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CONSPECTUS: Platinum-based anticancer drugs are the mainstay
of chemotherapy regimens in clinic. Nevertheless, the efficacy of
platinum drugs is badly affected by serious systemic toxicities and
drug resistance, and the pharmacokinetics of most platinum drugs is
largely unknown. In recent years, a keen interest in functionalizing

Cancer cells

platinum complexes with bioactive molecules, targeting groups, FUNCTIONALIZED

photosensitizers, fluorophores, or nanomaterials has been sparked PLATINUM COMPLEX

among chemical and biomedical researchers. The motivation for

functionalization comes from some of the following demands: to Velo¢ @ . -
improve the tumor selectivity or minimize the systemic toxicity of the T;Jr\g:i;d, Ty f; TLL"%Tany A;ﬂn:g)étrn:;a%fo .
drugs, to enhance the cellular accumulation of the drugs, to overcome Drug Delivery ) W

the tumor resistance to the drugs, to visualize the drug molecules in
vitro or in vivo, to achieve a synergistic anticancer effect between

different therapeutic modalities, or to add extra functionality to the drugs.

In this Account, we present different strategies being used for functionalizing platinum complexes, including conjugation with
bisphosphonates, peptides, receptor-specific ligands, polymers, nanoparticles, magnetic resonance imaging contrast agents, metal
chelators, or photosensitizers. Among them, bisphosphonates, peptides, and receptor-specific ligands are used for actively
targeted drug delivery, polymers and nanoparticles are for passively targeted drug delivery, magnetic resonance imaging contrast
agents are for theranostic purposes, metal chelators are for the treatment or prevention of Alzheimer’s disease (AD), and
photosensitizers are for photodynamic therapy of cancers. The rationales behind these designs are explained and justified at the
molecular or cellular level, associating with the requirements for diagnosis, therapy, and visualization of biological processes. To
illustrate the wide range of opportunities and challenges that are emerging in this realm, representative examples of targeted drug
delivery systems, anticancer conjugates, anticancer theranostic agents, and anti-AD compounds relevant to functionalized
platinum complexes are provided. All the examples exhibit new potential of platinum complexes for future applications in
biomedical areas. The emphases of this Account are placed on the functionalization for targeted drug delivery and theranostic
agents. In the end, a general assessment of various strategies has been made according to their major shortcomings and defects.
The original information in this Account comes entirely from literature appearing since 2010.

1. INTRODUCTION

Over the past few years, functionalization of platinum
complexes has attracted much attention in the chemical and
medicinal world. Here we define “functionalization” as a
particular action of conjugating common platinum complexes
with bioactive molecules, nanoparticles (NPs), or fluorophores
in order to obtain smart compounds or composites that can
perform different functions through the same construct for
biomedical applications.

Platinum complexes are well-known for their antitumor
activities. Up to now, thousands of platinum complexes have
been prepared and tested as potential anticancer agents. Among
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them, cisplatin, carboplatin, and oxaliplatin have entered clinical
application globally (Figure 1), and nedaplatin, lobaplatin, and
heptaplatin have evolved into clinical drugs regionally."”
Ideally, platinum drugs should kill cancerous cells exclusively
without harming the normal ones. Practically, however, the
tumor selectivity of platinum drugs is quite poor. Thus,
systemic toxicity and drug resistance become the major defects
of platinum drugs."”4 On the other hand, the distribution,
accumulation, and metabolism of most platinum drugs in the
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Figure 1. Platinum anticancer drugs being used worldwide in clinic:
cisplatin, carboplatin, and oxaliplatin.

body are poorly understood. Although the cellular accumu-
lation of platinum drugs can be readily determined, to monitor
the cellular distribution and traveling pathway of the drugs is a
more challenging problem. Thus, strategies for real-time
monitoring of the drug location and therapeutic responses
during treatment are highly desired.

In recent years, increasing numbers of researchers have been
devoted to tethering platinum complexes to a wide range of
functlonal molecules or NPs with or without targeting
groups.””” At least three benefits can be expected from the
functionalization of canonical platinum complexes: (i)
enhanced drug accumulation at the tumor site, (i) enriched
bioactivity with both diagnostic and therapeutic potentials, and
(iii) unified pharmacokinetics of different functional molecules.
Therefore, functionalization of platinum complexes is a
promising approach to reduce the drawbacks of platinum
drugs, to improve the effect of imaging agents, and to achieve
clearer and more detailed diagnosis.

Besides therapeutic effect, considerable evidence has shown
that functionalized platinum complexes can play an important
role in the diagnostic process of cancers as fluorescent probes
or magnetic resonance imaging (MRI) contrast agents.
However, common platinum complexes and imaging agents
are not tumor-selective. To actualize early detection, accurate
localization, and precise characterization of malignancies, the
uptake of fluorescent probes or imaging agents in tumors must
be enhanced. This further motivates researchers to actively
pursue different methods for functionalizing platinum com-
plexes.

Furthermore, quite a few studies demonstrate that some
functionalized platinum complexes can be used to fight against
other illnesses such as Alzheimer’s disease.® Multiple bioactive
molecules or imaging agents can be accommodated in a single
construct, thereby increasing their safety, efficacy, or function-
ality by means of synergy between the individual components.
Hence, the functionalization of platinum complexes is likely to
bring unexpected discoveries of new drugs and multimodal
imaging agents. In this Account, we will outline the major
strategies being used for the conjugation of platinum complexes
with different functional molecules or NPs. The materials of
this Account are exclusively sourced from papers published
since 2010.

2. FUNCTIONALIZATION FOR DRUG DELIVERY

Platinum anticancer drugs are vital for chemotherapy of various
cancers. However, indiscriminate body distribution or poor
tumor selectivity of these drugs has resulted in some severe side
effects and drug resistance. Therefore, enhancing the tumor
selectivity has become a major challenge in the development of
platinum drugs.” Over the years, various drug targeting and
delivery systems have been developed in an attempt to obtain
tumor-selective platinum drugs that can be administered at
lower doses with fewer side effects and higher efficacy. Targeted
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delivery rests on either an active strategy or a passive strategy or
sometimes on both.

Active targeting is based on the specific interactions between
drug molecules and cellular or tissular elements. It is fit for
tumors containing biochemical entities whose quantity or
functionality differs from those of normal tissues. In a typical
active targeting system, the platinum pharmacophore is
connected to the targeting group via a linker, and the targeting
group would bring the drug to the tumor tissue by the specific
binding affinity. Bioactive substances, such as bisphosphonates,
peptides, hormones, and sugars, are often used to fulfill the
targeting function.'’

Passive targeting is achieved by taking advantage of the
enhanced permeability and retention (EPR) effect in tumor
tissues. Ideally, EPR effect is supposed to be applicable for any
biocompatible macromolecules above 40 kDa. Owing to EPR
effect, the drug concentration in tumor tissues can be 10—30
times higher than that in the blood; moreover, EPR effect can
prolong the drug retention for several weeks or longer.11 Thus,
macromolecules and NPs within the size of a few hundred
nanometers are frequently used to functionalize platinum
complexes for tumor-targeted delivery. Nevertheless, the
efficiency and universality of the EPR effect are controversial;
especially in some types of cancers the EPR effect is not
commonly observed, and small metastases (<100 mm?®) are
poorly vascularized and do not evoke EPR."

2.1. Functionalization with Bone-Targeting
Bisphosphonate

Bisphosphonates (BPs) possess a high affinity for bone and
other calcified tissues because of their ability to chelate calcium
ions. Preclinical studies found that BPs could be absorbed onto
bone surfaces and inhibit the osteoclastic resorption or tumor
growth; hence they are potential bone-targeting carriers for
platinum drugs. In our attempt to seek more specific platinum
drugs, analogues of picoplatin (ZD0473), a developing drug
candidate at phase III stage, were linked to a BP tetraethyl ester
targeting carrier. The resultant complexes 1 and 3 demonstrate
much higher cytotoxicity than 2 and 4 against human
osteosarcoma MG-63 and ovarian cancer COC1 cell lines
possibly due to the more appropriate length of the linker
between Pt center and BP ester (Figure 2). Apoptotic assays
revealed that the cell death mode induced by the most cytotoxic
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Figure 2. Bone-targeting platinum complexes 1—6.
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3 is different from that induced by cisplatin. Complexes 1—4
hardly bind to DNA, which again differs from cisplatin. These
complexes represent a new type of bone-targeting anticancer
agents.13 On the same idea, complexes 5 and 6 (Figure 2) were
synthesized by Iafisco et al. They demonstrated that platinum
drugs could be functionalized to yield a bone-filling delivery
system, acting both as a bone substitute and as a drug releasing
agent

2.2. Functionalization with Receptor-Specific Ligand

Peripheral benzodiazepine receptors (PBRs) or translocator
protein (TSPO) lie primarily on the outer mitochondrial
membrane and are involved in the control of apoptosis. TSPO-
binding ligands may stimulate the opening of mitochondrial
permeability transition pores and trigger the cascade of events
leading to apoptosis. Interestingly, TSPOs are overexpressed in
many tumor types, such as brain, liver, breast, and ovary
cancers, with its overexpression grade correlating with the
malignancy of the tumor. Thus, TSPO-binding ligands have
been widely explored as carriers for receptor-mediated drug
delivery. For example, the inert ligand of complexes 7 and 8 has
a nanomolar specific affinity for TSPO (Figure 3). In vitro
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Figure 3. Structure of TSPO-specific platinum complexes 7 and 8.

studies show that 7 and 8 maintain high affinity and selectivity
for TSPO and are as cytotoxic as cisplatin against human and
rat glioma cells. Moreover, they appear to be equally active
against cisplatin-sensitive and -resistant A2780 cells. Similar to
cisplatin, these complexes also induce apoptosis but show a
10—100-fold enhanced accumulation in glioma cells."

2.3. Functionalization with Tumor-Targeting Peptide

Tumor-targeting peptides (TTPs) that are specific for tumor-
related surface markers, such as membrane receptors, can be
used to modify platinum complexes for tumor-targeted delivery.
Peptides with RGD (Arg-Gly-Asp) or NGR (Asn-Gly-Arg)
motifs are typical TTPs. RGD recognizes a,f; and a,fs
integrins, which are overexpressed in angiogenic blood vessels;
NGR recognizes and binds to aminopeptidase N, which is
overexpressed by endothelial cells of many tumors."
Platinum(IV) complexes have two axial ligands, which
provide the possibility of tethering other bioactive molecules
or targeting groups to increase their functionality.'” A recent
report described the synthesis and biological evaluation of a
Pt" prodrug whose two axial positions are functionalized with a
cyclic RGD tripeptide and an apoptosis sensor, which is
composed of tetraphenylsilole (TPS) fluorophore with
aggregation-induced emission characteristics and an Asp-Glu-
Val-Asp (DEVD) peptide specific to caspase-3 enzyme (Figure
4). The targeted Pt" prodrug can selectively bind to a,f3;
integrin overexpressing cancer cells to facilitate cellular uptake.
Moreover, the conjugate can be reduced in cells to release the
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Figure 4. Structural motif of the a,f;-targeted theranostic platinum-
(IV) prodrug with a built-in aggregation-induced emission light-up
apoptosis sensor.

active Pt"" drug, that is, cisplatin, and the apoptosis sensor TPS-
DEVD simultaneously. Cisplatin induces cell apoptosis and
activates caspase-3 enzyme to cleave the DEVD peptide,
generating the hydrophobic TPS residue. The TPS residue
tends to aggregate, resulting in restriction of intramolecular
rotations of the phenyl rings and ultimately leading to
fluorescence enhancement.'® Apparently, this design enables
an early evaluation of the therapeutic responses to the drug.
More recently, a photoactivatable Pt'Y prodrug was
conjugated to a cyclic RGD-containing peptide (Figure S).
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Figure 5. Schematic representation of the Pt—c(RGDfK) conjugate.

The Pt—c(RGDfK) conjugate can preferentially be internalized
by SK-MEL-28 melanoma cancer cells overexpressing o,f;
integrin. Upon visible light irradiation, higher phototoxicity
was induced in SK-MEL-28 cells compared with control
prostate carcinoma cells. An enhanced cell accumulation of the
conjugate was also observed in MBA-MD-468 breast
adenocarcinoma cells that highly express a,fs integrin. The
novelty of this design resides in the use of a photoactivatable
Pt" prodrug since irradiation with visible light directly in the
tumor can trigger the release of cytotoxic Pt species from the
internalized conjugate, thus achieving a dual control over the
selectivity.'”

Another example is chlorotoxin (CTX), which is a 36-residue
peptide derived from the venom of the Israeli desert scorpion.
CTX binds specifically to a chloride channel protein (CLC-3),
which is highly expressed in gliomas, and also to annexin 2A
which is present on the surfaces of many cancer cell types.”’
Thus, CTX can be used to functionalize platinum complexes
for cancer-targeted delivery (Figure 6). The cytotoxicity of
complex 9 is greater than that of its Pt" precursor and CTX in
several cancer cell lines. The greatest cytotoxicity appears in
HeLa cells because they express both CLC-3 and annexin 2A
on their surface.”’ Similarly, analogues of neurotensin (a
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Figure 6. Peptide sequence of CTX and the structure of complex 9.
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tridecapeptide) and somatostatin (a cyclic tetradecapeptide)
have been conjugated to a platinum(IV) complex similar to the
core of 9 for tumor-targeted delivery, because receptors of these
two peptides are overexpressed in several human cancers.”

It should be noted that the targeting groups attached to
platinum for receptor-mediated drug delivery must be
extraordinarily sensitive because concentrations of biomole-
cules abnormally expressed in tumor tissues are very low. In
addition, not all tumor cell types overexpress the same unique
receptors, and the overexpressed receptors may also be present
on normal tissues. Therefore, absolute targeting for cancer cells
seems unattainable. In fact, many “tumor specific’ target
molecules such as receptors for folate and integrins also exist in
normal cells, which may pose the risk of off-target binding and
undesired side effects.

2.4. Functionalization with Polymer

Polymeric micelles are expected to enhance the accumulation
of platinum drugs in tumor tissues by the EPR effect; they
could protect platinum drugs from degradation, achieve
controlled release in the delivery, and substantially improve
the efficacy and reduce the side effects. Conjugate 10 is an acid-
responsive drug delivery vehicle for cisplatin (Figure 7). It is
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Figure 7. Structure of bi(PEG—PLA)—Pt(IV) conjugate 10.
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constructed by conjugating a Pt" prodrug with the hydro-
phobic segment of two biocompatible diblock copolymer
chains through a pH-sensitive hydrazone bond. The conjugate
readily precipitates to form sub-100 nm NPs in aqueous
solution. The uniqueness of 10 lies in its different release
profiles in different environments. During circulation, the nearly
neutral pH (7.4) of the blood prevents any release of the drug.
Upon entering cancer cells by endocytosis, the acidic
endosomal pH (5—6) stimulates a rapid release of the drug
in high doses, which could suppress the chemoresistance of
cancer cells and thereby improve the therapeutic efficacy of the
drug. This conjugate shows an enhanced in vitro cytotoxicity
compared with cisplatin.”> A similar drug dehvery system for
cisplatin is constructed by conjugating a Pt" moiety with
glucosamine-functionalized polyisobutylene—maleic acid. The
conjugate self-assembles into a NP, which releases cisplatin in a
pH-dependent manner. The NPs are rapidly internalized into
the endolysosomal compartment of cancer cells (pH 5.5) and
exhibit significantly improved antitumor efficacy in terms of
tumor growth delay in breast and lung cancers and tumor
regression in an ovarian cancer model. Furthermore, the
systemic and nephrotoxicity is decreased.”*

2.5. Functionalization with Nanoparticles

NPs can reach solid tumors via the EPR effect and hence
change the pharmacokinetics of the loaded drugs, which would
significantly improve their specificity for tumor tissues. The
release kinetics of drug molecules from NPs can be controlled
by internal and external stimuli. NP-based delivery possesses
many advantages, such as enhanced drug accumulation and
sustained drug release in tumor tissues. Besides, NPs can carry
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large payloads of platinum drugs and protect them from
degradation and thereby prolong the blood circulation time and
shield the body from systemic toxicity. Surface-functionalized
NPs by bioactive molecules can further increase the specificity
of platinum drugs for cancer cells.”® The different processes by
which NPs enter cancer cells offer the poss1b111ty of bypassing
standard multidrug resistance mechanisms. 2627 Therefore,
functionalizing platinum complexes with NPs is a promising
approach to develop more efficient and selective anticancer
drugs for overcoming the intrinsic limitations.*®

In recent years, gold nanoparticles (AuNPs) have attracted
much attention for their use in medicine because they are inert,
biocompatible, and easily prepared and functionalized.”
Poly(ethylene glycol) (PEG)-modified AuNPs have been
used to functionalize cisplatin® or oxaliplatin. For example,
the active component of oxaliplatin has been tethered to
AuNPs that are functionalized with a thiolated PEG monolayer
capped with a carboxylate group (Figure 8). The platinum-
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Figure 8. Binding mode of thiolate—PEG—Au NPs with the oxaliplatin
fragment.
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tethered NPs demonstrate comparable or significantly higher
cytotoxicity than oxaliplatin against the A549 lung epithelial
cancer and several colon cancer cell lines. Particularly, they
show an unusual ability to penetrate the nucleus in the lung
cancer cells.”’

Carboplatin has also been conjugated onto AuNPs
containing an FDA approved antiepidermal growth factor
receptor (EGFR) antibody, cetuximab, for the treatment of
EGFR overexpressing cancers, such as colorectal, lung,
pancreatic, and ovarian cancers. The nanoconjugate shows an
enhanced therapeutic efficacy toward both EGFR" A549 lung
and OVCARS ovarian cancer cell lines compared with its
nontargeted counterpart.””

Increased cellular uptake of folic acid (FA) and over-
expression of folate receptor (FR) are biochemical characters of
many tumor types. Therefore, FR has become an important
target for anticancer agents. A AuNP-based drug delivery
system consisting of FA, mercapto-PEG (PSH), and cisplatin
(CP) has been prepared for potential application in ovarian
cancer therapy. Au—PSH—CP—FA not only retains the
cytotoxic effect of cisplatin on the tumor cells but also protects
the normal cells from the cytotoxic insult.*”

Gold nanorods (AuNRs) are even more attractive vehicles
than AuNPs due to their longer circulation time compared with
spherical NPs. Hence Pt'Y prodrug c,c,t-[Pt-
(NH,;),Cl,(0,CCH,CH,CO,H),] has been anchored to
PEGylated AuNRs bearing surface amine groups. Compared
with cisplatin, the conjugate shows an enhanced cellular
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accumulation and superior cytotoxicity (10—65-fold) against
HeLa, A549, and MCE-7 cancer cell lines.>* More interestingly,
the conjugate is able to overcome the drug resistance in
cisplatin-resistant AS49R cells because it gets into cells through
endocytosis and low expression of copper transport protein in
AS349R cells does not affect its uptake.”

A major limitation for nanodrugs is their rapid clearance by
the reticuloendothelial system (RES), which can increase their
toxicity to the off-target organs and reduce their efficacy. In fact,
the total accumulation of nanodrugs in tumor tissues only
represents a small fraction of total injected dose (1—10%); the
majority (40—80%) of the injected nanodrugs ends up in the
liver and spleen.*® The size of NPs strongly affects their
biodistribution. For different NPs, a SO0 nm diameter is optimal
to maximize the rate of uptake and intracellular concentration
in certain mammalian cells.”’

3. FUNCTIONALIZATION FOR CONCURRENT
THERAPY AND DIAGNOSIS

3.1. Functionalization with Magnetic Iron Oxide
Nanoparticles

Magnetic NPs are promising drug targeting carriers because
they could guide drugs preferentially to the biological target
through external magnets and hence diminish the damage to
normal tissues. Superparamagnetic iron oxide NPs (SPIONs)
are especially attractive because of their biocompatibility,
biodegradability, aqueous dispersibility, and magnetizability.
In addition, SPIONs can provide a strong negative contrast
effect in T,-weighted magnetic resonance imaging (MRI). After
modification with biocompatible materials, functional ligands,
or therapeutic units, they may form theranostic agents for
simultaneous therapy and diagnosis.”**”

Four years ago, we fabricated the carboxymethylcellulose-
modified superparamagnetic magnetite nanocrystal clusters
(CMC-SPMNCs) as nanocarriers for platinum drugs.40 Later
on, we tethered cis-[Pt(NH;),Cl]* (dechlorinated cisplatin,
CMDP) to maghemite NPs modified with 4-oxo0-4-(3-
(triethoxysilyl)propylamino)butanoic acid (OTPBA-SPION)
through the surface carboxylate groups (Figure 9). The DNA
binding ability of CMDP—OTPBA-SPION is prominent in
acidic medium (pH 5.2) but is insignificant under normal
physiological conditions (pH 7.4), suggesting that the acidic
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Figure 9. Schematic illustration of CMDP—OTPBA-SPION and the
T,-weighted MRI of RM1 murine prostate cancer (red circles)
implanted in C57BL/6J mice in the presence of CMDP—OTPBA-
SPION (5.0 mg kg™") and an external magnetic field. Adapted from ref
41.

2626

cancerous milieu is favorable for the release of the platinum
pharmacophore from the composite. The cytotoxicity of the
composite toward MCF-7 and HeLa cancer cells displays slow
and time-dependent characteristics, reaching a level comparable
to that of cisplatin at 72 h. The diagnostic capability and tumor-
specific accumulation of the composite are verified by the time-
dependent T,-weighted MRI using MCF-7 cells and tumor-
bearing mice (Figure 9), respectively. CMDP—OTPBA-SPION
shows the potential for simultaneous therapy and MRI under
an external magnetic field.*'

Furthermore, we developed a fluorescent nanoconstruct for
the specific therapy and tracing of platinum drugs. The
composite is comprised of SPION (y-Fe,O;), rhodamine 6G
(R6G), silica, OTPBA, and CMDP (Figure 10). CMDP—

NH;

| —

Figure 10. Synthesis of CMDP—OTPBA—R6G—SPION and the
confocal fluorescence images of a S-day-old zebrafish larva after
incubation in distilled water containing CMDP—OTPBA—-R6G—
SPION (24 pg mL™") for 10 h. Adapted from ref 42.

OTPBA—-R6G—SPION is more cytotoxic than cisplatin toward
cisplatin-resistant AS49R cells and thus demonstrates great
potential for overcoming the drug resistance to cisplatin. The
high cytotoxicity may result from the enhanced cellular
accumulation. Moreover, the cellular distribution and accumu-
lation of the drug entity can be monitored by confocal
fluorescence imaging in vitro and in vivo. This multifunctional
nanocomposite offers an alternative a 2proach to the “see and
treat” strategy for cancer treatment.”” Regrettably, although
silica is a common choice to encompass the NPs due to
perceived biocompatibility and facile manipulation,*** some
studies noted that it can be toxic.” In addition, long-term
exclusion of silica from human body remains unknown.

3.2. Functionalization with Upconversion Nanoparticles

Upconversion nanoparticles (UCNPs) have been used for
various bioimaging and biodetection.** Due to their excellent
optical and chemical properties, platinum(IV) complexes have
been attached to UCNPs to achieve tumor-specific therapy and
diagnosis. For example, a nanocomposite that combines
upconversion luminescence (UCL)/magnetic resonance
(MR)/computer tomography (CT) trimodality imaging and
near-infrared (NIR)-activated platinum prodrug delivery was
described recently (Figure 11). The core—shell structured
UCNPs were used for drug delivery and for both in vitro and in
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Figure 11. Structure of complex 11 and a schematic illustration
showing the diagnostic and therapeutic effects of UCNP—11—PEG on
animal models. Adapted from ref 47.

vivo NIR-to-NIR UCL, T,-weighted MR, and CT imaging. The
Pt prodrug 11 was conjugated with the free amine of
polyethylenimine on the surface of UCNPs as the anticancer
pharmacophore. And UCNP—11 was then coated with a
monolayer of PEG to reduce the immunogenicity and
antigenicity from the host’s immune system. The prodrug can
be activated to highly toxic Pt" complexes via the NIR-to-UV
strategy. The mice treated with UCNP—11—PEG under NIR
irradiation demonstrated better inhibition of tumor growth
than that under direct UV irradiation. This nanocomposite
could be used as a multimodality imaging contrast agent and as
an anticancer agent by converting NIR light into UV emission
to release the drug activity in cancer therapy.'” Coincidentally,
a similar NIR light-activated nanocomposite composed of a Pt
prodrug, a peptide probe, and UCNPs was designed later for
the remote control of prodrug activation and real-time imaging
of apoptosis.**

3.3. Functionalization with Gadolinium-Based Contrast
Agent

Among all the imaging modalities, MRI is especially useful for
imaging tumors. We noted in section 3.1 that SPIONs have
been adopted as T,-weighted MRI contrast agents for tracing
the distribution of platinum drugs. The following example
shows that paramagnetic gadolinium(III) complexes as T-
weighted MRI contrast agents have also been incorporated into
platinum complexes for simultaneous imaging and therapy.
Recently, we attached cationic Pt" complex cis-[Pt(NH;),(py)-
CI]* (py is a pyridyl ligand) to the derivatives of gadolinium—
diethylenetriaminepentaacetic acid (Gd-DTPA), a clinical T}-
weighted MRI contrast agent, obtaining multifunctional Pt—Gd
complexes 12 and 13 for theranostic purposes (Figure 12).
These complexes partially dissociate in cancer cells to provide
cytostatic Pt moieties, while the residual Gd component and
the untouched complexes perform the imaging function. The Pt
units interact with DNA and significantly promote the cellular
uptake of Gd complexes. The cytotoxicity of 12 and 13 is
comparable to that of cisplatin at imaging concentrations (>0.1
mM), and their proton relaxivity is higher than that of Gd—
DTPA. MRI on mice demonstrates that these complexes can
reveal the accumulation of platinum drugs in vivo. Furthermore,
they display excellent biocompatibility. The relatively low
cytotoxicity enables them to satisfy the tumor-imaging and
inhibition requirements at the same dose. Therefore, they are
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Control

Gd-DTPA

Figure 12. Chemical structure of Pt—Gd complexes and the T)-
weighted MR images of B6 mice at 8 min after the injection of Gd—
DTPA, 12, and 13 at a dose of 0.1 mmol Gd"/kg of body weight. The
circles indicate the area of the kidneys. Adapted from ref 49.

potential theranostic agents for simultaneous drug tracing and
cancer inhibition.*’

Integration of imaging functionality into a nanoscale drug
carrier offers a promising theranostic platform for more
effective cancer chemotherapy.”® For instance, a fragment of
oxaliplatin and Gd-DTPA were incorporated into the core of
the micelles formed by poly(ethylene glycol)-b-poly(glutamic
acid) through reversible complexation. The polymeric micellar
system not only improves the efficacy and safety of the
incorporated drugs but also assists in the real-time monitoring
of the drug distribution and accumulation in the body.”' A
similar strategy was also used to functionalize platinum(IV)
complexes.>”

4. FUNCTIONALIZATION FOR OTHER PURPOSES

Aside from antitumor activity, platinum complexes also possess
other biological activities, such as enzymatic activity,”
antibacterial act@vity,54 antimycobacterial activity,”® and anti-
amyloid activity.’® The most interesting property might be their
inhibitory activity against the aggregation of amyloid-f peptide
(Ap), which may lead to new drugs for the treatment or
prevention of Alzheimer’s disease (AD). Af has a high affinity
for metal ions such as Zn** and Cu®*, which basically accounts
for the Ap aggregation in the brain and related neurotoxicity.
Chelators are potential therapeutic agents for AD because they
could sequester metal ions from the Af aggregates and reverse
the aggregation. Thus, we developed two macrocyclic
platiniferous chelators, 14 and 18§, as inhibitors of the metal-
induced Ap aggregation, with cyclen being the metal-chelating
unit and Pt(bipyridine)Cl, being the Af-binding unit (Figure
13). The platinum center can coordinate with histidine residues
of Af, which would prevent them from reaction with Zn** and
Cu®" ions. The inhibition of 14 and 15 against Af} aggregation
induced by Zn*" and Cu®" is significant and more effective than
that exerted by cyclen. By contrast, cisplatin exhibits no
inhibition against Af aggregation. The chelators also suppress
the Cu—Ap mediated generation of reactive oxygen species and
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Figure 13. Structure of platiniferous chelators and TEM images of AB40 and Cu”*-treated Af340 samples in the absence and presence of 14 or 15

after incubation for 24 h. Adapted from ref 57.

their neurotoxicity in cortical neuronal cells of mice and reduce
the extent of Af aggregation in the brain homogenates of
transgenic mice. These cyclen-functionalized platinum com-
plexes may work through a dual mechanism involving metal
chelation and peptide modification to interfere with Af
aggregation.57

In some cases, other therapeutic modalities are incorporated
into Pt-based chemotherapy in order to obtain synergistic
effects. For example, photodynamic therapy (PDT) eradicates
cancer cells mainly by singlet oxygen ('O,) generated through
the combined action of photosensitizer, light, and molecular
oxygen.58 Recently, supramolecular self-assembled NPs that can
overcome cisplatin resistance were constructed (Figure 14).

adamantyl

Pt-CD HN‘B-CD adamantyl

TPyP-Ad adamantyl

Figure 14. Schematic representation of the supramolecular self-
assembled NP by Pt—CD and TPyP—Ad. Adapted from ref 59.

The host molecule Pt—CD is a Pt prodrug bridged S-
cyclodextrin (f-CD) dimer, and the guest molecule TPyP—Ad
is an adamantyl-modified photosensitizer porphyrin. Pt—CD
and TPyP—Ad not only serve as the building blocks but also as
the cargos of the drug delivery system. The Pt cellular uptake of
the Pt—CD/TPyP—Ad NPs is much higher than that of
cisplatin, and visible light irradiation can induce the rise of
cellular reactive oxygen species (ROS). The cytotoxicity of Pt—
CD is quite low with or without light irradiation. TPyP—Ad
only shows moderate cytotoxicity after light irradiation due to
the PDT effect, whereas Pt—CD/TPyP—Ad NPs exhibit strong
cytotoxicity toward AS49R cells after light irradiation. Thus, a
synergistic antiproliferative effect of Pt—CD and TPyP—Ad
against cisplatin-resistant AS49R cells is achieved by this
strategy.”” Conjugates of photosensitizers zinc(II) phthalocya-
nine and porphyrin with 1platinum complexes are designed on
the same mechanism.””®" And the newly reported immuno-
chemotherapeutic Pt-based a%ent is a combination of chemo-
therapy with immunotherapy.® In these multimodal anticancer
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systems, platinum drugs are more likely to avoid standard
resistance mechanisms.

Last but not least, in the past few years many

63—65 . . 66 . .

researchers, including wus,” have designed various
luminescent platinum complexes for bioimaging applications.
Readers who are interested in this aspect are advised to read
more special reviews.””%*

5. CONCLUSIONS

Platinum complexes are versatile and adaptable compounds.
Besides their established roles as anticancer drugs, some new
possibilities have been explored and developed in recent years
by functionalizing with bioactive molecules or nanomaterials.
Such functionalization has given birth to many multifunctional
platinum complexes, such as targeted anticancer drugs and
detectable theranostic agents. This account summarized the
representative achievements accomplished in this area in the
past 5 years. We briefly depicted diverse strategies that can be
used to highlight or complement the properties of platinum
complexes for targeted drug delivery, for real-time imaging, for
anticancer or anti-AD therapy, etc. From these examples, we
conclude that functionalization of platinum complexes could
create many opportunities to obtain innovative platinum agents
for biomedical applications. Nevertheless, we have to note that
after more than 40 years development, platinum anticancer
drugs are still beset by systemic toxicities and drug resistance.
Without doubt, the lack of tumor specificity is at the root of the
problem. Nowadays, although various tumor-targeted delivery
systems for platinum drugs have been proposed based on NPs,
delivery of these nanoconstructs in vivo to the target site is still
suboptimal due to RES clearance. Therefore, in the coming
years improving tumor selectivity continues to be a major
challenge for platinum complexes. For the development of
platinum-based theranostic agents, a few fundamental chal-
lenges need to be taken into account. The first is the
pharmacokinetics. In many cases when a multimodality imaging
agent is imaged by one modality, its pharmacokinetics does not
allow imaging by another modality, because the optimal time
window and concentration for different imaging modalities
differ from each other. The second is the dosage for imaging is
usually inconsistent with that for therapy. The right ratio of the
diagnostic component to the platinum therapeutic component
may not always be realized in a composite suitable for the
practical application. The third is the general toxicity of the
theranostic composites or multimodality NPs, which remains
poorly understood up to now. From the current trends, we can
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envision that platinum-loaded nanoconstructs will become
smarter and more sophisticated by releasing the payloads in a
more controlled manner in time and location, and the dream of
devising ultrafunctional platinum complexes with all the desired
functions hiding in one system will become true in the future.
Nevertheless, adding new functionality would elevate the
complexity of preparation, purification, and characterization,
and the cost and regulatory barriers would rise. Therefore, as
we set out to functionalize a simple platinum complex into a
multifunctional entity, we had better make a reasonable balance
between the ideal and reality.
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