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ABSTRACT 

 

This project is aimed at studying the targeted delivery of biologically inert platinum(IV)-

glutamine complexes into cancer cells by exploiting their overexpression of the glutamine 

transporter, ASCT2. It addresses the limitations of current platinum(II) drugs in clinics. 

Biologically inert bis(amino acid)platinum(II) complexes were synthesised as precursors. The 

transport of modified glutamine compounds via ASCT2 was concurrently investigated to 

elucidate if the modification of glutamine impacted its transport. trans-[Pt(L-alanine)2] and 

trans-[Pt(L-glycine)2] were synthesised but were determined as unsuitable precursors due to 

their poor solubility in many solvents which hindered their oxidation. A synthetic procedure 

using cis-[PtCl2(DMSO)2] as a starting material was developed to synthesise cis-bis(amino 

acid)platinum(II) complexes with greater solubility. A series of experiments were conducted 

in different reaction conditions with L-isoleucine, L-tryptophan, and L-alanine to design an 

optimal procedure. cis-[Pt(L-alanine)2] was synthesised in high purity when cis-

[PtCl2(DMSO)2] was reacted with 2 equivalents of L-alanine and base in methanol. A modified 

glutamine compound was synthesised by attaching a 2-(2-aminoethoxy)ethanol linker to the α-

carboxylic acid of L-glutamine (compound 1). Compound 1 and L-theanine were applied to 

Xenopus laevis oocytes expressing ASCT2. Two-electrode voltage clamp electrophysiology 

was used to measure substrate-elicited currents over a range of membrane potentials. 

Compound 1 is neither a substrate nor an inhibitor of ASCT2 while L-theanine was identified 

as an inhibitor. This revealed that the modification of glutamine prevents it from acting as a 

substrate of ASCT2. This suggests that ASCT2 may not be a suitable target for the delivery of 

platinum(IV)-glutamine complexes. The synthesis of cis-[Pt(L-alanine)2] revealed that cis-

[PtCl2(DMSO)2] can be utilised as a starting material to synthesise cis-bis(amino 

acid)platinum(II) complexes. 
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CHAPTER 1: INTRODUCTION 



 

 

1 

1.1 Overview of cancer  

Cancer is a global health issue that affects people regardless of nationality, culture, and 

socioeconomic strata1. It is an umbrella term used to describe a wide range of malignant 

tumours that can affect any organ and tissue in the body2. It encompasses over 100 distinct 

types of cancers3 which all stem from the uncontrolled proliferation of cells4. Although each 

cancer type has its unique features, they share common characteristics. This includes their 

origin from normal cells5, loss of differentiation6, and their ability to metastasise to other sites 

of the body7. The burden of cancer is rapidly growing worldwide8. It is predicted that global 

cancer rates will increase by 47% from 2020 to 2040 to reach 28.4 million cases per annum1.  

 

1.2 Platinum(II) anticancer drugs   

 

1.2.1 Cisplatin  

Cisplatin (Figure 1.1) is a neutral, square-planar platinum(II) drug9 with a d8 electronic 

configuration, which has had a major impact on cancer treatments10. It was first approved by 

the Food and Drug Administration (FDA) in 1978 for the treatment of testicular cancer11. Since 

then, cure rates for testicular cancer which was a previously lethal disease have exceeded 

95%12. Cisplatin is also used to treat solid cancers13 including ovarian, bladder, lung14 , and 

head and neck cancers15. Cisplatin is administered intravenously into patients12 as a sterile 

saline solution16. In the bloodstream, cisplatin is believed to primarily exist in its neutral, intact 

form17. This is as chloride concentration is relatively high in the bloodstream (100 mM)15,18 

which reduces the extent to which the chloride ligands on cisplatin are displaced15,19. However, 

cisplatin is vulnerable to cysteine20, 21 and proteins present in blood plasma, particularly ones 

containing thiol groups such as human serum albumin (HSA)22. These molecules irreversibly 

bind23 to 69% to 98% of the cisplatin administered, leading to an inactivation of a large amount 

of the administered drug17. This occurrence has been blamed for some of the severe side effects 

of cisplatin treatment22,23 and cisplatin resistance17. 

 

 

Figure 1.1: Structure of cisplatin. 
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1.2.2 Mechanism of action of cisplatin   

Free cisplatin mainly enters cells through passive diffusion19. Alternatively, it has been 

suggested that cisplatin can enter cells via active transport through copper transporters (CTR1)  

19,24,25. The intracellular concentration of chloride is relatively low, between 4 to 20 mM, which 

facilitates the aquation of cisplatin 22in which the chloro-ligands are replaced by water26,27. This 

leads to the formation of reactive cationic monoaqua species – cis-[PtCl(NH3)2(H2O)]+ 28 or 

diaqua species [Pt(NH3)2(H2O)2]2+ 29 that cannot readily leave the cell22. These cationic species 

can then exert their cytotoxicity by forming DNA adducts, with the most common adduct being 

at the N7 position of the imidazole ring of two adjacent guanines30. Several types of DNA 

adduct can be formed including interstrand crosslinks, intrastrand crosslinks, and 

monofunctional adducts11. These adducts distort the helical structure of DNA and inhibit DNA 

transcription which leads to cellular apoptosis31 (Figure 1.2). However, it has been reported 

that only 1 to 10% of intracellular cisplatin might eventually enter the nucleus to react with 

DNA resulting in cell cycle arrest and apoptosis26.  

 

 

 

Figure 1.2: Mechanism of action of cisplatin. Cisplatin mainly enters cells through passive 

diffusion19 where its chloro-ligands are displaced by water27,28. The reactive cationic monoaqua 

species form adducts in the DNA which leads to cellular apoptosis26. The figure was created 

using BioRender.com.   

 

Cellular apoptosis  
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1.2.3 Limitations of cisplatin  

Administration of cisplatin is strictly controlled6 as it is a highly toxic drug32. Limited doses 

are given to patients with typically 100 mg/day of cisplatin being given on five consecutive 

days33,34. Cisplatin induces the most severe nausea and vomiting of any chemotherapeutic 

agent35 which is also the most common side effect of cisplatin6. Some patients experience acute 

emesis within hours of cisplatin administration36 or delayed emesis which usually peaks around 

48 to 72 hours later and may last up to 7 days37,38. Female patients over the age of 50 were 

found to have an increased risk of emesis39. This side effect can be reduced by administering 

prophylactic antiemetics together with corticosteroids6. Antiemetic medications such as 

lorazepam40 have been shown to reduce the incidence of vomiting substantially. However, it is 

predicted that approximately 30% to 60% of patients still experience either acute or delayed 

nausea after the administration of cisplatin37. 

 

Nephrotoxicity is a major side effect of cisplatin6 which develops in patients within 10 days of 

administration41. Kidneys are vulnerable to damage as they accumulate cisplatin in higher 

levels, as they serve as the major route of drug excretion42. Cisplatin-induced nephrotoxicity 

manifests as acute tubular necrosis43,44 which is evidenced by a reduction in glomerular 

function, increased serum creatinine41, and lower levels of magnesium and potassium42. 

Hydration protocols involving the coadministration of cisplatin with sodium chloride (NaCl)45 

or mannitol diuresis40 were developed to reduce nephrotoxicity by reducing the contact time of 

cisplatin and renal tubes46. However, even with careful hydration, approximately one-third of 

patients still show evidence of kidney damage after cisplatin treatment45.  

 

Neurotoxicity is the most serious side effect of cisplatin  which mostly affects the peripheral 

sensory nerves47. Peripheral neuropathy develops in approximately 50% of patients48 and is the 

most important dose-limiting problem associated with cisplatin49. Once developed, there is no 

effective therapy and treatment is directed towards managing pain over cure50. Signs of 

neurotoxicity involve the upper and lower extremities and include loss of vibration sense, 

tingling, paraesthesia50, weakness, tremor, and loss of taste51,52. 

 

Cancer cells can develop drug resistance which has a significant impact on chemotherapy 

success12,53. Several tumours are intrinsically resistant to cisplatin such as colon, non-small cell 

lung cancer, and renal cancer54. Other tumours such as ovarian and small-cell lung cancer22 can 

acquire resistance after repeated exposure. Development of cisplatin resistance occurs 
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frequently and is linked to multiple mechanisms55. One primary mechanism is the reduced 

uptake and accumulation of cisplatin in cancer cells. Some studies have found that cisplatin-

resistant cell lines have rigid cell membranes with high sphingomyelin and cholesterol content 

and have a higher degree of fatty acid saturation56. These arrangements make the cell 

membrane more viscous which reduces drug penetration into cells by passive diffusion57. 

Copper transporter 1 (CTR1)-deficient cells are also cisplatin-resistant55, 56, 58. Studies have 

revealed that copper transporters undergo rapid cytoplasmic internalisation after cisplatin 

exposure. This reduces the expression of surface transporters, further limiting cisplatin 

uptake55.  

 

Efforts have been directed towards developing new platinum-based anticancer drugs with 

improved clinical effectiveness and reduced toxicity. Around 3000 derivatives of platinum 

anticancer drugs have been synthesised and tested in cancer cells12. Only 22 of these drugs 

have advanced to clinical trials15,59 as most of them have been discontinued due to severe and/or 

unpredictable side effects12, lack of activity in phase II/III trials, or economic reasons15,60. 

Currently, only the derivatives of cisplatin – carboplatin and oxaliplatin have received approval 

for worldwide use. An additional three derivatives – nedaplatin, lobaplatin, and heptaplatin13 

have been approved for use in Japan, China, and South Korea respectively60. 

 

1.2.4 Carboplatin  

Carboplatin (Figure 1.3) was introduced to clinics in the 1980s and is used to treat cancers 

including, ovarian cancers, small-cell carcinoma, and epidermoid carcinoma of the head and 

neck60. It was designed as a less toxic analogue of cisplatin which still retains its anticancer 

activity20. Upon administration, carboplatin enters cells and undergoes aquation to form the 

reactive cationic diaqaua species [Pt(NH3)2(H2O)2]2+, identical to cisplatin metabolites61. DNA 

adducts formed by carboplatin are essentially the same as those formed by cisplatin20 but are 

less toxic12 as its bidentate dicarboxylate ligand undergoes slower displacement compared to 

the labile chloride ligands of cisplatin12,26. This allows a much higher dose of up to 2000 

mg/dose to be administered34,35. However, patients can still experience side effects such as 

myelosuppression, clinically manifested as severe thrombocytopenia, neutropenia, and 

leukopenia which requires monitoring of blood parameters12. 
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Figure 1.3: Structure of carboplatin.  

 

1.2.5 Oxaliplatin 

Oxaliplatin (Figure 1.4) was designed to overcome the limitations of drug resistance observed 

in cisplatin20. It was first introduced to clinics in 199662 and has been proven to be effective in 

the treatment of some cisplatin-resistant cancers63. It is the first platinum anticancer drug to 

show strong cytotoxic activity and an improved therapeutic index in colon cancer. It is also 

used in the treatment of other cancers including breast, glioblastoma, and non-small cell lung 

cancers12. Oxaliplatin has a similar mechanism to cisplatin where it causes cellular apoptosis 

through the formation of DNA-platinum adducts. In vitro studies have found that oxaliplatin 

produces qualitatively similar DNA-Pt adducts as cisplatin with predominantly intrastrand 

crosslinks (GG>AG)64. At equal concentrations, oxaliplatin forms fewer63,65 but bulkier and 

more hydrophobic adducts which are more effective in inhibiting DNA synthesis compared to 

cisplatin adducts66. However, oxaliplatin still has dose-limiting side effects such as significant 

neurotoxicity and tubular necrosis12.  

 

 

Figure 1.4: Structure of oxaliplatin.  

 

1.3 Platinum(IV) drugs   

During the discovery of cisplatin, the potential anticancer effects of platinum(IV) complexes, 

cis-[PtCl4(NH3)2] and [PtCl4(ethane-1,2-diamine)], were studied but paused due to the success 

of cisplatin67. The clinical value of platinum(IV) complexes has been recognised again by 

researchers in recent decades66,68 These complexes are usually prepared by the chemical 
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oxidation of active square-planar platinum(II) complexes, which have oxidation state of +2. 

This causes the platinum centre to lose 2 electrons, resulting in two additional axial ligands to 

be added to the platinum core68. Platinum(IV) complexes consist of a central platinum atom69 

in a kinetically inert d6 electronic configuration and a six-coordinate octahedral geometry70. 

Their inert structure makes them more resistant to substitution in blood71,72 and less likely to 

interact with plasma proteins73. This reduces the loss of the active drug, preventing side 

reactions that cause toxic side effects72. The improved stability of platinum(IV) complexes may 

allow them to be administered to patients orally74,75. Axial ligands can be modified to enhance 

the biological profile of platinum(IV) complexes as desired60. In cells, platinum(IV) complexes 

are activated by biological reducing agents such as ascorbic acid, cysteine, glutathione, and 

other macromolecules69. They then lose their axial groups to form their pharmacologically 

active platinum(II) derivative72,75. The resulting platinum(II) complex undergoes hydrolysis 

and is activated into reactive cationic species. These species then form DNA adducts which 

lead to cellular apoptosis76. Platinum(IV) complexes are referred to as prodrugs as they must 

undergo biotransformation in vivo before they can exert their pharmacological effects77. 

 

1.4 Targeted delivery  

 

1.4.1 Targeted drug delivery  

Targeted drug delivery is a concept first postulated by Paul Ehrlich78,79 which aims to design 

drugs that directly reach their target site like “magic bullets” 80.  In cancer therapy, the goal is 

to design a drug that specifically targets tumours to release its toxic payload while leaving 

normal tissues unaffected81. This should reduce the problems caused by conventional 

chemotherapy such as damage to normal tissues and the development of drug resistance. 

Targeted drug delivery can work either by active or passive targeting of cancer cells.  Some 

tumours display distinctive characteristics such as increased permeability and retention82. 

Passive targeting takes advantage of these characteristics inherent to tumours for targeted 

delivery83. Cancer cells are also known to specifically express or overexpress certain receptors. 

This can be exploited for drug delivery through active targeting of cancer cells84. In recent 

years, there has been interest in developing platinum(IV) complexes that specifically deliver 

their cytotoxic effects to cancer cells85,86. Axial ligands of the complexes can be modified for 

targeted delivery87. The platinum pharmacophore can be conjugated to a targeting group which 

may increase its selectivity to cancer cells88. Bioactive substances such as peptides, hormones, 

and carbohydrates are often used to fulfil the targeting function.  
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1.4.2 Warburg effect  

In the 1920s, Otto Warburg and his colleagues observed a significant increased uptake of 

glucose in tumours compared to the healthy tissue surrounding them. They also observed that 

glucose was fermented to produce lactate even in oxygen-rich conditions. Through these 

observations, they concluded that cancer cells must be deprived of glucose and oxygen to 

undergo cell death89, 90. Warburg hypothesised that mitochondrial dysfunction had disrupted 

the oxidative phosphorylation pathway, causing cells to switch to aerobic glycolysis, an event 

he regarded as “the origin of cancer” that has since been disproven91. Aerobic glycolysis only 

yields 2 molecules of ATP per molecule of glucose, whereas oxidative phosphorylation yields 

36 molecules92. As aerobic glycolysis is less efficient in generating ATP, it is significantly 

upregulated in cancers93,94. Metabolic differences in cancer and normal tissues can be used as 

a biochemical basis for developing therapeutic strategies that specifically target cancer cells. 

A wide range of cancers show increased expression of glucose transporters (GLUTs) on their 

cell membranes95,96. GLUT1 is commonly overexpressed in several cancers including hepatic, 

pancreatic, breast, ovarian and lung cancers97. Several studies have also found a close 

relationship between the overexpression of GLUT1 transporters and an unfavourable prognosis 

of many cancers98. These observations by Warburg and colleagues have had a profound 

influence on our understanding of cancer biology, clinical diagnosis, and cancer treatment99,100.   

 

1.5 Glutamine targeting in cancers  

 

1.5.1 Glutamine  

Glutamine is the most abundant amino acid in the body with 0.6 to 0.9 mmol/L concentration 

circulating in the bloodstream101,102. It comprises approximately 20% of the total circulating 

free amino acid in the body103, making it a non-essential amino acid100. Glutamine is primarily 

obtained from the diet103 but is also synthesised in many organs, predominately the skeletal 

muscles104,105. During times of catabolic stress such as healing of surgical, traumatic, and burn 

wounds, the body consumes glutamine at large rates that exceed maximal glutamine 

production106. It is also suggested that glutamine consumption increases during cancer105,107. 

Cancers often display increased demands for certain nutrients to support their rapid 

proliferation108 which is one of the hallmarks of cancers107. In these cases, glutamine becomes 

a conditionally essential amino acid105,109. Some cancers experience “glutamine addiction”110 

and can undergo cell death without an exogenous supply of glutamine111,112 Glutamine is a 

major carbon source that replenishes intermediates of the tricarboxylic acid (TCA) cycle111,113 
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as it can undergo glutaminolysis. Glutaminolysis involves the conversion of glutamine to 

glutamine which maintains TCA cycle ATP, and NADPH production114. It is also a nitrogen 

source for the synthesis of nucleotides, amino acids and hexosamines115. The importance of 

glutamine in cancers was first discovered by Eagle who found that HeLa cells consumed 10 to 

100 times more glutamine compared to other amino acids113.  

 

1.5.2 Glutamine metabolism in cancers  

Glutamine is essential for anaplerosis which refers to the replenishment of TCA cycle 

intermediates116,117. Cancers rely on glutamine metabolism for anaplerosis as the function of 

the TCA cycle is downregulated in cancers due to the Warburg effect. Free glutamine enters 

cells via glutamine transporters108. In the cell cytoplasm, it undergoes glutaminolysis via 

glutaminase enzymes and is converted to glutamate. Glutamate then enters the mitochondria 

where it is converted to alpha-ketoglutarate by glutamate dehydrogenase. Alpha-ketoglutarate 

enters the TCA cycle where it is primarily converted to isocitrate and subsequently to citrate. 

A considerable portion of citrate is exported to the cytoplasm where it is converted to acetyl-

CoA for lipid biosynthesis92, 108. Malate also leaves the TCA cycle to form pyruvate via malic 

enzymes111. Additionally, malic enzymes can form acetyl-CoA, contributing to the TCA 

cycle118. This reaction produced NADPH which is essential for fatty acid synthesis92 and 

nucleotide biosynthesis119.   

 

Glutamine is also an important source of nitrogen. It can donate its amino and amide nitrogens 

for the synthesis of purine and pyrimidine nucleotides needed for RNA/DNA synthesis. This 

synthesis supports the rapid growth and proliferation of cancer cells120. Increased glycine levels 

lead to an increase in glutathione, an essential antioxidant121. to drive many biosynthetic 

pathways, including the synthesis of nucleotides and non-essential amino acids (NEAA)116,122. 

Glutamine is involved in the de novo synthesis of nucleotides essential for cellular 

proliferation122,123. Glutamine-derived glutamate can also be catalysed by aminotransferases, 

GPT, GOT, and PSAT1 to produce alpha-ketoglutarate and different amino acids, alanine, 

aspartate, and phosphoserine respectively. These enzymes are upregulated in cancers and have 

been shown to reduce cell proliferation when inhibited. Phosphoserine is essential for cancer 

survival as it is converted to serine and subsequently to glycine. Serine catabolism which 

produces glycine generates a large pool of one-carbon units (1C)124, essential for nucleotide 

biosynthesis.  
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Glutamine-derived glutamate can be exchanged for cysteine, a glutathione precursor, via the 

SLC7A11 transporter108. Cancers are exposed to high levels of reactive oxygen species (ROS) 

generated by the mitochondrial electron transport chain during disease progression. In excess, 

ROS can damage DNA and other cellular components116. Glutathione is an endogenous 

antioxidant that lowers ROS levels and allows cells to resist oxidative stress, preventing their 

death121. Increased glutathione levels have also been shown to increase resistance to 

chemotherapy in many cancer types125. 

 

1.5.3 Glutamine transporters  

As glutamine is hydrophilic and water-soluble, it cannot diffuse into cells across the plasma 

membrane without the aid of specific transporters126. 14 transporters that accept glutamine as 

a substrate have been identified in mammalian cells127. These transporters belong to four 

distinct gene families, Solute Carrier (SLC) 1, SLC6, SLC7, and SLC38. None of these 

transporters are exclusively selective for glutamine and can transport different types of amino 

acids. Most of these transporters mediate extracellular glutamine influx into cells, but some 

mediate the efflux of intracellular glutamine under normal physiological conditions128. Of these 

transporters, the Alanine, Serine, and Cysteine Transporter 2 (ASCT2) belonging to the SLC1 

family has been receiving increasing attention for its potential role in cancer129. There has been 

interest in targeting ASCT2 to starve cancer cells of glutamine130 as it is overexpressed in many 

cancer types130 including triple-negative breast cancer, colon cancer, and lung cancers129.  

 

1.5.4 Mechanism of ASCT2  

ASCT2 is a sodium (Na+) dependent, electroneutral, obligatory exchanger that transports 

neutral amino acids such as alanine, serine, cysteine, threonine, and glutamine across the cell 

membrane131. It sits on the plasma membrane of cells and exists as a homotrimer consisting of 

three identical protomers (Figure 1.5). ASCT2, like SLC1A members, uses an elevator 

mechanism of transport where each identical protomer is composed of a static scaffold domain 

and a mobile transport domain. The scaffold domain forms the trimer interface and remains 

embedded into the plasma membrane during transport. It also consists of two helical hairpin 

loops 1 and 2 (HP1 and HP2) and three transmembrane domains which contain the binding site 

for the substrates and coupled Na+ ions132. ASCT2 is believed to function using a one-gate 

transport mechanism. Upon the binding of 3 Na+ ions and a substrate at HP2, the transport 

domain moves down the lipid bilayer in an elevator-like manner and transports the substrate in 
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a fully occluded state. HP2 then opens at the cytoplasmic side to release the 3 Na+ ions and 

substrate into the cell. As ASCT2 is an obligatory exchanger, this is followed by the transport 

of 3 Na+ ions and another neutral amino acid from the intracellular face to the extracellular 

face. The binding of 3 Na+ ions and a substrate to ASCT2 activates an uncoupled anion 

conductance which allows the flow of anions through the transporter, creating a charge 

movement across the membrane (Figure 1.6). This allows the use of electrophysiology to 

measure transporter activity despite ASCT2 being an electroneutral transporter. The magnitude 

of currents elicited varies with the type and concentration of substrate transported and the 

permeability of the anion present in the buffer. Increasing permeability of anions, elicits a 

greater magnitude of currents in decreasing order, nitrate (NO3
-), > iodide (I-) > bromide (Br-) 

> chloride (Cl-)133,134. In the absence of substrates, ASCT2 elicits a small magnitude 

conductance referred to as “leak anion conductance”. This occurs due to the permeability of 

some anions through the anion-gated channel at the resting state when Na+ ions are present135. 

 

 

 

Figure 1.5: Structural model of ASCT2. ASCT2 exists as a trimeric structure where three 

identical protomers come together. Each protomer is made up of a scaffold domain (yellow), a 

transport domain in an inward-orientated state (blue), and a protruding loop (red) which acts 

as a docking area for retroviruses132. This figure was created by Dr. Lachlan Adamson and is 

used with permission.  
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1.5.5 Targeting ASCT2 for anticancer therapy 

ASCT2 has been identified as a promising target for anticancer therapy. Studies have shown 

that blocking ASCT2 activity using inhibitors such as L-γ-Glutamyl-p-nitroanilide (GPNA) 

and benzylserine can reduce cancer cell proliferation136. Van Geldermalsen et al. found that 

inhibiting the expression of ASCT2 significantly reduced glutamine uptake in triple-negative 

breast cancer lines which led to suppression of cell growth137. Additionally, a similar finding 

was observed by Wang et al. in pancreatic cells138. However, there is concern that inhibiting 

ASCT2 alone may not be sufficient due to the presence of SNAT1 and SNAT2, which also 

accept glutamine as a substrate. Broer et al. observed that ASCT-deficient cancer cells can 

display normal growth due to increased expression of SNAT1 and SNAT2139. ASCT2 may also 

be potentially used for the targeted delivery of anticancer drugs. A series of platinum(IV) 

prodrugs containing glutamine-like ligands were designed by Ravera et al. and their 

accumulation in human lung adenocarcinoma cells (A549) was investigated. A platinum(IV)-

glutamine complex with glutamine linked via its α-carboxylic group, was found to act as a 

trojan horse and enter ASCT2-overexpressing cells140.  

 

1.6 Objectives of project  

The aim is to synthesise biologically inert platinum(IV)-glutamine complexes and to study 

their transport via ASCT2. Xenopus laevis oocytes will be used as a model to isolate ASCT2 

and conduct transport studies. First, bis(amino acid)platinum(II) complexes will be synthesised 

as precursors and their cytotoxicity will be determined using A549 cells. Biologically inert 

complexes will be used to prevent cell death to accurately study the transport of complexes 

into cells. The complexes will then be oxidised into their platinum(IV) state and coupled with 

a modified L-glutamine compound. This modified L-glutamine compound will be synthesised 

by attaching a 2-(2-aminoethoxy)ethanol linker at the α-carboxylic acid of L-glutamine. This 

platinum(IV)-glutamine complex design was chosen as Ravera et al. investigated a 

platinum(IV)-glutamine complex with glutamine linked via its α-carboxylic group and found 

that the complex enters ASCT2-overexpressing cells140. The linker was selected based on its 

hydrophilic property which reduces the occurrence of the platinum(IV)-glutamine complex 

entering cells via passive diffusion. It has also been identified that a longer linker is required 

to prevent the platinum from interfering with glutamine binding at its receptors141. As the 

platinum(IV)-glutamine complexes are being synthesised, it will be concurrently investigated 

if the modification of L-glutamine affects its transport via ASCT2. The modified glutamine 



 

 

12 

compound consisting of the 2-(2-aminoethoxy)ethanol linker will be applied to oocytes 

expressing human ASCT2 to study their transport.  

 

 

Figure 1.6: Proposed design of platinum(IV)-glutamine complexes. A platinum(IV) 

complex will be coupled with a modified L-glutamine compound which will be synthesised by 

attaching a 2-(2-aminoethoxy)ethanol linker at the α-carboxylic acid of L-glutamine.
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2.1. Introduction 

The work described in this chapter aims to synthesise biologically inert, square-planar 

platinum(II) complexes consisting of a bis(amino acid)platinum core as precursors to 

synthesise platinum(IV)-glutamine complexes. Two amino acids were attached to the platinum 

core in a bidentate manner at the carboxyl and amine groups. The cytotoxicity of the 

platinum(II) complexes synthesised was measured using human lung adenocarcinoma cells 

(A549). The complexes were then oxidised into their more stable platinum(IV) state. A 

glutamine molecule can then be attached to the platinum(IV) complexes via a hydrophilic 

linker to form platinum(IV)-glutamine complexes.  

 

2.1.1. Synthesis of trans-bis(amino acid)platinum(II) complexes  

Potassium tetrachloroplatinate(II) (K2PtCl4) was used as a starting material to synthesise trans-

bis(amino acid)platinum(II) complexes. Difficulties were experienced during attempts to 

oxidise trans-[Pt(glycine)2] due to the poor solubility of these complexes in water and organic 

solvents. Geometric isomers were also formed at each synthesis step of trans-[Pt(L-alanine)2], 

which made purification difficult.  

 

2.1.2. Synthesis of cis-platinum(II) complexes 

To overcome these challenges, the design of the platinum(II) complexes was modified. cis-

bis(amino acid)platinum(II) complexes that are more soluble in water and organic solvents 

were investigated. The use of cis-platinum(II) complexes should also prevent the formation of 

geometric isomers. cis-[PtCl2(DMSO)2] was explored as a starting material to synthesise these 

complexes. It was hypothesised that reactions of 1 mole [mol] of cis-[PtCl2(DMSO)2] with 2 

mol of amino acid in the presence of a base would result in the synthesis of cis-bis(amino 

acid)platinum(II) complexes in high purity.  

 

2.2 Materials and Instrumentation  

All solvents used were purchased from Sigma-Aldrich (Merck) unless stated otherwise.  

 

2.2.1 Infrared spectroscopy (IR) 

All IR spectra were obtained using a Frontier FT-IR Spectrometer UATR (Perkin Elmer) over 

a range of 4000–400 cm-1. Data were processed using Spectrum 10TM (Version 10.5.0) (Perkin 

Elmer).  
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2.2.2 1H NMR spectroscopy  

All NMR spectra were obtained using a NEO 300 MHz NMR Spectrometer (Bruker) equipped 

with a 5 mm multinuclear probehead (19F-15N) at 300 K. 1H NMR chemical shifts were 

internally referenced to the residual solvent peaks: D2O (δ = 4.79).2  1H NMR data are reported 

as chemical shifts (in ppm), multiplicity, coupling constants, relative integrals, and chemical 

assignment. The multiplicities were reported as the following: s = singlet, d = doublet, t = 

triplet, q = quartet and m = multiplet. The coupling constants (J) are reported in Hz, and denote 

hydrogen-hydrogen spin coupling, unless indicated by a subscript. All NMR data were 

processed using TopSpin® (Version 4.2.0) (Bruker).  

 

2.2.3 Mass spectrometry   

All mass spectrometry data were obtained using an amaZon SL mass spectrometer (Bruker). 

Low resolution ionisation mode (ESI) was used in both positive and negative modes. The 

spectrometer was connected to an Agilent 1100 HPLC with a binary pump.  

 

2.3 Synthesis of trans-platinum complexes from K2PtCl4 

 

2.3.1 Synthesis of trans-[Pt(ß-alanine)2] 

K2PtCl4 (2 g, 4.82 mmol) was dissolved in 100 mL of distilled water. ß-

alanine (1 g, 11.22 mmol) was added. The reaction mixture was stirred in 

the dark at room temperature and a clear and bright red solution was formed. 

A 1 M NaOH solution was prepared by dissolving NaOH powder (0.80 g, 

20 mmol) in 20 mL of distilled water. The solution (10 mL, 10 mmol) was 

periodically added to maintain the pH in the 5 to 6 range. The reaction 

mixture was stirred overnight in the dark at room temperature. The 

following day, a black solution was seen. The reaction mixture was left under a stream of 

nitrogen to completely remove the solvent. A black solid remained in the flask, indicating that 

the platinum(II) complex had decomposed. 
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2.3.2 Synthesis of trans-[Pt(L-alanine)2] 

 K2PtCl4 (0.50 g, 1.20 mmol) was dissolved in 25 mL of distilled 

water. KI (0.66 g, 3.98 mmol) was dissolved in 25 mL of distilled 

water and added to the reaction. L-alanine (0.18 g, 2.02 mmol) was 

also added. The reaction mixture was stirred at room temperature in 

the dark overnight. A light-yellow solution with blue solids was seen. 

The blue solids were removed by filtration, and the reaction mixture 

was left under a stream of nitrogen to reduce the volume of the solvent. A white precipitate 

was observed which was collected, washed with ethanol, and dried. A sample of the precipitate 

was analysed using IR spectroscopy. An O-H bond band was detected at 3096.93cm-1 and a N-

H bond band was detected at 3392.47cm-1. (Appendix 1) 1H NMR (D2O, 400 MHz, ppm): δ 

1.46 (d, J = 7.3 Hz, 3H, CH3), δ 3.68 (q, J = 7.3 Hz, H, CH). X-ray crystallography was used 

by Prof. Trevor Hambley to confirm that the 1H NMR chemical shifts corresponded to the trans 

isomer. (Appendix 2) 

 

2.3.3 Synthesis of trans-[Pt(glycine)2(OH)(CH3COO-)] 

trans-[Pt(glycine)2] was synthesised by Prof. Trevor Hambley. trans-

[Pt(glycine)2] (0.19 g, 0.55 mmol) was suspended in an excess of 

glacial acetic acid (CH3COOH). 3 drops of hydrogen peroxide 30% 

solution (H2O2) were added using a 1 mL glass pipette. The reaction 

mixture was stirred at room temperature in the dark overnight. A 

white, cloudy solution was seen. Infrared (IR) spectroscopy was used 

to monitor the progress of the reaction. No change was seen in the IR spectrum when compared 

to the starting material, trans-[Pt(glycine)2], indicating that the reaction had not occurred yet. 

(Appendix 3) An additional 6 drops of a 30% H2O2 solution were added, and the reaction 

mixture was stirred in the dark at room temperature for 3 days. The reaction mixture was left 

under a stream of nitrogen to remove the solvent. A white solid remained in the flask, which 

was collected and analysed using IR spectroscopy. No change was seen in the IR spectrum 

when compared to the spectrum of trans-[Pt(glycine)2]. This indicates that the synthesis of 

trans-[Pt(glycine)2(OH)(CH3COO-)] was unsuccessful.  
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2.3.4 Synthesis of trans-[Pt(glycine)2(OH)2] 

trans-[Pt(glycine)2] (0.19 g, 0.55 mmol) was dissolved in 10 mL of 

distilled water. 6.5 mL of a 30% H2O2 solution was added. After 1 

hour, the reaction mixture was heated at 70 °C for 3 hours, then stirred 

at room temperature in the dark for 4 days. The reaction mixture was 

left under a stream of nitrogen to remove the solvent. A white solid 

was collected, washed with ethanol, and dried. A sample of the solid was analysed using IR 

spectroscopy. An O-H bond band was detected at 3206.22 cm-1. (Appendix 4) 

 

2.3.5 Synthesis of trans-[Pt(glycine)2(succinate)2]  

Using DMA as a solvent  

trans-[Pt(glycine)2] (0.19 g, 0.55 mmol) was suspended in 20 

mL of DMA. Succinic anhydride (0.30 g, 3 mmol) was added. 

The reaction mixture was stirred at room temperature in the dark 

for 5 days. Additional succinic anhydride (0.13 g, 1.30 mmol) 

was added. A dark orange solution containing a white 

precipitate was seen, which was transferred into centrifuge tubes 

and centrifuged. The solid was collected and washed twice with 

ethanol, once with acetone, and dried under a stream of nitrogen. 

A sample of the solid was analysed using IR spectroscopy. No change was seen in the IR 

spectrum when compared to the spectrum of trans-[Pt(glycine)2(OH)2]. This indicates that the 

synthesis of trans-[Pt(glycine)2(succinate)2] was unsuccessful.  

 

Using DMSO as a solvent  

trans-[Pt(glycine)2(OH)2] (0.19 g, 0.55 mmol) was suspended in 20 mL of DMSO. Succinic 

anhydride (0.30 g, 3 mmol) was added. The reaction mixture was stirred at room temperature 

in the dark overnight. An additional (0.1 g, 1 mmol) of succinic anhydride was added. A white, 

cloudy solution was formed, which was heated at 70 °C for 3 hours, then stirred at room 

temperature overnight in the dark. The solution was transferred into centrifuge tubes and 

centrifuged. The solid was dried under a stream of nitrogen. IR spectroscopy was performed to 

analyse the product. No change was seen in the IR spectrum when compared to the spectrum 

of trans-[Pt(glycine)2(OH)2], indicating that the synthesis of trans-[Pt(glycine)2(succinate)2] 

was unsuccessful. 
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2.4 Synthesis of platinum(II) complexes from cis-[PtCl2(DMSO)2] 

 

2.4.1 Synthesis of cis-[PtCl2(DMSO)2] 

 

K2PtCl4 (2 g, 4.82 mmol) was dissolved in 100 mL of distilled water. A 

clear, bright red solution was formed. DMSO (0.75 g, 9.60 mmol) was 

added to the reaction mixture, which changed the colour of the solution 

from red to yellow. The reaction mixture was left at room temperature and 

crystals formed. The crystals were collected, washed with ethanol, and 

dried under a stream of nitrogen. The crystals were analysed using IR spectroscopy, which 

detected bands at 3008.66 cm-1 and 2918.20 cm-1, as reported in the literature.8 (Appendix 5)  

 

2.4.2 Synthesis of cis-[Pt(L- tryptophan)2]  

 cis-[PtCl2(DMSO)2] (0.52 g, 1.23 mmol) was suspended 

in 50 mL of 1-butanol. L-Tryptophan (0.50 g, 2.45 mmol) 

was added. The reaction mixture was heated to 70 °C in 

the dark for 15 minutes. A dark brown solution with a 

white precipitate was formed. Triethylamine (2.40 mmol) 

and an additional 150 mL of 1-butanol were added. The 

reaction mixture was stirred at room temperature in the dark for 5 days. The reaction mixture 

remained a dark brown solution with a white precipitate and was transferred into centrifuge 

tubes and centrifuged. The solid was collected, washed twice with ethanol, and dried under a 

stream of nitrogen. IR spectroscopy was performed to analyse the product. No change was seen 

between the solid and cis-[PtCl2(DMSO)2] spectra, indicating that the synthesis of cis-[Pt(L- 

tryptophan)2] was unsuccessful.  

 

2.4.3 Synthesis of cis-[Pt(L-isoleucine)2]  

 cis-[PtCl2(DMSO)2] (0.50 g, 1.18 mmol) was suspended in 50 

mL of 1-butanol. L-isoleucine (0.33 g, 2.52 mmol) was added. 

The reaction was stirred at room temperature in the dark for 

two days. A yellow solution with a white precipitate was 

formed. The reaction was heated at 70 °C in the dark for 5 hours, then stirred at room 

temperature for 3 days. Triethylamine (2.50 mmol) was added. The reaction mixture remained 



 

 18 

as a yellow solution with a white precipitate and was transferred into centrifuge tubes. The 

tubes were centrifuged, and the supernatant was collected and dried under a stream of nitrogen, 

forming an oil. Mass spectrometry ESI (+): (m/z) revealed peaks at 461.97 and 541.07. ESI (-

): (m/z) revealed peaks at 473.99, 525.08, and 563.06. (Appendix 6) The precipitate collected 

was analysed using IR spectroscopy, which determined that the precipitate was L-isoleucine. 

The oil was dissolved in 50 mL of 1-butanol and heated at 70 °C in the dark for 4 days. The 

reaction was left under a stream of nitrogen to remove the solvent. A yellow oil formed. The 

oil was dissolved in water and a yellow solution with a white precipitate was formed. Both 

fractions were separated, washed with methanol, and dried. Mass spectrometry ESI (-): (m/z) 

revealed peaks at 525.11 and 638.10 in the solid fraction. (Appendix 7) Mass spectrometry ESI 

(-): (m/z) revealed peaks at 474.05, 525.17, 561.10, and 639.17 in the solution fraction. 

(Appendix 8) The oil was dissolved again in 100 mL of 1-butanol. Additional L-isoleucine 

(0.16 g, 1.22 mmol) and triethylamine (1.20 mmol) were added to the reaction mixture and 

heated at 70 °C for 2 days. A yellow solution with a white precipitate was seen. The precipitate 

was collected and analysed using IR spectroscopy, which determined that the precipitate was 

L-isoleucine. The solution was left under a stream of nitrogen to remove the solvent. Mass 

spectrometry ESI (-): (m/z) revealed peaks at 525.11, and 639.10. (Appendix 9) Expected mass 

calculated for C12H24N2O4Pt, at 455.14.  

 

2.4.4 Synthesis of cis-[Pt(L-alanine)2] in 1-butanol  

 cis-[PtCl2(DMSO)2]: L-alanine in a 1:2 ratio 

cis-[PtCl2(DMSO)2] (0.61 g, 1.44 mmol) was suspended in 50 mL 

of 1-butanol. L-Alanine (0.23 g, 2.58 mmol) was added to the 

reaction. The reaction mixture was heated at 70 °C and stirred in the 

dark for 5 hours, then left to cool overnight at room temperature. A clear, bright yellow solution 

with a white precipitate was seen. Triethylamine (2.60 mmol) was added. An additional 100 

mL of 1-butanol was added, and the reaction mixture was heated at 70 °C and left stirring in 

the dark for another 5 hours. The reaction mixture was left under a stream of nitrogen at 40 °C 

to remove the solvent. A yellow, oily substance was left behind. The oil was washed with 

hexane and dried. Mass spectrometry ESI (-): (m/z) revealed peaks 395.95 and 440.97. 

(Appendix 10) The oil was redissolved in 50 mL of 1-butanol and heated at 70 °C for 5 hours, 

then overnight for 2 days. The reaction formed a yellow solution with a white precipitate. The 

precipitate was collected, dissolved in water, and dried under a stream of nitrogen. Mass 
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spectrometry ESI (+): (m/z) revealed peaks at 418.92, and ESI (-): (m/z) revealed peaks at 

395.95 and 423.85.(Appendix 11) The remaining solution was left under a stream of nitrogen 

to remove the solvent. Mass spectrometry ESI (-): (m/z) revealed peaks at 406.00. Expected 

mass calculated for C6H12N2O4Pt, [M+Cl] at 406.01. 

 

cis-[PtCl2(DMSO)2]: L-alanine in a 1:3 ratio  

cis-[PtCl2(DMSO)2] (0.50 g, 1.18 mmol) was suspended in 50 mL of 1-butanol. L-Alanine 

(0.21 g, 2.36 mmol) was added. The reaction mixture was heated at 70 °C and stirred in the 

dark for 5 hours then cooled overnight at room temperature. Additional L-alanine (0.11 g, 1.23 

mmol) and triethylamine (2.40 mmol) were added. The reaction mixture was stirred overnight 

at room temperature. A cloudy solution with a white solid was observed at the bottom of the 

flask. A sample of the solid was taken and washed twice with ethanol and once with acetone. 

The sample was then analysed using IR spectroscopy which revealed that the solid was L-

alanine. (Appendix 12) The flask was left under a stream of nitrogen for 1 hour. More 

precipitate was seen as the solvent volume was reduced. The solution was transferred into 

centrifuge tubes and centrifuged. The solid was collected and washed twice with ethanol, once 

with acetone and dried under nitrogen. A small amount of the solid was transferred into a vial. 

Water and ethanol were added to fill half the vial in a 1:2 ratio. The vial was placed in a dark 

bottle that was half filled with ethanol which was placed in a dark cupboard for 2 weeks. White 

crystals were present in the vial. Mass spectrometry and 1H NMR spectroscopy analysis were 

performed on the crystals. Mass spectrometry ESI (-): (m/z) revealed peaks at 370.0. (Appendix 

13) Mass spectrometry ESI (-) calculated for C6H12N2O4Pt, [M-H] at 370.04. 1H NMR (D2O, 

300 MHz, ppm): δ 1.44 (d, J = 7.2 Hz, 3H, CH3), δ 1.48 (d, J = 7.2 Hz, 3H, CH3),  δ 3.66 (q, J 

= 7.2 Hz, H, CH), δ 3.77 (q, J = 7.2 Hz, H, CH). (Appendix 14) 

 

cis-[PtCl2(DMSO)2] : L-alaninate  

L-alanine (0.08 g, 0.90 mmol) and sodium hydroxide (0.04 g, 1 mmol) were dissolved in 50 

mL of distilled water. The solution was stirred at room temperature for 5 days. A clear solution 

was seen, which was left under a stream of nitrogen to remove the solvent. A white solid was 

collected, which was then dissolved in 50 mL of butanol. cis-[PtCl2(DMSO)2] (0.21 g, 0.50 

mmol) was added to the reaction. The reaction mixture was heated at 70 °C and stirred in the 

dark for 6 hours, then at room temperature for 1 week. A clear, yellow solution was observed, 

which was dried under a stream of nitrogen. Mass spectrometry ESI (+): (m/z) revealed peaks 

at 419.92, and ESI (-): (m/z) revealed peaks at 431.95. (Appendix 16)  
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2.4.5 Synthesis of cis-[Pt(L-alanine)2 in methanol  

cis-[PtCl2(DMSO)2] : lithium L-alaninate 

L-alanine (5.80 g, 0.065 mol) and lithium hydroxide (LiOH·H₂O) (1.56 g, 0.037 mol) were 

dissolved in 50 mL of distilled water to form lithium L-alaninate. The reaction mixture was 

stirred at room temperature and dried under a stream of nitrogen. A white solid was collected 

and washed with ethanol. cis-[PtCl2(DMSO)2] (0.23 g, 0.54 mmol) was suspended in 100 mL 

of methanol. Lithium L-alaninate (0.13 g, 1.37 mmol) was added to the reaction. The reaction 

mixture was heated at 40 °C and stirred in the dark for 2 days. The reaction mixture was dried 

under a stream of nitrogen and a yellow, sticky solid was formed. Mass spectrometry ESI (+): 

(m/z) revealed peaks at 401.97. Additional lithium L-alaninate (0.06 g, 0.63 mmol) was added 

and the reaction mixture was heated at 40 °C and stirred in the dark for 6 hours, then at room 

temperature for 1 week. A clear solution with a white precipitate was seen. The reaction was 

dried under a stream of nitrogen to remove half of the solvent and was then transferred into 

centrifuge tubes. The tubes were centrifuged, and the solid was collected and washed with 

ethanol. Mass spectrometry ESI (-): (m/z) revealed peaks at 370.02. (Appendix 17) Mass 

spectrometry ESI (-) calculated for C6H12N2O4Pt, [M-H] at 370.04.  

 

cis-[PtCl2(DMSO)] : L-alanine in a 1:2 ratio  

cis-[PtCl2(DMSO)2] (2.03 g, 4.81 mmol) was suspended in 100 mL of methanol. L-Alanine 

(0.85 g, 9.54 mmol) was added to the reaction. The reaction mixture was heated at 40 °C and 

stirred in the dark, then cooled at room temperature overnight. Lithium hydroxide (0.41 g, 9.77 

mmol) was added, and the reaction mixture was stirred in the dark at room temperature. A clear 

solution with a white precipitate was observed. The reaction mixture was dried under a stream 

of nitrogen to remove half of the solvent and centrifuged. The solid was collected and dissolved 

in 5 mL of water, and the solution was transferred into a vial. The vial was placed under a 

stream of nitrogen to remove the solvent. White crystals were present in the vial. Mass 

spectrometry ESI (+): (m/z) revealed peaks at 393.98. Mass spectrometry ESI (-): (m/z) 

revealed peaks at 370.01. (Appendix 18) Mass spectrometry ESI (+) was calculated for 

C6H12N2O4Pt, [M+Na] at 394.03. Mass spectrometry ESI (-) calculated for C6H12N2O4Pt, [M-

H] at 370.04. 1H NMR (D2O, 300 MHz, ppm): δ 1.46 (d, J = 7.2 Hz, 3H, CH3), δ 1.50 (d, J = 

7.3 Hz, 3H, CH3), δ 2.26 (s, 6H, CH3), δ 3.68 (q, J = 7.4 Hz, H, CH), δ 3.80 (q, J = 7.2 Hz, H, 

CH). (Appendix 19) Additional L-alanine (0.44 g, 4.94 mmol) was added to the remaining 

supernatant. The reaction was heated at 40 °C and stirred in the dark, then cooled at room 

temperature overnight. A cloudy solution was observed, which was transferred into centrifuge 
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tubes and centrifuged. The solid was collected and dissolved in 2 mL of water and was dried 

under a stream of nitrogen to remove the water. The solid was collected and washed with 

ethanol. Mass spectrometry ESI (+): (m/z) revealed peaks at 394.00. Mass spectrometry ESI 

(+) calculated for C6H12N2O4Pt, [M+Na] at 394.03. Mass spectrometry ESI (-): (m/z) revealed 

peaks at 406.03 and 459.07. (Appendix 20) Mass spectrometry ESI (-) calculated for 

C6H12N2O4Pt, [M+Cl] at 406.01. 5 mL of acetone was added to the solid and a cloudy solution 

was formed. The solution was centrifuged, and the solid fraction was collected and dried under 

a stream of nitrogen. 1H NMR (D2O, 300 MHz, ppm): δ 1.50 (d, J = 7.3 Hz, 3H, CH3), δ 2.26 

(s, 6H, CH3), δ 3.80 (q, J = 7.3 Hz, H, CH). (Appendix 21) The supernatant fraction was dried 

under a stream of nitrogen. 1H NMR (D2O, 300 MHz, ppm): δ 3.82 (q, J = 7.4 Hz, CH), 3.80 

(q, J = 7.4 Hz, CH), 3.77 (q, J = 7.4 Hz, CH), 3.75 (q, J = 7.4 Hz, CH), 3.57 (q, J = 7.3 Hz, 

CH), 3.55 (q, J = 7.3 Hz, CH), 3.52 (q, J = 7.3 Hz, CH), 3.50 (q, J = 7.3 Hz, CH), 1.50 (d, J = 

7.2 Hz, CH3), 1.48 (d, J = 7.2 Hz, CH3). (Appendix 22)  

 

2.4.6 Synthesis of cis-[Pt(L-alanine)2] in acetone  

cis-[PtCl2(DMSO)2] (1.05 g, 2.49 mmol) was suspended in 100 mL of acetone. L-alanine (0.44 

g, 4.94 mmol) was added. The reaction mixture was heated at 40 °C and stirred in the dark, 

then at room temperature for 2 days. A light-yellow solution with a yellow precipitate was 

formed. Lithium hydroxide (0.41 g, 9.77 mmol) was added. A bright yellow solution with a 

white precipitate was observed. The precipitate was collected and dissolved in 2 mL of distilled 

water. The solution was left under a stream of nitrogen to remove the solvent. The white solid 

formed was collected and analysed using 1H NMR spectrometry. 1H NMR (D2O, 300 MHz, 

ppm): δ 1.26 (d, J = 7.2 Hz, 3H, CH3), δ 1.30 (d, J = 7.1 Hz, 3H, CH3), δ 1.45 (d, J = 7.0 Hz, 

3H, CH3), δ 2.72 (s, 6H, CH3), δ 3.45 (q, J = 7.1 Hz, H, CH), δ 3.91 (q, J = 7.2 Hz, H, CH). 

(Appendix 23) Additional lithium hydroxide (0.23 g, 5.48 mmol) was added to the solution. 

The reaction was stirred overnight at room temperature in the dark. A yellow solution with a 

white precipitate was observed. The precipitate was separated and collected. The remaining 

solution was collected and dried under a stream of nitrogen to remove the solvent, forming a 

solid. Mass spectrometry ESI (+): (m/z) revealed peaks at 419.93 and ESI (-): (m/z) revealed 

peaks at 431.95. (Appendix 24)  
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2.5 Cytotoxicity studies  

 

2.5.1 Materials 

A549 cells were purchased from the American Type Culture Collection (ATCC, Cat. No. CCL-

185). A549 cells were incubated at 37 °C and 5% CO2 atmosphere. Cells were cultured in 

Advanced Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific) 

supplemented with 2.5 mM L-glutamine and 2% Fetal Bovine Serum (Thermo Fisher 

Scientific). Cells were passaged for a maximum of 20 times for cell culture studies.  

 

2.5.2 Cell passaging  

Cell passaging was performed when cells were at 70 to 80% confluency. Cell culture media, 

trypsin, and Phosphate Buffered Saline (PBS) were warmed up in a 37 °C water bath. The 

following steps were performed in a biohazard biological cabinet class II. The media from the 

cell culture flask was removed and discarded. The cells were washed with 3 mL of PBS which 

was then discarded. 2 mL of trypsin was added to the flask. The flask was placed in the 37 °C 

incubator for 3-5 minutes until the cells detached from the flask. 2 mL of media was added to 

the flask to deactivate the trypsin. The cells were broken apart using a pipette and were 

transferred into a 15 mL centrifuge tube. The tube was centrifuged at 3000 rpm for 2 minutes. 

After the centrifugation was completed, the media was discarded, and the pellet was 

resuspended with 2 mL of media. 0.2 mL of cell suspension was added to a new cell culture 

flask containing 5 mL of media.   

 

2.5.3 Isolation of cells  

After cell passaging, 15 µL of the cell suspension was transferred into a clean Eppendorf tube. 

15 µL of trypan blue was added and mixed well. 10 µL of the solution was placed into a cell 

counting chamber slide and cell counting was performed (Countess 3 Automated Cell Counter, 

Thermo Fisher Scientific). 100 µL of PBS was added into the outer wells of a 96-well plate. 1 

x 10-5 cells were suspended in 8 mL of medium. 100 µL of medium + cell suspension was 

added into the remaining wells of the 96-well plate. The plate was incubated for a 24-hour 

period to allow the suspended cells to adhere to the surface of the 96-well plate. 
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2.5.4 Dosing A549 cells with platinum  

The following steps were performed in a cytotoxic drug safety cabinet. trans-[Pt(L-alanine)2] 

and oxaliplatin were dissolved in media (1 mM concentration) and filtered using a sterile 0.2 

µM filter. A 12-well plate was obtained, and 700 µL of media was pipetted into 10 of the 12 

wells. 700 µL of the trans-[Pt(L-alanine)2] solution was added to well 1. Serial dilution was 

performed by pipetting 700 µL of solution from well 1 into well 2. This was repeated until well 

9. The previously prepared 96-well plate containing cells was taken from the incubator. All 

media in the 96-well plate were removed. 100 µL of solution from the 12-well plate was 

pipetted into the columns of the 96-well plate in increasing platinum concentration. These steps 

were repeated with oxaliplatin. The 96-well plates were incubated for 72 hours at 37 °C.  

 

2.5.5 MTT Assay  

The following steps were performed in the cytotoxic drug safety cabinet. Triazolyl blue 

tetrazolium bromide (MTT) (8 mg) was dissolved in 8 mL of media, forming a solution (1 

mg/mL concentration). The solution was filtered with a 0.2 µM sterile filter. The previously 

prepared 96-well plates containing cells that had been dosed with trans-[Pt(L-alanine)2] and 

oxaliplatin were taken from the incubator. The media in the wells were removed using a 

multichannel pipette and discarded. 100 µL of MTT + media solution was added to the wells. 

The plate was incubated at 37 °C for 72 hours. The MTT + media solution was removed from 

the wells and discarded. 100 µL DMSO was added to the wells. Cell viability was measured 

with a plate reader (Perkin Elmer). Wallal 420 manager software with protocol absorbance @ 

600 nm (1.0 s with shake) to analyse the data.  

 

2.5.6 Data analysis  

Data was normalised and analysed using GraphPad Prism Version 9.5.1. XY analyses, non-

regression (curve fit) was used. The data was plotted as dose-response inhibition log(inhibitor) 

vs. response.  
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2.6 Results and Discussion  

 

2.6.1 Platinum(IV)-glutamine complex synthesis  

 

Figure 2.1: Proposed synthetic pathway of platinum(IV)-glutamine complexes. 

 

Biologically inert platinum(IV)-glutamine complexes are essential to study the transport and 

behaviour of these complexes in cancer cells. To achieve this, a suitable platinum(II) complex 

(1) must be synthesised as a precursor for the subsequent synthesis of a platinum(IV)-glutamine 

complex. The precursor can be synthesised by attaching amino acids such as L-alanine and L-

isoleucine in a bidentate manner (red) to the platinum core. In vitro, cytotoxicity studies must 

be performed to confirm that the complex is biologically inert. The platinum(II) complex can 

then be oxidised to its more inert platinum(IV) state (2). This results in the addition of two 

axial ligands (blue), which can be used to modify the properties of the platinum(IV) complex. 

A hydrophilic linker (purple) can be attached to the platinum(IV) complex (3) to increase the 

overall hydrophilicity of the complex. This is important to reduce the non-specific entry of the 

complexes into cells via passive diffusion. The linker must also be long enough to prevent the 

platinum from interfering with the glutamine binding at its receptor141. Glutamine (green) can 

then be attached to the platinum(IV) complex via the linker (purple) to form the platinum(IV)-

glutamine complex (4). 

 

2.6.2 Platinum(II) complex design  

The platinum(II) complexes was designed to consist of a bis(amino acid)platinum core to form 

complexes that are square-planar and neutral. The complex was designed to be inert analogues 

of oxaliplatin. Amino acids were selected as it has been shown that complexes with two amine 

and four carboxylate donors allow the preparation of platinum(IV) complexes that are stable 

in cell growth media and blood plasma. The complexes are also readily reduced in cells and 

are not cytotoxic to cells142. 
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Figure 2.2: Amino acids at neutral pH. 

 

Amino acids exist as zwitterions at neutral pH (Figure 2.2). At neutral pH, the carboxylate 

group (COO-) can displace ligands on the platinum to form a coordinate bond with the platinum 

core. When a base is added, the pH of the solution is increased. At a basic pH, NH3
+ becomes 

deprotonated forming NH2. The amine group can then form a coordinate bond with the platinum 

core. Bidentate binding of the amino acids to the platinum increases the inertness of the 

platinum(II) complex. This is because if one donor arm of the amino acid becomes detached 

from the platinum, the other donor arm remains attached, making it likely for the detached 

donor arm to reattach to the platinum. This is important to prevent the displacement of ligands 

and the formation of reactive platinum(II) species that can form DNA adducts and cause 

cellular apoptosis. All synthetic procedures will be performed in dark conditions as platinum 

complexes are photosensitive. Unexpected changes may occur during light exposure, such as 

changes in oxidation number of metal, changes in the composition of the coordination shell 

without any change in oxidation number of metal and ligands, and changes in the coordination 

arrangement of ligands may occur143.  

 

2.6.3 Synthesis of trans-platinum(II) complexes  

The synthesis of trans-[Pt(ß-alanine)2] was unsuccessful as a black solid was formed, 

indicating that K2PtCl4 and its reaction products had decomposed. trans-[Pt(L-alanine)2] was 

synthesised using a similar synthetic pathway (Figure 2.3) widely used to synthesise cisplatin, 

which was reported by Dhara in 1970144. L-alanine was chosen as a better option for the 

synthesising [Pt(alanine)2] as it forms a thermodynamically favourable five-membered ring, 

compared to the six-membered ring formed by β-alanine.  
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Figure 2.3: Synthetic scheme of trans-[Pt(L-alanine)2]. 

 

2.6.4 Cytotoxicity studies of trans-[Pt(L-alanine)2]  

The cytotoxicity of trans-[Pt(L-alanine)2] was studied in A549 cells using an MTT assay. MTT 

assay measures the cellular metabolic activity as an indicator of cell viability and cell 

proliferation145. The cells dosed with trans-[Pt(L-alanine)2] were incubated with MTT and 

media (1 mg/ mL concentration) for 72 hours. The MTT assays revealed that trans-[Pt(L-

alanine)2] is biologically inert in A549 cells if administered to cells at a concentration below 1 

mM (Figure 2.4). 

 

 

 

Figure 2.4: Cytotoxicity studies of trans-[Pt(L-alanine)2] in A549 cells using MTT assay 

(72 hours). Cytotoxicity of trans-[Pt(L-alanine)2] at different concentrations (blue dots) was 

measured with oxaliplatin (red dots) which was used as a control. The cytotoxicity of trans-

[Pt(L-alanine)2] is almost negligible and decreased cell viability is only seen at 1 mM 

concentration. Oxaliplatin, a known cytotoxic drug, shows a biphasic dependence curve with 

lower cell viability (IC50 = 1.4 ± 0.1 μM ).  
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2.6.5 Synthesis of trans-platinum(IV) complexes 

trans-[Pt(glycine)2] was synthesised by Prof. Trevor Hambley. The oxidisation of trans-

[Pt(glycine)2] into its platinum(IV) state was attempted using an excess of acetic acid and 

hydrogen peroxide (H2O2). The attempts were unsuccessful, as trans-[Pt(glycine)2] had poor 

solubility in acetic acid. The oxidation was attempted in water and H2O2 instead. The oxidation 

was successful, and an O-H bond band was detected at 3206.22 cm-1 when analysed with IR 

spectroscopy. However, trans-[Pt(glycine)2(OH)2] does not meet the design criteria of four 

carboxylate groups being attached to the platinum. Meeting the design criteria is essential to 

ensure that the platinum(IV) complexes synthesised are stable in media and blood plasma. To 

resolve this, trans-[Pt(glycine)2(OH)2] was reacted in DMA and DMSO with an excess of 

succinic anhydride to form trans-[Pt(glycine)2(succinate)2] complexes. However, the 

complexes had poor solubility in both solvents, and the synthesis of trans-

[Pt(glycine)2(succinate)2] was unsuccessful.  

 

2.6.6 Challenges encountered during the synthesis of trans-platinum(IV) complexes 

Challenges were experienced during the attempts to synthesise trans-platinum(IV) complexes 

due to the poor solubility of the trans-[Pt(glycine)2(OH)2] in water and organic solvents. It is 

common practice to dissolve platinum(II) complexes with poor aqueous solubility in organic 

solvents such as DMSO and DMF146. The poor solubility of these complexes is concerning as 

it could lead to further difficulty when synthesising platinum(IV)-glutamine complexes. The 

complexes must also be soluble in aqueous solutions or media to perform cell culture and 

biological studies successfully. The formation of geometric isomers during the synthesis of 

platinum(IV)-glutamine complexes was also a concern. The trans-platinum(IV) complexes 

synthesised have methyl groups that are both oriented in the same direction relative to the 

platinum plane. During oxidation of these complexes, the platinum centre loses 2 electrons, 

allowing the addition of two axial ligands to be added to the platinum core68. The linker (purple) 

and subsequent glutamine molecule (green) (Figure 2.5) will only be added as one of the 

additional axial ligand. It cannot be certain if the linker will bind to the platinum core in the 

same orientation as the methyl groups (A) or in the opposite direction (B) (Figure 2.5). This 

will lead to the formation of isomers during the oxidation and addition of the linker to trans-

platinum(IV) complexes, complicating the purification process.  
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Figure 2.5. Formation of geometric isomers during oxidation and subsequent linker 

attachment of trans-platinum(IV) complexes. A: Both methyl groups of the amino acid are 

orientated in the upward direction to the platinum core. B: Both methyl groups of the amino 

acid are orientated in the downward direction to the platinum core.  

 

2.7 Synthesis of cis-platinum(II) complexes  

To overcome these challenges, the synthesis of cis-platinum(II) complexes was investigated. 

cis Complexes are expected to be more soluble than their trans isomers due to the differences 

in their molecular geometry. This is because cis isomers are less symmetrical and more polar 

and have a greater potential for dipole-dipole interactions with polar solvents, increasing their 

solubility in aqueous solutions compared to their trans isomers. Cisplatin is roughly eight times 

more soluble than its geometric trans isomer, transplatin147. Substituents of the cis-platinum(II) 

complexes have methyl groups that are oriented in the opposite directions from each other 

relative to the platinum core (Figure 2.6). The oxidation of cis-platinum(II) complexes and 

subsequent attachment of a linker and glutamine to one methyl group of the complex will 

reduce the formation of geometric isomers.  

 

 

 

Figure 2.6. Hypothesised synthetic pathway of cis-bis(amino acid)platinum(II) complexes 

using cis-[PtCl2(DMSO)2] as a starting material. R represents a specific side chain of amino 

acids. The final product, cis-platinum(II) complexes have both its methyl groups oriented in 

opposite directions from each other relative to the platinum core.  
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It was hypothesised that when 1 mol of cis-[PtCl2(DMSO)2] is suspended in a solvent and 2 

mol of amino acids (zwitterion state), the carboxylate group of the amino acids will displace 

the weaker chloride (Cl-) ligands on the platinum core first. This will decrease the pH of the 

reaction mixture to acidic levels due to the release of protons. When 2 mol of base is added, 

the amine (NH3
+) will be deprotonated and displace the dimethyl sulfoxide (DMSO) ligands 

(Figure 2.6). This will lead to the formation of cis-platinum(II) complexes in high purity.  

 

This is a new approach to synthesising cis-bis(amino acid)platinum(II) complexes. Different 

reaction conditions, including solvent, temperature, duration of reaction, and the molarity of 

base and amino acid used, were studied to develop a new synthetic procedure. Amino acids 

such as L-alanine, L-isoleucine, and L-tryptophan (Figure 2.7) were selected to investigate the 

synthesis of cis-bis(amino acid)platinum(II) complexes.  

 

  

 

L-alanine L-isoleucine L-tryptophan 

Figure 2.7: Various amino acids were investigated to synthesise cis- bis(amino 

acid)platinum(II) complexes. 

 

2.7.1 Synthesis of cis-[Pt(L-tryptophan)2] 

This synthetic procedure was first designed with 1-butanol as the solvent and triethylamine as 

the base. cis-[PtCl2(DMSO)2] and L-tryptophan in 1-butanol in a 1:2 ratio to attempt to 

synthesise cis-[Pt(L-tryptophan)2]. The reaction mixture turned dark brown after being heated 

at 70 °C for 15 minutes in the dark. The heat was turned off and the reaction mixture was stirred 

at room temperature for five days. A dark brown solution with a white precipitate was observed. 

The precipitate in the reaction mixture was collected and analysed using IR spectroscopy and 

was identified as cis-[PtCl2(DMSO)2]. It is possible that the synthesis did not take place due to 

the degradation of L-tryptophan. L-tryptophan has been identified to be sensitive to many 

factors including light, heat, solvent, presence of air, and the presence of other compounds148. 

This could explain why the reaction mixture turned dark brown. It was determined that L-
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tryptophan is not a suitable amino acid for the synthesis of cis-bis(amino acid)platinum(II) 

complexes due to its sensitivity.  

 

2.7.2 Synthesis of cis-[Pt(L-isoleucine)2] 

cis-[PtCl2(DMSO)2] and L-isoleucine were reacted in 1-butanol in a 1:2 ratio to attempt to 

synthesise cis-[Pt(L-isoleucine)2]. A yellow solution with a white precipitate was observed. 

The fractions were separated for analysis. The white precipitate was identified as L-isoleucine 

through IR spectrometry. The solvent was removed, which formed an oil, that was analysed 

using mass spectrometry. Mass spectrometry revealed that [Pt(L-isoleucine)2] was not present, 

indicating that the synthesis had not occurred. Only intermediates (Figure 2.8) of the synthesis 

were present. To identify if a longer reaction time was required for the synthesis of [Pt(L-

isoleucine)2], the oil was redissolved in 1-butanol and the solution was heated for 4 days. Then, 

the solvent was removed, and the oil formed was dissolved in water and the precipitate was 

collected to attempt to obtain pure cis-[Pt(L-isoleucine)2] that may have formed. [Pt(L-

isoleucine)2] was not detected in both precipitate and oil fractions when analysed using mass 

spectrometry while the intermediates (Figure 2.8) previously detected remained. It is possible 

that removing the suspended L-isoleucine from the reaction mixture earlier resulted in 

insufficient L-isoleucine being present to displace the ligands on the platinum to form cis-

[Pt(L-isoleucine)2] complexes. The fractions were combined and resuspended in 1-butanol. An 

additional equivalent of L-isoleucine and triethylamine base were added to the reaction mixture 

and heated for two days to allow the reaction to take place. White precipitate was observed in 

the solution which was collected and analysed using IR spectroscopy. Analysis showed the 

precipitate was L-isoleucine that had remained suspended in the reaction mixture. The solvent 

from the solution was removed and analysed using mass spectrometry which did not detect 

[Pt(L-isoleucine)2].  It is possible that L-isoleucine was not sufficiently soluble in 1-butanol to 

displace the ligands on the platinum and form cis-[Pt(L-isoleucine)2].  
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ESI (+): (m/z) 

C10H25ClNO4PtS2 

[M+Na]: 540.05 

ESI (+): (m/z) 

C8H18ClNO3PtS 

[M+Na]: 461.02 

ESI (-): (m/z)  

C12H24Cl2N2O4Pt 

[M]: 525.08 

[M+Cl]: 560.05 

ESI (-): (m/z) 

C8H18ClNO3PtS 

[M-Cl]: 473.00 

 

Figure 2.8: Intermediates of cis-[Pt(L-isoleucine)2] synthesis. 

 

Although the synthesis of cis-[Pt(L-isoleucine)2] was unsuccessful, many insights into the 

synthetic process were gained through the mass spectrometry analysis. It was hypothesised 

(Figure 2.6) that the synthesis of cis-[Pt(amino acid)2] will take place in a systematic manner 

where the carboxylate group of an amino acid (zwitterion state) will displace the weaker 

chloride ligands (Cl-) on the platinum. The addition of a base will then deprotonate the amine 

(NH3
+) group which can then displace the dimethyl sulfoxide (DMSO) ligands on the platinum. 

This would result in the synthesis of cis-platinum(II) complexes in high purity. However, mass 

spectrometry analysis disproves this hypothesis as it indicates the presence of different various 

intermediates. The detection of complexes such as C12H24Cl2N2O4Pt (Figure 2.8) suggests that 

L-isoleucine displaced the DMSO ligands before the chloride ligands. These different 

intermediates can present challenges, as they could lead to the formation of both cis and trans 

isomers, affecting the synthesis of cis-bis(amino acid)platinum(II) complexes in terms of yield 

and purity. 

 

2.7.3 Synthesis of cis-[Pt(L-alanine)2] in 1-butanol 

cis-[PtCl2(DMSO)2] and L-alanine were reacted in a 1:2 ratio to attempt to synthesise cis-[Pt(L-

alanine)2]. It was predicted that an excess of L-alanine was not required and that cis-[Pt(L-

alanine)2] would be synthesised within 3 days. The precipitate from the reaction mixture was 

collected and analysed using mass spectrometry after 3 days. The mass spectrometry results 

showed that cis-[Pt(L-alanine)2] had not been synthesised yet. Instead, intermediates of the 

reaction (Figure 2.9) were present in the reaction mixture (Appendix 11). Similar to what was 
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observed during the synthesis of cis-[Pt(L-isoleucine)2], different variations of intermediates 

were present in the reaction mixture (Figure 2.9). This confirms that the ligands of cis-

[PtCl2(DMSO)2] are unpredictably displaced from the platinum. It was predicted that the 

reaction mixture needed to be stirred for a longer duration to allow the synthesis of cis-[Pt(L-

alanine)2] to be completed. The reaction mixture was stirred for an additional 2 days. The 

precipitate from the reaction mixture was collected and analysed again using mass 

spectrometry. However, the intermediates (Figure 2.9)  were still present in the reaction 

mixture, and cis-[Pt(L-alanine)2] had not been synthesised. This suggests that the duration for 

which the reaction mixture is stirred may not affect the synthesis of cis-[Pt(L-alanine)2]. 

Additional factors, such as the presence of excess L-alanine and base in the reaction mixture, 

may also affect the synthesis of cis-[Pt(L-alanine)2]. 
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Cl
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N

2
O

4
Pt 

[M]: 440.97 
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Figure 2.9: Intermediates of cis-[Pt(L-alanine)2] synthesis. 

 

The synthesis of cis-[Pt(L-alanine)2] may have been unsuccessful due to insufficient L-alanine 

in the reaction mixture. The synthetic procedure was repeated in the same conditions but with 

cis-[PtCl2(DMSO)2] and L-alanine present in a 1:3 ratio. The precipitate in the reaction mixture 

was collected and analysed using mass spectrometry. The mass expected for [Pt(L-alanine)2] 

was detected, indicating that the synthesis was successful. 1H NMR spectrometry was used to 

determine if the cis or trans isomer was present and the purity of the sample. The chemical 

shifts seen in the sample (Appendix 14) were different from the chemical shifts of trans-[Pt(L-

alanine)2] previously detected (Appendix 2). However, the spectrum showed that large 

amounts of L-alanine were present in the sample. This suggests that cis-[Pt(L-alanine)2] was 

successfully synthesised but that the synthetic procedure can be further optimised to yield cis-

[Pt(L-alanine)2] in greater purity.  
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Figure 2.10: Structure of L-alaninate.  

 

An alternative approach to synthesising cis-[Pt(L-alanine)2] was attempted by reacting cis-

[PtCl2(DMSO)2] and L-alaninate (Figure 2.10) in a 1:2 ratio. This was performed to investigate 

if deprotonating the amine group prior to the addition of cis-[PtCl2(DMSO)2] would allow the 

displacement of ligands to occur more effectively. The use of triethylamine as a base was also 

reconsidered. Its addition to the acidic reaction mixture results in the formation of 

triethylammonium chloride, which precipitates out of the solution together with the 

intermediates. This salt interferes with 1H NMR spectroscopy and mass spectrometry analysis 

as triethylammonium chloride can produce additional signals in the 1H NMR spectrum that 

may overlap with the signals of cis-[Pt(L-alanine)2]. Triethylammonium chloride also forms 

adduct ions with the product during mass spectrometry, which can interfere with the 

interpretation of the data. L-alanine was first reacted with sodium hydroxide to form Na+ L-

alaninate. The precipitate in the reaction mixture was collected and analysed using mass 

spectrometry. The mass spectrometry results showed that the synthesis of cis-[Pt(L-alanine)2] 

was unsuccessful. Intermediates of the reaction were present in the reaction mixture. 

 

The attempts to synthesise cis-[Pt(L-alanine)2] in high purity using 1-butanol as a solvent were 

unsuccessful. The intermediates formed were insoluble in 1-butanol and precipitated out of the 

solution. The early precipitation of these intermediates could be affecting the synthesis of cis-

[Pt(L-alanine)2]. Methanol was investigated as an alternative solvent to explore as it is more 

polar than 1-butanol. The intermediates were also found to be soluble in methanol.  

 

2.7.4 Synthesis of cis-[Pt(L-alanine)2] in methanol  

L-Alanine was reacted with lithium hydroxide to form lithium L-alaninate. cis-

[PtCl2(DMSO)2] was reacted with lithium L-alaninate in a 1:2 ratio to attempt to synthesise 

cis-[Pt(L-alanine)2]. A clear solution was observed. A sample of the solution was taken and 

analysed using mass spectrometry, which determined that only intermediates of the synthesis 

were present. Additional lithium L-alaninate was added to the reaction mixture. A clear 

solution with a white precipitate was observed. The precipitate was separated and analysed 
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using mass spectrometry, which determined that [Pt(L-alanine)2] was present. However, the 1H 

NMR spectroscopy spectrum had multiple peaks, indicating that impurities were present in the 

complexes.  

 

The deprotonation of L-alanine prior to the addition of cis-[PtCl2(DMSO)2] was reconsidered. 

The synthesis was repeated with cis-[PtCl2(DMSO)2] and L-alanine added in a 1:2 ratio, and 

the base was added when the pH of the reaction mixture became acidic. A clear solution with 

a white precipitate was observed. The precipitate was separated and dissolved in water. The 

water was removed slowly which produced white crystals. The crystals were analysed using 

mass spectrometry which identified the crystals as [Pt(L-alanine)2]. 1H NMR spectroscopy was 

also performed which showed that the crystals had similar chemical shifts (Appendix 19) as 

the previously identified trans-[Pt(L-alanine)2] (Appendix 2). This indicates that the crystals 

were trans-[Pt(L-alanine)2]. The cis isomer might require more time to synthesise. Additional 

L-alanine and lithium hydroxide were added to the reaction mixture and heated. A clear 

solution with a white precipitate was observed. The precipitate was collected and dissolved in 

water, as done previously to form crystals. The crystals formed were analysed using mass 

spectrometry, which detected complexes, [Pt(L-alanine)2] and [Pt(L-alanine)3]- (Appendix 20). 

The crystals were then dissolved in acetone, which formed a solution with a white precipitate. 

The precipitate was separated and analysed using mass spectrometry which detected [Pt(L-

alanine)2]. 1H NMR spectroscopy was used to determine the isomer of [Pt(L-alanine)2] present. 

The chemical shifts detected in the spectrum were different from the chemical shifts of trans-

[Pt(L-alanine)2] complexes previously establish. This indicates that cis-[Pt(L-alanine)2] 

complexes had been synthesised (Appendix 21). The presence of [Pt(L-alanine)3]- (Appendix 

22) complexes indicates that too much L-alanine had been added to the reaction mixture. 

 

  

Figure 2.11: Structure of [Pt(L-alanine)3]- 
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The addition of amino acids in excess had a different reaction in 1-butanol compared to 

methanol. In 1-butanol, an excess of L-alanine and L-isoleucine remained suspended in the 

reaction mixture. However, in methanol, the excess L-alanine was soluble in methanol and 

displaced ligands on the platinum to form [Pt(L-alanine)3]- (Figure 2.11).  This could lead to 

further challenges, as it may be difficult to remove the additional L-alanine bound to the 

platinum to form cis-[Pt(L-alanine)2].  

 

The synthetic procedure was repeated with a smaller amount of L-alanine added to the reaction 

mixture. L-alanine was added to cis-[PtCl2(DMSO)2] in a 2:1 ratio. The precipitate was 

collected for analysis. The mass spectrometry analysis determined that [Pt(L-alanine)2] was 

present. 1H NMR spectroscopy was performed, which revealed that both cis and trans isomers 

were present. The chemical shifts seen in the spectrum were similar to trans-[Pt(L-alanine)2] 

and cis-[Pt(L-alanine)2]. An additional base was added to the remaining solution in an attempt 

to increase the yield of [Pt(L-alanine)2]. A clear solution with a white precipitate was formed. 

The precipitate was separated for analysis. 1H NMR spectroscopy revealed that the precipitate 

was trans-[Pt(L-alanine)2]. Traces of acetone and DMSO were also seen in the spectrum. To 

determine if a higher yield of cis-[Pt(L-alanine)2] could be synthesised from the reaction 

mixture, additional lithium hydroxide was added to the remaining solution. A clear solution 

with a white precipitate was formed. The precipitate was separated and analysed using mass 

spectrometry. However, only intermediates of the synthesis and [Pt(L-alanine)3]- were 

detected. The solution was also collected and dried for mass spectrometry analysis which 

detected that only intermediates of the synthesis. The synthesis of [Pt(L-alanine)3]- was 

unexpected as an excess of L-alanine had not been added to the reaction mixture. An excess of 

L-alanine may be required to synthesise cis-[Pt(L-alanine)2]. However, the amount of L-

alanine added must be carefully monitored to minimise the synthesis of [Pt(L-alanine)3]-. 

 

2.7.5 Synthesis of cis-[Pt(L-alanine)2] in acetone  

From the previous attempts, it was identified that the intermediates of the synthesis and [Pt(L-

alanine)3]- are soluble in acetone. However, cis-[Pt(L-alanine)2] was found to be insoluble in 

acetone. Acetone was investigated as a solvent choice as it is predicted that cis-[Pt(L-alanine)2] 

as it would precipitate out of the reaction mixture to collect a pure sample.  
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It was suggested that acetone could be a suitable solvent choice to obtain pure cis-[Pt(L-

alanine)2] as it would precipitate out of the reaction mixture. cis-[PtCl2(DMSO)2] and L-alanine 

were reacted in a 1:2 ratio to attempt to synthesise cis-[Pt(L-alanine)2]. A yellow solution with 

a white precipitate was observed. The precipitate was separated and analysed using 1H NMR 

spectroscopy. The synthesis did not occur as expected. 1H NMR spectroscopy revealed many 

impurities present, which made the spectrum difficult to read. Additional lithium hydroxide 

was added to the solution. The precipitate was separated and analysed using both mass 

spectrometry and 1H NMR spectroscopy. However, platinum complexes were not detected in 

either spectrum. The solvent in reaction mixture solution was removed, and the oil formed was 

analysed using mass spectrometry. Only intermediates of the synthesis were present. It was 

determined that acetone may not be a suitable solvent for the synthesis of cis-[Pt(L-alanine)2].  

 

2.8 Reaction conditions for optimal synthesis of cis-[Pt(L-alanine)2]  

The synthetic procedures were performed in different conditions to determine the best 

conditions to optimise the synthesis of cis-[Pt(L-alanine)2]. It was determined that the synthesis 

must be performed in the dark as light exposure may lead to the platinum degradation. The 

reaction mixture must be heated and stirred to increase the rate of the reaction. The reaction 

mixture was heated to 70 °C without any traces of decomposition seen. Methanol was 

determined to be a suitable solvent for the synthesis of cis-[Pt(L-alanine)2] over 1-butanol and 

acetone. Other solvents should be investigated when developing synthetic procedures 

involving different amino acids based on their polarities. After the first batch of cis-[Pt(L-

alanine)2] is collected, it is possible to increase the yield by adding more L-alanine and base to 

the reaction mixture. However, the addition of L-alanine should be performed carefully to 

reduce the formation of [Pt(L-alanine)3]-. It is also recommended to monitor the pH of the 

reaction mixture as an indicator if an additional base or L-alanine is required. Future 

experiments can be performed to identify reaction conditions to optimise the synthesis of cis-

[Pt(L-alanine)2].  

 

2.9 Conclusion  

trans-bis(amino acid)platinum(II) complexes were identified as unsuitable precursors for the 

synthesis of platinum(IV)-glutamine complexes due to their poor solubility and formation of 

geometric isomers during oxidation. cis-[PtCl2(DMSO)2] was explored as a starting material 

for the synthesis of cis-bis(amino acid)platinum(II) complexes. A new synthetic scheme to 
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synthesise cis-[Pt(L-alanine)2] in high purity was explored. It was hypothesised that only one 

intermediate and the cis isomer would be synthesised due to the systematic displacement of 

cis-[PtCl2(DMSO)2] ligands (Figure 2.1) Various reaction conditions were evaluated to design 

an appropriate synthetic pathway. Although cis-[Pt(L-alanine)2] was successfully synthesised, 

various intermediates were also present. Future steps involve the 2 to ensure that it is suitable 

for cytotoxicity studies to determine the biologically inertness of cis-[Pt(L-alanine)2]. If found 

to be inert, the complex can be used as a precursor for the synthesis of platinum (IV)-glutamine 

complexes. 

 



 

  

 

 

 

 

 

 

 

CHAPTER 3: TRANSPORT OF 

MODIFIED GLUTAMINE 

COMPLEXES VIA ASCT2 
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3.1 Introduction 

ASCT2 is overexpressed in various cancer types to accommodate their increased glutamine 

needs. This makes ASCT2 a potential target for anticancer therapy. The aim was to study the 

transport of modified glutamine compounds in oocytes expressing human ASCT2 (hASCT2). 

This study was conducted prior to synthesising platinum(IV)-glutamine complexes to first 

elucidate if modification of glutamine impacts its recognition and transport via ASCT2. This 

is essential to identify if ASCT2 is a suitable transporter to selectively deliver platinum(IV)-

glutamine complexes into cancer cells.  

 

3.1.1 Mechanism of amino acid transport of ASCT2  

 

   

Figure 3.1: Mechanism of amino acid transport of ASCT2.  

A substrate and 3 Na+ ions bind at the helical hairpin (HP) 2 of the transport domain which 

allows the translocation of the domain through the plasma membrane. The HP2 gate opens at 

the cytoplasmic environment allowing the release of the substrate and 3 Na+ ions into the cell. 

As ASCT2 functions as an obligatory exchanger, another neutral amino acid and 3 Na+ ions 

will be transported from the intracellular to the extracellular environment132. This transport 

process activates the flow of anions through the transporter, which creates a charge movement 

across the membrane133,134. The figure was created using BioRender.com.  
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3.1.2 Compound 1  

 

Figure 3.2: Structure of Compound 1  

Compound 1 (C9H12N3O4) was used to study the transport of modified glutamine compounds 

via ASCT2. 2-(2-aminoethoxy)ethanol was attached to the α-carboxylic acid of L-glutamine 

via peptide coupling reaction. This compound was synthesised by Dr. Adnan Bani-Saad.  

 

3.1.3 Compound 2 (L-theanine) 

 

Figure 3.3: L-theanine, an analogue of L-glutamine  

Compound 2 (L-theanine) was also used to study the transport of modified glutamine 

compounds via ASCT2. L-theanine is an analog of glutamine which has an additional ethyl 

group on the amide nitrogen. L-theanine used was purchased from Chem Supply Pty Ltd.  

 

3.2 Methods and Materials  

All materials used were purchased from Sigma-Aldrich (Merck) unless stated otherwise.  

 

3.2.1 Harvesting of Xenopus laevis oocytes  

Xenopus laevis oocytes were supplied by the Victor Chang Cardiac Research Institute and 

approved by the Garvan Institute/St Vincents Hospital Animal Ethics Committee (Animal 
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Research Authority 23_11) under the Australian Code of Practice for the Care and Use of 

Animals for Scientific Purposes. Stage. Oocytes were defolliculated by agitation with 1.5-1.7 

mg/mL collagenase A (Roche) at 18 °C for 30 to 60 minutes. Isolated oocytes were then given 

a series of rinses as follows; five rinses in OR-2, 10 rinses in ND96 (96 mM NaCl, 2 mM KCl, 

1 mM MgCl2, 1.8 mM CaCl2, 5 mM hemisodium-HEPES, pH 7.5) and two rinses in ND96 

storage buffer (ND96 supplemented with 50 µg/ml gentamycin, 2.5 mM sodium pyruvate, 50 

µg/ml tetracycline and 0.5 mM theophylline).  

 

3.2.2 Production of human ASCT2 RNA 

The hASCT2 clone in the vector pcDNA3.1+C-eGFP was subcloned into pOTV by Dr. 

Natasha Freidman. Plasmid DNA was obtained and transformed into NEB® 5- alpha 

Competent E. coli cells (New England BioLabs Inc), following manufacturer’s instructions 

then purified using GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific). The plasmid 

DNA was linearised using restriction enzyme Spe1 (New England BioLabs Inc) and purified 

with Phenol Chloroform Isoamyl-Alcohol and Phenol Isoamyl-Alcohol. The sequence of the 

complementary DNA (cDNA) products was confirmed by the Australian Genome Research 

Facility. Linear DNA was transcribed using T7 RNA polymerase with AMBION mMESSAGE 

mMACHINETM T7 transcription kit (InvitrogenTM, Thermo Fisher Scientific).  Messenger 

RNA (mRNA) was diluted with RNase-free water (Thermo Fisher Scientific) to form 300 

ng/µL hASCT2 mRNA.  

 

3.2.3 Oocytes microinjection  

Healthy stage V defolliculated oocytes that were spherical and lacking follicular membrane 

were selected and microinjected with 23 nL hASCT2 mRNA. Injection needles were made 

with 3.5’ Drummond glass capillaries (Drummond Scientific Company) using a PC-100 

microelectrode puller (Narishige). Injected oocytes were stored at 18 °C in ND96 buffer and 

shaken for three days to allow the expression of hASCT2 on the oocytes cell membrane.  

 

3.2.4 Electrophysiology studies  

Current recordings were measured using two-electrode voltage clamp electrophysiology with 

a Geneclamp 500 amplifier (Axon Instruments) and a MacLab 2e chart recorder 

(ADInstruments). LabChart (version 8) (ADInstruments) and Digidata 1322A (Axon 

Instruments) controlled by an IBM-compatible computer with pClamp (version 10.6) 
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(Molecular Devices) were used. Compounds of interest were dissolved in NO3
- buffer (96 mM 

NaNO3, 2 mM KNO3, 1 mM Mg(NO3)2, 6H2O, 1.8 mM Ca(NO3)2, and 5 mM hemisodium 

HEPES, pH 7.5). The solutions were applied to oocytes through perfusion into the recording 

bath where they are held and washed out with NO3
- buffer between applications. The magnitude 

of current activated by a compound was measured as the conductance recorded during 

application subtracted by the conductance recorded immediately before application. The 

recording bath was grounded using a salt bridge containing 3 M KCl and 3% agarose gel which 

was connected to a 3 M KCl reservoir to minimise offset potentials. Oocytes expressing 

hASCT2 were clamped at -30 mV. Voltage pulses at 10 mV intervals between -100 mV to +60 

mV were applied to oocytes every 150 milliseconds to generate current-voltage (IV) plots.  

 

3.2.5 Substrate dose-response relationship  

Dose-response relationships were measured by applying a range of concentrations of a single 

compound to oocytes expressing hASCT2. IV plots were generated as described above and the 

currents measured at +60 mV were taken from each plot. Currents measured at +60 mV were 

used to plot the dose-response curves as the largest amplitude of currents was measured at that 

voltage. Data was processed using GraphPad Prism (Version 9.5.1). The data was fitted to the 

Michaelis-Menten equation using the least square fit:  

 

I / Imax = [S] / (Km + [S]) 

I = substrate-elicited current at +60 mV, Imax = maximum response, S = substrate 

concentrations, and Km = substrate concentration required to reach half-maximum response.  

Data was normalised to the predicted maximal current for each substrate (Imax). 

3.3 Results 

 

3.3.1 Substrate dose-response curve  

The dose-response of known substrates of ASCT2 - L-glutamine and L-serine was measured. 

The substrates were applied to oocytes expressing hASCT2 clamped at -30 mV. The substrates 

were applied in a range of concentrations (1 to 1000 µM) and voltage pulses at 10 mV intervals 

between -100 to +60 mV were applied to oocytes every 150 milliseconds to generate current-

voltage (IV) plots. The currents measured at +60 mV were taken and normalised to the 

predicted maximal current (Imax).  The data must be normalised to the Imax as the expression of 
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transporters in the oocytes can change over time after their injection, affecting the observed 

current magnitudes. Application of both L-glutamine and L-serine generated outward currents, 

elicited by the activation of an uncoupled anion conductance (Figure 3.4). Increased currents 

were measured as higher concentrations of the substrates were applied until the saturating 

concentration was reached. L-Serine was also identified to have a lower affinity for ASCT2 

than L-glutamine (Table 3.1). No current was observed when L-glutamine was applied to 

uninjected oocytes at identical concentrations (Figure 3.5). This confirms that the currents 

elicited are a direct result of the expression of hASCT2 on the oocyte cell membrane and further 

verifies that the uncoupled anion conductance is activated by the exchange of 3 Na+ ions and 

the substrate from the intracellular to the extracellular environment.  

 

Figure 3.4: Dose-response relationship of known substrates. Dose-response relationships 

were measured by currents elicited during the application of L-glutamine (A) and L-serine (B) 

in oocytes expressing hASCT2 at +60 mV in NO3
- buffer. Data for each cell were normalised 

to the Imax for each substrate. Data analysis was performed using GraphPad Prism (Version 

9.5.1). Each dot point represents the mean signal response from 5 individual cells (n = 5). Data 

are presented as mean ± SEM. Experiments were replicated three times, across two different 

batches of oocytes. Both substrates show increased currents elicited as increased concentrations 

of the substrates were applied. 
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Figure 3.5: Current-voltage relationship elicited by L-glutamine. L-glutamine (100 µM) 

was applied to oocytes expressing hASCT2 (red) and to uninjected oocytes (black) clamped at 

-30 mV. Outward currents that reversed in direction at approximately -60 mV were measured 

when L-glutamine was applied to oocytes expressing hASCT2. No measurable current was 

detected when L-glutamine was applied to uninjected oocytes. Data analysis was performed 

using GraphPad (Version 9.5.1).  

Table 3.1: Calculated substrate Km and Imax values and ± SEM at +60 mV for ASCT2.  

Substrate Km (µM) Imax (µM) 

L-glutamine 62 ± 16 357 ± 34 

L-serine 177 ± 20 707 ± 46 

Application of both L-glutamine and L-serine generated outward currents when applied to 

oocytes expressing hASCT2. L-Serine has a lower affinity for ASCT2 (Km =177 ± 20 µM) 

compared to L-glutamine (Km = 62 ± 16 µM). Increased currents were elicited as increased 

concentrations of L-glutamine and L-serine were applied to oocytes until the saturating 

concentrations of L-glutamine (Imax = 357 ± 34 µM) and L-serine (Imax = 700 ± 46 µM) were 

reached. 

3.2.2 Compound 1 transport studies 

Compound 1 (300 µM, 1mM) was applied to oocytes expressing hASCT2 with known 

substrates, L-glutamine (100 µM) and L-serine (100 µM), and a known inhibitor benzylserine 

(1 mM) used as control compounds. The compounds were applied to oocytes clamped at -30 

mV for approximately 60 seconds. Oocytes were washed with NO3
- buffer for approximately 

60 seconds between each application. Data was obtained from LabChart (version 8), and the 
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trace was plotted in GraphPad Prism (Version 9.5.1). IV plots were also generated and plotted 

in GraphPad Prism (Version 9.5.1). Current-voltage relationships of compound 1 (300 µM) + 

L-serine (100 µM) were recorded with L-serine (100 µM) used as a control No measurable 

current was detected when compound 1 was applied to oocytes (Figure 3.6A). Current-voltage 

relationship elicited by compound 1 was also measured which consistently showed no 

measurable currents (Figure 3.6B) being elicited across 5 oocytes. This indicates that 

compound 1 is not a substrate or inhibitor of ASCT2. To confirm that compound 1 is not an 

inhibitor of ASCT2, compound 1 (300 µM) + L-serine (100 µM) was applied to oocytes 

expressing hASCT2. A decrease in currents elicited was not seen compared to the currents 

elicited during the application of L-serine (100 µM) (Figure 3.6C). This further shows that 

compound 1 is not an inhibitor of ASCT2.  

 

 

Figure 3.6: Transport of compound 1 in oocytes expressing hASCT2 clamped at -30 mV 

in NO3
- buffer. (A) Representative traces of currents elicited during the application of L-

glutamine (100 µM), L-serine (100 µM), compound 1 (1 mM) and benzylserine (1 mM) as 

labelled in the figure. The trace was obtained by measuring currents elicited by a single oocyte 

at 0.25 seconds intervals. (B) Current-voltage relationship elicited by L-serine (100 µM) (blue), 

L-glutamine (100 µM) (red), compound 1 (300 µM) (purple), and benzylserine (1 mM) (black). 
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(C) Current-voltage relationship elicited by L-serine (100 µM) + compound 1 (300 µM) 

(purple) and L-serine (100 µM) (blue). (B and C) Each dot point represents the mean signal 

response from 5 individual cells (n = 5). Data are presented as mean ± SEM. Experiments were 

replicated three times, across two different batches of oocytes Data analysis was performed 

using GraphPad (Version 9.5.1). Compound 1 is neither a substrate nor an inhibitor of ASCT2. 

Scale of each figure is different. 

 

3.33 L-theanine transport studies  

L-Theanine (1 mM) was applied to oocytes expressing hASCT2 clamped at -30 mV with 

known substrates L-glutamine (100 µM) and L-serine (100 µM) and a known inhibitor 

benzylserine (1 mM) used as control compounds. IV plots were generated and plotted in 

GraphPad Prism (Version 9.5.1). Current-voltage relationships of L-theanine (1 mM) + L-

serine (100 µM) and L-theanine (1 mM) + L-glutamine (100 µM) were recorded with L-

glutamine (100 µM) and L-serine (100 µM) used as controls. Application of L-glutamine and 

L-serine to oocytes expressing hASCT2 produced outward currents (Figure 3.7A) while 

application of L-theanine produced inward currents similar to those produced by the inhibitor 

benzylserine (Figure 3.7D). This suggests that L-theanine is an inhibitor of ASCT2. Further 

studies were performed to confirm that L-theanine is an inhibitor of ASCT2. L-theanine (1 

mM) + L-serine (100 µM) was applied to oocytes expressing hASCT2. A decrease in currents 

elicited was observed compared to the application of L-serine (100 µM) alone (Figure 3.7C). 

A decrease in currents elicited was also observed when L-theanine (1 mM) + L-glutamine (100 

µM) was applied compared to L-glutamine (100 µM)  alone (Figure 3.7B). This confirms that 

L-theanine is an inhibitor of ASCT2, inhibiting the transport of its substrates.  
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Figure 3.7: Transport of theanine in oocytes expressing hASCT2 clamped at -30 mV in 

NO3
- buffer. (A) Current-voltage relationship elicited by L-serine (1 mM) (blue), L-glutamine 

(1 mM) (red), and L-theanine (1 mM) (green). (B) Current-voltage relationship elicited by L-

glutamine (100 µM) (red) and L-glutamine (100 µM) + L-theanine (1 mM) (orange). (C) 

Current-voltage relationship elicited by L-serine (100 µM) (blue) and L-serine (100 µM) + L-

theanine (1 mM) (purple). (D) Current-voltage relationship elicited by benzylserine (1 mM) 

(black) and L-theanine (1 mM) (green). (A-D) Each dot point represents the mean signal 

response from 5 individual cells (n = 5). Data are presented as mean ± SEM. Experiments were 

replicated three times, across two different batches of oocytes. Data analysis was performed 

using GraphPad (Version 9.5.1). Scale of each figure is different.  

 

3.4 Discussion 

Xenopus laevis oocytes were used as a model to study the transport of modified glutamine 

compounds (compound 1, L-theanine) in ASCT2. Xenopus laevis oocytes have been used in 

research for decades to perform electrophysiology experiments using two-electrode voltage 

clamps to study membrane transport. Oocytes are used to isolate transporters to effectively 
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study their behaviours. Oocytes are a suitable choice as mature oocytes are fairly large (1-1.2 

mm), allowing them to be prepared, injected, and tested easily149. Electrophysiology 

experiments are also conducted with stage V oocytes as they have the lowest number of 

endogenous transport systems present in their membrane at this stage. This allows transporters 

to be studied background-free in many cases150. Oocytes also have a fully equipped 

translational machinery and can effectively translate heterologous mRNA and cDNA-derived 

cRNA. This allows the high expression of recombinant proteins at the cell surface needed for 

transport studies151.  

 

Dose-response relationships were obtained using known substrates of ASCT2, L-glutamine 

and L-serine. NO3
- buffer was used for the experiments as it has a higher permeability through 

the anion-gated channel, allowing more robust currents to be measured133,134. The currents 

measured are not directly produced by the movement of substrates and Na+ ions in ASCT2. 

They are produced by the influx of NO3
- ions in the anion-gated channel which occurs during 

substrate transport133,152. Increased currents were measured as increasing concentrations of the 

substrates were applied to oocytes expressing hASCT2 (Figure 3.4). A similar pattern was seen 

by Scopelliti et al. who studied the dose-response relationships of L-glutamine and L-serine in 

oocytes expressing hASCT2 at +60 mV in NO3
- buffer134. 

 

L-Serine (Km =177 ± 20 µM) has a lower affinity to ASCT2 than L-glutamine (Km = 62 ± 16 

µM). The predicted maximal current for each substrate (Imax) was also calculated, L-glutamine 

(Imax = 357 ± 34 µM) and L-serine (Imax = 707 ± 46 µM) (Table 3.1). The Imax indicates the 

saturating substrate concentrations of ASCT2. This information may be valuable when 

applying platinum(IV)-glutamine complexes to cells to prevent overdosing cells which may 

have toxic side effects.  

 

Compound 1 was applied to oocytes expressing hASCT2 with known substrates, L-glutamine 

and L-serine and a known inhibitor, benzylserine used as controls. It was hypothesised that 

compound 1 would be readily transported by ASCT2 as it has a hydrophilic side chain which 

prevents its transport into cells via passive diffusion. It was also believed that compound 1 was 

structurally similar enough to L-glutamine to allow its recognition at ASCT2. Compound 1 

consistently elicited no currents during its application to oocytes and remained at NO3
- baseline 

levels (n = 5) (Figure 3.6A, 3.6B). Compound 1 + L-serine was applied to oocytes expressing 
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hASCT2. A decrease in currents elicited was not measured when compound 1 was present 

(Figure 3.6C), confirming that compound 1 is not an inhibitor of L-serine transport via ASCT2. 

Compound 1 is neither a substrate nor an inhibitor of ASCT2. This suggests that compound 1 

may be unable to bind on the transport domain of ASCT2, preventing the translocation of the 

transport domain down the lipid bilayer required for the exchange of substrates and Na+ ions 

to take place. Garaeva et al. suggested that bulker substrates may prevent the closure of HP2 

affecting their transport in ASCT2132. This is supported by Albers et al. who suggest that the 

activity of transporter substrates decreases strongly as the side chain volume reaches or 

threshold or if the compound has a bulky hydrophobic group152. Despite 2-(2-

aminoethoxy)ethanol being hydrophilic, attaching it to glutamine may have made compound 1 

too large for transport via ASCT2. These results were an important finding as they facilitated 

the redesign of the platinum(IV)-glutamine complex. The complex must be transported in 

ASCT2 to selectively deliver drugs to cancer cells overexpressing ASCT2.  

 

Based on the results obtained from compound 1, modification of L-glutamine at its side chain 

with a decreased length of the linker was explored. L-theanine was selected for transport 

studies in ASCT2 as it is a structural analog of L-glutamine and met the criteria of our new 

design. L-theanine is a non-essential amino acid that is not produced by the human body. It is 

abundantly present in green tea leaves153.  

 

L-theanine was applied to oocytes expressing hASCT2 with known substrates, L-glutamine 

and L-serine and a known inhibitor, benzylserine, were used as controls. It was hypothesised 

that L-theanine would be transported in ASCT2 as it is structurally similar to L-glutamine and 

its α-carboxylic acid and amine group were unmodified. Application of L-theanine elicited 

inward currents similar to those measured during the application of benzylserine (Figure 3.7D). 

Inward currents are observed when inhibitors are applied to ASCT2 as they block the tonic 

leak anion conductance. Freidman et al. also observed inward currents when benzylserine (1 

mM) was applied to oocytes expressing hASCT2 clamped at -30 mV in NO3
- buffer131. This 

suggests that L-theanine is acting as an inhibitor of ASCT2 and blocks the leak of NO3
- 

conductance.  The application of substrates L-glutamine and L-serine in the presence of L-

theanine to oocytes expressing hASCT2 revealed a decrease in currents elicited. A greater 

decrease in currents was also measured when L-theanine was applied with L-serine compared 

to L-glutamine. The results suggest that L-theanine binds to ASCT2, inhibiting the transport 

of L-glutamine and L-serine.  
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L-theanine was found to be an inhibitor of ASCT2 which is still an important finding. Inhibitors 

can be used to starve cancer cells of glutamine, impacting their growth. This behaviour was 

observed in endometrial carcinoma overexpressing ASCT2 by Marshall et al. where certain 

endometrial cell lines showed reduced growth when treated with known ASCT2 inhibitors, 

benzylserine and L-γ-Glutamyl-p-nitroanilide (GPNA)154. The literature also states that L-

theanine has anti-cancer properties. Liu et al. observed a significant inhibitory effect on the 

migration of non-small cell lung cancer cells (A549) after treating them with theanine for 6 

hours155. Xin et al. also found that the application of L-theanine induced human 

hepatoblastoma (HepG2) cell death under glutamine-restricted conditions via the caspase-9-

dependent and caspase-independent mitochondrial pathways156. The identification of L-

theanine as an inhibitor of ASCT2 could provide a further understanding of the mechanism of 

its anticancer effects.  

 

3.5 Conclusion  

It was identified that the modification of L-glutamine impacts its transport in ASCT2. 

Compound 1 is neither a substrate nor an inhibitor of ASCT2. Attaching a 2-(2-

aminoethoxy)ethanol linker at the α-carboxylic acid of L-glutamine could have made 

compound 1 too large for transport in ASCT2. Modification of the α-carboxylic acid of L-

glutamine could also have affected its recognition at the transporter. L-Theanine (compound 

2) was used as it has a shorter side chain and is unmodified at the α-carboxylic acid and amine 

groups. L-theanine was identified as an inhibitor of ASCT2, which could potentially explain 

its anticancer effects reported in literature. 
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4.1 Summary of project   

The primary objective was to study the transport of biologically inert platinum(IV)-glutamine 

complexes into cancer cells to investigate if platinum(II) drugs can be selectively delivered to 

cancer cells by exploiting the overexpression of certain glutamine transporters on cancer cells, 

which occurs to meet the increased glutamine demands of cancer cells130. This study is essential 

to overcome the challenges of current platinum(II) drugs used in clinics such as cisplatin, 

carboplatin, and oxaliplatin. These drugs are toxic and enter cells non-specifically via passive 

diffusion, which results in the death of both cancerous and healthy cells19. They can also lead 

to severe side effects12,21,23 and the development of drug resistance17. To study the transport of 

platinum(IV)-glutamine complexes into cancer cells, biologically inert platinum(II) complexes 

were synthesised to effectively study their transport and behaviour in cancer cells while 

avoiding cellular apoptosis. These platinum(II) complexes can subsequently be oxidised into 

their platinum(IV) state and attached to L-glutamine via a hydrophilic linker. The synthesis of 

bis(amino acid)platinum(II)complexes that are analogs of oxaliplatin was prioritised. It was 

hypothesised that attaching amino acids to the platinum in a bidentate manner would prevent 

the displacement of the ligands inside the cell, preventing the formation of reactive and toxic 

platinum(II) species. trans-[Pt(L-alanine)2] was synthesised using the Dhara method first 

reported in 1970, which is widely used to synthesise cisplatin144. Cytotoxicity studies were 

performed which confirmed that trans-[Pt(L-alanine)2] is not significantly cytotoxic when 

administered to A549 cells at a concentration below 1 mM. However, trans-[Pt(L-alanine)2] 

had poor solubility in water and many organic solvents, making oxidation challenging. A 

similar pattern was observed with trans-[Pt(glycine)2]. Although it was successfully 

synthesised into its platinum(IV) state, trans-[Pt(glycine)2(OH)2] was insoluble in water and 

organic solvents, preventing the synthesis of platinum(IV)-glutamine complexes using trans-

[Pt(glycine)2] as a precursor. Additionally, the possibility of geometric isomer formation at 

each step of the platinum(IV)-glutamine complex synthesis when using trans complexes as 

precursors was also a concern. The presence of these isomers can make the purification of 

trans-platinum(IV) complexes challenging and result in a lower yield of products. Thus, trans-

bis(amino acid)platinum(II) complexes were deemed  unsuitable precursors of the synthesis of 

platinum(IV)-glutamine complexes due to their poor solubility and formation of geometric 

isomers during oxidation. A new procedure to synthesis cis-bis(amino acid)platinum(II) 

complexes using cis-[PtCl2(DMSO)2] as a starting material was attempted. It was hypothesised 

that suspending cis-[PtCl2(DMSO)2] in a solvent with two equivalents of amino acid and a 
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base, will lead to the synthesis of cis-bis(amino acid)platinum(II) complexes in high purity. 

This synthetic procedure was first explored using different amino acids such as L-isoleucine, 

L-tryptophan, and L-alanine. L-Tryptophan was deemed unsuitable for the synthesis of cis-

bis(amino acid)platinum(II) complexes due to its instability in reaction mixtures. L-Alanine 

was selected to refine and optimise the synthetic procedures as it is a small amino acid with a 

non-bulky side chain, which may allow for easier and more effective complexation compared 

to L-isoleucine. It was found that using cis-[PtCl2(DMSO)2] as a starting material led to the 

synthesis of both cis and trans isomers. Although trans-bis(amino acid)platinum(II) complexes 

are unsuitable for the synthesis of the platinum(IV)-glutamine complexes, this synthetic 

procedure could still be valuable for researchers aiming to synthesise both cis and trans-

bis(amino acid)platinum(II) complexes. This synthetic procedure is also beneficial as it 

prevents the decomposition of the platinum and requires a shorter reaction time. The Dhara 

method requires the conversion of K2PtCl4 to K2PtI4 in situ157 while cis-[PtCl2(DMSO)2] can 

be directly reacted with amino acids, expediting the synthesis process. cis-[Pt(L-alanine)2] was 

successfully synthesised but the purification process was challenging due to the presence of 

various intermediates with similar solubility in water and solvents. Further exploration is 

needed to obtain pure cis-[Pt(L-alanine)2] complexes. While developing an optimal synthetic 

procedure of cis-[Pt(L-alanine)2] complexes, it was concurrently investigated if the 

modification of L-glutamine would still allow its recognition by ASCT2 transporters. The 

transport of modified L-glutamine compounds into ASCT2 was studied using Xenopus laevis 

oocyte as a model using two-electrode voltage clamp electrophysiology. ASCT2 was explored, 

as the transporter is overexpressed in many different types of cancers and has been identified 

as a potential target for anticancer therapy130. Compound 1 was synthesised by attaching a 2-

(2-aminoethoxy)ethanol linker to the α-carboxylic acid of L-glutamine. Compound 1 was 

found to neither be a substrate nor an inhibitor of ASCT2 as no measurable currents were 

elicited when applied to Xenopus laevis oocytes expressing ASCT2. It is possible that 

compound 1 is too large for transport via ASCT2 or that the modification of the α-carboxylic 

acid of L-glutamine affected its recognition at the transporter. The transport of L-theanine 

(compound 2) was explored as it is an analog of glutamine with a shorter side chain and is 

unmodified at the α-carboxylic acid and amine groups. L-theanine was identified as an inhibitor 

of ASCT2, eliciting inward currents when applied to Xenopus laevis oocytes expressing 

ASCT2, similar to benzylserine a known ASCT2 inhibitor. This could explain its potential 

anticancer effects discussed in literature154,155,156 as it inhibits the transport of L-glutamine via 

ASCT2, reducing L-glutamine intake by cancer cells. The studies of compound 1 and L-
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theanine found that modification of L-glutamine either at its α-carboxylic acid or R group, 

prevents it from acting as a substrate of ASCT2. This leads to challenges as platinum(IV)-

glutamine complexes must be readily transported via glutamine transporters to selectively 

deliver these complexes to cancer cells. Further studies are essential to identify if glutamine 

transporters are a suitable target for the selective delivery of anticancer drugs.  

 

4.2 Future work  

Further research is crucial to design a modified glutamine compound that is transported via 

ASCT2. If any modification to L-glutamine still prevents its transport via ASCT2, alternative 

glutamine transporters that are overexpressed in cancer cells should be investigated. The 

Sodium-Dependent Neutral Amino Acid Transporters (SNATs) 1 and 2 are suitable 

alternatives as these transporters are overexpressed in cancer cells as well. Further studies are 

also required to optimise the synthesis of cis-bis(amino acid)platinum(II) complexes using cis-

[PtCl2(DMSO)2] as a starting material. Although the synthesis of cis-[Pt(L-alanine)2] was 

successful, its purification process must be further explored to effectively separate it from 

trans-[Pt(L-alanine)2] and intermediates of the synthesis present. Different experimental 

conditions such as the solvents used, or the ratio of amino acids and base used can be further 

explored to develop a synthetic procedure that can yield cis-[Pt(L-alanine)2] in high purity and 

yield. Cytotoxic studies should also be performed on cis-[Pt(L-alanine)2] to confirm its 

biological inertness. The complexes should also be oxidised into their platinum(IV) state to 

confirm that they are suitable for the synthesis of platinum(IV)-glutamine complexes. These 

additional studies should be performed to meet the objectives of studying the transport of 

biologically inert platinum(IV)-glutamine complexes into glutamine transporters that are 

overexpressed in cancer cells.  
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APPENDICES  

 

Appendix 1: IR spectrum of trans-[Pt(L-alanine)2].  

 

 

Appendix 2: 1H NMR spectrum of trans-[Pt(L-alanine)2].  
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Appendix 3: IR spectrum of trans-[Pt(glycine)2].  

 

 

 

Appendix 4: IR spectrum of trans-[Pt(glycine)2(OH)2].  
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Appendix 5: IR spectrum of cis-[PtCl2(DMSO)2].  
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Appendix 6: Mass spectrometry ESI (+) and (-) analysis of oil  

(2.4.3 Synthesis of cis-[Pt(L-isoleucine)2]) 
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Appendix 7: Mass spectrometry ESI (-) analysis of solid.  

(2.4.3 Synthesis of cis-[Pt(L-isoleucine)2]) 
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Appendix 8: Mass spectrometry ESI (-) analysis of solution fraction.  

(2.4.3 Synthesis of cis-[Pt(L-isoleucine)2]) 
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Appendix 9: Mass spectrometry ESI (-) analysis of precipitate.  

(2.4.3 Synthesis of cis-[Pt(L-isoleucine)2]) 
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Appendix 10: Mass spectrometry ESI (-) analysis of oil.  

(2.4.4 Synthesis of cis-[Pt(L-alanine)2] in 1-butanol) 
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Appendix 11: Mass spectrometry ESI (+) and (-) analysis of precipitate. 

(2.4.4 Synthesis of cis-[Pt(L-alanine)2] in 1-butanol) 
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Appendix 12: IR spectrum of L-alanine.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 72 

 

Appendix 13: Mass spectrometry ESI (-) analysis of crystals.  

(2.4.4 Synthesis of cis-[Pt(L-alanine)2] in 1-butanol) 
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Appendix 14: 1H NMR spectrum of crystals.  

(2.4.4 Synthesis of cis-[Pt(L-alanine)2] in 1-butanol) 

 

 

 

Appendix 15: 1H NMR spectrum of L-alanine  

 

 

1.51.61.71.81.92.02.12.22.32.42.52.62.72.82.93.03.13.23.33.43.53.63.73.83.9 ppm

1
.
4
2
6

1
.
4
5
0

1
.
4
6
7

1
.
4
9
1

3
.
6
2
1

3
.
6
4
5

3
.
6
6
9

3
.
6
9
2

3
.
7
4
0

3
.
7
6
4

3
.
7
8
8

3
.
8
1
2

3
.5

9

3
.9

4

2
.8

1

2
.5

6

2
.4

0

2
.0

0



 

 74 

 

Appendix 16: Mass spectrometry ESI (+) and (-) analysis of solid.  

(2.4.4 Synthesis of cis-[Pt(L-alanine)2] in 1-butanol) 
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Appendix 17: Mass spectrometry ESI (-) analysis of solid.  

(2.4.5 Synthesis of cis-[Pt(L-alanine)2 in methanol) 
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Appendix 18: Mass spectrometry ESI (+) and (-) analysis of crystals. 

(2.4.5 Synthesis of cis-[Pt(L-alanine)2] in methanol) 
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Appendix 19: 1H NMR spectrum of crystals.  

(2.4.5 Synthesis of cis-[Pt(L-alanine)2] in methanol) 
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Appendix 20: Mass spectrometry ESI (+) and (-) analysis of solid.  

(2.4.5 Synthesis of cis-[Pt(L-alanine)2] in methanol) 
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Appendix 21: 1H NMR spectrum of solid.   

(2.4.5 Synthesis of cis-[Pt(L-alanine)2 in methanol) 

 

 

 

Appendix 22: 1H NMR spectrum of [Pt(L-alanine)3]- 

(2.4.5 Synthesis of cis-[Pt(L-alanine)2 in methanol) 
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Appendix 23: 1H NMR spectrum of solid.   

(2.4.6 Synthesis of cis-[Pt(L-alanine)2] in acetone) 
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Appendix 24: Mass spectrometry ESI (+) and (-) analysis of solid.  

(2.4.6 Synthesis of cis-[Pt(L-alanine)2] in acetone) 
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