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Abstract

The genotoxic agent cisplatin, used alone or in combination with radiation and/or other
chemotherapeutic agents, is an important first-line chemotherapy for a broad range of cancers. The
clinical utility of cisplatin is limited both by intrinsic and acquired resistance and dose-limiting
normal tissue toxicity. That cisplatin shows little selectivity for tumor versus normal tissue may be
a critical factor limiting its value. To overcome the low therapeutic ratio of the free drug,
macromolecular, liposomal and nanoparticle drug delivery systems have been explored toward
leveraging the enhanced permeability and retention (EPR) effect and promoting delivery of
cisplatin to tumors. Here, we survey recent advances in nanoparticle formulations of cisplatin,
focusing on agents that show promise in preclinical or clinical settings.

INTRODUCTION

Cisplatin (cis-diamminedichloroplatinum(ll), CDDP) is a platinum coordination complex
that displays significant genotoxicity, mediated by covalent modification of DNA to form
intrastrand crosslinks and other adducts. Cisplatin was proposed as a candidate
chemotherapy agent by Rosenberg et al. in 1969, and gained FDA approval for treating
testicular and ovarian cancers in 1978. Today, cisplatin remains one of the most widely used
and effective anticancer agents for the treatment of a variety of solid tumors, including
breast, liver, lung, ovarian, testicular, bladder, head and neck, small-cell and non-small-cell
lung cancers, owing to its wide spectrum of anti-tumor activity.2:3 However, non-selective
distribution of the drug between normal and tumor tissue likely increases the impact of dose-
limiting side effects including acute nephrotoxicity, myelosuppression, and chronic
neurotoxicity.*° The therapeutic ratio is further compressed by tumors that display intrinsic
cisplatin resistance or acquire resistance over the course of treatment.®” Toward overcoming
these limitations, a wide range of nanoparticle (NP) drug carriers have been explored as drug
delivery systems (DDSs) for cisplatin in order to promote preferential accumulation in
cancer cells and thereby reduce adverse side effects.

Nanoparticle DDSs are designed to take advantage of the enhanced permeability and
retention (EPR) effect, which results from the leaky neovasculature and the lack of
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functional lymphatic drainage in tumor tissue. For particles to take advantage of the EPR
effect, they must first evade the mononuclear phagocytic system (MPS) and avoid renal
clearance. Prolonged blood circulation provides the particles with the opportunity to exit the
leaky neovasculature and accumulate in tumors.8 A variety of carriers, including organic
(polymeric NPs,%:10 polymeric micelles,11:12 polymeric conjugates,13-14 dendrimers,15
liposomes,16:17 polymer-coated liposomes!8 and nanocapsules®29), inorganic (carbon
nanotubes,?! iron oxide NPs,22 gold NPs,22 and mesoporous silica NPs24) and hybrid NPs
(nanoscale coordination polymers2® and polysilsesquioxane NPs2%), have been adapted to
facilitate delivery of platinum-based drugs (Figure 1). Some of these NP DDSs have
demonstrated promising preclinical results, and a few have entered clinical trials (Table 1).
This review summarizes recent advances, focusing on NP formulations of cisplatin that show
the greatest promise for translation to the clinic.

ORGANIC NANOPARTICLES

Polymeric NPs

Polymeric NPs have frequently been used as drug delivery vehicles due to their favorable
properties including simple encapsulation, high capacity, controlled release, and low
toxicity. Encapsulation into polymeric NPs increases drug efficacy, specificity, and
tolerability, enhancing the therapeutic index.2” Recent advances in polymeric NP drug
delivery systems have yielded promising results in preclinical cancer models.

Poly (lactic-co-glycolic acid) (PLGA) is widely used as a biodegradable polymer for drug
delivery. Cisplatin-loaded PLGA NPs have been developed and demonstrated to reduce side
effects without compromising drug efficacy in tumor-bearing mice.28:29 Long-circulating
NPs formed from poly(lactic-co-glycolic acid)-B-poly(ethylene glycol) (PLGA-PEG) offer
enhanced tumor accumulation and improved anticancer activity.3%:31 However, PLGA
encapsulation of cisplatin results in low drug loading and undesirable burst release,
reflecting cisplatin’s combination of low water solubility and low lipophilicity.32 Dhar et al.
exploited the hydrophobicity of an inactive cisplatin prodrug to improve loading in PLGA-
PEG NPs, achieving a Pt content of 10 wt.%.%10 The Pt(1V) prodrug could be reduced to
active cisplatin after release from the NPs inside the cells, showing sufficient cancer cell
killing (Figure 2). Dhar and coworkers then constructed a hydrophobic mitochondria-
targeted cisplatin prodrug, Platin-M, which they efficiently loaded into mitochondria-
targeted PLGA-PEG NPs to overcome drug resistance, as mitochondrial DNAs lack
nucleotide excision repair machinery, one of cisplatin resistance mechanisms. The targeted
Platin-M NPs (T-Platin-M-NPs) allowed for delivery of Platin-M inside the mitochondria of
neuroblastoma cells, resulting in ~17 times higher activity than cisplatin.33 T-Platin-M-NPs
showed high levels of Pt accumulation in the brain with no observed neurotoxicity in
beagles.34 Recently, Cheng et al. conjugated a novel Pt(IV) prodrug of cisplatin, asplatin, to
cholesterol to increase the hydrophobicity and facilitate the incorporation into PLGA-PEG
NPs. The cholesterol-asplatin-incorporated nanoparticles (SCANS) exhibited high
gastrointestinal stability, sustained drug release, and enhanced cell uptake. SCANs showed
4.32-fold higher oral bioavailability than that of free Pt(1V) prodrug and efficaciously
inhibited tumor growth with negligible toxicity after oral administration.3® Miller et al.
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demonstrated that Pt(IV) prodrug-loaded PLGA-PEG NPs accumulated at high levels within
tumor-associated macrophages (TAMSs) after intravenous (i.v.) injection, and that TAMs
served as a local drug depot, gradually releasing the Pt payload into neighboring tumor cells.
Depletion of macrophages significantly decreased intratumoral Pt accumulation and
correspondingly increased tumor growth.38 Furthermore, co-delivery of cisplatin prodrug
with siRNA37, other anticancer drugs3® or anti-inflammatory drugs3® using PLGA-PEG as a
delivery carrier revealed a synergistic effect and was more effective than platinum
monotherapy. Recently, protein NPs based on albumin, gelatin, and silk protein have drawn
interest as DDSs because they are biocompatible, biodegradable, and non-antigenic. Casein
NPs loaded with cisplatin and cross-linked by transglutaminase were capable of penetrating
cell membranes and targeting tumor tissue, inhibiting tumor growth with 1.5-fold higher
efficacy than free cisplatin.®9 In cisplatin-loaded gelatin-poly(acrylic acid) NPs, the
formation of a polymer-metal complex by cisplatin binding carboxylic groups allowed a
drug loading of nearly 40%. Intraperitoneal (i.p.) administration of the gelatin-poly(acrylic
acid) NPs provided high activity in mice against tumors formed from the transplantable H22
murine hepatic cancer cell line.4!

Natural polysaccharides such as chitosan, a chemically deacetylated form of chitin (N-
acetylglucosamine polymer), and the extracellular matrix polysaccharide hyaluronic acid
(HA) have been modified to yield amphiphilic polymers, which self-assemble into
nanoparticles and encapsulate cisplatin simultaneously. After modification with hydrophobic
cholanic acid, glycol chitosan self-assembled into 420 nm diameter nanoparticles with
cisplatin encapsulated in the hydrophaobic core, with a drug loading of approximately 9 wt.
%. These NPs accumulated in tumor tissues after i.v. administration, displaying higher
antitumor efficacy and lower toxicity compared to free cisplatin.*2 Alternatively, NPs
formed by electrostatic interactions between chitosan or N-trimethyl chitosan (substitution
degree of 85%) with anionic cisplatin-alginate complex could also be used to deliver
cisplatin.43 Similarly, ionic interactions between HA and cisplatin were used to form NPs
that were well tolerated by mice.4* The HA-cisplatin NPs showed high lymphatic deposition
and efficacy against a lymphatically metastatic breast tumor model.4>46 HA NPs can also be
used to co-deliver siRNA and cisplatin to CD44 hyaluronan receptor-overexpressing,
cisplatin-resistant tumors.4748

A number of pH-responsive NPs have been used to specifically deliver cisplatin to
tumors.#9-51 A common design goal of these NPs is to remain stable during circulation in
blood, where the pH is approximately 7.4, but allow rapid intracellular drug release once the
NPs enter the more acidic tumor environment (pH 6.5-7.2) and/or are endocytosed by tumor
cells and delivered to endosomes (pH 4.5-6.5). For example, pH-responsive poly(L-glutamic
acid-co-L-lysine) [P(Glu-co-Lys)] NPs remain negatively charged in circulation, but
protonation of e amino groups on the L-lysine in acidic tumor environments releases
cisplatin to inhibit cell proliferation.>2

Polymeric micelles

Polymeric micelles are formed by self-assembly of amphiphilic block or graft copolymers,
typically resulting in a 10 to 100 nm diameter core-shell structure. The hydrophobic core
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provides a loading space for therapeutic agents, while the hydrophilic shell stabilizes the
micelles in aqueous solution. To prolong circulation time, the surface of micelles can be
modified to decrease interactions with serum proteins, particle opsonization, and clearance
by the MPS.

Kataoka and coworkers designed a series of PEG-b-poly(amino acid)-based micelles loaded
with cisplatin for passive drug targeting into tumors.5354 The carboxylic groups in the
poly(amino acid) can complex with cisplatin, oxaliplatin, or other organometallic
compounds via coordination.®® The free drug is regenerated in the presence of chloride ions
(Figure 3). Compared to the free drug, the micelles delivered greater amounts of cisplatin to
solid tumors but also were avidly taken up in the liver and spleen. Overall, they provided
comparable antitumor activity to free cisplatin and reduced nephrotoxicity.%8 Further work to
improve the stability and drug release profile of the cisplatin-loaded PEG-P(Glu) micelles
led to Nanoplatin™ (NC-6004). Preclinical data suggested prolonged blood circulation,
increased accumulation in solid tumors, and effective inhibition of tumor growth,11.12
NC-6004 is currently being evaluated for pancreatic cancer in a phase Il trial in Asia and
head and neck cancer in a phase I trial in Japan. Phase Il trials for non-small cell lung
cancer, bladder cancer, and bile duct cancer are ongoing in the US.57

Cisplatin is commonly used as a component of combination therapy along with other
genotoxic agents. This has prompted efforts to load cisplatin along with other drugs in a
single nanocarrier. Xiao et al. sought to co-deliver hydrophobic paclitaxel and hydrophilic
cisplatin using a biodegradable amphiphilic copolymer by conjugating paclitaxel and Pt(I1V)
prodrug to the copolymer and then co-assembling them together. The composite micelles
efficiently released cisplatin upon cellular reduction and paclitaxel via acid hydrolysis once
the micelles entered cancer cells, leading to synergistic effects and enhanced antitumor
efficacy with reduced systematic toxicity in vivo.5® Likewise, a novel poly(ethylene glycol)-
b-poly(L-glutamic acid)-b-poly(L-phenylalanine) (PEG-P(GIu)-P(Phe)) triblock copolymer
was prepared and explored as a micelle carrier for the co-delivery of paclitaxel and cisplatin.
Paclitaxel and cisplatin were loaded inside the hydrophobic P(Phe) inner core and chelated
to the anionic P(Glu) shell, respectively, while PEG provided an outer corona for prolonged
circulation. The paclitaxel and cisplatin-loaded micelles were highly effective against A549
human lung cancer cells in vitro and in xenograft tumors.>°

The difficulty of maintaining the delicate balance of extracellular stability and intracellular
drug release remains a challenge for the in vivo application of polymeric micelles.
Conventional un-crosslinked micelles may disintegrate upon dilution in plasma, leading to
premature release of drug and low delivery efficiency due to loss of the EPR effect.®0
Several studies of reversible crosslinking of either the core or the shell can increase the
stability of drug-loaded micelles in circulation without compromising payload release after
cellular uptake. The Jing group used a Pt(IVV) complex containing two axial succinic
moieties as a crosslinker to prepare crosslinked micelles, which demonstrated improved
stability but could be dissociated by acid hydrolysis or mild reducing agents.1:62 Huynh et
al. prepared cisplatin-loaded micelles crosslinked with acid-degradable ketal diamino
crosslinkers. These micelles displayed high cellular uptake like stably crosslinked micelles
but offered faster intracellular drug release.® Cisplatin carriers based on core-surface-
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crosslinked micelles based on poly(e-caprolactone)-PEG (PCL-PEG) or PCL-poly[2-(N,N-
dimethylamino)ethyl methacrylate] (PCL-PDMA) have also been evaluated, displaying
superior cell uptake and cytotoxicity compared to free cisplatin.54

Polymeric conjugates

Dendrimers

The reversible tethering of low molecular weight drugs to water-soluble polymers has long
been explored to increase the selectivity of drug action. Cisplatin lends itself to complex
formation with polycarboxylic polymers because one or more of the chlorides can be
displaced, allowing reversible coordination with the polymer. Among the many
macromolecular carriers available, N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer is of particular interest because of its low immunogenicity and low toxicity. In an
initial study by Gianasi and colleagues, cisplatin was covalently linked to the HPMA
copolymer via a tetrapeptide glycyl-phenylalanyl-leucyl-glycine (GFLG) linker coupled to
an ethylenediamine chelating group.8®> GFLG is subject to proteolytic cleavage by the
lysosomal cysteine proteinase cathepsin B, providing a means for intracellular delivery. In
further development, the ethylenediamine chelating group was replaced by an
amidomalonate group,6 and cisplatin by carboplatin (CBDCA) to yield the investigational
polymer platinate AP5280, which displayed an improved therapeutic index in preclinical
models, though reduced potency compared to free carboplatin (Figure 4).13 AP5280 was
also well-tolerated in a Phase | clinical trial .6

Poly(y, L-glutamic acid) (y-PGA) is a water soluble, biodegradable, and nontoxic
biopolymer, in which a carboxyl group in each repeating unit provides functionality for drug
attachment. Ye et al. successfully synthesized a y-PGA-cisplatin conjugate, which released
cisplatin in a sustained manner. Although less potent than free cisplatin in vitro, it displayed
encouraging antitumor activity with low toxicity in vivo.58:6% However, further development
was stymied by its low drug-loading capacity and slow drug release. Toward overcoming
these drawbacks, Xiong et al. synthesized y-glutamyl citrate (y-PGA-CA) as an alternative
cisplatin carrier. The additional carboxyl groups presented by the citrate-modified y-PGA
along with its less compact structure increased cisplatin binding capacity. y-PGA-CA-
cisplatin displayed favorable properties in in vitro and in vivo studies, displaying higher
antitumor activity compared to y-PGA-cisplatin and lower toxicity compared to
unconjugated cisplatin.14

Dendrimers are branched synthetic polymers with a number of characteristics that make
them useful in biological systems, especially in the field of drug delivery. Dendrimers can be
functionalized so that drugs can be physically entrapped, encapsulated, or conjugated by
covalent bonds, hydrogen bonds, or ionic interactions.”®

Poly(amidoamine) (PAMAM) dendrimers consist of polyamide branches stemming from a
central amine or diaminoalkane core. Full generation PAMAM dendrimers have terminal
primary amine groups that display multiple cationic charges in water, which makes them
ideal delivery vehicles for anionic drugs. Half generation dendrimers have carboxylic acid/
carboxylate terminal groups that display multiple anionic charges, which are ideal for
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cationic drugs or for reversible coordination to platinum complexes.1® In some cases when
dendrimers have been used to deliver platinum drugs, the agents were tethered through
coordination to amine groups. More commonly, platinum agents have been attached either
by electrostatic attraction or reversible but direct coordination of the platinum atom to the
terminal carboxylate groups. Dendrimers have been found to enhance the targeting and
delivery of cisplatin to tumor cells and slowly release cisplatin.”%:72 The dendrimer-cisplatin
complexes displayed selective accumulation in solid tumor tissues and less toxicity than free
cisplatin, supporting further investigation as antitumor agents.”3

Because of their simple formulation and high solubility, liposomes offer an attractive means
of encapsulating and delivering cisplatin. Despite a wide range of liposomal preparations of
cisplatin studied to date,16:17:74 there remain no FDA-approved formulations.

Several PEGylated liposomal platinum agents have progressed to clinical trials, including
SPI-077, Lipoplatin, LiPlaCis, and L-NDDP. SPI-077 was the first liposomal cisplatin to
enter clinical trials. Preclinical studies showed that SPI1-077 exhibited improved stability,
prolonged circulation time, increased antitumor effect, and reduced side effects compared
with the free drug.”®"® Multiple clinical trials confirmed the low toxicity of SPI-077, but
most failed to demonstrate efficacy.””’8 One possible explanation for the discrepancy
between the high tumor exposure and low antitumor effect could be incomplete release of
cisplatin from liposomes localized within the tumor.”® Another limitation is the low drug
loading, reflecting the poor water solubility and low lipophilicity of cisplatin.80 In
Lipoplatin, electrostatic interactions promote loading of positively charged platinum into
negatively charged 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol sodium salt (DPPG)-
containing liposomes to achieve a drug loading of 9 wt.%.81 Lipoplatin has been evaluated
in a number of Phase Il and Phase Il clinical trials in combination with other
chemotherapeutics such as gemcitabine, 5-fluorouracil, and vinorelbine.82 Lipoplatin
enhanced cisplatin retention in tumor tissue and substantially reduced renal toxicity,
peripheral neuropathy, ototoxicity, and myelotoxicity.83 Nonetheless, no improvement in its
therapeutic efficacy compared to cisplatin was observed in multiple cancers.84.85 LiPlaCis is
a recent liposomal formulation with a phospholipase-based drug release mechanism.
Unfortunately, LiPlaCis led to significant renal toxicities and infusion reactions in a recent
phase | clinical trial, leading to abrupt cessation of clinical investigation.86 In L-NDDP, a
highly water soluble precursor of cisplatin, cis-diamminedinitratoplatinum, is encapsulated
into liposomes in the absence of chloride ions. Treating the liposomes with chloride converts
L-NDDP to cisplatin, resulting in a significantly improved loading efficiency of cisplatin.8’
In a Phase I trial, the maximum tolerated dose (MTD) of L-NDDP was 312.5 mg/m? with
myelosuppression as the dose-limiting toxicity.38 While the ultimate value of L-NDDP
remains to be determined, a Phase 11 study of L-NDDP in patients with malignant pleural
mesothelioma or advanced colorectal cancer demonstrated significant but manageable
toxicity at the effective dose.89:90

Drug release from liposomes appears to be a critical parameter. pH-sensitivity is most
commonly used for the triggered release of drugs from liposomes in cells.%! Liposomes can
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be taken up by cells via endocytosis and delivered to endosomes where the acid pH (5.5-6.5)
promotes the fusion of pH-sensitive liposomes with the endosomal membrane, delivering the
encapsulated contents to the cytoplasm. For example, cholesteryl hemisuccinate (CHEMS)
is negatively charged at a neutral pH, stabilizing the bilayer envelope of liposomes by
electrostatic repulsion. Protonation of CHEMS can thus destabilize liposomes to release
aqueous content.%2

Nanocapsules

While the poor solubility of cisplatin in either aqueous or organic solutions has remained a
major obstacle for most formulation strategies, the Huang group synthesized cisplatin-
loaded nanocapsules with a controllable size (12-75 nm in diameter) and high drug loading
capacity by taking advantage of the poor solubility.%3:%4 Two reverse microemulsions
containing KCI and a highly soluble precursor of cisplatin, cis-diamine-di(aqua)platinum
(11), were mixed. Cisplatin NPs were then precipitated in the presence of 1, 2-dioleoylsn-
glycero-3-phosphate (DOPA), as a result of ligand exchange and decreased water solubility.
The drug loading of the pure cisplatin NPs is as high as 81 wt.%. After purification,
additional lipids were added to stabilize the NPs for dispersion in an aqueous solution
(Figure 5).19 Encapsulation in nanocapsules dramatically improved cell uptake and in vitro
cytotoxicity. In addition, the cisplatin nanocapsules achieved potent antitumor efficacy both
in vitro and in vivo.20

INORGANIC NANOPARTICLES

Ferromagnetic NPs

Based on their simple chemistry and ferromagnetic properties, iron oxide particles and other
superparamagnetic NPs (MNPs) have a long history of use as model agents for therapy
and/or imaging. MNPs also possess unique advantages for cisplatin delivery. One feature is
the potential for active targeting via magnetic fields, potentially allowing circulating MNPs
to be trapped and concentrated as they perfuse tumors and thereby promoting local delivery
of tethered drugs. In turn, high frequency magnetic fields enable induction heating with
MNPs. Not only can this be leveraged to promote drug release, but the heating of local tissue
may further augment therapeutic effects. Thus, MNPS can take advantage of the well-known
benefits of hyperthermia on chemotherapy. The synergy has been ascribed to effects of
hyperthermia on the microvasculature, stroma and/or tumor cells, leading to enhanced
accumulation, uptake, and effects of multiple cytotoxic agents, including cisplatin.%®

The magnetic properties of MNPs constrain their materials, size, and shape, all of which
negatively influence their potential drug loading capacity. The simple strategy of direct
absorption of cisplatin to the surface of iron oxide NPs results in early drug release during
circulation.95:96 Overcoating MNPs with a polymer shell decreased leaching and enhanced
delivery.22 Cisplatin binding to MNPs was increased by modifying the surface with
carboxylic functionalities that chelate the platinum in place of the chloro ligands in cisplatin.
Here, drug release was dependent on chloride concentration, pH, and temperature, making it
ideal for applications involving chemotherapy and hyperthermia. These conjugates displayed
increased toxicity compared to free cisplatin.97:98
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Much like iron oxide NPs, colloidal gold and other gold NPs (AuNPs) such as nanorods
have multiple potential applications as drug carriers. The size and shape of AuNPs can be
controlled and their surfaces readily modified for passivation with PEG or other polymers
and/or to tether drugs. Given their special properties and simple chemistry, AuUNPs also
enable photo-thermal drug release, glutathione-mediated release, radiosensitization, and
other strategies. As with MNPs, direct adsorption of cisplatin to colloidal gold led to early
release.%9:100 Chemical conjugation of cisplatin to AuNPs achieved a high loading of the
drug with improved stability.101 Similarly, conjugation with cisplatin prodrugs or other
platinum compounds can provide enhanced delivery.23:102 For example, the cellular uptake
of platinum drugs was enhanced by conjugating to PEGylated gold nanorods (PEG-AUNRS).
On entering cells, the Pt(IV) prodrug can be reduced by cellular reductants (e.g.,
glutathione) to the active divalent platinum, exhibiting superior cytotoxicity compared to
free cisplatin against different types of cancer cells.103 Moreover, the conjugation of
cisplatin prodrug with PEG-AuNRs facilitated drug uptake in cisplatin-resistant cells
through endocytosis, and the Pt(1V) prodrug was made less susceptible to deactivation by the
detoxification protein. Consequently, the Pt-PEG-AuUNR conjugates could overcome
cisplatin-resistance, showing high cytotoxicity to cisplatin-resistant tumor cells.102 In
addition to increasing cellular uptake and enhancing cytotoxicity, the linkage of cisplatin to
AUNPs has important effects on pharmacokinetics and biodistribution, thereby reducing
cisplatin-induced toxicity without affecting the therapeutic benefits in mice models.104

Mesoporous silica NPs

Mesoporous silica NPs (MSNSs) have several important structural and functional features that
make them excellent drug delivery carriers. The high surface area and large pore volume
endow MSNSs with exceptional capacity for drug storage. The tunable and sustained release
of drug molecules from the ordered mesoporous structures is beneficial for reducing overall
dosage and enhancing local drug concentration. Meanwhile, the size and morphology of the
MSNSs can be easily tuned to maximize cellular uptake.105

MSNs have been exploited as local and controlled delivery vehicles for cisplatin.24 However,
for pure silica MSNs, the low affinity between the pore wall and cisplatin molecules limits
loading and promotes burst release. Surface functionalization within the pore channels can
create favorable surface-drug interactions.106 Grafting carboxylic groups onto the pore
channels to coordinate with platinum increased drug loading efficiency while facilitating
cytosolic release.197 The cisplatin-loaded MSNs exhibited a higher antitumor activity than
free drug.198 Additionally, the functionalization with carboxylic groups on the surface of
MSNs can also reduce the aggregation and increase the stability of the MSNs in aqueous
solution, as a result of the electrostatic repulsion. This improved dispersibility can facilitate
distribution and cellular uptake of MSNs.
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HYBRID NANOPARTICLES

Carbon nanotubes

Carbon nanotubes (CNTSs) are cylindrical graphene sheets with unique chemical and
physical properties that can be exploited to enhance drug delivery. The high aspect ratio of
CNTs may enhance cell penetration and nuclear accumulation.

Drug molecules can be adsorbed to the surface or tethered by covalent chemistries. Bhirde et
al. demonstrated that cisplatin conjugated to PEGylated single-walled CNTs (PEG-
SWCNTSs) was effective against head and neck tumor xenografts in mice.199 Similarly, a
Pt(1V) cisplatin prodrug was conjugated by a peptide linkage to terminal amino groups
displayed on phospholipid-PEG-modified single-walled CNTs (PL-PEG-SWCNT).2! These
complexes were taken up by tumor via endocytosis, leading to intracellular drug release.

Alternatively, drugs can be encapsulated inside CNTs and hence sequestered during
transport to target sites.110 This offers high drug loading, but the open ends of CNTSs leave
encapsulated drugs exposed to plasma, promoting premature release during circulation.
Toward stabilizing CNTSs as drug carriers, the open ends have been capped by functionalized
gold NPs!11 and pluronic-F108 surfactant!12,

As an alternative geometry to cylindrical CNTSs, cone-shaped hole-opened single-wall
nanohorns (SWNHox) have been examined as carriers for cisplatin. Cisplatin-loaded
SWNHox was taken up by cancer cells in vitro and accumulated in tumors in vivo, achieving
a high local concentration leading to higher efficacy in vitro and in vivo.113

Nanoscale coordination polymers

Coordination polymers (CPs) and metal-organic frameworks (MOFs) are an emerging class
of hybrid materials constructed by linking organic bridging ligands with metal-connecting
points. CPs/MOFs possess a number of interesting properties including porosity, high
surface area, compositional tunability, and versatile functionalities. Nanoscale CPs (NCPs)
or nanoscale MOFs (NMOFs) not only retain the beneficial properties of their bulk
counterparts but also possess additional functions that are unique to nanomaterials.114

The Lin group has developed a series of NCP or NMOF platforms to deliver cisplatin or
cisplatin prodrugs. For example, an NCP was assembled from the cisplatin prodrug
disuccinatocisplatin (DSCP) and Th(l1l) ions and coated with a thin layer of silica and a
targeting peptide.2> Th-DSCP decomposed in physiological media, slowly releasing the
DSCP by diffusing out of the silica shell, and showed cytotoxicity against human colorectal
and breast cancer cell lines. NMOFs built from DSCP and Zr(IV) or La(lll) and capped with
lipid, further modified with PEG, and targeted with anisamide exhibited enhanced cellular
uptake and cytotoxicity in human lung cancer cells compared to non-targeted cisplatin
NMOFs.115 When an NMOF was used to co-deliver cisplatin along with small interfering
RNA (siRNA), it displayed increased effects on drug resistant ovarian cancer cells (Figure
6a).116 In an alternative method, cisplatin prodrug was encapsulated by loading into the
channels of NMOFs and siRNA was attached to their surface via coordination bonds. Co-
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delivery of the cisplatin and siRNA led to an order of magnitude enhancement in
chemotherapeutic efficacy in vitro.

Lin et al. also developed a lipid-coated NCP-based nanomedicine platform for platinum drug
delivery. The solid core is constructed from platinum drugs and zinc bisphosphonate, and the
shell is an asymmetric lipid layer containing high amount of PEG (Figure 6b). The highly
modular nature of NCP synthesis allows the co-delivery of multiple therapies within one
NCP vehicle. The original NCP platform carries high amount of cisplatin and showed
minimal uptake by the MPS and prolonged blood circulation, with a half-life of >16 hours
after i.v. injection in mice. NCP carrying cisplatin alone exhibited superior potency and
efficacy at very low drug dose compared with free cisplatin in multiple subcutaneous tumor
mouse models including colorectal and lung cancer.117 The Lin group also developed NCP-
based nanoparticles carrying high payloads of cisplatin and the photosensitizer pyrolipid for
combined chemotherapy and PDT.118 This NCP releases cisplatin and pyrolipid in a
triggered manner at the site of action and synergistically kill cancer cells. In a subcutaneous
xenograft mouse model of resistant head and neck cancer, NCP effectively led to tumor
regression (83% reduction in tumor volume) at low drug doses. NCP technology can also be
applied to the co-delivery of cisplatin and siRNAs. NCPs loaded with cisplatin and pooled
siRNAs targeting multidrug resistance genes decreased cisplatin ICgq values in vitro by two-
orders of magnitude compared to free cisplatin and induced ~60% reduction in tumor
volume after local injection in a mouse model of cisplatin-resistant ovarian cancer.119

Polysilsesquioxane (PSQ) NPs

PSQ nanoparticles are a class of hybrid nanomaterials formed by condensation of silanol-
based monomers. While PSQs inherit the biocompatibility of silica-based materials, they
allow much higher drug loadings than conventional silica-based materials that only have
grafted drugs on their surfaces.26:120 |_in, Wang, and coworkers reported a PSQ nanoparticle
loaded with a cisplatin prodrug at 42 wt.% and PEGylated for prolonged circulation
demonstrated enhanced efficacy in combination with radiotherapy in a subcutaneous
xenograft mouse model of human lung cancer.121

CONCLUSIONS

Nanoparticle formulations designed to leverage the EPR effect to improve drug delivery
have the potential to enhance the selective accumulation of cisplatin in tumor cells without
increasing off-target effects and toxicities. Several formulations, including the long-
circulating polymeric micelle NC-6004, the polymeric conjugate AP5280, and three long-
circulating liposomes, L-NDDP, SP1-077 and Lipoplatin, that had demonstrated promising
results in preclinical studies have entered clinical trials. While safety criteria have been met,
the hoped-for improvement in efficacy over free cisplatin or other standard-of-care has not
been observed to date, possibly because nanoparticle formulations cannot completely
overcome off-target effects and tumor resistance to the current cisplatin formulation. Further
efforts are needed on clinical development of cisplatin nanoparticles designed to not only
reach tumor cells but also release their payloads locally to achieve maximum beneficial
effects. Another opportunity is to go beyond delivering cisplatin alone. Simply increasing
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local drug concentration may not be sufficient. Much like conventional chemotherapy
agents, which are typically used in combination with radiation or other chemotherapy drugs,
ongoing clinical trials are evaluating the feasibility of combining nanomedicines with other
therapeutics to overcome drug resistance and provide synergistic effects. Recent progress
has suggested even greater benefits might be achieved by co-delivery of multiple agents via
nanoparticles. Formulations that enable enhanced delivery and controlled release of multiple
synergistic therapeutics may achieve the promise of nanomedicine as a route to greater
efficacy and decreased adverse effects.

Acknowledgments

We acknowledge National Cancer Institute (U01 CA198989, P30 CA014599 and R0O1 CA176843) for funding
support.

References

1. Rosenberg B, Vancamp L. Platinum compounds: a new class of potent antitumour agents. Nature.
1969; 222:385-386. [PubMed: 5782119]

2. Wheate NJ, Walker S, Craig GE, Oun R. The status of platinum anticancer drugs in the clinic and in
clinical trials. Dalton Trans. 2010; 39:8113-8127. [PubMed: 20593091]

3. Ali I, A Wani W, Saleem K, Haque A. Platinum compounds: a hope for future cancer chemotherapy.
Anti-Cancer Agents Med Chem. 2013; 13:296-306.

4. Hartmann JT, Lipp HP. Toxicity of platinum compounds. Expert Opin Pharmacother. 2003; 4:889—
901. [PubMed: 12783586]

5. Sastry J, Kellie SJ. Severe neurotoxicity, ototoxicity and nephrotoxicity following high-dose
cisplatin and amifostine. Pediatr Hematol Oncol. 2005; 22:441-445. [PubMed: 16020136]

6. Koberle B, Tomicic MT, Usanova S, Kaina B. Cisplatin resistance: preclinical findings and clinical
implications. BBA Rev Cancer. 2010; 1806:172-182.

7. Marrache S, Pathak RK, Dhar S. Detouring of cisplatin to access mitochondrial genome for
overcoming resistance. Proc Natl Acad Sci USA. 2014; 111:10444-10449. [PubMed: 25002500]

8. Maeda H. The enhanced permeability and retention (EPR) effect in tumor vasculature: the key role
of tumor-selective macromolecular drug targeting. Adv Enzyme Regul. 2001; 41:189-207.
[PubMed: 11384745]

9. Dhar S, Gu FX, Langer R, Farokhzad OC, Lippard SJ. Targeted delivery of cisplatin to prostate
cancer cells by aptamer functionalized Pt(IV) prodrug-PLGA-PEG nanoparticles. Proc Natl Acad
Sci USA. 2008; 105:17356-17361. [PubMed: 18978032]

10. Dhar S, Kolishetti N, Lippard SJ, Farokhzad OC. Targeted delivery of a cisplatin prodrug for safer
and more effective prostate cancer therapy in vivo. Proc Natl Acad Sci USA. 2011; 108:1850-
1855. [PubMed: 21233423]

11. Nishiyama N, Okazaki S, Cabral H, Miyamoto M, Kato Y, Sugiyama Y, Nishio K, Matsumura Y,
Kataoka K. Novel cisplatin-incorporated polymeric micelles can eradicate solid tumors in mice.
Cancer Res. 2003; 63:8977-8983. [PubMed: 14695216]

12. Uchino H, Matsumura Y, Negishi T, Koizumi F, Hayashi T, Honda T, Nishiyama N, Kataoka K,
Naito S, Kakizoe T. Cisplatin-incorporating polymeric micelles (NC-6004) can reduce
nephrotoxicity and neurotoxicity of cisplatin in rats. Brit J Cancer. 2005; 93:678-687. [PubMed:
16222314]

13. Lin X, Zhang Q, Rice J, Stewart D, Nowotnik D, Howell S. Improved targeting of platinum
chemotherapeutics: the antitumour activity of the HPMA copolymer platinum agent AP5280 in
murine tumour models. Eur J Cancer. 2004; 40:291-297. [PubMed: 14728945]

14. Xiong Y, Jiang W, Shen Y, Li H, Sun C, Ouahab A, Tu J. A Poly(vy, I-glutamic acid)-citric acid
based nanoconjugate for cisplatin delivery. Biomaterials. 2012; 33:7182-7193. [PubMed:
22795851]

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 12

Pisani MJ, Wheate NJ, Keene FR, Aldrich-Wright JR, Collins JG. Anionic PAMAM dendrimers as
drug delivery vehicles for transition metal-based anticancer drugs. J Inorg Biochem. 2009;
103:373-380. [PubMed: 19121543]

Krieger ML, Eckstein N, Schneider V, Koch M, Royer H-D, Jaehde U, Bendas G. Overcoming
cisplatin resistance of ovarian cancer cells by targeted liposomes in vitro. Int J Pharm. 2010;
389:10-17. [PubMed: 20060458]

linuma H, Maruyama K, Okinaga K, Sasaki K, Sekine T, Ishida O, Ogiwara N, Johkura K,
Yonemura Y. Intracellular targeting therapy of cisplatin — encapsulated transferrin — polyethylene
glycol liposome on peritoneal dissemination of gastric cancer. Int J Cancer. 2002; 99:130-137.
[PubMed: 11948504]

Guo S, Miao L, Wang Y, Huang L. Unmodified drug used as a material to construct nanoparticles:
delivery of cisplatin for enhanced anti-cancer therapy. J Control Release. 2014; 174:137-142.
[PubMed: 24280262]

Lee SM, O’Halloran TV, Nguyen ST. Polymer-caged nanobins for synergistic cisplatin-
doxorubicin combination chemotherapy. J Am Chem Soc. 2010; 132:17130-17138. [PubMed:
21077673]

Guo S, Wang Y, Miao L, Xu Z, Lin CM, Zhang Y, Huang L. Lipid-coated cisplatin nanoparticles
induce neighboring effect and exhibit enhanced anticancer efficacy. ACS Nano. 2013; 7:9896—
9904. [PubMed: 24083505]

Dhar S, Liu Z, Thomale J, Dai H, Lippard SJ. Targeted single-wall carbon nanotube-mediated Pt
(V) prodrug delivery using folate as a homing device. J Am Chem Soc. 2008; 130:11467-11476.
[PubMed: 18661990]

Thierry B, Al-Ejeh F, Khatri A, Yuan Z, Russell PJ, Ping S, Brown MP, Majewski P.
Multifunctional core—shell magnetic cisplatin nanocarriers. Chem Commun. 2009:7348-7350.

Dhar S, Daniel WL, Giljohann DA, Mirkin CA, Lippard SJ. Polyvalent oligonucleotide gold
nanoparticle conjugates as delivery vehicles for platinum(lV) warheads. J Am Chem Soc. 2009;
131:14652-14653. [PubMed: 19778015]

Tao Z, Toms B, Goodisman J, Asefa T. Mesoporous silica microparticles enhance the cytotoxicity
of anticancer platinum drugs. ACS Nano. 2010; 4:789-794. [PubMed: 20131868]

Rieter WJ, Pott KM, Taylor KML, Lin W. Nanoscale coordination polymers for platinum-based
anticancer drug delivery. J Am Chem Soc. 2008; 130:11584-11585. [PubMed: 18686947]

Della Rocca J, Huxford RC, Comstock-Duggan E, Lin W. Polysilsesquioxane nanoparticles for
targeted platin-based cancer chemotherapy by triggered release. Angew Chem Int Edit. 2011;
123:10514-10518.

Kumari A, Yadav SK, Yadav SC. Biodegradable polymeric nanoparticles based drug delivery
systems. Colloid Surf-B Biointerfaces. 2010; 75:1-18.

Moreno D, Zalba S, Navarro I, Tros de Ilarduya C, Garrido MJ. Pharmacodynamics of cisplatin-
loaded PLGA nanoparticles administered to tumor-bearing mice. Eur J Pharm Biopharm. 2010;
74:265-274. [PubMed: 19883755]

Moreno D, De llarduya CT, Bandrés E, Bufiuales M, Azcona M, Garcia-Foncillas J, Garrido MJ.
Characterization of cisplatin cytotoxicity delivered from PLGA-systems. Eur J Pharm Biopharm.
2008; 68:503-512. [PubMed: 17881198]

Gryparis EC, Hatziapostolou M, Papadimitriou E, Avgoustakis K. Anticancer activity of cisplatin-
loaded PLGA-mMPEG nanoparticles on LNCaP prostate cancer cells. Eur J Pharm Biopharm. 2007;
67:1-8. [PubMed: 17303395]

Mattheolabakis G, Taoufik E, Haralambous S, Roberts ML, Avgoustakis K. In vivo investigation of
tolerance and antitumor activity of cisplatin-loaded PLGA-mPEG nanoparticles. Eur J Pharm
Biopharm. 2009; 71:190-195. [PubMed: 18929649]

Avgoustakis K, Beletsi A, Panagi Z, Klepetsanis P, Karydas AG, Ithakissios DS. PLGA-mPEG
nanoparticles of cisplatin: in vitro nanoparticle degradation, in vitro drug release and in vivo drug
residence in blood properties. J Control Release. 2002; 79:123-135. [PubMed: 11853924]

Marrachea S, Pathaka RK, Dhar S. Detouring of cisplatin to access mitochondrial genome for
overcoming resistance. Proc Natl Acad Sci USA. 2014; 111:10444-10449. [PubMed: 25002500]

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

Page 13

Feldhaeusser B, Platt SR, Marrache S, Kolishetti N, Pathak RK, Montgomery DJ, Reno LR,
Howerth E, Dhar S. Evaluation of nanoparticle delivered cisplatin in beagles. Nanoscale. 2015;
7:13822-13830. [PubMed: 26234400]

Cheng Q, Shi H, Huang H, Cao Zh, Wang J, Liu Y. Oral delivery of a platinum anticancer drug
using lipid assisted polymeric nanoparticles. Chem Commun. 2015; 51:17536-17539.

Miller MA, Zheng Y-R, Gadde S, Pfirschke C, Zope H, Engblom C, Kohler RH, lwamoto Y, Yang
KS, Askevold B, et al. Tumour-associated macrophages act as a slow-release reservoir of nano-
therapeutic Pt(1V) pro-drug. Nat Commun. 2015; 6:8692.doi: 10.1038/ncomms9692 [PubMed:
26503691]

Xu X, Xie K, Zhang X-Q, Pridgen EM, Park GY, Cui DS, Shi J, Wu J, Kantoff PW, Lippard SJ, et
al. Enhancing tumor cell response to chemotherapy through nanoparticle-mediated codelivery of
SiRNA and cisplatin prodrug. Proc Natl Acad Sci USA. 2013; 110:18638-18643. [PubMed:
24167294]

Kolishetti N, Dhar S, Valencia PM, Lin LQ, Karnik R, Lippard SJ, Langer R, Farokhzad OC.
Engineering of self-assembled nanoparticle platform for precisely controlled combination drug
therapy. Proc Natl Acad Sci USA. 2010; 107:17939-17944. [PubMed: 20921363]

Pathak RK, Dhar S. A nanoparticle cocktail: temporal release of predefined drug combinations. J
Am Chem Soc. 2015; 137:8324-8327. [PubMed: 26086212]

Zhen X, Wang X, Xie C, Wu W, Jiang X. Cellular uptake, antitumor response and tumor
penetration of cisplatin-loaded milk protein nanoparticles. Biomaterials. 2013; 34:1372-1382.
[PubMed: 23158934]

Ding D, Zhu Z, Liu Q, Wang J, Hu Y, Jiang X, Liu B. Cisplatin-loaded gelatin-poly(acrylic acid)
nanoparticles: Synthesis, antitumor efficiency in vivo and penetration in tumors. Eur J Pharm
Biopharm. 2011; 79:142-149. [PubMed: 21272637]

Kim J-H, Kim Y-S, Park K, Lee S, Nam HY, Min KH, Jo HG, Park JH, Choi K, Jeong SY, et al.
Antitumor efficacy of cisplatin-loaded glycol chitosan nanoparticles in tumor-bearing mice. J
Control Release. 2008; 127:41-49. [PubMed: 18234388]

Cafaggi S, Russo E, Stefani R, Leardi R, Caviglioli G, Parodi B, Bignardi G, De Totero D, Aiello
C, Viale M. Preparation and evaluation of nanoparticles made of chitosan or N-trimethyl chitosan
and a cisplatin—alginate complex. J Control Release. 2007; 121:110-123. [PubMed: 17601625]
Jeong Y|, Kim ST, Jin SG, Ryu HH, Jin YH, Jung TY, Kim IV, Jung S. Cisplatin-incorporated
hyaluronic acid nanoparticles based on ion-complex formation. J Pharm Sci. 2008; 97:1268-1276.
[PubMed: 17674407]

Cai S, Xie Y, Bagby TR, Cohen MS, Forrest ML. Intralymphatic chemotherapy using a
hyaluronan—cisplatin conjugate. J Surg Res. 2008; 147:247-252. [PubMed: 18498877]

Cohen MS, Cai S, Xie Y, Forrest ML. A novel intralymphatic nanocarrier delivery system for
cisplatin therapy in breast cancer with improved tumor efficacy and lower systemic toxicity in
vivo. Am J Surg. 2009; 198:781-786. [PubMed: 19969129]

Ganesh S, lyer AK, Weiler J, Morrissey DV, Amiji MM. Combination of siRNA-directed gene
silencing with cisplatin reverses drug resistance in human non-small cell lung cancer. Mol Ther
Nucleic Acids. 2013; 2:e110. [PubMed: 23900224]

Ganesh S, lyer AK, Gattacceca F, Morrissey DV, Amiji MM. In vivo biodistribution of siRNA and
cisplatin administered using CD44-targeted hyaluronic acid nanoparticles. J Control Release.
2013; 172:699-706. [PubMed: 24161254]

Paraskar AS, Soni S, Chin KT, Chaudhuri P, Muto KW, Berkowitz J, Handlogten MW, Alves NJ,
Bilgicer B, Dinulescu DM, et al. Harnessing structure-activity relationship to engineer a cisplatin
nanoparticle for enhanced antitumor efficacy. Proc Natl Acad Sci USA. 2010; 107:12435-12440.
[PubMed: 20616005]

Xu P, Van Kirk EA, Murdoch WJ, Zhan Y, Isaak DD, Radosz M, Shen Y. Anticancer efficacies of
cisplatin-releasing pH-responsive nanoparticles. Biomacromolecules. 2006; 7:829-835. [PubMed:
16529420]

Aryal S, Hu C-MJ, Zhang L. Polymer-cisplatin conjugate nanoparticles for acid-responsive drug
delivery. ACS Nano. 2009; 4:251-258. [PubMed: 20039697]

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan et al.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

Page 14

Huang Y, Tang Z, Zhang X, Yu H, Sun H, Pang X, Chen X. pH-triggered charge-reversal
polypeptide nanoparticles for cisplatin delivery: preparation and in vitro evaluation.
Biomacromolecules. 2013; 14:2023-2032. [PubMed: 23662624]

Nishiyama N, Yokoyama M, Aoyagi T, Okano T, Sakurai Y, Kataoka K. Preparation and
characterization of self-assembled polymer-metal complex micelle from cis-
dichlorodiammineplatinum (1) and poly (ethylene glycol)-poly (a, B-aspartic acid) block
copolymer in an agueous medium. Langmuir. 1999; 15:377-383.

Song W, Li M, Tang Z, Li Q, Yang Y, Liu H, Duan T, Hong H, Chen X. Methoxypoly(ethylene
glycol)-block-poly(L-glutamic acid)-loaded cisplatin and a combination with iRGD for the
treatment of non-small-cell lung cancers. Macromol Biosci. 2012; 12:1514-1523. [PubMed:
23070837]

Duan X, Liu D, Chan C, Lin W. Polymeric micelle-mediated delivery of DNA-targeting
organometallic complexes for resistant ovarian cancer treatment. Small. 2015; 11:3962-3972.
[PubMed: 25963931]

Nishiyama N, Kato Y, Sugiyama Y, Kataoka K. Cisplatin-loaded polymer-metal complex micelle
with time-modulated decaying property as a novel drug delivery system. Pharm Res. 2001;
18:1035-1041. [PubMed: 11496942]

Plummer R, Wilson R, Calvert H, Boddy A, Griffin M, Sludden J, Tiloy M, Eatock M, Pearson D,
Ottley C. A Phase I clinical study of cisplatin-incorporated polymeric micelles (NC-6004) in
patients with solid tumours. Brit J Cancer. 2011; 104:593-598. [PubMed: 21285987]

Xiao H, Song H, Yang Q, Cai H, Qi R, Yan L, Liu S, Zheng Y, Huang Y, Liu T, et al. A prodrug
strategy to deliver cisplatin(IV) and paclitaxel in nanomicelles to improve efficacy and tolerance.
Biomaterials. 2012; 33:6507-6519. [PubMed: 22727463]

Song W, Tang Z, Li M, Lv S, Sun H, Deng M, Liu H, Chen X. Polypeptide-based combination of
paclitaxel and cisplatin for enhanced chemotherapy efficacy and reduced side-effects. Acta
Biomater. 2014; 10:1392-1402. [PubMed: 24316362]

Croy S, Kwon G. Polymeric micelles for drug delivery. Curr Pharm Design. 2006; 12:4669-4684.
Song H, Wang R, Xiao H, Cai H, Zhang W, Xie Z, Huang Y, Jing X, Liu T. A cross-linked
polymeric micellar delivery system for cisplatin(IV) complex. European Journal of Pharmaceutics
and Biopharmaceutics. 2013; 83:63-75. [PubMed: 23046872]

Xiao H, Qi R, Liu S, Hu X, Duan T, Zheng Y, Huang Y, Jing X. Biodegradable polymer- cisplatin
(IV) conjugate as a pro-drug of cisplatin (11). Biomaterials. 2011; 32:7732—7739. [PubMed:
21783244]

Huynh VT, Binauld S, de Souza PL, Stenzel MH. Acid Degradable cross-linked micelles for the
delivery of cisplatin: a comparison with nondegradable cross-linker. Chem Mater. 2012; 24:3197—
3211

Xu P, Van Kirk EA, Li S, Murdoch WJ, Ren J, Hussain MD, Radosz M, Shen Y. Highly stable
core-surface-crosslinked nanoparticles as cisplatin carriers for cancer chemotherapy. Colloid Surf-
B Biointerfaces. 2006; 48:50-57.

Gianasi E, Wasil M, Evagorou E, Keddle A, Wilson G, Duncan R. HPMA copolymer platinates as
novel antitumour agents: in vitro properties, pharmacokinetics and antitumour activity in vivo. Eur
J Cancer. 1999; 35:994-1002. [PubMed: 10533484]

Gianasi E, Buckley RG, Latigo J, Wasil M, Duncan R. HPMA copolymers platinates containing
dicarboxylato ligands. Preparation, characterisation and in vitro and in vivo evaluation. J Drug
Target. 2002; 10:549-556. [PubMed: 12683722]

Rademaker-Lakhai JM, Terret C, Howell SB, Baud CM, de Boer RF, Pluim D, Beijnen JH,
Schellens JH, Droz J-P. A Phase | and pharmacological study of the platinum polymer AP5280
given as an intravenous infusion once every 3 weeks in patients with solid tumors. Clin Cancer
Res. 2004; 10:3386-3395. [PubMed: 15161693]

YeH,JinL, HUR, YiZ, LiJ,WuY, Xi X, Wu Z. Poly (y, I-glutamic acid)—cisplatin conjugate
effectively inhibits human breast tumor xenografted in nude mice. Biomaterials. 2006; 27:5958—
5965. [PubMed: 16949149]

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan et al.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Page 15

Feng Z, Lai Y, Ye H, Huang J, Xi XG, Wu Z. Poly (y, L-glutamic acid)-cisplatin bioconjugate
exhibits potent antitumor activity with low toxicity: A comparative study with clinically used
platinum derivatives. Cancer Sci. 2010; 101:2476-2482. [PubMed: 20813014]

Yellepeddi VK, Kumar A, Palakurthi S. Surface modified poly (amido) amine dendrimers as
diverse nanomolecules for biomedical applications. Expert Opin Drug Deliv. 2009; 6:835-850.
[PubMed: 19637972]

Yellepeddi VK, Kumar A, Maher DM, Chauhan SC, Vangara KK, Palakurthi S. Biotinylated
PAMAM dendrimers for intracellular delivery of cisplatin to ovarian cancer: role of SMVT.
Anticancer Res. 2011; 31:897-906. [PubMed: 21498711]

Bellis E, Hajba L, Kovacs B, Sandor K, Kollar L, Kokotos G. Three generations of a, -
diaminobutyric acid modified poly (propyleneimine) dendrimers and their cisplatin-type platinum
complexes. J Biochem Biophys Meth. 2006; 69:151-161. [PubMed: 16624417]

Kirkpatrick GJ, Plumb JA, Sutcliffe OB, Flint DJ, Wheate NJ. Evaluation of anionic half
generation 3.5-6.5 poly(amidoamine) dendrimers as delivery vehicles for the active component of
the anticancer drug cisplatin. J Inorg Biochem. 2011; 105:1115-1122. [PubMed: 21704583]
Mallick A, More P, Ghosh S, Chippalkatti R, Chopade BA, Lahiri M, Basu S. Dual drug
conjugated nanoparticle for simultaneous targeting of mitochondria and nucleus in cancer cells.
ACS Appl Mater Interfaces. 2015; 7:7584—7598. [PubMed: 25811662]

Newman MS, Colbern GT, Working PK, Engbers C, Amantea MA. Comparative
pharmacokinetics, tissue distribution, and therapeutic effectiveness of cisplatin encapsulated in
long-circulating, pegylated liposomes (SPI-077) in tumor-bearing mice. Cancer Chemother
Pharmacol. 1999; 43:1-7. [PubMed: 9923534]

Working PK, Newman MS, Sullivan T, Brunner M, Podell M, Sahenk Z, Turner N. Comparative
intravenous toxicity of cisplatin solution and cisplatin encapsulated in long-circulating, pegylated
liposomes in cynomolgus monkeys. Toxicol Sci. 1998; 46:155-165. [PubMed: 9928679]
Seetharmu N, Kim E, Hochster H, Martin F, Muggia F. Phase |1 study of liposomal cisplatin
(SPI-77) in platinum-sensitive recurrences of ovarian cancer. Anticancer Res. 2010; 30:541-545.
[PubMed: 20332467]

White SC, Lorigan P, Margison GP, Margison JM, Martin F, Thatcher N, Anderson H, Ranson M.
Phase |1 study of SPI-77 (sterically stabilised liposomal cisplatin) in advanced non-small-cell lung
cancer. Brit J Cancer. 2006; 95:822-828. [PubMed: 16969346]

Zamboni WC, Gervais AC, Egorin MJ, Schellens JH, Zuhowski EG, Pluim D, Joseph E,
Hamburger DR, Working PK, Colbern G. Systemic and tumor disposition of platinum after
administration of cisplatin or STEALTH liposomal-cisplatin formulations (SPI-077 and SP1-077
B103) in a preclinical tumor model of melanoma. Cancer Chemother Pharmacol. 2004; 53:329-
336. [PubMed: 14673619]

Terwogt JMM, Groenewegen G, Pluim D, Maliepaard M, Tibben MM, Huisman A, Wim W, Schot
M, Welbank H, Voest EE. Phase | and pharmacokinetic study of SPI1-77, a liposomal encapsulated
dosage form of cisplatin. Cancer Chemother Pharmacol. 2002; 49:201-210. [PubMed: 11935212]

Boulikas T. Clinical overview on Lipoplatin™: a successful liposomal formulation of cisplatin.
Expert Opin Investig Drugs. 2009; 18:1197-1218.

Stathopoulos G, Boulikas T. Lipoplatin formulation review article. J Drug Deliv. 2011; 2012doi:
10.1155/2012/581363

Jehn C, Boulikas T, Kourvetaris A, Kofla G, Possinger K, Liftner D. First safety and response
results of a randomized phase 11 study with liposomal platin in the treatment of advanced
squamous cell carcinoma of the head and neck (SCCHN). Anticancer Res. 2008; 28:3961-3964.
[PubMed: 19192656]

Ravaioli A, Papi M, Pasquini E, Marangolo M, Rudnas B, Fantini M, Nicoletti S, Drudi F, Panzini
I, Tamburini E. Lipoplatin™ monotherapy: a phase Il trial of second-line treatment of metastatic
non-small-cell lung cancer. J Chemother. 2009; 21:86-90. [PubMed: 19297279]

Mylonakis N, Athanasiou A, Ziras N, Angel J, Rapti A, Lampaki S, Politis N, Karanikas C,
Kosmas C. Phase 1 study of liposomal cisplatin (Lipoplatin™) plus gemcitabine versus cisplatin

plus gemcitabine as first line treatment in inoperable (stage 111B/IV) non-small cell lung cancer.
Lung Cancer. 2010; 68:240-247. [PubMed: 19628292]

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan et al.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 16

de Jonge MJ, Slingerland M, Loos WJ, Wiemer EA, Burger H, Mathijssen RH, Kroep JR, den
Hollander MA, van der Biessen D, Lam M-H. Early cessation of the clinical development of
LiPlaCis, a liposomal cisplatin formulation. Eur J Cancer. 2010; 46:3016-3021. [PubMed:
20801016]

Hirai M, Minematsu H, Hiramatsu Y, Kitagawa H, Otani T, Iwashita S, Kudoh T, Chen L, Li Y,
Okada M, et al. Novel and simple loading procedure of cisplatin into liposomes and targeting
tumor endothelial cells. Int J Pharm. 2010; 391:274-283. [PubMed: 20211714]

Perez-Soler R, Shin DM, Siddik ZH, Murphy WK, Huber M, Lee SJ, Khokhar AR, Hong WK.
Phase I clinical and pharmacological study of liposome-entrapped NDDP administered
intrapleurally in patients with malignant pleural effusions. Clin Cancer Res. 1997; 3:373-379.
[PubMed: 9815694]

Lu C, Perez-Soler R, Piperdi B, Walsh GL, Swisher SG, Smythe WR, Shin HJ, Ro JY, Feng L,
Truong M, et al. Phase |1 study of a liposome-entrapped cisplatin analog (L-NDDP) administered
intrapleurally and pathologic response rates in patients with malignant pleural mesothelioma. J
Clin Oncol. 2005; 23:3495-3501. [PubMed: 15908659]

Dragovich T, Mendelson D, Kurtin S, Richardson K, Von Hoff D, Hoos A. A Phase 2 trial of the
liposomal DACH platinum L-NDDP in patients with therapy-refractory advanced colorectal
cancer. Cancer Chemother Pharmacol. 2006; 58:759-764. [PubMed: 16847673]

Janior AD, Mota LG, Nunan EA, Wainstein AJ, Wainstein APD, Leal AS, Cardoso VN, De
Oliveira MC. Tissue distribution evaluation of stealth pH-sensitive liposomal cisplatin versus free
cisplatin in Ehrlich tumor-bearing mice. Life Sci. 2007; 80:659-664. [PubMed: 17141809]
Carvalho Janior A, Vieira F, De Melo V, Lopes M, Silveira J, Ramaldes G, Garnier-Suillerot A,
Pereira-Maia E, De Oliveira M. Preparation and cytotoxicity of cisplatin-containing liposomes.
Brazilian J Med Biol Res. 2007; 40:1149-1157.

Burger KN, Staffhorst RW, de Vijlder HC, Velinova MJ, Bomans PH, Frederik PM, de Kruijff B.
Nanocapsules: lipid-coated aggregates of cisplatin with high cytotoxicity. Nat Med. 2002; 8:81—
84. [PubMed: 11786911]

Hamelers IH, De Kroon Al. Nanocapsules: a novel lipid formulation platform for platinum-based
anti-cancer drugs. J Liposome Res. 2007; 17:183-189. [PubMed: 18027238]

Melanie K, Heike Z, Sibylle BS, Hartmut O, Matthias Z, Christian B, Rudolf H, Karl-Jirgen H,
Werner AK, Ingrid H. Characterization of iron oxide nanoparticles adsorbed with cisplatin for
biomedical applications. Phys Med Biol. 2009; 54:5109. [PubMed: 19661569]

Babincova M, Altanerova V, Altaner C, Bergemann C, Babinec P. In vitro analysis of cisplatin
functionalized magnetic nanoparticles in combined cancer chemotherapy and electromagnetic
hyperthermia. IEEE Trans Nanobiosci. 2008; 7:15-19.

Wagstaff AJ, Brown SD, Holden MR, Craig GE, Plumb JA, Brown RE, Schreiter N, Chrzanowski
W, Wheate NJ. Cisplatin drug delivery using gold-coated iron oxide nanoparticles for enhanced
tumour targeting with external magnetic fields. Inorg Chim Acta. 2012; 393:328-333.

Xu C, Wang B, Sun S. Dumbbell-like Au-Fe304 Nanoparticles for target-specific platin delivery. J
Am Chem Soc. 2009; 131:4216-4217. [PubMed: 19275156]

Ren L, Huang XL, Zhang B, Sun LP, Zhang QQ, Tan MC, Chow GM. Cisplatin-loaded Au-Au2S
nanoparticles for potential cancer therapy: Cytotoxicity, in vitro carcinogenicity, and cellular
uptake. J Biomed Mater Res A. 2008; 85A:787-796. [PubMed: 17896762]

100. Comenge J, Romero FM, Sotelo C, Dominguez F, Puntes V. Exploring the binding of Pt drugs to

gold nanoparticles for controlled passive release of cisplatin. J Control Release. 2010; 148:e31-
e32. [PubMed: 21529607]

101. Craig GE, Brown SD, Lamprou DA, Graham D, Wheate NJ. Cisplatin-tethered gold nanoparticles

that exhibit enhanced reproducibility, drug loading, and stability: a step closer to pharmaceutical
approval? Inorg Chem. 2012; 51:3490-3497. [PubMed: 22390791]

102. Min Y, Mao C-Q, Chen S, Ma G, Wang J, Liu Y. Combating the drug resistance of cisplatin using

a platinum prodrug based delivery system. Angew Chem Int Edit. 2012; 51:6742-6747.

103. Min Y, Mao C, Xu D, Wang J, Liu Y. Gold nanorods for platinum based prodrug delivery. Chem

Commun. 2010; 46:8424-8426.

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan et al.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Page 17

Comenge J, Sotelo C, Romero F, Gallego O, Barnadas A, Parada TG-C, Dominguez F, Puntes VF.
Detoxifying antitumoral drugs via nanoconjugation: the case of gold nanoparticles and cisplatin.
PloS One. 2012; 7:e47562. [PubMed: 23082177]

Yang P, Gai S, Lin J. Functionalized mesoporous silica materials for controlled drug delivery.
Chem Soc Rev. 2012; 41:3679-3698. [PubMed: 22441299]

GuJ, Su S, Li Y, He Q, Zhong J, Shi J. Surface modification—complexation strategy for cisplatin
loading in mesoporous nanoparticles. J Phys Chem Lett. 2010; 1:3446-3450.

Lin C-H, Cheng S-H, Liao W-N, Wei P-R, Sung P-J, Weng C-F, Lee C-H. Mesoporous silica
nanoparticles for the improved anticancer efficacy of cisplatin. Int J Pharm. 2012; 429:138-147.
[PubMed: 22465413]

Gu J, LiuJ, Li 'Y, Zhao W, Shi J. One-pot synthesis of mesoporous silica hanocarriers with
tunable particle sizes and pendent carboxylic groups for cisplatin delivery. Langmuir. 2012;
29:403-410. [PubMed: 23214476]

Bhirde AA, Patel S, Sousa AA, Patel V, Molinolo AA, Ji Y, Leapman RD, Gutkind JS, Rusling
JF. Distribution and clearance of PEG-single-walled carbon nanotube cancer drug delivery
vehicles in mice. Nanomedicine. 2010; 5:1535-1546. [PubMed: 21143032]

Vashist SK, Zheng D, Pastorin G, Al-Rubeaan K, Luong JH, Sheu F-S. Delivery of drugs and
biomolecules using carbon nanotubes. Carbon. 2011; 49:4077-4097.

Li J, Yap SQ, Yoong SL, Nayak TR, Chandra GW, Ang WH, Panczyk T, Ramaprabhu S, Vashist
SK, Sheu FS, et al. Carbon nanotube bottles for incorporation, release and enhanced cytotoxic
effect of cisplatin. Carbon. 2012; 50:1625-1634.

Guven A, Rusakova IA, Lewis MT, Wilson LJ. Cisplatin@US-tube carbon nanocapsules for
enhanced chemotherapeutic delivery. Biomaterials. 2012; 33:1455-1461. [PubMed: 22078812]
Ajima K, Murakami T, Mizoguchi Y, Tsuchida K, Ichihashi T, lijima S, Yudasaka M.
Enhancement of in vivo anticancer effects of cisplatin by incorporation inside single-wall carbon
nanohorns. ACS Nano. 2008; 2:2057-2064. [PubMed: 19206452]

Della Rocca J, Liu D, Lin W. Nanoscale metal-organic frameworks for biomedical imaging and
drug delivery. Accounts Chem Res. 2011; 44:957-968.

Huxford-Phillips RC, Russell SR, Liu DM, Lin WB. Lipid-coated nanoscale coordination
polymers for targeted cisplatin delivery. RSC Adv. 2013; 3:14438-14443. [PubMed: 24058727]

He C, Lu K, Liu D, Lin W. Nanoscale metal-organic frameworks for the co-delivery of cisplatin
and pooled siRNAs to enhance therapeutic efficacy in drug-resistant ovarian cancer cells. J Am
Chem Soc. 2014; 136:5181-5184. [PubMed: 24669930]

Liu D, Poon C, Lu K, He C, Lin W. Self-assembled nanoscale coordination polymers with trigger
release properties for effective anticancer therapy. Nat Commun. 2014; 5doi: 10.1038/
ncomms5182

He C, Liu D, Lin W. Self-assembled core-shell nanoparticles for combined chemotherapy and
photodynamic therapy of resistant head and neck cancers. Acs Nano. 2015; 9:991-1003.
[PubMed: 25559017]

He C, Liu D, Lin W. Self-assembled nanoscale coordination polymers carrying siRNAs and
cisplatin for effective treatment of resistant ovarian cancer. Biomaterials. 2015; 36:124-133.
[PubMed: 25315138]

Vivero-Escoto JL, Rieter WJ, Lau H, Huxford-Phillips RC, Lin W. Biodegradable
polysilsesquioxane nanoparticles as efficient contrast agents for magnetic resonance imaging.
Small. 2013; 9:3523-3531. [PubMed: 23613450]

Della Rocca J, Werner ME, Kramer SA, Huxford-Phillips RC, Sukumar R, Cummings ND,
Vivero-Escoto JL, Wang AZ, Lin W. Polysilsesquioxane nanoparticles for triggered release of
cisplatin and effective cancer chemoradiotherapy. Nanomed-Nanotechnol Biol Med. 2014;
11:31-38.

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Duan et al.

Polymeric NPs Polymeric micelles  Polymeric conjugates Dendrimers

.... % %&%

Liposomes Nanocapsule Carbon nanotubes Iron oxide NPs

'\}Sl'% o?

L
. . ﬂ B
. [ I e e a,
L) 5 & .
Nanoscale metal-
Gold NPs and nanorods Mesoporous silica NPs organic frameworks

— e

— 4

Au

FIGURE 1.
Nanoparticle formulations used for cisplatin delivery.
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FIGURE 2.
Schematic representation of the cisplatin-loaded PLGA-PEG NPs, and intracellular

reduction of Pt(IV) prodrug for the release of active cisplatin in PSMA expressing human
prostate cancer LNCaP cells after receptor mediated endocytosis.10
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Chemical structures of cisplatin and PEG-P(GIu) copolymer, and the formation and
dissociation of cisplatin-incorporating polymeric micelles (NC-6004).
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(a) Chemical structure of AP5280. (b) Schematic diagram of structural components showing
the HMPA copolymer carrier, the tetrapeptide linker, and the N,O-chelated platinum(I1)
diammine complex. Activity of AP5280 in the murine B16F10 tumor model: (c) Tumor
volume and (d) animal weight as a function of time. (4p) vehicle; (l) CBDCA 32 mg Pt/kg;
(A) AP5280 200 mg Pt/kg. (Reprinted with permission from Ref 13. Copyright 2004

Elsevier)
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FIGURE 5.
Synthesis of lipid bilayer-coated cisplatin NPs using a reverse microemulsion method.

(Reprinted with permission from Ref 19. Copyright 2014 Elsevier)

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Duan et al. Page 23

(a) 3 :
i }%-’ . iy ‘
gt 7 G

amino-TPDC uio = Uio-Cis

siRNA/UIO-Cis

(b)
=)
/'--.

Reverse 9
gm-croernulsmn . Pegylalpon ,a-; oy

& “' £

=
® b, )

0 Ho. xOH o i

HN, o H Ha

N, O
= 2, Gl gy €
I HgN( | \CI (I (é)\cl

a H
- ""“‘“"’“"""“’J*o’X‘ \O,VNY[OCH CH,),sOCH, ’ &

s VM\/VWY Cholesterol H
NH ¥
DSPE-PEG,, o ' HO

FIGURE 6.
(a) Cisplatin prodrug was attached onto the framework after synthesis. (Reprinted with

permission from Ref 116. Copyright 2014 American Chemical Society) (b) Cisplatin
prodrug was incorporated within NCPs through use of the prodrug as the building block.
(Reprinted with permission from Ref 117. Copyright 2014 Nature Publishing Group)
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Cisplatin nanoparticle formulations undergoing clinical investigation.

TABLE 1

Page 24

Formulation Company Indication Clinical trail
NC-6004 (Nanoplatin™)  Polymeric micelles (PEG- NanoCarrier Co. Various cancers Phase I/ 11/
P(Glu)) formulation of 11
cisplatin
AP5280 Polymer (HPMA) conjugate Access Pharmaceuticals, Inc.  Various cancers Phase I1
of cisplatin
L-NDDP (Aroplatin™) Liposomal cisplatin analog New York University School ~ malignant pleural mesothelioma  Phase Il
of Medicine
SPI-077 Peglyated liposomal cisplatin ~ Alza Corporation Head and neck cancer, lung Phase I1
cancer
LiPlaCis Peglyated liposomal cisplatin  LiPlasome Pharma Advanced or Refractory Phase |
Tumours
Lipoplatin Peglyated liposomal cisplatin ~ Regulon Inc. Various cancers Phase 111
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