3), 6.16 (t, J = 7.91 Hz, 1H, Gem-Su-9), 5.99 (d, J =

7.63 Hz, 1H, Gem-Su-12), 4.38 (dd, J = 12.52, 2.35 Hz, 1H,
Gem-Su-5), 4.28 (dd, J = 12.52, 6.12 Hz, 1H, Gem-Su-5), 4.21
(m, 1H, Gem-Su-7), 4.07 (m, 2H, Gem-Su-6, OH), 2.55 (m, 2H,
Gem-Su-3), 2.50 (under the solvent peak, 6H, Gem-Su-2,
CBDCA-3), 1.90 (s, 3H, CH3), 1.81 (qui, J = 8.00 Hz, 2H,
CBDCA-4) ppm. 13C-NMR (125 MHz, DMSO-d6): δ = 178.41
(Gem-Su-1), 177.17 (OCOCH3), 176.42 (CBDCA-1), 176.28
(CBDCA-1), 172.08 (Gem-Su-4), 142.74 (Gem-Su-11), 122.52 (t,
J = 258.45 Hz, Gem-Su-8), 95.16 (Gem-Su-12), 77.91 (Gem-Su-6),
69.88 (t, J = 23.52 Hz, Gem-Su-7), 62.59 (Gem-Su-5), 55.57
(CBDCA-2), 31.20 (CBDCA-3), 31.16 (CBDCA-3), 29.94 (Gem-Su-
3), 29.37 (Gem-Su-2), 22.41 (COCH3), 15.68 (CBDCA-4) ppm.
195Pt-NMR (108 MHz, DMSO-d6): δ = 1940.2 ppm; MS: calcd for
[C21H29F2N5O13Pt − H+]+: 793.1452, found 793.1438; elemental
analysis calcd for C21H29F2N5O13Pt·H2O·1.5 TFA: C: 29.37, H:
3.34, N: 7.13, found C: 29.15, H: 3.29, N: 7.40.

(OC-6-34)-Diammine(4-(((2R,3R,5R)-5-(4-((tert-butoxycarbo-
nyl)amino)-2-oxopyrimidin-1(2H)-yl)-3-((tert-butoxycarbonyl)oxy)-
4,4-difluorotetrahydrofuran-2-yl)methoxy)-4-oxobutanoato)
(cyclobutane-1,1-dicarboxylato)(5-(2,5-dioxo-2,5-dihydro-1H-
pyrrol-1-yl)pentylcarbamato)platinum(IV); CarboPt-GemSucc-
C5Mal. CarboPt-DiBocGemSucc-OH (120 mg, 0.126 mmol) and
Mal-C5-NCO (39 mg, 0.187 mmol, 1.5 eq.) were dissolved in
5 mL dry DMF and the mixture was stirred for 24 h at 30 °C
under Ar. The solvent was removed under reduced pressure.
The residue was taken up in 3.6 mL CH2Cl2, 400 µL of TFA
were added and the mixture was stirred for 3 h at 30 °C. The
solvent was removed under vacuum and the crude product was
purified via preparative HPLC. The raw product was taken up
in 4 mL ACN and 16 mL H2O were added and purified via pre-
parative RP-HPLC (Agilent system) with a solvent ratio of H2O/
ACN (both with 0.1% TFA) = 80/20 and a flow rate of 17 mL
min−1. The product eluted after about 10 min. The collected
fractions were lyophilized. Yield: 50 mg (42%) white powder.
1H NMR (600 MHz, DMSO-d6): δ = 8.90 (b, 1H, NH2), 8.31 (b,
1H, NH2), 7.76 (d, J = 7.53 Hz, 1H, Gem-Suc-11), 7.00 (s, 2H,
C5-Mal-8) 6.51 (b, 1H, NH), 6.56–6.36 (b, 6H, NH3), 6.16 (t, J =
8.09 Hz, 1H, Gem-Su-9), 6.03 (d, J = 7.90 Hz, 1H, Gem-Su-12),
4.38 (dd, J = 12.51, 1.97 Hz, 1H, Gem-Su-5), 4.28 (dd, J = 12.33,
5.93 Hz, 1H, Gem-Su-5), 4.21 (m, 1H, Gem-Su-7), 4.08 (m, 1H,
Gem-Su-6), 2.86 (d, J = 5.27 Hz, 2H, C5-Mal-2), 2.55 (m, 2H,
Gem-Su-2/3), 2.52–2.45 (partially under the solvent peak, 4H,
CBDCA-3), 1.80 (qui, J = 7.90 Hz, 2H, CBDCA-4), 1.45 (m, 2H,
C5-Mal-5), 1.33 (m, 2H, C5-Mal-3/Gem-Su-2/3), 1.16 (m, 2H, C5-
Mal-4) ppm. 13C-NMR (150 MHz, DMSO-d6): δ = 178.65 (Gem-
Su-1), 176.35 (CBDCA-1), 176.18 (CBDCA-1), 172.08 (Gem-Su-4),
171.12 (C5-Mal-7), 142.97 (Gem-Su-11), 134.48 (C5-Mal-8),
122.50 (t, J = 258.18 Hz, Gem-Su-8), 95.07 (Gem-Su-12), 77.97
(Gem-Su-6), 69.82 (t, J = 23.25 Hz, Gem-Su-7), 62.53 (Gem-Su-
5), 55.34 (CBDCA-2), 40.74 (C5-Mal-2), 37.04 (C5-Mal-6), 31.70
(CBDCA-3), 30.67 (CBDCA-3), 29.90 (Gem-Su-2/3), 29.36 (Gem-
Su-2/3/C5-Mal-3), 29.19 (Gem-Su-2/3/C5-Mal-3), 27.73 (C5-Mal-
5), 23.48 (C5-Mal-4), 15.67 (CBDCA-4) ppm; MS: calcd for
[C29H39F2N7O15Pt − H+]+ 959.22, found: 959.28; elemental ana-
lysis calcd for C29H39F2N7O15Pt·1.5 H2O·1.5 TFA: C: 33.23, H:
3.79, N: 8.48, found: C: 33.12, H: 3.72, N: 8.63.
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Stability and reduction experiments

Phosphate buffer (250 mM, pH 7.4) containing 1 mM platinum
compound was incubated at 37 °C for stability kinetics and at
20 °C with the addition of 10 eq. L-ascorbic acid for reduction
kinetics. The reaction was monitored on a Thermo Scientific
Dionex UltiMate 3000 UHPLC-system using a Waters Aquity
UPLC BEH C18 1.7 µm 3.0 × 50 mm column. Milli-Q water,
containing 0.1% formic acid, and acetonitrile containing 0.1%
formic acid were used as eluents. A gradient of 5–95% over
5 min was used. For evaluating the current state of the reac-
tion, the peak area of the parental complex was used unless
otherwise stated.

SEC-ICP-MS studies

Fetal calf serum was purchased from Sigma-Aldrich and
buffered with 150 mM phosphate at pH 7.4 in order to guaran-
tee a stable pH. The platinum(IV) complexes (5 mM) were dis-
solved in 150 mM phosphate buffer (pH 7.4) and diluted 1 : 50
in the buffered serum to obtain a final concentration of
100 μM. The samples were then incubated in the autosampler
at 37 °C and analyzed every 1 h for 5 h as well after 24 h.
Between each sample a pure water blank was measured. For
SEC-ICP-MS measurements an Agilent 1260 Infinity system
coupled to an Agilent 7800 ICP-MS equipped with a dynamic
reaction cell was used. Oxygen (purity 5.5, Messer Austria
GmbH, Gumpoldskirchen, Austria) was used as reaction gas.
HPLC parameters are given in Table S1† and ICP-MS operation
parameters are given in Table S2.†

Cell culture

All cell cultures were grown at 37 °C in a humidified atmo-
sphere containing 5% CO2. HCT116 cells were cultured in
McCoy’s 5A Modified Media supplemented with 10% FCS
(PAA, Linz, Austria) and 2 mM glutamine. The murine (Balb/c)
colon cancer cell model CT26 was cultured in DMEM/F12
(1 : 1) supplemented with 10% FCS. Capan1, Capan1/GemR
and PANC1 cells were cultured in RPMI 1640 supplemented
with 10% FCS. All cells were purchased from the American
Type Culture Collection, Manassas, VA, USA, which the excep-
tion of Capan1/GemR, which were kindly provided by Karl
Quint and Matthias Ocker from the University of Marburg,
Germany.32 All cell culture media and reagents were purchased
from Sigma-Aldrich Austria. The Capan1/GemR cells were
selected with 10 µM gemcitabine. The cells were regularly
checked for Mycoplasma contamination.

Anticancer activity in vitro

Cells were seeded in 96-well microtiter plates and allowed to
adhere overnight. Subsequently, cells were exposed in tripli-
cates to the compounds (pre-dissolved in DMSO, final DMSO
concentration <0.5%) in the indicated concentrations. After
72 h cell viability was determined using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(EZ4U, Biomedia, Vienna, Austria) according to the manufac-
turer’s recommendation. Absorbance was measured at 450 nm

(620 nm as a reference) with a Tecan Reader infinite®
M200Pro (Tecan Group Ltd, Switzerland). Data were analyzed
using Graph Pad prism (version 8.0.1) to calculate IC50 values,
as a parameter for cytotoxicity resulting in 50% reduction of
cell viability compared to the untreated control cells.

Animals

Experiments were done according to the regulations of the
Ethics Committee for the Care and Use of Laboratory Animals
at the Medical University Vienna (proposal number
BMBWF_66.009_0157_V_3b_2019), the U.S. Public Health
Service Policy on Human Care and Use of Laboratory Animals
as well as the United Kingdom Coordinating Committee on
Cancer Prevention Research’s Guidelines for the Welfare of
Animals in Experimental Neoplasia. All animals were kept in a
pathogen-free environment with a 12 h light dark-cycle with
ad libitum access to food and water. Every procedure was per-
formed in a laminar airflow under sterile conditions. Welfare
of the animals was monitored daily (e.g., body weight, fatigue,
food and fluid consumption). Tumor growth and possible side
effects of the treatment were evaluated by daily recording the
tumor size by caliper measurement and parameters of the
animal’s overall health conditions. Tumor volumes (mm3)
were calculated using following formula: length × width2/2.

Anticancer activity in CT-26-bearing BALB/c mice

CT26 cells (5 × 105 cells in 50 µL serum-free medium) were
injected subcutaneously (s.c.) into the right flank of 8–16
weeks old male BALB/c mice (Envigo Laboratories, San Pietro
Al Natisone, Italy). When the tumors were palpable (day 3–4),
therapy treatment started. Animals were treated i.v. with gem-
citabine (21.3 mg kg−1 or 26.2 mg kg−1 in 0.9% NaCl), cispla-
tin (3 mg/kg in 0.9% NaCl), CisPt-GemCarb-C5Mal (10.1 mg
kg−1 in 0.9% NaCl), CisPt-GemSucc-C5Mal (10.5 mg kg−1 in
0.9% NaCl) or CarboPt-GemSucc-C5Mal (95.9 mg kg−1 in 15%
PG in 0.9% NaCl). Samples were first dissolved in PG and
afterwards diluted with 0.9% NaCl solution to obtain the
desired concentrations with 15% PG. Cisplatin-based drugs
were applied in concentrations equimolar to 3 mg kg−1 cispla-
tin. The carboplatin-based drug was applied in concentrations
equimolar to 30 mg kg−1 carboplatin. The solvent control
animals received 0.9% NaCl or 15% PG in 0.9% NaCl. Every
day, the animals were monitored for the overall health con-
ditions and tumor size was measured regularly by caliper
measurement. In case of overall survival experiments, mice were
sacrificed by cervical dislocation in the case of a tumor length
>20 mm, tumor ulceration or a decreased body weight of ∼20%.

Anticancer activity in Capan1/GemR-bearing C.B.17/SCID mice

Capan1/GemR cells (1 × 106 cells in 50 µL serum-free medium)
were injected s.c. into the right flank of 12–16 weeks old male
C.B.17/SCID mice (Envigo Laboratories, San Pietro Al
Natisone, Italy). When the tumors were palpable (day 24),
therapy treatment started. Animals were treated i.v. with gem-
citabine (21.3 mg kg−1 in 0.9% NaCl) or CarboPt-GemSucc-
C5Mal (95.9 mg kg−1 in 15% PG in 0.9% NaCl) in concen-
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trations equimolar to 30 mg kg−1 carboplatin. The solvent
control received 15% PG in 0.9% NaCl only. Every day, the
animals were monitored for the overall health conditions and
tumor size was measured regularly by caliper measurement.

Organ distribution in CT26-bearing BALB/c mice

CT-26 cells (5 × 105 cells in 50 µL serum-free medium) were
injected s.c. into the right flank of male BALB/c mice. When
tumors reached 10 mm length the animals were treated i.v.
with equimolar concentrations of CarboPt-GemSucc-C5Mal
(95.9 mg kg−1 in 15% PG in 0.9% NaCl) or carboplatin (30 mg
kg−1 in 5% glucose). After 24 h, the animals were sacrificed by
cervical dislocation and blood was drawn and incubated for
25 min to allow blood clotting. Additionally, tumors as well as
organs were collected. To isolate serum and blood pellets,
blood was centrifuged for 10 min at 17 900 g at room tempera-
ture. The supernatant characterized as serum was transferred
to a new tube and centrifuged again to remove residual red
blood cells. All collected samples were stored at −20 °C and
further processed for platinum measurements via ICP-MS.
HNO3 (67–69%, supra-pur for trace metal analysis,
NORMATOM; Distributor: VWR international, Austria) and
conc. H2O2 supra-pur (30%) were used without further purifi-
cation. Digestion of tissue (approx. 15–30 mg gravimetrically
weighted) was performed with 2 mL of approx. 20% nitric acid
and 100 µL H2O2 using an open vessel graphite digestion
system (coated graphite heating plate, coated sample holder-top
for 25 mL vials, PFA vials and PFA lids; Labter, ODLAB;
Distributor: AHF Analysentechnik AG; Germany). Digested
samples were diluted in Milli-Q water (18.2 MΩ cm, Milli-Q
Advantage, Darmstadt, Germany). The platinum concentration
was determined by ICP-MS analysis. Platinum and rhenium
standards were derived from CPI International (Amsterdam,
The Netherlands). The total platinum content was determined
with a quadrupole-based ICP-MS instrument Agilent 7800
(Agilent Technologies, Tokyo, Japan) equipped with the Agilent
SPS 4 autosampler (Agilent Technologies, Tokyo, Japan) and a
MicroMist nebulizer at a sample uptake rate of approximately
0.2 mL min−1. A radio frequency power of 1550 W was used as
well as nickel cones. Argon was used as plasma gas (15 L min−1)
and as carrier gas (∼1.1 L min−1). The dwell time was set to
0.1 s and the measurements were performed in 12 replicates
with 100 sweeps. Rhenium served as internal standard for plati-
num. The Agilent MassHunter software package (Workstation
Software, version C.01.04, 2018) was used for data processing.
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