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Abstract: Kinetically-inert Pt(iv) carboxylate complexes have emerged in recent years as candidates for the
development of next-generation platinum anticancer drugs. Being native prodrugs of clinically-important Pt(ii)
chemotherapeutic agents, the Pt(iv) scaffold can be exploited to incorporate additional functionalities while
keeping the Pt(ii) pharmacophore intact. This mini-review examines recent work performed to illuminate the
mechanism of Pt(iv) prodrug activation and their use as versatile platforms for targeted chemotherapy.
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Introduction

Anticancer Pt(ii) drugs such as cispla-
tin and oxaliplatin constitute an important
class of chemotherapeutic agents that are
being used clinically against many types
of cancers (Fig. 1).[1] Yet these drugs are
associated with side-effects and toxic-
ity, arising from premature aquation and
high chemical reactivity, which severely
limit their clinical effectiveness.[2] Pt(iv)
carboxylate complexes, based on antican-
cer Pt(ii) drug motifs, can mitigate some
of these limitations being kinetically and
substitutionally inert and hence, less sus-
ceptible to aquation and reactivity with
nucleophiles.[3] Within an intracellular
environment, the Pt(iv) scaffold can un-
dergo chemical reduction to its reactive
Pt(ii) congener, with cleavage of its axial
ligands, thereby uncaging its cytotoxic po-
tential. Currently, satraplatin represents the
most successful Pt(iv) prodrug design, and
exhibits an anti-proliferative profile that is
distinct from cisplatin (Fig. 1).[4] It is being
evaluated in several clinical trials against
hormone-refractory prostate cancer as well
as advanced solid tumors.[5] This mini-

review examines some of the recent work
that was done in the context of understand-
ing the mechanism of the Pt(iv) prodrug
activation and their exploitation as versa-
tile platforms for targeted chemotherapy.

Activation by Reduction: Evidence
for a Prodrug Mechanism

The widely-held view is that Pt(iv)
carboxylate complexes are themselves
not pharmacologically active but require
chemical reduction to their Pt(ii) conge-
ners which are the active cytotoxic spe-
cies.[6] This is in part based on the ob-
servation that Pt(iv) complexes are inert
towards DNA, the presumed biological
target, whereas Pt(ii) complexes readily
bind them. For example, we have showed
using reverse phase liquid chromatography
(RPLC) that Pt(iv) carboxylate prodrug
complexes based on the cisplatin template
do not bind dGMP (as a model nucleo-

philic nucleobase). Yet in the presence of
a reductant, such as ascorbic acid, these
Pt(iv) complexes formed Pt-dGMP ad-
ducts akin to those formed when cisplatin
reacted directly dGMP.[7] Further evidence
from immunofluorescence experiments,
showed that Pt(iv) prodrug based on the
cisplatin template formed similar nuclear
Pt-DNA adducts when exposed to cancer
cells in vitro.[8] It therefore follows that in
order to function as anticancer prodrugs,
Pt(iv) carboxylate complexes undergo
trans-cleavage of both axial ligands to lib-
erate Pt(ii) species. However, it has also
been suggested that reduction may actu-
ally proceed via multiple pathways lead-
ing to the loss of any combination of the
axial carboxylate and equatorial chloride
ligands to yield a variety of possible reduc-
tion products.[9]

To investigate the nature of this reduc-
tion process, we employed a combination
of hydrophilic interaction chromatography
(HILIC) and RPLC to probe the reduction
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Facile Preparation of Pt(iv)–
Peptide Complexes through
Chemoselective Oxime Ligation

Preparing Pt(iv) prodrug complexes
via direct axial carboxylation is not always
possible due to the lack of activated elec-
trophilic carboxylation reagents for the
desired functional groups.[17] An alterna-
tive strategy is to conjugate the functional
groups to the Pt(iv) scaffold through a
pendant carboxylic moiety across a suc-
cinate linker. Conjugation can be readily
carried out using amide or ester coupling
chemistry, but yields are generally low and
product purification is complicated by the
presence of accompanying coupling re-
agents and by-products.[18] To address this
limitation, we sought to develop a facile
conjugation strategy that would be ap-
plicable to Pt(iv) carboxylate chemistry
(non-reducing conditions) and compatible
with biologically relevant molecules such
as peptides (mild reaction conditions) with
the goal of harnessing them to enhance the
selectivity of Pt prodrugs. To that end, we
showed that oxime ligation chemistry us-
ing a benzaldehyde-functionalized Pt(iv)
precursor and a hydroxylamine-function-
alized peptide in slightly acidic conditions
could generate Pt(iv)-peptide conjugates
quantitatively under ambient conditions
(Fig. 3).[19] Because the hydroxylamine
functional groups could be readily incor-
porated as part of peptide solid-phase syn-
thesis, either at the N-terminus or incor-
porated into an amino acid residue, such
functionalised peptides could be made
commercially available. Reaction yields
were high and because the reaction proto-
col involved only stoichiometric amounts
of hydroxylamine-functionalized peptide

of Pt(iv) prodrug complexes based on the
cisplatin template using ascorbic acid as
a model of an outer-sphere reductant.[10]
Because HILIC and RPLC possessed or-
thogonal retention for analytes, cisplatin
(the primary reduction product of interest)
would be well-resolved on HILIC even
though it could not be resolved by RPLC.
Other reduction products could also be sys-
tematically identified. These complemen-
tary chromatographic techniques showed
that such Pt(iv) complexes were predomi-
nantly reduced to cisplatin (>89%) and
satraplatin to cis-(ammine)(hexylamine)
dichloroplatinum(ii) (>95%), thus qualify-
ing them as true prodrugs of the respective
Pt(ii) pharmacophore. Reaction kinetics
showed that the subtle substitution of an
axial carboxylate ligand with a hydroxide
group, i.e. a Pt(iv) monocarboxylate com-
plex, drastically enhanced reduction rates
leading to highly reducible Pt(iv) prodrug
complexes.

We are also interested to examine how
thesePt(iv)prodrugs arebeing takenupand
activated within living cells in vitro. The
main challenge is that existing elemental
imaging techniques centred on Pt detection
e.g. inductively-coupled plasmamass spec-
trometry (ICP-MS), secondary ion mass
spectrometry (SIMS) imaging, cannot dis-
tinguish between Pt(iv) and Pt(ii).[11]X-ray
photoelectron spectroscopy can directly
determine Pt(ii) and Pt(iv) levels in cryo-
genically-preserved cell lysates but it can-
not be applied on live cells and is currently
incompatible with cellular imaging.[12]
To address these challenges, we devel-
oped a fluorogenic probe that would be
specifically activated by Pt(ii) drug moi-
eties under physiological conditions and
therefore compatible with high resolution
fluorescence microscopy imaging.[13] The
probe was based on a non-fluorescent rho-
damine spirolactam construct linked to a
dithiocarbamate motif that reacted readily
with Pt(ii) complexes; binding of Pt(ii) at
dithiocarbamate and the proceeding reac-
tion with the spirolactam led to spiro-ring
opening and fluorescence turn-on (Fig.
2a). These fluorogenic probes are inert to-
wards the parental Pt(iv) complex (Fig. 2b)
as well as Pt(ii) species bearing chelating
amine ligands e.g. oxaliplatin. We showed
for the first time that Pt(iv) prodrug com-
plexes, including satraplatin, were be-
ing endogenously reduced intracellularly
within the cytoplasm following cell entry
and uptake.

Asymmetric Pt(iv) Carboxylate
Complexes with Finely Tuned
Properties

From a design perspective, the Pt(iv)
scaffold provides an excellent platform to

attach functionalities while retaining the
Pt(ii) pharmacophore. Enzyme inhibitors
and moieties that can potentiate cisplatin
activity have been added as axial ligands
to the Pt(iv) scaffolds to induce synergistic
effects.[14] Structure–activity relationship
studies have shown that the redox poten-
tial, rate of reduction, lipophilicity, and cy-
totoxicity of platinum(iv) prodrugs could
be altered by varying the axial ligands.[15]
However, classical approaches to prepare
symmetrical Pt(iv) complexes with the
same carboxylate ligands in both axial po-
sitions are too limited to fully exploit the
vast potential of this prodrug strategy. We
therefore devised a practical way to ac-
cess asymmetrical Pt(iv) complexes with
different axial ligands (Fig. 1). The broad
strategy was to employ mildly electro-
philic carboxylation reagents under highly
dilute conditions in order to achieve mono-
carboxylation of the Pt(iv)-dihydroxide
precursor. The remaining axial position
was then sequentially carboxylated to ar-
rive at the desired asymmetrical Pt(iv)
complex.[16]As a proof-of-method, we pre-
pared Pt(iv) carboxylate complexes using
ligands with contrasting attributes, e.g. one
lipophilic and one hydrophilic, that would
not be feasible under classical carboxyl-
ation conditions.[7] Since Pt(iv) prodrugs
would assume the properties of their coor-
dinating ligands, the different axial ligands
served as handles to fine-tune the pharma-
cological properties of the overall prodrug
complex. Hence by altering their aqueous
solubilities and lipophilicities, we devel-
oped a series of asymmetric Pt(iv) carbox-
ylate prodrug complexes with finely-tuned
pharmacological properties in the context
of enhancing their antiproliferative effica-
cies in vitro.
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Fig. 2. (a) Mechanism of activation of Pt(ii)-selective fluorogenic probe Rh-DDTC; (b) fluorescence
profile of Rh-DDTC exposed to different Pt compounds.
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slower Pt release.[24] Furthermore, the rigid
CNT platform could be readily functional-
ized with targeting groups enabling selec-
tive uptake.[25] More recently, we showed
that the Pt(iv) scaffold could be modified
to carry another drug entity such as doxo-
rubicin and that the combined prodrug
could be stably entrapped within multi-
walled CNTs.[26] This provided a proof-
of-concept of a strategy to deliver ratio-
metric drug combinations using cRGDfK-
functionalised multiwalled CNTs in which
drug entities were synchronously activated
and released within targeted cells.

Conclusion
In summary, Pt(iv) carboxylate prodrug

complexes are highly versatile platforms
for developing targeted chemotherapeutic
strategies capable of overcoming existing
limitations of classical Pt(ii) drugs. Recent
progress enabling specific functionaliza-
tion of Pt(iv) prodrug complexes as well as
advances towards understanding their cel-
lular processing pave the way for their de-
velopment into clinically-relevant agents
for cancer therapy.
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and Pt(iv) precursor in buffer, product pu-
rification through RPLC was facile.

We applied this generic strategy in
the development of Pt(iv)-peptide conju-
gates under two different contexts. Firstly,
we prepared Pt(iv) conjugates containing
formyl peptide receptor 1/2 (FPR1/2)-
targeted peptides. Pt-based anticancer
drugs were shown to be potent immuno-
modulators of both the innate and the adap-
tive immune system but there was little in
the way of exploiting their immune-acti-
vating properties in rational drug design.
FPR1/2 receptors are highly expressed in
immune cells as well as some metastatic
cancers. We therefore tethered a dual-pur-
pose peptide sequence, which behaved as
both a FPR1/2-targeting moiety and an im-
mune adjuvant, to the Pt(iv) prodrug scaf-
fold containing the cisplatin template. We
demonstrated that these Pt(iv) conjugates
not only induced targeted cytotoxicity in
FP1/2-expressing cancer cells but they
were also capable of potentiating the cell-
mediated cytotoxicity of peripheral blood
mononuclear cells (PBMCs) against can-
cer cells. In keeping with the immune-ac-
tivation mechanism, elevated extracellular
secretion of pro-inflammatory cytokines
TNF-α and IFN-γ in treated PBMCs were
also observed. Thus, these Pt(iv)-peptide
conjugates functioned as rationally-de-
signed chemo-immunotherapeutic agents
with multiple modes of action.[10]

More recently, we extended this strat-
egy to prepare Pt(iv)-peptide conjugates,
based on the cisplatin and oxaliplatin tem-
plates, targeting human epidermal growth
factor receptor 2 (HER2/neu), a clinical-
ly-validated and well-studied biological
target.[20] These Pt(iv)-peptide conjugates
target highly HER2-expressing cells, in
the presence of basal HER2-expressing
cells, and are strongly taken up intracel-
lularly. Intriguingly, they induced necrotic
cell death instead of apoptotic cell death
as a result of the massive Pt influx.We fur-
ther showed that this strategy of targeted
necrosis could be harnessed to overcome
p53-dysfunctional cells that were resistant
to apoptosis.

Hydrophobic Entrapment/Reversal
as Strategy for Controlled-release
Pt(iv)-Nanoconstructs

Rigid nanomaterials including nano-
sheets, nanotubes and nanohorns have been
widely explored as potential drug delivery
platforms. Their structural rigidity enables
them to be precisely shaped, which can
then be exploited for specific biological in-
teractions. For example, carbon nanotubes/
nanohorns have high aspect ratios which
allow them to breach and penetrate the
outer cellular membrane without inducing

cytotoxicity.[21] In addition, their hollowed
hydrophobic interior cavity can be used to
entrap drug entities within the tube walls
providing a protective barrier.[22] However,
the main limitation in applying them as
drug delivery platforms is that entrapped
hydrophobic drugs will be highly stable
within such an environment and not ame-
nable to release. Hydrophilic drugs, on the
other hand, would be unstable within the
hydrophobic cavity and readily displaced
by competing solvent molecules.

To solve this problem, we engineered
the controlled release mechanism into the
Pt(iv) prodrug scaffold based on the con-
cept of hydrophobic reversal on reduction.
In its inactive prodrug form, the Pt(iv)
complex would be highly hydrophobic
by design (LogP = +2.19) and readily en-
trapped within multiwalled carbon nano-
tubes (CNTs).[23] After cell penetration,
the Pt(iv) prodrug could be reduced to
hydrophilic cisplatin (LogP = –2.28) and
readily extruded from the hydrophobic
cavity. Because chemical reduction would
occur after cell entry, controlled release
by intracellular reduction and subsequent
hydrophobicity reversal was achieved (Fig.
4). We further showed that Pt release was
dependent on the solvent accessibility at
the nanotube entrances since reduction
was mediated by intracellular reductants;
hence, a crowded entrance resulted in

Fig. 3. Representative
reactivity of Pt(iv)-
benzaldehyde with
hydroxylamine-func-
tionalised peptide;
analytical RPLC chro-
matogram of crude
reaction mixture at
1:1 stoichiometric
ratio.
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