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ABSTRACT 

   Unlike traditional cisplatin-type platinum-based anticancer drugs, platinum-acridine 

hybrid agents were designed as dual platinating/intercalating DNA-targeted cytotoxics, 

which are able to cause cancer cell death at low-nanomolar concentrations. 

Unfortunately, the preclinical development of these agents has been hampered by their 

severe systemic toxicity. The goal of this dissertation was to devise strategies that 

improve the drug-like properties of platinum-acridines and allow their safe delivery. To 

achieve this, several classical and newly developed synthetic methodologies have been 

used to generate functionally unique hybrid agents. Several model systems, whole-cell 

assays, and animal studies have been used in this dissertation to validate their design and 

demonstrate their utility as anticancer agents.  A modular screening platform was 

developed, based on a platinum-mediated amine-to-nitrile addition reaction, for rapid 

identification of functionalized platinum-acridine agents. These pre-screening assays 

produced functionalized ñwarheadsò while providing insight into structureïactivity 

relationships (SAR). Using several library members, we set out to explore synthetic 



 

XXV  
 

approaches to construct platinum-acridine-based conjugates. A chemically robust azide-

modified platinum-acridine was selected to validate the feasibility of copper-mediated 

and copper-free click chemistry as platinum-compatible conjugation reactions. This 

chemistry was used to attach fluorescent molecules to detect platinum-acridines in cancer 

cells by confocal microscopy. Both fluorophore tagging prior to incubation with cells and 

post-labeling methods were explored.  In addition, a hydroxyl-modified warhead was 

conjugated with endoxifen via a chemically stable carbamate bond to produce a highly 

active hybrid agent in estrogen receptor positive (ER+) breast cancer. In another study, 

lipophilic ester-based prodrugs of platinumïacridines were generated showing improved 

drug-like properties (e. g., partition coefficients, logD).  Two distinct pathways by which 

the target compounds can be activated have been confirmed by LC-ESMS and/or NMR 

techniques: (i) a platinum-assisted, self-immolative ester cleavage in a low-chloride 

environment, and (ii)  enzymatic cleavage by human carboxylesterase-2 (hCES-2). Highly 

efficient amide coupling reactions in platinum complexes were also developed. This 

modular approach can be used to assemble a diverse library of platinum-acridines 

containing other bioactive components, such as molecularly targeted therapies, targeted 

ligands, and chemosensitizers. Finally, liposomal encapsulation of platinum-acridine was 

achieved, and the formulations were evaluated in A549 lung cancer xenograft models in 

mice. Improved anticancer efficacy of one of the liposomal formulations compared with 

the free drug was observed in this assay.  In conclusion, the research in this dissertation 

has laid the foundation for the future preclinical development of platinum-acridines as 

oncology drugs by devising new synthetic methodology and providing proof-of-concept 

data in clinically relevant models of cancer. 
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CHAPTER 1 

INTRODUCTION  

 

 

1.1 Platinum based cancer chemotherapy 

   Since the serendipitous discovery of the anticancer activity of cisplatin, or cis-

diamminedichloroplatinum(II), platinum based drugs became the mainstay of 

chemotherapy for years. Table 1.1 and Figure 1.1 summarize relevant drugs and their 

liposomal formulations in routine clinical use, as well as agents that are currently being, 

or have been, evaluated in clinical trials. Cisplatin was the first platinum complex 

approved for the treatment of a broad range of cancers including non-small cell lung 

cancer, small cell lung cancer, testicular, ovarian and bladder cancer [1]. It is widely 

accepted that the intracellular activation of platinum drugs through aquation, which is 

sensitive to the concentration of physiological chloride ions, is important for subsequent 

DNA platination, with the preference to coordinate at the N7 position of guanine [2] 

(Figure 1.2). The induced conformational distortions in duplex DNA are recognized by 

many proteins that are involved in replication, transcription, and DNA damage repair, 

leading to aberrant signal transduction and consequential cell apoptosis [2, 3]. Aside from 

DNA associated cytotoxicity, recent evidence indicates that oxaliplatin, but not cisplatin, 

may be involved in modulating immune response by triggering immunogenic cell death 

(ICD) [4, 5]. It has been proposed that such a mechanism, in which the cancer cells killed 

by oxaliplatin act as cancer vaccines, may eliminate the residual, highly resistant cancer 
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cells and exert a long-lasting anticancer effect. These compelling findings prompted a 

new therapeutic paradigm for platinum based anticancer drugs [6, 7]. 

 

 

 

Figure 1.1. Clinically relevant platinum-containing anticancer agents. For current status, 

refer to Table 1.1. 
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Table 1.1. Platinum Complexes and Formulations in Clinical Use and Clinical Trials [1, 

8] 

 

 

 

Complex/Formulation Status Major Indications 

Cisplatin Worldwide clinical use Metastatic testicular and ovarian 

tumors, advanced bladder cancer 

Carboplatin Worldwide clinical use Advanced ovarian carcinoma 

Oxaliplatin Worldwide clinical use Metastatic colorectal cancer 

Nedaplatin Clinical use in Japan Small and non-small cell lung 

cancer, head and neck tumors, 

esophageal and bladder tumors, 

cervix carcinomas 

Lobaplatin Clinical use in China Breast, testicular, ovarian, small 

cell lung and gastric carcinomas, 

chronic myeloid leukemia 

Heptaplatin Clinical use in South 

Korea 

Gastric cancer 

Picoplatin Phase II clinical trials 

Phase III clinical trials 

Metastatic colorectal cancer, 

metastatic castration-resistant 

prostate cancer refractory or 

resistant ovarian cancer, 

refractory or progressed SCLC 

BBR3464 Phase II clinical trials Gastric and esophageal 

adenocarcinoma 

Satraplatin Phase II clinical trials Metastatic, androgen-

independent prostate cancer 

Lipoplatin (cisplatin 

liposome) 

Phase III clinical trials NSCLC, breast cancer, gastric 

cancer 

SPI-77 (cisplatin 

liposome) 

Phase II clinical trials Advanced NSCLC, refractory 

ovarian cancer 

MBP-426 (oxaliplatin 

liposome) 

Phase II clinical trials Gastric and esophageal 

adenocarcinomas 
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  Unfortunately, the efficacy of cisplatin is limited by its notorious systemic toxicities 

such as nephrotoxicity, neurotoxicity, ototoxicity and myelosuppression [9]. The reasons 

for these symptoms are multifold, but generally can be attributed to a lack of tumor 

selectivity of current platinum drugs. Additional limitations of platinum-based drugs are  

intrinsic and acquired tumor resistance [3]. Lack of responsiveness of platinum drugs can 

be caused by insufficient cellular accumulation [10]. Specific pathways for platinum 

drugs to enter into cancer cells include passive diffusion and uptake by cell membrane 

transporters [10] (Figure 1.2). Multiple transporters were found to participate in the active 

influx of platinum drugs, such as copper transporter 1 (CTR1) [11] and organic cation 

transporters (OCTs) [12]. Factors that impede cellular uptake result in reduced levels of 

platinum in cancer cells, which is correlated with the ineffectiveness of these drugs [10]. 

Active efflux, likewise, plays an important role in platinum drug resistance. Cancer cells 

with overexpressed efflux proteins, including multidrug resistance 1 (MDR1), multidrug 

resistance protein-1 (MRP1, also known as ABCC1), multidrug resistance protein-2 

(MRP2, also known as ABCC2) and copper efflux transporters ATP7A and ATP7B, may 

lose their sensitivity to platinum drugs [10]. Once platinum complexes have entered into 

cancer cells, detoxification by various cytoplasmic thiol-containing nucleophiles is 

another barrier for them to overcome before reaching their cellular target, nuclear DNA 

[13]. The major scavengers in this category is glutathione, the tripeptide that avidly binds 

to platinum center via cysteine sulfur, which is likely facilitated by glutathione S-

transferase (GST) [14]. Likewise, elevated levels of thiol-containing proteins, such as 

metallothioneins, may lead to platinum drug resistance as well [3].  
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   The resistance to platinum drugs may also be triggered after the formation of platinum-

DNA adducts. In the case of cisplatin, the major adducts are intrastrand 1,2-crosslinks, 

which bend the DNA duplex significantly towards the major groove. This distortion 

produces a wide minor groove, which is preferentially recognized by DNA damage 

recognition proteins [3]. An extensive body of evidence suggests the involvement of 

DNA repair machineries in causing increased tolerance to platinum-induced DNA 

damage by removing platinum-DNA adducts, including nucleotide-excision repair (NER), 

base excision repair (BER), mismatch repair (MMR) and double-strand-break 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 cross-complementing-1) and XPF (xerodermapig mentosum 

complementation group F), are being used as predicative biomarkers of cisplatin 

resistance in the clinic [15, 16]. Cancer cells with deficient DNA repair systems were 

found to be hypersensitive to platinum drugs. Abnormal apoptotic signaling pathways, 

moreover, which are associated with various proteins such as p53, anti-apoptotic and pro-

apoptotic proteins, may result in platinum drug resistance in cancer cells [17].  

   To overcome the abovementioned limitations, several strategies have been proposed for 

safer and more effective platinum based anticancer agents.  The first approach is based on 

the assumption that certain types of platinum-DNA adducts, which cause unique 

conformational distortions, may be biologically more significant than others. To tune the 

structural distortions produced by platinum(II) in dsDNA, variation was made to (i) the 

ligand sets (non-leaving groups), (ii) the stereochemistry, (iii) the nuclearity, (iv) and the 

ability of the complexes to form cross-links vs. monofunctional adducts (see 1.2.1). 
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Thousands of derivatives have been synthesized and tested since the FDA approval of 

cisplatin. In another approach, cisplatin-type agents have been linked to tumor selective 

carriers, such as folic acid, polymers and nanoparticles. In addition, multifunctional 

platinum agents, which contain other bioactive molecules may help to overcome 

resistance mechanisms and sensitize tumors to these drugs. Some examples of these 

strategies will be discussed in the later parts of this dissertation.  

 

Figure 1.2. Cellular uptake, detoxification and active efflux of cisplatin. 

 

 

1.2. Platinum(II) Based Anticancer agents 

1.2.1 Traditional platinum (II) complexes 

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

evaluated as effective anticancer candidates with reduced systemic toxicity [1]. Like 
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cisplatin, these analogues contain two leaving ligands, which leads to the formation of 

similar intrastrand or interstrand crosslinks in DNA, thereby inhibiting DNA replication 

and transcription. Modifications in the coordination sphere of cisplatin include variations 

of non-leaving ammine groups and leaving ligands.  The replacement of leaving ligands 

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 

idea led to the development of carboplatin (Figure 1.1), a second-generation cisplatin 

analogue bearing dicarboxylate as the leaving groups. Carboplatin shows less toxic side 

effect than cisplatin, even though it produces identical platinum-DNA adducts. The 

success of carboplatin spurred the design of many platinum complexes containing 

(di)carboxylate leaving groups [18]. Alternative leaving ligands such as acetylacetonate 

(acac) and ɓ-diketonates (Figure 1.3, 1-1, 1-2) have also been reported in platinum 

anticancer agents [19].       

   The anticancer efficacy of platinum drugs is closely associated with the platinum-DNA 

adducts they produce. Variations of the non-leaving ammine groups of cisplatin can lead 

to platinum-DNA adducts with disparate steric hindrance and conformational changes in 

target DNA, which might not be recognized by the proteins that contribute to cisplatin 

induced cytotoxicity. Therefore, replacement of one or two of the non-leaving ligand may 

help to create platinum complexes that maintain sensitivity in tumors resistant to cisplatin. 

One successful example is oxaliplatin (Figure 1.1), in which DACH (trans-1,2-

diaminnocyclohexane) was selected as the non-leaving group. The bulky DACH ring in 

oxaliplatin occupies most of the DNA major groove, leaving a narrow groove surface and 

thus resulting in platinum-DNA adducts processed differently from cisplatin [3]. 
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Oxaliplatin has been approved worldwide for the treatment of colorectal cancer and 

showed no cross-resistance with cisplatin. It should be noted that the non-leaving ligands 

also influence the lipophilicity [18] and the aquation rate [18, 20] of platinum complexes, 

which overall can aid to circumvent platinum drug resistance. In particular, picoplatin 

(Figure 1.1) was found to overcome glutathione-mediated detoxification due to its bulky 

2-methyl pyridine (picoline) ring. In picoplatin, the methyl group is situated right above 

the metal center, which protects platinum from attack from intracellular sulfur 

nucleophile. Several examples of traditional cisplatin type complexes are summarized in 

Figure 1.3. 

   Lack of tumor selectivity is a major reason for the severe systemic toxicity of cisplatin. 

To produce tumor targeted platinum-based anticancer agents, molecules with a high 

affinity for cancer cells have been incorporated into platinum complexes as non-leaving 

ligands. These ligands include peptides [21] (Figure 1.3, 1-8), estradiol (Figure 1.3, 1-9 

and 1-10) [22-24],  and folic acid (Figure 1.3, 1-11) [25]. The presence of these ligands 

allows the platinum complexes to be recognized by receptors overexpressed on the cancer 

cell surfaces and enhance their uptake into tumors. Targeting moieties can also be 

introduced as leaving groups in platinum complexes. Since most of them are bulky, the 

dissociation of the platinum moiety from the tumor targeting ligands in cancer cells 

assures that the carrier does not interfere with the DNA binding of the platinum 

ñwarheadsò. Examples of these platinum complexes are shown in Figure 1.3.  Apart from 

these tumor selective carriers, bioactive ligands, such as tarmoxifen analogues [26] 

(Figure 1.3, 1-12), were installed in platinum complexes, which were expected to act 
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synergistically with platinum complexes to sensitize resistant breast cancers to platinum-

based agents.  

 

 

1.2.2. Non-traditional platinum(II) -based anticancer agents 

 

1.2.2.1. Transplatin analogues 

   The reasons for the poor anticancer properties of the trans isomer of cisplatin, 

transplatin (Figure 1.4), have been investigated for decades [27]. Unlike its cis congener, 

transplatin is unable to form stable intrastrand 1,2-crosslinks in the DNA helix due to 

geometric constrains [28], while the formation of intrastrand 1,3-crosslinks has been 

observed [29]. The major platinum-DNA 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 due to a 

mutual trans effect of the chloride ligands, however, the removal of the second chloride 

ligand trans to a ligand, low in the trans-effect series such as water or DNA nitrogen 

appears to be difficult [30]. The ineffectiveness of transplatin, despite its ability to 

modify DNA, emphasizes the importance of the type of platinum-DNA adduct for the 

biological outcome of platinum-based anticancer drugs. The higher chemical reactivity of 

transplatin also facilitates the interaction with many intracellular nucleophiles, such as 

GSH, which accelerates the deactivation process and results in poor biological activity 

[28]. 
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   Active trans-platinum complexes can be generated by substituting one or two NH3 

ligands with steric hindered amines [27].  These bulky ligands are able to reduce the 

reactivity of transplatin analogues in blood and stabilize the platinum-DNA adducts they 

produce. Representative examples of active transplatin analogues are shown in Figure 1.4. 

The first cytotoxic transplatin analog reported (trans-[PtCl2(NH3)(pyridine)])  contains a 

pyridine ring and exhibits comparable cytotoxicity with cisplatin [31], which inspired the 

synthesis of numerous platinum complexes with trans geometry bearing planar 

heterocyclic ligands, such as quinoline, isoquinoline, and thiazole [27]. The platinum-

DNA adducts produced by these analogues include monofunctional adducts, interstrand 

and intrastrand crosslinks [27, 28], which elicit biological responses distinct from 

cisplatin and in cell lines overcome resistance to platinum drugs used in the clinic [28]. 

Other ligands containing N-donor groups, for instance, iminoethers [32], aliphatic amines 

[33] and heterocyclic aliphatic amines [34], have been used in the design of transplatin 

analogues as well, most of which display cytotoxicity in the micromolar range even in 

cell lines resistant to cisplatin [35]. Another intriguing feature of transplatin analogues 

lies in their ability to induce ternary DNA-protein adducts, which also potentially 

contribute to their cytotoxicity [35]. 
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Figure 1.4. Structures of transplatin and active analogues (ipa = isopropyl amine). 

 

 

1.2.2.2. Monofunctional platinum complexes 

   Early empirical structure-activity relationships (SAR) ruled out the possibility of using 

monofunctional platinum complexes as clinically useful anticancer agents [36]. Most of 

the monofunctional platinum complexes share the general formula cis-[Pt(Am)2(L)Cl] +, 

in which one chloride ligand is the only labile ligand, which leads to the formation of 

monofunctional adducts with DNA. Early efforts to develop monofunctional platinum 

complexes resulted in many complexes unfortunately inactive both in vivo and in vitro 

[37-40]. Some of them are listed in Figure 1.5 (complexes 1-20, 1-21, 1-22, 1-23). The 

concept of monofunctional platinum complexes, however, was recently revisited. The 



 

13 
 

cationic complex cis-[Pt(NH3)2(Pyridine)Cl]+, also known as pyriplatin, was used in a 

study to demonstrate that the cytotoxicity of cationic platinum complexes  correlates with 

the level of organic cation transporters (OCTs) expressed by colon cancer cells [41]. 

Although much less potent than cisplatin in a number of cell lines, pyriplatin exhibited a 

distinct spectrum of activity [41, 42]. The DNA adduct formed by pyriplatin (1-24), 

revealed in a crystal structure of a site-specifically platinated DNA, cause less local 

distortions in dsDNA compared with crosslinking platinum anticancer agents. It was 

proposed that this feature may protect the adducts from removal by the DNA repair 

machinery [41, 43] and overcome tumor resistance. Additional mechanistic studies 

revealed a relationship between the cytotoxicity of pyriplatin and its capacity to stall 

RNA polymerase II (RNA pol II), subsequently inducing transcription inhibition and cell 

death [41]. The crystallographic analysis suggested the increase in the steric bulk of the 

amine ligand may increase the transcription inhibition. This finding prompted a drug 

screen based on a small library of monofunctional platinum complexes bearing 

heterocyclic ammine ligands with various steric hindrance [44]. In this study, the 

phenanthridine derivative, cis-[Pt(NH3)2(phenanthridine)Cl]+ (NO3
-), (phenanthriplatin 

(1-25)), was the most potent analogue identified, and its unique anticancer spectrum was 

confirmed in the NCI-60 cancer cell line panel [44-46]. The cell killing ability of 

phenanthriplatin, on the basis of IC50 values, is 4-40 times higher than that of cisplatin. 

The discovery of phenanthriplatin led to the development of other monofunctional 

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

 

 

1.2.2.3. Polynuclear platinum(II) complexes 

   Polynuclear platinum(II) complexes represent a novel class of platinum based drugs 

with structural features derived 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 monofunctional trans-[PtCl(NH3)2]
+  moieties bridged by a tetra-amine trans-
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[Pt(NH3)2(NH2(CH2)6NH2)]
2+  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 are separated by up to 4 base pairs.  In particular, the intrastrand 

crosslinks are formed in both 3ôŸ3ô and 5ôŸ5ô directions, which are distinctly different 

from other known platinum-DNA adducts [50]. This novel DNA binding mode finally 

leads to Z-DNA like structure around the platinated sites. This type of distortion is not 

recognized by high mobility group HMG1 proteins, which are known to contribute 

substantially to the cytotoxicity of cisplatin [50]. BBR3464 showed higher potency than 

cisplatin when tested in a broad range of tumor cell lines and overcomes resistance to the 

clinical drugs [51]. The effective doses in xenografts in mice ranged from 0.3-0.6 mg/kg, 

which caused significant tumor regression in several tumor models [51]. BBR3464 is the 

only non-cisplatin platinum complex that entered into phase II clinic trials with 

manageable toxicity̆ however, its narrow therapeutic index prevented it from advancing 

to the next stage [48].    

   Variations in the tetramine platinum linkers in BBR3464 with polyamines gave rise to 

exceptionally cytotoxic dinuclear analogues [49, 50]. Notably, the positive charges and 

the ability to form hydrogen bonds of these connectors seemed to play important roles in 

determining the anticancer efficacy. One lead complex is BBR 3610 (1-27̆ Figure 1.6) 

with a spermine analogue as the linker, which was designed to perform in a similar way 

to BBR3464 [52]. Other alternative bridging ligands include steric hindered polyamine 

(1-29) [53]̆aromatic (1-30) [54] and heterocyclic ring systems (1-31 and 1-32̆ Figure 

1.6)  [55]. Replacement of  the leaving ligand chloride with NH3 or other dangling 

amines resulted in a new class of substitution-inert platinum complexes [48]. The lead 
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complex in this class is TriplatinNC, of which the square planar tetraamine platinum 

moiety is able to form ñbidentateò N-O-N hydrogen bonds with the oxygen in phosphate. 

This distinct non-covalent binding mode, known as ñphosphate clampsò [56], displays 

high affinity with DNA and leads to nucleic acid compaction [57]. The prototype 

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

tumor cell lines independent of p53 status and the level of GSH in cells [58, 59]. High 

cellular accumulation acts as another parameter contributing to the cytotoxicity of 

TriplatinNC [60]. The uptake of the substitution-inert, highly charged platinum 

complexes is mediated by heparin sulfate proteoglycan (HSPG) [60, 61], since HSPG is 

overexpressed in tumor cells, this unique recognition mechanism may confer tumor 

selectivity to TriplatinNC analogues. Moreover, the nucleolar localization of TriplatinNC 

was also determined [62, 63], linking its anticancer effect to the inhibition of RNA 

polymerase I mediated synthesis of ribosomal RNA (rRNA) [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 from the traditional bifunctional 1,2-

intrastrand cross-links has led to the discovery of many new types of non-classical 

platinum anticancer complexes with different DNA binding modes. Inspired by these 

designs, attempts to combine DNA intercalation and platination in one molecule led to 

the creation of platinum-acridine agents [64-66]. One prototypical complex in this class is 

PT-ACRAMTU ([PtCl(en)(ACRAMTU)](NO3)2, en = ethane-1,2-diamine, ACRAMTU 

= 1-[2-(acridin-9-ylamino)ethyl]-1,3-dimethylthiourea, Figure 1.7, 1-34) [65], which 
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features a single chloro leaving group and a sulfur donor containing linker that connects  

the intercalator to the metal, allowing the formation of monofunctional adducts. The best 

biological activity was achieved when N-methylethylenediamine was selected as the 

main component of the linker (~ 4 fold more potent than cisplatin in NCI-H460 cells), 

which is flexible enough in this case to platinate DNA base pairs adjacent to interaction 

sites, and thus favor the dual-binding mode involving both DNA intercalation and 

platination [67]. Extension of the linker chain reduces the rate of platination step, and 

results in reduced cytotoxicity [68]. Other properties of PT-ACRAMTU, such as the 

cationic nature and DNA affinity of the acridinium moiety, seem to allow efficient uptake 

into cancer cells and in nuclear accumulation and rapid DNA binding.  PT-ACRAMTU 

proved to be more active than cisplatin confirmed by clonogenic growth and cell 

proliferation assays, with IC50 in the low-micromolar and submicromolar range across a 

broad range of cancer cells, including ovarian, lung, colon, breast, pancreatic, and brain 

cancers [65, 69-71]. Submicromolar activity of PTïACRAMTU was also found in cancer 

cells with aberrant p53 and k-ras gene status, which are typically resistant to cisplatin 

[72].  

   Unfortunately, PT-ACRAMTU was unable to slow tumor growth in a mouse xenograft 

model. This prompted extensive SAR studies to identify second generation platinum-

acridines with enhanced activity in vitro and in vivo. Structural modifications were made 

to the platinumïintercalator linker, the acridine moiety itself, the non-leaving groups, and 

the donor group through which the intercalator is attached to the metal (Figure 1.7B) [70, 

73-75]. The most striking cytotoxic 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 

lines[68]. The significantly improved activity of these hybrids in vitro has been attributed 

to their ability to produce adducts in double-stranded DNA more rapidly than either PTï

ACRAMTU or cisplatin [77].  In addition, unlike bifunctional cisplatin type complexes, 

only minor DNA conformational perturbations were induced by the DNA adducts of 

platinum-acridines, as confirmed in an NMR solution structural study [78], suggesting 

that these DNA adducts are recognized and processed differently by intracellular proteins. 

Although the superior cytotoxicity of the second-generation platinum-acridines finally 

translated into inhibition of tumor growth in vivo, like other platinum-based anticancer 

agents, they remained quite toxic to test animals [76]. This drawback obviously restricts 

the development of platinum-acridines as anticancer drugs. To address this limitation, 

tumor-targeted approaches and prodrug concepts will be explored in this dissertation in 

an attempt to turn the platinumïacridine hybrid agents into systemically less toxic tumor 

selective warheads.  
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Figure 1.7. (A) Structure of PT-ACRAMTU. (B) Variations in platinum-acridine 

analogues for structure-activity relationship (SAR) studies. (C) Cytotoxcity enhancement 

in the first and second generation of platinum-acridines. 

 

 

1.3. Drug Delivery Systems for Platinum Based Anticancer Drugs 

   Like other cytotoxics, the ñplatinumsò often show unfavorable pharmacokinetic 

properties, which result in inefficient delivery to the diseased tissue and undesired off-

target effects.  To overcome these drawbacks, various drug delivery carriers have been 

developed in which platinum drugs are chemically attached to tumor-targeting carriers or 

physically encapsulated inside nano-sized particles. Targeted delivery vehicles developed 

for platinum-based anticancer drugs have recently been reviewed in the literature [79, 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 range of carriers have been introduced to 

deliver platinum-based agents, including peptides, receptor ligands, and monoclonal 

antibodies, which are actively recognized by cancer cells.  Polymers and nanoparticles 

enhance the passive accumulation of platinum drugs at the tumor site by exploiting the 

enhanced permeability and retention (EPR) effect. This effect, termed ñpassively targetedò 

in the literature, has been confirmed in animal models [81] and observed in patients who 

are treated with intravenous liposomal doxorubicin (Doxil) [82]. It should be noted 

though that the exact role of the EPR effect in the treatment in humans is still being 

debated [81]. To further improve tumor uptake of cytotoxic platinum, tumor-targeting 

ligands have been engineered on the surface of nano-sized drug delivery vectors. The 

selective interactions between the ligands and the receptors, which are commonly 

overexpressed in tumor sites, are proposed to mediate endocytosis, and improve the 

therapeutic index [83]. Nevertheless, the advantages of targeted over non-targeted 

nanoparticles in vivo are not conclusive and several studies have generated conflicting 

results [84]. 

 

1.3.1. Polymeric Micelles 

   Polymeric micelles are self-assembled core-shell structures composed of amphiphilic 

block copolymers in aqueous solution at the concentration above their critical micelle 

concentrations (CMC) [85]. Unlike those based on small molecule surfactants, the CMCs 

of polymeric micelles, generally, are much lower, which indicates higher stability against 

dissociation caused by dilution in a large volume of body fluid in vivo [85, 86].  

Polymeric micelles as drug carriers have been employed to deliver many anticancer drugs, 
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such as doxorubicin, paclitaxel, camptothecin, which resulted in improved anticancer 

efficacy and reduced adverse effects [87]. In particular, due to hydrophobic interactions 

with the core of micelles, drugs with poor water solubility can be encapsulated in 

micelles with high loading capacity; as a result, micellar encapsulation became one of the 

most useful strategies to solubilize hydrophobic drugs and improve their bioavailability 

[87]. By contrast, the micellation of hydrophilic compounds in the hydrophobic core has 

been problematic due to the weak interactions between the drugs and lipophic segments 

[86, 87]. Stability is another concern when designing a micellar formulation. Accelerated 

dissociation of micelles may take place under high ionic strength conditions, such as in 

blood, or in the presence of serum proteins, inducing pre-mature release of payloads 

before they reach tumor sites. This limitation can be partly overcome through cross-

linking amongst unimers [87]. Notably, the extent of crosslinking not only influences the 

stability, but can be also used to tune the rate and profile of drug release. 

   Several micellar formulations for platinum drugs are in various phases of clinic trials 

and show promising anticancer efficacy [8]. Successful micellation of platinum 

complexes with conventional amphiphilic block copolymers, such as PEG-b-PCL [88], 

requires hydrophobic modification, which can  be achieved by incorporating lipophilic 

ligands as leaving groups in Pt(II) analogues or as the axial ligands in Pt(IV) prodrugs 

[89]. Polymers with polyionic segments [90, 91], as alternative delivery vectors, can 

spontaneously form polyionic complex micelles (PICs) with cationic platinum complexes 

in aqueous solution as a result of electrostatic interactions and coordination bonds [92, 

93]. Due to electrostatic neutralization, platinum complexes were found to localize to the 

core of micelles [93, 94]. Moreover, the bifunctional cisplatin type platinum complexes 
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can act as cross-linkers in PICs, which may further stabilize the micelles in circulation 

and lead to drug release in a controllable manner [93].  The examples and relevant 

chemistry of platinum loaded micelles will be discussed in detail in sections 1.4.2 and 

1.4.3.  

 

1.3.2. Polymeric Based Prodrugs 

   The covalent attachment of anticancer agents to the backbones of polymers has been 

demonstrated to be an effective strategy to improve their bioavailability [95, 96]. Several 

promising polymer-drug conjugates are currently undergoing clinical studies [8].  The 

tissue selectivity of the loaded drugs is dominated by the hydrophilic polymers, which 

prolong circulation and are able to accumulate at tumor sites by taking advantage of the 

EPR effect [97]. To further improve their anticancer efficacy, tumor specific moieties can 

be incorporated into prodrugs, allowing enhanced tumor uptake [97]. The concept of 

polymeric prodrugs has already been applied in the delivery 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 selective drug release. In addition, platinum complexes can be attached to 

polymers containing carboxylate and amino groups. The most successful polymeric 

platinum prodrug so far is Prolindac [99-101], in which DACHPt, the [Pt (DACH)]2+ 

fragment of oxaliplatin, is attached to N-(2-Hydroxypropyl) methacrylamide (HPMA) 

[96] through an amidomalonate chelating group (Figure 1.8) [100]. This conjugate 

demonstrated ability to induce tumor regression in several xenograft models [101], and 

was well tolerated in phase I clinic studies without significant toxicity [102]. Other 
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polymers exploited for this purpose include polyphosphazenes [103], cyclodextrins [104], 

polyamino acids [105] and polysaccharides [106]. Additionally, dendrimers [107], 

representing a unique class of dendritic polymers, can be used in a similar way [108-110]. 

Attractive features of dendrimers that make them promising drug delivery systems 

include highly uniform structures, narrow size distribution and sufficient surface 

functional groups available for drug tethering.  

 

Figure 1.8. Examples of polymeric prodrugs for platinum drugs. 

 

1.3.3. Liposomes 

   Liposomes are nano-sized, spherical and enclosed bilayer structures with superior 

biocompatibility and low toxicity [84, 111]. They are mainly composed of phospholipids 

and cholesterol and can encapsulate hydrophilic small molecules in their aqueous cores 

and hydrophobic drugs within their phospholipid bilayers [84, 111]. Biomacromolecules, 
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such as therapeutic proteins [84] and nucleic acids [112], which are susceptible to 

enzymatic degradation and poorly penetrate membranes, can also be effectively loaded 

and delivered by liposomal formulations, leading to enhanced in vivo efficacy. In addition 

to the therapeutics, magnetic resonance imaging (MRI) contrast agents can be 

incorporated into liposomes as well for disease diagnosis and MRI-guided 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 successful product is Doxil, the liposomal formulation of 

doxorubicin used in the treatment of Kaposi's sarcoma, breast cancer, and ovarian cancer 

with significantly reduced cardiotoxicity compared to the free drug.   

   Liposomal formulations of platinum-based agents, such as cisplatin and carboplatin, 

have been extensively studied, with several promising candidates currently tested in 

clinical trials (Table 1.3). One challenge in generating liposomal formulations of 

platinum drugs is to achieve a high drug-to-lipid ratio [115]. Since most platinum drugs 

are barely soluble in organic solvents, they cannot be loaded by the common procedure 

used for paclitaxel [116], according to which the lipophilic drug is first dissolved along 

with the lipids in an organic solvent such as chloroform. Platinum complexes are 

normally encapsulated by passive loading [117, 118]. In this process the aqueous solution 

containing platinum complex is used to hydrate a pre-formed lipid film to produce 

platinum loaded liposomes. However, this method usually suffers 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 complexes [119]. To 

increase their water solubility, platinum complexes can be converted to aqua-species by 
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reacting them with silver nitrate, in which the chloride ligand is replaced by water [120]. 

This conversion also renders the cisplatin-type complexes cationic, which improves their 

ability to interact with negatively charged lipids, such as DPPG, through electrostatic 

interactions [115]. Liposomes developed according to this strategy showed an 

unprecedented drug-to-lipid ratio of 2.5 and 1000-fold higher cytotoxicity in cell based 

assays [115]. Lipophilic modification of platinum complexes is an alternative strategy to 

improve drug loading. In this case, lipophilic ligands, including fatty acids [121], 

phospholipids [122] and carboxylic acid-modified cholesterol [123], are incorporated 

through ligand-exchange reactions, producing amphibious platinum complexes that can 

self-assemble into phospholipid bilayers. 

   Leakage of the entrapped molecules from the liposomes during circulation would 

produce undesired systemic toxicity. To avoid premature release in vivo, structural 

modifications are made to the lipid bilayers. For example, incorporation of cholesterol 

can  reduce the fluidity of the membranes, leading to decreased leakage of the payloads 

from the liposomes [124]. Alternatively, phospholipids with high phase transition 

temperatures, which undergo gel-to-liquid-crystalline phase changes above physiological 

temperature, also stabilize the bilayers [117]. Furthermore, drug retention is also affected 

by the type of payload. Excellent drug retention properties are observed in Doxil, for 

example, in which doxorubicin is encapsulated with a high loading capacity due to 

loading technique that takes advantage of a trans-membrane pH/salt gradient [82]. The 

exploitation of trapping agents, such as EDTA [125] and dextran sulfate [126], which 

form inclusion complexes with the payload inside the liposomes, can improve the drug 

retention as well.  
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Table 1.3. Liposomal Formulations for Platinum Drugs.  

Formulation Drug Status Indications Reference 

Lipoplatin Cisplatin Phase III NSCLC, breast cancer, 

gastric cancer 

 

[133] 

SPI-077 Cisplatin Phase II Advanced NSCLC, 

refractory ovarian cancer 

 

[134] 

Aroplatin 

(L-NDDP) 

aroplatin Phase II Refractory colorectal 

cancer, malignant pleural 

mesothelioma 

 

[135] 

Lipoxal Oxaliplatin Phase I Advanced gastrointestinal 

cancer 

 

[136] 

MBP-426 Oxaliplatin Phase II Gastric, gastroesophageal, 

esophageal 

adenocarcinomas 

[137] 

 

 

   Another factor that influences the therapeutic responses of liposomes is their release 

properties at the disease sites.  Formulations with poor release rates are unable to deliver 

adequate amount of drug to the diseased tissues, which limits their bioavailability. This 

has led to the discontinuation of clinical trials of SPI-077 (Table 1.3), a liposomal 

formulation of cisplatin lacking in vivo antitumor efficacy due to insufficient drug release, 

in spite of improved pharmacokinetics and reduced side effects [138]. This issue has been 

resolved in lipoplatin, another liposomal cisplatin, which uses DPPG as one of the lipid 

components. Because of the fusogenic DPPG, lipoplatin delivers platinum drug into 

cancer cells through a membrane-fusion mechanism [133]. In addition, controlled release 

from liposomes can be achieved when they are incorporated with various triggers in 

response to environmental stimuli, such as heat, light, ultrasound, enzymes, and local pH 

[111].   
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   Short circulation times are frequently observed in conventional liposomes. This 

drawback can be attributed to the rapid recognition of liposomes by the mononuclear 

phagocyte system (MPS), such as hepatic Kupffer cells and splenic macrophages, which 

leads to rapid clearance and reduced accumulation of drugs in targeted organs [83, 139].  

The non-specific uptake by MPS is likely to be associated with opsonin, the serum 

protein that can bind with liposomes, causing uptake into liver and spleen [139]. The 

half-life of liposomes in circulation is to a large extent determined by the 

physicochemical properties of lipid bilayers. For example, small liposomes with sizes 

less than 100 nm have been demonstrated to evade scavange by MPS and show 

prolonged circulation time [140]. Liposomes bearing negative charges interact more 

readily with serum proteins than the cationic or neutral ones, showing rapid recognition 

by MPS, and are normally more toxic [141].  Long circulation time can be achieved by 

hydrophilic modification with polyethylene glycol (PEG). This leads to so-called ñstealthò 

liposomes, in which PEG provides a protective, hydrophilic shield that prevents the 

interaction of liposomes with proteins in blood [83, 142].  The ability of long-circulating 

liposomes to accumulate in tumors has been documented in thousands of publications, 

and has been attributed to enhance permeability and retention (EPR) effect. Nevertheless, 

it should be noted that rapid blood clearance may occur if the dose of PEGylated 

liposomes is very low, which is caused by an undesired immunogenic response, known as 

the ñaccelerated blood clearance (ABC) phenonomonò [142].  
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1.3.4. Nanotubes 

   Carbon nanotubes (CNTs) have been used as drug delivery systems in an attempt to 

overcome the dose-limiting toxicity of platinum-based drugs [143, 144]. They are tubular 

structures on the nanometer scale with high surface area, and relatively large interior 

cavities. CNTs can be further categorized into single-walled nanotubes (SWNTs) and 

multi-walled nanotubes (MWNTs) [144]. Although most nanotubes show little 

cytotoxicity, their biocompatibility remains as major concern for in vivo applications 

[145]. Ultra-short CNTs, 20ï80 nm in length and 1.4 nm in diameter, seemed to be more 

bio-compatible than the full-length CNTs [146, 147]. Both the exterior wall surface and 

the interior space in CNTs can be used to load various drugs for improved efficacy [143].  

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 action [148]. This approach actually turns out to be 

challenging for loading hydrophilic platinum complexes, such as cisplatin, which are 

inherently incompatible with the hydrophobic cavities of CNTs. In this context, high 

loading capacity would be achieved by selecting the corresponding more lipophilic Pt(IV) 

prodrugs as alternatives [149, 150] (Figure 1.9, 1-38). To prevent  rapid drug leakage of 

nanotubes from occurring in circulation, the openings of CNTs can be blocked by 

molecular caps; this also allows the release of platinum complexes in a controlled way at 

disease sites [151]. In addition, platinum complexes can be tethered to CNTs through 

covalent bonds, which requires surface modification of CNTs with carboxylic acid [151] 

(Figure 1.9, 1-39), in which case the release of platinum complexes relies on ligand 

exchange. This will be discussed in more detail in section 1.4.2. Apart from their 
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extraordinary capacity to retain payloads, the transmembrane penetration of CNTs was 

found to occur via a ñnanoneedleò mechanism as a complementary pathway to 

endocytosis [152], which may help minimize undesired entrapment of platinum drugs in 

the lysosomes. Incorporation of PEG [153] (Figure 1.9, 1-40) as a surface modification 

not only improves the biocompatibility of CNTs and prolong their circulation times, by 

evading the recognition of MPS, but also may improve their dispersity in biological 

media. CNTs containing targeting moieties [154, 155], such as folic acid (Figure 1.9, 1-

41), have been demonstrated to preferentially accumulate at tumor sites, and result in 

significant tumor regression in mice xenograft compared with controls.  

 

 

Figure 1.9. Examples of nanotube as delivery vectors for platinum drugs. 
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1.4. Target-Selective Activation of Platinum-Based Anticancer Agents 

   A successful drug delivery system requires structural integrity of the formulation in 

circulation and selective release of cytotoxic payload in tumor tissue.  Several validated 

strategies for the targeted release of non-metal-based anticancer agents can also be used 

for delivering platinum complexes.  These involve installation of pH-sensitive [156, 157], 

hypoxia-labile [158, 159], and enzymatically cleavable linkers [160, 161].  In platinum-

containing targeted therapies, additional metal-centered reactivities exist such as ligand 

exchange, redox reactions, and electrophilic/Lewis-acidic bond activation, which can be 

exploited for drug delivery applications.   

 

 

1.4.1. Controlling solution reactivity 

   The reactivity of platinum-based 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.  As mentioned above, the coordinative PtïN 

bonds between cisplatin and DNA require intracellular aquation.  By contrast, undesired 

reaction of cisplatin with thiol-containing molecules, such as GSH, which causes off-

target effects and tumor resistance, proceeds without aquation [162, 163].  Relative 

ligand affinities can generally be predicted from the hard and soft acids and bases 

principle (HSAB) [164].  The bonds formed between Pt(II) and cysteine thiol can be 

considered resistant to cleavage by any intracellular nucleophile on a biologically 

relevant time scale [162, 165].  On the other hand, coordination to methionine thioether 

was found to be slowly reversed by DNA nitrogen [166-169].  Formation of reversible 
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Pt(II)ïthioether bonds with methionine-rich proteins, such as copper transporter protein 

(CTR1), has been implicated in the cellular trafficking of platinum complexes [170, 171].  

Inspired by these findings, thioethers have been proposed as alternative donor groups in 

carrier ligands that allow controlled release and transfer of Pt(II) to DNA [170].  Finally, 

the stereochemistry of substitution reactions in square-planar platinum complexes and 

susceptibility of specific ligands to substitution are modulated by the trans-effect [172].  

Sulfur ligands, for example, show a relatively strong trans-effect that may promote 

(undesired) substitution of the ammine nonleaving groups in cisplatin [172].  Conversely, 

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

latter has been installed trans to phosphine ligands [173], which are highest in the trans-

effect series. 

   Antitumor active platinum compounds contain leaving groups of intermediate lability, 

such as 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 chloride-ion dependent manner, which is largely 

suppressed in the blood [3], but favored in the cytosol where the concentration of 

chloride is 30ï50-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 solubility of 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 nanoliposomes [115, 174] and polymeric nanoparticles [8, 175].  

   Replacement of the chlorido ligands in cisplatin with CBDCA (cyclobutane-1,1-

dicarboxylate), which produces a relatively inert six-membered O,O-chelate, affords 
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carboplatin, a second-generation cisplatin derivative with improved toxicity profile.  Loss 

of the leaving group in aqueous media in carboplatin is significantly slower than in 

cisplatin (half-lives at 37 ºC and pH 7 of 450 h and 2 h, respectively [176, 177]).  Unlike 

chlorido and carboxylato ligands, N-donor ligands become leaving groups only in the 

presence of trans-activating 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 tumor-specific carrier for 

improved selectivity.  In this case, intracellular thiols allow controlled release of active 

inhibitor by cleavage of a PtïN 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 carboxylic acid-modified 

polymeric materials.  Polyaspartic acid and polyglutamic acid contain cis-

diam(m)ineplatinum(II) 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, the platinum-modified polymers self-assemble into micelles, in which the most 

hydrophobic segments of platinum-modified polymer form the core and unmodified 

polycarboxylic acid the outer shell of the particle.  Bifunctional platinum produces cross-

links between polymer chains, which increases the stability of the micellar structure in 

circulation [80, 179-181].  The release of active platinum species from these formulations 

is triggered 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 acid-modified peptide residues were also introduced as 

side chains in polymers to allow modification with platinum complexes.  Terminal ắ-

carboxylate groups installed adjacent to an amide nitrogen form a stable five-membered 

N,O-chelate with cis-diammineplatinum(II) [182].   

   The release kinetics of platinum complexes from polymer can be tuned by 

incorporation of multiple donors with varying affinity for platinum.  For instance, 

biopolymers ñdopedò with tellurium release platinum complex triggered by competitive 

ligand displacement on a time scale of several days up to a month [183].  Carriers 

containing N-donors have been used as macromolecular non-leaving groups to generate 

substitution-inert polymerïplatinum conjugates [184].  In this case, the inactive polymer 

would require degradation to produce freely diffusible, monomeric fragments able to 

form cytotoxic DNA adducts similar to cisplatin.  However, a mechanism by which intact 

polymer enters the nucleus to damage chromatin has also been proposed [185].  As 

alternative carriers to polymers, other systems such as dendrimers [186], mesoporous 

silica nanoparticles (MSN) [187, 188], carbon nantotubes [146], and gold nanoparticles 

[189, 190], as well as hybrid materials, have also been used to deliver platinum 

complexes (see also section 1.3).  Selective representative systems are summarized in 

Table 1.4. 
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1.4.3. Activation by pH-sensitive 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 several pH-sensitive drug 

delivery systems, in which the low pH (6.0ï6.5) [201] triggers rapid drug release and 

uptake into target cells [202].  Drugs with pH-dependent cytotoxicity 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 similar to cisplatin in a xenograft model, but are better 

tolerated than the clinical drug by the test animals.  In structureïactivity relationship 

(SAR) studies a correlation was observed between biological activity and the basicity 

(based on pKa values of the conjugate acids) of the pH-responsive leaving group.  

Likewise, aminoalcohol [201] and 1,3-dihydroxyacetone oxime [204] have been 

introduced with similar results (Figure 1.11).  Both leaving groups form five-membered 

N,O-chelates, which are inert at neutral physiological pH but become reactive under 

slightly acidic conditions.  

 

 

Figure 1.11. Representative examples of pH-sensitive platinum complexes. 

 



 

39 
 

   Targeting acidic intracellular organelles, such as endosome (pH å 5.5) and lysosome 

(pH å 5.0) [156], is another 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 acid-labile functional groups, 

including hydrazones, acetals, and amides, which are frequently used to conjugate 

organic drugs to carrier molecules and materials [205].  Similar to platinum payloads 

targeted at the low-pH extracellular matrix, acid-labile platinumïcarboxylate 

coordination has also been exploited to trigger release of platinum drugs by an 

intracellular pH differential.  Micellar vehicles [8] composed of polymers bearing 

carboxylic acids, such as polypeptides, poly(methacrylic acid), and acid-modified 

polysaccharides have been developed.  These micelles are stabilized in circulation by 

platinum-mediated cross-links between polymer strands, but disintegrate as they 

accumulate in acidic intracellular endosomal/lysosomal vesicles [159].  Five-membered 

N,O-chelates containing carboxylate show enhanced stability at neutral physiological pH 

compared to carboxylate coordination alone.  This observation has led to the 

development of ProlindacTM, a poly(N-(2-hydroxypropyl)methacrylamide) (pHPMA) 

based polymerïplatinum conjugate, which is currently undergoing phase II 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 degradation by, acidic 

organelles [207].  Incorporation of agents capable of disrupting the endosomal membrane, 

like pore-forming proteins and peptides, pH-buffering 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 pH-sensitive liposomes containing fusogenic lipid 

dioleoylphosphatidylethanolamine (DOPE), which promotes endosomal escape [208].  

The cisplatin-based liposomal formulation showed increased activity in a human lung 

cancer cell line compared with free cisplatin and was able to overcome resistance to the 

clinical drug.  On the other hand, a recent study [209] suggests that the release of 

platinum in acidic subcellular compartments may lead to improved potency.  When 

oxaliplatin-based (1R,2R-diaminocyclohexane) platinum (II) was delivered with 

poly(ethyleneglycol)-b-poly(glutamic acid)-based 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 to bypass cytoplasmic 

detoxification and accumulate in the perinuclear region. Three representative 

formulations activated in a pH-dependent manner intracellularly are summarized in Table 

1.5. 

Table 1.5. Platinum-Based Formulations Activated by Lysosomal Degradation 

Platform Components Preclinical and clinical 

observations 

References 

Nanoparticle Succinic acid-

decorated dextran, 

cisplatin, 

doxorubicin 

Prolonged circulation, decreased 

accumulation in normal tissues, 

enhanced therapeutic efficacy in 

tumor-bearing mice 

[210] 

Dendrimer mPEGylated 

peptide dendrimer 

w/ peripheral 

carboxyl groups, 

oxaliplatin 

Formulation suppresses tumor 

growth more efficiently than 

oxaliplatin without inducing 

toxicity in a SKOV-3 human 

ovarian tumor xenograft 

[174] 

Polymeric 

prodrug 

(ProLindacÊ) 

Poly(hydroxyprop

ylmethacrylamide) 

w/triglycine side 

chains, oxaliplatin 

Safety and efficacy have been 

demonstrated in phase I/II clinical 

trials, superior efficacy of 

ProLindac in several tumor 

models, acts synergistically with 

other cytotoxic agents in vitro 

[100, 206] 
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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 ultraviolet or visible 

light generates excited electronic states, which lead to altered chemical reactivity [211].  

As a consequence, specific metalïligand bonds are weakened, giving rise to accelerated 

bond dissociation and ligand exchange.  Octahedral Pt(IV) complexes undergo various 

photochemical transformations, including ligand substitution, isomerization, and 

reductive elimination to the corresponding square-planar Pt(II) complexes [211].  This 

provides a means of caging the reactive Pt(II)-based 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 toxicity [212, 213].  A major advantage of light-activated 

Pt(IV) complexes over traditional, singlet oxygen-producing photodynamic therapy (PDT) 

is that the former mechanism is oxygen independent [214], which has advantages in 

treating hypoxic tumors.  Photochemical activation of Pt(IV) complexes typically 

requires short-wavelength (UVA) radiation, which does not penetrate tissue deeply 

enough for treatment of non-topical lesions [215].  (Two-photon excitation has been 

proposed as a technique to overcome this drawback [216], see Table 1.6.)  Representative 

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

   One of the first light-sensitive Pt(IV) complexes studied was trans,cis-[PtCl2I2(en)] (1-

20), which readily loses its photolabile iodido ligands.  The photoreductive loss of the 

iodido ligands generates Pt(II) complexes, which are able to form DNA cross-links [214, 

217, 218].  Unfortunately, complex 1-42 suffers from unexpected instability under cell 
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culture conditions even in the absence of light, presumably due to intracellular reduction 

by glutathione [214, 217, 218].  As a consequence, light had no effect on the inhibition of 

cancer cell proliferation by this complex [217].   Structural modifications 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 potential of the metal.   For 

example, cis,trans-[PtI2(OAc)2(en)] (1-43) [217], which contains axial acetato instead of 

chlorido ligands, behaves inert when incubated with calf-thymus DNA for 6 h in the dark, 

but readily forms DNA adducts in the presence of light.  By contrast, use of hydroxide 

ligands in cis,trans-[PtI2(OH)2(en)] (1-44) gave a complex that was relatively unreactive 

with DNA in the presence of light [219].   

   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 iodido ligands were replaced with photolabile azido ligands. The Pt(IV)ï

azido complexes undergo two-electron reductions to generate Pt(II) species via release of 

azide radicals, which further decompose into N2 [220].  Pt(IV)ïdiazidodiam(m)ine 

complexes 1-45 and 1-46 are stable in serum for several weeks in the dark, and only their 

photoreduction products react with DNA.  The Pt(IV)ïazido complexes overcome 

cisplatin resistance in 5637 human bladder cancer cells [221].  

   The complex trans,trans,trans-[Pt(N3)2(OH)2(NH3)2] (1-47), a geometric isomer of 

compound 1-45, was as cytotoxic as cisplatin in a number of cell lines [222, 223].  

Replacement of one NH3 ligand with pyridine (py) to produce trans,trans,trans-

[Pt(N3)2(OH)2(NH3)(py)] (1-48) resulted in markedly enhanced phototoxicity [224].  The 
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compound showed an advantage over cisplatin in cisplatin-sensitive and cisplatin-

resistant A2780 ovarian cancer cells of 80-fold and 15-fold, respectively [225].  NH3 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)2(py)2] (1-49), which rapidly induces DNA cross-links and shows greatly 

enhanced cytotoxicity [228-230].  

 

 

Figure 1.12. Examples of photochemically active Pt(IV) complexes.\ 

 

   Finally, to further improve the pharmacokinetic properties of the Pt(IV)ïazido 

complexes, the prodrugs were attached to an amphiphilic block copolymer through 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(IV) [231].  The 

polymeric prodrug self-assembles into micellar nanoparticles in aqueous solution, which 

are stable in the dark but spontaneously release active Pt(II) species photoreductively 

(Figure 1.13).  
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1.4.5. Activation by bioreduction 

   Reactions of square-planar Pt(II) anticancer agents with biological nucleophiles other 

than DNA are likely responsible for their severe systemic toxicity.  To overcome this 

drawback, Pt(IV) complexes have been proposed early on as non-toxic prodrugs that can 

be activated by reduction to the corresponding Pt(II) species [238].  Because octahedral 

Pt(IV) complexes are coordinatively saturated and kinetically inert, ligand exchange 

reactions with bionucleophiles in the blood can be suppressed to minimize off-target 

toxicity.  As another potential benefit, Pt(IV) complexes show pharmacokinetic and 

toxicity profiles favorable for oral delivery [239, 240].   

    Satraplatin [218] (cis,trans,cis-[PtCl2(OAc)2(NH3)(cyclohexylamine)], also known as 

JM216), is the paradigm of a clinically evaluated 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 metal complexes [241], which affords 

molecules with both favorable solubility and membrane permeability[242].  Lipophilic 

groups are also beneficial for nanoencapsulation of the complexes (Figure 1.14A) [89, 

243].   

   The rate of reduction of Pt(IV) prodrugs mainly depends on the nature of the axial 

ligands and correlates well with Pt(IV)/Pt(II) reduction potentials [242, 244, 245].  

Carboxylato and hydroxido ligands typically give complexes with lower reduction 

potentials and slower reduction rates than chlorido ligands [246, 247].  Strongly electron-

withdrawing ligands may render the Pt(IV) complexes too reactive.  Mitaplatin [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 mitochondria, undergoes rapid ester 

hydrolysis (t1/2 = 2 h) when incubated in biological relevant media in the absence of 

reducing agents [249].  This observation suggests that the complex may not enter cancer 

cells intact, which would affect the synergistic action of its components. 

   Importantly, the axial ligands can be turned into chemical handles for conjugating the 

inert Pt(IV) prodrugs to macromolecules [250, 251] and nano-sized particles [150, 154, 

252-254] (Figure 1.14B).  Other bioactive molecules [255, 256], such as valproic acid [89, 

257, 258], estrogen [258] and peptides [259-261], have also been introduced as axial 

ligands, yielding multifunctional Pt(IV) complexes that damage cancer cells by 

synergistic mechanisms or selectively target tumor tissue.  Table 1.7 summarizes 

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) prodrug to nanoparticles. 
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1.5. Goals of Doctoral Research 

   While platinumïacridine agents outperform cisplatin in cultured cells, they suffer from 

poor pharmacokinetic properties, which result in limited efficacy and dose-dependent 

systemic toxicity. The overall goal of this research is to develop chemistries that will 

enable new technologies to accelerate the preclinical development of platinum-acridines 

with improved drug-like properties. Toward this end, we set out to establish the 

methodologies that allow the chemical conjugation of platinum-acridine derivatives to 

other bioactive molecules, such as tumor-targeted ligands, so that the consequent 

conjugates are rendered with tumor selectivity, enhanced efficacy and reduced side 

effects. To achieve this goal, conjugatable platinum-acridines with excellent cytotoxicity 

should be firstly identified (Figure 1.15). 

 

 

Figure 1.15. The schematic illustration of platinum-acridine based conjugates. 

 

   In chapter 2, we have designed a high-throughput library approach to search for potent 

functionalized platinum-acridines by taking advantage of a highly efficient platinum-

mediated amine-nitrile addition reaction. This approach enables us to rapidly assemble 
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platinum-acridines in a fragment-based manner and test them in cytotoxic assays.  In 

addition, the structure-activity relationship established in this study suggests that the 

optimal sites for further chemical conjugations are the side chains in nitrile moiety (R1, 

Figure 1.15) and acridine fragment (R2, Figure 1.15), the modications of which cause 

minimal interference as platinum-acridines bind to DNA. 

   Next, we explored the conjugation chemistries for the attachment of functionalized 

platinum-acridines to other molecules. Two synthetic strategies have been developed in 

this dissertation (Figure 1.16). In chapter 4, the estrogen receptor (ER) inhibitor 

endoxifen was tethered to hydroxyl-modified platinum-acridine to sensitize ER positive 

breast cancer to platinum drugs. The synthesis of the conjugates were achieved via the 

ñpre-assemblyò method, in which the platinum moiety is introduced after all other 

functional fragments were assembled into organic ligands. However, synthesis of 

platinum complexes according to this method appears to be highly customized, which 

prompted us to develop ñpost-modificationò method for platinum-acridines. In this 

approach, the conjugatable platinum-acridine analogues were ligated to other components 

through ñplatinum-compatibleò conjugation reactions. The copper-mediated click 

chemistry was used in chapter 3 to map the subcellular distribution of an azide-modified 

platinum-acridine derivative with fluorescent molecular probe containing an alkyne 

handle, which allows us to gain more mechnastic information about platinum-acridines.  

In addition, we have developed an efficient coupling reaction in chapter 6 to generate an 

amide bond between carboxylic acid modified platinum-acridines and other bioactive 

ligands containing amino group. The modularity of this approach enables the parallel 

synthesis of a library of multifunctional platinum-acridine conjugates for drug screening. 
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   For platinum-acridine conjugates, we reasoned that the controlled release of cytotoxic 

warheads in tumor cancer is also important to their efficacy. A class of ester-based 

prodrugs of platinum-acridine were produced in chapter 5. The installation of ester group 

is supposed to improve the lipophilicity of the hydrophilic platinum complexes, and thus 

presenting improved drug-like properties. These prodrugs were found to be activated 

through two pathways: (1) metal-assisted, chloride-triggered ester cleavage and (2) 

hCES-2 mediated enzymatic cleavage.   

   Different from the approaches relying on platinum-acridine conjugates, another strategy 

in this dissertation is to deliver platinum-acridines using nanoliposomes, which have been 

exploited to improve the therapeutical indices of many other conventional 

chemotherapeutic agents. We optimized the procedures to encapsulate the most cytotoxic 

derivative and expected this delivery vehicle for platinum-acridine analogues to able to 

overcome the drawbacks they currently experienced. 

 
Figure 1.16. (A) Construction of platinum-acridine conjugates with ñpre-assemblyò 

method. (B) Construction of platinum-acridine conjugates with ñpost-modificationò 

method. 

 


