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ABSTRACT 

201Tl (t1/2 = 73 hours) can be tracked in vivo by SPECT via its gamma emissions, whilst 

simultaneously delivering a potentially therapeutic dose to tumours via its low-energy Auger 

electron emissions (~37 Auger electrons/decay). Their high linear energy transfer (LET) and short 

range (typically <1 micrometre) make Auger electron-emitters attractive for molecular 

radionuclide therapy (MRT). Targeted delivery of 201Tl has been hindered due to lack of suitable 

bifunctional chelator chemistry. We aimed to find a chelator that forms a kinetically stable 

complex with Tl3+ and move on to developing a bioconjugate to selectively deliver radiotherapy 

to cancer cells. 

A wide range of oxidation methods and chelators for Tl3+ have been evaluated, including DOTA, 

DTPA and H4pypa. The DNA damaging potential of [201Tl]Tl+ and [201Tl]Tl3+ was demonstrated 

using a cell free isolated plasmid DNA damage assay. Serum stability of radiolabelled [201Tl]Tl3+ 

complexes, incubated 37 °C, were monitored by RP-TLC at various time points (up to 144 h). 

These complexes were also investigated using MS, NMR and X-ray crystallography. Furthermore, 

a PSMA-targeting bioconjugate of H4pypa coupled to a PSMA peptide via a lipophilic linker, 

based on the structure of PSMA-617, was developed. This was subsequently radiolabelled with 

[201Tl]Tl3+. SPECT imaging was used to probe the in vivo biodistribution and stability of 

the [201Tl]Tl-pypa-PSMA bioconjugate in healthy SCID/beige mice, and compared to [201Tl]TlCl 

and [201Tl]TlCl3 . Additionally, DU145 PSMA-positive and PSMA-negative prostate cancer tumour 

xenograft models were used to investigate the bioconjugate’s biodistribution.  

Using iodobeads and HCl (0.5 M), [201T]Tl3+ was generated from commercially available [201Tl]Tl+ 

in a quick, simple and biologically friendly way. Gel electrophoresis results showed that [201Tl]Tl+ 

and [201Tl]Tl3+ both cause single and double strand breaks in DNA after incubation up to 144 
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hours. [nat/201Tl]Tl3+ was then shown to be chelated by various commercially available chelators 

such as DTPA and DOTA, as well as novel chelators such as H4pypa and H4noneunpa. H4pypa was 

radiolabelled in high radiochemical yields (98 ± 2 %) at RT within 15 minutes. The complex 

remained intact in serum for an hour, but integrity dropped to 61 % after 24 h and 44 % after 48 

h. In vivo experiments using [201Tl]Tl-pypa-PSMA showed excretion through the kidneys and 

bladder with little heart uptake observed at early time points, suggesting adequate in vivo 

stability for delivery to tumours. In contrast, [201Tl]TlCl and [201Tl]TlCl3 both showed high heart 

uptake at 15 minutes, and renal excretion over the following hour. The DU145 PSMA positive 

and negative tumour models showed higher uptake in the positive tumour compared to the 

negative. However, due to the reduction potential of Tl3+, the radiometal is likely to be reduced, 

dissociate from the chelator and then be effluxed from the tumour cells. 

[201Tl]TlCl3 can be readily produced from [nat/201Tl]TlCl and both oxidation states can cause SSBs 

and DSBs to DNA. [201Tl]Tl3+ can be chelated at RT within 15 minutes using a number of chelators. 

The [201Tl]Tl-pypa complex showed good serum stability in human serum. A PSMA bioconjugate 

was synthesised and radiolabelled, followed by in vivo biodistribution studies that revealed fast 

renal clearance with no evidence of [201Tl]Tl3+ release. Promising radiobiological evaluation of 

the 201Tl in a plasmid assay highlights the potential use of 201Tl for use as a theragnostic agent to 

deliver a therapeutic dose, while being tracked within the body using SPECT imaging. 
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1 INTRODUCTION 

1.1 Medical imaging 

Medical imaging encompasses a variety of complementary approaches that are used to visualise 

the structure and function of tissues within the body in a non-invasive manner.  These include 

ultrasound, X-ray, or computed tomography (CT) imaging, magnetic resonance imaging (MRI), 

single photon emission computed tomography (SPECT) and positron emission tomography (PET) 

with each technique varying in usefulness, cost and sensitivity.   

1.1.1 Molecular imaging  

Molecular imaging techniques are used to measure and visualise biological activities at a cellular 

and subcellular level. They provide a tool to characterise diseases, based on the biological 

information obtained. Nuclear imaging, PET and SPECT, both rely on emissions from the decay 

of a radioactive molecule that can be incorporated or attached to a molecule with a biological 

purpose, providing functional imaging information. However, both PET and SPECT techniques 

struggle to provide high-resolution anatomical information, which is why they are often coupled 

with CT and more recently MRI to provide the anatomical background.  

1.1.2 Single positron emission computed tomography (SPECT) 

SPECT imaging uses radionuclides which decay via the emission of gamma rays, with different 

radionuclides emitting at different energies, that can be detected using gamma cameras. A 

selection of commonly used SPECT radionuclides and their properties can be found in Table 1. 

Scanners are made up of a collection of gamma cameras fronted by an array of collimators 

(Figure 1.1). The collimators ensure only gamma rays of the correct path reach the sodium iodide 
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crystal, preventing scattered images. This leads to much of the gamma emissions not being 

detected by the photomultiplier tubes (PMT), with only around 0.1% actually reaching the 

detector.1 Preclinical SPECT scanners have a spatial resolution of less than 1 mm which increases 

in clinical whole body SPECT scanners to a spatial resolution of about 10 mm.2  Around 80% of 

the diagnostic nuclear imaging scans across the globe today use SPECT (or scintigraphy-planar 

imaging), due to the availability of the isotopes, availability of SPECT/gamma cameras in 

hospitals and because they are relatively “cheap” compared to a PET scan (£253 vs £1484, using 

the NIHR costing tool, based on an [99mTc]Tc-MDP SPECT scan and [18F]FDG PET scan, 

respectively).3 The accessibility and ease of use of 99mTc (t1/2 = 6.02 h) generators has led to it 

becoming the most popular isotope used in SPECT scans.4 The radiometal has ideal 

characteristics for imaging, with gamma ray emissions at 140 keV and a short half-life to 

minimise the ionising radiation dose to hospital staff and patients.4,5 99mTc is formed by decay of 

99Mo (t1/2 = 66 h), which once loaded onto an alumina support can be eluted from a benchtop 

generator with saline to deliver 99mTc in the form of [99mTc]TcO4
-.6–9 These generators can be 

eluted multiple times a day if required and usually last about a week before a new one is 

needed.10 Generator based radionuclides offer a reliable source of radioactivity for 

radiopharmacies that are situated far from a cyclotron or nuclear reactors, making nuclear 

imaging more accessible.   

Another reason 99mTc has thrived is because of the large number of kit-based 

radiopharmaceuticals on offer. The generator is eluted into a vial, then transferred into the kit 

via a syringe, containing the tracer formulation. The reaction is a simple and a single step 

process, without the need for further purification and a simple quality control (QC) method to 

calculate radiochemical purity.  
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Figure 1.1 – The basic structure of a SPECT scanner.  

Table 1 – Radiometals used in SPECT imaging, their half-lives and gamma energies 

Radionuclide Half-life (h) Energy (keV) 

99mTc 6.02 140 

111In 67.2 171, 245 

201Tl 73  69-83, 135, 167 

67Ga 78.2 93, 185, 288, 394 

131I 192.5 192, 364 

123I 13.2 159 
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1.2 Radiopharmaceuticals for cancer imaging and treatment 

A fundamental requirement of radiometal based radiopharmaceuticals is that in order to deliver 

them selectively, a bifunctional chelator (BFC) is needed. There are examples where a BFC is not 

required to target the radiometal to a specific biological target. These include, pertechnetate 

([99mTc]TcO4
2-) as an iodide mimic, having uptake in tissues expressing the sodium iodide 

symporter (NIS) or [99mTc]Tc-sestamibi, which accumulates in tissues with large numbers of 

mitochondria and a negative membrane potential.10  

BFCs are designed to include three essential parts. Firstly, a chelator that can bind a radiometal 

and form a complex which is stable in vivo, ensuring the metal is not released before delivery to 

the intended target. Secondly, a targeting vector which has biological activity, for example a 

small peptide which binds to a receptor overexpressed in cancer cells. Thirdly, a linker molecule 

to connect the chelator to the targeting vector, which in some cases can be designed to improve 

binding of the targeting moiety or the biodistribution or metabolism of the conjugate. A basic 

BFC system in shown in Figure 1.2.  
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Figure 1.2 – An illustration of the structure of a bifunctional chelator (BFC) and how the BFC binds to 

the target receptor on the surface of a cancer cell.  

 
Chelators used in BFCs vary depending on which radiometal is being used i.e., DFO for 89Zr or 

DOTA for 177Lu. As well as the chelator, there are a large variety of biomolecules, from several 

classes, that can be used, as summarised in Table 2, along with their biological half-life. One of 

the most common methods of conjugation involves the use of an isothiocyanate (NCS) moiety 

to attach a chelator via a primary amine forming a thiourea bond to a biological targeting vector. 

The chelator and biological targeting vector can be tuned to serve the desired purpose, be that 

to image or treat a disease. Recent discoveries have shown that there are an array of 

overexpressed receptors on cancer cells, which would allow bioconjugates to targeted these 

receptors.11 Different biomolecules have different biological behaviours within the body, for 

example antibodies are large in molecular weight and often have long circulation times in the 

blood stream before localising in the biological target. Smaller antibody fragments have much 

shorter circulation time, and faster accumulation, with small peptides having still faster blood 

clearance and accumulation.  
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Table 2 – Biomolecules used in bifunctional chelators and their biological half lives in humans12 

Biomolecule Biological half life 

Antibodies (Ab) 10-15 days 

Antibody fragment 2 - 10 hours 

Peptides 10-60 minutes 

 

As well as being used for PET or SPECT imaging, certain radionuclides can also be applied for 

molecular radionuclide therapy (MRT). In general, this form of radiotherapy, which is an 

alternative to external beam radiotherapy (EBRT). Radiotherapy works by damaging cancer cells 

beyond repair causing them to die and thus triggering their breakdown and removal by the body. 

EBRT works by targeting a high energy particle (electrons or protons) or an X-ray beam at the 

tumour from outside the body. EBRT has been proven to be effective at killing cancer cells, but 

it can also cause undesired damage to healthy tissue. However, unlike EBRT, MRT works by 

targeting a high energy particle (electrons or protons) at the tumour from inside the body. 

Whereas EBRT has been proven to be effective at killing cancer cells, which is why it is used in 

treatment regimens of 50% of all cancer cases, it can also cause undesired damage to healthy 

tissue. MRT, on the other hand can deliver radioactivity selectively to the target tissue and is still 

very effective when tumours have metastasised. 

 

α in the form of targeted alpha therapies (TAT) have been FDA approved for cancer treatments 

since 2013, primarily focusing on 223Ra (t1/2 = 11.4 days) with future therapeutics possibly using 

other isotopes such as 227Th (t1/2 = 18.7 days) and 225Ac (t1/2 = 10 days).  β- particle emitter iodine-

131 (t1/2 = 8 days), has been used to treat thyroid conditions since the 1940s, mainly focusing on 

hyperthyroidism by destroying sufficient thyroid tissue to reduce function.13 An example of a 
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recently FDA approved β- particle emitting radiometal based therapeutic includes [177Lu]Lu-

DOTATATE. 177Lu is a β- particle emitter which can irradiate a tumour from within the body.14 β- 

particles emitted by 177Lu can travel around 670 μm in soft tissue.15 However, high energy β- 

particles emitted by 90Y or 188Re for example, can travel up to 1 cm within the body, so also pose 

the risk of damaging healthy tissue.16 Auger electron-emitters could be excellent for minimising 

the damage to healthy tissue, due to the short range of Auger electrons (typical range 1 nm to 

1 μm).16 Research has shown the radiotoxic potential of Auger electron-emitting radioisotopes 

like 111In, 67Ga, 99mTc, 123I and 125I.17–20 However, an Auger electron-emitting radionuclide that has 

been neglected in current literature is thallium-201.  The schematic in Figure 1.3 highlights the 

particle range of different particulate ionising radiation. The following sections will go into more 

detail about radiopharmaceuticals that emit beta or alpha particles and Auger electrons. 

Table 3 – The types of radioactive emissions used in radiotherapy and corresponding linear energy 

transfer (LET), range in tissue and examples of radiometals used for therapy.16,21  

Particle Energy 

(MeV) 

 LET 

(keV/μm) 

Particle range Suitable for 

tumour size 

Example 

isotopes 

α 5-8 

(High)  

80-100  40-80 μm 

1-3 cell 

diameter 

Small (< 10 

mm) 

225Ac, 

212/213Bi 

β 

 

0.1-2.2 

(High-

medium) 

0.2  0.1-10 mm 

50-1000 cell 

diameter 

Large (> 50 

mm) 

177Lu, 90Y 
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Auger 

electron 

1-10  

(Low) 

4-26 1-20 μm 

subcellular 

Small (< 10 

mm) 

201Tl, 111In 

 

Frequently, uptake of radiotherapeutics is not homogeneous, leading to cell death via the 

crossfire effect. This effect uses the longer range of mainly β- particle emitters, to not only target 

the cell that the radiotherapeutic is bound to but the surrounding cells. This can be a major 

advantage in larger solid tumours, allowing the ionising radiation to penetrate further, leading 

to the possibility of more cell death.22–25 The therapeutic used will have to be tuned to the 

tumour size, as β- particles would not effectively treat small tumours or clusters, and instead 

predominantly damage normal tissue.26 α or AE emitters would suit smaller or micrometastases 

due to their shorter path length. The development of α therapeutics have been on the rise over 

the last decade, and beta particle emitters being used routinely since the 1940s. Auger electron 

emitters however remain unproven in the clinic. 
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Figure 1.3 – A diagram to present the radiation path lengths of α, β- and Auger electrons in a cellular (α and β-) and 

subcellular (Auger) environment (scale not accurate). Based on a figure from Buchegger.16 

 

1.2.1.1 α particles  

α particles consist of two protons and two neutrons bound together - a helium nucleus. They 

have a high linear energy transfer (LET) (the amount of energy deposited by an ionising particle 

transfers per unit path length) of 100 keV/µM and medium particle range of 40-80 µm making 

them ideal for small tumour clusters, as the particles can travel around five cell diameters. The 

lethality of α particles is independent of what stage of the cell cycle the cancers are in, nor is it 

dependant on the oxygenation state.27 The DNA damage is often in the form of complex double 

strand breaks (DSBs) which are more challenging for the cancer cells to repair than simple single 

strand breaks (SSBs).27 Humm et al. have estimated that in order to kill a single cell with 99.99% 

probability, tens of thousands of β- particle transits will be needed, whereas only a few α 

particles will achieve the same kill probability.28 Nikula et al. have gone on to predict that a single 

α particle traversal is enough to kill a cell.29 [223Ra]RaCl2 is a Food and Drug Administration (FDA) 

approved (May 2013) palliative α particle therapeutic, sold by Bayer under the name Xofigo. It 
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is used to treat castration-resistant prostate cancer and has been used in 108 clinical trials within 

the US alone. From one of these trials patients with skeletal metastases described substantial 

pain relief 8 weeks post treatment and the median survival exceeded 20 months.30 Additionally, 

preclinical and clinical studies using α emitters has been investigated for treatment of various 

cancers including brain tumours, ovarian cancer and non-Hodgkin lymphoma, with most 

research focused on prostate and neuroendocrine cancers.27 

Table 4 – α particle emitting radiometal isotopes, their decay path and particulate energy (keV). 

Isotope Half-life (h) Decay path Particulate energy (keV) 

225Ac 240 α (100%) 6000-8400 

212Bi 1 α (35.94%), β- (64.06%) 6100 

213Bi 0.77 α (2.2%), β- (97.8%) 8400 

223Ra 274 α (100%) 5980  

212Pb 11 α (33%), β- (67%) 2600 

 

 

 

 

 

 



INTRODUCTION 

34 

1.2.1.2 β- particles 

β- particles are high energy negatively charged electrons that are ejected from the nucleus of 

unstable atoms.31 The long path length of the particle and small energy deposition leads to a 

relatively small LET of 0.2 keV/μm.16 The majority of radionuclide-based studies have used highly 

energetic β- particles, with low in vitro toxicity observed.32 β- particle emitters have continued 

to be pursued for use in therapy, as they are readily available and have favourable characteristics 

(i.e., imageable gamma emission energy, physical half-lives compatible with biological targeting 

vectors, range of emitted particle leading to useful cross-fire effect).33 Radionuclides used for 

therapy can damage cells via self-dose, when irradiation takes place from radionuclides located 

on or within the targeted cells (Auger) or via the cross-fire effect, where irradiation comes from 

radionuclide located outside the cell or on a neighbouring or distant cell.34 A benefit of the cross-

fire effect is that it negates the necessity to deliver the radiotherapeutic to every single target 

cell. This has potential to counteract differing degrees of tumour heterogeneity. The main 

disadvantage of it is the possible damage to off-target healthy tissue.  

Lutathera, [177Lu]Lu-DOTA-TATE, is a β- particle emitter approved by the FDA (2018), EMA (2017) 

and Canada Health (2019) for the treatment of somatostatin receptor (SSTR) positive 

gastroenteropancreatic neuroendocrine tumours.35  It was also approved for use in a theranostic 

pair with 68Ga ([68Ga]Ga-DOTA-TOC) to monitor treatment response using PET. The phase III 

clinical trials showed longer progression free survival and a significantly higher response rate 

than high-dose octreotide among patients with advanced midgut neuroendocrine tumours.36  
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Table 5 – A selection of β- particle emitting radiometal isotopes in clinical use, their decay path and particulate 

energy (keV) 

Isotope Half-life (h) Decay path Particulate energy (keV) 

90Y 64.1 β- (100%) 934 

177Lu 159.4 β- (82.4%), gamma (17.7%) 134 

188Re 17 β- (85%), gamma (15%) 2100 

131I 192.5 β- (92.8%), gamma (7.2%) 182 

161Tb 165 β- (100%) 154 
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1.2.1.3 Auger electrons  

 

Figure 1.4 – A diagrammatic representation of how Auger electrons are generated.  

Auger electrons arise due to radionuclides decaying via electron capture or internal conversion. 

Electron capture is where an inner shell electron is drawn into the nucleus of an atom. This 

process creates an electron vacancy, which can be filled by a higher energy electron dropping 

down, releasing energy as an X-ray or by ejection of an outer electron, or both, and the process 
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occurs in cascade (Figure 1.4).16 These Auger electrons, coupled with gamma emissions, have 

therapeutic potential and hence Auger electron emitting radionuclides may have use as 

theranostics, where the same radionuclide can be used for diagnosis and treatment of the 

disease. Additionally, periodically timed imaging can be used to investigate treatment response 

or provide accurate dosimetry.  

Since first being described by Lise Meitner and Pierre Auger in the 1920s, Auger electrons (AEs) 

have been investigated for use in molecular radionuclide therapy (MRT). As previously 

described, AEs are a product of radionuclide decay, typically via electron capture, occurring in 

large numbers (4.7 – 36.9 per disintegration) and at low energies (<25 keV).16 However, this 

energy is deposited across a small distance (<0.5 μm), leading to higher linear energy transfer 

than radiotherapies involving, for example, β- particles with energies up to 2 MeV, where energy 

is deposited over 0.1 – 10 mm.37 AE-emitters could therefore permit highly targeted therapies, 

capable of extreme radiotoxicity, even in micrometastases and single circulating tumour cells, 

but only if they can be delivered to one or multiple valid cellular targets such as the cell nucleus, 

membrane or mitochondria, leading to cell death.38,39 
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Table 6 – Examples of Auger electron emitting radiometal isotopes, their decay path and production method 

Isotope Half-life 

(h) 

Decay path AE energy/ 

decay (keV) 

Production method 

67Ga 78.2 EC (100%) 6.3 Cyclotron, 68Zr(p,2n)67Ga 

111In 67.2 EC (100%) 6.8 Cyclotron, 111Cd(p,n)111m,gIn 

201Tl 73 EC (100%) 15.3 Cyclotron, 203Tl(p,2n)201Tl 

123I 13.2 EC (100%) 7.4 Cyclotron, 124Te(p,2n)123I 

125I 1428 EC (100%) 12.2 Cyclotron, 124Xe(n,)125mXe -> 125I 
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1.2.2 Clinical and preclinical applications of Auger electrons 

The use of AEs in clinical studies has been very limited, with only a handful of trials conducted. 

In 1996, Macapinlac and co-workers used [125I]I-IUdR (185 MBq) and [131I]I-IUdR (370 MBq) to 

calculate dosimetry in 4 patients with colorectal cancer metastatic to the liver using hepatic 

artery infusion (Figure 1.5).40 Due to the low amounts of radioactivity injected, no tumour 

response was observed (or expected), however the images revealed no retention in the bone 

marrow or in normal tissue, with no side effect observed. Further studies using [125I]I-IUdR by 

Rebischung and co-workers used intrathecal injection (administration of drugs via injection into 

the spinal canal) in a patient with advanced pancreatic cancer with resistant neoplastic 

meningitis.41 1850 MBq of [125I]I-IUdR was administered following 4 doses of methotrexate (a 

chemotherapy agent and immunosuppressant). A dramatical decrease in cerebrospinal 

carbohydrate antigen 19.9 (CA 19.9), an important biomarker in pancreatic cancer was observed 

and no central nervous system (CNS) toxicity was found. The authors concluded that [125I]I-IUdR 

could be an effective treatment for neoplastic meningitis in the future.  

 

Figure 1.5 – Structures of [131I]I-IUdR (left) and [125I]I-IUdR (right) 

As well as small molecules, peptides and proteins have also been used to deliver AE emitters to 

malignancies in clinical studies. Recently, promising studies using the human epidermal growth 

factor (hEGF) conjugated with DTPA, and subsequently radiolabelled with 111In have highlighted 

OH H

O

H H

NHO
NH

131I

O

O

OH H

O

H H

NHO
NH

125I

O

O

[131I]I-IUdR [125I]I-IUdR



INTRODUCTION 

40 

the potential of 111In as a therapeutic. Vallis et al. have performed Phase 1 clinical trials using 

[111In]-DTPA-hEGF in 16 patients with metastatic EGFR-positive breast cancer. 370-2220 MBq 

was administered, utilising SPECT imaging to assess the tumour uptake and biodistribution in 

normal tissue to estimate radiation dose to the organs. At these amounts, no renal or hepatic 

toxicity was observed. Even at the highest dose (2.2 GBq), the radiation dose to the kidneys and 

liver was still within radiation toxicity limits (1.64 and 1.9 Gy respectively), based on external 

beam radiotherapy (EBRT). Interestingly, the only side effects discovered were related to the 

hEGF moiety, including vomiting and chills. The authors go on to state that further dose 

escalation will be needed to achieve a therapeutic effect, but due to the adverse effect of hEGF, 

it will require even higher specific activity of 111In to minimise the amount of hEGF injected. In 

the future, Reilly et al. have suggested that anti-EGFR monoclonal antibodies (mAbs) labelled 

with 111In may be a promising alternative for AE therapy for EGFR-overexpressing breast cancer, 

avoiding the adverse effect described above.42 

Clinical trials using murine anti-EGFR mAb (mAb 425) radiolabelled with 125I by Li and co-workers, 

resulted in improved overall survival for the 192 patients with glioblastoma multiforme (GBM).43 

Patients were given up to 3 weekly i.v. injections of 1.8 GBq [125I]-mAb 425 with a maximum 

cumulative amount of 5.4 GBq. Patients were split into two groups; one received [125I]-mAb 425 

alone (132 patients) and the other received [125I]-mAb 425 in combination with temozolomide 

(TMZ, a commonly used chemotherapy for GBM) (60 patients). Both treatments increased 

overall survival with median survival for the mAb alone group being 14.5 months and the 

combination group being 20.4 months, compared to a control group, who did not receive the 

mAb, median survival of 10.2 months. Only 7 out of 192 patients suffered acute side effects like 

nausea, skin irritation and hypertension.  

Octreotide is a synthetic version of the peptide hormone somatostatin and binds to the 

somatostatin receptors SSTR2 and SSTR5.44 One of the most studied radiolabelled derivatives is 
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[111In]In-DTPA-octreotide. Phase 1 clinical trials by Krenning and co-workers treated 30 patients 

with advanced SST-2 positive neuroendocrine tumours.45 Patients were given up to 14 doses of 

6-7 GBq of [111In]In-DTPA-octreotide, administered at least two weeks apart with a cumulative 

dose of 74 GBq. Six patients demonstrated a reduction in tumour size and 8 patients showed 

stable disease. Two years post treatment, no major side effects were noted, with only a transient 

decrease in platelets and lymphocytes observed in some patients.  

Furthermore, Valkema and co-workers have reported Phase 1 clinical studies using [111In]In-

DTPA-octreotide.46 The therapeutic agent was administered from two-week- to several month 

intervals, with 12 or more doses (2-11 GBq) delivered, cumulating in a total of 20-160 GBq in 50 

patients with SST-2 positive tumours. In the 40 evaluable patients, a therapeutic benefit was 

observed in 52.5% of the patient. Within the group that had a therapeutic benefit, 35% of 

patients saw no disease progression, 15% had minor remission and one patient had partial 

remission.46 However, mild hematopoietic toxicity was observed, and of the 6 patients who 

received a total dose of >100 GBq, 3 developed myelodysplasia or leukaemia. Despite a high 

kidney dose (45 Gy) from an administered dose of 100 GBq, which is twice the accepted limit for 

EBRT, none of the patients developed conditions expected with renal toxicity such as 

hypertension or serum creatinine.  

Further work by Limouris has shown the therapeutic potential of [111In]In-DTPA-octreotide 

administered via the hepatic artery, for the treatment of inoperable SST-2 positive liver 

metastases.47 Of the 17 patients to take part,  one experienced a complete response, eight 

exhibited a partial remission and 3 had stable disease, leading to a median survival of 32 months 

in the 12 patients that responded to treatment.  
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The majority of preclinical and clinical AE-emitting MRT studies have utilised 111In and 125I.48–57 

However, others have focused on the use of radionuclides like 195mPt, 67Ga and 99mTc. Despite 

being one of the main types of chemotherapeutic, platinum-based agents, such as cisplatin, have 

as yet poorly understood biological profiles. These compounds are heavy metal antineoplastic 

agents which are usually used in combination with other chemotherapy drugs as treatment for 

human solid malignancies.58 The side effects of platinum-based agents can be wide-ranging, with 

high toxicity to the kidneys, leading to reduced renal function as well as vomiting, nausea and 

ototoxicity.59,60 Incorporating 195mPt (t1/2 = 4.02 days) into cisplatin allows the drug’s biology to 

be explored further using SPECT imaging and as it is an AE emitter, it warrants evaluation as a 

therapeutic.61 Zeevaart and co-workers have recently explored the biodistribution of 

[195mPt]Cisplatin (Figure 1.6) in heathy volunteers, showing that the majority of the injected 

activity is excreted in the urine within 5 hours.62 The kidneys received a high dose of 2.68 ± 1.5 

mGy/MBq (mean), followed by the spleen (1.6 ± 0.8 mGy/MBq, mean) and liver (1.45 ± 0.38 

mGy/MBq, mean). The authors concluded that [195mPt]Cisplatin would be a safe 

radiopharmaceutical for early imaging studies. 

 

Figure 1.6 – Structure of [195mPt]Cisplatin (left), [99mTc]Tc-DOX (middle) and [125I]IComp1 (right) 

As well as Cisplatin, other commonly used chemotherapy drugs have been radiolabelled with AE 

emitters including doxorubicin (DOX) and daunorubicin (DAU). DOX and DAU contain planar 
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aromatic moieties which intercalate between the base pairs of DNA, leading to DNA damage 

response being deregulated in DOX/DAU exposed cells.63 Similar to Cisplatin, by adding an AE 

emitter, more DNA damage will be caused due to the combination of AEs and the drugs inherent 

chemical toxicity. Alberto et al. have developed a BFC with DOX, taking advantage of the 

[99mTc]Tc-tricarbonyl complex and a dipicolylamine moiety (Figure 1.6).64 The authors used a 

non-radioactive Re analogue to show the BFC version mimics DOX in vitro behaviour, 

highlighting the similar cellular distribution and high nucleus accumulation using fluorescence 

microscopy. In B16F1 (murine melanoma) cells, [99mTc]Tc-DOX exhibited a dose dependant 

reduction in cell viability of up to 80% due to the Auger electron emissions. [99mTc]TcO4
- was 

used as a negative control which was not efficiently internalised into cells and did not have a 

radiotoxic effect. The AE emitting compound inhibited cell survival at concentrations far lower 

than the native compound. The authors state that combining a DNA binding agent with an AE 

emitter could lead to the mitigation of dose dependant adverse effects as subnanomolar 

concentrations are unlikely to elicit a pharmacological response. For 99mTc to have such a 

profound cytotoxic effect on these cells is interesting as it is far from the perfect AE emitter as 

it only emits 4.4 AEs per decay which is far lower than 111In, 67Ga or 201Tl (Table 6). This approach 

has the potential to be a game changer in AE molecular radiotherapy. By exchanging the 99mTc 

for a more potent AE emitter, the DNA damage caused to the cancer cells could be far higher. 

Another example of combining AE emitters with chemotherapeutics is work published by 

Ickenstein and co-workers.65 The authors developed [125I]-Comp1 (Figure 1.6), an 125I-labelled 

version of DAU, and like the [99mTc]Tc-DOX tracer, exhibited high accumulation in the nucleus of 

cancer cells (SK-BR-3, human breast adenocarcinoma) like the native compound. When the SK-

BR-3 cells were incubated with [125I]-Comp1 (0.5 ng mL-1) the mean number of living cells 

dropped from 105 to just 1200 after 3 weeks, making the fraction of surviving cells 0.05%. When 

cells were incubated with non-radioactive ([127I]-Comp1) or DAU at a concentration of 0.5 ng, 
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the number of living cells were not significantly different to untreated cells. As with the DOX 

labelled drug, the authors hope to avoid the adverse dose limiting effects of DAU (leukopenia, 

alopecia, cardio toxicity to name a few) by using very low concentrations using AEs to cause the 

DNA damage to cancer cells.   

Jannetti and co-workers published in 2018 the synthesis of a 131I-labelled poly(ADP-ribose) 

polymerase 1 (PARP1) inhibitor, [131I]I-MAPi (Figure 1.7) based on the structure of the well-

investigated PARP1 inhibitor Olaparib.66 PARP1 is responsible for mediating multiple DNA 

damage repair pathways,67 and hence is a biomarker for multiple cancers including GBM, as it is 

recruited to the cancer cell nucleus and binds to the DNA as a single strand break repair 

enzyme.68 The radiotherapeutic was shown to be very cytotoxic in GBM mouse models, with 

median survival being increased by 45%. Building upon the encouraging results of this β- particle 

emitter, the authors have translated it to AE therapy using 123I in place of 131I. [123I]I-MAPi (Figure 

1.7) in GBM models was presented.69,70 Using a convection enhanced delivery (CED), the authors 

implanted osmotic pumps subcutaneously to slowly deliver an infusion of [123I]I-MAPi (481 ± 111 

kBq in 100 uL) or the control vehicle ([127I]I-MAPi) into the brain and removed after 5 days. When 

compared, the [123I]I-MAPi (68.9 ± 1.1 nmol/L) was shown to have an EC50 16-fold greater than 

the [131I]I-MAPi (1148 ± 1 nmol/L) version in U251 GBM cells. This work really highlights the 

cytotoxic potential of AE emitters if delivered effectively to the nucleus of cancer cells. 
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Figure 1.7 – Structures of [123I]I-MAPi (left) and [125I]I-DCIBzL (right) 

 

In 2020, Shen and co-workers used [125I]I-DCIBzL, a PSMA targeting peptide (Figure 1.7), to target 

micrometastases in a PC3-ML PSMA positive prostate cancer model.71 [125I]I-DCIBzL has 

previously been shown to have a therapeutic effect in other preclinical in vivo models.72,73 The 

authors used a murine model of human metastatic prostate cancer, PSMA positive PC3-ML cells, 

which express firefly luciferase in NSG mice, which were monitored using bioluminescence 

imaging (BLI). Their results showed that doses of 18.5 MBq or higher were able to prolong 

survival of the mice and significantly delay the development of detectable metastatic disease 

using BLI. The authors concluded that [125I]I-DCIBzL should be considered for further 

development as a treatment for metastatic prostate cancer.  

Work by Othman and co-workers has recently shown results for the potential use of 67Ga in 

MRT.19,20 They have shown that 67Ga can cause a comparable amount of DNA damage to 111In 

using an isolated cell-free plasmid DNA model. Additionally, it was demonstrated for 67Ga that 

the A50 (internalised activity of the oxine complexes per cell required to kill 50% of cells) was 0.3 

Bq/cell, which is lower than that of 111In (0.7 Bq/cell) using clonogenic assays, highlighting the 

cytotoxic potential of 67Ga. This work was followed up by the conjugation of 67Ga to trastuzumab 

via the chelator, THP-NCS, and compared to an 111In control using DOTA-NCS, both conjugated 

through lysine residues on the antibody. In HER2 expressing HCC1954 cells, both the [67Ga]Ga-

N
NH

O

F

N

O

N

O

123I

N
H

N
H

O
OH

O

HO

O

NH
OHO

O

125I

[123I]I-MAPi [125I]I-DCIBzL



INTRODUCTION 

46 

THP-trastuzumab and [111In]In-DOTA-trastuzumab significantly decreased clonogenic survival 

compared to the untreated controls. Additionally, [67Ga]Ga-THP-trastuzumab was shown to be 

1.4 fold more toxic than [111In]In-DOTA-trastuzumab, based on clonogenic assays.  

Others have successfully used antibodies incorporating a nuclear localisation sequence (NLS) to 

amplify the effectiveness of AEs.50 Fasih et al. used an anti-epidermal growth factor receptor 

(EGFR) mAb (nimotuzumab) modified with the 13-mer peptide NLS (CGYGPKKKRKVGG) 

radiolabelled using 111In via DTPA.74 The authors demonstrated that adding the NLS can increase 

the nucleus uptake 2 fold in EGFR-positive MDA-MB-468 human breast cancer cells compared 

to non-modified nimotuzumab. Their results showed a 7-fold reduction in the cell survival of the 

MDA-MB-468 cells and 2-fold more DNA double strand breaks (DSBs) detected using 

immunofluorescence for gammaH2AX foci in the nucleus.74 Costantini and co-workers have used 

the same NLS sequence to modify trastuzumab along with DTPA to test its efficacy for MRT in 

SK-BR-3 (HER2 positive breast cancer cells).75 Their results showed that [111In]In-DTPA-NLS-

trastuzumab bound to receptor, was internalised and then transported to the cell nucleus where 

it caused extensive DNA DSBs and reduced the clonogenic survival by >90%. At the same 

concentration, non-labelled trastuzumab decreased the clonogenic survival by 35%. The authors 

went on to publish further results in human breast cancer xenograft models.50 Firstly they 

established a dose of [111In]In-DTPA-NLS-trastuzumab that did not cause any observable adverse 

effects on the mouse’s body weight as well as hematopoietic, liver or kidney function. One 

injection of [111In]In-DTPA-NLS-trastuzumab (9.25 MBq, 4 mg/kg) was administered to mice 

bearing subcutaneous MDA-MB-361 xenografts. A 4-fold reduction in tumour growth was 

observed, which was 3-fold more effective compared to the non-labelled trastuzumab (4 

mg/kg).    

The previously mentioned AE therapeutics have focused on multiple cellular targets, for example 

the cell membrane, mitochondria or nucleus. Pouget and co-workers in 2008 described how the 
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cell membrane may be a more sensitive target than the cytoplasm to AEs.38 They used 

clonogenic assays to measure cell survival using different 125I-labelled vectors (at varying 

activities, 0-4 MBq/mL) targeting different regions of A-431 and SK-OV-3 carcinoma cells. The 

vectors include internalising anti-HER1 (m225), anti-HER2 (trastuzumab), non-internalising anti-

CEA (35A7) mAbs and finally a TAT peptide. Their results indicate that the cell membrane is as 

sensitive a target as the nucleus, so therefore, a valid target for AE emitters. Pouget et al have 

followed up this work with a few more recent papers further developing targeted 

radioimmunotherapy (RIT) for the cell membrane.39,76      

Future AE-emitting MRTs may be more successful if a more potent AE-emitting radionuclide was 

used that emitted many AEs per decay, such as 201Tl. 
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1.2.3 Limitation of AE clinical translation  

Generally, despite excellent preclinical results, translation of AE to the clinic has been met with 

limited therapeutic impact due to their inability to deliver a lethal dose to the tumour.51 One 

reason for this is the difficulty in predicting the therapeutic response from the AE 

radiopharmaceuticals in patients. This is due to inaccuracies in dose estimates based on imaging 

data, lack of knowledge of the distribution at sub-cellular level, heterogeneous tumour uptake 

and radiobiological factors like sensitivity of tumours to radiation be that AE, EBRT or other 

ionising particles.  

Another big limitation of AE is the need for very high specific activity (SA) of the 

radiopharmaceuticals. Results from Ngo Ndjock Mbong and co-workers have shown the 

dramatic effect SA can have using 111In labelled mAbs (< 1 MBq/ug), where there may be as few 

as 1 in 50 antibody molecules radiolabelled. This will severely limit the effectiveness for killing 

cancer if non-radiolabelled antibody is blocking uptake and or does not have a cytotoxic effect.77 

In comparison, [177Lu]Lu-DOTA-TATE is regularly produced at a specific activity of 850 GBq/mg 

for clinical use, which is substantially higher.78 Terry et al have used oxine with to form a neutral 

lipophilic complex to deliver the radiometals in vitro, yielding 9.09 ± 1.33 Bq/cell for [111In]In-

oxine and 1.12 ± 0.20 Bq/cell for [67Ga]Ga-oxine which showed a decrease in cellular viability. 

However, moving into an in vivo setting it is unclear how this amount of activity would be 

delivered to cancer cells as oxine is not specific. 
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1.3 Prostate Cancer 

According to figures from the World Health Organisation (WHO) Cancer Mortality Database, 

prostate cancer is the most commonly diagnosed malignancy in men and the second leading 

cause of cancer-related deaths in the western world.79 Initial treatment options include 

prostatectomy (the surgical removal of the prostate) and a combination of external beam 

radiotherapy (EBRT) with surgery. Localised treatment for prostate cancer is often highly 

effective, but many patients progress to metastatic castration resistant prostate cancer 

(mCRPC).80 This often requires more forceful treatments including chemotherapies, 

immunotherapies and radiotherapies. mCRPC also has a shorter median survival of 13-32 

months and a 5-year survival rate of only 15%.  

Despite these statistics, prostate cancer is a promising target for radiotherapies for a number of 

reasons. The prostate is a non-essential organ, allowing for tissue-specific targeting. Metastases 

most commonly  involve the lymph nodes or bones which are areas of the body that can receive 

high concentration of circulating antibodies.81 Prostate cancer metastases are usually small in 

volume which allows antibodies to penetrate the tumours  efficiently.81 The prostate-specific 

antigen (PSA) serum biomarker can be used to monitor the therapy administered and can detect 

metastases from the blood test.81  
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1.3.1 Prostate Specific Membrane Antigen (PSMA)  

There are a number of molecular therapy targets for prostate cancer including the prostate stem 

cell antigen (PSCA), the six-transmembrane epithelial antigen of the prostate (STEAP) and G-

protein coupled receptor (5-oxoER), but herein the focus will be on the prostate specific 

membrane antigen (PSMA).81 PSMA, also known as N-acetyl-alpha-linked acidic dipeptidase I 

(NAALA-Dase), glutamate carboxy-pepidase II or folate hydrolase, is a type II membrane 

glycoprotein. It is about 100 kDa in size, with a short intracellular domain of 19 amino acids, a 

transmembrane domain of 24 amino acids and glycosylated extracellular domain of 707 amino 

acids.82–84 PSMA is highly expressed in prostate cancer cells, but is also expressed in other normal 

healthy tissue such as the small intestine, renal tubular cells and the salivary glands.85,86 

Expression in these normal tissues is 100-1000 fold less than in prostate cancer.85,86  
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1.3.2 Radionuclide therapies for the treatment of prostate cancer  

Substantial work has been poured into the use of radiolabelled antibodies, as well as small PSMA 

targeted antibody fragments such as minibodies and diabodies as radiotherapeutics for imaging 

and treatment of prostate cancer.87–91 In addition, small molecule inhibitors of PSMA, mainly 

containing a glutamate-urea-lysine motif, as with the structure of PSMA-617 (Figure 1.8), have 

been used as radiotherapeutics for prostate cancer.92–94 The commercialisation of PSMA-617 has 

allowed the prostate cancer therapy field to be explored further.95 

 

Figure 1.8 – The structure of PSMA-617  

 

Kopka and co-workers developed [177Lu]Lu-PSMA-617 in 2015, which demonstrated excellent 

prostate cancer cell targeting and pharmacokinetic properties.94,96 A patient treated with two 

cycles of the β- particle emitter [177Lu]Lu-PSMA-617, with a combined dose of 7.4 GBq, showed 

a PSA decrease from 38.0 to 4.6 ng/mL suggesting therapeutic response.97 The images in Figure 

1.9 show a significant decrease in the number of malignant areas from images a to d, following 

the two treatments of [177Lu]Lu-PSMA-617.97 [177Lu]Lu-PSMA-617 has gone onto clinical studies, 

and as with the patient previously mentioned, the majority of patients treated see a PSA decline, 
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indicating a reduction in the disease progression.98–100 Following encouraging results from a very 

recently published report in The New England Journal of Medicine the FDA have granted a 

priority review for the use of [177Lu]Lu-PSMA-617 in patients with mCRPC, with a decision 

expected in the first half of 2022.101,102 The Novartis-funded Phase III trial showed that, 

compared to standard of care practices, progression-free and overall survival was prolonged. 

The authors did report incidences of minor adverse events following [177Lu]Lu-PSMA-617 

treatment, but the patients’ quality of life was not adversely affected.103  

 

Figure 1.9 – PET image of a patient pre-treatment (a), SPECT images of the same patient following two rounds of 

177Lu treatment (b and c) and PET image of the same patient showing the response to the 177Lu treatment (d). 

 

PSMA-617 has also been used with α particle emitters 225Ac and 213Bi. The effectiveness of 

[225Ac]Ac-PSMA-617 was highlighted in humans; in two patients, their prostate cancer was 

progressing following [177Lu]Lu-PSMA-617 therapy.104 PET/CT images in Figure 1.10 show one of 

the patients pre [225Ac]Ac-PSMA-617 treatment (A), then two months after receiving three cycles 

of [225Ac]Ac-PSMA-617 (9 – 10 MBq) (B) and then finally two months later after receiving a final 

dose of [225Ac]Ac-PSMA-617 (6 MBq). Images B and C show the huge decline in the number of 

PSMA-positive lesions, with them virtually disappearing. These are supported by the PSA levels 
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in the patients’ blood reducing from 2923 ng/mL pre-treatment to <0.1 ng/mL after the final 

round of [225Ac]Ac-PSMA-617.104 As of 2020, [225Ac]Ac-PSMA-617 has been in 4 clinical trials, 

involving 150 patients with mCRPC, showing that it could be another treatment option for 

patients, especially if other established treatments have failed.105–107  

 

Figure 1.10 – [68Ga]Ga-PSMA-HBED PET/CT images of a patient. The pre-treatment image showing extensive 

disease progression (A). Restaging 2 months post three cycles of [225Ac]Ac-PSMA-617 (B). Restaging 2 months 

following one further treatment of [225Ac]Ac-PSMA-617 (C).104  

 

Another promising α emitter used with PSMA-617 is 213Bi. Sathekge et al. published the first in-

human treatment using [213Bi]Bi-PSMA-617 in one patient with mCRPC that had progressed 

under normal treatment.108 Following two cycles of [213Bi]Bi-PSMA-617 (cumulative dose of 592 

MBq) the patient showed a significant decrease in PSA levels. 

 

Muller and co-workers have also used PSMA-617 with 161Tb (t1/2 = 6.86 days), which decays via 

a combination of β- particles and Auger electrons.109 Their results demonstrated that [161Tb]Tb-

PSMA-617 was a more effective therapy than [177Lu]Lu-PSMA-617, with dosimetric calculations 
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suggesting the terbium compound is 3 fold more effective than the lutetium compound in 

vitro.109 The authors attribute the additional potency of the 161Tb tracer to the AEs. Both 

therapeutics had similar pharmacokinetics and the same biodistribution. This work highlights 

the potential of AE emitters for the treatment of prostate cancer and could be an alternative 

treatment option in the future.   
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1.4 Thallium  

Thallium was first discovered by William Crookes in 1861 while searching for tellurium in 

residues from sulfuric acid production plants, hence given the Latin name thallus, often used to 

describe the green tint of young vegetation. The chemistry of thallium has been little explored, 

but its toxicity was made famous by Agatha Christie’s novel ‘The Pale Horse’ written in 1961. 

The main use of thallium has been in the electronics industry, where it is commonly used to 

increase the density and refractive index of glass for semiconductors. By coincidence to this 

thesis is the use of thallium in photomultiplier tubes to activate NaI and NaCl crystals used in 

scintillation counters.  Within organic chemistry, thallium compounds are more commonly used 

as catalysts or intermediates and ‘regarded as essential reagents for modern organic 

synthesis’.110 
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1.4.1 Chemical toxicity  

As is common with heavy metals, thallium is very toxic. Ingestion of thallium mainly effects the 

nervous system and gastrointestinal tract.111–113 For humans, the minimum lethal dose of 

thallium is 8-12 mg per kilogram of weight.114,115  

Schelbert and co-workers have calculated the dose administered for a diagnostic imaging study 

using 74 MBq (2 mCi) delivered around 0.07-0.15 ng per kilogram of body weight and blood 

concentrations averaged 0.0017 mg per 100 mL.115 Based on these numbers, a dose around 

10,000 times higher would be needed in order for thallium-201 to exhibit chemical lethality.116  
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1.4.2 Thallium as a potassium analogue and its biodistribution 

Although not indigenous to the human body, Tl+ is an analogue of the potassium ion due to the 

similarity in ionic radii and hydration tendency between Tl+ and K+ taking advantage of potassium 

channels, such as the sodium potassium ATPase pump, in the cell membranes to gain entry into 

cells.10  

Mullins and Moore in the 1960s used an isolated frog sartorius muscle to demonstrate how the 

muscle fibre membrane could not distinguish between the “toxic heavy metal Tl+ and K+ 

provided concentration of the former are kept low”.117 Their experiments also showed that the 

efflux of Tl+ increased during stimulation to the same extent as that of K+. Further biological 

similarities between Tl+ and K+ were found by Gehring and Hammond, who found thallium could 

activate the Na+ and K+ adenosine triphosphatase when substituted for potassium in rabbit 

erythrocytes, rats and dogs.118,119  

Work by Sessler and co-workers investigated this mechanism using ouabain and furosemide, 

which are known inhibitors of the sodium-potassium ATPase pump.120 The cells were first 

incubated with the inhibitors and then [201Tl]Tl+ was introduced. The results showed that cellular 

uptake of [201Tl]Tl+ was reduced in the presence of the inhibitors. 
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1.4.3 201Tl as a myocardial perfusion imaging agent 

Historically, thallium-201 has been used clinically for myocardial imaging studies. It is delivered 

to the patient intravenously as thallous chloride, [201Tl]TlCl.12 The tracer is cleared from 

circulating blood in less than a minute and is rapidly taken up by different tissues, especially 

heart and skeletal muscle.121 The mechanism of thallium-201 uptake in cells has been 

investigated over the last 60 years and has been found to be influenced by a number of factors.  

Researchers have correlated thallium-201 concentrations in myocardial biopsies with regional 

sodium potassium ATPase activity as well as perfusion.122,123 These results led to the conclusion 

that the reduction of thallium-201 uptake in ischaemic myocardium is due to the decrease in 

sodium potassium ATPase activity as well as poor perfusion.  

Other than the heart, Bradley-Moore and co-workers found the greatest areas of thallium-201 

accumulation were in the kidneys and liver, with maximum myocardial uptake being achieved 

10 minutes post injection.116 Atkins and co-workers have reported rapid blood clearance of 

[201Tl]TlCl, with only 5-8% of injected activity remaining in the blood after five minutes.124 They 

fitted a biexponential disappearance curve to the data which showed 91.5% of the blood activity 

cleared within five minutes, but the remainder had a half-life of 40 hours. The slower clearing 

fraction was found to be in equilibrium between red blood cells and plasma. The biodistribution 

of [201Tl]TlCl has been reported in the literature to be very similar in mice, goats, rats, dogs and 

humans.116  

201Tl has been preplaced in myocardial perfusion imaging by 99mTc agents such as tetrofosmin 

and sestamibi due to the shorter half-life, better imaging energies and reduced radiation dose 

to the patient.  
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1.4.4 Use in cancer imaging 

Charkes and Lebowitz have demonstrated that taking advantage of [201Tl]Tl+ acting as a K+ mimic, 

can lead to uptake in tumours.125,126 The first reported use of thallium-201 investigating tumour 

uptake was by Cox and co-workers in 1976.127 They state uptake was observed in a primary 

bronchial carcinoma tumour of a human male. Furthermore, Tonami et al. also identified a 

primary lung cancer tumour during a patients myocardial evaluation.128 They investigated this 

further, comparing the detection rate of malignant tumours with [67Ga]Ga-citrate. From the 

patients with thyroid cancer, 95% (14 out of 15) showed thallium-201 uptake and 72% (10 out 

of 14) of the lung cancer patients also had thallium-201 uptake.  

One of the contributing factors is the perfusion of malignant tissue, which is essential for 

effective delivery of imaging and therapeutic agents.129 It has been found that, as expected, 

increased vascularisation around a tumour will lead to a greater amount of tracer uptake and 

hence a more intense signal. However, others have suggested that there are more important 

factors. Ramanna and co-workers suggest that the intensity of [201Tl]Tl+ uptake is related to the 

cell type.130 The group performed work using a lymphoma model in which they observed large-

cell lymphomas, which are highly vascularised aggressive tumours, to have less 201Tl+ uptake than 

low grade lymphomas (slower growing tumours). The authors do not speculate as to the reason 

for higher uptake, which may be due to increased sodium potassium ATPase activity in the low-

grade tumours.  

There have been several papers published involving 201Tl where toxicity has been investigated 

as an effect of imaging. Early studies in the 1980s highlighted toxicity of 201Tl in V79 Chinese 

hamster lung fibroblasts.131 Others have relied on in silico simulations. For example, Monte Carlo 

computational methods were used to accurately model the radiation dose from 201Tl at target 

volumes of <1 mm in diameter by taking into account the contribution from AEs.132–135 More 
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recently a radiobiology study using Geant4-DNA, another Monte Carlo simulation toolkit, 

demonstrated the theoretical number of single and double strand breaks that could be 

produced by AE-emitters on the DNA scale; 201Tl was amongst the most effective in causing DNA 

damage.136  

 

A recent report has shown that non-targeted delivery of 201Tl shows short and long-term toxicity 

in prostate cancer cells.137 A decrease in clonogenic survival was achieved at only 0.29 Bq/cell, 

significantly lower than for other AE-emitting radionuclides such as 67Ga and 111In.19,138 However, 

as 201Tl+ accumulates in the heart, and so a targeted approach is required in vivo if this radiometal 

is to be useful in MRT.139 To date, targeted delivery of 201Tl to cancer cells has been hindered due 

to the lack of suitable bifunctional chelator chemistry. Despite the high importance of 201Tl 

during the early years of nuclear medicine, thallium chelation has been poorly investigated. This 

lack of inquiry has left a big opportunity for the chelation and therapeutic potential of 201Tl to be 

explored.  
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1.5 Chemistry of thallium 

The chemistry of thallium has not been effectively investigated over the past 30 years, which is 

likely due to the high toxicity of the metal. However, other than its use in medical imaging, 

thallium has been used extensively in the semiconductor field, and as an additive in glass 

manufacture to increase the density and refractive index of the material. Thallium has also been 

frequently used in rat poisons, insecticides and is referred to in a number of works of literature 

as a murder weapon.  

Thallium is a post-transition metal in group 13 of the periodic table. It is most commonly found 

in either +3 or +1 oxidation states. The inert pair effect (IPE) plays a dominating role in the 

chemistry of thallium-201.140 The IPE is a feature of the heavier elements in groups 13-17 - they 

often have oxidation states two lower than their maximum predicted value for their respective 

group. This means the valence electrons (for thallium, 6s2) are less reactive than expected.140 Tl+ 

chemistry is most commonly related to that of the alkali metals in group 1 with an oxidation of 

+1, whereas Tl3+ chemistry resembles group 13 elements such as gallium and indium. Tl+ 

complexes tend to be unstable due to the s2 electrons being s-antibonding in all 

stereochemistries.   

Both the Tl+ and Tl3+ chloride salts have been well characterised in previous literature. [natTl]TlCl3, 

like the other metal chlorides of group 13, behaves as a Lewis acid.141 [natTl]TlCl3 has relatively 

weak Tl-Cl bonds, and the trivalent chloride salt is the least stable complex compared to the 

lighter group 13 metals. TlCl3 is very hygroscopic and water soluble, with aqueous solutions 

being acidic due to the comprehensive hydrolysis of the compound.   
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Nuclear magnetic resonance (NMR) spectroscopy of the thallium nucleus can be used as an 

interesting tool to investigate thallium chemistry. Both of the stable isotopes of thallium, 203Tl 

(29.5%) and 205Tl (70.5%), are NMR active with spin ½ nuclei.  
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1.5.1 Radioactive isotopes of thallium 

Thallium-201 can be produced by irradiation via a cyclotron using thallium-203 and has a half-

life of 73 hours.124 It involves thallium-203 being bombarded with protons, releasing three 

neutrons, forming lead-201, with a half-life of 9.3 hours, which then decays via electron capture 

and positron emission to the desired thallium-201. This then goes on to decay into mercury-201, 

which is stable.   

A b+ emitting isotope of Tl, 199Tl (t1/2 = 7.4 h) , can be produced via alpha bombardment of gold 

foil (197Au).142 Chernov and co-workers have gone on to use 199Tl in a comparative imaging study 

with 201Tl, highlighting that when injected with the same amount of activity, the total radiation 

dose was 3.6-15.5 times lower, due to the shorter half-life.143  

Table 7 – A table of the radioactive isotopes of thallium, their half lives, emission energies and decay products 

Isotope Half-life 

(hours) 

Decay mode Emissions (keV) Decay 

product 

199 Tl 7.4  b+ 81, 118, 199 199 Hg 

201 Tl 72.9 EC 67-82 (Auger e-, 88 %) 135, 

167 (g, 12 %) 

201 Hg 
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1.5.2 Coordination chemistry 

The chelate effect outlines the lower entropic cost of coordinating a single multidentate ligand, 

relative to multiple, monodentate ligands, hence high denticity chelators are desirable to 

enhance stability.144 The macrocyclic effect is similar to the chelate effect but reinforced by the 

use of a cyclic ligand.145 Macrocyclic ligands are multidentate ligands, but also constrain the 

metal ion into a set conformation allowing less conformational freedom. Generally, macrocyclic 

complexes tend to be more kinetically inert than complexes of acyclic chelators, even in the 

small number of cases when they have comparable thermodynamic stabilities.145 Macrocyclic 

chelators also require minimal conformational change when binding to metal ions, as they are 

often partially preorganised binding sites for metal ions that reduce the entropy penalty for 

wrapping around the metal centre.146 In comparison, acyclic chelators usually must undergo a 

large conformational change in solution to coordinate a metal ion or have to go through highly 

strained conformations in transition states during complexation and decomplexation, hence a 

high kinetic stability.145 Ultimately, kinetic inertness in vivo is the overall objective for a 

therapeutic agent to ensure maximum damage to the target tissue for a sustained period, while 

minimizing off target damage.  

According to hard soft acid base theory (HSAB), a hard metal ion, like Ga3+ for example, is small 

in size, having a high charge density and predominantly forming ionic bonds. A soft metal, such 

as Tl+, is described as being large in size and having a relatively low charge density. Due to this 

softness, Tl3+ is understood to interact strongly with soft donor ligands such as thiols.147,148  

Thermodynamic stability (formation) constants are a way of measuring the strength of 

interaction between a ligand and a metal to react and form a complex (KML = [ML]/[M][L]).145 

However, performing these experiments under conditions relevant to in vivo stability can be 



INTRODUCTION 

65 

challenging. Stability constants calculated this way are an efficient way to compare different 

chelators with a metal ion but cannot be used for predicting in vivo kinetic stability.   

DOTA (Figure 1.11) is one of the most commonly used chelators in medical imaging with various 

radiometals across the periodic table. Despite its versatility, there are many metal-DOTA 

complexes that are unstable, due to poor chelator-metal interactions. These interactions, based 

on metal ion characteristics such as charge, softness/hardness and atomic radii, vary from metal 

to metal and have a huge influence on the stability of the complex. The stability of complexes is 

determined by the coordination number of the ligand and the complex adopting the favoured 

geometry of the metal ion. The favoured conformation of the complex and ensuring the metal 

ion is coordinately saturated should prevent competition for the metal ion from external 

reducing agents.    

 

Figure 1.11 - Structure of 1,4,7,10-tetraazacylcododecane-1,4,7,10-tetraacetic acid (DOTA) 
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1.5.2.1 Coordination chemistry of Tl+ 

Crown ethers   

As previously mentioned, Tl+ acts as a weak Lewis acid and has similar aqueous solution 

chemistry to the alkali metals and as such can generally only form weak complexes.141 However, 

there is literature to suggest that crown ethers, especially 18-membered rings, can from 

complexes with Tl+ in organic solvents, but they have not been explored under biological 

conditions.149 Ouchu and Hakushi have stated that the size of the macrocyclic cavity is crucial for 

the formation of a stable Tl+ complex, with more stable complexes observed when the metal is 

bound within the macrocyclic ring and not above the ring.150 Work by Tamura and co-workers 

has shown that unsymmetrical benzo-type crown ethers possess high selectivity for Tl+ 

selectively over K+ and Rb+ but the stability of the complex was not assessed.151 The structures 

of such ligands can be seen in Figure 1.12. There have been comparisons between the chemistry 

of Tl+ and that of other soft metals Ag+, Rb+ and Hg2+, due to similarities in ionic radii (127, 158 

and 116 pm respectively). This makes crown ethers an interesting group of chelators to explore 

in the future with [201Tl]Tl+. 

 

Figure 1.12 – The structure of bis(crown ethers) and a monocyclic crown ether that have been investigated for use 

with Tl+ 

Schröder and co-workers have explored the coordination chemistry of thioether ligands with 

Tl+.152,153 The structures can be seen in Figure 1.13. The group determined crystal structures for 
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the thallium complexes using the chelators in Figure 1.14. [Tl([18]aneN2S2)]PF6 and 

[Tl([18]aneS6)]PF6 have similar overall geometries, with very long metal-donor bond lengths 

illustrating the discrepancy between metal ion radius and macrocyclic cavity size; the crystal 

structures can be seen in Figure 1.14. The single crystal structures of [Tl([24]aneS8)]PF6 and 

[Tl([28]aneS8)]PF6 showed the metal centres are coordinated by two half ligands in a ‘sandwich’ 

structure.146 [Tl([9]aneS3)]PF6 shows a 1:1 ratio of Tl to [9]aneS3 with very long Tl-S bonds.152,154 

 

Figure 1.13 - The structures of 5 thio crown ethers shown by Schroder and co-workers to have chelated Tl+  
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Figure 1.14 – Crystal structure of [Tl([9]aneS3)]+ (left) and [Tl([18]aneN2S3)]+ (right, two different angles) 

 

Diethyldithiocarbamate (DDC) 

Van Der Schoot and co-workers have described the preparation and quality control (QC) 

methods of a neutral lipophilic Tl+ complex, using sodium diethyldithiocarbamate (NaDDC), the 

structure of which can be seen in Figure 1.15.155 NaDDC has been previously used as a treatment 

for Tl intoxication to increase urinary excretion of the metal. During NaDDC treatment for Tl 

intoxication, neurological symptoms worsened which was due to Tl being redeposited across 

the blood brain barrier (BBB).155  The authors went on to investigate the biodistribution of 

[201Tl]Tl-DDC in vivo to probe if significant amounts of [201Tl]Tl-DDC crossed the BBB.155 Their 

results show a substantial amount of radioactivity accumulates in the brain during the first 60 

minutes, but after 24 hours almost all activity has been cleared from the brain, leading to 

accumulation in liver and kidneys.155 The structure of the complex was not confirmed, but the 

proposed structure can be seen in (Figure 1.15). The main observation here is that [201Tl]Tl-DDC 

does not show the same biodistribution as [201Tl]TlCl in vivo, demonstrating some complex 

stability, long enough to get into brain. [201Tl]Tl-DDC has not been used for delivery to tumours, 
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which could be explored at some point in the future. Additionally, applications of the [201Tl]Tl-

DDC complex could include incorporation into liposomes, similar to that of [89Zr]Zr-oxine, for 

delivery of the radiometal to malignant tissue via the EPR effect or targeted delivery using 

functionalised nanoparticles.156–158  

 

Figure 1.15 - Structure of sodium diethyldithiocarbamate (top) and the radiolabelling reaction to form [201Tl]Tl-DDC 

(bottom). 

Using the encouraging results from their previous reports, Van Der Schoot and co-workers have 

investigated the biodistribution of [201Tl]Tl-DDC further. When compared to N-isopropyl-(123I)-p-

iodoamphetamine (IMP), a commercially available tracer used for cerebral blood perfusion 

imaging also with SPECT, [201Tl]Tl-DDC had a comparable biodistribution in rabbits.159 The 

percentage brain uptake was similar, with comparable grey/white matter ratios, as well as 

similar uptake in the kidneys. The biggest difference in biodistribution was found in the lungs 

with IMP having significantly higher uptake (8.32 %ID/g) compared to [201Tl]Tl-DDC, which had 

low retention in the lungs (0.53 %ID/g). However higher uptake of [201Tl]Tl-DDC was observed in 

the liver (14.36 %ID/g), when compared to IMP (8.68 %ID/g).159 If 201Tl was to be used as a 

therapeutic in the future, dose from the Auger electrons to organs in the excretion pathway 

would have to be assessed. 
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Figure 1.16 – 40 minutes after [201Tl]Tl-DDC administration (left), 4 hours after [201Tl]Tl-DDC administration (middle) 

and 4 hours after [201Tl]TlCl administration (right). 

In addition to rabbits, the authors performed biodistribution studies of [201Tl]Tl-DDC in two 

human volunteers.160 The high brain uptake after 2 minutes was comparable to what was found 

in rabbits (Figure 1.16) and the activity was constant in the brain for at least 2 hours. A 

comparison of the whole body distribution in humans comparing [201Tl]TlCl and [201Tl]Tl-DDC can 

be seen in Figure 1.17, however the authors did not state at what time point these images were 

taken or if both these images are of the same volunteer. Further human studies led to the 

authors proposing the mechanism for [201Tl]Tl-DDC uptake in the brain. They hypothesised that 

after the first passage through the brain, little to no further uptake of [201Tl]Tl-DDC in the brain 

was observed, likely due to the complex falling apart and then redistribution as the [201Tl]Tl+ 

cation, hence the similar distribution to [201Tl]TlCl.160 The authors suggested that the DDC served 

as a carrier to enable [201Tl]Tl+ to cross the BBB, due to the complex’s lipophilicity and neutral 

charge. Once in the brain, it was not known whether the distribution occurred as [201Tl]Tl+  or 

[201Tl]Tl-DDC. DDC has the possibility to be used in the future for therapeutic delivery of 201Tl, as 

an alternative mechanism of getting a cytotoxic dose of 201Tl into cells, instead of via potassium 

channels. If the structure could be adapted to effectively target cancer cells, it may be a useful 

ligand in subsequent investigations.  
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Figure 1.17 – Whole body SPECT images of [201Tl]TlCl (left) and [201Tl]Tl-DDC (right) at 3.5 hours post injection 
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1.5.2.2 Coordination chemistry of Tl3+ 

DOTA 

DOTA is the only reported macrocyclic chelator published in the literature that has been used 

with 201Tl. Hijnen and co-workers have shown that [201Tl]Tl-DOTA remains stable in both human 

and mouse serum for greater than 48 hours.161 [201Tl]TlCl3 was generated from [201Tl]TlCl using 

an ozone mediated oxidation reaction and chelated by DOTA at room temperature within 90 

minutes, achieving a radiochemical yield of 80%. The complex was then purified using Sep-Pak 

cartridges. The characterisation of [201Tl]Tl-DOTA is incomplete, as HPLC analysis has not been 

performed to validate their TLC method (reverse phase TLC). There was also a lack of validation 

for their oxidation method to confirm the production of Tl3+ using non-radioactive Tl.29 However, 

the authors suggest from their [201Tl]Tl-DOTA in vivo results that the metal is being reduced and 

released from the chelator, hence the similar biodistribution to [201Tl]TlCl from SPECT images. 

However, the authors have not published ex vivo biodistribution results in this paper or any 

subsequent paper. Their conclusions imply an alternative chelator is needed to prevent the in 

vivo reduction and dissociation of [201Tl]Tl3+. The authors also suggest from their results that less 

than 20% of the complex remained stable long enough for urinary excretion. However, they do 

not explain what form the remaining 80% of activity is and do not show any HPLC traces or TLC 

data showing how they came to this number. Further in vivo results using [201Tl]TlCl show initial 

heart uptake and then clearance through the kidneys after 1 hour. Missing from this report is an 

additional control experiment showing the biodistribution of [201Tl]TlCl3. It is likely that Tl3+ will 

be reduced to Tl+ without the protection of a chelator; this needs to be confirmed 

experimentally. The [201Tl]TlCl in vivo images presented in the paper are also at different time 

points (5 mins and 1 hour) to the [201Tl]Tl-DOTA in vivo images which are at a much later time 

point (4 hours) so cannot be directly compared.161 The missing data from this report means the 

in vivo stability of [201Tl]Tl-DOTA is not clear and requires further investigation.  
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Recently there have been results published on the stability of [natTl]Tl-DOTA.162 Fodor et al 

formed the complex by firstly preparing Tl(ClO4)3 from TlClO4 using electrolysis in perchloric acid 

(6 M). Tl(ClO4)3 was then added dropwise to a stirring solution of DOTA in a mildly basic solution 

pH ~ 8 at room temperature. The solution was then neutralised using 20% NaOH. The authors 

had also prepared [natTl]Tl-DOTA using Tl(CH3COOH)3, generated by adding a 10-fold excess of 

acetic acid/sodium acetate buffer to Tl(ClO4)3. Perchlorate salts tend to have greater solubility 

in water compared to chloride salts which will have an effect on chelation. They found that the 

DOTA complex is stable after incubation with NaBr (0.5 M) and HClO4 (0.1 - 1.0 M). 

 

Figure 1.18 – The crystal structure of [natTl]Tl-DOTA from Fodor and co-workers 162 

The authors described [natTl]Tl-DOTA as a very inert complex and resistant to coordination by 

external anions. They obtained a crystal structure (Figure 1.18) of the complex which showed 

the thallium ion directly coordinated to the eight donor atoms in a twisted square antiprismatic 

(TSAP) coordination, and performed an extensive spectroscopic study to further supplement the 

structure of [natTl]Tl-DOTA, which can be seen in (Figure 1.18).162 The group also found that the 

complex did not react with hydroxide anions, and formed only a weak complex with cyanide 

anion using UV-vis and NMR studies. It must be taken into account that they did not test the 

stability of the complex under biological or aqueous conditions, but further research must be 
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done to confirm the results obtained by Hijnen.161 It is possible to conclude from the previous 

literature that it is likely [natTl]Tl-DOTA is stable in the absence of reducing agents. However, 

under biological conditions (where reducing agents may be present) it may be vulnerable to 

reductive dissociation, despite the high affinity of DOTA for Tl3+. This aspect will need further 

investigation to confirm the instability. 

EDTA 

 

Figure 1.19 - Structure of ethylenediaminetetraacetic acid (EDTA) 

 

 

Figure 1.20 - Crystal structure of the complex Tl(EDTA)CN2-grown from a solution of Na2Tl(EDTA)CN.3H2O 

Blixt et al. have shown the [natTl][Tl(EDTA)-] complex to be “one of the most stable metal-EDTA 

complexes” known, with a Kd = 37.8 M.163 The only EDTA complex more stable than the Tl3+ 
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complex was [natCo][Co(EDTA)-]. The authors stated that Tl(EDTA)aq
- ion does not dissociate in 

aqueous solution, so can be treated as a metal ion with one free coordination site.  

The crystal structure of [Tl-EDTA(CN)]2- shows the usual bowl structure for a 3+ metal-EDTA 

complex (Figure 1.20). Coordination from all four oxygen atoms and both nitrogen atoms to the 

metal is observed, with oxygen atoms “lying in a tetrahedrally distorted plane”. This crystal 

structure highlights the large size of the Tl3+ ion, with EDTA unable to encapsulate the metal 

within the chelator. As the metal is coordinatively unsaturated, this allows the CN- anion to also 

coordinate to the metal centre, giving it an overall coordination number of 7. As described by 

Blixt, smaller metal ions, for example Co3+ (radii = 0.63 A), can be complexly encapsulated by 

EDTA. On moving to slightly larger metal ions like Ti4+ (radii = 68 pm) and Mn2+ (radii = 80 pm), 

the metal ions sit above the “bowl”, so extra coordination sites are exposed, hence coordination 

numbers above 6 are observed with Tl3+ being larger again with an ionic radii of 102 pm.154  

 

Figure 1.21 - Crystal structure of Ca[Tl(EDTA)(OH)].3H2O from Musso and co-workers 164 

The crystal structure shown in (Figure 1.21) is another [natTl]Tl-EDTA complex grown by Musso 

and co-workers.164 Like the crystal structure obtained by Blixt et al., this structure also shows a 

7 coordinate Tl metal centre, made up of the six donor atoms of EDTA and the coordination of 

a hydroxyl anion.163 The Musso structure was found to be in the form of long chains, where 7 
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coordinate Ca atoms link two Tl-EDTA units. The Ca coordination sphere is comprised of three 

water molecules, three carboxylate oxygens of adjacent [natTl]Tl-EDTA moieties and a bridging 

hydroxyl anion. The authors conclude that EDTA occupies slightly more than half of the 

coordination sphere of Tl3+. The [natTl]Tl-EDTA complex has very high thermodynamic resistance 

to dissociation, however this does not imply kinetic stability and also it does not imply that the 

complex will be stable in the presence of potential reducing agents – as would occur under 

biological conditions in vivo. 

DTPA  

 

Figure 1.22 – Structure of diethylenetriaminepentaacetic acid (DTPA). 

Hijnen and co-workers radiolabelled DTPA at pH 8, by stirring for 60 minutes at 18 °C giving a 

radiochemical yield of >95%.161 Their results showed that [201Tl]Tl-DTPA completely decomposed 

after incubation in both human and mouse serum after 4 hours. They hypothesised that the 

radiometal is reduced to Tl+ under these in vitro conditions and the metal dissociates from the 

chelator. In contrast, Jalilian and co-workers have extensively evaluated [201Tl]Tl-DTPA in vivo 

with numerous bioconjugations to proteins and antibodies.30–32 The authors claimed [201Tl]Tl-

DTPA is stable in aqueous solution and human serum for >3 days. The stability in aqueous 

solution is in agreement with reports from Hijnen and co-workers, but serum stability results are 
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inconsistent. Hijnen et al. used reverse phase TLC plate with MeCN (30%) in water as the mobile 

phase to evaluate serum stability, whereas Jalilian et al. use Sepharose columns (1 x 30 cm), with 

0.5 mL fractions collected, eluting with PBS. However, it is unclear how the authors evaluated 

these fractions to determine complex stability and draw the conclusions they do as their 

experimental does not explain this.165 From these reports, it is possible to conclude that there 

remains no credible evidence that DTPA is an effective chelator of Tl3+ for use in vivo. 

TPEN and CDTA 

 

Figure 1.23 - Structure of TPEN (left) and CDTA (right) 

In the early 1990s, Musso et al investigated the formation of  a series of mixed-ligand chelate 

complexes of Tl3+, including EDTA, CDTA and TPEN with different co-ligands, namely OH-, Cl- and 

SCN-.164 The authors used X-ray crystallography to probe the binding of Tl3+ by TPEN, which can 

be seen in Figure 1.24.     
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Figure 1.24 - ORTEP view of the complex cation [Tl(TPEN)(NO3)][ClO4]2 164 

The crystal structure in Figure 1.24 shows an octa-coordinated Tl3+ isolated from a solution of 

TPEN.4HClO4 and Tl(NO3)3 in nitric acid. The crystal structure also shows the coordination of a 

perchlorate anion, despite the large concentration of nitrate anions in solution. The authors also 

hypothesise that the coordination of the nitrate ligand questions the thermodynamic stability 

of Tl3+ nitrate complexes and the appropriateness of using it as an “inert” electrolyte in 

determining stability constants.  

Tl3+ complexes formed with three different dithiocarbamates have been investigated and the 

structures determined from crystals grown by Sivagurunathan and co-workers.166 The structures 

of cyclohexylmethyl dithiocarbamate (CHMDTC), cyclohexylethyl dithiocarbamate (CHEDTC) 

and dicyclohexyl dithiocarbamate (DCHDTC) can be seen in Figure 1.25. The stabilities of the 

complexes were not evaluated. The crystals from which the structures in Figure 1.26 were 

derived were grown from a reaction between [natTl]TlCl3 and the ligands in a 1 to 3 molar ratio. 

Given the coordination number of Tl3+ is >8, it is curious that the authors did not investigate 

larger molar ratios. Nonetheless, these crystal structures provide some information on the 
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coordination chemistry of Tl3+. All three complexes have a distorted octahedral geometry, due 

to them only being 6-coordinate in contrast to the previously mentioned chelators, with 

increasing Tl-S bond lengths and increasing steric hinderance on the ligand (DCHDTC > CHEDTC 

> CHMDTC). Tl+ complexes with CHMDTC, CHEDTC and DCHDTC have also previously been 

reported and shown to be polymeric in nature.167 

 

Figure 1.25 - Structure of cyclohexylmethyl dithiocarbamate (CHMDTC), cyclohexylethyl dithiocarbamate (CHEDTC) 

and dicyclohexyl dithiocarbamate (DCHDTC) 

 

 

Figure 1.26 - The crystal structures of [Tl(CHMDTC)3] (left), [Tl(CHEDTC)3] (middle), [Tl(DCHDTC)3] (right) 
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1.6 Designing a better chelator for Tl+ 

Recent work published by Brotin et al. have used a water soluble cryptophane system bearing 

three phenol and three carboxylic acid moieties to bind Tl+.168–171 Figure 1.27 shows the structure 

of three cryptophane compounds with varying amounts of carboxylic acid and phenol groups. 

Cryptophane 1, which contains only phenol donors, has high affinity for Tl+ whereas cryptophane 

2, containing carboxylate donors, has no affinity for Tl+. Cryptophane 3 has a combination of 

three phenol and three carboxylate donors and has lower affinity for Tl+ than Cryptophane 1. 

This highlights the importance of the phenol moiety for binding Tl+ in these cryptophane 

systems. The group intended to use these compounds for environmental chemistry related to 

the removal of trace Tl+ from polluted water, and so the ligands have not been tested under 

biological conditions appropriate to imaging. However, if these compounds could be 

radiolabelled and their stabilities evaluated, the structures could allow a bioconjugate to be 

synthesised in the future.  

 

Figure 1.27 – The structure of three cryptophanes investigated for use with Tl+ 

Alternatively, recent work on the chelation of [203Pb]Pb2+ by McDonagh and co-workers 

highlights the possibility of using a [2,2,2]-cryptand with heavy metals.172 They developed 

antibody bioconjugates using a trans-cyclooctene and tetrazine residue through an inverse 
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electron demand Diels-Alder reaction and via an isothiocyanate group generating a thiourea, as 

shown in Figure 1.28. As shown in Table 8, Pb2+ has an ionic radius comparable to that of Tl+, so 

the metal should fit into the cavity. Additionally, the authors calculated the cavity size to be 280 

pm, so Tl+ would fit into the cavity of the [2,2,2]-cryptand. The X-ray crystal structure shows Pb2+ 

sitting in the centre of the cavity bound by the 8 N2O6 donor atoms as well as both oxygen atoms 

from the perchlorate counterion, forming a 10-coordinate complex, as shown in Figure 1.29. As 

well as evaluation with Tl+, the 3+ oxidation state could be investigated for use with the 

cryptand. Using a cage like cryptand could help to prevent reducing agents reaching a metal 

hence delaying dissociation from the chelator. Despite the high affinity for alkali metal ions, due 

to only a hexadentate complex being formed with [natTl]Tl+, it is likely that the [natTl]Tl-[2,2,2]-

cryptand will be unstable under biological conditions.  

 

Figure 1.28 – The structure of the cryptand ligand conjugated to the antibody Trastuzumab (R group) in two 

different ways, using a trans-cyclooctene and tetrazine residue through an inverse electron demand Diels-Alder 

reaction or via an isothiocyanate group (right). 
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Figure 1.29 – Solid state X-ray crystal structure of [Pb(cryptand)ClO4][ClO4] using a non-bifunctional version of the 

cryptand.
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Table 8 – A summary of the ionic radii of various metals that have comparable ionic radii to Tl3+ 

Metal Ionic radii (pm) 

In3+ 92 

Tl+ 150 

Tl3+ 102 

Y3+ 102 

La3+ 103 

Bi3+ 117 

Pb2+ 130 
 

1.7 Designing a better chelator for Tl3+ 

The background described above suggests that alternative chelators for complexation of Tl3+, 

forming complexes with greater resistance to dissociation/transmetalation, are required if 

molecular targeting of 201Tl to cancer cells is to be achieved. Due to the minimal research done 

into the chelation of Tl3+, there is very little information to work with. With this lack of 

knowledge, a reasonable strategy might be to apply periodic analogy and use knowledge of In3+ 

chelators as an initial starting point for finding a good chelator for Tl3+. In3+ has a similar ionic 

radius to Tl3+, and both metals are in group 13 of the periodic table having a 3+ charge (Table 8). 

Evaluating good In3+ chelators for the chelation of Tl3+ would allow more information to be learnt 

about the coordination chemistry of Tl3+ and could influence which chelators are explored next 

if these are not suitable. Indium has been thoroughly investigated in nuclear medicine for many 

years and a huge number of chelators have been designed and developed, leading to successful 

clinical translation of several targeted radiopharmaceuticals for imaging and therapy as 

previously described. This means there is a large library of In3+ chelators that can be assessed for 
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the chelation of Tl3+. This extensive and thorough process is yet to be done with thallium. 

Additionally, the unavailability of [111In]InCl does not allow for direct contrast to [201Tl]TlCl. 

In addition to indium, inspiration for novel chelators can also be sought from other metals which 

have similar ionic radii to Tl3+ , such as bismuth, yttrium and lead (ionic radii can be seen in Table 

8).154 Both lead and bismuth are in period 6 of the periodic table in group 14 and 15 respectively, 

sitting next to thallium while yttrium has a very similar ionic radius and has a 3+ charge. Of the 

chelators chosen in Chapter 3, the number of donor atoms varies as well as characteristics such 

as their relative basicity and chemical hardness of donors. Additionally, they have varying 

structures, cyclic and acyclic, as well as differing cavity sizes; comparison may help understand 

how the structural differences affect the stability of the complex. The major difference between 

Tl3+ and the other metals in Table 8 is that in addition to binding Tl3+, the chelator will need to 

protect the metal from reduction.  
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1.8 Aims 

The overarching aim of this project was to validate the concept of molecular radionuclide 

therapy (MRT) with 201Tl, taking advantage of the large number of Auger electrons that are 

emitted per decay from the radiometal.  

To achieve this aim, firstly, the development of a mild oxidation reaction is needed to convert 

commercially available [201Tl]Tl+ to [201Tl]Tl3+, as the current literature methods use concentrated 

acid, high temperatures and/or strong oxidising agents. A mild oxidation reaction, that does not 

require purification, is essential to prevent the degradation of biomolecules, such as large 

peptide and antibodies during radiolabelling. This work is described in Chapter 2. 

Secondly, the radiotoxicity of 201Tl needed to be assessed. Isolated plasmid DNA damage 

assessment was used to demonstrate that [201Tl]Tl+ and [201Tl]Tl3+ can cause SSBs and DSBs to 

DNA in a cell free environment. This work is described in Chapter 3. Further investigations were 

performed within our group, in parallel to this, by Katarzyna Osytek, who used γH2AX 

fluorescence imaging and clonogenic assays to quantify the damage [201Tl]TlCl could do to DU145 

prostate cancer cells and MDA-MB-231 breast cancer cells.137   

Thirdly, the chelation chemistry of [nat/201Tl]Tl3+ was explored in Chapter 4. As the reports in the 

literature described conflicting and inconsistent conclusions about the stability of [201Tl]Tl-DTPA 

and [201Tl]Tl-DOTA, these were initially investigated. Due to complex instability, alternative 

chelators were pursued, using chelators for radiometals with similar ionic radii as a guide.  

Finally, a PSMA targeting bioconjugate using H4pypa as the [201Tl]Tl3+ chelator was synthesised 

and radiolabelled. It was then evaluated in vivo using healthy male SCID/beige mice, followed 

by mice bearing DU145 PSMA positive and PSMA negative prostate cancer xenografts. This work 

is described in Chapter 5.
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2 OXIDATION OF [201Tl]Tl+ TO [201Tl]Tl3+  

2.1 Introduction 

It is expected that 201Tl needs to be converted from the commercially available 1+ oxidation state 

to a 3+ oxidation state, which is more amenable to complexation by multi-dentate ligands, as 

described in Chapter 1.  

 

Figure 2.1 – An example of the ITLC of the oxidation reaction to generate [201Tl]Tl3+ from [201Tl]Tl+ using acetone as 

the mobile phase and ITLC-SG as the solid phase. [201Tl]Tl3+ moves with the solvent front (Rf = 1) whereas [201Tl]Tl+ 

remains at the origin (Rf = 0). 

There are a number of published methods that describe the oxidation of Tl+ to Tl3+. They include 

the use of ozone, hydrogen peroxide and HCl (6 M) or a combination of multiple oxidising agents 

and heating till evaporation (Figure 2.4).161,173–177 However, the use of strong acid, as well as toxic 

oxidising agents like hydrogen peroxide (H2O2), complicate the subsequent radiolabelling steps. 

The boiling of aqueous solutions containing radioactivity, also containing strong oxidising agents, 

is not practical for the chelation and biomolecule work moving forward, hence alternative 
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methods need to be explored. For example, high temperature conditions accelerates various 

degradation pathways of antibodies leading to formation of aggregates.178,179 Very acidic pHs 

can also have a detrimental effect on antibodies, leading to fragmentation at hinge joints and 

the formation of aggregates.180 Increased temperature and acidic pH is less likely to adversely 

affect the stability of small peptides, as in the literature they often require heating, but will also 

lead to the degradation of larger proteins.49 

These methods also have limited scope for possible translation to clinical setting due to the use 

of toxic reagents or a cumbersome reaction set up. The removal of excess oxidising agent will 

be essential for accurate assessment of the therapeutic response to 201Tl containing agents, both 

for in vitro and in vivo studies. In particular, hydrogen peroxide plays a significant role in 

biological formation of reactive oxygen species (ROS). Despite these drawbacks, Jalilian and co-

workers have published accurate chromatographic methods for the oxidation reaction which 

have been used in this work.174 An example of the ITLCs can be seen in Figure 2.1. 

The ideal radiolabelling ‘product’ to use in MRT with 201Tl would use a kit-based system, like 

many of the radiotracers used within the field such as [99mTc]Tc-DMSA and [68Ga]Ga-THP-

PSMA.181,182 Figure 2.2 demonstrates diagrammatically how tested published literature methods 

did not provide a basis to develop kits using the stated reaction conditions.  
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Figure 2.2 – Three diagrams highlighting that the current literature methods for the oxidation of [201Tl]TlCl to 

[201Tl]TlCl3 are not usable for a kit-based system and the ‘ideal’ kit reaction conditions for possible clinical 

translation  
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2.2 Material and methods 

Unless stated otherwise, chemicals and solvents were purchased from commercial suppliers 

(Merck, Fisher Scientific, CheMatech). [201Tl]TlCl in saline was purchased from Curium Pharma, 

UK.  Nine methods, described below and summarised in Figure 2.3, were evaluated for the 

conversion of Tl(I) to [201Tl]TlCl3. 

 

Figure 2.3 – Oxidation methods evaluated to convert [201Tl]TlCl to [201Tl]TlCl3    

Oxidation method 1 - HCl (6 M), H2O2, and 95 °C 

HCl (6 M, 300 µL) was added to [201Tl]TlCl (11.2 MBq, 200 µL). Hydrogen peroxide (50% in water, 

100 µL) was then added and the solution vortexed for 10 seconds and placed in a pre-heated 

heat block at 95 °C for 30 minutes.174   

Oxidation method 2 – HCl (2 (a) or 6 M (b)) and ozone 

HCl (2 or 6 M, 200 µL) was added to [201Tl]TlCl (11.2 MBq, 200 µL). Ozone produced from medical 

grade oxygen via an ozone generator (1KNT-24 from Enaly, China) was bubbled through the 

radioactive solution via a glass pipette for 30 minutes.161,173 
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Oxidation method 3 – HCl (6 M), H2O2 and ozone  

HCl (6 M, 200 µL) and hydrogen peroxide (50% in water, 50 µL) were added to [201Tl]TlCl (16.8 

MBq, 300 µL). Ozone was used as in method 2.183 

Oxidation method 4 – HCl (2 M), H2O2 and oxygen 

HCl (2 M, 200 µL) and hydrogen peroxide (50% in water, 50 µL) were added to [201Tl]TlCl (11.2 

MBq, 200 µL). Oxygen, directly from a medical grade oxygen cylinder, was bubbled through the 

radioactive solution via a glass pipette for 30 minutes. 

Oxidation method 5 – HCl (2 M) and oxygen 

HCl (2 M, 200 µL) was added to [201Tl]TlCl (11.2 MBq, 200 µL). Oxygen was used as in method 4.  

 

Figure 2.4 – A diagram describing the reaction set up of oxidation methods 2 – 5.  

Oxidation method 6 – Chloramine-T  

Chloramine-T (N-chlorotoluenesulfonamide; 1 mg) in water was added to a minicentrifuge tube. 

[201Tl]TlCl (5.2 MBq, 100 µL) was then added and the mixture was agitated for 10 minutes. Once 

dissolved, HCl (0.5 M, 100 µL) was added. A white solid precipitated from the solution. The 
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solution was then agitated for 2 minutes, centrifuged for 30 seconds using a mini benchtop 

centrifuge to pellet the solid. The supernatant, containing [201Tl]Tl3+, was then added to a clean 

flask and used for the chelator studies.  

A variable amount (10 ng - 0.1 mg) of chloramine-T, dissolved in water, was added to clean 

reaction flasks. [201Tl]TlCl (1 MBq, 25 µL) was then added to the tubes containing the chloramine-

T solution, followed by HCl (0.1 M, 0.5 M or no acid added, 2.5 µL), vortexed and pipetted into 

a flask. 

Non-radioactive chloramine-T oxidation  

A non-radioactive version of the reaction in method 6 was performed and the white solid 

precipitate was analysed using proton NMR. NMR spectra were recorded on a Bruker Ultrashield 

400WB PLUS 9.4 T spectrometer (1H NMR at 400 MHz). All chemical shifts were referenced to 

residual solvent peaks and are quoted in ppm. 1H NMR (400 MHz, Chloroform-d) δ 7.79 (d, J = 

8.4 Hz, 2H, Ar-Ha), 7.29 (d, J = 8.0 Hz, 2H, Ar-Hb), 2.41 (s, 3H, Me). 

Oxidation method 7 - Iodo-bead 

[201Tl]TlCl (0.5 MBq, 100 µL) was added to one iodo-bead (Thermo Fisher). HCl (0.1 M or 0.5 M, 

10 µL) was then added to the reaction and vortexed for 10 seconds.  

Oxidation methods 8 and 9 - Trichloroisocyanuric acid (TCCA) and iodogen 

In direct comparative studies, varying amounts of iodogen and TCCA (10 ng - 0.1 mg), both 

dissolved in chloroform and left in a fume hood overnight for the chloroform to evaporate, were 

added to clean reaction flasks. [201Tl]TlCl (1 MBq, 25 µL) was then added to the pre-coated tubes, 

followed by HCl (0.1 M, 0.5 M or no acid added, 2.5 µL), vortexed and pipetted into a clean flask. 
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Figure 2.5 – A systematic diagram of the ‘ideal’ oxidation method. The oxidising agent is insoluble in aqueous 

solution so can be separated post reaction, so [201Tl]TlCl3 can be used without further purification.  

Thin layer chromatography  

Oxidation from [201Tl]Tl+ to [201Tl]Tl3+ was analysed by instant thin layer chromatography (ITLC) 

with acetone as the mobile phase and silica gel ITLC strips (ITLC-SG) as the stationary phase, 

giving good separation between [201Tl]Tl+  (Rf = 0) and [201Tl]Tl3+  (Rf = 1). 
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2.3 Results  

2.3.1 Oxidation of [201Tl]Tl+ to [201Tl]Tl3+ 

Ozone and oxygen oxidation 

The [201Tl]TlCl control ITLC is shown in Figure 2.6A. Radiochemical yields of method 1 were 98 ± 

2% (Figure 2.6B) whereas oxidation method 2 using a low concentration of HCl (2 M) with ozone 

yielded little to no [201Tl]Tl3+ (3 ± 2%) (Figure 2.6C). Increasing the concentration to 6 M HCl 

slightly improved radiochemical yields to 12 ± 3% (Figure 2.6D). In a further attempt to oxidise 

201Tl at room temperature, oxidation method 3, which used a mixture of ozone, hydrogen 

peroxide and 6 M HCl was evaluated. This produced [201Tl]Tl3+ after 30 minutes (95 ± 5%, Figure 

2.6E). Using oxygen instead of ozone and decreasing the pH to 2M still yielded quantitative 

conversion from [201Tl]Tl+ to [201Tl]Tl3+ (99 ± 1%; method 4). The further removal of hydrogen 

peroxide from the reaction still led to [201Tl]Tl3+ yield of 94 ± 6% (method 5). Table 9 summarises 

radiochemical yields obtained. 
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Figure 2.6 - Radiochromatogram of ITLC [201TlTlCl control (A), oxidation method 1 - HCl (6 M), H2O2, and 95 °C (B), 

oxidation method 2A - HCl (2 M) and ozone (C), oxidation method 2B – HCl (6 M) and ozone (D) and oxidation 

method 3 – HCl (6 M), H2O2 and ozone. Solid phase = ITLC-SG, and mobile phase = acetone. Rf 0 (50 mm) = [201TlTl+, 

Rf 1 (150 mm) = [201TlTl3+. 
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Chloramine-T oxidation and NMR 

ITLC analysis of the supernatant containing [201Tl]Tl3+ showed that quantitative yields were 

obtained using 10 mg Chloramine-T (99 ± 1%; method 6), and that the presence of acid was 

required (Figure 2.7). When 0.1 M HCl was used, a mixture of [201Tl]Tl+ and [201Tl]Tl3+ was 

observed with 100 ng – 0.1 mg; no oxidation occurred at 10 ng. However, with the use of 0.5 M 

HCl, a yield of >99% for [201Tl]Tl3+ was observed at all concentrations at or above 0.01 mg (Figure 

2.7) NMR spectroscopy showed the white precipitate to be p-toluenesulfonamide, an expected 

by-product of the chloramine-T oxidation (Figure 2.8).184  

 

Figure 2.7 - ITLC images of oxidation of [201Tl]TlCl to [201Tl]TlCl3 using trichloroisocyanuric acid (TCCA; top row), 

iodogen (middle row) and chloramine-T (bottom row) in the presence and absence of 0.1 or 0.5 M HCl (methods 6, 

8, and 9). Solid phase = ITLC-SG, and mobile phase = acetone. Rf 0 = [201Tl]Tl+, Rf 1 = [201Tl]Tl3+. 
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Figure 2.8 - 1H NMR spectrum of the white solid produced from the chloramine-T oxidation reaction. 1H NMR (400 

MHz, Chloroform-d) δ 7.79 (d, J = 8.4 Hz, 2H, Ar-Ha), 7.29 (d, J = 8.0 Hz, 2H, Ar-Hb), 2.41 (s, 3H, Me). Amine protons 

not observed due to exchange with the solvent. 

Solid phase oxidants  

Iodo-beads, incubated with [201Tl]TlCl in the presence of 0.5 M HCl, led to the formation of 

[201Tl]Tl3+ in 99 ± 1% yield (method 7A, Figure 2.9). Using 0.1 M HCl instead decreased the 

radiochemical yield of [201Tl]Tl3+ to 62 ± 8% (method 7B, Figure 2.7). TCCA alone (10 ng – 0.1 mg), 

without HCl, produced 88-90% conversion to [201Tl]Tl3+ within 10 minutes at room temperature 

(Figure 2.7). Upon addition of 0.5 M HCl, full conversion (99 ± 1%) was observed between 10 ng 

– 0.1 mg TCCA (method 8A, Figure 2.7). When using 0.1 mg iodogen without HCl, a radiochemical 

yield of [201Tl]Tl3+ at 74 ± 3% was observed (Figure 2.7). Upon the addition of 0.1 M HCl using 

0.001-0.01 mg iodogen led to a 95 ± 3% radiochemical yield, which further increased to 99% ± 

1% when using 0.5 M HCl (Figure 2.7).  
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Figure 2.9 - ITLC images of the [201TlTlCl oxidation to [201TlTlCl3 using an iodo-bead with no acid, and HCl (0.1 M or 

0.5 M). Aliquots (2 μL) were removed at 2, 15 and 30 minutes for analysis (method 7). Solid phase = ITLC-SG, and 

mobile phase = acetone. Rf 0 = [201Tl]Tl+, Rf 1 = [201Tl]Tl3+. 
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Table 9 – Conversion yields of [201Tl]Tl+ to [201Tl]Tl3+ using oxidation methods 1-9. Values are an average +- standard 

deviation (n=3). Also shown are the characteristics of the nine oxidation methods in terms of simple set up, ability 

to remove the oxidising reagent after the reaction and whether the oxidation process is compatible with 

radiolabelling biomolecules such as antibodies.  

 

Oxidation method 

Conversion 

yield 

Simple 
set-up 

Oxidant 

removed 

Biomolecule 
compatible 

1: HCl (6 M), H2O2, and 95 °C 98 ± 2 % Yes No No 

2A: HCl (2 M) and ozone 3 ± 2 % No Yes No 

2B: HCl (6 M) and ozone 12 ± 3 % No Yes No 

3: HCl (6 M), H2O2 and ozone 95 ± 5 % No No No 

4: HCl (2 M), H2O2 and oxygen 99 ± 1 % No No No 

5: HCl (2 M) and oxygen 94 ± 6 % No Yes No 

6A: Chloramine-T (0.5 M HCl) 99 ± 1 % Yes No Yes 

6B: Chloramine-T (0.1 M HCl) 69 ± 3 % Yes No Yes 

7A: Iodo-bead (0.5 M HCl) 99 ± 1 % Yes Yes Yes 

7B: Iodo-bead (0.1 M HCl) 62 ± 8 % Yes Yes Yes 

8A: Trichloroisocyanuric acid (0.5 M HCl) 99 ± 1 % Yes Yes Yes 

8B: Trichloroisocyanuric acid (0.1 M HCl) 96 ± 2 % Yes Yes Yes 

9A: Iodogen (0.5 M HCl) 99 ± 1 % Yes Yes Yes 

9B: Iodogen (0.1 M HCl) 95 ± 3 % Yes Yes Yes 
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2.4 Discussion 

Thallium is stable under ambient conditions in oxidation states 1+ and 3+. In oxidation state 1+, 

thallium is known to be strongly hydrated and behaves biologically much like the alkali metals; 

for example, like potassium; it is a substrate for the sodium-potassium ATPase pump.10 Its 

electronic structure features a sterically active lone pair of electrons. With these properties, it is 

hard to conceive a likely kinetically stable Tl+ chelate complex. On the other hand, Tl3+ is 

electronically analogous to In3+ for which a range of highly stable chelates is known with well-

established uses in nuclear medicine. Based on these considerations, Tl3+ would appear to be 

the more attractive option for developing future suitable chelation systems. A prerequisite for 

developing such a platform is to find an efficient and convenient method to oxidise [201Tl]TlCl, 

the form in which 201Tl is manufactured and supplied, to Tl3+. Such a method would need to be 

sufficiently mild to be used in the context of labelling sensitive biomolecules. The Tl+/Tl3+ redox 

couple has a standard redox potential of +0.77 V, suggesting that unless the metal ion can be 

stabilised by a chelator, it may be reduced back to Tl+. 

 

Published methods to oxidise [201Tl]Tl+ to [201Tl]Tl3+ included ozone, hydrogen peroxide, HCl or a 

combination of oxidising agents and high temperatures (95°C).161,176,185 In our hands, using ITLC-

SG plates and acetone as an effective and reliable method to distinguish Tl+ from Tl3+, the 

published oxidation methods (methods 1-4) did not always prove successful.176 For example, in 

method 2, the conversion yield was between 3 and 12%. Although oxidation method 1 was 

reproducible, heating at 95°C is not compatible with biological molecules (Table 2). As explained 

in the introduction, high temperatures and very acidic pH can lead to degradation of biological 

molecules such as antibodies, so would not be appropriate for use in nuclear medicine.  
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Oxidation methods 3-5 used ozone or oxygen as oxidants and avoided the need for high 

temperatures. Comparing conversion yields obtained from either method 2 or 3 showed the 

importance of hydrogen peroxide for the oxidation using ozone, although this appeared less 

important for oxygen (method 5), despite the decrease in oxidation potential from +2.07 V to 

+1.78 V.186 Although the solution could be neutralised, this would dilute the radionuclide and 

increase the complexity of the labelling procedure. Equally, the practical set-up of bubbling 

oxygen through a reaction vessel using a large cylinder of compressed oxygen adds undesirable 

complexity and hazard (Table 2). Therefore, alternative, safer methods of oxidation were 

investigated.  

A range of biocompatible oxidising agents has been available for many years, developed for the 

purpose of radiolabelling biomolecules with radioiodine. Chloramine-T, first used by Greenwood 

et al. in the 1960s, is still popular in this field.187 During the oxidation of 201Tl, it was found that  

conversion yields for chloramine-T were 99%, even at the low amounts previously used to 

synthesise [123I]diiodotyrosyl-salmon calcitonin (0.1 mg).188 Although chloramine-T is relatively 

biocompatible, it is known to cause some protein damage in some cases, and its presence could 

also lead to misleading stability results or damage cells during in vitro and stability studies 

described below.184 It should, therefore, ideally be quenched or removed from the reaction 

solution prior to introducing the biomolecules. This step is not always simple due to its water 

solubility. Chloramine-T also has an oxidation potential of +1.14 V under acidic conditions, so 

marginally lower than that of oxygen.189  

We therefore also evaluated a range of solid-phase oxidants that could easily be removed after 

oxidation is complete. Iodo-beads (method 7), for example, consist of a chloramine-T analogue 

covalently bound to a solid polystyrene bead, allowing the supernatant containing [201Tl]Tl3+ to 

be easily removed from the vessel; this is also an advantage when using iodogen or TCCA 

(methods 8-9; Table 2). All three oxidants gave a good conversion yield (99%) from [201Tl]Tl+ to 
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[201Tl]Tl3+. An extra advantage of iodogen and TCCA over chloramine T is their solubility in organic 

solvents and low solubility in water; this enables pre-coated tubes to be created with the volatile 

solvent evaporating during the process. Additionally, TCCA has an oxidation potential of +4.84 V 

which is far higher than ozone and oxygen.190 Methods 7-9, using iodo-beads, TCCA or iodogen, 

are thus excellent oxidation methods to convert [201Tl]Tl+ to [201Tl]Tl3+ for future MRT using 201Tl. 

However, in the absence of acid, no conversion to [201Tl]Tl3+ was observed. For all the oxidising 

agents, using 0.1 M HCl, leads to a mixture of the starting material and product whereas using 

0.5 M HCl leads to the majority of product formation.  

Moving forward, the iodobead oxidising agent in combination with 0.5 M HCl as the oxidation 

method was chosen to continue with further studies. This was due to the reliable results it 

provided and the very simple set up. As the iodobeads are purchased and used without need for 

pretreatment, there is no additional work required to precoat the reaction tubes. The cost of 

each iodobead (£3.52 a bead, as of November 2021) is relatively low considering one is used per 

reaction.  
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2.5 Conclusions 

The chapter has described the evaluation of numerous methods for the oxidation of [201Tl]Tl+ to 

[201Tl]Tl3+ using a range of oxidation agents. Literature methods using concentrated HCl (6 M), 

ozone and hydrogen peroxide in combination with high temperatures yielded varying amounts 

of [201Tl]Tl3+ (3 - 99% yield). For future use with biomolecule, these methods would not be 

appropriate as they would lead to degradation of the biomolecule.  The use of chloramine-T in 

combination with HCl (0.5 M) was then investigated and shown to be very effective for the 

generation of [201Tl]Tl3+ (99 % yield). However, as chloramine-T is soluble in aqueous solution, 

further purification would be needed to remove excess oxidising agent. To avoid this, oxidising 

agents that are insoluble in aqueous solutions were pursued. Iodo-beads (chloramine-T 

embedded on a polystyrene bead), TCCA and iodogen again in combination with HCl (0.5 M) all 

were effective at oxidising [201Tl]Tl+ to [201Tl]Tl3+ in good yields (99 %). Due to the convivence of 

using a single iodo-bead per oxidation reaction, this method was used in future studies. This 

reaction has a simple set up, is very convenient and uses very mild reactions to generate 

[201Tl]Tl3+. 
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3 DNA DAMAGE ASSESSMENT 

3.1 Introduction 

 

Figure 3.1 – A simplified representation of DNA damage caused by ionising radiation. ROS = reactive oxygen species, 

SSB = single strand break, DSB = double strand break. (adapted from Vallis et al).191 

A simple cell free system like plasmids in solution has commonly been used in previous work 

with AE emitters to show the DNA damaging and therapeutic potential of AE-emitters.20,192–196 

The plasmid method removes factors that may have an influence on DNA damage that usually 

are present in cells, for example repair mechanisms. Although not a true reflection of what 

processes take place in a biological system, the results allow radionuclides to be directly 

compared in an identical, simple system, which restricts the number of variables and can be 

easily quantified.  

Damage to the plasmid DNA can occur following incubation with radionuclides via two 

mechanisms, direct or indirect.194,197,198 A simplified diagram representing the DNA damage 

mechanisms induced by ionising radiation can be seen in Figure 3.1.191 The direct mechanism 

arises from ionisation of the DNA backbone from the ionised particle which causes the SSB and 
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DSBs. As the name implies, for the indirect mechanism, damage is not done by the ionising 

particle itself, but water molecules that have been ionised generating free radicals in solution. 

ROS are highly reactive and include superoxide anion (O2
-), peroxide (O2

2-) and hydroxyl ion (HO-

). The previous articles in the literature have shown both direct and indirect mechanisms can 

cause significant DNA damage to plasmid DNA using AE emitters.20 The distance between the 

plasmid DNA and radionuclide was also investigated, showing that as the distance increases, the 

damage mechanism is driven toward indirect over direct.192,194,197,199 This highlights the need for 

the close proximity to DNA to generate direct DNA damage.  

 

Figure 3.2 – An example diagram of the agarose DNA damage gels used to assess the damage done by radionuclides. 

The top band corresponds to DNA in the relaxed form following a single strand break (SSB), the middle band 

corresponds to DNA in the linear form following a double strand break (DSB) and finally the bottom band is 

undamaged DNA in the supercoiled form.  The DNA moves through the electrophoresis gel from the negatively 

charged cathode to the positively charged anode.  

For this work, gel electrophoresis has been used to quantify the plasmid DNA damage caused by 

201Tl. The agarose gel uses an electric current to separate the plasmid based on its conformation 

Linear DNA
(double strand breaks, DSBs)

Supercoiled DNA 
(undamaged)

Relaxed DNA
(single strand breaks, SSBs)

Cathode (-)

Anode (+)

DNA moves from – to +
when current is applied
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which changes due to DNA damage. Supercoiled, undamaged plasmid DNA moves easily through 

the gel so corresponds to the bottom band. Following a SSB, the conformation changes to a 

relaxed form which is round, and uncoiled. This moves more slowly through the gel, so 

corresponds to the top band. When the plasmid DNA undergoes a DSB, it adopts a linear 

conformation which corresponds to the middle band on the gel. An exemplar agarose gel can be 

seen in Figure 3.2. 

This work aims to determine the DNA damaging potential of 201Tl. 
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3.2 Material and methods 

Plasmid DNA damage 

pBR322 DNA plasmid (New England Biolabs, UK) in PBS (100 ng, 20 μL) was incubated with 0.5 

MBq (8 μL) [201Tl]TlCl3 for up to 144 hours. [201Tl]TlCl3, originally formed using chloramine-T 

(method 6), was neutralised with Na2CO3 (0.1 M). Controls included untreated plasmid in PBS 

and equivalent amounts of non-radioactive [natTl]TlCl3 (Sigma). After treatment, plasmid (50 ng 

in PBS) was mixed with 6X loading dye (16 μL total volume), loaded onto a 0.8% agarose gel 

containing 10 μL GelRed Nucleic Acid stain (Biotium, USA) and run at 100 V (400 mA, 50 W) for 

40 minutes. Gels, imaged using a GelDoc-ItTS2 310 Imager system (BioRad, UK) coupled with a 

Benchtop UV transilluminator (UVP) and GelCam 310, were analysed by ImageJ, measuring 

supercoiled (intact DNA), relaxed circular (single strand breaks) and linear band (double strand 

breaks) percentages within a lane (n=3-12).200  

Statistical analysis  

Plasmid electrophoresis results are shown as mean percentage of total DNA, i.e. supercoiled + 

relaxed + linear topologies, ± standard deviation. Two-way ANOVA statistical analyses were 

carried out using Tukey's multiple comparisons test in GraphPad Prism 7.0c. P<0.05 was deemed 

significant.  
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3.3 Results 

3.3.1 Assessment of 201Tl damage to plasmid DNA 

 

Figure 3.3 - Representative agarose gels of plasmid DNA incubated with non-radioactive [natTl]TlCl, [natTl]TlCl3, 

[201Tl]TlCl or [201Tl]TlCl3 (in triplicate lanes). Bottom band = undamaged, supercoiled DNA, middle band = linear DNA 

caused by double strand breaks in the DNA and top band = relaxed DNA caused by a single strand break in the DNA 
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Agarose gels were used to demonstrate and quantify the damage done to DNA following 

incubation with either the non-radioactive or radioactive thallium chloride salts (Figure 3.3).  For 

plasmid DNA incubated with [201Tl]Tl3+ (0.5 MBq), increasing the incubation time decreased the 

percentage of supercoiled DNA from 88 ± 1 % to 51 ± 2 % at 1 and 24 hours, respectively (Figure 

3.4). When plasmid DNA was incubated with [201Tl]Tl+ (0.5 MBq), the same effect was observed 

with 87 ± 1 % at 1 hour to 49 ± 1 % after 24 hours. Using [201Tl]Tl3+, relaxed DNA increased from 

12 ± 1% at 1 h to 49 ± 2% at 24 hours, whereas linear DNA was first detectable (6.27 ± 0.15 %) 

at 144 hours. In comparison, for [201Tl]Tl+, relaxed DNA increased from 36 ± 1% at 1 h to 97 ± 2% 

at 24 hours, whereas linear DNA was first detectable (10.5 ± 0.5 %) at 72 hours. In all studies, 

negative controls consisting of the addition of PBS, non-radioactive [natTl]Tl+ or [natTl]Tl3+ to the 

plasmid did not show evidence of damage over the corresponding timeframe within the errors 

associated with the measurement (Figure 3.4; p=0.22). 
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Figure 3.4 – The percentage of DNA damage when plasmid DNA was incubated with PBS (A and D), [natTl]TlCl (B), 

[201Tl]TlCl (C), [natTl]TlCl3 (E) or [201Tl]TlCl3 (F). Blue line = supercoiled, undamaged DNA. Red line = DNA in relaxed 

form after a single strand break. Black line = DNA in the linear form after a double strand break.  
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3.4 Discussion 

Having successfully converted [201Tl]Tl+ to [201Tl]Tl3+, the next step was to determine whether 

either thallium-201 oxidation states could damage DNA, often considered to be a critical first 

step in killing cancer cells. It was confirmed for the first time using the isolated DNA plasmid 

method that [201Tl]Tl+ and [201Tl]Tl3+ cause DNA damage; this method has previously been used 

by ourselves and others to investigate other AE-emitting radionuclides.138,197,208,199,201–207 The 

data shown in Figure 3.3 and Figure 3.4 shows that using this isolated DNA damage method, 

[201Tl]Tl+ causes more damage to DNA than [201Tl]Tl3+. This is likely due to [201Tl]Tl+ being a K+ 

mimic, allowing it to bind to the electronegative sites of DNA bases in both the major and minor 

grooves where K+ would normally bind.209 This close proximity to DNA will allow the Auger 

electrons to cause significant damage. Due to its reduced ionic radii, [201Tl]Tl3+ (unless reduced 

to [201Tl]Tl+) is unlikely to bind to these same sites, hence the reduction in DNA damage. Despite 

the increase in DNA damage using [201Tl]Tl+, due to the difficulties in chelating the 1+ metal, it 

was not feasible to use this oxidation state in further chelation studies.  

When compared to the 111In and 67Ga results from Othman and co-workers, both oxidation 

states of 201Tl are showing a similar trend of increasing DNA damage over time.138 Further 

experiments using DMSO as a ROS scavenger from 201Tl would help to differentiate between 

damage done by direct or indirect mechanisms as done by Othman et al.196  

Recent in vitro work has shown that non-targeted delivery of 201Tl shows short and long-term 

toxicity in prostate cancer cells.137 Following treatment of DU145 cells with 201Tl, a 90 % decrease 

in clonogenic survival was achieved at only 0.29 Bq/cell, significantly lower than for other AE-

emitting radionuclides such as 67Ga and 111In.19,138 It does have to be noted that the cell studies 

are not directly comparable, due to Othman and co-workers using oxine complexes of 111In and 

67Ga to allow the radiometal to enter the cells, whereas 201Tl enters via potassium channels. 
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Oxine complexes enter cells due to their neutral charge and being highly lipophilic, allowing 

them to diffuse into cells through the membrane. Once in cells, the complexes can break down 

and the radiometal can bind to cellular proteins.  
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3.5 Conclusion 

The results is this chapter have demonstrated that [201Tl]Tl+ and [201Tl]Tl3+ can cause a large 

amount of SSBs, with [201Tl]Tl+ also causing significant DSBs to DNA. By using a cell free isolated 

DNA plasmid method to evaluate DNA damage, is it possible to compare the DNA damage from 

the literature. The damage caused by 201Tl was comparable to that caused by other Auger 

electron emitters 111In and 67Ga. The [natTl]Tl+ and [natTl]Tl3+ controls showed a similar trend in 

DNA damage to the PBS control, demonstrating that at concentrations used in these 

experiments, no inherent chemical toxicity was observed from the metal. Despite causing more 

DNA damage to the plasmid, the chelation of [201Tl]Tl+ will be very challenging (as described in 

Chapter 1), hence the use of [201Tl]Tl3+ was explored further.  

The data obtained is this chapter shows that 201Tl is worth pursuing in the context of MRT.  
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4 CHELATION OF [201Tl]Tl3+ 

4.1 Introduction 

In the pursuit of new chelators for Tl3+, both established and novel chelators in the nuclear 

medicine field need to be evaluated. As described in Chapter 1, there are multiple inconclusive 

and incomplete reports on the stability of the Tl complexes of EDTA, DTPA and DOTA, so a 

thorough investigation into these complexes is a good starting point to build upon, and this 

chapter begins by describing experimental evaluation of these ligands for binding Tl3+. 

Furthermore, over the last 12 years, the Orvig group have developed a large number of acyclic 

chelators, combining picolinic acid and carboxylate moieties to bind an array of large 

radiometals, such as [177Lu]Lu3+, [111In]In3+ and [225Ac]Ac3+; a selection of these ligands too are 

investigated in this chapter as thallium chelators.  

Only some of these Orvig ligands have been published to date. One such example is H4octapa 

(N4O4) is an octadentate chelator (Figure 4.1) for which has been used with 111In and 177Lu.210 

Radiolabelling with both metals takes place at RT in less than 10 minutes, leading to the 

development of a Trastuzumab bioconjugate which showed high tumour uptake in an ovarian 

cancer model in vivo.211 Using the same diaminedipicolinic acid backbone, a number of other 

derivatives have been developed and used for complexation with 64Cu, 67Ga and 89Zr.212,213 This 

highlights the versatility of these ligands to coordinate different metals with varying soft and 

hard character, justifying investigation with Tl3+.    



CHELATION OF [201Tl]Tl3+ 

114 

 

Figure 4.1 – Structure of H4pypa, H4octapa and H5decapa. 

 

Chelators with larger number of donor atoms, for example H5decapa (N5O5) (Figure 4.1) have 

also been developed.210 Again, it was radiolabelled within 10 minutes at RT and showed good 

stability in human serum (> 89% after 24 hours) when radiolabelled using 111In. However, the in 

vivo stability in mice was suboptimal when compared to the biodistribution of [111In]In-octapa, 

with slow blood clearance, high persistent kidney uptake and bone uptake observed. Off target 

uptake and retention in excretion organs using 201Tl would likely lead to unwanted cell damage 

in healthy tissues. The 10 possible binding sites of H5decapa present an opportunity for 

radiometals with a large ionic radius, such as Tl3+, that can fit well into the large cavity of the 

chelator.  

In 2019, Li and co-workers published the synthesis of a pyridinecarboxylate-based ligand H4pypa 

(Figure 4.1).214 Using non-radioactive In3+, as well as the largest lanthanide, La3+ and the smallest 

lanthanide, Lu3+, NMR studies showed that both form rigid coordination complexes with H4pypa, 

with sharp 1H peaks observed. The authors grew X-ray quality crystals of the [natLu][Lu(pypa)]H 

complex, crystallography of which shows that when grown from a solution at pH 2 two of the 

coordinated carboxylic acid groups on the ligand are protonated (Figure 4.2). It clearly shows 

the Lu sitting within the cavity of the ligand with distorted square antiprismatic geometry. As 

described in Chapter 1 (Table 8), the ionic radii of La3+ and Tl3+ are similar, hence the investigation 

with Tl3+. 
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Figure 4.2 – X-ray crystal structures of the anion of H[Lu(pypa)] (A) and C50H79ClLu2N10O33 (B).214 

 

The Orvig group went on to radiolabelling studies using 177Lu and 111In and achieved > 98% RCY 

within 10 minutes with low concentrations of ligand (10-6 M) at pH 7. Both pypa complexes were 

shown to be kinetically inert with <1 % transmetalation to serum proteins over 7 days for 

[177Lu]Lu-pypa and 5 days for [111In]In-pypa. Li and co-workers have gone on to use H4pypa to 

chelate natSc and 44Sc.215 The 1H NMR spectrum of [Sc(pypa)]- in aqueous solution at pH 7 shows 

the existence of two isomers, a major and a minor in equilibrium. Subsequent radiolabelling at 

low concentrations and at RT resulted in a highly stable complex, which showed minimal 

degradation after six days in mouse serum. They also synthesised a PSMA targeting bioconjugate 

which will be discussed in Chapter 5. 

Moving toward potential use in therapy, Li and co-workers have investigated the use of 86Y as 

an analogue for the beta emitter 90Y and conjugated it to TRC105, an anti-CD105 monoclonal 

antibody known to inhibit angiogenesis and tumour growth.216–218 The versatility of H4pypa has 

been demonstrated with radiolabelling using [86Y]YCl3 in HEPES buffer (0.5 M, pH 7) at RT. The 

stability of [86Y]Y-pypa was evaluated in mouse serum which showed only a 3% degradation after 

48 hours at 37°C. The authors synthesised an isothiocyanate (NCS) bifunctional version of 
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H4pypa to conjugate the chelator to TRC105. This was then radiolabelled with 86Y and 44Sc and 

the biodistribution of [86Y]Y-pypa-TRC105/[44Sc]Sc-pypa-TRC105 investigated in female Balb/c 

mice bearing 4T1 murine breast cancer tumours. As is typical for antibodies, [86Y]Y-pypa-TRC105 

and [44Sc]Sc-pypa-TRC105 have a long circulation time in the blood, with accumulation in the 

tumour, liver, kidney and the spleen. Additionally there was high lung uptake, which has 

previously been described for TRC105 constructs.219–221 Over the time course of the experiment, 

bone uptake increased over 48 hours from 2.1 ± 0.3% ID/g at 30 minutes p.i. to 5.7 ± 0.5% ID/g, 

suggesting compound instability, as unchelated 86Y is rapidly taken up by bone.222,223 This 

instability was not observed for the 44Sc counterpart.  

A final use of H4pypa has also been investigated for use in targeted alpha therapy using 226Th 

(t1/2 = 30.57 minutes) and 227Th (t1/2 = 18.7 days).224 However, Ferrier and co-workers found that 

the radiolabelling of H4pypa gave inconsistent radiochemical yields, multiple and broad peaks 

using radio-HPLC. This further supports the investigation with Tl3+, as Th4+ is a comparable size.  
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Figure 4.3 – Structures of various chelators published by the Orvig group  

 

H5decaox is a decadentate ligand, comprised of a diethylenetriamine backbone with oxine 

moieties and carboxylate arms (Figure 4.3).225 It has been evaluated with radiometals 111In and 

89Zr, achieving high radiochemical yields at micromolar concentrations. Stability of [89Zr]Zr-

decaox in human serum showed comparable stability to [89Zr]Zr-DFO and [89Zr]Zr-decapa, with 

74.6 ± 0.1 % remaining after 7 days incubation.226 Another chelator, developed by Ingham et al 

and Burdinski et al, DTPAm is an amide version of DTPA. Burdinski and coworkers were 

developing Yb based agents to use the chemical exchange-dependent saturation transfer (CEST) 

effect for MRI.227 Ingham and co-workers were using the octadentate DTPAm to chelate 
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203/212Pb2+ for use in SPECT imaging and MRT.228 The X-ray crystal structure of [Pb(DTPAm)] cation 

in Figure 4.4 shows an octadentate DTPAm coordinated by [natPb]Pb2+ with distorted square 

antiprism geometry. Radiolabelling with [203Pb]Pb2+ takes place with low concentrations of 

ligand (10-5 M), at RT and within 15 minutes. Their studies showed DTPAm to be an excellent 

candidate for biofunctionalisation in the future, as highlighted by the numerous applications of 

DTPA.229,230 

 

Figure 4.4 – ORTEP diagram of the cation of [Pb(DTPAm)](NO3)2 

 

H2pyhox (Figure 4.3) has been used for the chelation of 64Cu and 111In. Like various other Orvig 

chelators, it contains oxine moieties as well as pyridine donor groups on an ethylenediamine 

backbone.231 The X-ray crystal structure of [Cu(pyhox)] can be seen in Figure 4.5A, showing the 

two pyridine pendant arms unbound, due to the small size of Cu2+ (0.73 ), in a distorted 

octahedral geometry. Figure 4.5B shows the X-ray crystal structure of the [In(pyhox)][ClO4] 

cation, and despite the chelator being octadentate, In3+ prefers hexacoordination over 

octacoordination with H2pyhox. In3+ has a preference for the pyridine ligands over the 

ethylenediamine backbone. The [111In][In(pyhox)]+ complex was shown to be kinetically inert in 
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vitro, and the [64Cu][Cu(pyhox)] highlighted to withstand competition from superoxide 

dismutase (SOD) and EDTA. 

 

Figure 4.5 – ORTEP diagrams of [Cu(pyhox)] (A) and the cation of [In(pyhox)][ClO4] (B) 

 

Building upon the chelator HBED, developed by Arthur E. Martell in the 1960s, Choudhary et al 

have designed H4HBEDpa, as a combination of HBED and H2dedpa (Figure 4.3).232 The authors 

demonstrate that the chelator binds both Fe3+ and Ga3+. They go on to use density functional 

theory (DFT) to infer that Lu and Sc complexes of HBEDpa will have lower complexation energies 

than that of Ga, suggesting thermodynamically more stable complexes.232  

 

The bisoxine hexadentate chelator H3glyox (Figure 4.3) has been investigated for use with Mn2+, 

Cu2+ and Lu3+, with all three metals being highly relevant to the nuclear medicine community.233 

The authors showed the chelator bound [52Mn]Mn2+ and [64Cu]Cu2+ efficiently,  and [177Lu]Lu3+ 

to a lesser extent. All radiolabellings took place at RT, low concentration (10-5 M) and within 15 

minutes. Future use of H3glyox could possibly include use of the chelator with Mn2+ as an MRI 

contrast agent. 
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Figure 4.6 – X-ray crystal structure of [natLu]Lu-noneunpa from Hu and co-workers 

Justin Wilson’s group have recently published the synthesis of oxyaapa (H4noneunpa, Figure 4.3) 

and the X-ray crystal structure can be seen in Figure 4.6. It shows all nine donor atoms are 

coordinating to the Lu, with a distorted C2 symmetry and spherical capped square antiprism 

geometry.234 Wharton and co-workers have gone on to evaluate H4noneunpa as well as 

H4neunpa-NH2 with [177Lu]Lu3+, [111In]In3+, [44Sc]Sc3+ and [225Ac]Ac3+.235 Their results showed 

dramatic differences in preferences for radiometals between H4noneunpa and H4neunpa-NH2. 

H4noneunpa was shown to be very versatile, demonstrating effective coordination of all the 

radiometals tested, with excellent kinetic inertness after incubation in human serum. In 

contrast, H4neunpa-NH2 exhibited high affinity for [111In]In3+, radiolabelling the metal at very low 

concentrations (10-7) at RT in 10 minutes, with excellent serum stability (98 % intact after 5 

days).235 However, the chelator showed low affinity for the other radiometals evaluated in the 

paper.  

Using Bi3+ as inspiration, due to its comparable ionic radius to Tl3+, Lpy (structure shown in Figure 

4.7) was chosen for this project with Tl3+ due to the fast-radiolabelling kinetics and high stability 

when radiolabelled with 207Bi3+.42 The radiolabelling can be performed at room temperature and 

under acidic pH (3.5). The radiolabelling yield was measured at ligand concentrations of 10, 100 
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and 1000 µM, with 100 µM having the optimal radiolabelling conditions. The [Bi(Lpy)] complex 

also showed good stability in competition with EDTA. When incubated in solution with a large 

excess of EDTA in PBS at pH 7.4, after 7 days over 90 % of the complex remained intact, which 

was found to be similar to DOTA but better than DTPA. However, the group have only analysed 

this using ITLC not HPLC. [Bi(Lpy)] also showed excellent resistance to endogenous metal ions, 

such as Cu2+, Zn2+ and Fe3+, following incubation for up to 7 days.   

 

Figure 4.7 - The structure of Lpy 

This chapter will describe the investigation of EDTA, DTPA and DOTA with [nat/201Tl]Tl3+ and the 

assessment of the complexes stabilities in human serum. Additionally, a large number of 

chelators have been screened for use with [nat/201Tl]Tl3+, bearing a range of different donor 

moieties, differences in total number of donors and varying cavity sizes. This was to find 

common characteristics between the chelators that bind Tl3+ and to develop more of an 

understanding about the chelation chemistry of Tl3+.  
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4.2 Material and methods 

Unless stated otherwise, chemicals and solvents were purchased from commercial suppliers 

(Merck, Fisher Scientific, Fluorochem). EDTA (Fisher Scientific), DTPA (Sigma) and DOTA 

(Chematech) were purchased from commercial suppliers. H4pypa was kindly provided by 

members of the Orvig group; in addition, larger batches of H4pypa were synthesised in house 

following previously described procedures.214 H4noneunpa, H4octapa, H5decaox, DTPAm, 

H2pyhox, H4octox, H3glyox, H5decapa, H4neunpa-NH2 and H4HBEDpa were kindly provided by 

members of the Orvig group having been synthesised as previously published.225,228,231,235,236 

H4picoopa, H2amidohox, noctapa, H2amidoC3hox, H2noonpa, H2ampa, H4neunox, H4tetrapa-

NH2, H4noneunpaX and H4picOpa were kindly provided by members of the Orvig group, but the 

synthesis is as yet unpublished. Lpy and DFO-HOPO were synthesised as previously 

described.237,238  

[201Tl]TlCl in saline was purchased from Curium Pharma, UK. Oxidation was performed using 

Pierce Iodination beads (Thermo Scientific). 1H, 13C NMR, HSQC and COSY data were acquired on 

a Bruker 400 MHz and analysed using MestReNova software. Flash chromatography purification 

was performed on Biotage Isolera 4 flash chromatography system, using Sfar chromatography 

columns (silica and C18). HPLC was performed on an Agilent 1260 Infinity instrument with UV 

spectroscopic detection at 254 nm and Lablogic Flow-Count detector with Bioscan Inc. B-FC-

3200 photomultiplier tube detector and analysed using Lablogic Laura software. The mobile 

phase used for analytical and semipreparative reverse-phase HPLC was composed of A: water 

with 0.1% TFA and B: MeCN with 0.1% TFA. LC/MS data were acquired on an Agilent 1200 Series 

Liquid Chromatograph with UV spectroscopic detection at 254 nm and same column details as 

in reverse-phase HPLC, interfaced with an Advion Expression LC/MS mass spectrometer with 

electrospray ionisation source. The mobile phase used for LC/MS was composed of A: water with 
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0.1% formic acid; and B: MeCN with 0.1% formic acid. Lyophilisation was performed using an 

Edwards Freeze-Dryer Modulyo. 

Synthesis 

[natTl]Tl-EDTA 

TlCl3 hydrate (0.12 g, 410 µmol) was dissolved in MeCN (5 mL) and added to a solution of EDTA 

(Thermofisher) (0.1 g, 342 µmol) dissolved in water (15 mL). The solution was left stirring at RT 

for 6 hours, after which the solvent was removed to yield the product as a white solid. (0.158 g, 

94%) ESI-MS: calc for [C10H12N2O8
205Tl + H]+ 492.58; found 494.1. 1H and 13C NMR spectra are 

shown in Figure 4.8. 

[natTl]Tl-DTPA 

TlCl3 hydrate (0.095 g, 305 µmol) was dissolved in MeCN (5 mL) and added to a solution of DTPA 

(Sigma) (0.1 g, 254 µmol) dissolved in water (15 mL). The solution was left stirring at RT for 6 

hours, after which the solvent was removed to yield the product as a white solid. (0.13 g, 89%) 

ESI-MS: calc for [C14H18N3O10
205Tl + H]+ 592.69; found 594.0. 1H and 13C NMR spectra are shown 

in Figure 4.8. 

[natTl]Tl-DOTA 

TlCl3 hydrate (0.076 g, 247 µmol) was dissolved in MeCN (5 mL) and added to a solution of 

DOTA.HCl (Chematech Ltd) (0.1 g, 247 µmol) dissolved in water (15 mL). The solution was left 

stirring at RT for 60 minutes, after which a precipitate formed. This was separated via filtration 

and dried in vacuo without further purification, to yield the product as a white solid. (0.103 g, 

73%) ESI-MS: calc for [C16H24N4O8
205Tl + H]+ 605.13; found 605.43. 1H and 13C NMR spectra are 

shown in Figure 4.9. 



CHELATION OF [201Tl]Tl3+ 

124 

[natTl]Tl-pypa  

TlCl3 hydrate (0.05 g, 96 µmol) was dissolved in ammonium acetate solution (1M, pH 5, 0.5 mL) 

and added to a solution of H4pypa (0.037 g, 96 µmol) also dissolved in ammonium acetate 

solution (1 M, pH 5, 0.5 mL). The reaction was agitated for 5 minutes at RT. The complex was 

purified using reverse phase prep HPLC (A: MeCN/0.1% TFA, B: H2O/0.1% TFA, 5-60% A over 40 

minutes, 10 mL/min). UV active fractions were analysed using LC-MS (HPLC method B), pure 

fractions were combined and freeze dried to yield the product as a white solid. (0.055 g, 80%) 

HR-ESI-MS: calc for [C25H23N5O8
205Tl + H]+ 726.1291; found 726.1306. 1H NMR spectra can be 

seen in Figure 4.14 and the COSY NMR can be seen in Figure 4.15. 

1,4,7,10-Tetrakis(2-pyridylmethyl)-1,4,7,10-tetraazacyclododecane (Lpy) 

Cyclen (Chematech Ltd) (0.33 g, 1.9 mmol) was dissolved in MeCN (8 mL) to which Cs2CO3 (12.5 

g, 38.3 mmol) was added, forming a suspension. 2-Picolylchloride hydrochloride (1.3 g, 7.7 

mmol) was dissolved separately in MeCN (8 mL) and added dropwise to the stirring cyclen 

solution. The reaction was heated to reflux for 24 hours, after which the reaction was filtered to 

remove the inorganic salts and solvent removed in vacuo. The crude solid was then recrystallised 

from hot MeCN (50 mL) to yield the desired product as a crystalline solid (0.8 g, 80%). 

Characterisation matched the previous published literature synthesis.237 

DFO-HOPO 

This procedure was adapted from Allott et al.238 Thionyl chloride (1 mL) was added to a 

suspension of 1,6-dihydroxy-1,6-dihydropyridine-2-carboxylic acid (1) (synthesised by Dr 

Charlotte Rivas) (50 mg, 0.32 mmol) in dry THF (1 mL) and the reaction heated to 75 °C overnight. 

After cooling, the solvent was removed in vacuo to yield 2 as a yellow oil which was used without 

further purification. This was redissolved in dry DMF (2 mL), and added to deferoxamine 
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mesylate (200 mg, 0.32 mmol), followed by NEt3 (45 µL, 0.32 mmol) and stirred at RT overnight. 

The solvent was removed in vacuo, and the residue washed with acetone (1 mL), resulting in the 

formation of a white precipitate. This solid was separated via centrifugation, washed with more 

acetone (3-4 mL). It was then purified using semi-preparative reverse phase HPLC. Solvent A = 

H2O (0.1% TFA), solvent B = MeCN (0.1% TFA) 0-30 minutes, 3-90% B, 30.1-31 minutes 90-3% B, 

40 minutes 3% B at 3 mL/min. Characterisation matched the previous published literature 

synthesis.238 

Radiolabelling of EDTA, DTPA and DOTA with [201Tl]Tl3+ 

These procedures were adapted from Hijnen et al.161 [201Tl]TlCl3 (40 µL, 3 MBq), produced using 

iodobeads (Chapter 2), was added to Eppendorf tubes containing 1 mg/mL EDTA (0.34 µmol), 

DTPA (0.25 µmol), DOTA (0.25 µmol) or TETA (0.23 µmol) in ammonium acetate buffer (0.25 M, 

pH 5, 100 µL). The mixture was vortexed and agitated for 10 (EDTA or DTPA) or 60 minutes 

(DOTA or TETA) at room temperature. Reverse phase TLC plates (TLC Silica Gel 60 RP-18 F254s 

MS-grade) were used as the stationary phase and acetonitrile (30%) with water as the mobile 

phase [201Tl]Tl+ (Rf = 0) or [201Tl]Tl3+ (Rf = 0) and [201Tl]Tl-EDTA/DTPA/DOTA (Rf = 1). All TLC plates 

were imaged using a Cyclone Plus Phosphor Imager (PerkinElmer, Inc. USA). 

General experimental for radiolabelling of the chelators 1-17 with [201Tl]Tl3+ 

Chelator (1 mg/mL in water, 20 µL) was added to [201Tl]TlCl3, produced using iodobeads (39.5 

MBq, 108 µL) and 1M ammonium acetate (pH 5, 20 µL) giving the combined solution a pH of 5. 

This was vortexed and agitated in a Thermomixer (500 rpm) at RT for 10 minutes. Radiochemical 

yield and purity was evaluated using RP-ITLC, as described above (unbound [201Tl]Tl+, [201Tl]Tl3+ 

Rf = 0, [201Tl]Tl3+ complex Rf = 1) and HPLC (method A).  
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General experimental for evaluating the stability of [201Tl]Tl-complexes  

Human serum (300 µL, Merck) was added to an Eppendorf tube, followed by the addition of 

[201Tl]Tl-complexes (200 kBq, 12-15 µL). These were then incubated at 37 °C for up to 48 hours. 

An aliquot (2 µL) was removed and analysed using RP-TLC (TLC Silica Gel 60 RP-18 F254s MS-

grade) to assess the stability. In addition to human serum, this process was repeated using 

ammonium acetate solution (1 M, pH 5). Similar stability studies were also carried out for 

[201Tl]Tl-DOTA incubated in cell culture medium (RPMI-1640) supplemented with 10% foetal 

bovine serum, 2 mM L-glutamine, and penicillin/streptomycin or in 0.25 M ammonium acetate 

buffer (pH 5) at 37 °C for up to 144 h. These were analysed using RP-TLC plates as described 

previously.  
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4.3 Results 

4.3.1 EDTA, DTPA and DOTA evaluation with Tl3+ 

For the complexation with EDTA and DTPA, the ligands were dissolved in water, added to 

[natTl]TlCl3 (in excess, dissolved in MeCN) and left stirring for the six hours at RT. The solvent was 

then removed, and the resulting white solids evaluated using NMR (Figure 4.8). The [natTl]Tl-

EDTA 1H NMR (Figure 4.8), run in D2O, suggests the presence of a single species in solution, and 

the complex has a very different spectrum to the ligand alone. Each of the carboxylate arms are 

now inequivalent to each other, and the ethylene backbone protons are also inequivalent. 

 

 

Figure 4.8 – 1H NMR spectra of EDTA and [natTl]Tl-EDTA in D2O, DTPA and [natTl]Tl-DTPA in DMSO-d6. 
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The [natTl]Tl-DTPA 1H NMR (Figure 4.8), run in DMSO-d6, also suggests the presence of a single 

species in solution. All peaks have been shifted downfield when compared to the chelator alone, 

with the middle carboxylate arm protons shifting the most (3.67 ppm to 4.43 ppm).   

 

 

Figure 4.9 - 1H NMR spectra of DOTA and [natTl]Tl-DOTA in D2O 

 

To complex [natTl]Tl3+ with DOTA, the ligand was dissolved in water, added to [natTl]TlCl3 

(dissolved in MeCN) and left stirring for an hour at RT. After this time, a white solid precipitated 

from solution, which was filtered, washed with water and dried under reduced pressure. The 

resulting white solid was evaluated using NMR (Figure 4.9). The solid was suspended in D2O, and 

the pH adjusted to pH to 8 using Na2CO3 (1 M, in D2O) where the complex completely dissolved. 

The 1H NMR of DOTA alone shows two broad peaks, which may be due to the motion of the 

molecule rotating in solution on an NMR timescale, or proton exchange between bulk water 

protons and labile protons of DOTA (Figure 4.9). The 1H NMR of the complex has very broad set 

of multiplets between 2 and 4 ppm, which is similar to what has been reported by Fodor and co-

workers.162 They found similar results with the finely resolved multiplets only being seen using 

variable temperature NMR.162  
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Radiochemistry with EDTA, DTPA and DOTA 

In order to confirm thallium has been chelated, a simple TLC method has to be developed as a 

quick alternative to the use of HPLC. Jalilian et al. have published results using a 1:1 mixture of 

ammonium acetate (1 M) and methanol to differentiate between free metal and 

complexes.174,176,177,185,239,240 The authors claim that the complexes move up the TLC plate, 

leaving free metal at the baseline. However, under these conditions both oxidation states of the 

metal moved up the plate so are indistinguishable from complexed thallium (Figure 4.10); hence 

an alternative method was needed.  

 

Figure 4.10 – ITLC results using a 1:1 mixture of ammonium acetate (1 M) and methanol. The product of the reaction 

between [201Tl]TlCl3 and DOTA (top) has the same Rf as the [201Tl]TlCl3 (middle) and  [201Tl]TlCl (bottom), 

demonstrating this is not a viable ITLC method for use with 201Tl.  
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Figure 4.11 – Representative phosphor images of ITLCs for the [201Tl]Tl+ to [201Tl]Tl3+ oxidation (A). Solid phase = 

ITLC-SG, mobile phase = acetone. [201Tl]Tl+ Rf = 0, [201Tl]Tl3+ Rf = 1. Representative phosphor images of reverse phase 

TLCs of [201Tl]TlCl, [201Tl]TlCl3, [201Tl]Tl-EDTA, [201Tl]Tl-DTPA and [201Tl]Tl-DOTA (B). [201Tl]Tl+ Rf = 0, [201Tl]Tl3+ Rf = 0, 

[201Tl]Tl chelates, Rf = 1. 

[201Tl]Tl3+ formed using chloramine-T (oxidation method 6, Chapter 2) was reacted with chelators 

EDTA, DTPA and DOTA. Reverse phase TLC plates, using MeCN (30%):water as the mobile phase, 

gave excellent separation of [201Tl]Tl-EDTA, [201Tl]Tl-DTPA and [201Tl]Tl-DOTA from uncomplexed 

201Tl and showed >95% radiolabelling yield in all cases (n = 3; Figure 4.11). 
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4.3.2 Serum stability of [201Tl]Tl-EDTA, [201Tl]Tl-DTPA and [201Tl]Tl-DOTA 

 

Figure 4.12 – Stability of [201Tl]Tl-EDTA, [201Tl]Tl-DTPA and [201Tl]Tl-DOTA in human serum and of [201Tl]Tl-DOTA in 

RPMI-1640 cell culture medium and ammonium acetate buffer (0.25 M, pH 5) at 37 °C over 144 hours. Values are 

average +- standard deviation (n = 3). 

After 1 hour in serum, of the [201Tl]Tl-DTPA and [201Tl]Tl-EDTA formed after the initial 

complexation, only 9 ± 2 % remained; the complexes had completely dissociated by 24 hours 

(Figure 4). Serum stability was evaluated using reverse phase TLCs, with protein bound or 

unbound metal remaining at the baseline and intact complex migrating with the solvent front.  

[201Tl]Tl-DOTA dissociated at a slower rate than [201Tl]Tl-DTPA and [201Tl]Tl-EDTA, with 78 ± 12 % 

of the complex remaining at 1 hour, and 24 ± 13 % of [201Tl]Tl-DOTA still intact at 144 hours. 

Similarly, [201Tl]Tl-DOTA appeared relatively stable in RPMI-1640 medium, with 84 ± 2 % 

remaining after 1 hour incubation, decreasing to 20 ± 2 % at 144 hours. The complex was more 

stable in ammonium acetate buffer with 68 ± 6 % of the complex remaining after 144 hours 

incubation (Figure 4.12). 

 

0 20 40 60 80 100 120 140
0

20

40

60

80

100

Time (hours)

%
 in

ta
ct

 [20
1 T

l]T
l(I

II)
 c

he
la

te
s

[201Tl]Tl(III)-DOTA in human serum
[201Tl]Tl(III)-DOTA in RPMI medium

[201Tl]Tl(III)-DOTA in ammonium acetate
[201Tl]Tl(III)-DTPA in human serum

[201Tl]Tl(III)-EDTA in human serum



CHELATION OF [201Tl]Tl3+ 

132 

4.3.3 H4pypa evaluation 

Initial studies using H4pypa were performed using a small amount kindly supplied by members 

of Prof Chris Orvig’s group at the University of British Columbia, Canada. With further 

experiments needed I synthesised a larger batch of H4pypa, according to the published literature 

synthesis.214 Characterisation data matched the previous reports.214 H4pypa was reacted with 

thallium trichloride hydrate ([natTl]TlCl3(H2O)4) in ammonium acetate solution (pH = 5) at RT for 

15 minutes, to yield [Tl(Hpypa)] as a white solid.214 Following purification, the complex was 

characterised using high-resolution electrospray ionisation mass spectrometry (HR-ESI-MS, 

Figure 4.13), nuclear magnetic resonance (NMR) (Figure 4.14). HRMS data shows the formation 

of a 1:1 complex of pypa with Tl3+. Due to the insolubility of [Tl(Hpypa)] in D2O, a small amount 

of Na2CO3 (in D2O) was added adjusting the pH to 8-9 to greatly increase solubility. This could be 

due to deprotonation or to counter ion exchange, enabling NMR (1H, 13C and 2D NMR) 

spectroscopic studies. Previous reports in the literature show that H4pypa forms rigid complexes 

with In3+, Lu3+ and La3+ ions with sharp 1H NMR peaks suggesting little fluxionality. However, the 

1H and COSY NMR data of [Tl(pypa)]- suggest there are two species in solution (Figure 4.15). In 

complexes of pypa, ethylene protons are diastereotopic, with coupling between geminal, 

diastereotopic ethylene protons. In the 1H COSY spectrum of the pypa complex of Tl3+, more 

than six crosspeaks (at least 10 crosspeaks) between ethylene protons are observed, indicating 

that at least two chemically distinct Tl-pypa complexes are present in solution that do not 

interconvert rapidly on the NMR timescale. In the [Tl(Hpypa)] crystal structure, low symmetry is 

observed due to the uncoordinated carboxyl group, whereas the NMR suggests the symmetry is 

higher with the carboxyl group coordinated to the metal. Numerous attempts were made to 

grow at X-ray quality crystal at neutral pH or with an alternative counter ion, for example TBAF, 

but these were not fruitful. Under these conditions it is likely that the carboxylate arm would be 
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bound to the metal ion, allowing for a higher degree of symmetry in accordance with the NMR 

results. 

 

Figure 4.13 - High resolution mass spectrometry chromatogram for [natTl]Tl-pypa 
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Figure 4.14 - 1H NMR spectra of H4pypa (top) and [natTl]Tl-pypa (bottom) 
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Figure 4.15 – 1H COSY NMR spectrum of [natTl]Tl-pypa 

X-ray quality single crystals of [Tl(Hpypa)] were obtained by the slow evaporation of 1:1 TlCl3 

and H4pypa solutions in water with the pH adjusted to 2 via the addition of HCl (0.1 M). The 

crystal structure of [Tl(Hpypa)] is shown in Figure 4.16, with the bottom structure having a 

second TlCl3 coordinating to one of the carboxylate group (O008). This group also has a water 

molecule bound to the metal centre, completing the coordination sphere in a trigonal 

bipyramidal conformation. Selected bond lengths can be found in Table 10. The full 

crystallographic information can be found in the methods. The crystal structure shows the 

complex has a distorted square antiprismatic geometry and that when grown from a solution at 

pH 2, one of the carboxylic acid groups is protonated and not coordinating to Tl. The crystal 

structure for H[Lu(pypa)] shows that two of the carboxylic acid groups are protonated when 

crystallised from a solution at pH 2.214 The Tl3+ ion is coordinated by eight (N5O3) donor atoms of 

the ligand. The Tl – O bond lengths are between 2.258(6) – 2.496(5) Å and Tl – N bond lengths 
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are between 2.311(7) – 2.525(7) Å. These are comparable to bond lengths previously reported 

for Tl3+ complexes in the literature.162,164,241  

The X-ray crystal structure of [Tl(Hpypa)][TlCl3(H2O)]. The unit cell was found to contain two Tl3+ 

centres. One sitting at the centre of the pypa ligand while the other is a TlCl3 unit (presumably 

from the starting material) located at the extremity and coordinated by one carboxylate group 

from the pypa ligand and another H2O molecule. Crystals were grown directly from a reaction 

mixture of TlCl3 and pypa ligand at pH 2. One chloride ligand was found to be disordered and 

was modelled over two positions (Cl3A and Cl3B) with relative occupancy of 86% and 14%. These 

were modelled anisotropically and isotropically, respectively. 

C25H24Cl3N5O9Tl2, M = 1053.58, triclinic, P-1 (no. 2), a = 9.0552(4), b = 11.4821(7), c = 15.7252(10) 

Å, α = 71.114(6), β = 75.497(5), γ = 83.697(4)°, V = 1496.94(16) Å3, Z = 2, Dc = 2.337 g cm-3,  μ(Cu-

Kα) = 23.432 mm-1, T = 173 K, colourless plates, 5668 independent measured reflections (Rint = 

0.0365), F2 refinement, R1(obs) = 0.0372, wR2(all) = 0.0985, 4629 independent observed 

absorption-corrected reflections [|F0|] > 4σ(|F0|), 2θmax = 147°], 404 parameters. CCDC 

2115641. 
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Figure 4.16 - Crystal structure of Tl(Hpypa) (50% probability ellipsoids). The top image has had the second [natTl]TlCl3 

omitted for clarity.  
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Table 10 – Selected bond lengths in [Tl(Hpypa)] 

Bond lengths (Å) 

Atom Atom Length (Å) 

Tl(1) O006 2.496(5) 

Tl(1) O007 2.258(6) 

Tl(1) O00A 2.370(6) 

Tl(1) N00E 2.358(6) 

Tl(1) N00F 2.348(7) 

Tl(1) N00G 2.311(7) 

Tl(1) N00H 2.530(6) 

Tl(1) N00J 2.525(7) 

 

In the preliminary screening radiochemical studies, we oxidised [201Tl]Tl+ to [201Tl]Tl3+ (using 

iodobeads, Chapter 2) and assessed radiolabelling reactions of 201Tl3+ with each of the chelators, 

H4pypa, H5decapa, H4noneunpa, and H4neunpa-NH2.242 Each chelator (20 µL, 0.02 mg) was 

incubated with [201Tl]Tl3+ (5-10 MBq) in aqueous solution at pH 5 at ambient temperature for 10 

minutes, followed by HPLC and or RP-TLC analysis.242 Using HPLC method A, [201Tl]Tl-pypa eluted 

at tR = 10.09 minutes (Figure 4.17), in excellent radiochemical yields. Stability experiments in 

human serum (incubated at 37 °C) showed no significant degradation after 1 hour. At 24 hours 

in human serum, 68.7 ± 6.5% of the intact complex was still detected, and this decreased to 57.7 

± 15.1% after 48 hours (Figure 4.19C). 
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Figure 4.17 - A. Structures of H4pypa B. Analytical HPLC trace of [201Tl]Tl-pypa (orange = counts per second, blue = 

UV (ligand). 
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4.3.4 In vitro evaluation of [201Tl]Tl-pypa 

Previous in vitro data using the DOTA bioconjugates 9 and 11, which were evaluated using 201Tl 

and 111In. The results demonstrated an inherent instability of the 201Tl complexes under these in 

vitro conditions. Hence, moving forward with the aim to develop a quick screening method to 

evaluate the stability of 201Tl complexes under in vitro conditions. [201Tl]Tl-pypa was tested with 

DU145 PSMA positive and negative prostate cancer cells, which can be seen in Figure 4.18. 

Without an appropriate moiety to target a receptor such as PSMA, [201Tl]Tl-pypa is unlikely to 

enter cells transiently, so should remain in the cell culture media. However, if the complex 

degrades, 201Tl is likely to be reduced and dissociate from the chelator, then it is likely that 201Tl+ 

will enter the cells via the potassium channels. This uptake can then be compared to the 

[201Tl]TlCl control, and compared at each time point. These were theorised as quick experiments 

that could mitigate the need to pursue long and complicated bioconjugate synthesis, just for the 

compound to not behave as expected in vitro, potentially saving time and lab resources.  

Cell stability studies with DU145-PSMA or DU145 cells (Figure 4.18) show a significant (p = 

0.0110) difference in uptake between [201Tl]TlCl (3.77 ± 0.43% and 3.50 ± 1.45%, respectively) 

and [201Tl]Tl-pypa (1.70 ± 0.30% and 1.82 ± 0.15%) after 15 minutes in both cell lines. Cellular 

uptake is enhanced at 60 minutes incubation. A KCl block reduces the uptake to 0.79 ± 0.31% in 

DU145-PSMA cells and 0.62 ± 0.12% in DU145 cells. As previously reported, the addition of KCl 

blocks cellular uptake of free thallium.137 The data suggests that although Tl3+ is reduced to Tl+, 

thereby entering the cells non-specifically via potassium channels, there is a portion of [201Tl]Tl-

pypa that is not reduced.   
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Figure 4.18 - Cell uptake studies using DU145 PSMA positive (purple) and DU145 PSMA negative (cyan) after 

incubation with [201Tl]TlCl or [201Tl]Tl(III)l-pypa (with and without a KCl block).  
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4.3.5 H5decapa, H4neunpa-NH2 and H4noneunpa evaluation  

 

 

Figure 4.19 - A. Structures of H5decapa, H4neunpa-NH2 and H4noneunpa. B. Analytical HPLC trace of [201Tl]Tl-decapa, 

[201Tl]Tl-neunpa-NH2 and [201Tl]Tl-noneunpa (orange = counts per second, blue = UV (ligand). C. Stability studies of 

[201Tl]Tl-pypa (ammonium acetate solution (1 M), pH 5 and human serum), [201Tl]Tl-decapa, [201Tl]Tl-neunpa-NH2 

and [201Tl]Tl-noneunpa in human serum (n=2-3). 

0 10 20 30 40 50
0

20

40

60

80

100

Time (hours)

%
 in

ta
ct

 [20
1 T

l]T
l(I

II)
 c

he
la

te
s

[201Tl]Tl(III) complex stability

[201Tl]Tl(III)-pypa in human serum

[201Tl]Tl(III)-decapa in human serum

[201Tl]Tl(III)-noneunpa in human serum

[201Tl]Tl(III)-neunpa-NH2 in human serum

[201Tl]Tl(III)-pypa in ammonium acetate (1 M), pH 5

C



CHELATION OF [201Tl]Tl3+ 

143 

Under the HPLC conditions employed here (HPLC method A), [201Tl]Tl-decapa eluted at 8.15 

minutes, [201Tl]Tl-noneunpa, eluted at 8.44 minutes and [201Tl]Tl-neunpa-NH2 eluted at 8.17 

minutes, whereas unchelated [201Tl]TlCl3 eluted earlier at 2.03 min. Radiolabelling was rapid in 

all cases: radiochromatograms (Figure 4.19) show radiochemical yields of >97% after only 10 

minutes incubation at RT. Each chelator was also evaluated with [201Tl]Tl+ (i.e. without prior 

treatment with Iodobeads) and no reaction was observed by HPLC. Additionally, LC-MS analysis 

of the reaction between H5decapa and [natTl]TlCl3 in Figure 4.20, shows the mass corresponding 

to the [M+H]+.  

In human serum at 37 °C, [201Tl]Tl-neunpa-NH2 suffered no detectable degradation after 24 

hours incubation, which decreased to 68.5 % after 48 hours. [201Tl]Tl-decapa degraded to 90.7 

% after 24 hours and 76.8% remained after 48 hours. [201Tl]Tl-noneunpa decreased to 73.7 % at 

24 hours, and remained at 76.8 % after 48 hours. 
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Figure 4.20 - The proposed structure of [natTl]Tl-decapa complex and the LC-MS of the reaction (UV and mass signal) 
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4.3.6  Evaluation of chelators 1-17 

 

Figure 4.21 - Analytical HPLC trace of [201Tl]Tl-amidoC3hox (orange = counts per second, blue = UV (ligand) (top), 

[natTl]Tl-amidoC3hox UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

As with the previously described chelators, [201Tl]TlCl3 was prepared using iodobeads, and 

reactions were evaluated using HPLC method A. The analytical HPLC traces of the reaction 

between [201Tl]Tl3+ with H2amidoC3hox in Figure 4.21, along with the UV trace and mass 

detected from an LC-MS sample of [natTl]Tl-amidoC3hox. The chelators were mixed with 

[201Tl]Tl3+ (both dissolved in 1M ammonium acetate buffer), agitated for 10 minutes and then 

analysed using the LC-MS. The radioactive trace (orange) in Figure 4.21 shows multiple species 

in solution with H2amidoC3hox, as well as unbound [201Tl]Tl3+ which eluted at tR =  2.03 minutes. 

The LC-MS data supports the radiolabelling with several peaks in the UV signal observed, but the 

main peak does correspond to [natTl]Tl-amidoC3hox m/z [M+H]+ = 704.82.  
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Figure 4.22 – Analytical HPLC trace of [201Tl]Tl-octapa (orange = counts per second, blue = UV (ligand) (top), 

[natTl]Tl-octapa UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

The analytical HPLC trace in Figure 4.22 shows a small peak at tR = 2.03 minutes for unbound 

201Tl3+ and another peak around 3 minutes for the [201Tl]Tl-octapa. This matches up with one of 

the peaks from the LC-MS, which also elutes early in the method, corresponding to the mass of 

the [natTl]Tl-octapa complex. 
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Figure 4.23 - Analytical HPLC trace of [201Tl]Tl-noonpa (orange = counts per second, blue = UV (ligand) (top), 

[natTl]Tl-noonpa UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

Evaluation of H2noonpa can be seen in Figure 4.23, with the analytical HPLC showing unbound 

201Tl3+, as well as multiple other peaks; a broad peak between 4-5 minutes and a smaller peak at 

8 minutes. There is also a peak in the LC-MS that corresponds to the mass of the [natTl]Tl-noonpa 

complex. 
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Figure 4.24 - Analytical HPLC trace of [201Tl]Tl-DTPAm (orange = counts per second, blue = UV (ligand) (top), [natTl]Tl-

DTPAm UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

The analytical HPLC traces of the reaction between [201Tl]Tl3+ with DTPAm can be seen in Figure 

4.24. The radioactive trace (orange) in shows a single, broad peak eluting at a similar retention 

time to unbound [201Tl]Tl3+ (tR = 2.03 minutes). The LC-MS trace shows unbound [natTl]Tl3+ (m/z = 

204.38) in addition to the [natTl]-DTPAm complex and ligand.  
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Figure 4.25 - Analytical HPLC trace of [201Tl]Tl-decaox (orange = counts per second, blue = UV (ligand) (top), 

[natTl]Tl-decaox UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

As with H2noonpa, H5decaox and [201Tl]Tl3+ form multiple species in solution, as well as unbound 

[201Tl]Tl3+, as shown by the analytical HPLC in Figure 4.25. The LC-MS trace also shows several 

peaks in the UV signal, with the major peak corresponding to the mass of [natTl]Tl-decaox.  
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Figure 4.26 - Analytical HPLC trace of [201Tl]Tl-pyhox (orange = counts per second, blue = UV (ligand) (top), [natTl]Tl-

pyhox UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

LC-MS of [natTl]Tl-pyhox in Figure 4.26 show a UV peak at tR = 6.22 minutes (RCY = 84%), which 

corresponds to the mass of the thallium complex, as well as unbound [natTl]Tl3+ eluting at the 

solvent front at tR = 1.46 minutes. In the radiochromatogram, several peaks are observed with 

the major peak at tR = 12.9 minutes, in addition to the unbound [201Tl]Tl3+ peak at the solvent 

front.  
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Figure 4.27 - Analytical HPLC trace of [201Tl]Tl-octox (orange = counts per second, blue = UV (ligand) (top), [natTl]Tl-

octox UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

The analytical HPLC in Figure 4.27 shows a major radiopeak at tR = 10.6 minutes (RCY = 89%), 

with three other small peaks in addition to unbound [201Tl]Tl3+ at tR = 2.03 minutes. Complexation 

of Tl3+ is supported by the LC-MS data also in Figure 4.27, showing unbound [natTl]Tl3+ at the 

solvent front and a major peak at tR = 6.13 minutes which mass corresponds to the mass of 

[natTl]Tl-octox.  
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Figure 4.28 – Analytical HPLC trace of [201Tl]Tl-glyox (orange = counts per second, blue = UV (ligand) (top), [natTl]Tl-

glyox UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

Radiolabelling H3glyox with [201Tl]Tl3+ was less successful as the radiochromatogram in Figure 

4.28 shows a large unbound [201Tl]Tl3+ peak followed by a very broad trace. The LC-MS trace also 

supports this with a very small peak corresponding to the [natTl]Tl-glyox mass, but the mass of 

the ligand alone is also observed, highlighting minimal complexation. There is also a large peak 

at the solvent front corresponding the unbound [natTl]Tl3+. 
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Figure 4.29 - Analytical HPLC trace of [201Tl]Tl-picoopa (orange = counts per second, blue = UV (ligand) (top), [natTl]Tl-

picoopa UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

In contrast, the analytical HPLC radiochromatogram in Figure 4.29 shows no significant unbound 

[201Tl]Tl3+ with a large peak observed at tR =11.34 minutes (RCY = 98%), matching up closely with 

the UV trace of the ligand. However, the LC-MS data which shows one major peak, with a small 

amount of unbound [natTl]Tl3+, but the masses shown do not correspond to the [natTl]Tl-picoopa 

complex. Further experiments using NMR and X-ray crystallography can be used to determine 

how  [natTl]Tl3+ is binding H4picoopa.  
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Figure 4.30 - Analytical HPLC trace of [201Tl]Tl-amidohox (orange = counts per second, blue = UV (ligand) (top), 

[natTl]Tl-amidohox UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

The reaction between H2amidohox and [201Tl]Tl3+ can be seen in Figure 4.30, showing a small 

unbound [201Tl]Tl3+ peak and the large peak at tR = 10.7 minutes, likely to correspond to [201Tl]Tl-

amidohox (RCY = 97%). This conclusion is supported by the LC-MS data, showing a large UV peak, 

as well as unbound [natTl]Tl3+, with the mass corresponding to that of [natTl]Tl-amidohox.  
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Figure 4.31 - Analytical HPLC trace of [201Tl]Tl-noctapa (orange = counts per second, blue = UV (ligand) (top), [natTl]Tl-

noctapa UV trace from LC-MS (middle) and mass detected from LC-MS (bottom). 

 

The analytical HPLC trace in Figure 4.31 shows two peaks in the radiochromatogram. The tR = 

2.03 minutes corresponds to unbound [201Tl]Tl3+ with another peak eluting 90 seconds later, at 

a low radiochemical yield. This HPLC trace looks very similar to the LC-MS trace which also has 

two peaks. The masses of unbound [natTl]Tl3+, ligand and well as [201Tl]Tl-noctapa, demonstrating 

complexation.  
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Figure 4.32 - Analytical HPLC trace of [201Tl]Tl-neunox (A), [201Tl]Tl-HBEDpa (B), [201Tl]Tl-tetrapa-NH2 (C) and [201Tl]Tl-

ampa (D) (orange = counts per second, blue = UV (ligand). 

 

The analytical HPLC traces of the reaction between [201Tl]Tl3+ with H4HBEDpa, H4tetrapa-NH2 and 

H2ampa can be seen in Figure 4.32. All four complexes show a mixture of unbound [201Tl]Tl3+ and 

a mixture of species in solution. H4tetrapa-NH2 shows the most promise from this batch of 

chelators with a single major peak eluting at tR = 9 minutes in addition to the unbound 

radiometal.   
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Figure 4.33 - Analytical HPLC trace of [201Tl]Tl-noneunpaX (A) and [201Tl]Tl-picOpa (B) (orange = counts per second, 

blue = UV (ligand). 

 

The reaction between [201Tl]Tl3+ with H4noneunpaX and H4picOpa was evaluated using HPLC 

which can be seen in Figure 4.33. The reaction with H4noneunpaX shows the majority of the 

activity is unbound [201Tl]Tl3+ followed by a broad trace with a small peak at tR = 9.08 minutes, 

overlapping with the UV trace. The H4picOpa reaction shows nearly all the activity in solution is 

unbound [201Tl]Tl3+. 
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Table 11 – Summary of the chelators 1-17, their coordination number and the reaction with [nat/201Tl]Tl3+ (red = no 

Tl3+ complexation, orange = mixture of unbound Tl3+ and complexed Tl3+, requires more experiments, green = 

complexation of Tl3+ at RT 

Chelator Coordination number Chelate Tl3+? 

H2amidohox (10) (N6O2) 8 ✓ 

H4octox (7) (N4O2) 8 ✓ 

H4pypa (N5O4) 9 ✓ 

H5decaox (5) (N5O5) 10 ✓ 

H5decapa (N5O5) 10 ✓ 

H4nenpa-NH2 (N5O4) 9 ✓ 

H4noneunpa (N4O5) 11 ✓ 

H2amidoC3hox (1) (N6O2) 8 ~ 

DTPAm (4) (N8) 8 ~ 

H2pyhox (6) (N6O2) 8 ~ 

H5HBEDpa (13) (N4O5) 9 ~ 

H4neunox (12) (N5O4) 9 ~ 

H2ampa (15) (N6O4) 10 ~ 

H4tetrapa-NH2 (14) (N7O4) 11 ~ 

H4picoopa (9) (N6O6) 12 ~ 

H3glyox (8) (N3O3) 6 ✖ 

H2noonpa (3) (N4O4) 8 ✖ 

Noctapa (11) (N8) 8 ✖ 

H4octapa (2) (N4O2) 8 ✖ 

H4noneunpaX (16) (N4O5) 9 ✖ 

H4picOpa (17) (N6O5) 11 ✖ 
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4.3.7 Additional chelators  

 

Figure 4.34 - The structure of DFO-HOPO with an LC-MS of the chelator (UV and mass signal) (left) and the proposed 

structure of [natTl]Tl-DFO-HOPO with the LC-MS of the reaction (UV and mass signal) (right). 

 

The structure of DFO-HOPO can be seen in Figure 4.34, as well as the LC-MS of the ligand alone, 

showing the [M+H]+ mass. An LC-MS of the reaction between DFO-HOPO and [natTl]TlCl3 can be 

seen in Figure 4.34. However, the mass of the [natTl]Tl-DFO-HOPO was not observed in the LC-

MS.  
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Figure 4.35 - The structure of Lpy with an LC-MS of the chelator (UV and mass signal) (left) and the proposed 

structure of [natTl]Tl-Lpy with the LC-MS of the reaction (UV and mass signal) (right). 

 

LC-MS results for Lpy and its structure can be seen in Figure 4.35. An LC-MS of the ligand alone, 

showing the [M+H]+, [M+2H]2+ and [M+Na]+ masses. An LC-MS of the reaction between Lpy and 

[natTl]TlCl3 can be seen in Figure 4.35, with two major peaks observed. However, the mass of the 

[natTl]Tl-Lpy was not observed in either of peaks in the LC-MS.  
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4.4 Discussion 

Chelation studies showed that both EDTA and DTPA form single species when chelating Tl3+, 

while DOTA showing peak broadening in the 1H NMR, similar to what has previously been 

published by Fodor et al.162 [201Tl]Tl-EDTA and [201Tl]Tl-DTPA were however unstable in serum, 

whereas the macrocyclic chelator DOTA performed better (Figure 4.12) in this respect. As DTPA 

and EDTA are both acyclic chelators, with 6 and 8 donor atoms, respectively, this instability is 

likely due to low free energy barriers to conformational changes required to dissociate but 

cannot exclude reduction to Tl+. The complexes are thermodynamically favourable and quick to 

form but not kinetically stable. These results conflict with claims in previous studies that [201Tl]Tl-

DTPA-HIgG, is stable in human serum for more than 24 hour.165 Jalilian et al who report this 

stable [201Tl]Tl-DTPA complex use the TLC method shown in Figure 4.10, where unchelated metal 

has the same retention factor as complexed metal. This may have led the authors to think the 

complex is more stable than it actually is if the correct controls were not used. Additionally, the 

chelator for Tl3+ needs to protect the metal from external reducing agents to prevent reduction 

back to Tl+, where this will not be required for In3+ or Bi3+ as they are not affected by the IPE. 

[201Tl]Tl-DOTA on the other hand required longer for the complex to initially form than [201Tl]Tl-

EDTA and [201Tl]Tl-DTPA . A crystal structure of [natTl]Tl-DOTA obtained by Fodor et al shows the 

metal sitting above the cyclen ring. The crystal structure they obtained of the complex showed 

the thallium ion directly coordinated to the eight donor atoms in a twisted square antiprismatic 

(TSAP) coordination and previous work has indicated that DOTA does indeed enable more stable 

chelation of [201Tl]Tl3+ than DTPA, at least in vitro.161,162 As such, DOTA looks a more promising 

chelator of [201Tl]Tl3+ for MRT than DTPA or EDTA, but it still is far from ideal as it lacks adequate 

kinetic stability in biological media. 
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None of the chelators evaluated are ideal in all respects, and therefore this work represents only 

a step on the path towards the goal of a stable Tl3+ chelator for radiopharmaceutical application. 

It is essential for these chelators for Tl3+ to protect the metal from reducing agents, preventing 

reduction back to Tl+. However, it is clear from these results that none of the chelators evaluated 

are up to a high enough standard to prevent the reduction of Tl3+ to Tl+, but they are a significant 

step forward. 

From the results of the Orvig chelators (1-17), Tl3+ appears to have a preference for higher 

dentate chelators (> 9), as highlighted in the summary of the results Table 11. The majority of 

the more successful chelators have a di-nitrogen or tri-nitrogen backbone, with a either oxine 

or picolinic acid donor groups in combination with carboxylate arms. The exceptions are 

H2amidohox (which has primary amine donor in place of carboxylate arms) and H4noneunpa 

(which has a nitrogen-oxygen-nitrogen backbone). The results using DFO-HOPO and Lpy suggest 

that using pyridine donors and hydroxamic acid residues are not advantageous for use with Tl3+. 

The stability of [201Tl]Tl-EDTA, [201Tl]Tl-DTPA and [201Tl]Tl-DOTA have been assessed and shown 

to be inadequate for use as a targeted radiopharmaceutical. As previously stated, the chelators 

evaluated have been shown to be far from ideal as a chelator for Tl3+, and hence this work 

represents a step forwards towards finding a stable Tl3+ chelator for radiopharmaceutical 

application. From the chelators tested, H4pypa can quantitatively radiolabel 201Tl very quickly 

(less than 15 minutes) at RT and under mild conditions. The non-radioactive [natTl]Tl-pypa has 

been thoroughly evaluated using HR-ESI-MS, NMR and X-ray crystallography, helping to shed 

more light on the coordination chemistry of thallium. A number of other chelators developed by 

the Orvig group have shown good radiolabelling kinetics with [nat/201Tl]Tl3+, for example 

H4noneunpa, H5decapa and H4neunpa-NH2, which will require further investigation. From these 
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studies, it can be hypothesised that the ideal chelator for Tl3+ will have a tri-nitrogen backbone, 

contain oxygen donor groups and have a large number of donors (> 9). 
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4.5 Conclusions 

One conclusion is that as well as stabilising the Tl complex against simple dissociation, the 

chelator must also protect against reduction. It is clear from this data that the chelators 

evaluated do not substantially protect against reduction. Moving forwards, when designing a 

new chelator for Tl3+, encapsulating the metal within the chelator and saturating the 

coordination sphere to prevent the donation of electrons from reducing agents. In the future, 

combining the biological stability assays described in this chapter with cyclic voltammetry would 

be useful to evaluate if there is a trend between in vitro stability and reduction potential of the 

Tl3+ complexes.  
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5 DEVELOPMENT OF A PROSTATE SPECIFIC MEMBRANE 

ANTIGEN TARGETTING RADIOPHARMACEUTICAL  

5.1 Introduction 

Building upon some of the data described in Chapter 4, where the stability of [201Tl]Tl-DOTA and 

[201Tl]Tl-pypa were evaluated, this chapter will describe work to create PSMA targeting 

radiopharmaceuticals using chelators DOTA and H4pypa.  

Previous research using [natTl]Tl3+ and DOTA has shown that all four carboxylate arms are needed 

to fully coordinate thallium.162 The PSMA targeted bioconjugates were pursued, with their 

structure being based on that of PSMA-617. However, DOTA in PSMA-617 only has three 

carboxylate arms available for coordination, as the fourth arm has been used for conjugation to 

the linker and PSMA targeting moiety (Figure 1.8). Hence there is a need to develop a modified 

version where all four arms are available for coordination. An alternative version of DOTA, 

bearing an isothiocyanate group off a prosthetic group from one of the ethylene backbones of 

the cyclen ring is commercially available from Macrocyclics Ltd for bioconjugation reactions.  

In order to deliver 201Tl to PSMA expressing cells, an isothiocyanate version of DOTA allowing all 

four carboxylate arms to bind Tl3+ was needed to allow it to be coupled to a PSMA targeting 

vector, via a linker molecule. The C7 linker used here has been chosen due to the desirable 

characteristics of PSMA-617 in vivo.243 Structure-activity relationships (SARs) of several PSMA 

targeting variants have demonstrated the significant role that linker design can have on the 

pharmacokinetic profile of a tracer; the                                                                                                                                                                                                 

combination of 2-naphthyl-D-alanine and trans-(aminomethyl)-cyclohexanecarboxylic acid led 

to faster renal clearance (Scheme 1).243 Additionally, the lipophilic linker helps with binding to 
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the hydrophobic PSMA pocket, leading to a high tumour to background ratio, due to having high 

affinity.243 Both of these attributes are essential for a radiotherapeutic drug to minimise damage 

to the excretion pathway, and enable high uptake to ensure maximum damage to tumour cells.   

As described in Chapter 4, H4pypa has been utilised for targeting the PSMA and conjugated to 

an antibody in the literature. The authors have synthesised an isothiocyanate (NCS) version of 

H4pypa in order to conjugate the chelator to a targeting moiety. The encouraging stability data 

in Chapter 4 for [201Tl]Tl-pypa, lays the foundation to build upon using a bioconjugate of H4pypa 

targeted to PSMA. A description of biological targets can be found in Chapter 1, and stability 

followed by the slow degradation of both the [201Tl]Tl-DOTA and [201Tl]Tl-pypa complexes (more 

so for [201Tl]Tl-DOTA) fits the biological half-life of small peptides.  

Li et al synthesised a PSMA targeting H4pypa bioconjugate (Figure 5.1) and performed SPECT 

imaging studies in NODSCID ILRgammaKO male mice bearing LNCaP tumours using both 111In 

and 177Lu.214 The ex vivo biodistribution showed that the tracers were renally excreted, with fast 

blood clearances. There was low non-specific organ and tissue uptake, with high accumulation 

in PSMA expressing tissues like the kidneys, spleen and tumour. At 4 hours post injection there 

was 60 % higher tumour uptake of [177Lu]Lu-pypa-C7-PSMA617 when compared to [177Lu]Lu-

PSMA-617.244 

Further in vivo studies using [44Sc]Sc-pypa-C7-PSMA617 (Figure 5.1) in nude male mice bearing 

a PC3-PIP (PSMA positive) tumour on the left shoulder and a PC3-FLU (PSMA negative) tumour 

on the right shoulder were performed. As with the 111In and 177Lu tracers, the 44Sc labelled 

H4pypa-C7-PSMA617 was renally excreted and there was PSMA specific accumulation in tissue. 

The authors investigated the effect of molar activity on the pharmacokinetics of the tracer and 

report that the lower molar activity (7.4 GBq/µmol) had a substantially increased tumour to 

background ratio compared to the higher molar activity (74 GBq/µmol).  
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Figure 5.1 – Structure of the PSMA targeting bioconjugate H4pypa-C7-PSMA617214,215 

The use of small peptides to target PSMA on prostate cancer cells was chosen as an initial proof 

of concept to validate the use of 201Tl for MRT. PSMA peptides have been thoroughly 

investigated in the literature, and mouse models are well-established using a number of PSMA 

expressing cell lines, including DU145 PSMA positive and PSMA negative. This method has 

previously used to successfully demonstrate specificity of compounds for PSMA.182 The aim of 

using an entrenched model like this limits the number of variables, allowing the basics of probing 

a new probe to be investigated. The purpose of these experiments is to firstly find a chelator 

that can form a kinetically stable complex with Tl3+. Secondly, it is to see if it is possible to deliver 

the radiometal to the PSMA biological target, using a BFC, and assess accumulation in target 

tissue. Finally, if the first two points are successful, to assess the effectiveness of the 

radiopharmaceutical against prostate cancer cells.  

In this chapter, we describe investigation of use of DOTA with 111In and 201Tl. Additionally, for 

the first time, H4pypa, and the potential utility of PSMA bioconjugates of these chelates for 

targeting prostate cancer was tested in DU145 PSMA positive and negative cells in in vivo 

xenograft models.  
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5.2 Material and methods 

Chemicals, radioactivity and equipment used are identical to what has previously been 

described in Chapter 4. Unless stated otherwise, chemicals and solvents were purchased from 

commercial suppliers (Merck, Fisher Scientific, Fluorochem). High Resolution Electrospray Mass 

Spectrometry was carried out by Dr Lisa Haigh of the mass spectrometry service at Imperial 

College. Crystallographic data were collected using an Agilent Xcalibur PX Ultra A diffractometer, 

and the structures were refined using the SHELXTL245 and SHELX-2013246 program systems. 

Radioactive samples were measured using a Capintec CRC25R or an LKB Wallac 1282 

Compugamma CS for which data were collected using EdenTerm software. SPECT/CT images 

were acquired using a NanoSPECT/CT scanner (Mediso Ltd., Budapest, Hungary), with 1.3 mm 

pinhole collimators, and with two energy windows at 72.3keV ± 10% and 140.51keV ± 10%. 

Images were reconstructed using the software package HiSPECT (ScivisGmbH) and images were 

analysed using VivoQuant software (version 3.5, InviCRO Inc.).  
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Synthesis 

Di-tert-butyl (1H-imidazole-1-carbonyl)glutamate (1) 

 

1 was synthesised using a method previously reported by Duspara et al.247 L-glutamic acid di-

tert-butyl hydrochloride (3.56 g, 12.04 mmol) and carbonyldiimidazole (2.15 g, 13.24 mmol) 

were dissolved in a 1:5 mixture of DMF/MeCN (50 mL) and stirred at RT overnight. MeCN was 

then removed in vacuo and the remaining DMF diluted with EtOAc (100 mL) was washed with 

water (3 x 50 mL) and brine (3 x 50 mL). The organic layer was then dried over magnesium sulfate 

and the solvent removed in vacuo. Crude product was then purified using a Biotage Isolera flash 

chromatography system (20-80% EtOAc:pet ether) to yield the desired product as a colourless 

oil which solidified upon standing. (2.1 g, 51%). 1H NMR (400 MHz, Chloroform-d) δ 8.16 (t, J = 

1.1 Hz, 1H), 7.57 (d, J = 6.8 Hz, 1H), 7.41 (t, J = 1.5 Hz, 1H), 7.07 (dd, J = 1.6, 0.9 Hz, 1H), 2.48 – 

2.38 (m, 2H), 2.27 – 2.05 (m, 2H), 1.47 (s, 9H, 1 x tButyl), 1.43 (s, 9H, 1 x tButyl). 13C NMR (101 

MHz, Chloroform-d) δ 174.0, 173.5, 173.3, 171.7, 162.8, 157.4, 149.1, 136.2, 135.2, 123.0, 121.7, 

116.4, 77.4, 77.1, 76.8, 53.5, 52.7, 52.5, 52.4, 52.4, 52.1, 51.8, 51.8, 36.6, 31.5, 30.3, 30.1, 28.0, 

27.9, 27.8, 26.2. ESI-MS: calc for [C17H27N3O5 + H]+ 354.42 found 354.35. 
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Tri-tert-butyl 3,11-dioxo-1-phenyl-2-oxa-4,10,12-triazapentadecane-9,13,15-tricarboxylate (2) 

 

2 was synthesised by adapting a previously reported method by Duspara et al.247 H-Lys(Z)-

OtBu.HCl (3.47 g, 9.34 mmol) was dissolved in DMF (20 mL). DIPEA (1.63 mL, 9.34 mmol) was 

added to the reaction, followed by 1 (3 g, 8.49 mmol) (dissolved in 10 mL DMF) dropwise and 

allowed to stir overnight at RT. The reaction was diluted with EtOAc (100 mL) washed with water 

(3 x 100 mL) and brine (3 x 100 mL). The organic layer was then dried over magnesium sulfate 

and the solvent removed in vacuo. Crude product was then purified using a Biotage Isolera flash 

chromatography system (20-80% EtOAc:petroleum ether) to yield the desired product as a 

colourless oil. (4.5 g, 83%) 1H NMR (400 MHz, Chloroform-d) δ 7.38 – 7.30 (m, 5H, Ar-H), 5.22 – 

5.02 (m, 4H), 4.33 (dd, J = 8.1, 4.9 Hz, 2H), 3.17 (dd, J = 6.4, 3.7 Hz, 2H), 2.28 (td, J = 9.6, 6.4 Hz, 

2H), 1.44 (d, J = 1.1 Hz, 18H, 2 x tButyl), 1.43 (s, 9H, 1 x tButyl). 13C NMR (101 MHz, Chloroform-

d) δ 172.4, 156.9, 156.6, 136.7, 128.5, 128.1, 128.0, 82.1, 81.8, 80.5, 77.3, 77.0, 76.7, 66.6, 53.3, 

53.0, 40.7, 32.7, 31.6, 29.4, 28.4, 28.1, 28.0, 28.0, 22.2. ESI-MS: calc for [C32H51N3O9 + H]+ 622.36 

found 622.3. 
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Di-tert-butyl ((6-amino-1-(tert-butoxy)-1-oxohexan-2-yl)carbamoyl)glutamate (3) 

 

The cbz protected urea 2 (3.6 g, 5.79 mmol) was dissolved in methanol (20 mL) and added to 

Pd/C (10%) (0.125 g, 1.16 mmol). The reaction flask was evacuated before being flushed with 

two balloons of hydrogen gas and a third balloon left in the vessel for the duration of the 

experiment. TLC analysis of the reaction showed completion after 90 minutes. The Pd/C was 

removed via filtration through Celite and the solvent removed in vacuo, to yield colourless oil. 

This was then purified using a Biotage Isolera flash chromatography system (reverse phase SFar 

C18 column, 0-60% MeCN/0.1% FA:H2O/0.1% FA) to yield the desired product as a colourless oil 

which solidified under vacuum. (2.62 g, 92%). 1H NMR (400 MHz, Chloroform-d) δ 6.37 (d, J = 8.1 

Hz, 1H), 6.23 (d, J = 8.0 Hz, 1H), 4.31 (s, 2H), 2.98 (s, 2H), 2.32 (dd, J = 6.5, 3.2 Hz, 2H), 1.71 (s, 

4H), 1.44 (d, J = 1.8 Hz, 18H, 2 x tButyl), 1.43 (s, 9H, 1 x tButyl). 13C NMR (101 MHz, Chloroform-

d) δ 173.6, 172.8, 172.4, 157.7, 82.1, 81.5, 80.5, 77.3, 77.0, 76.7, 53.1, 52.9, 39.2, 31.8, 31.3, 

28.1, 28.0, 27.2, 21.7. ESI-MS: calc for [C24H45N3O7 + H]+ 488.64 found 488.45. 
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Di-tert-butyl ((6-(2-(((benzyloxy)carbonyl)amino)-3-(naphthalen-2-yl)propanamido)-1-(tert-

butoxy)-1-oxohexan-2-yl)carbamoyl)glutamate (4) 

 

Z-3-(2-naphthyl)-D-alanine (0.395 g, 1.13 mmol) and HATU (0.858 g, 2.26 mmol) were dissolved 

in dry DMF (10 mL), followed by the addition of DIPEA (0.54 mL, 3.08 mmol) with the solution 

turning from colourless to yellow.  This was left to stir for 15 minutes at RT, after which 3 (0.5 g, 

1.03 mmol), dissolved in dry DMF (5 mL), was added to the stirring solution and left at RT to stir 

overnight. During this time the reaction had turned dark brown in colour. The reaction was 

diluted with EtOAc (100 mL) washed with water (3 x 50 mL) and brine (3 x 50 mL). The organic 

layer was then dried over magnesium sulfate and the solvent removed in vacuo. Crude product 

was then purified using a Biotage Isolera flash chromatography system (20-70% EtOAc:pet ether) 

to yield the desired product as a yellow oil (0.46 g, 55%). 1H NMR (400 MHz, Chloroform-d) δ 

7.83 (s, 3H), 7.77 (s, 1H), 7.71 (d, J = 8.2 Hz, 3H), 7.66 (s, 2H), 7.59 (d, J = 10.9 Hz, 3H), 7.51 – 7.33 

(m, 4H), 7.27 (d, J = 11.8 Hz, 4H), 7.22 – 7.11 (m, 1H), 5.09 (s, 5H), 4.96 (d, J = 13.0 Hz, 1H), 4.35 

(s, 1H), 4.12 (q, J = 7.1 Hz, 1H), 3.43 (s, 1H), 3.23 (s, 1H), 3.19 – 3.03 (m, 1H), 3.03 – 2.73 (m, 1H), 

1.93 – 1.64 (m, 2H), 1.44 (d, J = 2.5 Hz, 18H, 2 x tButyl), 1.41 (s, 9H, 1 x tButyl). 13C NMR (101 MHz, 

Chloroform-d) δ 133.5, 132.4, 128.5, 128.3, 128.1, 127.7, 126.2, 80.6, 77.3, 77.0, 76.7, 60.4, 53.4, 

53.1, 31.8, 28.1, 28.0, 21.0, 14.2. HR-ESI-MS: calc for [C45H62N4O10 + H]+ 819.4544 found 

819.4550. 
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Di-tert-butyl ((6-(2-amino-3-(naphthalen-2-yl)propanamido)-1-(tert-butoxy)-1-oxohexan-2-

yl)carbamoyl)glutamate (5) 

 

4 (0.185 g, 0.24 mmol) was dissolved in methanol (10 mL) and added to Pd/C (10%) (0.007 g, 

0.05 mmol). The reaction flask was evacuated before being flushed with two balloons of 

hydrogen gas and a third balloon left in the vessel for the duration of the experiment. TLC 

analysis of the reaction showed completion after stirring overnight. The Pd/C was removed via 

filtration through Celite and the solvent removed in vacuo, to yield a pale-yellow oil (0.149 g, 

89%). 1H NMR (400 MHz, Chloroform-d) δ 7.84 – 7.73 (m, 3H), 7.67 (s, 1H), 7.57 (s, 1H), 7.47 – 

7.41 (m, 2H), 7.35 (d, J = 8.2 Hz, 1H), 4.29 (s, 1H), 4.19 (s, 2H), 3.32 (s, 1H), 3.20 (s, 1H), 3.08 (s, 

2H), 2.38 – 2.19 (m, 2H), 2.13 – 1.95 (m, 1H), 1.91 – 1.78 (m, 1H), 1.74 (t, J = 3.3 Hz, 2H), 1.41 (s, 

9H, 1 x tButyl), 1.40 (d, J = 1.6 Hz, 18H, 2 x tButyl). 13C NMR (101 MHz, Chloroform-d) δ 172.9, 

172.8, 172.5, 170.7, 157.4, 133.4, 133.2, 132.5, 128.5, 128.4, 127.7, 127.6, 127.3, 126.3, 125.9, 

82.1, 81.6, 80.6, 77.4, 77.0, 76.7, 55.4, 53.4, 53.0, 39.0, 38.7, 31.7, 28.6, 28.3, 28.1, 28.0, 22.0. 

HR-ESI-MS: calc for [C37H56N4O8 + H]+ 685.4176 found 685.4188.  
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Di-tert-butyl ((6-(2-(4-((((benzyloxy)carbonyl)amino)methyl)cyclohexane-1-carboxamido)-3-

(naphthalen-2-yl)propanamido)-1-(tert-butoxy)-1-oxohexan-2-yl)carbamoyl)glutamate (6) 

 

Trans-4-(cbz-amino)cyclohexanecarboxylic acid (0.153 g, 0.53 mmol) and HATU (0.852 g, 1.1 

mmol) were dissolved in dry DMF, followed by the addition of DIPEA (0.16 mL, 1.56 mmol) with 

the solution turning from colourless to yellow.  This was left to stir for 15 minutes at RT, after 

which 5 (0.3 g, 0.44 mmol), dissolved in dry DMF (5 mL), was added dropwise to a stirring 

reaction and left to stir overnight. During this time the reaction had turned dark brown in colour. 

The reaction was diluted with EtOAc (100 mL) washed with water (3 x 50 mL) and brine (3 x 50 

mL). The organic layer was then dried over magnesium sulfate and the solvent removed in vacuo. 

Crude product was then purified using a Biotage Isolera flash chromatography system (20-70% 

EtOAc:pet ether) to yield the desired product as a yellow oil (0.24 g, 63%). 1H NMR (400 MHz, 

Chloroform-d) δ 7.89 – 7.78 (m, 1H), 7.73 (t, J = 6.9 Hz, 2H), 7.63 (d, J = 1.6 Hz, 1H), 7.52 – 7.42 

(m, 2H), 7.34 (d, J = 4.6 Hz, 6H), 5.26 (d, J = 7.7 Hz, 1H), 5.20 (d, J = 8.3 Hz, 1H), 4.90 (s, 1H), 4.71 

(d, J = 7.4 Hz, 1H), 4.37 – 4.26 (m, 1H), 4.14 (q, J = 4.1 Hz, 1H), 3.39 – 3.26 (m, 1H), 3.20 (d, J = 

6.4 Hz, 1H), 3.17 – 3.07 (m, 4H), 3.02 (t, J = 6.4 Hz, 2H), 2.32 (td, J = 9.5, 6.4 Hz, 2H), 2.06 (tdd, J 

= 11.3, 5.2, 3.1 Hz, 2H), 1.89 – 1.72 (m, 8H), 1.70 – 1.61 (m, 2H), 1.44 (d, J = 1.5 Hz, 18H, 2 x 

tButyl), 1.42 (s, 9H, 1 x tButyl). 13C NMR (101 MHz, Chloroform-d) δ 175.8, 172.8, 172.5, 172.5, 

171.5, 157.0, 136.6, 134.5, 133.4, 132.3, 128.5, 128.1, 127.6, 126.2, 125.8, 82.1, 81.5, 80.6, 77.3, 

O
CbzHN

N
H

O

O

O O

O

N
H

O

O

NH

HN

O

6



DEVELOPMENT OF A PROSTATE SPECIFIC MEMBRANE ANTIGEN TARGETTING RADIOPHARMACEUTICAL 

175 

77.0, 76.7, 66.7, 54.8, 53.2, 52.9, 45.0, 39.2, 38.4, 37.6, 31.8, 31.7, 29.7, 28.9, 28.7, 28.6, 28.5, 

28.1, 28.0, 21.9. HR-ESI-MS: calc for [C53H75N5O11 + H]+ 958.5541 found 958.5559. 

Di-tert-butyl ((6-(2-(4-(aminomethyl)cyclohexane-1-carboxamido)-3-(naphthalen-2-

yl)propanamido)-1-(tert-butoxy)-1-oxohexan-2-yl)carbamoyl)glutamate (7) 

 

6 (0.081 g, 0.83 mmol) was dissolved in dry MeOH (10 mL) and Pd/C (10%) (0.003 g, 0.016 mmol) 

added. The reaction flask was evacuated before being flushed with two balloons of hydrogen 

gas and a third balloon left in the vessel for the duration of the experiment. TLC analysis of the 

reaction showed completion after stirring overnight. The Pd/C was removed via filtration 

through Celite and the solvent removed in vacuo, to yield 7 as a yellow oil. (0.062 g, 91%). 1H 

NMR (400 MHz, Chloroform-d) δ 7.74 (dd, J = 16.2, 8.7 Hz, 3H), 7.65 (s, 1H), 7.42 – 7.31 (m, 3H), 

5.75 (d, J = 18.6 Hz, 2H), 4.74 (s, 1H), 4.28 (d, J = 6.6 Hz, 1H), 4.08 (d, J = 6.4 Hz, 2H), 3.17 (d, J = 

10.3 Hz, 2H), 3.06 (s, 2H), 2.72 (s, 3H), 2.31 (q, J = 7.0, 6.3 Hz, 3H), 2.16 – 1.98 (m, 4H), 1.92 – 

1.81 (m, 2H), 1.69 (s, 4H), 1.43 (d, J = 1.7 Hz, 18H, 2 x tButyl), 1.41 (s, 9H, 1 x tButyl). HR-ESI-MS: 

calc for [C45H69N5O9 + H]+ 824.5168 found 824.5174. 
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2,2',2'',2'''-(2-(4-(3-((4-((7,11-bis(tert-butoxycarbonyl)-2,2-dimethyl-19-(naphthalen-2-yl)-

4,9,17-trioxo-3-oxa-8,10,16-triazanonadecan-18-

yl)carbamoyl)cyclohexyl)methyl)thioureido)benzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetrayl)tetraacetic acid (8) 

 

DOTA-NCS (Macrocyclics Ltd) (0.011 g, 18.2 µmol) was dissolved in CHCl3 (1 mL) as was 7 (0.015 

g, 18.32 µmol) separately dissolved in CHCl3 (1 mL) to which triethylamine (2 x 5 µL, 35 µmol) 

was added to each solution. This was allowed to stir at RT overnight, after which the CHCl3 was 

removed in vacuo.  This was then purified using reverse phase semiprep HPLC (A: MeCN/0.1% 

TFA, B: H2O/0.1% TFA, 5-80% A over 60 minutes, 4 mL/min). UV active fractions were analysed 

using LC-MS (HPLC method B), pure fractions were combined and freeze dried to yield the 

product as a white solid. (0.015 g, 60%) HR-ESI-MS: calc for [C69H103N10O17S + H]+ 1375.7223 

found 1375.7246. 
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((1-carboxy-5-(3-(naphthalen-2-yl)-2-(4-((3-(4-((1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-

tetraazacyclododecan-2-yl)methyl)phenyl)thioureido)methyl)cyclohexane-1-

carboxamido)propanamido)pentyl)carbamoyl)glutamic acid (9) 

 

8 (0.005 g, 10.9 µmol) was dissolved in DCM/TFA (1:1) (4 mL) and allowed to stir at RT overnight. 

The reaction was then concentrated in vacuo, redissolved in deionised water and purified using 

reverse phase semiprep HPLC (A: MeCN/0.1% TFA, B: H2O/0.1% TFA, 5-80% A over 60 minutes, 

4 mL/min). UV active fractions were analysed using LC-MS (HPLC method B), pure fractions were 

combined and freeze dried to yield the product as a white solid. (0.004 g, 72%). HR-ESI-MS: calc 

for [C57H79N10O17S + H]+ 1207.5345 found 1207.5377. 
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2,2',2'',2'''-(2-(4-(3-(6-(tert-butoxy)-5-(3-(1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)ureido)-6-

oxohexyl)thioureido)benzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid 

(10) 

 

DOTA-NCS (Macrocyclics Ltd) (0.005 g, 10.2 µmol) was dissolved in CHCl3 (1 mL) as was 3 (0.006 

g, 10.2 µmol) separately dissolved in CHCl3 (1 mL) to which triethylamine (2 x 20 µL, 41 µmol) 

was added to each solution. This was allowed to stir at RT overnight, after which the CHCl3 was 

removed in vacuo.  This was then purified using reverse phase semiprep HPLC (A: MeCN/0.1% 

TFA, B: H2O/0.1% TFA, 5-80% A over 60 minutes, 4 mL/min). UV active fractions were analysed 

using LC-MS (HPLC method B), pure fractions were combined and freeze dried to yield the 

product as a white solid. (0.06 g, 62%) HR-ESI-MS: calc for [C48H78N8O15S + H]+ 1039.53 found 

1039.51. 
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((1-carboxy-5-(3-(4-((1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclododecan-2-

yl)methyl)phenyl)thioureido)pentyl)carbamoyl)glutamic acid (11) 

 

10 (0.005 g, 10.9 µmol) was dissolved in DCM/TFA (1:1) (4 mL) and allowed to stir at RT 

overnight. The reaction was then concentrated in vacuo, redissolved in deionised water and 

purified using reverse phase semiprep HPLC (A: MeCN/0.1% TFA, B: H2O/0.1% TFA, 5-80% A over 

60 minutes, 4 mL/min). UV active fractions were analysed using LC-MS (HPLC method B), pure 

fractions were combined and freeze dried to yield the product as a white solid. (0.004 g, 72%). 

HR-ESI-MS: calc for [C36H55N8O15S + H]+ 871.35 found 871.35 
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6,6'-((((4-(4-(3-((4-((7,11-bis(tert-butoxycarbonyl)-2,2-dimethyl-19-(naphthalen-2-yl)-4,9,17-

trioxo-3-oxa-8,10,16-triazanonadecan-18-

yl)carbamoyl)cyclohexyl)methyl)thioureido)phenethoxy)pyridine-2,6-

diyl)bis(methylene))bis((carboxymethyl)azanediyl))bis(methylene))dipicolinic acid (12) 

 

H4pypa-NCS (0.01 g, 14.3 µmol) was dissolved in CHCl3 (1 mL) as was 7 (0.012 g, 14.3 µmol) 

separately dissolved in CHCl3 (1 mL) to which triethylamine (2 x 4 µL, 57 µmol) was added to 

each solution. This was allowed to stir at RT overnight, after which the CHCl3 was removed in 

vacuo.  This was then purified using reverse phase semiprep HPLC (A: MeCN/0.1% TFA, B: 

H2O/0.1% TFA, 5-80% A over 60 minutes, 4 mL/min). UV active fractions were analysed using LC-

MS (HPLC method B), pure fractions were combined and freeze dried to yield the product as a 

white solid. (0.012 g, 56%) ESI-MS: calc for [C79H101N11O18S + H]+ 1525.80 found 1525.04. 
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((5-(2-(4-((3-(4-(2-((2,6-bis(((carboxymethyl)((6-carboxypyridin-2-

yl)methyl)amino)methyl)pyridin-4-yl)oxy)ethyl)phenyl)thioureido)methyl)cyclohexane-1-

carboxamido)-3-(naphthalen-2-yl)propanamido)-1-carboxypentyl)carbamoyl)glutamic acid (13) 

 

8 (0.01 g, 6.6 µmol) was dissolved in DCM/TFA (1:1) (4 mL) and allowed to stir at RT overnight. 

The reaction was then concentrated in vacuo, redissolved in deionised water and purified using 

reverse phase semiprep HPLC (A: MeCN/0.1% TFA, B: H2O/0.1% TFA, 5-80% A over 60 minutes, 

4 mL/min). UV active fractions were analysed using LC-MS (HPLC method B), pure fractions were 

combined and freeze dried to yield the product as a white solid. (0.006 g, 75%). HR-ESI-MS: calc 

for [C67H77N11O18S + H]+ 1356.5247 found 1356.5298. 
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Oxidation of [201Tl]Tl+ to [201Tl]Tl3+ 

This procedure is adapted from Rigby et al.242 [201Tl]TlCl (40 MBq, 100 µL) was added to one 

Pierce™ iodination bead in a 1.5 mL Eppendorf tube, followed by the addition of HCl (0.5 M, 10 

µL). The tube was vortexed, and a small aliquot (2 µL) was removed for ITLC analysis. The 

supernatant was pipetted into a clean tube. For ITLC, acetone was used as the mobile phase and 

silica gel ITLC strips (ITLC-SG) as the stationary phase, giving good separation between [201Tl]Tl+ 

(Rf = 0) and [201Tl]Tl3+ (Rf = 1).  

Radiolabelling of DOTA-PSMA with 201Tl (9/17) 

A 1 mg/mL solution of 9/17 was prepared in ammonium acetate solution (0.25M, pH 5). An 

aliquot of the 9/17 solution (20 µL, 0.1 µM) was added to [201Tl]TlCl3 (11 MBq, 20 µL), followed 

by ammonium acetate (0.25M, pH 5, 50 µL). This was vortexed and agitated in a Thermomixer 

(500 rpm) at RT for 60 minutes. Radiochemical yield and purity was evaluated using HPLC 

(method A, [201Tl]TlCl3 tR = 2.03 min; , [201Tl]Tl-11 tR =  11.24 min).  

Radiolabelling of DOTA-PSMA with 111In (compound 9/11) 

A 1 mg/mL solution of 9/17 was prepared in ammonium acetate solution (0.25M, pH 5). An 

aliquot of the 9/17 solution (20 µL, 0.1 µM) was added to [111In]InCl3 (12 MBq, 10 µL), followed 

by ammonium acetate (0.25M, pH 5, 50 µL). This was vortexed and heated to 95°C for 25 

minutes. Radiochemical yield and purity was evaluated using HPLC (method A, [111In]In-11 tR =  

10.12 min).  

Radiolabelling of H4pypa-PSMA with 201Tl 

A 1 mg/mL solution of H4pypa-PSMA was prepared in ammonium acetate solution (1M, pH 5). 

An aliquot of the H4pypa-PSMA solution (20 µL, 0.1 µM) was added to [201Tl]TlCl3 (110 MBq, 200 
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µL), followed by ammonium acetate (1M, pH 5, 50 µL). This was vortexed and agitated in a 

Thermomixer (500 rpm) at RT for 10 minutes. Radiochemical yield and purity was evaluated 

using HPLC (method A, [201Tl]TlCl3 tR = 2.03 min; , [201Tl]Tl-pypa-PSMA tR =  15.02 min).  

HPLC methods 

HPLC method A. Solvent A = water (+ 0.1% TFA), solvent B = acetonitrile (+ 0.1% TFA). Column = 

Agilent Eclipse XDB-C18 column (4.6 x 150 mm, 5 µM) analytical. 

Time (minutes) Flow rate (mL min-1) % solvent A % solvent B 
0 1 100 0 
2 1 100 0 

25 1 5 95 
25.1 1 100 0 
30 1 100 0 

HPLC method B. Solvent A = water (+ 0.1% TFA), solvent B = acetonitrile (+ 0.1% TFA). Column = 

Agilent Eclipse XDB-C18 column (4.6 x 150 mm, 5 µM) analytical. 

Time (minutes) Flow rate (mL min-1) % solvent A % solvent B 
0 1 95 5 
2 1 95 5 

11 1 5 95 
12 1 5 95 

12.1 1 95 5 
15 1 95 5 

Tissue culture 

DU145 (PSMA-negative) and DU145-PSMA (PSMA-positive) human prostate cancer cells were 

cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 

and penicillin/streptomycin (Sigma-Aldrich, UK) and maintained at 37 ˚C in a humidified 

atmosphere with 5% CO2.248 Tissue culture was performed by George Firth and Dr Truc Pham. 
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Flow cytometry of PSMA expression 

PSMA expression was evaluated using flow cytometry and the results can be found in Figure 

5.2.The FACS analysis was performed by Dr Truc Pham, using REA-FITC control antibody and 

PSMA-FTIC anti-PSMA antibody.  

 

Figure 5.2 - FACS results showing the expression of the PSMA receptor of the DU145 PSMA positive and negative 
cells used in these experiments 

 

Expression of GCP(II)/PSMA in the DU145-PSMA cell line and the absence of this receptor in the 

DU145 cell line was assessed using flow cytometry. 1 × 106 cells were suspended in 100 μL PBS 

containing 0.5% bovine serum albumin and then incubated with 2 μL of either Anti-PSMA anti-

human VioBright-FITC antibody (Miltenyi Biotec, Clone REA408) or REA-control human IgG1 

VioBright-FITC (Miltenyi Biotec, Clone REA293), for 15 minutes on ice. After this time the cells 

were washed twice with PBS and then analysed on a BD FACSMelodyTM. Gating and analysis were 

performed using FlowJoTM software (BD, v.10.8). 

 

 



DEVELOPMENT OF A PROSTATE SPECIFIC MEMBRANE ANTIGEN TARGETTING RADIOPHARMACEUTICAL 

185 

Cell uptake studies  

DU145 PSMA positive and negative cells were seeded at 500,000 cells per well of a six well plate 

the day before the assay, and the cell culture media changed (1 mL) one hour prior to incubation 

with a radiotracer. Excess KCl (15 mmol/L) was used as a blocking agent for [201Tl]TlCl, effectively 

saturating the Na+/K+ ATPase to evaluate if the metal is dissociating from the chelator and enter 

the cell.137 2-(phosphonomethyl)pentane-1,5-dioic acid (PMPA) which is a competitive inhibitor 

for the PSMA binding site, is also used as a blocking agent to appraise if the compound is bound 

to the correct receptor.249 KCl or PMPA (75 µM) was added to the cells three minutes prior to 

the addition of the radioactive compound to allow the blocking to take effect. A radiotracer (200 

kBq, 50-80 µL) was added to each well and incubated for either 15 or 60 minutes at 37°C in a 

cell incubator. After this time, the media was removed from each well, the cells were washed 

with PBS (2 x 1 mL) and then radioimmunoprecipitation (RIPA) assay buffer (0.5 mL) added. The 

cells were scraped from the plate and an aliquot (300 µL) removed. The media, PBS and RIPA 

buffer were collected for each well and gamma counted to calculate the cell uptake as a 

percentage of radioactivity bound.  

SPECT scanning and biodistribution in healthy and DU145-PSMA tumour-bearing animals 

Animal studies were carried out in accordance with the UK Home Office Animals (Scientific 

Procedures) Act 1986. Experiments complied with UK Research Councils' and Medical Research 

Charities' guidelines on responsibility in the use of animals in bioscience research, under UK 

Home Office project and personal licences. The reporting of this study complied with the Animal 

Research: Reporting in vivo experiments (ARRIVE) guidelines (https://www.nc3rs.org.uk/arrive-

guidelines). 
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Healthy SCID/beige animals (male 5-7 weeks old, n = 3 per radiotracer) were injected via tail vein 

injection under isoflurane anaesthesia (1.5-2.5% in oxygen at 1 litre/min) with [201Tl]TlCl (17 - 

22.9 MBq), [201Tl]TlCl3 (11.2 - 23.8 MBq) or [201Tl]Tl-pypa-PSMA (14.1 - 16.9 MBq). Mice were 

then kept under continuous anaesthesia on a heated pad for the duration of the experiment (1 

hour) and one mouse per group was imaged by SPECT/CT until 1 hour post injection, when 

animals were euthanised by cervical dislocation.  

To study tracer uptake in tumours, SCID/beige mice (male 5-7 weeks old, n = 3 per group) were 

injected subcutaneously with DU145-PSMA or DU145 cells (4 x 106 cells in 100 mL PBS) in the 

left shoulder. Once tumours had reached 5-10 mm in diameter (4 - 5 week after inoculation), 

[201Tl]Tl-pypa-PSMA (10.7 - 24.5 MBq, 20 mmol) was administered via tail vein injection under 

isoflurane. Mice were maintained under continuous anaesthesia and imaged by SPECT/CT for 

up to 2-hour post injection when animals were euthanised by cervical dislocation. SPECT images 

were reconstructed at 0.3mm isotropic voxel size using HiSPECT (Scivis GmbH) reconstruction 

software package using standard reconstruction with 35% smoothing and 9 iterations. After 

euthanasia, organs were harvested from mice, weighed and gamma counted. 

Blood and urine HPLC procedure 

Urine was passed through a 0.22 µm filter and injected directly into the HPLC. Blood was taken 

via cardiac puncture, centrifuged to remove red blood cells and ice cold MeCN added to 

precipitate proteins. This was again centrifuged, and the supernatant removed, filtered through 

a 0.22 µm filter then diluted with water and injected into the HPLC (HPLC method A). 
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Image analysis  

Images were analysed using VivoQuant 2.5 (InviCRO LLC. Boston, USA), enabling the delineation 

of regions of interest (ROIs) for quantification of radioactivity. The bed was removed from 

images. ROIs for the tumour and organs (heart, muscle etc) were drawn using CT images and 

volumes were determined. The total activity in the whole animal (excluding the majority of tail 

– out of field of view SPECT) at the time of [201Tl] agents administration was defined as the 

injected activity (IA) and the percentage of injected activity per cm3 (%IA/cm3) and amount of 

radioactivity in tissues (MBq) was determined. A 5 mL syringe with 3 mL of 40 MBq [201Tl]TlCl 

was used to calibrate the SPECT/CT and ensure correct co-registration between the SPECT and 

CT.  

Statistical analysis 

Data are average ± standard deviation. Statistical analysis was performed using Graphpad Prism 

Version 7.0c with unpaired t-tests used in uptake and a 2-way ANOVA with Sidak's multiple 

comparisons test used for in vivo studies; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 

0.0001.
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5.3 Results 

5.3.1 Design, synthesis and characterisation of DOTA-PSMA (compound 9/11) 

Although [201Tl]Tl-DOTA is unstable, the timescale of decomposition may nevertheless be 

adequate on a PSMA timescale for possible delivery of 201Tl to malignant tissue. Small peptides 

have short circulation times, hence a PSMA targeted bioconjugate was pursued.  

To prepare the PSMA peptide for coupling to DOTA-NCS , a previously reported method was 

adapted.247 In brief, L-glutamic acid di-tert-butyl ester was reacted with carbonyldiimidazole 

(CDI), forming the activated glutamic acid 1 (Scheme 1). This was then reacted with the cbz 

protected L-lysine tert-butyl ester to yield the urea 2. The cbz group was then removed via 

catalytic hydrogenation, generating the urea derivative 3. Cbz-3-(2-naphthyl)-D-alanine was 

added via HATU mediated amide coupling in DMF to furnish compound 4, followed by a 

hydrogenation reaction to remove the cbz group (5). The coupling and cbz deprotection 

procedure was repeated with cbz-trans-4-(aminomethyl)cyclohexanecarboxylic acid, to 

generate 6 and 7, respectively (Scheme 1).  
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Scheme 1 - Reagents and conditions for the synthesis of compounds 1 - 7. (i) CDI, MeCN/DMF (4:1), RT, 24 h, 51 %. 

(ii) H-Lys(cbz)-OtBu, DIPEA, DMF, RT, overnight, 83 %. (iii) Pd/C, MeOH, RT, overnight, 92 %. (iv) Cbz-3-(2-naphthyl)-

D-alanine, HATU, DIPEA, DMF, RT, overnight, 55 %. (v) Pd/C, MeOH, RT, overnight, 89 %. (vi) cbz-trans-4-

(aminomethyl)cyclohexanecarboxylic acid, HATU, DIPEA, DMF, RT, overnight, 63 %. (vii) Pd/C, MeOH, RT, 

overnight, 91 %. 

Reaction of DOTA-NCS (Macrocyclics Ltd, USA) with 7 in a basic solution of chloroform at 

ambient temperature led to formation of conjugate 8 (Scheme 2). The tert-butyl groups of 8 

were cleaved using trifluoracetic acid in DCM (1:1) to generate 9, which was purified using 

reverse phase HPLC. HR-MS confirmed the formation of the final product 9 (Scheme 2). LC-MS 
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of the final compound can be found in Figure 5.3, showing a single peak in the UV trace, 

corresponding to the correct mass of 9 ([M+2H]2+). 
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Scheme 2 - Reagents and conditions for the synthesis of compound 8 and 9. (i) CHCl3, NEt3, RT, overnight, 62 %. 

(ii) TFA/DCM, overnight, 80 %. 

 

Figure 5.3 – LC-MS data of 9 showing a single peak in the UV corresponding the [M+H]+ peak (1206.4). (HPLC 

method B) 
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To investigate what effect the linker has on the cell uptake, an alternative ligand without the 

lipophilic linker was prepared using 7 and DOTA-NCS (Macrocyclics Ltd, USA) using the same 

reaction conditions (Scheme 3). LC-MS of the final compound can be found in Figure 5.4, 

showing a single peak in the UV trace, corresponding to the correct mass of 11 ([M+H]+).  
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Scheme 3 - Reagents and conditions for the synthesis of compound 10 and 11. (i) CHCl3, NEt3, RT, overnight, 82 %. 

(ii) TFA/DCM, overnight, 85 %. 

 

Figure 5.4 – LC-MS data of 11 showing a single peak in the UV corresponding the [M+H]+ peak (871.3). (HPLC 

method B). 
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5.3.2 Radiolabelling with 111In and 201Tl 

 

Figure 5.5 - Analytical HPLC trace of [201Tl]TlCl (top) and [201Tl]TlCl3 (bottom) using HPLC method A (orange = counts 

per second, blue = UV) (HPLC method A). 

9 and 11 were dissolved in ammonium acetate buffer (0.25 M, pH 5, 1 mg/mL) and an aliquot 

(30 µL) added to a solution of [201Tl]TlCl3 (80 µL, 15 MBq, prepared using chloramine-T) or 

[111In]InCl3 (10 µL, 12 MBq). The 201Tl compounds were agitated for 60 minutes at RT (Figure 

5.6A/B) and required purification using Oasis HLB reverse phase SPE (solid phase extraction) 

cartridges (Figure 5.6C/D). The retention times for the 201Tl compound are very different to the 

unbound 201Tl controls in Figure 5.5. The additional peaks in the UV trace are due to chloramine-

T dissolved in the solution. The 111In compounds were heated to 95°C for 20 minutes and did not 

need to be purified, as shown in Figure 5.6E/F. HPLC traces for the radiolabelling reactions of 11  

can been seen in Figure 5.6, showing radiochemical yields of both compounds of greater than 

95 %. Unfortunately, due to a computer breakdown, HPLC traces for 9 were corrupted and not 
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retrievable. Ideally this would have been repeated, but all the bioconjugate was used in 

experiments and not re-synthesised. 
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Figure 5.6 – Analytic HPLC traces of crude [201Tl]Tl-11 (A = counts per second, B = UV trace),  analytic HPLC traces of 

[201Tl]Tl-11 post purification (C = counts per second, D = UV trace),  and [111In]In-11 (E = counts per second, F = UV 

trace)  (HPLC method A).  
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5.4 In vitro evaluation of 9 and 11 

5.4.1 Uptake studies in DU145 PSMA-positive and PSMA-negative cells 

Cell uptake data can be seen in Figure 5.7. [201Tl]Tl-9 had an uptake of 6.48 ± 1.65 % in the DU145 

PSMA positive cells and 8.06 ± 3.49 % in the PSMA negative cells. Following KCl blocking, the 

uptake dropped to 1.81 ± 0.1 % in the PSMA positive and 2.42 ± 0.2 % in the PSMA negative 

cells. The addition of PMPA did not influence cell uptake, which was comparable to tracer 

without blocking (6.52 ± 0.27 % in the PSMA positive and 7.86 ± 0.85 % in the PSMA negative 

cells). The [111In]In-9 control showed a more significant and characteristic PSMA-specific uptake 

of 2.58 ± 0.52 % in the PSMA positive and 0.25 ± 0.1 % in the negative, with KCl having no effect 

on the uptake (2.88 % in the PSMA positive and 0.77 in the PSMA negative). PMPA did decrease 

the uptake of the 111In compound with uptake in the positive cell being 0.78 % and 0.65 % in the 

negative cells.  

The effect of the linker on cell uptake was investigated by comparing 111In-labelled 9 and 11. 

[111In]In-11 had uptake of 0.62 ± 0.09 % in the positive and 0.17 ± 0.04 % in the negative, with 

again KCl having little effect on the cell uptake (0.64 ± 0.15 in the positive and 0.17 ± 0.03 % in 

the negative). PMPA did have a small effect on the uptake, decreasing it to 0.45 ± 0.28 % in the 

positive and 0.33 ± 0.23 % in the negative. In comparison, [201Tl]Tl-11 had comparable uptake to 

[201Tl]Tl-9 with 6.17 ± 1.38 % in the positive and 7.02 ± 2.35 % in the negative, with KCl reducing 

the uptake to 0.80 ± 0.29 % in the positive and 0.82 ± 0.44 % in the negative. As with [201Tl]Tl-

11, PMPA did not affect the uptake with 6.76 ± 1.28 % in the positive and 7.22 ± 1.99 % in the 

negative cells.  
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To determine in vivo specificity and stability, further in vivo studies were planned using [201Tl]Tl-

9. However, increased amount of activity is needed for in vivo studies, and when the activity in 

the reaction was increased, the radiochemical purity dropped significantly (n=3, < 5% RCY).  

 

Figure 5.7 – Cell uptake experiments in DU145 PSMA positive and negative cell lines with either 9 or 11, 

radiolabelled with 201Tl (left) or 111In (right) after 60 minutes incubation at 37 °C. (n=1-3) 
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5.5 Design, synthesis and characterisation of H4pypa-PSMA (AR-02-57) 

H4pypa-NCS was synthesised using the method previously described by Li et al.214,215 To deliver 

201Tl to PSMA expressing cells, H4pypa-NCS was coupled to a targeting vector via the same 

lipophilic linker (Scheme 4) used for the DOTA bioconjugates. Figure 5.8 shows an LC-MS trace 

of AR-02-57, corresponding to the [M+H]+ and the analytical HPLC trace of AR-02-57 can be seen 

in Figure 5.8C. Unfortunately, AR-02-57 could not be synthesised in large enough quantities 

needed for NMR studies. 
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Scheme 4 – Reagents and conditions for the synthesis of compound 12 and 13. (i) CHCl3, NEt3, RT, overnight, 56 %. 

(ii) TFA/DCM, overnight, 75 %. 

 

Figure 5.8 – UV signal from LC-MS of AR-02-57 (crude) (A), the mass signal from the same sample of AR-02-57 

(HPLC method B) (B) and an analytic HPLC UV trace of AR-02-57 post semi prep purification (HPLC method A) (C). 

 

N
N N

N N

HOOH
O O

HO OH

OO

O

SCN

O
H2N

N
H

O

O

O O

O

N
H

O

O

NH

HN

O

N
N N

N N

HOOH
O O

HO OH

OO

O

H
N

H
N

S

O

NH

O NH

H
N

O

O H
N

O
O

O

OO

i
+

N
N N

N N

HOOH
O O

HO OH

OO

O

H
N

H
N

S

O

NH

O NH

H
N

HO

O H
N

O
OH

O

OHO

ii

7

12 13



DEVELOPMENT OF A PROSTATE SPECIFIC MEMBRANE ANTIGEN TARGETTING RADIOPHARMACEUTICAL 

201 

5.5.1 Radiolabelling pypa-PSMA with Tl-201 

The method previously described for the radiolabelling of H4pypa (chapter 3) with 201Tl was used 

to radiolabel 13, in good radiochemical yields (95 ± 3%). The bioconjugate was dissolved in 

ammonium acetate buffer (1M, pH 5, 1 mg/mL), with an aliquot  added to a solution of [201Tl]TlCl3 

and agitated for 10 minutes at RT. HPLC analysis indicated that [201Tl]Tl-pypa-PSMA eluted at 

15.9 min (Figure 5.9).  

 

Figure 5.9 - Analytical HPLC trace of [201Tl]Tl-pypa-PSMA using HPLC method A (orange = counts per second) (HPLC 

method A). 
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5.6 In vitro evaluation of [201Tl]Tl-pypa-PSMA (AR-02-57) 

 

Figure 5.10 - Cell uptake experiments in DU145 PSMA positive and negative cell lines with [201Tl]-pypa-PSMA or 

[201Tl]TlCl after 15 or 60 minutes incubation at 37 °C. (n=1) 

 

Figure 5.10 shows a cell uptake experiment where [201Tl]Tl-pypa-PSMA or [201Tl]TlCl was 

incubated with DU145 PSMA positive or PSMA negative cells. As with the DOTA bioconjugates, 

the compound appears to be unstable in the presence of cells. There is no difference between 

PSMA positive and PSMA negative cells, and uptake can be reduced using excess KCl, suggesting 

[201Tl]Tl+ enters the cell and not the bioconjugate. This is supported by negligible effects of the 

PSMA inhibitor PMPA on the cell uptake. 
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5.7 In vivo evaluation of [201Tl]Tl-pypa-PSMA (AR-02-57) 

5.7.1 Biodistribution and in vivo stability in healthy animals 

To compare the biodistribution of [201Tl]Tl-pypa-PSMA, [201Tl]TlCl and [201Tl]TlCl3, all three tracers 

were administered to healthy male SCID/beige mice. [201Tl]TlCl and [201Tl]TlCl3 were used as 

controls to highlight the biodistribution of unbound [201Tl]Tl+ and [201Tl]Tl3+. Additionally, the 

biodistribution of [201Tl]Tl3+ has not been published in the literature. Equally, it was unclear 

whether the stability issues found in vitro would be replicated in vivo where the conditions are 

more disparate and the ratio of cell microenvironment to tracer is far less. 

Each tracer was administered intravenously (via tail vein) and SPECT/CT images acquired at 15-

minute intervals up to 1 hour (Figure 5.11). SPECT/CT images show that Tl+ and Tl3+ have high 

initial heart uptake followed by renal excretion, with a high degree of retention in the kidneys 

(Figure 5.12). After 1 hour, the mice were culled, and organs collected for ex vivo biodistribution 

(Figure 5.13). Ex vivo biodistribution data showed that blood clearance for [201Tl]TlCl,  [201Tl]TlCl3 

and [201Tl]Tl-pypa-PSMA was fast with 0.48 ± 0.03% injected activity per gram (IA/g), 0.59 ± 

0.28% IA/g and 0.49 ± 0.08% IA/g at 1 h post injection (p.i.) (Figure 5.13) respectively. [201Tl]TlCl 

and [201Tl]TlCl3 have a heart uptake of 10.32 ± 0.16% IA/g and 15.40 ± 2.62% IA/g 1 h p.i. 

respectively with [201Tl]Tl-pypa-PSMA having lower uptake (7.96 ± 0.35% IA/g) (Figure 5.13). All 

three 201Tl compounds are renally cleared, with [201Tl]TlCl having 74.36 ± 6.29% IA/g, [201Tl]TlCl3 

having 104.53 ± 6.88% IA/g and [201Tl]Tl-pypa-PSMA having 61.01 ± 3.03% IA/g in the kidneys. 

Clearance through the liver was much lower again for all three groups with [201Tl]TlCl having 

12.32 ± 0.58% IA/g, [201Tl]TlCl3 having 17.45 ± 2.02% IA/g and [201Tl]Tl-pypa-PSMA having 15.31 

± 4.21% IA/g. The ex vivo data supports the SPECT/CT quantification data, showing higher renal 

clearance and less heart uptake for [201Tl]Tl-pypa-PSMA compared to [201Tl]TlCl and [201Tl]TlCl3. 
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Figure 5.11 - In vivo images of mice injected with [201Tl]TlCl, [201Tl]TlCl3 and [201Tl]Tl-pypa-PSMA at 15, 30 , 45 and 

60 minutes in healthy animals 
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Figure 5.12 - % injected activity taken from regions of interest (ROIs) drawn from the SPECT images around organs 

of interest (bladder and  heart) for [201Tl]TlCl, [201Tl]TlCl3 and [201Tl]Tl-pypa-PSMA at 15, 30 , 45 and 60 minutes. 

 

Figure 5.13 - The ex vivo biodistribution of of [201Tl]TlCl, [201Tl]TlCl3 and [201Tl]Tl-pypa-PSMA in healthy SCID beige 

mice, culled at one hour post injection (n = 3). 
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Figure 5.14 - HPLC traces for blood and urine  samples obtained from mice injected with [201Tl]TlCl (pink), [201Tl]TlCl3 

(purple) and [201Tl]Tl-pypa-PSMA (orange) culled 1 h p.i. 

Blood metabolite and urine HPLC traces for [201Tl]TlCl, [201Tl]TlCl3 and [201Tl]Tl-pypa-PSMA all 

show a peak at tR = 2.26, which corresponds to unchelated thallium (Figure 5.14). However, 

[201Tl]TlCl3 from the blood samples shows a second peak at tR =  7.58 minutes, suggesting 

[201Tl]Tl3+ may bind to serum proteins in the blood. Future studies will be needed to establish 

which protein, if any, [201Tl]Tl3+ binds to in the blood. This peak was not observed in the blood 

sample for [201Tl]Tl-pypa-PSMA, suggesting [201Tl]Tl3+ is not released from the chelator (but not 

eliminating the possibility that [201Tl]Tl+ is released), as this would have been observed if 

released. Again in the blood sample, the peak corresponding to [201Tl]Tl-pypa-PSMA (Figure 5.14) 

at tR = 15.02 was not detected. The lack of the 15.02 peak for [201Tl]Tl-pypa-PSMA is likely due 

to the rapid blood clearance of the bioconjugate, as supported by the SPECT image and the low 

counts detected in the sample. In the urine (Figure 5.14), [201Tl]Tl-pypa-PSMA has a large peak 

corresponding to unbound thallium, with a very small peak at 15.02 minutes for intact 

compound. This suggests [201Tl]Tl-pypa-PSMA may be reduced during excretion rather than in 
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the blood, or it is being metabolised, leading to the metal being reduced and released from the 

chelator.  
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5.7.2 Biodistribution in animals bearing DU145 PSMA-positive and DU145 PSMA-

negative tumours 

The biodistribution of [201Tl]Tl-pypa-PSMA was studied in SCID/beige mice bearing either (i) 

DU145 PSMA-expressing tumours (PSMA-positive) or (ii) DU145 tumours that did not express 

PSMA receptor (PSMA-negative), to determine if [201Tl]Tl-pypa-PSMA accumulated in prostate 

cancer tissue via PSMA receptor binding. Each group of mice was administered [201Tl]Tl-pypa-

PSMA (10.7-24.5 MBq, 20 mmol) prior to SPECT/CT scanning for two hours. At the conclusion of 

the SPECT/CT scan, each mouse was culled, organs dissected, weighed and counted for 

radioactivity, to obtain quantitative data on radiotracer biodistribution.  

SPECT imaging analysis indicated that radioactivity concentration in DU145 PSMA-positive 

tumours was consistently higher than that for DU145 PSMA-negative tumours, and at early time 

points, this difference was statistically significant. At 30 minutes, the 201Tl radioactivity 

concentration in PSMA-positive DU145 tumours measured 3.45 ± 1.41% IA/g (p = 0.0219) and 

decreased to 2.85 ± 0.92% IA/g at 2 h p.i. (Figure 5.15C). For PSMA-negative DU145 tumours, 

201Tl radioactivity concentration at 30 minutes was 2.06 ± 0.15% IA/g and remained constant at 

approximately 2% IA/g until 2 h p.i. Biodistribution data 2 h p.i. corroborated SPECT imaging 

analysis:  201Tl radioactivity concentration at 2 h p.i. in DU145 PSMA-positive tumours measured 

3.68 ± 2.76% IA/g; in the PSMA negative tumours, this 201Tl radioactivity concentration measured 

2.85 ± 1.47% IA/g (Figure 5.15B). Imaging and ex vivo biodistribution data further evidenced that 

[201Tl]Tl-pypa-PSMA is cleared from the blood via a renal pathway, with high levels of 

radioactivity observed in the kidneys and bladder/urine, in both imaging and ex vivo 

biodistribution data. 

Ex vivo biodistribution data also indicated that tumour:blood ratio for PSMA-positive tumours 

(11.14 ± 1.42) was significantly higher than that for PSMA-negative tumours (3.88 ± 3.04) at 2 h 
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p.i. (p = 0.0385). The tumour:muscle ratio shows similar although not significant differences, 

with the PSMA-positive tumours having a 1.48 ± 0.41 ratio and PSMA-negative tumours having 

a 0.69 ± 0.2 ratio (Figure 5.15E). SPECT image analysis was also used to determine 

tumour:muscle ratios for [201Tl]Tl-pypa-PSMA. The tumour:muscle ratio for animals bearing 

PSMA-negative tumours was approx. 1, from 30 min – 2 h p.i. However, the tumour:muscle ratio 

for animals bearing PSMA-positive tumours measured 2.11 ± 0.62 at 30 min, and decreased to 

1.22 ± 0.36 at 2 h p.i. 

 

Figure 5.15 - A.  In vivo SPECT image (0 – 30 minutes) of [201Tl]Tl-pypa-PSMA in mice bearing DU145 PSMA positive 

and negative tumours at 0 – 30 minutes. SG = salivary glands, T = tumour, L = liver, K = kidneys, B = bladder. B. Ex 

vivo biodistribution of [201Tl]Tl-pypa-PSMA in mice bearing DU145 positive and negative tumours 2 h p.i. (n=3 per 

group) (urine has been omitted for clarity). C. Uptake in DU145 PSMA positive and negative tumours drawn using 

regions of interest from the SPECT images at 30, 60, 90 and 120 minutes. Tumour to blood (D) and muscle (E) ratios 

using biodistribution data (2h p.i.). Tumour to blood ratios taken from ROIs drawn on the SPECT images at various 

time points (F). 
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5.8 Discussion 

Cell uptake results using [201Tl]Tl-DOTA-PSMA , suggest that under these in vitro conditions, 201Tl 

appears to be reduced and then dissociates from the chelator. Further results in Chapter 4 show 

that [201Tl]Tl-DOTA is stable in RPMI cell culture media, suggesting the DU145 PSMA positive and 

negative cells are making a reducing agent which is causing this reduction. The 111In control 

demonstrates that the bioconjugate is binding to the desired PSMA target in the PSMA positive 

cells, which can be blocked by the competitive inhibitor PMPA, with minimal uptake in the PSMA 

negative cells. The lipophilic linker dramatically increases the uptake, highlighting the important 

role the linker can play in the uptake of radioactive compounds. 

Moving from in vitro to in vivo was the next step in answering questions surrounding the stability 

of [201Tl]Tl3+ complexes. Despite encouraging serum stability data for [201Tl]Tl-pypa, cell uptake 

studies using [201Tl]Tl-pypa and [201Tl]Tl-pypa-PSMA suggested complex instability. Under the 

conditions of the cell uptake studies, the concentration of reducing agents in solution will be far 

higher than it would be in vivo, which could possibly lead to premature abandonment of 

potentially promising compound. Furthermore, there is no ex vivo biodistribution data or SPECT 

images of [201TlCl3 in the literature. This control group also revealed that unchelated [201Tl]Tl3+ 

show biological behaviour which is indistinguishable from [201Tl]Tl+, which is an essential piece 

of information for the future development of [201Tl]Tl3+ based radiopharmaceuticals.  

These results suggest DOTA is entirely inadequate as a chelator for Tl3+. Despite forming well 

characterised complexes with high affinity it remains vulnerable to release of Tl+ rapidly in the 

presence of cells. The PSMA conjugates (compounds 9 and 11) showed biological properties 

consistent with PSMA specific targeting when labelled with 111In3+, but when labelled with 201Tl3+ 

the uptake did not differ biologically from [201Tl]TlCl. The previous literature on the redox 
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instability of [201Tl]Tl-DOTA has been ambiguous, but these results highlight the shortcomings of 

DOTA. 

As shown in Chapter 4, H4pypa formed well-defined complexes with improved in vitro stability 

compared to DOTA. In vivo experiments were used to evaluate the stability of the [201Tl]Tl-pypa-

PSMA bioconjugate. The serum stability experiments demonstrate the complex is adequately 

stable for use with small peptides, like PSMA. The bioconjugate also showed PSMA-specific 

uptake only in the earliest scans; later scans again did not show distribution expected of PSMA-

targeting.  

Despite encouraging serum stability results, which suggest that serum in the absence of cells 

does not contain the necessary reducing agents to render the [201Tl]Tl-pypa unstable, but when 

in the presence of living cells, either in vitro or in vivo, it appears to. The hypothesis is that the 

[201Tl]Tl-pypa-PSMA bioconjugate is internalised into tumour cells, whereupon Tl3+ is reduced to 

Tl+ in the more reducing intracellular environment. The Tl+ metal ion then dissociates from pypa 

and is effluxed from the cells.  

This could account for the higher tumour uptake (Figure 5.15F) and higher tumour:muscle ratios 

at earlier time points that decrease over the course of the experiment. It may be the case that 

in the future, bioconjugates using [201Tl]Tl+ may have an advantage over [201Tl]Tl3+ based agents, 

as reduction would not be an issue while still delivering a cytotoxic dose of Auger electrons to 

cancer cells.  

In Figure 5.15F, each data point has been plotted on the graph, one point is significantly lower 

in the DU145 PSMA positive tumours, compared to the other two points. This was due to one of 

the tumours being very necrotic, discovered during the ex vivo biodistribution. Due to the 

limitations of only using three mice, by increasing the number of mice in the future, it is likely to 
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show significance between the PSMA positive and PSMA negative tumours at the earlier time 

points. Figure 5.16 shows the tumour:muscle ratios with the necrotic tumour data removed. It 

shows significance at every time point, with the early time points having the most significance 

compared to the later time points.  

 

Figure 5.16 - Tumour to blood ratios taken from ROIs drawn on the SPECT images at 30, 60 90 and 120 minutes, 

with the necrotic tumour removed. 

Compared to the previously published H4pypa-PSMA bioconjugates radiolabelled with 111In and 

177Lu by the Orvig group, the [201Tl]Tl-pypa-PSMA compound has higher uptake background 

tissue such as the liver. SPECT/CT images of the [111In]In-pypa-C7-PSMA617 and [177Lu]Lu-pypa-

C7-PSMA617, and PET/CT of [44Sc]Sc-pypa-C7-PSMA617 show high uptake in PSMA specific 

organs like the kidneys,  with minimal background uptake.  

These observations are consistent with the need to avoid the bioreduction of Tl3+ to Tl+ leading 

to decomplexation. The ideal chelator needs to lower the redox potential enough to resist the 

reduction, this is likely the reason for the large difference in behaviour between 111In and 201Tl. 

In vivo studies following tumour growth inhibition were not yet deemed possible. 
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5.9 Conclusions  

These results demonstrate that DOTA is wholly inadequate for the chelation of [201Tl]Tl3+ and the 

development of a radiopharmaceutical, hence alternative chelators needed to be investigated.  

The [201Tl]Tl-pypa-PSMA bioconjugate was evaluated in healthy and tumoured mice bearing 

DU145 PSMA positive and negative tumours. The healthy controls showed very different 

biodistributions to the thallium-201 bioconjugate. The tracer had higher uptake in non-PSMA 

expressing tissue, like the liver, compared to previously published pypa-PSMA tracers with other 

radiometals 44Sc and 111In, suggesting compound instability. It is possible to infer from these 

results that [201Tl]Tl-pypa-PSMA is unstable, and the metal is reduced, leading to dissociation 

from the chelator. This provides a reason for the background uptake, but the lack of heart 

accumulation suggests this degradation occurs during excretion. Only [201Tl]Tl3+ released in the 

first few minutes would give a biodistribution matching [201Tl]TlCl.  
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6 CONCLUSIONS AND FUTURE DIRECTIONS  

As described in Chapter 2, the oxidation reaction of [201Tl]Tl+ to [201Tl]Tl3+ has been greatly 

improved from what has been previously reported in the literature. The iodobead method is a 

simple procedure using mild reaction conditions, that has the possibility for use with sensitive 

biomolecules. This would not be possible with the previous literature methods, as they use 

concentrated HCl, strong oxidising agents and high temperatures which will decompose 

biomolecules like peptides or antibodies. This allowed the DNA damaging potential of [201Tl]Tl3+ 

as well as [201Tl]Tl+ to be evaluated using a cell free isolated DNA method (Chapter 3). These 

experiments demonstrated that both oxidation states can cause SSBs and DSBs within 144 hours 

of incubation. 

Once this optimised oxidation was established, a large number of chelators were screened with 

[nat/201Tl]Tl3+, as shown in Chapter 4. The information obtained from these studies has provided 

further details on which donor atoms Tl3+ has a preference for, as well as the total number of 

donors. The [natTl]Tl-pypa complex was investigated the most thoroughly, and the [201Tl]Tl3+ 

complex was shown to have increased stability in human serum compared to the previously 

reported [201Tl]Tl3+ complexes with DTPA, EDTA and DOTA. A number of other [201Tl]Tl3+ 

complexes have shown good serum stability and will need further work to validate.  

Combining work from the oxidation work in Chapter 2 and H4pypa data within Chapter 4, a PSMA 

targeting bioconjugate was synthesised, incorporating H4pypa via a lipophilic linker to the PSMA 

targeting vector. The H4pypa-PSMA was radiolabelled with [201Tl]Tl3+, then evaluated in healthy 

male SCID/beige mice and the biodistribution compared to [201Tl]TlCl and [201Tl]TlCl3 showing 

very different biodistributions. Further in vivo studies were carried out again in male SCID/beige 

mice but bearing DU145 PSMA positive and PSMA negative tumours. In the PSMA positive 
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tumours, the tumour:background ratio was significantly higher than the PSMA negative tumours 

(if the very necrotic tumour is removed). The results also suggest compound instability, so 

further chelator development is needed.  

Future directions could continue with the pursuit of suitable chelators for Tl3+, as well as expand 

towards Tl+, or non-bioconjugate methods of targeting radioactive thallium to tumours. 
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6.1 The pursuit for a Tl3+ chelator 

From the data presented in Chapter 4 and 5, there are a number of other chelators that show 

encouraging data meaning they may be a superior chelator to H4pypa for Tl3+. For example, 

H5decapa and H4neunpa-NH2 showed excellent stability in human serum after an hour 

incubation. Future steps for this project  would be to synthesise the bioconjugate versions of 

the chelators (Scheme 5), using the same linker and targeting vector and performed the same 

DU145 PSMA positive and negative mouse models, to compare results with H4pypa-PSMA. The 

bioconjugate version of H5decapa would be very structurally similar to the bioconjugate in 

Scheme 5, so is worth investigating further. Additionally, H4picoopa, H2amidohox and H4tetrapa-

NH2 all had favourable radiolabelling conditions, so their 201Tl complex stabilities should be 

evaluated in serum. 
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Scheme 5 – (i) NsCl, Na2CO3, THF (ii) 4-(2-bromoethyl)nitrobenzene, K2CO3, DMF (iii) methyl-6-

bromomethylpicolinate, Na2CO3, DMF (iv) thiophenol, K2CO3, THF (v) tertbutyl-bromoacetate, Na2CO3, MeCN (vi) 

glacial acetic acid, Pd/C (10 %), (vii) LiOH, THF/H2O (3:1) (viii) SCCl2, DCM/H2O. 

 

The structure of H2macropa and Py-Macrodipa can be seen in Figure 6.1. Justin Wilson’s group 

have made a range of ligands based on these structures and tested them with a large number 

of metals, including [223Ra]Ra2+, [225Ac]Ac3+, [natGd]Gd3+ and [natLu]Lu3+.250–258 These chelators 

have been shown to have rapid radiolabelling kinetics and form very inert complexes which are 

stable in vitro and in vivo. These metals have comparable ionic radii to Tl3+, so are worth 

investigating with 201Tl in the future. Additionally, bifunctional versions of a number of macropa 
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derivatives have previously been published, also taking advantage of an isothiocyanate coupling, 

so could use the same linker-PSMA used with H4pypa as in Chapter 5.   

 

 

Figure 6.1 – The structure of H2macropa and Py-Macrodipa 
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6.2 The pursuit of a Tl+ chelator 

As mentioned in the introduction (Chapter 1), [2,2,2]-crytands have been investigated for use 

with [203Pb]Pb2+. Due to the comparable ionic radii with [201Tl]Tl+, cryptands should be 

investigated for use with Tl+. In collaboration with Dr Angelo Frei, the bioconjugate in Figure 6.2 

has been synthesised for evaluation with [201Tl]Tl+. Dr Frei has performed NMR studies 

demonstrating that the chelator binds [natTl]Tl+ so further evaluation will be needed. As well as 

this, H2macropa and Py-Macrodipa have also chelated metals with a similar ionic radius to 

[natTl]Tl+ as should also be investigated for use with the 1+ metal.  

 

Unlike with [201Tl]Tl3+ agents, the possible bioreduction will not be an issue, which has been the 

largest stumbling block for the majority of the chelators screened.  

 

Figure 6.2 – The structure of the [2,2,2]-cryptand bioconjugate developed by Dr Angelo Frei 
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