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approaches to construct platiraoridinebased conjugate#s chemically robustzide
modified platinumacridine was selected to validate the feasibility obppermediated
and coppefree click chemistry as platinunracompatible conjugation reactienThis
chemistrywasused to attacHuorescent molecules wetectplatinumacridines in cancer
cellsby confocal microscopyBoth fluorophore tagging prior to incubation with cells and
postlabeling methods were exploredn addition,a hydroxytmodified warheadvas
conjugated with endoxifemia a chemicaly stable cdsamate bond t@roduce a highly
active hybrid agent irstrogen receptgrositive (ER+) breast canceln another study
lipophilic esterbasedprodrugs of platinufiacridines wergeneratedshowingimproved
druglike properties (e. gpartition coefficientsjogD). Two distinct pathways by which
the target compoundsanbe activated have been confirmed by-ESGMS and/or NMR
techniques:(i) a platinumassisted, selfinmolative ester cleavage in a leshloride
environmentand(ii) enzynatic cleavage by human carboxylesterageCES 2). Highly
efficient amide coupling reactionsn platinum complexesvere also developedThis
modular approach can be usenl assemblea diverse libraryof platinumacridines
containing other bioactive components, suchmageculaly targeted therapies, targeted
ligands, and chemosensitizeFsnally, liposomalencapsulation gplatinumacridinewas
achievedandthe formulations werevaluated in A54%ung cancexenograft modlsin
mice. Improveal anticancer efficacy obne of theliposomal formulationscomparedwith
the free drugwas observed in this assay. In conclusibe, research in this dissertation
has laid the foundation for the future preclinical developmerglatinumacridines as
oncology drugs by devising new synthetic methodology and providing-pfamincept

data in clinically relevant models of cancer.
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CHAPTER 1

INTRODUCTION

1.1Platinum based cancer chemotherapy

Since the serendipitous dis@yy of the anticancer activity of cisplatin, or <cis
diamminedichlooplatinun{ll), platinum based drugs beoe the mainstay of
chemotherapy for year3.able 1.1and Figure 1.1summarize relevant drugs and their
liposomal formulations in routine clinicailse, as well as agents that are currently heing
or have been, evaluated in clinical trials. Cisplatmas the first platinum complex
approved for the treatment of a broad range of cancers includingnmalh cell lung
cancer, small cell lung cancer, testar, ovarian and bladder candéi. It is widely
accepted that the intracellular activation of platinum drugs through aquation, which is
sersitive to the conceration of physiologicathloride ionsjs importantfor subsequent
DNA platination, with the preference to coordinate at tHephisition of guaning2]
(Figure 1.2). The induced conformational distortions in duplex Ca¥érecognized by
many proteins that are involved in replicatidranscription, and DNA damage repair,
leading to aberrant signal transduction and consequential cell apgpi@&jisAside from
DNA associated cytotoxicity, recent evidence indisdatetoxaliplatin, but not cisplatin,
may be involvedn modulating immune response by triggering immunogenic cell death
(ICD) [4, 5]. It has been proposed that such a mechanismhich the cancer cells killed

by oxaliplatin act as cancer vaccinasay eliminate the residydtighly resistant cancer



cells and exert a longasting anticancereffect These compelling findings prompted a

new therapeutic paradigfar platinum based anticancer drygs 7].

o)
HsN. Cl H3N O

th\ //
HsN" CI H3N O o)
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ot o -G0S
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Pt H,N " Cl
=N Tl
O O
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H, HaN. N\/\/\/\3 Pt 4 NO3
H3N, N\/\/\/\ Pt ” "NHj
Pt ” ‘NH3 2
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Figure 1.1.Clinically relevant platinuntontaining anticancer agents. For eumtrstatus,
refer to Table 1.1.



Table 1.1.PlatinumComplexes andrormulations inClinical Use andClinical Trials [1,

8]

Complex/Formulation

Status

Major Indications

Cisplatin

Carboplatin
Oxaliplatin

Nedaplatin

Lobaplatin

Heptaplatin

Picoplatin

BBR3464

Satraplatin

Lipoplatin (cisplatin
liposome)

SP}77 (cisplatin
liposome)

MBP-426 (oxaliplatin
liposome)

Worldwide clinical use

Worldwide clinical use
Worldwide clinical use

Clinical use in Japan

Clinical use in China

Clinical
Korea

use

Phase Il clinical trials

Phase Il clinical trials

Phase Il clinical trials

Phase Il clinical trials

Phase Il clinical trials

Phase Il clinical trials

Phase Il clinical trials

Metastatic testicular and ovaria
tumors, advanced bladder canc

Advanced ovarian carcinoma
Metastatic colorectal cancer

Small and norsmall cell lung
cancer, head and neck tumors,
esophageal and bladder tumors
cervix carcinomas

Breast, testicular, ovarian, sma
cell lung and gastric carcinoma
chronic myeloid leukema

in  Soutt Gastric cancer

Metastatic colorectal cancer,
metastatic castratieresistant
prostate cancer refractory or
resistant ovarian cancer,
refractory omprogressed SCLC

Gastric and esophageal
adenocarcinoma

Metastatic, androgen
independent prostate cancer

NSCLC, breast cancegastric
cancer

Advanced NSCLC, refractory
ovarian cancer

Gastric and esophageal
adenocarcinomas




Unfortunately, the efficacy of cisplatiis limited by its notorious systemic toxicities
such as nephrotoxicity, neurotoxicity, ototoxicity and myelosuppre$8jofhe reasons
for these symptoms are multifold, bgénerallycan be attributed ta lack of tumor
selectivity of current platinum drugs. Additional limitat®of platinumbased drugsre
intrinsic and acquiretlmor resistancg8]. Lack of resposiveness of platinum drugs can
be caused by insufficient cellular accumulatid®]. Specific pathwaydor platinum
drugs to enter into cancer cells include passive diffusion and uptake by cell membrane
transporter$10] (Figure 1.2). Multiple transporters were found to participate in the active
influx of platinum drugs, such as copper transporter 1 (CTRI)and organic cation
transporters (OC3 [12]. Factors that impedeellular uptake result in reduced levef
platinum in cancer cells, which is correlatedh the ireffectivenes®f these drug[10].
Active efflux, likewise, plag an important role in platinum drug resistance. Cancer cells
with overexpressed efflux proteins, including multidrug resistdn@dDR1), multidrug
resistance proteih (MRP1, also known as ABCC1), multidrug resistance prezein
(MRP2, also known as ABCC2) and copper efflux transporters ATP7A and ATP7B, may
lose their sensitivity to platinum drud4.0]. Once platinum complexdsaveenteedinto
cancer cells, detoxification by various cytoplasmic tohtaining nucleophiles is
another barrier for them to overcome before reactheqg cellubr target, nucleaDNA
[13]. The major scavengers in this category is glutathione, the tripeptide that avidly binds
to platinum centewia cysteinesulfur, which is likely facilitated by glutathione S
transferase (GT[14]. Likewise, devated levels of thietontaining proteinssuch as

metallothioneinsmaylead to platinum drug resistance as @]l



The resistance to platinum drugegy also be triggereafter the formation of latinum
DNA adducts. In the case of cisplatin, tmajor adducts are intrastrand igBosslinks,
which bend the DNA duplex signifantly towards the major groove. This distortion
producesa wide minor groovewhich is preferentially recognized by DNAlama@
recognition proteing3]. An extensive body of evidencsuggestshe involvement of
DNA repair machineries in causing increased tolerance to platnduced DNA
damage by removing platinuNA adducts, including nucleotidexcision repair (NER),
base excision repair (BER), mismatokpair (MMR) and doublstrandbreak repair.
NER is the major mechanism responsible for the removal of cisplatin induced DNA
lesions. As a result, the levels of the key proteins in this pathway, such as ERCC1
(excision repair crossomplementingl) and XA (xerodermapig mentosum
complementation group F)are beingused as predicative biomarkers of cisplatin
resistance irthe clinic [15, 16] Cancer cells with deficient DNA repair systems were
found to be hypersensitive to platinum drugs. Abnormal apoptotic signaling pathways,
moreover, whiclareassociated with various proteins such as p53;apaptotic and pro

apoptotic proteingnayresult in platinum drug resistance in cancer dalfg.

To overcome the abovementioned limitations, several strategies have been proposed for
safer andnore effective platinum based anticancer agents. The first appsdaabecn
the assumption that certain types of platinDiMA adducts which causeunique
conformational distortionsnay bebiologically more significant than other$o tune the
strucural distortions produced by platinum(ll) in dsDNA, variation was made to (i) the
ligand sets (notteaving groups), (iithe stereochemistry, (iii) the nuclearity, (iv) and the

ability of the complexes to form cressks vs. monofunctional adducts (see.l).



Thousands of derivatives have been synthesized and tested since the FDA approval of
cisplatin. In another approach, cisplatype agentshave been linked ttumor selective
carriers, such as folic acid, polymers and nanoparti¢ctesaddition, nultifunctional
platinum agents, whiclcontain other bioactive molecules mdelp to overcome
resistance mechanisms and sensitimmors to these drugSome examples of these

strategies will be discussed in theskaparts of this dissertation.
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Figure 1.2.Cellular uptake, detoxification and active efflux of cisplatin.

1.2. Platinum(ll) BasedAnticancer agents
1.2.1 Traditional platinum (Il) complexes

Inspired by cisplatin, a large number of cisplatin analogues have been produced and

evaluated as efféwe anticancer candidates with reduced systemic toxdiy Like



cisplatin, these analogues contain two leaving ligands, whentts to the formation of
similar intrastrand or interstrand crosi{s in DNA thereby inhibitingDNA replication

and transcription. Modifications in the coordination sphere of cisplatin include variations
of norntleaving ammine groups and leaving ligands. The replacement of leavingsligand
affects the aquation kinetics of platinum complexes (will be discussed in detail in 1.4.2),
which, in turn, has a significant impact on their tissue distributions and side effects. This
idealed to the development afarboplatin (Figure 1.1)a seconebeneration cisplatin
analogie bearing dicarboxylate as the leaving grauparboplatin showtess toxic side
effect than cisplatineven though it producesidentical pgatinumDNA adducts The
success of carboplatin spurred the design of many platinum coespbextaining
(di)carboxylateleaving groupq18]. Alternative leaving ligands such as acetylacetonate

( ac ac)-diketomates Hpgure 1.3,1-1, 1-2) have &0 beenreportedin platinum

anticancer agen{49].

The anticancer efficacy of platinum drugs is closely aased with the platinuARDNA
adducts they produce. Variations of the #esving ammine groups of cisplatin can lead
to platinumDNA adducts with disparate steric hindrance and conformational changes in
target DNA, which might not be recognized by the prstehat contribute to cisplatin
induced cytotoxicity. Therefore, replacement of one or two of thde®nng ligand may
help to create platinum complexes thaintain sensitivityn tumors resistant to cisplatin.
One successful example is oxaliplatinigiffe 1.1), in which DACH t(ans1,2-
diaminnocyclohexane) was selected as theleaving group. The bulky DACH ring in
oxaliplatin occupies most of the DNA major groove, leasamgarrowgroove surface and

thus resulting in platinuAlDNA adducts processedifferently from cisplatin [3].



Oxaliplatin has been approved worldwider the treatment of colorectal cancer and
showed no croseesistance with cisplatin. It should be noted that theleaving ligands
also influence the lipophilicitj18] and the aquation raf&8, 20]of platinum complexes,
which overall can aid to circumvent platinum drug resistare particular, picoplatin
(Figure 1.1) wa found to overcome glutathiomeediated detoxification due to itailky
2-methyl pyridine (picoline) ring. In picoplatin,the methyl groups situatedright above
the metal center, whictprotects platinum fromattack from intracellular sulfur
nucleophile. Several examples of traditional cisplatin type compkne=simmarized in

Figure 1.3.

Lack of tumor selectivity is a major reason for the severe systemic toxicity of cisplatin.
To produce tumor targeted plaim-based anticancer agents, molecules vaitihigh
affinity for cancer cells have been incorporated into platinum complexes deavomg
ligands. These ligands include peptid2$] (Figure 1.3,1-8), estradiol (Figure 1.31-9
and 1-10) [22-24], and folic acid (Figure 1.31-11) [25]. The presere of these ligands
allows theplatinum complexes to be recognized by receptors overexpressed on the cancer
cell surfaces and enhandheir uptake into tumorsTargeting moiges can also be
introduced as leaving groups platinum complexes. Since mosttbem are bulky, the
dissociation ofthe platinum moiety from théumor targdang ligands incancer cells
assures that the carrier does not interfere with the DNA binding ofpldteum
fwarheadé. Examples of these platinum complex@sshown in Figure B. Apart from
these tumor selective carriers, bioactive ligands, such as tarmoxifen anal@gles

(Figure 1.3,1-12), were installed irplatinum complexes, which were expected to act



synergistically with platinum complexés sensitizeresistantoreast cancer® platinum

based agents.

1.2.2. Nontraditional platinum(ll) -based anticancer agents

1.2.2.1 Transplatin analogues

The reasons for the poor anticanceoperties of the trans isomer of cisplan,
transplatin(Figure 1.4), have been investigated decade$27]. Unlike itscis congener,
transplatin is unable to formtable intrastrand 1;2rosslinks inthe DNA helix due to
geometricconstrains[28], while the formation of intrastrand 1¢3osslinks has been
observed [29]. The major platinuADNA adducts produced by transplatin are
monofunctional, and only a small amount of them slowly convert into interstrand
crosslinks[27]. This can be explained by the solution chemistry of transplatin. The
replacement of the first chloride with water in transplatin is kinetically favored dae to
mutualtrans effectof the chloride ligand, however, the removal of the second chloride
ligand trans to a ligandow in the transeffect seriessuch as water or DNAitrogen
appears to be difficul{30]. The ineffectiveness of transplatin, despite its ability to
modify DNA, emphasizeshe importance of the type of platindBNA adductfor the
biological outcome of platinusbased anticancer drugs. The higher chemicalkiraety of
transplatin also facilitates the interaction with many intracellular nucleophiles, such as
GSH, which accelates the deactivation proceasd results inpoor biological activity

[28].
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Active transplatinum complexes can be generatgdsubstitutingone or two NH
ligands with steric hinderedmanes[27]. These bulky ligands are able to reduce the
reactivity of transplatin analogues in blood and stabilize tagnpimDNA adducts they
produce Representative examples of active traasplanabgues are shown faigure 1.4.
The first cytotoxic transplatin analog reporigns[PtClo(NHz)(pyridine)]) contains a
pyridine ring and exhibits comparable cytotoxicity with cispl§8h], whichinspired the
synthesis of numerous platinum complexes witlrans geometry bearing planar
heteocyclic ligands, such as quinoé, isoquinolineand thiazole [27]. The patinum
DNA adducts produced by these analogues include monofunctional adducts, interstrand
and intrastrand crosslinkR27, 28] which elicit biological responses distinct from
cisplatinandin cell linesovercome resistance to platinum drugs usetheéclinic [28].
Other ligands containing4donor groups, for instance, iminoeth38], aliphatic amines
[33] and heterocyclic aliphatic aming34], have been used in the design of transplatin
analogues as well, most of which displayatgkicity in the micromolar range even in
cell lines resistant to cisplati35]. Another intriguing featuref transplatin analogues
lies in their ability to induce ternary DNAprotein adducts, which also potentially

cortribute to their cytotoxicity35].
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transplatin trans-[PtCIl,(NH;)(pyridine)]  trans-[PtCly(NHz)(quinoline)]

o H Cl )\o

| -~ — —
HaN-PEN, ] 5 N-FEN
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HsN-Pt-NH ) N Ft=NH ~ NH
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1-18

trans-[PtCly(NH3)(piperidine)] 1-19

trans-[PtCl,(ipa)(piperazine)]

Figure 1.4. Structures of transplatin and active analogues (ipa = isopropyl amine).

1.2.2.2 Monofunctional platinum complexes

Early empirical structureactivity relationshig (SAR) ruled out the possibility afsing
monofunctional platinum complexes as clinically useful anticancer afgsjtsMost of
the monofunctional platinurnomplexes share thgeneral formulecis-[Pt(Am)z(L)CI],
in which one chloride ligand is the only labile liganavhich leads to the formatioof
monofunctional adductaith DNA. Early efforts to developnonofunctional platinum
complexes resulted in manyrplexes unfortunately inactive both vivo andin vitro
[37-40]. Some of them arksted in Figure 1.5 (complexels20, 1-21, 1-22, 1-23). The

concept of monofunctional platinum complexes, however, reasntly revisited. fie
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cationic complexcis[Pt(NHs)2(Pyridine)CI], alsoknown as pyriplatin, was used in a
study todemonstrate thahe cytotoxicity of cationic platinum complexesorrelateswith

the level of organic cation transporters (OCE&gpressed byolon cancer cell$41].
Although much less potent than cisplatin in a numbeelflines, pyriplatin exhibited a
distinct spectrum of activity4l, 42] The DNA adduct formed bypyriplatin (1-24),
revealedin a crystal structure of a sHgpecifically platinated DNA, cause le&scal
distortions indsDNA compared withcrosslinking platinum anticancer agentf was
proposed that this featumaay protect theadducts from removal bthe DNA repair
machinery[41, 43] and overcome tumor resistanc&dditional mechanistic studies
revealed a relationship betweéme cytotoxicity of pyriplatinand its capacity to stall
RNA polymerase Il (RNA pol Il), subsequently inducing transcription inhibition and cell
death[41]. The crystallographic analysis suggested toeeiase in the steric bulk of the
amine ligand may increase the transcription inhibition. This finding prompted a drug
screen bsed on a small library of monofunctional platinum complexes bearing
heterocyclic ammine ligands with various steric hindraf®4]. In this study, the
phenathridine derivative cis-[Pt(NHs)2(phenanthridine)Ci] (NOs), (phenanthriplatin
(1-25)), was the most pat¢ analogue identifiedand its uniquenticancer spectrunvas
confirmed in the NGB0 cancer cell line pandKl4-46]. The cell killing ability of
phenanthriplatinpn the basis ofCso values,is 4-40 timeshigherthanthat of cisplatin.

The discovery of phenanthriplatiled to the development ofther monofunctional

platinum complexes, such as SAT(1-26) [47] shown n Figure 1.5.
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Figure 1.5 Examples of inactive and active monofunctional platinum agents.

1.2.2.3 Polynuclear platinum(ll) complexes

Polynuclear platinuifll) complexes represent a novel class of platinum based drugs
with structural features deed from cisplatin[48, 49] BBR3464 (Figure 1.1) is one of
the most successful analogues in this class, which is a trinuclear drug composed by two

separated monofunctionitins-[PtCI(NHs)2]* moieties bridgedy atetraaminetrans
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[Pt(NHs)2(NH2(CH2)sNH2)]?*  linker[49]. Long range (Pt,Pt) inter and intrastrand
crosslinks were found in the DNA adducts produced by BBR3464, in which the two
platinated DNA bases aseparated by up to 4 base pairs. In particular, the intrastrand
crosslinks ardormedi n b o téh a3nédY 35 6 Y § Whictdarerdistindtly ddfferent
from other known platinuRDNA adducts[50]. This novel DNA binding mode finally
leads to ZDNA like structure around the platinated sit@is type of distortion is not
recognizedby high mobility group HMG1 proteins, whiclre known tocontribute
substantially to the cytotoxicity of cisplat[b0]. BBR3464 showed highgrotency than
cisplatinwhentested in a broad rangé tumor cell lines andvercoms resistaceto the
clinical drugs[51]. The effective doses in xenogiafh mice ranged from 0.8.6 mg/kg,
which causedignificant tumor regression in several tumor mogely. BBR3464 is the
only noncisplatin platinum complex that entered into phase Il clinic trials with

manageable toxicity however its narrow therapeutic indeprevented it from advancing

to thenext stagg48].

Variations in the tetramine platinum linkeérs BBR3464with polyamines gave rise to
exceptionally cytotoxic dinuclear analogud®, 50] Notably, the positive charges and
the ability to form hydrogen bosaf these connectors seemed to play important roles in
determining the anticancer efficacy. One lead complex is BBR 8620 Figure 1.6)
with a spermine analogue as the linker, which was designed to perfarsinmlar way
to BBR3464[52]. Other alternative bridging ligands include steric hindered polyamine
(1-29) [53] aromatic {-30) [54] and heterocyclic ring system$-81 and1-32 Figure
1.6) [55]. Replacement ofthe leaving ligand chloride with Nglor other dangling

amines resulted in a new class of substituti@rt platinum complexept8]. The lead
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complex in this class is TriplatinNC, of which the square plaaaaamine platinum
moiety is able to fornfibidentat® N-O-N hydrogen bondsvith the oxygen in phosphate.
This distinct noc oval ent bi ndi ng mode, [&h displays a s
high affinity with DNA and leads to nucleic acicdbrapaction[57]. The prototype

TriplatinNC (1-33 Figure 1.6)shows comparable cytotoxicity to cisplatin in a panel of

tumor cell Ines independent of p53 status and the level of GSH in[88|59] High
cellular accumulation acts as another parameter contributing to the cytotoxicity of
TriplatinNC [60]. The uptake ofthe substitutioninert, highly charged platinum
complexeds mediated by heparin sulfate proteoglycan (HSEBB) 61] snce HSPGss
overexpressed in tumor cells, this unique recognition mechanism may c¢onfer
selectivity toTriplatinNC analoguedMoreover the nucleolar localization of TriplatinNC
was also determinefb2, 63] linking its anticancer effecto the inhibition of RNA

polymerase | mediated synthesis of ribosomal RNENA) [62].
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Figure 1.6. Examples of polynuclear platinum agents.

1.2.2.4 A new lead:platinum-acridines

The idea to generate DNA adducts distinct fréime traditional bifunctional 2;
intrastrand crosBnks hasled to the discovery of many new types of ndassical
platinum anticancer complexes with different DNA binding modes. ledploy these
designs attempts tacombineDNA intercalation and platinatiorin one moleculded to
the creation of platinuracridine agentf54-66]. One prototypial complex in this clasis
PT-ACRAMTU ([PtCl(en)(ACRAMTU)](NGs)2, en= ethanel,2-diamine, ACRAMTU

= 1-[2-(acridin9-ylamino)ethyl}1,3-dimethylthiourea, Figure 1,71-34) [65], which
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features a single chloreaving group and a sulfur donor containing linker that connects
the intercalator to the metallaving the formation of monofunctional adducts. The best
biological activity wasachievedwhen Nmethylethylenediamine was selected as the
main component of the linkér 4 fold more potent than cisplatin in NEK60 cells)
which is flexible enough in tis case to @tinate DNA base pairs adjacent to interaction
sites, and thus favor the ddahding mode involving both DNA intealaton and
platination[67]. Extension of the linker chain redwscthe rateof platination step, and
resuls in redued cytotoxicity[68]. Other properties of RACRAMTU, such asthe
cationic nature an®NA affinity of theacridinum moiety,seemto allow efficientuptake

into cancer celland innuclear accumulatioand rapid DNA binding PTFACRAMTU
proved to be more active than cisplatin confirmed by clonogenic growth and cell
proliferation assays, with Kgin the low-micromolar and submicromolar range across a
broad rangef cancer cells, including ovarian, lung, colon, breast, pancreatic, and brain
cancerg65, 6371]. Submicromolar activity of PFTACRAMTU was also found ircancer

cells with aberranp53 and k-ras gene status, which are typically resistant to cisplatin

[72].

Unfortunately, PTACRAMTU was unable to slow tumor growth an/mousexernograft
model. This prompteextensive SAR studies to identify second generatiatinoim:
acridines with enhanced activity vitro andin vivo. Struc¢ural modifications were made
to the platinuniintercalator linker, the acridine moieitgelf, the norleaving groups, and
the donor group through which the intercalator is attached tmétal (Figure 1.7B)[70,
73-75]. The most striking cytotac enhancement was observed when the thiourea moiety

in PT-ACRAMTU was replaced by amidine as the donor group, resulting in an up-+to 500
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fold enhanced potency compared with clinical drug cisplatin in NSCLC cell line NCI
H460 (Figure 1.7C 1-35) [76]. Low nanomolar activity was also found in other cell
lineqd68]. The significany improved activity of these hybrids vitro has ben attributed

to their ability to produce adducts in douiskeanded DNA more rapidly than eitheriPT
ACRAMTU or cisplatin[77]. In addition, unlike bifunctional cisplatin type complexes,
only minor DNA conformational perturbationsere induced by theDNA adductsof
platinumacridines, as confirmed in an NMR solution structural stif@}, suggesting
thattheseDNA adductsarerecognized and processdifferently by intracellular proteins.
Although the supe®r cytotoxicity of the secondeneration platinuracridines finally
translated into inhibition of tumor grdtw in vivo, like other platinunbased anticancer
agents, theyemainedquite toxic to test animalg'6]. This drawbaclobviouslyrestrics
the development of platinwacridines as anticancer drugs. address this limitation,
tumortargeted approachesd prodrug concepisill be explored in this dissertation in
an attempt to turn the platintigcridine hybrid agents inteystemically less toxitumor

selective warheads.
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1.3 Drug Delivery Systems forPlatinum BasedAnticancer Drugs

Li ke ot her cytotoxics, t he Apl ati numso
properties, which result in inefficient delivery to the diseased tissue and undesired off
target effects. To overcome these dravdsawarious drug delivery carriers have been
developed in which platinum drugs are chemically attached to ttargeting carriers or
physically encapsulated inside nasieed partles.Targeted delivery vehicles developed
for platinumbased anticancer ulys have recently been reviewed in the literaft®e 80]

The effectiveness of a drug delivery system depends on the nature of the carrier materials,

which alter the pharmacokinetic properties of the cytotoxic payload and may promote
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selective accumulation in tumor tissue. A wide ranigeaoriers have been introduced to
deliver platinumbased agents, including peptides, receptor ligands, and monoclonal
antibodies, which are actively recognized by cancer cells. Polymers and nanoparticles
enhance the passive accumulation of platinum daighe tumor site by exploiting the
enhanced permeability and retention (EPR)
in the literature has been confirmed in animal modg&] and observed in patients who

are treated withintravenousliposomal doxorubim (Doxil) [82]. It should be noted
though thatthe exact roleof the EPR effect in the treatment in hunsais still being
debated[81]. To further improvetumor upt&e of cytotoxic platinum tumortargeting
ligands have been engineered on the surface of-siaad drug delivery vectors. The
selective interactions between the ligands and the receptors, which are commonly
overexpressed in tumor sites, are proposed tdiatee endocytosis, and improvke
therapeutic index[83]. Nevertheless, the advantages of targeted overtargeted
nanoparticlesn vivo are not conclusivand several stlies have generatazbnflicting

results[84].

1.3.1 Polymeric Micelles

Polymeric micelles are se#fissembled corshell structures composed of amphiphilic
block copolymers in aqueous solution at the concentration above their critical micelle
concentrations (CMCB5]. Unlike those based on small molecule surfactants, the CMCs
of polymeric micdles, generdy, are much lower, which indicates higher stability against
dissociation caused by dilution in a largelume of body fluid in vivo [85, 86]

Polymeric micelles as drug carriers have been employed to deliver many anticancer drugs,

21



such as doxorubicin, paclitaxel, camptothecin, which resuttemnproved anticancer
efficacy and reduced adverse effe@g]. In particular, due to hydrophobic interactgon
with the core of micellg drugs with poor water solubijitcan be encapsulatean
micelles with high loading capacity; as a reswiicellar encapsulationecameone of the
most useful strategie@® solubilze hydrophobic drugs and improtieeir bioavailability
[87]. By contrast the micellation of hydrophilic compounds in the hydrophobic taie
been problematic due tohe weak interactiondetween the drugs and lipophic segments
[86, 87] Stability is another concern when desngna micellar formulation. Accelerated
dissociation of micelles may take place under high ionic strengthtimors] such as in
blood, or in the presence of serum proteins, inducingmaeire release of payloads
before they reach tumor sites. Thiiitation can be partly overcoe through cross
linking amongst unimerf37]. Notably, the extent of crosslinking not only influences the

stability, butcan bealsoused to tun¢he rate and profile of drug release.

Several micellar formulations for platinum drugs are in variousgshas clinic trials
and show promising anticancer effica¢§]. Successful micellation of platinum
complexes with conventional ammphilic block copolymers, such as PESPCL [88],
requires hydrophobic modification, which can dhieved by incorporatingpophilic
ligandsas leaving groups iR{(ll) analogus or as the axial ligands in(Rf) prodrugs
[89]. Polymers with polyioit segmentd90, 91} as alternative delivery vectors, can
spontaneously form polyi@mcomplex micelles (PICs) with cationic platinum complexes
in aqueous sation as a result of electrostatic interactions and coordination bi@2qds
93]. Due to electrostatic neutralization, platinum complexes were found t&tathe

coreof micelles[93, 94] Moreover, the bifunctional cisplatin type platinum complexes
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canact as crosfinkers in PICs, which may further staai the micelles in circulation
and lead to drug release incantrollable manner[93]. The examples and relevant
chemistry of platinum loaded mide$ will be discussed in detan sectionsl.4.2 and

1.4.3.

1.3.2 Polymeric Based Rodrugs

The covalent attachment of anticancer agents to the bae&bafpolymers has been
demonstrated to ban effecive strategy to improve their bioavailabilif95, 96] Several
promising polymedrug conjugatesre currently undergoing clinical studig®y. The
tissue selectivit of theloaded drugss dominatedoy the hydrophilic polymers, which
prolong circulation an@re able to accumulate tmor sites by taking advantagéthe
EPR effec{97]. To further improe their anticancer efficacy, tumor specific moieties can
be incorporated into prodrugs, allowing enhanced tumor ud&@Ke The concept of
polymeric prodrug has already been applied the ddivery of platinum drugs [98].
Platinum complexes can be conjugated to polymers through an extended linker, the
cleavage of which not only determines the stability of the conjugate in circulation, but
also allows selectivedrug release. In addition, platinum complexes caratteched to
polymers containing carboxylate and amino group3he most successful polymeric
platinum prodrug so far is Prolindg@9-101], in which DACHP} the [Pt (DACH)f*
fragment of oxaliplatinjs attachedo N-(2-Hydroxypropyl) methacrylamidéHPMA)

[96] through an amidomalonate chelating gro{ipgure 1.8)[100]. This conjugate
demonstrated abilityo inducetumor regression in several xenograft modéfl], and

was well tolerated in phase | clinic studies without significant toxifi§2]. Other
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polymers exploited for this purpose include polyphosphadd@8], cyclodextring104],
polyanino acids [105] and polysaccharide[106]. Additionally, dendrimes [107],
representing a unique class of detidpolymes, canbe usedn a similar way[108-110].
Attractive features of dendrimerthat make thenpromising drug delivery systesn
include highly uniform structurg narrow size distribution and sufficient fage

functional groups available for drug tethering.
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Figure 1.8 Examples of polymér prodrugs for platinum drugs.

1.3.3. Liposomes

Liposomes are narsized, spherical and enclosed bilayer structures with superior
biocompatibility and low toxicity84, 111] They are mainly composed phospholipids
and cholesteroand can encapsulate hydrophilic small moleculethéir aqueous core

and hydrophobic drugs withitmeir phospholipid bilayerg84, 111] Biomacromolecules,
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such as therapeutic proteifi@4] and nucleic acidg§112], which are susceptible to
enzymatic degradation and poorly p&late membranes, can also be effectively loaded
and delivered by liposomal formulations, leading to enhaiceyo efficacy. In addition

to the therapeutics, magnetic resonance imaging (MRI) contrast agents can be
incorporated into liposomes as well fisese diagnosiand MRIguided drug delivery

[113, 114] Currently, several liposomal formulations have already been approved by the
US Food and Drug Administration (FDA) (Table 1.2), and many more are in various
phases of clinic trials. The first succes$gftoduct is Doxil, the liposomdbrmulation of
doxorubicinused inthe treatment of Kaposi's sarcoma, breast caaoémvarian cancer

with significantly reduced cardiotoxicity compared to the free drug.

Liposomal formulations of platinutbhased agents, such as cisplatin and carboplatin,
have been extensively studied, with several promising candidates curesityg in
clinical trials (Table 1.3). One challeng@ generating liposomal formulations of
platinum drugs is to achiewehigh drugto-lipid ratio [115]. Since most latinum drugs
are barely soluble imrganic solverg they cannot be loaded by themmon procedure
used forpaclitaxel[116], according towhich thelipophilic drugis first dissolved along
with the lipids in an organic solvent such as chlorofornPlatinum complexes are
normally encapglated by passive loadirj17, 118] In this procesthe aqueous solun
containing platinum complexs used to hydrate a pfermed lipid film to produce
platinum loaded liposomes. However, this method usualffeis from low loading
capacity as the result of limited water solubility (for example, the water solubility of
cisplatin is ~2 mg/ml) and poor membrane permeability of platinum compl&x8k To

increase their water solubility, platinum complexes can beeartew to aquapecies by
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reactingthemwith silver nitrate, in which the chloride ligand is replaced by wgt2@].
This conversion alseenders theisplatintype complexesationig which improve their
ability to interact with negately charged lipids, such as DPP@rough electrostatic
interactions [115]. Liposome& developed according to this strategyshowed an
unprecedented dru-lipid ratio of 2.5and 1006&fold higher cytotoxicity in cell based
assayg [115]. Lipophilic modification of platinum complexes is an alternative strategy to
improve drug loading.n this case lipophilic ligands including fatty acids[121],
phospholipids[122] and carboxylic eid-modified cholestero[123], are incorporated
through ligandexchange reacti@n producing amphibious platinum complexes that can

selfassemblento phosphdipid bilayers.

Leakage of theentrapped moleculefom the liposomes duringirculation would
produce undesired systemic toxicityo avoid premature releasa vivo, structural
modifications are made to the lipid bilayeEor example, incorporation of cholesterol
can reduce the fluidity adhe membranes, leading to decreased leakage of the payloads
from the liposomes[124]. Alternatively, phospholipids with high phase transition
temperatures, which undergekto-liquid-crystalline phase changes above physiological
temperature, also stabilizee bilayerd117]. Furthermoredrug retention is also affected
by thetype of payload. Excellerdrug retention propertieare observedn Doxil, for
example, inwhich doxorubicinis encapsulated with a high loading capaaitye to
loading techique hat takes advantagd a transmembrane pH/salt gradief@2]. The
exploitation of trapping agents, such as ED[I&5] and dextran sulfat[126], which
form inclusioncomplexes withthe payloadnsidethe liposomes, can impk@ the drug

retention as well.
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Table 1.3.LiposomalFormulations foPlatinumDrugs.

Formulation Drug Status Indications Reference

Lipoplatin  Cisplatin Phase Il NSCLC, breast cancer, [133]
gastric cancer

SPHO77 Cisplatin Phase Il Advanced NSCLC, [134]
refractoryovarian cancer

Aroplatin aroplatin Phase Il Refractory colorectal [135]

(L-NDDP) cancer, malignant pleural

mesothelioma

Lipoxal Oxaliplatin  Phase | Advanced gastrointestinal [136]
cancer

MBP-426 Oxaliplatin  Phase Il Gastric, gastroesophageal, [137]
esophageal

adenocarcinomas

Another factor that influences the therapeutic responses of liposomes is their release
properties at the disease sites. Formulations with poor releasereatmable taleliver
adequateamount of drugo the diseagktissues, which limits thelioavailability. This
has led tothe discontinuation of clinical trials of SBV7 (Table 13), a liposomal
formulation of cisplatin lackingn vivo antitumor efficacydue to insufficient drug release,
in spite of improved pharmacokinetics and reduced side effe28% This issue has been
resolved in lipoplatinanother liposomal cisplatin, which uses DPPG asabrike lipid
componerg Because of the fusogenic DPPG, lipoplatielivers platinum drug into
cancer cellshrough a membraniision mechanismiLl33]. In addition, controlled release
from liposomescan be achieved when they aneorporated with various triggers in
response to environmental stimuli, such as heat, light, ultrasound, enzyrddscal pH

[111]
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Short circulation time are frequently observedin conventional liposmes. This
drawback can be attributed to the rapid recognition of liposomesedgnononuclear
phagocyte system (MPS), such as hepatic Kupffer cells and splenic macrophages, which
leads to rapid clearance and reduced accumulation of drugs in targetesl[883ai89]

The nonspecific uptake by MPS is likely to be associated with opsonin, the serum
protein that can bind with liposomes, causing uptake liwer and spleer{139]. The
half-life of liposomes in circulation isto a large extent determined by the
physicochemial properties of lipid bilayers. For example, small liposomes withssize
less than 100 nnhave beendemonstratg to evadescavange byMPS and show
prolonged circulation timg140]. Liposanes bearing negative charges interact more
readily with serum proteins than the cationic or neutral ones, showing rapid recognition
by MPS, and are normally more tojit41]. Long circulation time cabe achieved by
hydrophilic modification with polyethylene glycol (PEG). This leadsdealledii st eal t h o
liposomes, in which PEG provides a protectiveydnophilic shield that prevents the
interaction of iposomes with proteins in blod83, 142] The abilityof long-circulating
liposomes to accumulate irtumors has beedocumentedn thousands opublications

and has beeattributed to enhance permeabilégdretention (EPRgffect. Nevertheless,

it should be noted that rapid blood clearamoay occur if the dose of PEGylated
liposomes is very low, which is caused by adesiredmmunogenic response, known as

the fiaccel erated bl ood[l42. earance (ABC) phe
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1.3.4 Nanotubes

Carbon nanotubes (CNTs) have been used as drug delivery systems in an attempt to
overcome the doskmiting toxicity of platinumbased drugfl43, 144] They are tubular
structures on th@anometer scale with high surface araad relatively large interior
cavities. CNTscan be further categorized into singlalled nanotubes (SWNTs) and
multi-walled nanotubes (MWNTs)[144]. Although most nanotubes showlittle
cytotoxiaty, their biocompatibility remains amajor concern forin vivo applicatiors
[145]. Ultra-short CNTs, 2080 nm in length and.4 nm in diameter, seemed to be more
bio-compatiblethanthe full-lengh CNTs[146, 147] Both the exterior wall surface and
the interior space in CNT&n be used to load various drugs for improved effi¢a4$).
However, to avoid cytosolic detoxification by intracellular nucleophiles, the interior
cavity is most likely a better location for platinum complexes, where they can be
encapsulated via capillary actiofi48]. This approach actually turns out to be
challenging for loading hydrophilic platinum complexes, such as cisplatin, which are
inherently incompatible withthe hydrophobic cavities of CNTs. In this context, high
loading capacity would be hieved by selectinghe corresponding more lipophilic(Rt)
prodrugs as alternativg$49, 150](Figure 1.9 1-38). To preventrapid drug leakage of
nanotubes from occurring in circulation, the openings of CNTs canlduked by
molecular caps; thialso allovs the release of platinum complexes in a controlled way at
disease sitefl51]. In addition, platinum complexes can be tethered to CNTs through
covalent bads, which requires surface modification of CNTs with carboxylic dtil ]
(Figure 1.9 1-39), in which case lte release of platinum cquexes relies onigand

exchange This will be discussed in more detail section1.4.2 Apart from their
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extraordinary capacityo retain payloadshe transmembrane penetration of CNWas

found to occur via afinanoneedl eo0 mechani sm as a co
endocybsis[152], which mayhelp minimize undesiredntrapment of platinum drugs in

the lysosomeslincorporation of PEG153] (Figure 1.9,1-40) as asurfacemodification

not only improve the biocompatibility of CNTs and prolong their circutatitimes, by

evading the recognition d¥IPS but also may improve tiredispersity inbiological

meda. CNTs contaning targeting moietie$154, 155] such as folic adi (Figure 1.9,1-

41), have beerdemonstrated to preferentially accumulate at tumor sitegdresult in

significant tumor regression in mice xenograft compared with controls.
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Figure 1.9 Examples of nanotube as delivemctors for platinum drugs.
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1.4. TargetSelectiveActivation of Platinum-BasedAnticancer Agents

A successful drug delivery system requires structural integrity of the formulation in
circulation and selective release of cytotoxic payload in tumandisSeveral validated
strategies for the targeted releadenon-metatbased anticancer agents can also be used
for delivering platinum complexes. These involve installation oSpHsitive[156, 157]
hypoxialabile [158, 159] and enzymatically cleavable linkgds60, 161] In platinum
containing targeted therapies, additional metaitered reactivities exist such as ligand
exchange, redox reactions, and electrophilic/Leaaiglic bond activation, which can be

exploited for drug delivery applications.

1.4.1 Controlling solution reactivity

The reactivity of platinurbased agents in biological matrices depends on the nature
and stereoisomerism of the ligands in the metal coordination sphere and on the relative
nucleophilicity of competing bioligands. Awmentioned abovethe coordinative RtN
bonds baveen cisplatin and DNA requitatracellular aquation. By contrast, undesired
reaction of cisplatin with thietontaining molecules, such &SH, which causes off
target effects and tumor resistang@oceeds without aquatiofi62, 163] Relative
ligand affinities can generally be predicted from the hard and soft acids and bases
principle (HSAB)[164]. The bonds formed between Pt(Il) and cysteine thiol can be
consdered resistant to cleavage by any intracellular nucleophile on a biologically
relevant time scalfl62, 165] On the other hand, coordination to methionine thioether

was found to be slowly reversed by DNA nitrodé66-169]. Formation of reversible
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Pt(I)1 thioether bonds with methionirrech proteins, such as copper transporter protein
(CTR1), has been implicated in the cellular trafficking of platinum congslgx’0, 171]

Inspired by these findings, thioethers have been proposed as alternative donor groups in
carrier ligands that allow controlled release andsiemof Pt(ll) to DNA[170]. Finally,

the stereochemistry of substitution reactions in sgpkear platinum complexes and
susceptibility of specific ligands to substitution are modulatechbyttanseffect [172].

Sulfur ligands, for example, show a relatively strong tmdfisct that may promote
(undesired) substitutioof the ammine nonleaving groups in cispldiii@2]. Conversely,

even weakly nucleophilic chloride ion has been shown to sutesg8ulfur donors, if the

latter has been installed trans to phosphine ligghd3], which are highest in the trans

effect series.

Antitumor active platinum compounds contain leaving groups of intermediate lability,
such & chloride or dicarboxylates, to assure the (pro)drug remains intact during
circulation but sufficiently reactive in target tissue to produce its biological effect.
Aquation of cisplatin occurs in a chloriden dependent manner, which is largely
suppressd in the blood[3], but favaed in the cytosol where the concentration of
chloride is 3050-fold lower. The aquation products of cisplatin rapidly react with DNA
nitrogen and can be considered the therapeutically active form of the drug. Aquation also
enhances the water solubilityf cisplatin [174] and confers positive charge to the
complex[115, 164] which allows encapsulation of the activated form of the drug in the

hydrophilic core of nanoliposom§kl5, 174]and polymeric nanoparticl¢8, 175]

Replacement of the chlorido ligands in cisplatin with CBDCA (cyclobufgfie

dicarboxylate), which produces a relatively inert-sigmbered O,&helate, affords
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carboplatin, a seconrgeneration cisplatin derivative with improved toxicity profile. Loss
of the leaving group in aqueous media in carboplatin is significantly slower than in
cisplatin (halflives at 37 °C and pH 7 of 450 h and 2 h, respectij&lg, 177). Unlike
chlorido and carboxylato ligands,-éonor ligands become leaving groumsly in the
presence of traractivating sulfur donors. While this reactivity is generally undesired
because it causes deactivation of platinum drug, it has been exploited in platinum
containing linkers used to conjugate kinase inhibitors to a tsmecfic carrier for
improved selectivity. In this case, intracellular thiols allow controlled release of active

inhibitor by cleavage of a Pl bond[178].

1.4.2 Activation by ligand exchange

Various platforms have been developed for the targeted delivery of a cytotoxic
platinum payload in which platinum has been attached to carboxylicnauudied
polymeric materials. Polyaspartic acid and polyglutamic acid con@m
diam(m)ineplatinumi() moieties coordinated to monodentate carboxylate or chelated in a
bidentate fashion (Figure 1.10). Platinum in these formulations decreases the negative
charge and increases the hydrophobicity of the polymers. Because of their amphiphilic
character,he platinumamodified polymers selassemble into micelles, in which the most
hydrophobic segments of platinumodified polymer form the core and unmodified
polycarboxylic acid the outer shell of the particle. Bifunctional platinum produces cross
links betveen polymer chains, which increases the stability of the micellar structure in
circulation[80, 179181]. The release of active platinum species from these formulations

is tiggered by simple ligand exchange with ubiquitous nucleophiles such as chloride and
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water[8, 80, 181] Acidic conditions may accelerate the release of the platinum payload

due to competitive protonation of carboxylate at low pH (discussed in detail in the
following section). Carboxylic acithodified peptide residues were also introduced as

side chains in polymers to allow modification with platinum complex&se r mi-n a | &
carboxylate groups installed adjacent to an amide nitrogen form a stabladmbered

N,O-chelate withcis-diammineplatinum(11)182].

The release kinetics of platinum complexes from polymer can be tuned by
incorporation of multiple donors with vang affinity for platinum. For instance,
bi opol ymers fAdopedo with tellurium release
ligand displacement on a time scale of several days up to a rfi88h Carriers
containing Ndonors have been used as macromoleculadeenng groups to generate
substiution-inert polymer platinum conjugategl84]. In this case, the inactive polymer
would require degradation to produce freely diffusible, monomeric fragments able to
form cytotocic DNA adducts similar to cisplatin. However, a mechanism by which intact
polymer enters the nucleus to damage chromatin has also been pr{fsied As
alternative arriers to polymers, other systems such as dendrifi@6], mesoporous
silica nanoparticle (MSN)[187, 188] carbon nantotubgd46], andgold nanoparticles
[189, 190] as well as hybrid materials, have also been used to deliver platinum
complexes(see also sectiofh.3). Selective representative systems are summaiized

Table 1.4.
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1.4.3. Activation by pHsensitive release

The extracellular matrix of tumor tissue is slightly more acidic than that found in
normal tissue. This has been exploited for the design of severasemsitive drug
delivery systems, in which the low pH (6@5) [201] triggers rapid drug release and
uptake into target cellf202]. Drugs with pHdependent cytotacity profiles reduce
severe toxicities in normal tissues, which may lead to an improved therapeutic index.
Thioplatins [203], a group of platinum xanthate derivatives, are significantly more
cytotoxic if treated cancer cell cultures are maintained at pH 6.8 instead of pH 7.4. They
show potent antitumor activity simildo cisplatin in a xenograft model, but are better
tolerated than the clinical drug by the test animals. In stricatieity relationship
(SAR) studies a correlation was observed between biological activity and the basicity
(based on Ka values of theconjugate acids) of the pkesponsive leaving group.
Likewise, aminoalcohol[201] and 1,3dihydroxyacetone oxime204] have been
introduced with similar results (Figure 1.11). tBdeaving groups form fivenembered
N,O-chelates, which are inert at neutral physiological pH but become reactive under

slightly acidic conditions.

S. .S N e

. N N
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platinum xanthate complex  platinum aminoalcohol platinum 1,3-dihydroxyacetone
complex oxime complex

Figure 1.11.Representative examples of ygidnsitive platinum complexes.

38



Targeting acidic intracellular organell es

( pH &[158],. i® gnother strategy intensively investigated for targeted delivery of
anticancer agents. Unlike the acidic environment in the tumor extracellular matrix, the
low pH in these organelles accelerates hydrolysis of-labite functional groups,
including hydrazones, acetals, and amides, which are frequently used to conjugate
organic drugs to carrier molecules and materjd@®5]. Similar to platinum payloads
targeted at the loywH extracellular matrix, acithbile platinunicarboxylate
coordination has also been exploited to trigger release of platinum drugs by an
intracellular pH differential. Micellar vehiclef8] composed of polymers bearing
carboxylic acids, such as polypeptides, poly(methacrylic acid), andnadied
polysaccharides have been developed. These micelles are stabilized in circulation by
platinummediated crosinks between polymer stranddyut disintegrate as they
accumulate in acidic intracellular endosomal/lysosomal vesjtE3]. Fivemembered
N,O-chelates containing carboxylate show enhanced stability at neutral physiological pH
compared to carboxylate coordination alone. This observatias led to the
development of Prolindd¥, a poly(N-(2-hydroxypropyl)methacrylamide) (pHPMA)
based polyméplatinum conjugate, which is currently undergoing phase 1l clinical

trials[206].

A major problem with the delivery of anticancer agents whose major biological targets
are located in the cytosol or nucleus is their sequestration into, and degréyaaidic
organelle§207]. Incorporation of agents capable of disrupting the endosomal membrane,
like poreforming proteins and peptides, giiffering molecules, or fusogenic molecules,

into drug delivery systems may overcome this obstacle. An example of this concept is
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the use of pHsensitive liposomes containing fusogenic lipid
dioleoylphosphatidylethanolamine (DOPE), which promotes endosomal eRGfje

The cisplatinbased liposomal formulation showed increased activity in a human lung
cancer cell line compared with free cisplatin and was able to overcome reststdinee
clinical drug. On the other hand, a recent st{@99] suggests that the release of
platinum in acidic subcellular compartments may lead to improved potency. When
oxaliplatinbased (R,2R-diaminocyclohexane) platinum (1) waslelivered with
poly(ethyleneglycobb-poly(glutamic acicdhbased polymer, improved antitumor activity
was observed for the micellar formulation. This effect was ascribed to selective drug
release in the lysosomes, which allows the cytotoxic payload tossypgoplasmic
detoxification and accumale in the perinuclear regionThree representative
formulatiors activated in a pHlependent manner intracellularly are summarized in Table

1.5.

Table 1.5.PlatinumBasedrormulationsActivated byl ysosomaDegradabn

Platform Components Preclinical and clinical References
observations
Nanoparticle  Succinic acid Prolonged circulation, decreased [210]
decorated dextran, accumulation in normal tissues,
cisplatin, enhanced therapeutic efficacy in
doxorubicin tumorbearingmice
Dendrimer mPEGylated Formulation suppresses tumor  [174]
peptide dendrimer growth more efficiently than
w/ peripheral oxaliplatin without inducing
carboxyl groups, toxicity in a SKOW3 human
oxaliplatin ovarian tumor xenograft
Polymeric Poly(hydroxyprop Safety and efficacy have been  [100, 206]
prodrug ylmethacrylamide) demonstrated in phase I/1l clinica

( Pr oL i rwitriglycine side trials, superior efficacy of
chains, oxaliplatin ProLindac in several tumor
models, actsynergistically with
other cytotoxic agents in vitro
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1.4.4. Photochemical activation

The concept of spatially selective activation of anticancer agents at the tumor site with
light, known as photodynamic therapy, has also been applied to photochemically active
metal complexes. Irradiation of transition metal complexes with ultravisletsible
light generates excited electronic states, which lead to altered chemical re§21ivity
As a consequence, specific méligland bonds are weakened, giving rise to accelerated
bond dissociation and ligand exchange. Octahedral Pt(IV) complexes undergo various
photochemical transformations, including ligand substitutiorpmesization, and
reductive elimination to the corresponding squaemar Pt(ll) complexef211]. This
provides a means of caging the reactive Rh#3$ed drugs in their inert and nontoxic
Pt(IV) form and activating them as prodrugs selectively in tumors, which reduces damage
to normal tissue and systemic toxicjB12, 213] A major advantage of ligkdctivated
Pt(IV) complexes over traditional, singlet oxygperoducing photodynamic therapy (PDT)
is that the former mechanism is oxygen indepan@214], which has advaages in
treating hypoxic tumors. Photochemical activation of Pt(IV) complexes typically
requires shortvavelength (UVA) radiation, which does not penetrate tissue deeply
enough for treatment of neopical lesions[215]. (Two-photon excitation has been
proposed as a technique to overcome this drawfzd€q, see Table 1.6.) Represaiie

Pt(IV) complexes explored for applications in PDT are presented in Figure 1.12.

One of the first lightsensitive Pt(IV) complexes studied wasns,cis[PtClhl2(en)] (-
20), which readily loses its photolabile iodido ligands. The photoreduatse o¢f the
iodido ligands generates Pt(ll) complexes, which are able to form DNA-kon&sg214,

217,218]. Unfortunately, complexX-42 suffers from unexpected instability under cell
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culture conditions even in the absence of light, presaly due to intracellular reduction

by glutathiond214, 217, 218] As a consequence, light had no effect on the inhibition of
cancer cell proliferation by this compl¢&17]. Structural modification were made to
reduce the dark reactivity of the prototypical Pt(IV) complex in the presence of
intracellular reducing agents. This was achieved by introducing axial ligands (Y, see
Figure 1.12) that allow tuning the lipophilicity and redox potentialhef inetal. For
examplecis,trans[Ptl2(OAc):(en)] (1-43) [217], which contains axial acetato instead of
chlorido ligands, behaves inert when incubated withtbgius DNA for 6 h in the dark,

but readily forms DNA addkts in the presence of light. By contrast, use of hydroxide
ligands incis,trans[Ptl2(OH)2(en)] (1-44) gave a complex that was relatively unreactive

with DNA in the presence of ligi219].

Regardless of the nature of axial ligands none of the iodide complexes showed
sufficient dark stability in the presence of biological reducing agents. To address this
problem, the iodlo ligands were replaced with photolabile azido ligands. The Rt(IV)
azido complexes undergo tvebectron reductions to generate Pt(Il) species via release of
azide radicals, which further decompose inte [R20]. Pt(IV)i diazidodiam(m)ine
complexesdl-45 and1-46 are stable in serum for several weeks in the dark, and only their
photoreduction products react with DNA. The Pt{l&ido complexes overcome

cisplatin resistance in 5637 tman bladder cancer ce[B21].

The complextrans,trans,trangdPt(Nz)2(OH)2(NH3)2] (1-47), a geometric ismer of
compoundl1-45, was as cytotoxic as cisplatin in a number of cell lifig22, 223]
Replacement of one NHIligand with pyridine (py) to producdrans,trans,trans

[Pt(N3)2(OH)2(NH3)(py)] (1-48) resulted in markedlgnhanced phototoxicij224]. The
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compound showed an advantage over cisplatin in ¢isgansitive and cisplatin
resistant A2780 ovarian cancer cells off8f@l and 15fold, respectively{225]. NHs in

1-48 undergoes undesired photodissociation leading to the species with reduced
cytotoxicity [226, 227] This reactivity is not observed in trans,trans,trans
[Pt(N3)2(OH)(py)2] (1-49), which rapidly induces DNA crodimks and shows greatly

enhanced cytotoxicitj228-230].

1 1 1

L, 1l L, | \N L, | \N

Pt Pt ° Pt °

e 17| "Ny N3 | 'L
Y Y Y

1-42:L,=en, Y =CI" 1-45: L =NH3, Y =0H  1-47:L=NH; Y =0H
1-43:Ly=en, Y=AcO" 1-46:Ly,=en,Y=0H  1-48:L=NHg/py, Y =0H
1-44 :Ly,=en, Y = OH" 1-49: L =py, Y = OH

Figure 1.12.Examples of photochemically active Pt(IV) complekes.

Finally, to further improve the pharmacokinetic properties of the Htéxijlo
complexes, the prodrugs were attached to an amphiphilic block copolyraegh amide
linkages formed between the amine groups of the polymer and the dangling carboxylate
groups of succinato ligands installed in the axial positions of Pt{A3)l]. The
polymeric prodrug selassembles into micellar nanoparticles in aqueous solution, which
are stable irthe dark but spontaneously release active Pt(ll) species photoreductively

(Figure 1.13).
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1.4.5. Activation by bioreduction

Reactions of squatglanar Pt(Il) anticancer agents with biological nucleophiles other
than DNA are likely responsible for thesevere systemic toxicity. To overcome this
drawback, Pt(IV) complexes have been proposed early on a®xiorprodrugs that can
be activated by reduction to the corresponding Pt(ll) sp¢2R&. Because octahedral
Pt(IV) complexes are coordinaélly saturated and kinetically inert, ligand exchange
reactions with bionucleophiles in the blood can be suppressed to minimitaegeff
toxicity. As another potential benefit, Pt(IV) complexes show pharmacokinetic and

toxicity profiles favorable for @l delivery[239, 240]

Satraplatin[218] (cis,trans,cig[PtCl2(OAc)2(NHz)(cyclohexylamine)], also known as
JM216), is the paradigm of a clinicalevaluated oral platinum complex. Satraplatin
loses its axial acetato ligands in cells by reductive elimination. Modification of the axial
ligands with lipophilic moieties is an important means of tuning the
lipophilicity/hydrophilicity balance of the ntal complexes[241], which affords
molecules with both favorable solubility and membrane permedBdi#}. Lipophilic
groups are also beneficial for nanoencapsulation of the complexes (Figure [824A)

243]

The rate of redction of Pt(IV) prodrugs mainly depends on the nature of the axial
ligands and correlates well with Pt(IV)/Pt(ll) reduction potentigld2, 244, 245]
Carboxylato and hydroxido ligands typically give complexes with lower reduction
potentials and slower reduction rates than chlorido ligf2®s, 247] Strongly electron
withdrawing ligands may render the Pt(IV) complexes too reactMitaplatin[248], for

example, a Pt(IV) compound containing dichloroacetate (DCA) as axial ligands, which
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was designed to target both nuclear DNA and the mitochondriiergmes rapid ester
hydrolysis {12 = 2 h) when incubated in biological relevant media in the absence of
reducing agentf249]. This observation suggests that the complex may not enter cancer

cells intact, which would affect the synergisticiactof its components.

Importantly, the axial ligands can be turned into chemical handles for conjugating the
inert Pt(IV) prodrugs to macromoleculg50, 251]and nanesized particle§150, 154
252-254] (Figure 1.14B). Other bioactive molecu[@85, 256] such as valproic aci&9,

257, 258] estrogen258] and peptideg259-261], have also been introduced as axial
ligands, yielding multifunctional Pt(IV) complexes that damage cancer cells by
synergistic mechanisms or selectively target tumor tissue. ThB@lesummarizes
technologies developed for the delivery of Pt(IV) prodrugs and their incorporation into

multifunctional therapies.

Figure 1.14.(A) Encapsulation of lipophilic Pt(IV) prodrug within nanoparticles; (B)
covalent attachment of Pt(IV) prodrto nanoparticles.
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1.5. Goals of DoctoraResearch

While platinum acridine agents outperform cisplatin in cultured cells, they suffer from
poor pharmacokinetic properties, which result in limited efficacy and-degendent
sysemic toxicity. The overall goabf this research is to develop chemistriésitt will
enable new technologies to accelerate the preclinical development of plaitnigines
with improved druglike properties Toward this end,we set out to establish the
methodologies that allow thehemicalconjugation of platinuracridine derivaves to
other biactive molecules, such as turtargetedligands, so that theconsequent
conjugates are rendered with tumor selectivity, enhanced efficacy and reduced side
effects. To achieve this goal, conjugatable platiragndines with excellentytotoxicity

should be firstly identifiedFigure 1.15).

Biactive Molecules

T
L\ L O Cleavable linker
=

Pt R2 NH * Enzymatic substrate Lipophilic molecules
Cl" HN N X | * Pt-mediated hydrolysis Receptor ligands
Y H ’ Kinase inhibitors
R Polymers

Nitrile Fragment Acridine Fragment \ Non-cleavable linker
Functionalized Warhead

Tumor selective ligands

Figure 1.15.The schematic illustration of platinuacridine based conjugates.

In chapter 2we havedesignd a high-throughput library approadie search fopotent
functionalizedplatinumacridinesby taking advantage of a highly efficient platinrum

mediatedaminenitrile addition reactionThis approach enables us to rapidly assemble
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platinumacridines in a fragme#iiased manneand test them in cytotoxic assaysn
addition, thestructureactivity relationshipestablished in this study suggests that the
optimal sites dr further chemical conjugations are the side chains in nitrdety (R,
Figure 1.15 and acridine fragment(R?, Figure 1.15)the modications ofvhich cause

minimal interferencas platinumacridinesbind to DNA.

Next, we explored the conjugation chemistries the attachment of functionalized
platinumacridines to other molecelk. Two synthetic strategies haveen developed in
this dissertation(Figure 1.16).In chapter4, the estrogen receptor (ER) inhibitor
endoxifenwas tetheredto hydroxytmodified platinumacridineto sensitize ER positive
breast canceto platinum drugs. Theynthesisof the conjugates werachieved via the
A p-a e s e mhethgdd in whichthe platinum moiety is introduced aftall other
functional fragments were assembled irdoganic ligands However, synthesis of
platinum complexes according to this method appears to be higbtpmized which
prompted us to develop psemo di f i ¢ at i fornpl@atinumactidinesd Inthis
approach, theonjugatable platinuracridine analogues weligatedto other components
t hrough -digprh@d tidofjulgetian reactions The coppemediated click
chemistry was used in chapteto map the subcellular distribution ah azidemodified
platinumacridine derivative withfluorescent molecular probeontaining an alkyne
handle, which allows us to gain more mechnastic information about pla#noridines.
In addition we have devela an efficient coupling reactioin chapter6 to generate an
amide bond between carboxylic acid modified platirarrnidines and other bioactive
ligands containing amino groufhe modularityof this approacrenables the parallel

synthesis of a library ahultifunctionalplatinumacridine conjugates falrugscreening.
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For platinumacridine onjugates, we reasoned that the controteddase of cytotoxic
warheadsin tumor cancelis also important to their efficacy. A class of ediased
prodrugs of plahum-acridine were produced in chapter 5. The installation of ester group
is supposed tanprove the lipophilicity ofthe hydrophilic platinum complexes, and thus
presenting improved druigke properties. These prodrugs were found to be activated
through wo pathways: (1)metalassisted, ldoridetriggered ester cleavageand (2)

hCES2 mediated enzymatic cleavage.

Different from theapproaches relying gulatinumacridine conjugatesnother strategy
in this dissertation is to deliver platinsacridines using nanoliposomes, which have been
exploited to improve the therapeutical indice®f many other conventional
chemotherapeutic agents. We optimized the procedures to encapsutatestlogtotoxic
derivative and expected thaelivery vehiclefor platinumacridine analoguet® able to

overcome the drawbacks they currently experienced

Figure 1.16. (A) Construction of platnura cr i di ne conj-aagsad misl ywi t
method. (B) Constiction of platinuma cr i di ne conj wmpat ¢ s c avt it dvn
method.
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