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Abstract: Auger-electron emitting radionuclides have potential in targeted treatment of small 

tumours and micrometastases due to their high-LET (linear energy transfer) but short-range 

emissions. Thallium-201 (201Tl, t1/2 = 73 h), known for its previous use in myocardial perfusion 

scintigraphy, decays by electron capture releasing around 37 Auger and secondary electrons. 

However, its radiotoxic and cancer therapeutic effects remain unexplored. In addition, targeted 

therapy with 201Tl is currently hindered by the lack of efficient chelators to incorporate 201Tl into 

bioconjugates. 

The main focus of this PhD thesis was to evaluate 201Tl radiotoxicity to cancer cells, assess its  

subcellular localisation, as well as developing chemistry for incorporating this radionuclide into a 

radiopharmaceutical for cancer therapy. To achieve the main objectives, a variety of different 

methods were used, such as biological assays with radioactive 201Tl, (e.g. cellular uptake and efflux, 

DNA damage and clonogenic survival assays), chemical synthesis and physicochemical analysis (e.g. 

thin layer chromatography, dynamic light scattering, infrared spectroscopy, X-ray diffraction analysis, 

thermogravimetric analysis, UV-Vis spectroscopy), confocal and electron microscopy, energy 

dispersive X-ray spectroscopy, ion beam analysis and inductively coupled plasma - mass spectrometry.  

Firstly, the radiotoxicity of 201Tl was evaluated by exploring its native cellular uptake via potassium 

channels in different cancer cell lines. It was demonstrated that 201Tl has a significant radiotoxic effect 

in breast and prostate cancer cells but only when internalised. Secondly, the ion beam analysis 

appeared to be the most adequate technique for assessing 201Tl subcellular localisation and revealed 

not only that thallium is present in the cell nucleus, but in an amount higher than in the cytoplasm. 

Lastly, three different types of nanoparticles were synthesised as a proposed delivery method for 201Tl:  

nanotexaphyrins and Prussian blue nanoparticles coated either with citric acid or chitosan. Those 

nanoparticles were characterised, radiolabelled with [201Tl]TlCl and their pharmacokinetics and 

radiotoxicity assessed by biological assays. Among them, Prussian blue nanoparticles coated with 

chitosan were the most promising, showing high radiolabelling efficiency with  201Tl, very good stability 

in physiological conditions, as well as a high uptake and slow efflux when tested in lung cancer cells. 

More importantly, they showed significant radiotoxicity, increasing the number of DNA damage foci 

and reducing the clonogenic survival with estimated activity of 0.43 Bq/cell needed to achieve 90% 

reduction. Subsequently, these nanoparticles were tested in vivo, where they showcased significantly 

higher retention of 201Tl in tumours compared to unbound 201Tl 48 h after intratumoral injection. 

In conclusion, this PhD thesis presents a radiobiological evaluation of unbound and nanoparticle -

bound 201Tl with an emphasis on the subcellular localisation of this potent Auger electron–emitter. 

Prussian blue nanoparticles coated with chitosan and radiolabelled with 201Tl offer a solution for future 

201Tl targeted delivery and its potential use in cancer therapy. 
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List of abbreviations  

A10 - activity bound per cell needed to reduce 
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EBRT - external beam radiotherapy 

EBS - elastic backscattering spectrometry 
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FT-IR - Fourier transform-infrared spectroscopy  

H&E - haematoxylin and eosin 

HER - human epidermal growth factor receptor  

IA - injected activity 
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IC - internal conversion 

ICP-MS - inductively coupled plasma-mass 
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ICP-OES - inductively coupled plasma-optical 

emission spectroscopy  

LA-ICP-MS - laser ablation-inductively coupled 

plasma-mass spectrometry 

LET - linear energy transfer 

mAb – monoclonal antibody 

MIBG - metaiodobenzylguanidine 

MIPs - maximum intensity projections 

NC - negative control 
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NLS - nuclear localising sequence  

NOS - reactive nitrogen species  

NP - nanoparticle(s) 
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p.a. - post administration 

PARP - poly-ADP ribose polymerase  

PB - Prussian blue  

PBNPs - Prussian blue nanoparticles 

PBS - phosphate buffer saline 

PDI - polydispersity index 

PDT - photodynamic therapy  

PEG - polyethylene glycol  

PET/CT - positron emission 
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PIXE - particle-induced X-ray emission  

PSMA - prostate-specific membrane antigen 

RE - radiolabelling efficiency  
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ROS - reactive oxygen species  
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SIMS - secondary ion mass spectrometry  
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SSB - single-strand break(s) 

SUV - standardised uptake values (SUV) 

TAT - transactivator of transcription 
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TGA - thermogravimetric analysis 
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TRT - targeted radionuclide therapy 
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Chapter 1: Introduction 

1.1 Standard approach to cancer treatment 

Cancer remains a significant global health concern. It is estimated that one in two people born in the 

United Kingdom after 1960 will be diagnosed with cancer during their lifetime [1]. The current 

standard treatments for cancer, including surgery, chemotherapy and radiation therapy, form the 

baseline approach for the majority of patients [2]. The use of ionising radiation to eliminate cancer 

cells, known as radiotherapy (RT), has its origins in the late 19th century when Wilhelm Röntgen 

discovered X-rays, subsequently leading to their application in the treatment of cancer [3]. Over a 

century later, X-ray radiotherapy is administered to over 50% of cancer patients, either as a standalone 

treatment or in combination with other therapies [4]. External beam radiotherapy (EBRT) delivers 

high-energy (6–25 MeV) X-rays (i.e photons) generated by linear accelerators, which deposit energy 

deep in the tumour tissue [4]. Conventional EBRT, while well-established and effective, has limitations 

such as the lack of precise targeting and potential damage to the surrounding healthy tissue. More 

recently, highly energetic charged particles such as protons, α -particles and carbon ions are used for 

RT, called hadron therapy. Using a beam of charged particles instead of X-ray to irradiate cancer cells 

provides more precision and has demonstrated greater effectiveness in treating complex tumours 

located near critical structures (such as the brain and spinal cord), lung cancer, radioresistant or deep-

seated tumours, and in paediatrics [5], albeit at an extensive monetary cost. Although external beam 

radiotherapy is highly efficient in treating solid tumours by delivering radiation to the main cancer 

site, it presents challenges when dealing with disseminated or metastatic disease. Despite 

considerable advancements in cancer treatment in recent years, metastases remain a leading cause 

of death in cancer patients [6]. The ability of cancerous cells to infiltrate and establish secondary 

tumours in different parts of the body not only diminishes the overall prognosis for patients but also 

complicates the therapeutic approach. As a result, understanding and developing strategies to prevent 

or target metastatic spread remain critical areas of focus in cancer research and treatment 

endeavours. 

1.2 Targeted radionuclide therapy as an alternative to external beam radiotherapy 

Targeted radionuclide therapy (TRT, also known as Molecular radionuclide therapy or Radionuclide 

therapy) is a therapeutic strategy that involves an internal administration of a radioactive compound, 

capable of delivering a high radiation dose selectively to the tumour cells by targeting their specific 

molecular or functional markers [5]. This precise delivery of radiation not only minimises toxicity to 

neighbouring healthy tissues but also enables the targeting of both primary tumours and disseminated 

cancer cells, including micrometastases. This targeted radiation dose can be delivered directly by 
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alpha particles, beta particles, and Auger electrons, or by inducing the bystander effect [7]. 

Furthermore, certain radionuclides, in addition to emitting particulate radiation that can damage 

tumour cells, produce gamma-rays. This property enables a theranostic approach, where the same 

radionuclide or the same radiopharmaceutical with a different radioisotope of the same element can 

be used for both radiotherapy and diagnostics [8]. 

Effective radionuclide therapy relies mostly on two strategies: specific binding of a targeting molecule 

conjugated with a radionuclide to a receptor that is overexpressed on the surface of tumour cells, or 

inherent properties of certain radionuclides that accumulate within cancer cells by imitating natural 

physiological processes (223Ra, 89Sr, 131I) [9,10]. An illustrative example demonstrating various targeting 

approaches is iodine-131 (131I), a beta particle-emitter which is currently in clinical use in cancer 

treatment either in the form of iodide, or in conjugation with a small molecule or an antibody (Fig. 

1.1). Iodine-131 in the form of iodide [131I]I─ stands as one of the oldest and most frequently used 

radioisotopes in targeted molecular radiotherapy. It has been extensively used for several decades in 

thyroid cancer to eliminate residual cells after thyroidectomy and tumour metastases [11]. [131I]I─ is  

absorbed and accumulated within thyroid cells through physiological pathways. This is achieved 

through the sodium-iodide symporter located on the surface of thyroid follicular cells, which actively 

transport iodide (I─) into the thyroid gland, serving as the initial step in the biosynthesis of thyroid 

hormones [12]. 131I conjugated to a targeting vector, meta-benzylguanidine ([131I]I-meta-

iodobenzylguanidine or [131I]I-MIBG), is used to treat specific types of neuroendocrine tumours, such 

as neuroblastomas, paragangliomas and pheochromocytomas. MIBG is structurally similar to 

noradrenaline, a neurotransmitter actively taken up by certain neuroendocrine cells through the 

noradrenaline transporter molecule [13,14]. [131I]I-MIBG is able to detect and destroy neuroendocrine 

tumour cells as they overexpress the noradrenaline transporter. In addition to particulate radiation 

used to treat cancer, 131I also emits γ-rays, detectable through SPECT imaging, making [131I]I-MIBG 

suitable for both therapy and diagnostics  [15]. Another iodine radioisotope, 123I, offers superior 

imaging characteristics compared to 131I when used with conventional gamma cameras and is the 

preferred radioisotope for diagnostic purposes, disease staging, and assessing treatment responses 

[16]. Hence, MIBG can be radiolabelled with either 123I  or 131I  and applied in clinical settings as a 

theranostic agent [13,17]. Iodine-131 can also be conjugated to an antibody. 131I-tositumomab, 

commercially known as Bexxar, is an approved radiopharmaceutical designed for the treatment of 

refractory non-Hodgkin’s lymphoma. This therapy targets CD20 antigens present on the surface of 

normal and malignant B lymphocytes. These conjugates enable a precise delivery of radiation therapy 

by the specific binding of the monoclonal antibody to antigens present on the surface of malignant 

cells [18].  
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1.3 Developing a radiopharmaceutical for TRT - an overview 

After identifying a promising molecular target, the development of an effective radiopharmaceutical 

necessitates careful consideration of various essential factors. This includes choosing a suitable 

targeting vector with a high binding affinity and specificity towards the targeted cancer cell, ultimately 

resulting in a substantial accumulation of the delivered radiation dose  in the tumour [19]. The most 

commonly employed approach in the design of targeted radiopharmaceuticals containing radiometals 

involves the use a bifunctional chelator. The chelator is required to bind the radiometal with high 

affinity and kinetic stability, typically using a linker that is then attached to a targeting vector. This 

strategy has been used in the development of several targeted radiopharmaceuticals, some of  which 

are in regular clinical use [20]. Among the most prevalent targeting vectors are small molecules, such 

as the prostate-specific membrane antigen (PSMA) ligands utilised in prostate cancer therapy, as seen 

in [177Lu]Lu-vipivotide tetraxetan (Pluvicto). Additionally, peptides, like octreotide in [177Lu]Lu-

DOTATATE (Lutathera), are registered for the treatment of gastroenteropancreatic neuroendocrine 

tumours. Furthermore, antibodies, such as the anti-CD20 monoclonal antibody in 90Y-ibritumomab 

tiuxetan (Zevalin), are employed for the treatment of non-Hodgkin’s B-cell lymphomas.  

Radiopharmaceuticals, when linked to various targeting vectors, exhibit distinct pharmacokinetics 

related to their uptake and clearance in both tumour and healthy tissues. The variable retention of 

Figure 1.1 A diagram illustrating various targeting approaches using iodine-131 (131I) in cancer therapy. 131I is 
used in the form of iodide [131I]I─ for thyroid cancer, in conjugation with a targeting vector as [131I]I-meta-

iodobenzylguanidine ([131I]I -MIBG) for neuroendocrine tumours and in combination with an antibody as 131I-
tositumomab for the treatment of refractory non-Hodgkin’s lymphoma. Created with BioRender.com. 
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1.4 Nanoparticles as therapeutic agents for targeted radiotherapy  

While using a bifunctional chelator is the most commonly employed strategy for targeting radiometals 

to cancer cells, an alternative approach involves conjugating the targeting vector to a nanoparticle 

that carries a therapeutic radionuclide, with or without help of the bifunctional chelator. Recently, 

there has been a growing interest in utilising nanotechnology to enhance targeted cancer 

radiotherapy [22,25]. Therapeutic radionuclides can be integrated into nanomaterials at high 

concentrations due to the high surface-to-volume ratio of nanoparticles, delivering their radioactive 

'payload' directly to the tumour and sparing healthy tissue. To allow the radiation deposition in the 

tumour site, nanoparticles can be targeted through either active (nanoparticles displaying a targeting 

vector) or passive mechanism [26]. Small nanoparticles can take advantage of the enhanced 

permeability and retention effect (EPR effect), which facilitates their passive transport through the 

relatively porous vascular system (i.e. compared to healthy tissue vasculature) surrounding solid 

tumours and their accumulation inside the tumour cells (Fig. 1.3) [26,27]. 

 

Nanoparticle delivery systems can be synthesised from inorganic and organic materials, such as 

Prussian blue (Prussian blue nanoparticles are described in more detail in chapter 3), gold, carbon 

(fullerenes, nanosheets and nanotubes), iron oxide (magnetic nanoparticles) , titanium dioxide, silica, 

zinc sulfide (quantum dots), polymers (polymeric nanoparticles, micelles, dendrimers), phospholipid-

based compounds (liposomes, exosomes, nanoporphyrins and nanotexaphyrins, which are described 

in chapter 5), proteins and viral components [26]. Each type of nanoparticle has distinct advantages 

and drawbacks associated with their material composition. These considerations include factors such 

Figure 1.3 Illustration of active and passive targeting mechanisms. A) The nanoparticle is linked to a targeting 

vector (antibody) with high specificity and affinity for the biological target of interest within the cancer cell. 
Radionuclides may be attached with or without the assistance of a bifunctional chelator. B) Passive transport 
of nanoparticles through the porous vascular system, commonly referred to as the enhanced permeability and 
retention effect (EPR effect). Created with BioRender.com. 
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as solubility, chemical stability, thermal conductivity, capacity to bind biomolecules, as well as the 

ability to bind and release other substances [28]. Nanoparticle characteristics play a critical role in 

shaping particle-cell interactions, influencing cellular transport mechanisms, pharmacokinetics and 

biodistribution. Additionally, some nanoparticles possess magnetic, semiconducting and/or optical 

properties. For example, iron oxide nanoparticles, quantum dots and up-converting nanoparticles 

provide additional functions [26].  Nanoparticles serve as an optimal platform for enhancing 

radiotherapy as their chemical and physical properties can be easily modified, allowing the design of 

nanoparticles with different shapes and sizes, having various surface coatings and surface 

modifications to improve biocompatibility, change biological behaviour or actively target them to a 

tumour cell or a specific subcellular compartment [22]. Radionuclides can be conjugated directly on 

the nanoparticle surface, with or without a spacer; or they can be incorporated into the nanoparticle 

during chemical synthesis or encapsulated post-synthetically. In some cases, bifunctional chelators, 

such as DOTA (tetraazacyclododecanetetraacetic acid) and DTPA (diethylenetriaminepentaacetic 

acid), have to be used to attach the radiometal to the nanoparticle surface  or ensure it is trapped 

inside a nanoparticle to achieve high radiolabelling stability [25,29]. Furthermore, the appropriate 

alignment between the biological half-life of the nanoparticle and the half-life of the radionuclide is a 

crucial consideration during the radiolabelling process. This synchronisation is necessary for the 

nanoparticle to effectively reach the target while minimising unnecessary radiation exposure [29]. The 

pre-targeting strategy explained earlier can also be applied to nanoparticles to achieve optimal results 

for targeted radiotherapy. Numerous passively and actively targeted nanoparticle therapies are under 

development, although the majority of radiolabelled nanoparticles for therapy are still in the 

preclinical phase of research. Examples of nanoparticle-mediated delivery of radiation for therapeutic 

purposes are trastuzumab-modified gold nanoparticles radiolabelled with β-emitter, 177Lu, for HER2 

(human epidermal growth factor receptor) positive breast cancer therapy [30] and 225Ac-radiolabelled 

liposomal-based nanoparticles functionalised with peptides targeting NK1 receptors overexpressed 

on glioma cells for alpha-therapy of glioblastomas [31].  

Radiolabelled nanoparticles have emerged as a versatile platform that enables a multimodal approach 

to cancer treatment and diagnostics. It is possible to integrate multiple radionuclides, various vector 

ligands, and additional non-radioactive therapeutics into a single nanodelivery system. This not only 

allows for the targeted delivery of radiation to tumour cells for therapeutic purposes but also 

facilitates multimodal applications, combining imaging, radiotherapy, chemotherapy or other types of 

cancer therapy. For instance, hybrid texaphyrin-based nanoparticles labelled with 111In/Lu and 

targeted to PSMA-expressing prostate cancer cells have been specifically designed for theranostic 

purposes, involving SPECT imaging and photodynamic therapy [32]. 
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1.5 Biological impact of different types of particulate radiation in TRT 

Another important aspect to consider when designing a radiopharmaceutical for targeted cancer 

therapy is the choice of an appropriate radionuclide. Essential considerations should include the 

radionuclide’s physical characteristics, such as mentioned earlier half-life, emission type, and decay 

products, along with biological aspects like the in vivo stability, toxicity,  and biological half-life [22], 

and chemical factors, such as radiolabeling feasibility and efficiency. Radionuclides used in TRT are 

predominantly α- and β--particle emitters, and to a lesser degree, Auger electron-emitters. All these 

types of particulate radiation can cause ionisation along the travelled distance, thereby influencing 

the surrounding biological environment.  Ionising radiation can cause DNA damage directly - leading 

to ionisation or excitation of atoms - and indirectly via production of free radicals such as short-lived 

reactive oxygen species (ROS) and reactive nitrogen species (NOS) . DNA damage has long been 

recognised as a significant factor contributing to the death of tumour cells. The toxic effects on DNA 

include DNA base damage (oxidised and abasic sites), single-strand breaks (SSB) and double-strand 

breaks (DSB), and DNA–DNA or DNA–protein crosslinks, which can accumulate and form cluster 

lesions (i.e. multiple damage sites) [33] (Fig. 1.4, Table 1.1). 

These various damaging effects, if not balanced by the DNA damage recognition and repair systems, 

can lead to cellular death or a cell cycle arrest [34]. However, apart from the DNA-centred approach, 

recent reports suggest that ionising radiation or generated free radicals can also oxidise cell 

membrane phospholipids [35] and damage mitochondrial membranes or mitochondrial DNA [36], 

Figure 1.4 Schematic representation illustrating the potential impact of various types of particulate radiation 

on DNA, including α-particles, β--particles and Auger electrons. Created with BioRender.com. 
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which in turn activates apoptotic signalling pathways.  Furthermore, stress mediators can be 

transmitted between adjacent cells through intercellular communication via gap junctions or 

mitochondrial signalling, leading to death of non-irradiated cells by the 'bystander effect’ [37,38]. 

Alpha emission occurs as a consequence of the radioactive decay of a large, unstable nucleus, which 

reduces its energy by releasing one or several α-particles composed of two protons and two neutrons 

(a nucleus of helium - 4He). These particles are characterised as heavy, positively-charged particles 

with high energy (5-9 MeV), capable of traveling a distance of approximately 50-100 µm in tissue,  

equivalent to several cell lengths [39].  Linear energy transfer (LET) is a common parameter in 

radiobiology studies used to quantify the ability of the radionuclide to inflict damage in tissue and is 

defined as the average energy deposited per unit length of track of radiation expressed as keV/μm 

[39]. α-particle emitters are characterised by high LET, typically between 50 to 230 keV/μm, mostly 

causing direct ionisation effect which leads to double strand DNA breaks and clusters of difficult -to-

repair DNA damage [18,39]. It is likely that the cytotoxic mechanism of α-particles also involves other 

types of damage, including damage induced by reactive oxygen species produced during the process. 

Examples of α-emitters used in targeted therapy include 213Bi, 212Bi, 212Pb, 225At, 211At and 223Ra [40].   

β--particles are typically emitted by unstable atoms that have fewer protons than neutrons. These 

particles are electrons with intermediate energy levels (0.05-2.30 MeV) and can penetrate long 

distances in tissue (0.05-12.0 mm) [41], damaging not only the targeted tumour cells but also the 

adjacent cells. This phenomenon, referred to as the ‘crossfire’ effect, can prove advantageous in 

targeted therapies, particularly in larger tumours or situations where not all tumour cells are 

accessible due to their heterogeneous expression of the targeted receptors. Nevertheless, when β--

particles impact neighbouring healthy cells, adverse effects may occur, such as bone marrow toxicity  

[39]. β--particle emitters typically exhibit low LET emission, usually in the range of 0.2 keV/μm, which 

can result in multiple, individual DNA lesions, including DNA base damage, single and double DNA 

 α-particles β--particles Auger electrons 

Particle type 
two protons and two 

neutrons (4He nucleus) 
electron electron 

Energy 5 - 9 MeV 50 - 2300 keV 25 - 80 keV 
Range in tissue 50 - 100 µm 0.05 - 12 mm < 1 µm 
Linear energy transfer ~ 230 keV/μm  ~ 0.2 keV/ µm 4 - 26 keV/ µm 

Bystander effect/’crossfire’ 
effect 

yes (low) yes yes 

Tumour size small/microtumours 
higher volume solid 

tumours 
microtumours 

 
Table 1.1 Summary of physical and biological properties of α-particles, β--particles and Auger electrons used 

in targeted radionuclide therapy. 
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strand breaks. The mechanism primarily involves indirect sparse ionisation and the production of free 

radicals. Sublethal damages caused by multiple β-- particles can accumulate, and the inability of the 

irradiated cell to recognise damage and initiate repair mechanisms will ultimately lead to cellular 

death. The reduced effectiveness in hypoxic tumour tissue is associated with the indirect effect of β-

radiation and the resistance to ROS in the absence of sufficient oxygen [22].  Several radionuclides 

with β-- emission have been used for TRT, including  90Y, 131I, 177Lu, 67Cu and 186Re, 188Re [39].   

Nuclei with an excessive ratio of protons to neutrons can decrease their energy either by positron 

emission or electron capture and/or internal conversion. The latter is typical for the elements with a 

higher atomic number. When a close orbital electron is drawn into the nucleus and converted into a 

neutron and neutrino, the atom's electron cloud becomes disrupted. The excess energy is either 

released as X-ray radiation or given to another electron, which in turn is emitted (Fig. 1.5) [42].  

The vacancy created in the inner shell leads to a subsequent cascade of vacancies and electron 

emissions. Depending on the relative position of the created orbital vacancy and the ejected electron, 

ejected electrons are called Auger, Coster-Kronig and super Coster-Kronig electrons [43], and 

collectively known as Auger electrons (AE).  

Figure 1.5 Schematic representation of the electron capture decay process. Nuclei with an excessive ratio of 

protons to neutrons may stabilise themselves by electron capture, when an orbital electron is ‘captured’ by the 

nucleus and a proton is converted into a neutron. The vacancy created in the inner shell is filled by a higher 

energy electron from an outer shell. The excess energy is either released as X -ray radiation or given to another 

electron, which in turn is emitted (called Auger electron) [42]. This process may be repeated causing a shower 

of Auger electrons released per decay. 
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The low energy levels carried by Auger electrons  (< 80 keV) are typically deposited on a very short 

nanometre path length, which results in an intermediate LET (4-26 keV/μm) [44,45]. The highly 

localised energy deposition of Auger electrons, which avoids the 'crossfire' radiation typical for the 

long range β-- particles, can cause a significant cytotoxicity at the subcellular level and therefore 

possibly find an application in targeting small tumours, micrometastases and isolated cancer cells. The 

most valuable Auger electron-emitters being considered for TRT include 125I, 123I, 111In, 67Ga, 195mPt, 

201Tl  [39].  

In addition to the toxicity of emitted low energy AE, direct ionisation events may occur at the point of 

decay. The release of orbital electrons and the subsequent disruption to the electron cloud lead to a 

transient, highly positive charge building up on the decaying atom [46]. The positive charge is either 

redistributed among atoms of the parental molecule or neutralised by electrons from molecules 

positioned in the immediate proximity. This process causes extensive ionisation and excitation around 

the site of the decaying atom, potentially leading to the destruction of these molecules [47]. While 

the radiobiological effects of AE are relatively well studied, the mechanism of charge neutralisation 

following the emission of the Auger cascade remains poorly understood. Iodine -125 (125I) was 

employed as a model radionuclide to investigate ionisation processes and the biological outcomes 

resulting from its multistep decay by electron capture to an excited state of tellurium-125 (125Te), 

followed by its internal conversion to stable 125Te, producing around 25 AE (12.2 keV)  and one internal 

conversion electron (7.2 keV) [43]. Early studies have shown that the decay of 125I covalently bound to 

either methyl or ethyl groups (CH3[125I]I and [C2H5[125I]I) is highly disruptive, resulting in extensive 

ionisation and fragmentations of these simple molecules [48]. Excited 125Te ions were observed to 

have an average charge of 9, with a maximum reaching as high as 18 [48]. The average potential energy 

of multiply charged 125Te atoms was calculated to be approximately 0.9 keV and even though it 

constitutes a small fraction of the total energy released during the radioactive decay, dosimetric 

calculations suggest that, in volumes smaller than 100 nm in diameter, the energy delivered by the 

charged atom might be a dominant contributor to the local effective dose [47]. When 125I was directly 

incorporated into the DNA of bacterial cells in the form of 5-iododeoxyuridine (an analogue of 

thymidine), it was observed to effectively damage DNA; specifically, one decaying atom was found to 

cause a single DNA DSB [49]. The substantial radiotoxic effect of 125I on DNA was postulated to result 

from a combination of two key factors: the emission of low-energy electrons with high local energy 

deposition (radiation component) and the neutralisation process of multiply charged tellurium atoms 

(non-radiation component) [50]. An experimental study comparing the contribution of these two 

components to DNA strand breaks related to 125I decay concluded that approximately 50% of the 

observed breakage in synthetic oligodeoxynucleotides can be attributed to the non-radiation 
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component [50,51]. Considering the limited range of Auger electrons in tissue and the destructive 

ionisation events occurring directly on the decay site, it has been hypothesised that the subcellular 

localisation of a radionuclide plays a crucial role in effective Auger electron therapy [52]. This concept 

is explored further in chapter 4.  

A large variety of carrier molecules, combined with a range of available radionuclides exhibiting the 

appropriate type of particulate radiation and desired physicochemical characteristics, such as a 

suitable half-life, enables us to create a unique radiopharmaceutical tailored precisely for the specific 

clinical scenario [41].  

 

1.6 201Tl as a tool in myocardial diagnostic imaging 

Since the 1970s, 201Tl has been recognised by scientists and clinicians as a crucial diagnostic tool for 

evaluating coronary perfusion and cellular viability. In the past, it played a significant role in 

myocardial imaging, helping to diagnose ischaemic heart disease and various cardiomyopathies. Its 

clinical use closely followed a series of studies involving radioactive potassium isotopes ( 42K, 43K) 

[53,54] and potassium analogues such as rubidium and caesium ( 81Rb, 86Rb, 129Cs, 131Cs) [55–58], which 

highlighted an inverse correlation between ischemic or infarcted myocardial tissue and regional 

potassium metabolism. These radioactive monovalent cations, when administered intravenously, 

accumulated in the myocardium, and their distribution patterns could be analysed. ‘Cold spots’ or 

areas with reduced accumulation were indicative of heart muscle abnormalities  [59]. Among the 

investigated radioactive potassium analogues, 201Tl emerged as the preferred radionuclide due to its 

unique biological similarity to potassium. In addition to this potassium mimicking behaviour, during 

its electron capture decay to stable 201Hg, 201Tl emits X-ray photons with energies around 67-82 keV 

(94% abundance) and gamma-ray photons at 135 and 167 keV (3% and 10% abundance, respectively) 

[60]. While the low-energy spectrum posed challenges in diagnostics related to tissue attenuation, it 

allowed for the efficient detection of myocardial abnormalities [61], initially through planar 

scintigraphy and later, since the mid-1980s, through single photon emission computed tomography 

(SPECT). 

201Tl shares similar pharmacokinetics with other potassium analogues. Following intravenous 

administration, the radionuclide is rapidly cleared from the bloodstream with approximately 4% of its 

activity accumulating in the myocardium [62]. 201Tl can also be detected in various other organs, 

including the liver, kidneys, thyroid, skeletal muscles, salivary glands, colon, stomach, eyes, and testes  

[63]. Simple, monovalent cations like Tl+ can rapidly transverse from the intravascular to the interstitial 

fluid space through small gaps and pores in the endothelial membranes of capillaries [64].  
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Approximately 60% of 201Tl entering myocytes does so primarily via the active transport of the sodium-

potassium pump (Na+/K+-ATPase), with the remainder transported through passive diffusion following 

electropotential gradients [65].  

The initial biodistribution of 201Tl is directly related to the regional blood flow in the myocardium and 

the tracer's extraction rate by the myocardium. Following a potassium-like pattern, 201Tl continuously 

exchanges between intracellular and extracellular compartments for several hours until equilibrium is 

achieved, which is determined by the net balance between influx and efflux rates [66]. The prolonged 

retention of thallium in myocytes depends on the metabolic integrity of the cells and, consequently, 

reflects their viability (Fig. 1.6) [67]. The washout rate of the radionuclide is higher in healthy 

myocardium compared to abnormal tissue. Poorly perfused yet viable myocytes tend to retain 201Tl, 

resulting in a smaller difference in the initial distribution between normal and ischemic myocardium, 

which subsequently normalises [60,67]. 

 

Despite its initial success in myocardial diagnostics, 201Tl had its limitations. These included a long 

physical and biological half-life, which ultimately led to a high radiation dose for patients; a low signal-

to-noise ratio; and significant tissue attenuation due to its relatively low-energy emission. In response 

to these challenges, 201Tl was eventually replaced by technetium-99m (99mTc)-labelled tracers like 

sestamibi and tetrofosmin, which do not mimic the behaviour of potassium. This transition offered 

improved image quality, reduced exposure of patients to radiation, and widespread availability 

facilitated by the 99Mo/99mTc generator [60]. Furthermore, with the increasing availability of PET/CT 

scanners, a different potassium analogue - 82Rb - emerged as a superior option for precise and high-

Figure 1.6 SPECT series images of 201Tl rest-redistribution in short-axis cardiac slices. TL1 (top) represents 

early images showing a defect in the inferoseptal wall with 201Tl redistribution evident in later images (TL2, 

bottom). This figure was originally published in the Journal of Nuclear Medicine by Schinkel A., et al. [67] 

©SNMMI, and is reprinted in accordance with JNM policies.  
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quality perfusion imaging while imposing a considerably lower radiation burden on patients  [69]. 

Consequently, since the mid-1990s, the relevance of 201Tl in myocardial imaging has gradually 

diminished. Nevertheless, efforts have been made to explore alternative applications of this 

radionuclide in diagnostic areas, such as tumour imaging. 

 

1.7 The use of 201Tl in cancer imaging 

During routine myocardial scanning with 201Tl in patients displaying symptoms indicative of coronary 

artery disease, an unexpected radionuclide uptake pattern was observed in the cardiac scintigrams  

(Fig. 1.7) [70]. It became apparent that, in addition to the anticipated normal biodistribution, 201Tl had 

the capability to accumulate in tumours. This intriguing observation prompted further investigations, 

both in animal models and clinical settings [71–73]. Subsequent studies employed 201Tl scintigraphy 

to explore the presence and location of various primary and metastatic tumours within the chest area, 

including the lungs, breasts, oesophagus, head and neck regions (such as the brain, thyroid, and 

parathyroids), lymphatic nodes, as well as bones and soft tissue sarcomas [63]. These investigations 

highlighted the potential of 201Tl in tumour imaging. 

 

Despite numerous studies conducted on the tumour-seeking properties of 201Tl, the exact mechanism 

underlying its accumulation remains unknown. Generally, 201Tl uptake appears to be associated with 

several factors, including cell viability, necrosis, the grade of malignancy, and the regional blood flow  

[74]. It has been reported that the rapid uptake and distribution of 201Tl in tumours and other tissues 

Figure 1.7 Extracardiac localisation of [201Tl]TlCl in a patient with coronary heart disease showing rest 

scintigraphic images in 3 projections. Arrows indicate focal extracardiac accumulation of [201Tl]TlCl subsequently 

confirmed as pulmonary carcinoma. LAO - left anterior oblique view. Figure was taken from Basara B., et al. [70] 

and reprinted with permission from Copyright Clearance Center. 
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resemble those of 42K, suggesting that thallium's affinity for malignancies may be linked to increased 

potassium metabolism [73]. The swift extraction of 201Tl from the bloodstream by cancerous cells, 

resulting in peak tumour activity within just 10-15 minutes after injection, is reminiscent of the process 

observed in the myocardium [75]. Considering the rapid uptake kinetics of 201Tl, it has been suggested 

that the tumour vasculature might also play a role in its accumulation. Tumour perfusion and 

vascularity are typically abnormal, with greater prominence in the tumour periphery and increased 

permeability of new vessels, leading to heterogeneous 201Tl uptake [74,76]. Notably, it has been 

observed that necrotic areas within tumours do not accumulate thallium, which may be attributed to 

reduced perfusion at the tumour’s centre and the absence of active transport across cellular 

membranes. It has been noted that Na+/K+ pump plays a crucial role in 201Tl tumour uptake, reflecting 

the viability and metabolic state of the cells, similar to its role in myocardial imaging [77]. Importantly, 

the influx of 201Tl is significantly reduced by cardiac glycosides such as ouabain and digoxin - known 

inhibitors of the Na+/K+-ATPase, particularly in lung carcinoma cells [77]. The effect of cardiac 

glycosides on 201Tl kinetics in prostate cancer cells is reported in chapter 2.  

While 201Tl imaging showed promise for specific tumour types [78] and, in some cases, outperformed 

radioactive gallium (68Ga) [79], it did not emerge as the definitive diagnostic tool that clinicians had 

hoped for. The same limitations that hindered the use of 201Tl in myocardial disease diagnostics also 

posed challenges in tumour imaging. The advent of new PET radiotracers, particularly the fluorinated 

glucose analogue 18F-FDG (fluorodeoxyglucose), marked a significant breakthrough. These newer 

tracers offered improved image resolution, biodistribution, and enhanced sensitivity  [80]. 

Consequently, interest in 201Tl began to disappear, persisting primarily in specific domains like brain 

tumour imaging, where the use of 18F-FDG was constrained due to elevated background accumulation 

[81,82]. 

 

1.8 201Tl production methods and impurities 

During the ‘golden age’ of thallium in the 1970s and 80s, commercial production of 201Tl was 

established to meet the growing demand for diagnostic imaging. Several production methods were 

developed, involving proton-induced nuclear reactions using targets such as mercury, bismuth, lead, 

and thallium [83,84]. Among these methods, the most efficient route, considering production yield, 

radiochemical purity, and practical aspects, was to use a thallium-containing target [85]. Natural 

thallium is a mixture of two stable isotopes, 205Tl (70.5%) and 203Tl (29.5%), and can be found in low 

concentrations in the Earth's crust, especially in sulfide ores of various heavy metals  [86]. Two indirect 

nuclear reactions have been explored for 201Tl production: 205Tl (p, 5n)201Pb and 203Tl (p, 3n)201Pb, with 
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the latter being the more commonly used method [83,87]. Lead-201 (201Pb) is a precursor to 201Tl and 

has a half-life of 9.4 hours (Fig. S2.2 A, in chapter 2 supplementary materials). During the target proton 

bombardment process, other competing nuclear reactions may occur, leading directly to a formation 

of radiochemical impurities, mainly 202Tl and 200Tl [88]. The maximum limits for the production 

radioimpurities, which can be identified by emission spectroscopy, are set by the European 

Pharmacopoeia. The most problematic, from the clinical perspective, is the contamination of the long-

lived 202Tl radioisotope (half-life of 12.3 days), which can result not only in increased signal-to-noise 

ratio and a degradation of contrast in SPECT imaging, but also an increased radiation dose to the 

patient [84]. The evaluation of the residual amounts of 205Tl and 203Tl in the stock material is described 

in chapter 2 supplementary materials (Table S2.1 and Fig. S2.2 B). 

 

1.9 201Tl as a potent Auger electron-emitter 

In addition to its clinically relevant gamma rays, 201Tl also emits Auger and secondary electrons. 201Tl 

decays by electron capture to a stable daughter – mercury-201 (201Hg) with a half-life of 73 h. During 

this process 201Tl produces a potent shower of 37 Auger electrons with short distance range of a few 

nanometres in tissue and average energy of 15.3 keV [43]. The low energy of emitted Auger electrons 

and their short range in tissue results in medium levels of linear energy transfer (LET). This 

characteristic makes 201Tl an ideal candidate for delivering high levels of targeted radiation to specific 

cellular targets. When coupled with a targeting vector such as a small molecule, peptide, or an 

antibody, 201Tl has a great potential for targeted delivery of high radiation doses to cancer cells while 

avoiding adverse radiotoxic effects in healthy tissue. Additionally, the short-range electrons may 

benefit from targeted delivery directed to sensitive subcellular target such as nucleus, cell membrane 

or mitochondria to achieve their best potential [52]. The investigation of subcellular localisation of 

unbound 201Tl and nanoparticle-bound 201Tl is presented in chapter 4.  

Despite the potential, the radiotoxicity of 201Tl has not been fully investigated, with only a handful of 

toxicity studies published over the last few decades. An assessment of 201Tl kinetics and in vitro toxicity 

in breast and prostate cancer cells with references to the initial experiments published on 201Tl toxicity 

is outlined in chapter 2.  

 

1.10 Chemical properties of thallium 

One of the challenging aspects of incorporating 201Tl into a targeted radiopharmaceutical and 

evaluating its specific radiotoxicity is the limited availability of suitable chelating agents. Looking at Tl 

chemical properties, we can distinguish two important oxidation states: 1+ and 3+. The univalent ion 
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is more stable in aqueous solutions and forms compounds similar to those of the alkali metals, 

whereas the trivalent thallium compounds are more acidic and chemically resemble those of gallium 

and indium [86]. The high standard redox potential for Tl+/Tl3+ pair (E˚ = +1.25 V) suggests that thallium 

is likely to exist predominantly in the Tl+ form in aqueous solutions, requiring strong oxidation 

conditions for the generation of Tl3+ [89]. Given the electrophilic nature of Tl3+, it might be preferable 

to form complexes with electron-rich species, such as oxygen- and nitrogen-containing neutral 

molecules or anions, which may also contribute to stabilisation of the tripositive oxidation state. The 

increased ionic radius of Tl+ in comparison to Tl3+ (164 pm vs 103 pm) [89] and the greater polarisability 

have a huge impact on Tl+ becoming a ‘softer’ acceptor with enhanced affinity for donors like sulphur  

[86]. Despite thallium's discovery over 150 years ago, the challenges posed by its distinctive 

physicochemical properties have hindered the development of efficient and biologically stable 

chelators. Until recently, there has been minimal progress in thallium coordination chemistry, 

prompting a growing need for innovative approaches and research in this field.   

 

One of the known substances with a remarkable ability to effectively bind thallium (I)  is Prussian blue, 

which is registered by the US Food and Drug Administration for the use in acute, non-radioactive 

thallium poisoning or as an antidote in case of radioactive thallium or caesium ingestion. Its natural 

capacity to incorporate thallium ions within the interstitial spaces of its crystal structure is further 

elaborated in chapter 3. In an effort to eliminate thallium (I) from living organisms, a combination of 

desferrioxamine and deferiprone – both commercially utilised for iron overload (Fig. 1.9 A and B) - was 

investigated in rats, yielding limited success [90]. Using the unique property of thallium to mimic 

potassium in cells, lipophilic complexes of thallium (I) and diethyldithiocarbamate (DDC) (Fig. 1.9 C) 

were tested in rats for mapping the neuronal activity in the brain with an autometallographic 

technique. This method proved to be efficient in detecting Tl+-fluxes across the blood-brain barrier 

[91,92]. Furthermore, a pilot study was conducted using [201Tl]DDC in rabbits and also in humans to 

measure regional brain metabolism and perfusion by SPECT imaging. It was concluded that [201Tl]DDC 

is taken up in the brain tissue and has a potential in detecting cerebral ischemia [93]. More recently, 

derivatives of kryptofix (4,7,13,16,21,24-hexaoxa-1,10-diaza-bicyclo[8.8.8]hexacosane) (Fig. 1.9 D) 

were synthesised in an attempt to chelate [201Tl]TlCl and selectively deliver it to prostate cancer cells 

upon conjugation with a PSMA - targeting peptide. While kryptofix compounds, both alone and in 

conjugation with the targeting peptide, exhibited high radiolabelling yield and stability in serum, 

subsequent incubation with cells resulted in the release of Tl+ from the complex, and no PSMA-specific 

uptake was observed. It has been proposed that the instability of 201Tl+ complexes with kryptofix 

derivatives could be attributed to the competition for Tl+ binding between kryptofix chelators and 
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other molecules present in the incubation medium or on a cell surface, such as potassium transporters 

[94].  

Complexing Tl3+ is also not a straightforward task. There have been reports describing complexes of 

Tl3+ with modified porphyrins (Fig. 1.9 E), which are macrocycles with a large planar structure 

containing four modified pyrrole subunits [95–97]. This approach is further explored in chapter 5. 

Chelators like DOTA and DTPA (Fig. 1.9 F and G) have been examined for the purpose of Tl3+ 

complexation, aiming for potential applications in SPECT imaging [89]. In this study [201Tl]Tl+ was 

oxidised to [201Tl]Tl3+ with ozone in the presence of hydrochloric acid and complexed with DTPA and 

DOTA achieving high radiolabelling yield. Only the radiolabelled DOTA complexes demonstrated good 

stability in serum. However, when 201Tl(III)-DOTA was tested in a mouse model, its biodistribution 

mirrored that of unchelated [201Tl]Tl+ indicating the instability of the complex and the subsequent 

release of thallium(I) [89]. This observation was confirmed by another study assessing [ 201Tl]Tl3+ 

chelation with DTPA, DOTA and EDTA (ethylenediaminetetraacetic acid), concluding that although all 

the chelators could rapidly and efficiently complex thallium(III), their stability in serum was limited 

[98].  

Another category of potential Tl3+ chelators includes multidentate picolinic acid based chelators such 

as H4pypa, H5decapa, H4neunpa-NH2, and H4noneunpa [99]. All these ligands were able to efficiently 

bind [201Tl]Tl3+ and demonstrated improved serum stability compared to DOTA or DTPA. One of the 

chelators - H4pypa (Fig. 1.9 H), underwent further conjugation with a PSMA-targeting peptide and the 

conjugate was subjected to in vitro and in vivo testing. Cellular uptake experiments revealed potential 

instability of the radiolabelled targeting conjugate ([201Tl]Tl-pypa-PSMA), leading to a reduction of Tl3+ 

to Tl+ and its subsequent release. However, biodistribution and stability studies in healthy mice have 

shown that myocardial accumulation was lower compared to unchelated thallium. In mice with PSMA-

positive and PSMA-negative prostate cancer xenografts, the uptake of [201Tl]Tl-pypa-PSMA in PSMA-

positive tumours was higher in PSMA-positive tumors compared to PSMA-negative tumors, but still 

insufficient for selective tumor delivery. Although radiolabelled H4pypa conjugates demonstrated 

greater stability compared to previously tested chelators like DOTA or DTPA, the vulnerability of Tl3+ 

to reduction in a biological environment and its subsequent dissociation presented a significant 

challenge, prompting the need for further improvements [99]. 
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1.11 Thesis aims 

The primary aim of this project was to provide the groundwork for creation of a radiopharmaceutical 

that leverages the radiotoxic properties of 201Tl for the use in the targeted treatment of small tumours 

and micrometastases in cancer therapy. There were several key objectives for this project (Fig. 1.9): 

1. Evaluating the radiotoxicity of 201Tl by investigating its native cellular uptake through 

potassium channels in various cancer cell lines and comparing this to the toxicity of non-

radioactive Tl and 201Hg, which is the stable product of 201Tl radioactive decay. Chapter 2 

provides evidence of 201Tl radiotoxicity. 

Figure 1.9 Schematic illustration outlining the primary objectives of this PhD thesis. Created with 

BioRender.com. 
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2. Developing nanoparticles that contain a Prussian blue core capable of binding 201Tl+ within its 

crystal structure. This involves characterising the 201Tl-labelled Prussian blue nanoparticles 

and assessing their kinetics and toxicity in both in vitro and in vivo settings. The impact of 

different surface coatings on the kinetics and toxicity is also examined. This work is described 

in chapter 3.  

3. Investigating the subcellular distribution of unbound 201Tl and 201Tl bound to Prussian blue 

nanoparticles (PBNPs) using various methods, which is explored in chapter 4.  

4. Assessing the feasibility of binding 201Tl3+ to texaphyrin-lipids and nanoparticles based on their 

structure. This preliminary study is included in chapter 5. 
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2.1 Abstract 

Background: Auger electron-emitting radionuclides have potential in targeted treatment of small 

tumours. Thallium-201 (201Tl), a gamma-emitting radionuclide used in myocardial perfusion 

scintigraphy, decays by electron capture, releasing around 37 Auger and Coster-Kronig electrons per 

decay. However, its therapeutic and toxic effects in cancer cells remain largely unexplored. Here, we 

assess 201Tl in vitro kinetics, radiotoxicity and potential for targeted molecular radionuclide therapy, 

and aim to test the hypothesis that 201Tl is radiotoxic only when internalised. Methods: Breast cancer 

MDA-MB-231 and prostate cancer DU145 cells were incubated with 200-8000 kBq/mL of [201Tl]TlCl. 

Potassium concentration varied between 0-25 mM to modulate cellular uptake of 201Tl. Cell uptake 

and efflux rates of 201Tl were measured by gamma counting. Clonogenic assays were used to assess 

cell survival after 90 minutes incubation with 201Tl. Nuclear DNA damage was measured with γH2AX 

mailto:samantha.terry@kcl.ac.uk
mailto:vincenzo.abbate@kcl.ac.uk
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fluorescence imaging. Controls included untreated cells and cells treated with decayed [ 201Tl]TlCl. 

Results: 201Tl uptake in both cell lines reached equilibrium within 90 minutes and washed out 

exponentially (t1/2 = 15 min) after the radioactive medium was exchanged for fresh medium. Cellular 

uptake of 201Tl in DU145 cells ranged between 1.6% (25 mM potassium) and 25.9% (0 mM potassium). 

Colony formation by both cell lines decreased significantly as 201Tl activity in cells increased, whereas 

201Tl excluded from cells by use of high potassium buffer caused no significant toxicity. Non-radioactive 

TlCl at comparable concentrations caused no toxicity. An estimated average 201Tl intracellular activity 

of 0.29 Bq/cell (DU145 cells) and 0.18 Bq/cell (MDA-MB-231 cells) during 90 minutes exposure time 

caused 90% reduction in clonogenicity. 201Tl at these levels caused on average 3.5-4.6 times more DNA 

damage per nucleus than control treatments.  Conclusions: 201Tl reduces clonogenic survival and 

increases nuclear DNA damage only when internalised. These findings justify further development and 

evaluation of 201Tl therapeutic radiopharmaceuticals.  

Key words: Auger electrons, 201Tl, thallium-201, radiobiology, targeted molecular radionuclide therapy  

 

2.2 Background 

Thallium-201 (201Tl, t1/2 = 73 h) is well-known in diagnostic nuclear medicine. By mimicking the 

biological behavior of potassium, it has played a major role in myocardial perfusion scintigraphy [61], 

until it was largely replaced by 99mTc labelled complexes [68]. 201Tl has also been used for tumour 

imaging [63,73], to evaluate chemotherapy responses [100] and tumour malignancy [101,102]. 

However, because of low signal-to-noise ratio, significant tissue attenuation and high radiation 

absorbed dose [60], diagnostic use of 201Tl has substantially diminished in recent years. 

Apart from its gamma rays (135 keV - 3%, 167 keV - 10%) and X-rays (67-83 keV - 94%) used in clinical 

imaging [103], 201Tl decay by electron capture to stable mercury (201Hg) also produces around 37 short-

range Auger and Coster-Kronig electrons, one of the highest numbers among  other Auger-electron 

emitters (Table 2.1) [104] with therapeutic potential.   

 201Tl 111In 67Ga 125I 

Half-life (days) 3.04 2.80 3.26 59.4 
Number of Auger and Coster-
Kronig electrons/decay 

36.9 14.7 4.7 24.9 

Auger and Coster-Kronig 
electrons energy per decay 
(keV) 

15.3 6.8 6.3 12.2 

Associated gamma emission 
(keV) 

135.3; 167.4 171.3; 245.4 
9.1; 9.3; 184; 
209; 300; 393 

35 

 
Table 2.1 Characteristics of some of the Auger electron-emitters [104]. 
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The average total energy of Auger and Coster-Kronig electrons per decay is calculated as 15.3 keV 

[104] and even though this is comparable to the energy of 125I, its half-life is around 20 times shorter 

and hence more amenable to clinical use.  Auger electron-emitters such as 111In, 125I and 67Ga (Table 

2.1) [104], have already shown potential for targeted radionuclide therapy of cancer [105–107], 

especially when delivered close to sensitive cellular targets such as DNA and plasma membrane [104] 

[108,109]. However, the therapeutic potential of 201Tl has barely been studied, despite its potent 

shower of Auger electrons and good worldwide availability. Nearly 40 years ago, in the context of the 

safety of diagnostic use of 201Tl, Rao et al. observed radiotoxic effects of 201Tl in spermatogonial cells 

after intratesticular injection in a mouse model [110], and Kassis et al. compared the cellular kinetics 

and radiotoxicity of 201Tl to those of β-emitters (42K, 43K and 86Rb) in Chinese hamster lung fibroblasts 

[111].  Since then, there has been little interest in 201Tl radiobiology or radionuclide therapy. In this 

preliminary evaluation of the potential of 201Tl as a therapeutic radionuclide, we investigated the rate 

and extent of non-targeted 201Tl uptake into cancer cells via potassium channels, such as the Na+/K+ 

pump (Fig. 2.1) and used this mechanism of accumulation to assess its radiotoxic effect in human 

cancer cells in vitro.  

Figure 2.1 Schematic representation of K+, Na+ and Tl+ transport across cellular membranes. Sodium-potassium 
pump (Na+/K+-ATPase) transports K+ ions inside and Na+ ions outside a cell against their concentration gradient 
using energy released by the hydrolysis of ATP. Tl+ ions, which mimic K+ physiological behaviour, can be 
transported inside the cell via potassium channels, such as the sodium-potassium pump. Tl+ transport mechanism 

outside the cell is currently unknown.  
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2.3 Aim 

The primary aim of this study was to measure the effect of internalised and non-internalised 201Tl on 

clonogenic survival and DNA integrity in prostate and breast cancer cells. Non-targeted 201TlCl was 

used in this study only to assess the radiotoxic potential of the radionuclide, and not to assess the 

potential of 201TlCl itself. In contrast to other Auger electron-emitting radionuclides, such as 111In or 

67Ga, no suitable chelators are available for 201Tl and their development can be challenging due to its 

physical and chemical properties. A finding that 201Tl has potential as a therapeutic radionuclide would 

stimulate development of effective thallium chelators for construction of targeted bioconjugates.  

 

2.4 Methods 

Cell culture consumables, unless specified, were purchased from Sigma-Aldrich, UK. [201Tl]TlCl in sterile 

0.9% NaCl solution (360 - 560 MBq/5.8 mL) was obtained from CIS Bio International, France; [201Tl]TlCl 

specific radioactivity was greater than or equal to 3.7 MBq/μg of thallium and radiochemical purity 

was at least equal to 95% (as per [201Tl]TlCl specification). [201Tl]TlCl was used in all experiments 

without any preconditioning. 

2.4.1 Cell culture: human breast adenocarcinoma cells MDA-MB-231 (ATCC® HTB-26™) were cultured 

in Dulbecco’s Modified Eagle Medium (DMEM, low glucose 1000 mg/L) and human prostate carcinoma 

cells DU145 (ATCC® HTB-81™) in RPMI-1640 medium. Both media were supplemented with 10% fetal 

bovine serum, 5% L-glutamine, penicillin (100 units) and 100 μg/mL streptomycin. Cultured cells were 

trypsinised and seeded at 250,000 cells per well in 24-well plates 16 hours before each experiment 

and grown at 37°C in a humidified 5% CO2 atmosphere. During experiments, cells were kept in full 

medium or phosphate buffered saline (PBS; D8537) supplemented with MgCl2 and CaCl2 in 

concentrations equivalent to those found in media, or PBS without potassium (Alfa Aesar, J60465) 

supplemented as described above for PBS. KCl solutions were prepared by dissolving KCl (BDH 

Laboratory) in 0.9% NaCl. Concentrations of K+ and Na+ in PBS, PBS without K+, RPMI and DMEM media 

are shown in Table 2.2. 

Incubation solution 
Concentration 
of K+ (mmol/L) 

Concentration 
of Na+ (mmol/L) 

Dulbecco’s Modified Eagle Medium (DMEM) 5.3 155.0 
RPMI-1640 medium 5.3 138.5 
Phosphate buffer saline (PBS)  4.2 153.0 
Phosphate buffer saline (PBS) without K+  0 157.0 

 

Table 2.2 Concentration of potassium and sodium in incubation solutions used in experiments. To modulate  
201Tl uptake in cells, 0 mmol/L K+ solutions were supplemented with KCl at a range of concentrations up to 25 

mmol/L.  
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2.4.2 Uptake and efflux assays: fifteen minutes before each experiment the medium in each well was 

replaced by 200 µL fresh medium, PBS or PBS without K+. Stock [201Tl]TlCl was diluted with 0.9% NaCl 

to the required concentration (1-40 MBq/mL) and 50 µL (50-2000 kBq) was added to each well. Plates 

were incubated at 37°C for a specified period. Then, the radioactive incubation solution was collected. 

Adherent cells were briefly washed thrice with PBS and lysed with 1 M NaOH for 15 min at room 

temperature (RT). Unbound radioactivity (incubation medium and PBS washings) and cell-bound 

radioactivity (lysate) were measured (counts per minute, CPM) with a CompuGamma CS1282 gamma 

counter.  

To measure the rate of 201Tl washout, cells were incubated at 37°C for 90 minutes with 50 kBq (1 

MBq/mL) 201Tl in 250 µL medium, which was then removed. Adherent cells were washed briefly with 

250 µL PBS and 250 µL of fresh non-radioactive medium was added to each well. Cells were incubated 

for various times (from 15-180 min) at 37°C, after which medium was collected and cells washed and 

lysed as described above. A second method, to assess continuous complete 201Tl efflux, involved 

repeated medium changes on the same cells. In brief, after incubation with 50 kBq (1 MBq/mL) 201Tl 

as above, replacing radioactive medium with fresh medium and allowing a further 15 minutes of 

efflux; medium was again removed, cells were washed once with PBS and fresh medium added. This 

process was repeated 4 times at intervals from 15-60 min. After 180 min cells were lysed and 201Tl 

activity measured as described above, converting CPM to activity by means of a calibration curve 

(Supplementary materials: Fig. S2.1). A nominal average intracellular volume of 1.6 pL for individual 

DU145 cells (as measured by diffusion NMR spectroscopy [112]) was used for intracellular-to-

extracellular concentration ratio calculations.   

203Tl is a stable isotope used as a target material in the 201Tl manufacturing process [113] and despite 

a rigorous purification process, some 203Tl is still present in [201Tl]TlCl solution (Supplementary 

materials: Fig. S2.2 and Table S2.1). Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) analysis 

was performed using a PerkinElmer NexION350D ICP-Mass Spectrometer to estimate 203Tl 

concentrations in [201Tl]TlCl decayed samples, using a calibration curve prepared as described in 

Supplementary Information.   

2.4.3 DNA damage: γH2AX assays were used to quantify DNA double-strand breaks (DSBs). Cells were 

seeded on coverslips coated with poly-L-lysine (50 µg/mL) placed in each well of a 24-well plate. 

Following a 90-minute incubation with 50 µL (50-2000 kBq) of different 201Tl activities (200-8,000 

kBq/mL), 203Tl/201Hg in equivalent concentrations, or 201Tl (1000 kBq, 4,000 kBq/mL) with added KCl 

(15 and 25 mM), medium was removed and coverslips were washed with PBS, fixed with 3.7% formalin 

in PBS, treated for 15 minutes with 0.5% Triton X-100® and 0.5% IGEPAL CA-630® solution, incubated 
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with 1% goat serum/2% bovine serum albumin (BSA) in PBS for 1 h, washed with PBS, incubated 

overnight at 4˚C with mouse antiphospho-histone H2A.X monoclonal antibody (Merck, 1:1600 in 3% 

BSA), washed with 3% BSA in PBS and incubated with goat anti-mouse secondary fluorescent antibody 

Alexa Fluor®488 (Invitrogen, 1:500 in PBS) for 2 h at 4˚C. Hoechst 33342 nuclei stain was added for 2 

min at RT. Coverslips were washed twice with PBS and attached to microscope slides using 2.5% 

DABCO/Mowiol® (except for the experiment blocking 201Tl uptake with KCl, where cells were stained 

and mounted with ProlongTM Gold Antifade Reagent with DAPI (Invitrogen)). Slides were stored at 4˚C. 

A TCS SP5 confocal microscope with Leica software was used to obtain fluorescent images and 

CellProfiler was used to quantify foci numbers per nucleus.  

2.4.4 Cytotoxicity: 201Tl (50-2000 kBq, 200-8,000 kBq/mL), 203Tl/201Hg in equivalent concentrations, or 

201Tl (1000 kBq, 4,000 kBq/mL) with KCl (15 and 25 mM) was added to MDA-MB-231 or DU145 cells in 

200 µL medium or potassium-free PBS. After 90 minutes, the radioactive incubation solution was 

removed, cells were washed three times with PBS, trypsinised, re -suspended in non-radioactive 

medium, seeded at 1,000 cells/well in a 6-well plate and cultured for 8-10 days, changing medium 

every 2-3 days. Colonies were fixed and stained with 0.05% crystal violet in 50% methanol and counted 

manually with blinding, defining colonies as containing >50 cells. All clonogenic assays were done 

alongside uptake assays to relate activity per cell with the surviving fraction.  

2.4.5 Statistical analysis: Data were analysed in Excel Microsoft 2016 and GraphPad Prism 8, and 

expressed as mean ± SD. A non-parametric Mann-Whitney test for unpaired data was used to 

determine significance (P ˂  0.05). Each experiment was performed in triplicate or quadruplicate. Error 

bars represent standard deviations among independent experiments, except when n=1 where the 

error is intra-experimental.  

The intracellular activity was calculated comparing the gamma counter measurements (cpm) of the 

collected medium activity (with three PBS washes) to the lysate (NaOH) activity. The background count 

(BC) was subtracted from both values.  

Intracellular activity (%) =
lysate activity − BC

(lysate activity − BC) + (collected medium activity − BC) 
 ∗ 100 

For the gamma counter measurements, fractions of the culture medium and lysate were taken (when 

needed) and then multiplied by the appropriate factor to obtain total values necessary for 

calculations.   

The intracellular activity per cell was calculated by multiplying the activity added to each well (50-2000 

kBq) by the measured intracellular activity (%) and divided by the number of cells per well counted 

right after the experiment.  
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Intracellular activity per cell (Bq/cell) =
 activity added per well (Bq) ∗ intracellular activity  (%) 

 number of cells per well ∗ 100
. Figures were 

created with GraphPad Prism 8 and BioRender.com.  

2.5 Results 

2.5.1 201Tl kinetics – uptake and efflux  

In preliminary experiments in RPMI or DMEM medium (Table 2.2), cellular uptake of 201Tl in both 

DU145 and MDA-MB-231 cells rose sharply up to 60 min and then plateaued (Fig. 2.2 A and 

Supplementary materials: Fig. S2.3 A).  

 

 

C 

A 

Figure 2.2 201Tl kinetics. A) Uptake of 201Tl in DU145 cells (n=3) after incubation with 200 kBq/mL [201Tl]TlCl in 

medium. These results were used to determine the best incubation time for subsequent radiobiological 
experiments. B) 201Tl uptake in DU145 cells (n=3) and MDA-MD-231 cells (n=2) after 90 min incubation in 
medium with different activities of [201Tl]TlCl. C) 201Tl intracellular activity per single cell (Bq) versus activity 

added (kBq/mL) in DU145 cells (n=3) measured in medium. Graphs B and C show that the increasing activity 
of 201Tl does not inhibit its cellular uptake, suggesting that saturation of uptake mechanisms is not reached at 
the activities used in this work. D) Efflux of 201Tl in DU145 (n=3) cells. Plateau uptake from the preceding uptake 
assay is defined as 100% at time 0. Radioactive medium was replaced with non-radioactive and 201Tl activity 

was measured over time. Data are presented as mean ± SD, done in triplicates; exponential regression line 
was fitted in D. Some error bars are smaller than the data symbols and hence not visible. 

D 

B
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The % uptake was independent of the activity used within the range examined ( Fig. 2.2 B and C) 

showing that the uptake mechanism was not saturable in this range. Based on these results, 90 min 

incubation time was chosen for radiobiological experiments.  

Efflux rate measurements were performed after 90 min ‘loading’ with 200 kBq/mL of 201Tl in RPMI or 

DMEM medium. In both cell lines, when the radioactive medium was replaced by non-radioactive 

medium, 201Tl bound by cells decreased exponentially with a half-life of around 15 minutes reaching a 

new equilibrium (Fig. 2.2 D and Supplementary materials: Fig. S2.3 B) with the same intracellular-to-

extracellular ratio of 201Tl concentration. When medium was repeatedly refreshed, we again observed 

an exponential drop in the activity bound per cell, from 0.017-0.019 Bq at the beginning of the efflux 

experiment to approach 0 after 180 min (Supplementary materials: Fig. S2.3 C). 

To modulate 201Tl uptake into cells, cardiac glycosides digoxin and ouabain were evaluated but 

rejected because of their toxic effects on cells as described in Supplementary Material ( Fig. S2.4 A and 

B) [114]. Instead, the effect of varying potassium concentration was evaluated. DU145 cells were 

incubated with 80 kBq/mL of 201Tl for 90 minutes in PBS solution without potassium (Table 2.2) and 

supplemented with different concentrations of KCl rising to 50 mM. 201Tl uptake decreased from 23.6 

± 0.6% in 0 mM potassium to 1.1 ± 0.1% in 50 mM potassium (Supplementary materials Fig. S2.4 C). 

The potassium concentrations used showed no measurable baseline effects as measured by 

clonogenic assay or yH2AX imaging (see below), therefore variation of potassium concentration was 

adopted as the method of choice to modulate 201Tl uptake. 

2.5.2 201Tl-induced nuclear DNA damage (yH2AX assay)  

Results from three experiments on DU145 and MDA-MB-231 cells are shown in Table 2.3 and Figure 

2.3 A. Cells treated with 4,000 kBq/mL of 201Tl showed a significantly higher average number of foci 

per nucleus (3.5 and 4.6 times for DU145 and MDA-MB-231 cells, respectively) than in the 0.9% NaCl-

treated control (P<0.05, Mann-Whitney test) (Supplementary materials: Fig. S2.5 A and B). 

 

Activity of 
201Tl 

(kBq/mL) 

Average number of foci per nucleus  
(± SD) DU145 

Average number of foci per nucleus  
(± SD) MDA-MB-231 

0 3.5 ± 3.6 17.8 ± 18.3 11.9 ± 10.4 7.9 ± 10.3 8.6 ± 6.2 12.0 ± 10.9 
100 5.2 ± 5 37.5 ± 25.2 13.3 ± 10.6 7.0 ± 5.3 9.4 ± 7.5 14.0 ± 13.1 
200 4.4 ± 4.1 40.6 ± 33.7 12.0 ± 9.1 13.8 ± 8.0 9.5 ± 5.3 15.0 ± 7.2 
400 16.2 ± 11.5 60.4 ± 34.9 19.9 ± 12.8 18.2 ± 9.4 22.7 ± 11.0 21.0 ± 12.2 
1000 10.1 ± 6.2 71.2 ± 23.2 26.2 ± 18.1 30.9 ± 18.0 27.9 ± 17.0 38.8 ± 20.4 
4000 28.6 ± 14.7 61.2 ± 27.8 25.3 ± 13.0 61.5 ± 28.0 29.6 ± 12.7 39.2 ± 21.5 

 
Table 2.3 201Tl radiotoxicity – nuclear DNA damage. Average number of foci per nucleus in DU145 cells and 

MDA-MD-231 cells after 90 min incubation with various activities of [201Tl]TlCl in medium, and with 0.9% NaCl 
(0 kBq/mL) measured in three independent experiments. 
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Comparing the nuclear DNA damage in DU145 cells caused by 4,000-8,000 kBq/mL of 201Tl to that 

caused by an equivalent volume of decayed [201Tl]TlCl sample, we observed that only the radioactive 

component of the samples significantly increased the average number of foci per nucleus (P  < 0.05, 

Mann-Whitney test) (Fig. 2.3 B).  

Figure 2.3 201Tl radiotoxicity – nuclear DNA damage. Average number of foci per nucleus in DU145 cells and MDA-
MD-231 cells after 90 min incubation A) with [201Tl]TlCl in medium B) with 0.9% NaCl (negative control), an 

equivalent volume of  [201Tl]TlCl-decayed sample or [201Tl]TlCl. A range of 26 to 72 nuclei per condition were 
analysed across all experiments; same settings were kept within the experiment. 3-9 pixel units were set as a 
typical diameter of foci. Bars represent mean ± SD, n=3, * indicates P ˂ 0.05, ns – not significant. C) Exemplar 
confocal microscopy images (100x, field contain minimum 25 nuclei) of DU145 cells incubated for 90 min with 

0.9% NaCl (negative control), an equivalent volume of [201Tl]TlCl-decayed sample or [201Tl]TlCl followed by 
immunofluorescence staining with green fluorescence for γH2AX (smart gain (SG) and smart offset (SO) were kept 
constant for all conditions in the experiment). Nuclear DNA is stained with Hoechst (blue). Scale bar - 25 μm.   

A B 

C 
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The decayed sample caused no visible DNA damage compared to untreated controls (Fig. 2.3 C) as 

expected, since thallium concentration is very low and other heavy metals (such as 201Hg decay 

product) were not detectable by ICP-MS (Supplementary materials: Fig. S2.2 A and B and Table S2.1). 

 

2.5.3 201Tl radiotoxicity - clonogenic survival  

Figure 2.4 A presents clonogenic survival results for both cell lines incubated with various activities of 

201Tl for 90 min in RPMI or DMEM medium ([K+] 5.3 mM). No reduction in surviving fractions was 

observed in cells treated with an equivalent volume of the decayed 201Tl sample in DU145 cells (Fig. 

2.4 B).  

Figure 2.4 201Tl radiotoxicity – clonogenic survival.  A) Clonogenic survival (%) in DU145 (n=3) and MDA-MD-
231 cells (n=3 except 8000 kBq/mL where n=1) after 90 min incubation with [201Tl]TlCl in medium. B)  
Clonogenic survival (%) measured in DU145 cells (n=3) and MDA-MB-231 cells (n=1) after 90 min incubation in 

medium with different concentrations of non-radioactive [201Tl]TlCl decayed sample. C) Clonogenic survivals 
(%) versus 201Tl intracellular activity per single cell in DU145 cells (n=3) and D) MDA-MB-231 cells (n=3). Linear 
quadratic survival model was fitted and calculated activity causing at least 90% reduction was 0.29 Bq for 
DU145 cells (95% CI: 0.18-0.49) and 0.18 Bq for MDA-MB-231 (95% CI: 0.10-0.39). Some error bars are smaller 

than the data points and not visible. Data are presented as mean ± SD, triplicates. 

 

C 

A 

D 

B
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An estimated average 201Tl intracellular activity per cell of 0.29 Bq (95% CI: 0.18-0.49 Bq) for DU145 

cells and 0.18 Bq (95% CI: 0.10-0.39 Bq) for MDA-MB-231 cells (Fig. 2.4 C and D) reduced clonogenic 

survival by at least 90% compared to untreated cells.  

 

2.5.4 The impact of 201Tl internalisation on clonogenic survival and nuclear DNA damage in DU145 

cells 

Varying potassium concentrations in the incubation solution above and below the physiological level 

(3.5 - 5 mM [115]) was adopted as a method to modulate 201Tl uptake in cells, for the purpose of 

comparing the radiotoxicity of intracellular and extracellular 201Tl. Applying this method, we used the 

yH2AX assay to compare the average number of foci per nucleus in DU145 cells with high 201Tl uptake 

([K+] 0 mM, 25.9 ± 1.7% uptake, 181:1 intra:extra ratio) and low 201Tl uptake ([K+] 15 and 25 mM, 1.6 

± 0.4 and 2.2 ± 0.2% uptake respectively, 8:1 and 12:1 intra:extra ratio) after incubation with the same 

radioactive concentration (4,000 kBq/mL) of 201Tl (Fig. 2.5 A and B and Supplementary materials: Table 

S2.2).  

We observed a significant reduction in the average number of foci per nucleus induced by 201Tl – from 

31.9 ± 5.2 at 0 mM K+ to 8.8 ± 4.3 and 7.5 ± 5.0 at 15 and 25 mM potassium, respectively (P < 0.05, 

Mann-Whitney test). In cells incubated with these K+ concentrations without 201Tl or non-radioactive 

Tl (NC 1, 3-4), there was no increase in foci per nucleus compared to cells incubated in standard RPMI 

medium ([K+] 5.3 mM) (NC 2). These results show that 201Tl only induced DNA DSBs when internalised; 

extracellular 201Tl showed no effect. A similar result emerged from clonogenic survival assays. 

Incubation of DU145 cells for 90 min with 4000 kBq/mL of 201Tl (Fig. 2.5 C) was lethal (no clonogenic 

survival) in 0 mM potassium medium, but 94.7 ± 3.9% to 98.6 ± 4.4% survival was found when 201Tl 

uptake was suppressed with 15 or 25 mM KCl. Both extremes of potassium concentration showed no 

clonogenic toxicity in the absence of 201Tl. Thus, preventing or reducing cellular uptake of the 201Tl by 

increasing potassium concentration in the medium prevented both the DNA damage and clonogenic 

toxicity of 201Tl. 
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2.6 Discussion 

201Tl is efficiently taken up by MDA-MB-231 cells and DU145 cells in standard incubation media ([K+] 

4.2-5.3 mM), achieving equilibrium at around 90 minutes with an estimated intracellular to 

extracellular 201Tl concentration ratio (in DU145 cells) in the range 40:1 to 53:1 (Supplementary 

materials:  Table S2.2 A and B), very similar to literature estimates for K+ ratios of 30:1 to 50:1 [110]. 

This ratio rises to 181:1 in potassium-free medium and collapses to 8:1 at elevated potassium levels 

(25 mM) (Supplementary materials: Table S2.2 C). These findings are consistent with the assumption 

that Tl+ mimics potassium in a biological environment. 201Tl efflux results showed exponential time-

dependent efflux when the incubation medium was replaced by 201Tl-free medium, returning to a new 

Figure 2.5 201Tl radiotoxicity – internal vs external 201Tl. A) 201Tl uptake in DU145 cells in PBS with different 
concentrations of K+ (0 mM to 25 mM) after 90 min incubation with 4000 kBq/mL of [201Tl]TlCl. B) Average 
number of foci per nucleus and C) clonogenic survival measured in DU145 cells after 90 min incubation with 

4000 kBq/mL of [201Tl]TlCl and 15 or 25 mmol/L KCl and various non-radioactive controls (NC 1-4). Data are 
presented as mean ± SD, n=3, triplicates, * indicates P ˂ 0.05. 

A B 

C 
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equilibrium with similar internal to external concentration ratio, suggesting that there is no significant 

irreversible binding mechanism for thallium ions inside cells in the short time scale of these 

experiments. The two efflux methods used confirmed that the chemical form of thallium is unchanged 

after entering the cell and the uptake mechanism is completely reversible, since the same ratios are 

preserved at every wash; and that only by the continuous efflux method can radioactivity be 

completely removed from the cells. Nevertheless, the high intracellular to extracellular concentration 

ratio achievable allowed evaluation of radiotoxicity of internalised 201Tl without having a specific 

tumour-targeted uptake mechanism.  

The radiotoxic effect of 201Tl uptake in both cell lines was assessed by measuring clonogenic survival 

and the average number of DNA damage foci per nucleus.  Treatment of both cell lines with 201Tl in 

standard incubation media caused a substantial reduction in the surviving fraction compared to non-

treated cells. Cells incubated with an equivalent volume of decayed [ 201Tl]TlCl did not show this effect, 

indicating that the toxicity was solely due to the radioactivity. The average intracellular activity per 

cell required to achieve 90% reduction in clonogenicity over 90 min was estimated as 0.29 Bq (DU145) 

and 0.18 Bq (MDA-MB-231). These levels of exposure were accompanied by nuclear DNA damage 

measurable by the γH2AX assay, which showed a significant increase in the nuclear DNA DSBs caused 

by 201Tl compared to negative controls.  Larger standard deviations when measuring nuclear DNA 

damage could be linked to a heterogeneous uptake of 201Tl among cells and/or its unequal subcellular 

distribution.  Factors such as a different cell passage number or different cell cycle phases within the 

population, might explain large variation in results between experiments. Although nuclear DNA 

damage might be an important factor leading to a reduction in clonogenic survival, we cannot exclude 

201Tl impact on other susceptible cellular targets, such us cell membrane or mitochondria, both of 

which have been linked to the toxicity of other Auger electron-emitting radionuclides [52].  Currently, 

the precise subcellular localisation of 201Tl in cancer cells remains unknown. 

In clonogenic survival studies on MDA-MB-231 cells we used 201Tl activity of 8000 kBq/mL in one 

experiment only as the lower activities used were considered high enough to cause at least 90% 

reduction in clonogenic survival necessary for the calculations and comparing with the other cell line.  

In toxicity control figures (Fig. 2.3 B and 2.4 B) showing that various components of decayed 201Tl 

material are not affecting 201Tl radiotoxicity, we aimed to use the maximum amount of the radioactive 

material (and its “cold” equivalent) to be able to observe the potential impact of non -radioactive 

thallium, if there was one. We therefore limited the number of experiments with higher 201Tl activities 

(4000-8000 kBq/mL) to DU145 (n=3) only or n=1 for MDA-MB-231. This is justified by repeatedly 

observing no impact of low thallium concentrations on cell toxicity and our efforts to reduce radiation 

expose caused by the higher doses of gamma radiation. 
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Based on the subcellular range of Auger electrons (<1 µm) [105] and their typically low energy, we 

hypothesised that 201Tl has to be internalised to exhibit its radiotoxic effect in cells and that the gamma 

and X-ray emissions do not contribute significantly to toxicity. To test this hypothesis, we needed a 

method to modulate 201Tl cellular uptake from the medium. Na+/K+-pump inhibitors ouabain or 

digoxin, known to be effective in blocking potassium uptake [114], in our experiments caused 

substantial baseline  cytotoxicity in tested cells. However, by varying the K + concentration in the 

incubation solution between 0 and 25 mM, we were able to achieve a range of 201Tl uptake values 

from 25.9% (0.8 Bq/cell) to 1.6% (0.05 Bq/cell), corresponding to intracellular to extracellular 

concentration ratios in the range 8:1 to 181:1 – a wider range than could be achieved with the cardiac 

glycosides – without affecting baseline clonogenic survival. When 201Tl uptake in cells was substantially 

suppressed by high K+ concentration in the medium, both the loss in clonogenic survival and the 

increase in DNA DSB caused by 201Tl were completely suppressed. This suggests that 201Tl needs to be 

transported inside cells to cause significant radiotoxicity. In the future, if 201Tl can be successfully 

incorporated into a targeted radiopharmaceutical, an optimal dose for the radionuclide 

administration can be established to achieve an effective therapeutic effect. Furthermore, an impact 

of low energy gamma and X-ray emission on patients and carers should be investigated to assess 

feasibility of this treatment. The same principle would apply to any other Auger electron-emitting 

radiopharmaceutical. 

The average of 0.18 Bq/cell for MDA-MB-231 and 0.29 Bq/cell for DU145 of intracellular 201Tl required 

to achieve 90% reduction in clonogenicity over 90 minutes is equivalent to around 1000-1600 decays 

per cell. This is less than half the number of decays per cell calculated for 111In and 67Ga-oxine 

complexes (3240 and 3600 decays per cell, respectively, over 60-minute incubation) required to obtain 

the same 90% reduction in clonogenicity in DU145 cells [116]. Although these experiments were not 

conducted under fully identical conditions, this result is consistent with the higher total energy and 

number of Auger and Coster-Kronig electrons per decay released by 201Tl (15.3 keV, 37 electrons) 

compared to 111In and 67Ga (6.7 keV, 14.7 electrons and 6.3 keV, 4.7 electrons, respectively) [117]. 

Because 201Tl effluxes quickly from the cell after the incubation period, whereas 111In and 67Ga do not, 

the nominal incubation time in the latter cases severely underestimates the actual exposure time, 

suggesting that 201Tl has a much higher radiotoxic potential per Bq.  

Our results are consistent with early work by Rao et al. and Kassis et al. [110,111] addressing potential 

radiobiological risk associated with diagnostic use of 201Tl, showing that decay of intracellular 201Tl is 

toxic, reducing clonogenicity and inducing DNA DSBs. At the same time, 201Tl decay presents little 

hazard to bystander cells that have not taken up the radionuclide. Although we have not compared 

this potency directly with other Auger electron-emitting radionuclides under consideration as 
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radiotherapeutics, it appears that 201Tl is more potent than 111In and 67Ga, consistent with the 

respective known number and energy of the emissions. Consequently, 201Tl is an attractive candidate 

radionuclide for further research in targeted Auger electron-emitter therapy. In addressing this goal, 

it will be necessary to overcome several limitations of the present work. First, while we have shown 

that 201Tl must be internalised to elicit significant radiotoxic effects, it is likely that different subcellular 

distributions will have greatly differing effects, since the range of the emitted electrons is much 

smaller than typical cell dimensions. Nothing is known about the subcellular distribution of 201Tl in the 

cell lines investigated here, nor of 67Ga and 111In in similar studies [116]; indeed, in general the role of 

subcellular location of radionuclides in determining toxic effects is poorly understood. A 

radiopharmaceutical containing 201Tl that is targeted both to cancer cells and to specific subcellular 

locations within them might be significantly more potent than [ 201Tl]TlCl. Moreover, ‘trapping’ 201Tl 

inside the cell will slow down its efflux and might further increase its radiotoxic potential. Despite the 

high potency, actualising therapeutic potential with 201Tl is currently more challenging than with other 

potential Auger electron emitters (67Ga, 111In, 125I etc.) because the chemistry required to incorporate 

201Tl into targeting molecules is underdeveloped - there are no satisfactory bifunctional chelators for 

thallium (I) or thallium (III). Here we have used physiological mimicry of potassium to achieve uptake 

in cells, but this has no specificity for cancer cells and probably has no specific targeting to subcellular 

structures. 

2.7 Conclusions 

201Tl showed significant radiotoxicity, damaging nuclear DNA and reducing clonogenic survival when 

internalised in both cancer cell lines used in this study, and had no significant effect if not internalised. 

These results warrant further investigation of 201Tl as a therapeutic radionuclide and the development 

of chelators to incorporate thallium into targeting molecules for specific delivery of 201Tl to cancer 

cells. 
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2.8 Supplementary materials 

2.8.1 Calibration line for [201Tl]TlCl. A series of standards was prepared by diluting 600 kBq/mL of 201Tl 

(measured by a dose calibrator - Capintec) in phosphate buffer solution (PBS) and their radioactivity 

was monitored by a gamma counter (CompuGamma, CS1282). All activities (0.3 - 600 kBq/mL) were 

measured in four technical replicates. Measurements with a dead time (DTIME%) value over 20% 

(marked red) were discarded as unreliable. The gamma counter result (as mean CPM – counts per 

minute) was plotted against known activity (kBq/mL) and a linear regression line was fitted with R2 

value of 0.9991. 201Tl calibration line was used to convert CPM into 201Tl activity required for the efflux 

assays calculations. 

2.8.2 203Tl in [201Tl]TlCl supplied (molar activity) 

Natural thallium is a mixture of two stable isotopes: 205Tl and 203Tl (natural abundance: 70.5% and 

29.5%, respectively). 201Tl is produced in a cyclotron from a solid target of natural thallium enriched in 

203Tl isotope [113] (Fig. S2.2 A). Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) analysis of a 

decayed sample of [201Tl]TlCl was performed to determine the presence of carrier 203Tl and other 

potential heavy metal contaminants. It confirmed the presence of an isotope with a mass to charge 

ratio of 203 (Fig. S2.2 B) with concentration averaging 0.8 ± 0.4 µmol/L (n=5 x triplicates) (Table S 2.1), 

indicating a molar activity in the range 77 – 240 GBq/µmol at the time of experiments. Neither this 

level of thallium nor other heavy metals (adventitious lead and the decay product 201Hg) were 

expected to cause toxic effects. 

Figure S2.1 Calibration line for [201Tl]TlCl. Average value of CPM (counts per minute) measured by a gamma 
counter is plotted against activity checked by a dose calibrator (kBq/mL). 

 

Activity (kBq/mL) Mean CPM SD DTIME%

600.0 2892485 67050 73.2

300.0 1567760 28284 51.4

150.0 801556 26553 29.2

75.0 399118 3934 16

37.5 197121 2164 8.5

16.3 96128 2228 4.5

10.0 58327 2095 2.9

5.0 29156 249 1.7

2.5 14423 872 1.1

1.3 7276 299 0.8

0.6 3481 334 0.6

0.3 1757 89 0.6R2=0.9991 
Y = 5339*X 
linear regression 
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A calibration line for 203Tl was prepared (Fig. S2.2 C) from a series of natural thallium standards (0.1-

200 µg/L) using a thallium solution (100 ppm, Leeman Labs Inc., Teledyne) diluted with 2% HNO 3 and 

0.1% HCl solution (Optima grade, Fisher Scientific). Decayed [201Tl]TlCl solution (0.3 mL, in triplicate) 

was diluted with 2% HNO3/0.1% HCl to 5 mL. Quality of the ICP-MS measurements was ensured 

through repeat measurements of blanks, an external calibrant and an external water reference 

material from High Purity Standards. The experiment was carried out at argon gas flow of 1 L/min and 

radiofrequency power of 1600W. 

 

 

Figure S2.2 203Tl in [201Tl]TlCl supplied. A) Schematic representation of 201Tl production and decay process. 201Tl 
is produced in a cyclotron, when the external beam of protons bombards a naturally occurring isotope of 203Tl. 

This nuclear reaction leads to the creation of 201Pb (half-life of 9.4 h), which decays by electron capture (EC) to 
201Tl (half-life of 73 h). 201Hg is a stable daughter of 201Tl. B) Inductively coupled plasma - mass spectrometry (ICP-
MS) analysis showing signal intensity versus isotopic mass/charge (m/z) ratio. Oxygen and sodium were 

identified, as well as a smaller peak for mass to charge ratio (m/z) = 203 indicating 203Tl - a cyclotron production 
process contaminant. Red colour for m/z 203 (203Tl) and m/z 205 (205Tl) indicate thallium natural abundance. 
Blue colour for m/z 203 shows non-natural abundance. Lead contamination was within the expected range. The 
amount of the isotope with m/z ratio of 201 (201Hg) was below the detection limit for this method. C) A calibration 

line showing concentrations of prepared TlNO3 standards (µg/L) plotted against 203Tl signal intensity in counts 
per second (CPS). Linear regression was fitted with R2 value of 0.9999. 

A 

B 

R
2
=0.9999 

Y = 25425*X 

linear regression 

C 
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2.8.3 201Tl kinetics in DU145 cells and MDA-MB-231 cells 

 

Figure S2.3 201Tl kinetics in DU145 cells and MDA-MB-231 cells. A) Uptake of 201Tl in MDA-MD-231 cells (n=1) 
after incubation with 200 kBq/mL [201Tl]TlCl in medium. These results were used to determine the best incubation 
time for subsequent radiobiological experiments. B) 201Tl uptake in DU145 cells after 90 min incubation with 80 
kBq/mL [201Tl]TlCl and different concentrations of KCl in PBS without K+ (n=1), showing that KCl solution can 

efficiently modulate 201Tl uptake. C) Efflux of 201Tl in MDA-MD-231 (n=1) cells. Plateau uptake from the preceding 
uptake assay is defined as 100% at time 0. Radioactive medium was replaced with non-radioactive and 201Tl activity 
was measured over time.  D) Activity (Bq) of 201Tl bound per cell in DU145 cells (n=2) and MDA-MD-231 cells (n=1) 

after radioactive medium was replaced repeatedly with non-radioactive medium over time, performed on the 
same cells in quadruplicates. Activity bound per cell at 0 min is the activity bound in a preceding uptake assay.  

 

A B 

C D

Batch 
Average concentration 

(μmol/L) 
SD 

1 0.75 0.02 

2 1.14 0.03 

3 0.45 0.003 

4 0.35 0.06 

5 1.29 0.02 

Average 0.80 0.41 

 

Table S2.1 Inductively coupled plasma - mass 
spectrometry (ICP-MS) quantification analysis 
of five different batches of decayed [201Tl]TlCl 

solution showing concentrations (μmol/L) for 
isotopic mass/charge (m/z) ratio of 203, 
indicating the concentration of 203Tl - a cyclotron 
production process contaminant. [201Tl]TlCl was 

obtained as 0.9% NaCl solution; 360 - 560 
MBq/5.8 mL. 
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A 

 

Time of 
incubation (min) 
with 200 kBq/mL 
of 201Tl  in RPMI 

medium 

Average 201Tl 
concentration 

(kBq/µl) ± SD inside 
DU145 cells, n=3 

Average 201Tl 
concentration 

(kBq/µl) ± SD in 
external medium, 

n=3 

Internal to 
external 201Tl 

concentration 
ratio, n=3 

30 7.59 ± 3.03 0.19 ± 0.01 40 

60 8.86 ± 3.32 0.19 ± 0.01 47 
90 9.16 ± 3.55 0.19 ± 0.01 49 

120 9.09 ± 3.40 0.19 ± 0.01 49 

180 9.89 ± 3.25 0.19 ± 0.01 53 

a 

 

Concentration (mmol/L) 
of K+ in the incubation 

solution (90 min 
incubation with 4000 

kBq/mL 201Tl) 

Average 201Tl 
concentration 
(kBq/µl) ± SD 

inside DU145 cells, 
n=3 

Average 201Tl 
concentration 

(kBq/µl) ± SD in 
external solution, 

n=3 

Internal to 
external 201Tl 
concentration 

ratio, n=3 

0  537.75 ± 51.42 2.96 ± 0.07 181 
15  45.62 ± 7.74 3.91 ± 0.01 12 
25  32.76 ± 11.07 3.94 ± 0.02 8 

 

Table S2.2 Average ratio of intracellular to extracellular concentrations of 201Tl and K+. Average ratio of 

intracellular to extracellular concentrations of 201Tl and K+ A) DU145 cells incubated for 30 – 180 min with 200 

kBq/mL of [201Tl]TlCl in RPMI medium. B) DU145 incubated with various 201Tl activities ranging between 200 and 
8000 kBq/mL for 90 min in RPMI medium. C) DU145 incubated for 90 min with 4000kBq/mL of [201Tl]TlCl in PBS 
without K. The intracellular to extracellular concentrations ratio of 201Tl was calculated using the uptake 
experiments results (n=3) in DU145 cells. Experimental DU145 intracellular volume, measured by diffusion NMR 

spectroscopy [112] was taken from literature as 1.6 pL.  

 

 

 

 

 

Activity of 201Tl  (kBq/mL) 
added (90 min 

incubation) in RPMI 
medium 

Average 201Tl 
concentration 
(kBq/µl) ± SD 

inside DU145 cells, 
n=3 

Average 201Tl 
concentration 

(kBq/µl) ± SD in 
external medium, 

n=3 

Internal to 
external 201Tl 
concentration 

ratio, n=3 

200 9.61 ± 2.87 0.18 ± 0.01 53 
400 18.18 ± 5.94 0.36 ± 0.02 50 
1000 43.43 ± 13.92 0.91 ± 0.04 48 
2000 82.29 ± 26.16 1.83 ± 0.07 45 
4000 165.32 ± 53.13 3.67 ± 0.15 45 
8000 324.91 ± 114.75 7.35 ± 0.31 44 

 

Time of incubation (min) 
with 200 kBq/mL of 201Tl  

in RPMI medium 

Average 201Tl 
concentration 
(kBq/µl) ± SD 

inside DU145 cells, 
n=3 

Average 201Tl 
concentration 

(kBq/µl) ± SD in 
external medium, 

n=3 

Internal to 
external 201Tl 
concentration 

ratio, n=3 

30 7.59 ± 3.03 0.19 ± 0.01 40 
60 8.86 ± 3.32 0.19 ± 0.01 47 
90 9.16 ± 3.55 0.19 ± 0.01 49 

120 9.09 ± 3.40 0.19 ± 0.01 49 
180 9.89 ± 3.25 0.19 ± 0.01 53 

 

A 

B 

C 
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2.8.4 Impact of cardiac glycosides on 201Tl uptake and cell survival 

To compare the radiotoxicity caused by 201Tl present in the extracellular medium and those inside 

cells, 201Tl uptake needed to be substantially reduced. Cardiac glycosides (ouabain, digoxin) are known 

to efficiently block the Na+/K+-ATPase pump [114] and were found to decrease the amount of 

internalised 201Tl in DU145 cells by 59.5 - 83.9% (Fig. S2.4 A), but they also caused a 56.8 - 98.9% 

reduction in baseline clonogenic survival (Fig. S2.4 B), therefore alternative methods to control 201Tl 

uptake were sought.  Digoxin (0.5 mg/2 mL solution) for intravenous injection (Aspen) was diluted 

with 0.9% NaCl to the required concentration. Ouabain solutions were prepared by dissolving ouabain 

octahydrate in 0.9% NaCl. 

 

 

 

 

 

 

 

Figure S2.4 Impact of cardiac glycosides on 201Tl uptake and cell survival. A) 201Tl uptake in medium measured 

in DU145 cells after 90 min incubation with 80 kBq/mL of [201Tl]TlCl and different concentrations of digoxin (0.5 
- 5 μmol/L) or ouabain (0.01 – 1 mmol/L in 0.9% NaCl). B) Clonogenic toxicity of cardiac glycosides expressed as 

surviving percentage measured in DU145 cells after 90 min incubation with 5 µmol/L of digoxin or 0.01 - 1 mmol/L  
of ouabain in medium. Cells were not exposed to 201Tl in these experiments. Data are presented as mean ± SD, 
n=1, experiments were performed in triplicates. 

 

B A 
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2.8.5 201Tl radiotoxicity – nuclear DNA damage  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2.5 201Tl radiotoxicity – nuclear DNA damage. Exemplar confocal microscopy images (100x) of A) 
DU145 cells and B) MDA-MB-231 cells incubated for 90 min with 0.9% NaCl (negative control) or 200 – 8,000 
kBq/mL [201Tl]TlCl, followed by immunofluorescence staining for γH2AX (green). Nuclear DNA is stained with 
Hoechst (blue); minimum 25 cells visible, Z-stack size was kept constant throughout all experiments; for the 

AlexaFluor green fluorescence: smart gain (SG) and smart offset (SO) were kept constant for all condition s in 
the experiment. Scale bar – 25 μm.  
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Chapter 3: Prussian Blue nanoparticles (PBNPs) for nanoscale-mediated delivery of 201Tl to cancer 

cells 

 

3.1 Introduction 

Thallium salts are considered one of the most toxic substances, with lethal doses in adults typically 

ranging from 10 to 15 mg/kg [118]. Because both thallium (Tl+) and potassium (K+) ions have a single 

positive charge and similar ionic radii (Tl+- 164 pm vs K+ - 152 pm), thallium can disrupt potassium-

dependent processes. Numerous studies on toxicity in animals and humans have shown that thallium 

can be rapidly absorbed through various routes such as the skin, gastrointestinal tract, and respiratory 

system. It then quickly distributes throughout the body, including the kidneys, liver, intestines, heart, 

and brain, before being excreted in urine and faeces [86]. Symptoms of thallium poisoning are diverse 

and often nonspecific, affecting multiple organs. The most common symptoms include 

gastrointestinal disorders, hypertension, arrhythmia, respiratory difficulties, encephalopathy, and hair 

loss. In severe cases, thallium poisoning can lead to fatal cardiac and respiratory failure [119].  

A recognised antidote for thallium poisoning is Prussian blue (PB), which received approval from the 

US Food and Drug Administration in 2003 under the name Radiogardase for its application in patients 

with radioactive thallium and caesium poisoning. It is also used in medical settings to treat non-

radioactive thallium intoxication [118]. PB was first synthesised in the 18th century to be used as a 

dye, and over the years, it has been known by different names such as Iron blue, Chinese blue and 

Paris blue. Depending on the conditions of preparations, PB is often categorised into two group s: 

insoluble PB and soluble PB, which can be dispersed in water. Chemically, insoluble PB can be 

described as ferric hexacyanoferrate (II) with an empirical formula of Fe (III)
4[Fe(II)(CN)6]3 * xH2O, where 

x = 14 - 16. Its simplified crystal structure and formula are shown in Figure 3.1.  

Figure 3.1 The crystal structure and structural formula of Prussian blue. For simplicity, water molecules 
coordinated to Fe (II) sites (coordinative water) and the water molecules inside interstitial cavities (zeolitic water) 

are not shown [120].  
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Soluble PB can form colloids in aqueous conditions and has a formula represented as 

AFe(III)
4[Fe(II)(CN)6]3 * xH2O, where x = 1 - 5 and A is a monovalent cation, such as K+, Na+ or NH4

+ [120]. 

PB molecules form a face-centred cubic crystal structure, in which Fe (II) and Fe (III) ions are connected 

via cyano bridges. The characteristic blue colour of PB arises from an intervalent charge transfer of an 

electron transferring from Fe (II) to Fe (III).  

Prussian blue exhibits high affinity for thallium, effectively binding it through mechanisms that include 

ion-exchange, adsorption, and mechanical entrapment within its crystal lattice. In the ion-exchange 

mechanism, thallium may replace hydrogen ions from water molecules (H3O+), often referred to as 

hydronium ions, which are bound within the PB crystal structure [121]. Alternatively, in the presence 

of monovalent cations resulting from using specific reagents and synthetic methods, ion exchange 

may occur with alkali metal impurities like sodium, potassium or ammonium. It has been estimated 

that the maximum binding capacity of insoluble PB for thallium is approximately 1400 mg/g, 

depending upon factors such as particle size, pH and moisture content [122]. When administered 

orally for thallium poisoning, PB acts by binding to unabsorbed thallium within the intestines, thereby 

diminishing the concentration gradient and leading to a decrease in overall thallium accumulation 

within the body. It is worth noting that both the in vitro and in vivo binding of thallium to PB can be 

influenced not only by the specific chemical composition of PB but also the size and structure of the 

crystal lattice, with smaller size crystals having better binding properties [123]. 

Recently, PB has gained more attention in the scientific community as it can be easily assembled into 

a diverse range of nanoparticles of different shapes and sizes [124], which possess unique 

physicochemical properties, including porosity and ion-binding capability, a high redox potential, and 

the flexibility of structural modification through metal cation exchange and creating PB analogues. 

Consequently, Prussian blue nanoparticles (PBNPs) have found wide -ranging applications and have 

been studied extensively as ion exchange materials [125], ion batteries [126], photomagnets [127], 

electrochemical sensors and biosensors [128,129]. Moreover, their water-dispersibility and 

biocompatibility encouraged exploration in biomedical research, where PBNPs serve as drug carriers 

[130], contrast agents for techniques such as magnetic resonance imaging [131], photoacoustic 

imaging [132], nanoenzymes [133] and in photothermal therapy [134].   

The use of nanoparticles as effective carriers for targeted delivery of radionuclides to tumour cells is 

a promising avenue in modern cancer therapy. The ability to create nanoparticles with precise control 

over their shape and size, surface charge or electromagnetic properties, coupled with the adjustability 

and functionalisation of the surface coating, enabled researchers to tailor nanoparticles (NPs) design 

for specific biomedical application. While active targeting strategies are frequently employed, 
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instances exist where passive accumulation through the enhanced permeability and retention (EPR) 

effect have proved very efficient [135]. Utilising nanoparticles for the delivery of radionuclides, 

whether for diagnostic or therapeutic applications, proves highly advantageous. This approach serves 

to improve the pharmacokinetics of the radionuclide, enhance its stability and solubility, control the 

release of the radionuclide or enable the creation of multimodal imaging or theranostic 

radiopharmaceuticals. 

Prussian blue nanoparticles have been used for 201Tl delivery for diagnostic purposes mostly to alter 

its biodistribution and imaging properties.  It has been reported that ultrasmall PBNPs coated with 

aminopolyethylene glycol or glucose-functionalised aminotriethyleneglycol ligands can be successfully 

radiolabelled with 201Tl and showed accumulation in lungs after 1 h 20 min and in liver after 3 h 20 min 

when tested in vivo, while typical biodistribution for unbound 201Tl at these timepoints is in kidneys.  

This study has proved that the biodistribution of 201Tl-PBNPs is significantly different from the unbound 

201Tl and depends on the surface coating [136].  201Tl-radiolabelled citric acid - coated PBNPs were 

investigated for a potential use as contrast agents for dual SPECT/MRI imaging. The radiolabelling yield 

for these nanoparticles was over 98% [137]. In another study, the impact of different coatings, 

including dextran and phospholipid bilayer, as well as variations in the nanoparticle core morphology, 

were explored in relation to the biodistribution of 201Tl-PBNPs with a view towards their use as SPECT 

nanoprobes [138]. The in vivo biodistribution of 201Tl can be significantly altered by modifying the size, 

composition, and surface characteristics of PBNPs. However, it is important to note that, up to this 

point, there have been no published studies examining the radiotoxic effects of 201Tl when bound to 

PBNPs or proposing the use of 201Tl-PBNPs as a potential strategy for cancer radiotherapy.  

While stable isotopes of thallium can be highly toxic in biological systems when present in milligram 

quantities, it is crucial to recognise that thallium does not exhibit any toxicity when found in trace 

amounts, as is the case with [201Tl]TlCl. As demonstrated in chapter 2, when prostate and breast cancer 

cells were exposed to concentrations of 203TlCl equivalent to those found in the radioactive sample 

(on average: 0.8 ± 0.4 µmol/L), no clonogenic toxicity was observed. 

 

3.2 Aims 

The primary objective of the research presented in this chapter is twofold: firstly, in the absence of 

satisfactory chelation systems for conjugation of thallium to targeting molecules [99], to design 

nanoparticles with the capability to efficiently deliver radioactive thallium (I) ( 201Tl+) into cancer cells; 

and secondly, to increase the 201Tl internal retention time (and hence, radiation dose delivered) within 

these cells in comparison to unbound thallium (I) chloride.  
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To achieve this, Prussian blue was selected based on its known affinity and capacity for adsorbing 

thallium (I) ions. Two types of Prussian blue nanoparticles (PBNPs) with different coatings were 

synthesised, fully characterised, radiolabelled with 201Tl and examined to explore the impact on 

cellular uptake, intracellular retention, and most importantly, the radiotoxic effect. A comparative 

assessment between the radiotoxic effects induced by 201Tl bound to nanoparticles and unbound 

thallium was performed, aiming to establish whether the nanoparticle formulation or its subcellular 

distribution have a significant impact on the radiotoxicity of 201Tl. The subcellular localisation of the 

two types of synthesised PBNPs and unbound 201Tl is explored in more detail in chapter 4. 

Additionally, a pivotal aspect of this investigation encompassed an in vivo analysis to determine 

whether the PBNPs can enhance the retention of 201Tl, considering its rapid efflux in the unbound 

form, and therefore increase the radiotoxicity of 201Tl in tumours.  

 

3.3 Materials and methods 

Cell culture consumables and chemicals, unless otherwise specified, were purchased from Sigma-

Aldrich, UK. [201Tl]TlCl in sterile 0.9% NaCl solution (280 - 580 MBq/5.8 mL) was obtained from Curium 

Pharma, France.  

3.3.1 Prussian blue nanoparticles’ synthesis: The synthetic method and purification process of citric 

acid-coated Prussian blue nanoparticles (caPBNPs) were adapted and optimised from a previously 

published work [137]. In brief, 105 mg of citric acid (as monohydrate, 0.5 mmol) was added to 20 mL 

of 1 mM aqueous FeCl3 solution, heated to 60 - 65°C and then 20 mL of 1 mM aqueous K4[Fe(CN)6] 

(Alfa Aesar) with 105 mg citric acid was added dropwise over 10 min. The suspension was left for 

another minute stirring at 60 - 65°C and then cooled down to room temperature (RT). To purify the 

nanoparticles, 40 mL of caPBNPs suspension was moved to Amicon® filter tubes (15 mL, 30,000 

MWCO) and centrifuged at 4,200 rpm for 10 min (Rotina 380R, Hettich). The filtrate solution was 

discarded and caPBNPs were resuspended with MilliQ water and centrifuged again. This process was 

repeated twice. CaPBNPs were re-suspended in 5 mL of MilliQ water (to a concentration 

approximately 1 mg/mL); pH: 6-7. To obtain dry powder, caPBNPs in aqueous suspensions were 

freeze-dried at -54°C, 0.1 mbar (LTE Scientific™ Freeze Dryer Lyotrap). The synthesis for chitosan-

coated Prussian blue nanoparticles (chPBNPs), together with the purification process, was performed 

and optimised by Dr Juan Pellico, KCL,  based on a previously published article [139]. Chitosan solution 

(0.1 mg/mL in 0.5 M HCl) was stirred for 1 h at RT and filtered through a 0.45 µm filter. Then, 5 mL of 

1 mM K3Fe(CN)6 aqueous solution was added to 20 mL of chitosan solution in water at RT while stirring. 

After 30 min, 5 mL of 1 mM FeCl2*4H2O was added dropwise to the above mixture and left stirring for 
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1 h at RT. Finally, 50 mL of acetone was added, and particles were collected by centrifugation at 4,000 

rpm for 10 min. ChPBNPs were washed with a mixture of 0.5 M HCl and 0.5 M acetone (20:80 v/v) 

twice and collected by centrifugation.  

 

 3.3.2 Prussian blue nanoparticles incubation with non-radioactive thallium: 2.5 mL of either 

caPBNPs or chPBNPs suspension in water (typical concentration:  1 mg/mL and 0.5 mg/mL, 

respectively) was added to 2.5 mL TlCl aqueous solution (2000 mg/L), mixed and kept at RT for 3 h. 

Then, the suspension of Tl-PBNPs was moved to Amicon® filter tubes (0.5 mL, 10,000 MWCO), 

centrifuged at 12,000 rpm for 5 min, resuspended with MilliQ water and centrifuged again. This 

process was repeated three times. To obtain dry powder, the Tl-PBNPs aqueous suspension was 

freeze-dried at -54°C, 0.1 mbar (LTE Scientific™ Freeze Dryer Lyotrap) for a minimum of 16 h. A 

schematic representation of both types of synthesis, followed by the incubation of nanoparticles with 

TlCl or [201Tl]TlCl, is presented in Figure 3.2. 

 

Figure 3.2 Schematic representation of the synthesis of PBNPs. A) caPBNPs and B) chPBNPs synthesis and the 
subsequent incubation with TlCl and [201Tl]TlCl.  

A 

B 
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3.3.3 Physicochemical characterisation: surface charge (zeta potential) and dynamic light scattering 

(DLS) size measurements were carried out using a Zetasizer Nanoseries ZS90 instrument (Malvern 

Instrumentals Ltd) equipped with He-Ne laser (λ = 633 nm). Before the analysis, samples of caPBNPs 

and chPBNPs (concentration:  1 mg/mL and 0.5 mg/mL, respectively) were diluted 8 times with MilliQ 

water and sonicated for 10 min. Transmission electron microscopy (TEM) was performed to visualise 

the morphology of nanoparticles and assess their size, using  a JOEL JEM 1400 Plus transmission 

electron microscope (Dr Pedro Machado, Centre for Ultrastructural Imaging, KCL, and Dr Saskia 

Bakker, Advanced Bioimaging Research Technology Platform, University of Warwick). Size distribution 

was measured as a diameter using ImageJ software, n > 200.  UV-Vis spectroscopy analysis was 

performed using a NanoDrop 2000c Spectrophotometer, absorption range: 190 - 840 nm (Thermo 

Scientific). 1 µL of a diluted suspension of PBNPs was pipetted onto a measurement pedestal and 

Nanodrop software was used to analyse the data. For Fourier transform-infrared spectroscopy (FT-IR) 

analysis, samples in crystal and powder form were analysed, using either Bruker Alpha-I FT-IR 

spectrometer (caPBNPs; analysis done by Anca Frinculescu, TICTAC Communications Ltd., St. George’s 

University of London using Bruker Optics Ltd.) or Frontier IR/NIR systems (Perkin Elmer). Spectra were 

generated at RT in the mid-IR region (4,000 - 400 cm−1). Elemental analysis (EA) of caPBNPs as the 

freeze-dried powder (with and without thallium loading) was done by Medac Ltd. Carbon, hydrogen 

and nitrogen % mass (wt %) was determined by the quantitative dynamic flash combustion method 

using the FlashEA® 1112 Elemental Analyzer. The instrument was calibrated with the analysis of 

standard compounds using the linear regression method incorporated in the EAGER300™ software. 

For the thallium and iron analysis, inductively coupled plasma - optical emission spectroscopy analysis 

(ICP-OES, Varian Vista MPX ICP-OES system) was performed. The sample was digested with nitric acid 

and sulfuric acid on a hotplate. A calibration curve was prepared using serial dilutions of the standard 

solution. The concentration of metal in the sample solution was calculated by running the sample 

solution against the calibration curve. The X-ray diffraction analysis (XRD) and small-angle X-ray 

scattering (SAXS) analysis were done by Dr Steven Huband at the X-ray Diffraction Research 

Technology Platform (University of Warwick). Thermogravimetric analysis (TGA) was carried out by Dr 

Daniel Lester at the Polymer Characterisation Research Technology Platform, University of Warwick. 

XRD measurements were made on a 3rd generation Malvern Panalytical Empyrean equipped with 

multicore (iCore/dCore) optics, a Co kα source and a Pixcel3D detector operating in 1D receiving slit 

mode. Grazing incidence measurements with an incidence angle of 0.5° were made in the range 15–

90° (2θ) with a step size of 0.04°. The caPBNPs samples were measured in reflection, while chPBNPs 

samples needed to be held between Kapton windows and measured in transmission. The TGA data 

was recorded on a Mettler Toledo TGA/DSC 1, running in a nitrogen atmosphere with a flow rate of 
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50 mL/min. The samples were prepared in 70 µL pans and subjected to a temperature profile of 40 - 

1000⁰C at a ramp rate of 70⁰C min-1. SAXS analysis was performed using a Xenocs Xeuss 2.0 equipped 

with a micro-focus Cu Kα source collimated with Scatterless slits. The scattering was measured using 

a Pilatus 300k detector. The associated modelling worked on an assumption that the nanoparticle core 

consists of Prussian blue and the shell consists of 50% H2O and 50% citric acid or chitosan. The 

nanoparticles were modelled as spheres. 

3.3.4 Radiolabelling with 201Tl: [201Tl]TlCl (30-1000 kBq) was added to 250 µL of the aqueous 

suspension of caPBNPs or chPBNPs (1 mg/mL and 0.5 mg/mL, respectively), mixed and incubated at 

RT for various amount of time (5 - 180 min). ChPBNP were also subjected to radiolabelling at increased 

temperature (37 - 70°C) for varying durations in order to accelerate and increase the efficacy of the 

radiolabelling process. Radiolabelling efficiency (RE) was determined by thin layer chromatography 

(TLC); if RE was under 90%, the 201Tl-PBNPs mixture was purified by centrifugation at 12,000 RPM for 

5 min using Amicon® filter tubes (0.5 mL, 10,000 MWCO) and resuspended with MilliQ water. This 

process was repeated three more times. For the TLC method,  1-3 µL of [201Tl]TlCl (control) and 201Tl-

caPBNPs or 201Tl-chPBNPs was spotted on 10 cm long cellulose paper strips (Whatman), dried at RT 

and developed in 10 mM EDTA salt solution (ethylenediaminetetraacetic acid disodium salt, 

dihydrate). TLC papers were visualised by PhosphorImager (Amersham Typhoon) and analysed with 

Amersham Typhoon Software (Fig. 3.12). Rf values were 1 for 201Tl and 0 for 201Tl-PBNPs.  

3.3.5 Radiolabelling stability: 50 µL of aqueous suspensions of purified 201Tl-caPBNPs or 201Tl-chPBNPs 

(concentration: 0.5 mg/mL and 0.25 mg/mL, respectively) were added to 50 µL of either human serum 

(H4522), RPMI-1640 medium or MilliQ water and kept at RT and 37⁰C for 24 h, 72 h and 7 days. After 

each time point, radiolabelling efficiency was assessed by TLC. To assess the stability in 0.9% NaCl and 

5-150 mM KCl solutions, 50 µL of 201Tl-caPBNPs or 201Tl-chPBNPs aqueous solution (concentration: 0.5 

mg/mL and 0.25 mg/mL, respectively) was centrifuged at 12,000 rpm for 5 min using Amicon® filter 

tubes (0.5 mL, 10,000 MWCO), resuspended with 50 µL of 0.9 % NaCl or 5-150 mM KCl solutions and 

kept at RT for 24 h, 72 h and 7 days, followed by RE (%) assessment by the TLC method.  

3.3.6 Cell culture: Human breast adenocarcinoma cells MDA-MB-231 (ATCC® HTB-26™) were cultured 

in Dulbecco’s Modified Eagle Medium (DMEM, low glucose 1000 mg/L). Human prostate cancer cells 

DU145 (ATCC® HTB-81™), human lung cancer cells A549 (ATCC® CCL-185™) and human ovarian cancer 

cells SKOV3 (ATCC® HTB-77™) were cultured in RPMI-1640 medium. Both media were supplemented 

with 10% fetal bovine serum, 5% L-glutamine, penicillin (100 units) and 100 μg/mL streptomycin. 

Cultured cells were trypsinised and seeded at 250,000 cells per well in 24-well plates 16 hours before 

each experiment and grown at 37°C in a humidified 5% CO2 atmosphere. 625 mM KCl solutions, 
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prepared by dissolving KCl (BDH Laboratory) in 0.9% NaCl, were added to medium to inhibit unbound 

201Tl uptake (final KCl concentration: 25 mM; described elsewhere [140]). All cell lines were tested for 

the presence of mycoplasma at least monthly (PCR test, Eurofins).  

3.3.7 Cellular uptake and efflux: Cells were prepared in multi-well plates as described above. Fifteen 

minutes before each experiment the medium in each well was replaced by 200 µL fresh medium. To 

some wells, 10 µL of 625 mM KCl solution was added (to a total of 200 µL volume). To measure  201Tl 

uptake, stock [201Tl]TlCl solution or 201Tl-caPBNPs/201Tl-chPBNPs were diluted with water to the 

required concentration (0.6 – 20 kBq/µL) and 50 µL was added to each well. Plates were incubated at 

37°C for a specified period. Then, the radioactive incubation solution was collected, adherent cells 

were briefly washed thrice with PBS and lysed with 1 M NaOH for 15 min at RT. Unbound radioactivity 

(incubation medium and PBS washings) and cell-bound radioactivity (lysate) were measured with a 

CompuGamma CS1282 gamma counter (counts per minute, CPM, energy window: 81-110). Empty 

plates were checked for any excessive activity attached to the plastic at the end of each experiment 

using a Berthold monitor. 

To measure the rate of efflux of 201Tl or 201Tl-caPBNPs/201Tl-chPBNPs, cells were first incubated at 37°C 

for 3 h with 50 kBq 201Tl or 201Tl-PBNPs in 250 µL medium, which was then removed. Adherent cells 

were washed briefly with 250 µL PBS and 250 µL of fresh non-radioactive medium was added to each 

well. Cells were incubated for varying durations (from 15-180 min) at 37°C, after which medium was 

collected and cells washed, lysed and activity inside cells measured as described above. To compare 

201Tl uptake and efflux in cancer cells with and without PBNPs, 50 µL of caPBNPs (0.5 mg/mL) or 

chPBNPs (0.25 mg/mL) was added to A549 cells in 200 µL medium and incubated for 16 h, then washed 

thrice with PBS. 200 µL fresh medium and 50 µL of stock [201Tl]TlCl (50 kBq) were added and incubated 

at 37°C for 90 min. After this time, the protocols for uptake and efflux were followed. The continuous 

washout experiment involved repeated medium changes on the same cells. In brief, after incubation 

with 30 kBq 201Tl, 201Tl-caPBNPs or 201Tl-chPBNPs as above, replacing radioactive medium with fresh 

medium and allowing a further 15 minutes of efflux, medium was again removed, cells were washed  

once with PBS and fresh medium added. This process was repeated 4 times at intervals from 15-60 

min. After 180 min cells were lysed and 201Tl activity measured as described above, converting CPM to 

activity by means of a calibration curve. The retained activity was expressed as a percentage of the 

activity found inside cells at each timepoint compared to the activity accumulated inside cells at the 

beginning of the experiment.  

Figure 3.3 illustrates a schematic representation of the procedures for uptake and efflux assays 

conducted on cancer cells incubated with [201Tl]TlCl and 201Tl-PBNPs. 
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Figure 3.3 Schematic representation of the uptake and efflux assays comparing cancer cells incubated with 
[201Tl]TlCl and 201Tl-PBNPs.  
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3.3.8 Radiotoxicity:  Clonogenic assays were carried out to assess the reproductive viability of cancer 

cells after exposure to 201Tl, 201Tl-caPBNPs and 201Tl-chPBNPs, as well as different concentrations of 

non-radioactive caPBNPs and chPBNPs. 50 µL of 250-1,000 kBq [201Tl]TlCl, 201Tl-caPBNPs/201Tl-chPBNPs 

or non-radioactive PBNPs, were added to A549 cells in 200 µL medium. To some wells, 10 µL of 625 

mM KCl solution was added (to a total of 250 µL volume, final KCl concentration – 25 mM). After 3 h, 

the radioactive incubation solution was removed, cells were washed thrice with PBS, trypsinised, re -

suspended in non-radioactive medium, seeded at 1,000 cells/well in a 6-well plate and cultured for 5-

8 days, changing medium every 2-3 days. Colonies were fixed and stained with 0.05% crystal violet in 

50% methanol and counted manually, defining colonies as containing >50 cells. Uptake experiments 

were done simultaneously to calculate activity per cell necessary to achieve 50 and 90% reduction in 

clonogenic survival. A linear quadratic survival model was used for calculations. A γH2AX assay was 

used to estimate the DNA damage due to 201Tl radiation. A549 cells were seeded on coverslips coated 

with poly-L-lysine (50 µg/mL) placed in each well of a 24-well plate. Following a 3 h incubation with 50 

µL of [201Tl]TlCl or 201Tl-caPBNPs/201Tl-chPBNPs solutions (1000-4,000 kBq/mL), medium was removed 

and coverslips were washed with PBS, fixed with 3.7% formalin in PBS, treated for 15 min with 0.5% 

Triton X-100® and 0.5% IGEPAL CA-630® solution, incubated with 1% goat serum/2% bovine serum 

albumin (BSA) in PBS for 1 h, washed with PBS, incubated overnight at 4°C with mouse antiphospho-

histone H2A.X monoclonal antibody (Merck, 1:1600 in 2% BSA), washed with 2% BSA in PBS and 

incubated with goat anti-mouse secondary fluorescent antibody Alexa Fluor®488 (Invitrogen, 1:500 in 

PBS) for 2 h at 4°C. Cells were stained and mounted with ProlongTM Gold Antifade Reagent with DAPI 

(Invitrogen). A TCS SP5 confocal microscope with Leica software was used to obtain fluorescent images 

and CellProfiler was used to quantify numbers of foci per nucleus.   

3.3.9 In vivo study with chPBNPs: chitosan coated - PBNPs were synthesised as described earlier and 

radiolabelled with [201Tl]TlCl at 70°C for 1 h (final chPBNPs concentration: 0.25 mg/mL, activity 

concentration: 43 MBq/mL). [201Tl]TlCl for the control group injected with unbound thallium was 

obtained by diluting the stock solution with 0.9% NaCl to the required activity concentration. Cell 

culture and tumour inoculation: human lung cancer cells (A549) were cultured and harvested as 

described earlier. The cell suspension in PBS was prepared at a concentration of 20 x 106 cells/mL. All 

animal experiments were performed in accordance with the UK Home Office Animals (Scientific 

Procedures) Act 1986. Ten female BALB/C nu/nu mice (8 weeks old) were purchased form Charles 

River Laboratories (UK). After one week of acclimatisation at the Biological Service Unit (St. Thomas’ 

Hospital), the animals were subcutaneously injected with 2x106 A549 cells (100 μL) in the left flank 

below the shoulder (under brief anaesthesia: 2.0% isoflurane, O2 flow rate of 1.0 L/min) and monitored 

for the health status, weight and tumour size. Tumours were measured twice weekly using an 
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electronic calliper until they reach the size appropriate for an intratumoral injection (tumour volume 

larger than 50 µL). The tumour volumes were calculated using the formula V=(w 2xl)/2 (where ‘w’ is 

the tumour width and ‘l’ is the length, measured by a calliper) [141]. After 5 weeks, 9 out of 10 mice 

developed tumours with an average volume of 252.7 ± 104.9 µL, while in one mouse the tumour 

became reabsorbed after 2 weeks. SPECT/CT imaging: mice were randomised across 2 groups: the 

control group, where 4 mice were injected with 201Tl as [201Tl]TlCl, and 201Tl-PBNPs group, with 5 mice 

injected with 201Tl-chPBNPs. SPECT/CT imaging was done for 3 mice at each group, whereas the 

remaining mice were used only for the biodistribution study. Mice were anaesthetised with 2.0% 

isoflurane (VetTech Solutions,Ltd) at a O2 flow rate of 1.0 L/min, and 0.4-0.5 MBq of 201Tl or 201Tl-PBNPs 

in 10 µl volume was slowly injected into the tumours. After 1 h under anaesthesia, 3 mice from the 

group were imaged with the SPECT/CT scanner (NanoScan SPECT/CT 80W, Mediso Ltd., Budapest, 

Hungary) using the standard mouse whole body collimator (APT63) with 64 pinholes and acquisition 

software NuclineTM version 3.04.025. The scanner was calibrated for 201Tl before the experiment 

(activity calibration factor 1.61062). Three mice were scanned simultaneously using a 3-mouse hotel 

and counts were acquired using a dual energy window: 72.30 keV ± 10% and 167.40 keV ± 10%. SPECT 

image reconstruction was performed in Tera-TomoTM 3D SPECT reconstruction software using 

Regularised OSEM reconstruction with the following settings: TT3D high dynamic range, regularisation 

= medium, matrix size: 128x128, iterations: 48, subsets: 3, Monte Carlo quality: medium, attenuation 

and scatter correction and 0.5 mm isotropic voxel size. Subsequently, a helical CT acquisition was 

performed with 360 projections, pitch 1.0, 50 kVp, 980 mA, exposure time 170 ms, binning 1:4. The 

data were reconstructed in NuclineTM version 3.04.025 using Filtered Back Projection (filter type: 

cosine) with isotropic voxel size of 0.25 mm. Decay correction was applied to time of injection. Mediso 

automated bed removal was applied using FusionTM software version 3.09.008 (Mediso). After  

SPECT/CT scanning, mice were allowed to recover from anaesthesia. All mice were re-anaesthetised 

and re-scanned by SPECT/CT at 24 h and 48 h post injection. When the 48 h scanning procedure was 

completed, mice were culled by humane killing method under Schedule 1 of the Animals (Scientific 

Procedures) Act 1986 (by dislocation of the neck and permanent cessation of circulation as a 

confirmation method). Dissection of organs was performed immediately for the quantification of ex 

vivo biodistribution of 201Tl, followed by the autoradiography and ex vivo histology. VivoQuant v3.5-

patch2 software (inviCRO, Massachusetts, USA) was used to view and quantify all reconstructed 

images. SPECT/CT biodistribution:  the regions of interest (ROIs) were manually contoured for tumours 

and kidneys using CT to mark their boundaries. SPECT/CT images were shown as maximum intensity 

projection (MIPs) or in transverse sections with the same intensity scale bar for all the groups. Data 

are expressed as standardised uptake values (SUV) and decay corrected. Ex vivo biodistribution: the 
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following organs from each mouse were dissected and weighed: tail, skin, heart, blood, lungs, liver, 

kidneys, stomach, small intestine, large intestine, muscle, bone, bladder, urine, brain, pancreas, 

spleen, tumours and inguinal lymphatic nodes. Radioactivity in each organ was measured with the 

CompuGamma CS1282 gamma counter (over 60 sec, energy window: 81-110). Calibration line for 

converting results from the gamma counter (counts per minute) to Bq was prepared by measuring 

different [201Tl]TlCl activities in dose calibrator (Capintec) and the gamma counter, and is shown in 

chapter 2 (Fig. S2.1). Biodistribution data are expressed as percentage of injected activity (decay 

corrected) %IA or percentage of injected activity (decay corrected) per gram (%IA/g). The in vivo 

experiment was performed in collaboration with Dr Juan Pellico. Figure 3.4 illustrates the in vivo 

protocol that was followed. 

Autoradiography: half of the resected tumour from each mouse was used for the autoradiography 

study to confirm the presence of radioactivity after 48 h. Tumour tissue was embedded in O.C.T. 

compound (Optimal Cutting Temperature compound, #361603E, VWR) and snap-frozen in isopentane 

cooled with liquid nitrogen. Sections of 20 µm were cut using a Cryostat SLEE MNT,  exposed to 

phosphor imaging plates for 21 days and imaged with AmershamTM TyphoonTM (GE healthcare). Ex 

vivo histology of tissues: the second half of the resected tumour and one kidney from each mouse 

were preserved with 4% (v/v) paraformaldehyde in PBS (Severn Biotech), over 16 h at 4○C. After a brief 

PBS wash, the tissue was transferred to 80% ethanol, left for 3 weeks to decay and taken to the 

Figure 3.4 The in vivo experimental protocol. 
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Institute of Neurology, University College London (IQPath, London, UK) for the histology analysis. The 

tissue was embedded in paraffin and sectioned. Haematoxylin and eosin (H&E) staining was 

performed for all the samples to assess morphological changes within tissue. Additionally, 

immunohistochemical staining was carried out for the tumour samples to estimate tumour 

proliferation (Ki-67). All sections were scanned with a Hamamatsu Nanozoomer S630 digital slide 

scanner.  

3.3.10 Statistical analysis: Data were analysed in Excel Microsoft 2016 and GraphPad Prism 

9.1.0/10.0.2, and expressed as mean ± SD. To compare two sets of measurements and assess the 

significance, two statistical tests were chosen: parametric t-test and non-parametric Mann-Whitney 

test. Shapiro-Wilk test was used to check the measurements for normal distribution. A value of P < 

0.05 was considered statistically significant. Figures were created with GraphPad Prism 10 and 

BioRender.com.  

 

3.4 Results  

3.4.1 Prussian blue nanoparticles characterisation 

PBNPs were synthesised following a straightforward method involving mixing either FeCl3 with 

K4Fe(CN)]6 or FeCl2 with K3Fe(CN)]6 in the presence of citric acid or chitosan, used as stabilisers to 

ensure homogenous dispersion of nanoparticles. The obtained nanoparticles, when dispersed in 

water, displayed a dark blue colour and no visible aggregation was observed for a long period of time 

when stored at RT or 4°C.  

The size distribution and zeta potential of caPBNPs and chPBNPs were determined using Dynamic light 

scattering (DLS). The average hydrodynamic diameter of caPBNPs measured by this method was found 

to be 78.4 ± 9.0 nm (n=10, polydispersity index - PDI: 0.100 ± 0.036). Citric acid coated nanoparticles 

displayed a negative zeta potential of average -41.7 ± 14.2 mV (n=10) due the presence of the 

carboxylic acid in the nanoparticles’ coating. The TEM images (Fig. 3.5) further revealed that caPBNPs 

form regular cubic shape crystals with an average diameter of 47.1 ± 11.5 nm (n=506, PDI not 

calculated).   

The hydrodynamic diameter of chPBNPs, measured using the DLS method, was on average 307.7 ± 

113.7 nm (n = 5, PDI: 0.181 ± 0.017) and they displayed a positive zeta potential of +41.8 ± 3.0 mV (n 

= 6). However, the size of these nanoparticles based on the TEM images was comparable to that of 

the caPBNPs, measuring on average 57.6 ± 27.3 nm (n = 276, PDI not calculated). Electron microscopy 

photos also revealed the irregular spherical shape of chPBNPs (Fig. 3.6). 
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Figure 3.5 TEM images of caPBNPs. A), B) and C) show images of caPBNPs without adsorbed Tl. D), E), F), G), 
H) and I) represent images of caPBNPs after 3 h incubation with TlCl. TEM images displayed the characteristic 
cubic shape of caPBNPs with an average diameter of 47.1 ± 11.5 nm (without Tl) and 46.1 ± 11.2 nm (with 

incorporated Tl). There was no substantial difference observed in TEM appearance between native 
nanoparticles and nanoparticles doped with Tl. Scale bar: 20 – 1000 nm.  

A B C 

D E F 

G H I 
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By employing the small-angle X-ray scattering (SAXS) method, it was possible to distinguish between 

the nanoparticle core and the surrounding shell and estimate their dimensions. The mean core radius 

and mean shell thickness of caPBNPs and chPBNPs measured with and without Tl are listed in Table 

3.1.  

Figure 3.6 TEM images of chPBNPs. A), B) and C) represent images of chPBNPs without adsorbed Tl. D), E) 
and F) represent images of chPBNPs after 3 h incubation with TlCl. TEM images showed irregular granular 
shape of chPBNPs with an average diameter of 57.6 ± 27.3 nm (without Tl) and 5 9.4 ± 21.2 nm (with 
incorporated Tl). There was no substantial difference observed in TEM appearance between native 

nanoparticles and nanoparticles doped with Tl. Scale bar: 50 – 500 nm. 

A B C 

D E F 

Sample Core radius (nm)  Shell thickness (nm) 

caPBNPs 48.1 ± 13.5 2.7 ± 1.8 

Tl-caPBNPs  34.7 ± 15.8 3.2 ± 3.0 

chPBNPs 38.9 ± 14.5 3.8 ± 2.3 

Tl-chPBNPs  32.1 ± 13.9 4.0 ± 2.4 

 

Table 3.1 Small-angle X-ray scattering analysis results presenting an average core radius and shell thickness for 

caPBNPs and chPBNPs. The SAXS analysis and modelling was done by Dr Steven Huband at the X-ray Diffraction 

Research Technology Platform (University of Warwick). 
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The results indicate that the average core radius of both types of nanoparticles was between 32.1 and 

48.1 nm, with a shell thickness ranging between 2.7 and 4.0 nm. For both citric acid- and chitosan-

coated nanoparticles, the nanoparticle core showed a size reduction in the presence of Tl-doping. This 

difference in size however was not statistically significant. Additionally, the size estimation of thallium 

containing PBNPs using TEM images (46.1 ± 11.2 nm for Tl-caPBNs and 59.4 ± 21.2 nm for Tl-chPBNPs) 

indicated no size changes following thallium doping.  

The UV-visible absorption spectra (Fig. 3.7 A and B) for both types of nanoparticles showed a broad 

absorption band from 600 to 850 nm with a maximum around 700 nm. This is consistent with UV 

analysis of PBNPs published already in the literature [142].  

The Fourier-transform infrared spectroscopy (FT-IR) spectrum of powdered caPBNPs (Fig. 3.7 C) 

exhibits a strong characteristic C≡N stretching vibration around 2062 cm -1 for the Fe2+–CN–Fe3+ group 

present in the crystal lattice. Fe2+–CN vibrations were also identified at 604 cm-1 and 498 cm-1. In 

addition, the asymmetric and symmetric carboxyl stretching bands were visible at 1605 and 1396 cm-

1, which confirmed the presence of citric acid. The obtained spectrum matched the Prussian blue 

spectrum obtained from the TICTAC spectral library. 

Similarly, chPBNPs exhibited a distinct C≡N vibration at 2073 cm-1 (Fig. 3.7 D). Additionally, a strong 

band spanning from 3188 to 3324 cm−1 was identified, indicating N-H and O-H stretching, as well as 

the intramolecular hydrogen bonds. The absorption bands at around 2924 and 2883 cm−1 were 

attributed to C-H symmetric and asymmetric stretching, and are typical for polysaccharides [143]. The 

presence of N-acetyl groups was confirmed by the bands at approximately 1621 cm−1 (C=O stretching 

of amide I) and 1377 cm−1 (C-N stretching of amide III), respectively. A band at approximately 1550 

cm−1 characteristic for N-H bending of amide II was not found, potentially due to overlapping with 

other bands within this region. Bands at around 1412 and 1378 cm−1 validated the CH2 bending and 

CH3 symmetrical deformations and at 1516 cm−1 corresponded to N-H bending of the primary amine, 

while bands at 1060 and 1025 cm−1 were indicative of C-O stretching.  
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The binding capacity of caPBNPS for non-radioactive thallium (I) was measured by elemental analysis 

(Table 3.2). The results showed that after 3 h incubation with TlCl at room temperature (RT), caPBNPs 

contain around 14.8 ± 0.3 % of thallium (wt %) and calculated Fe:Tl molar ratio is approximately 5:1.   

C 

B 

Figure 3.7 UV and FT-IR spectra of caPBNPs and chPBNPs. A) UV spectrum (absorbance vs wavelength - nm) 

of caPBNPs. B) UV spectrum (absorbance vs wavelength –nm) of chPBNPs. Both UV spectra have marked 

absorbance at 700 nm, characteristic for Prussian blue. C) FT-IR spectrum (absorbance vs wavenumber - cm-1) 

for caPBNPs (extracted from Opus software) and D) chPBNPs (created with GraphPad Prism). 

A 

D 
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Thermogravimetric analysis (TGA) was used to analyse the amount of coating for both types of 

nanoparticles. TGA of caPBNPs and chPBNPs showed three major weight-loss events. The first 

occurred below 100°C and corresponds to the loss of adsorbed/coordinated water molecules (Fig. 

3.8).  

 

 

 

The release of citric acid from caPBNPs is visible from 100 to 300°C (Fig. 3.8 A), while the loss of 

chitosan from chPBNPs can be observed between 200°C and 400°C (Fig. 3.8 B). The third weight loss 

event happening after reaching temperature of 450°C can be attributed to the degradation of 

nanoparticles and decomposition to iron oxide [144]. The amount of citric acid and chitosan coating 

were calculated as 34.4% and 45.8% for caPBNPs and chPBNPs respectively (Table 3.3). 

 

 

 

Figure 3.8 Thermogravimetric analysis and derivative thermogravimetric analysis results for A) caPBNPs and 

B) chPBNPs.   

A B 

Element (wt %) C  H  N  Fe  Tl  

caPBNPs 22.9 ± 1.8 3.2 ± 0.04 18.4 ± 0.6 24 ± 1.2 0.03 ± 0.03 

Tl-caPBNPs 17.1 ± 0.8 2.4 ± 0.05 17 ± 0.4 19 ± 5.8 14.8 ± 0.3 

 

Table 3.2 Elemental analysis results for caPBNPs and Tl-caPBNPs. CaPBNPs at 1 mg/mL were incubation with 
TlCl aqueous solution (2000 mg/mL, v:v=1:1) over 3 h and then freeze -dried. Analysis was done by Medac Ltd.; 
n=3. 
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X-ray diffraction analysis (XRD) data for caPBNPs and Tl-caPBNPs revealed characteristic peaks 

consistent with Fm-3m Prussian blue crystal structure. The addition of Tl has a large impact on the 

intensity of the diffraction pattern but does not change the positions of the peaks (Fig. 3.9).  

 

3.4.2 Radiolabelling and stability  

Prussian blue nanoparticles radiolabelling with 201Tl+: A TLC method with EDTA 

(ethylenediaminetetraacetic acid) disodium salt as a mobile phase was applied to distinguish between 

unbound 201Tl and nanoparticle bound 201Tl (201Tl-PBNPs), and to calculate the radiolabelling efficiency 

(RE). An example of a TLC plate and normalised signal intensity vs Rf for unbound 201Tl and 201Tl bound 

by PBNPs are shown in Figure 3.10. 

Figure 3.9 X-ray diffraction analysis of caPBNPs and Tl-caPBNPs. A) XRD analysis of caPBNPs and B) Tl-caPBNPs. 

The analysis was done by Dr Steven Huband at the X-ray Diffraction Research Technology Platform 

(University of Warwick). 

A 

B 

Sample Coating (%w)  Molecules per nanoparticle 

caPBNPs 34.4 8.1 x 104 

chPBNPs 45.8 143.0 

 

Table 3.3 Thermogravimetric analysis calculations for caPBNPs and chPBNPs. Based on TGA data and the 
weight of caPBNPs and chPBNPs before and after the measurements, the percentage of citric acid on caPBNPs 

was estimated as 34.4% (w/w) and the percentage of chitosan present on chPBNPs was estimated to be 45.8% 
(w/w). 
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201Tl radiolabelling efficiency assessed by the TLC method for caPBNPs was, on average, 89.9 ± 3.5% 

after 90 min incubation at RT whereas for chPBNPs it was around 89.4 ± 7.7% (180 min incubation, 

RT). RE increased with the time of incubation from 62.3 ± 2.3% after 5 min to 89.9 ± 3.5% after 90 min 

for caPBNPs, decreasing slightly after 120 min to 84.5 ± 4.0%. The radiolabelling efficiency of chPBNPs 

increased from 44.5 ± 4.2% after 5 min to 89.4 ± 7.7% after 180 min of incubation (Fig. 3.11).  

 

Figure 3.11 Radiolabelling efficiency of caPBNPs and chPBNPs vs incubation time. CaPBNPs and chPBNPs 

radiolabelling efficiency (RE %) over time (5 - 180 min) for caPBNPs at 0.5 mg/mL with 30 kBq of 201Tl and chPBNPs 

at 0.25 mg/mL with 30 kBq of 201Tl. All RE were calculated before the purification process, n=3. 

Figure 3.10 Thin layer chromatography of [201Tl]TlCl and 201Tl-PBNPs. A) Graphical description of a TLC plate. 

B) Signal intensity versus Rf for [201Tl]TlCl (control) and 201Tl-PBNPs. Radiolabelling efficiency was calculated as 

an area under the intensity signal and shown as % of the band area (Amersham Typhoon Software).  

A B 
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Increasing the incubation temperature from 25°C to 70°C led to a higher RE for chPBNPs with average 

values of 97.0 ± 0.3% (n=3) after one hour of incubation. An example of 201Tl radiolabelling by chPBNPs 

at 25°C before and after purification and at 70°C is shown in Figure 3.12. 

 

Radiolabelling stability (RLS): Radiolabelled caPBNPs (201Tl-caPBNPs) were stable in water, RPMI 

medium and human serum at RT and at 37°C for at least 7 days (RLS > 94%), while radiolabelled 

chPBNPs (201Tl-chPBNPs) were less stable in medium with RLS decreasing to 72.3 ± 2.3% at RT after 7 

days. At 37°C, the 201Tl-chPBNPs RLS was not lower than 86.3 ± 5.4% after 7 days (Fig. 3.13 A and B). 

The stability in 25 mM KCl solution was also measured for both types of nanoparticles (Fig. 3.14). 

Thallium, which is similar to potassium in respect of its ionic radius and charge, can potentially 

compete with Tl for the interstitial spaces within the Prussian blue crystal structure. KCl solution was 

added in uptake and toxicity experiments to inhibit unbound 201Tl uptake and it might have influenced 

the stability of radiolabelled nanoparticles. While  201Tl-caPBNPs were stable up to 7 days in 25 mM KCl 

at RT, 201Tl-chPBNPs stability dropped to 52.5 ± 4.1% and 54.2 ± 4.4% after 72 h and 7 days, 

respectively. Further investigation of 201Tl-caPBNPs radiostability in increasing concentrations of KCl 

(5-150 mM) revealed that their stability after 24 h deceases from 95.1 ± 1.3% in 5 mM KCl to 73.8 ± 

4.2% when 201Tl-caPBNPs were placed in 150 mM KCl (Fig. 3.14).  

96.6 % 74.1 % 99.3 % 

 

before 

purification 

after 

purification 

Figure 3.12 Radiolabelling efficiency of chPBNPs measured by the TLC method. A) Exemplar of TLC plate imaged 

with phosphor imager and calculated radiolabelling efficiency (RE%) at RT after 90 min incubation before and 

after the purification process. B)  Exemplar of TLC plate imaged with phosphor imager and calculated RE (%) at 

70⁰C after 60 min incubation. No purification was performed. chPBNPs concentration: 0.25 mg/mL, 201Tl activity: 

30 kBq. 

control control 

A B 25°C 70°C 
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3.4.3 201Tl-caPBNPs and 201Tl-chPBNPs uptake and efflux in cancer cells 

In order to determine the amount of 201Tl activity bound to PBNPs taken up by cancer cells and 

compare it to the unbound 201Tl uptake, uptake assays were performed by incubating different cancer 

cell lines with the same amount of activity (30 kBq/well). KCl solution was used in some samples to 

inhibit the uptake of unbound 201Tl (final KCl concentration: 25 mM). Cellular uptake of 201Tl-caPBNPs 

(concentration: 0.5 mg/mL added per well) and 201Tl-chPBNPs (concentration: 0.25 mg/mL added per 

well) was performed in DU145, MDA-MB-231, A549 and SKOV-3 cells over 3 h (Fig. 3.15 A and B).  

Figure 3.15 201Tl-PBNPs uptake in different cancer cell lines. Uptake of 201Tl and A) 201Tl-caPBNPs, and B) 201Tl-

chPBNPs in four different cell lines: prostate cancer (DU145), breast cancer (MDA-MB-231), ovarian cancer 

(SKOV3) and lung cancer (A549) cell lines after 3 h incubation. Uptake timeline in A549 cells (up to 6 h) of 201Tl 

and C) 201Tl-caPBNPs or D) 201Tl-chPBNPs. Data are presented as mean ± SD, n=3, triplicates. 25 mM KCl was 

used to inhibit unbound 201Tl uptake. CaPBNP concentration: 0.1 mg/mL, chPBNPs concentration: 0.05 mg/mL.  
201Tl activity used: 30 kBq/well, 250,000 cells were seeded for each experiment.  

caPBNPs 

caPBNPs, A549 cells 

chPBNPs 

chPBNPs, A549 cells 

A B 

C D 
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201Tl-caPBNPs uptake in all cell lines ranged between 2.2 ± 0.4% and 8.0 ± 2.0% calculated per 250,000 

cells, substantially lower than the uptake of unbound 201Tl, which was between 9.5 ± 1.9% and 12.6 ± 

1.4%. The 201Tl-caPBNPs uptake measured with additional potassium ions was on average 18.1% lower 

compared to the 201Tl-caPBNPs uptake conducted in medium only. This is much smaller value than the 

average difference in uptake of unbound 201Tl with and without KCl solution, calculated as 79.0% (Fig. 

3.15 A). 

On the other hand, 201Tl-chPBNPs uptake in all tested cell lines after 3 h was on average 1.7 times 

higher than the uptake of unbound 201Tl, ranging between 13.9 ± 2.2 % and 27.1 ± 1.6 % (Fig. 3.15 B). 

The uptake values for 201Tl-chPBNPs with KCl is on average 30.3% lower than the uptake values without 

KCl. For both types of PBNPs the average uptake was higher in SKOV3 and A549 cells, which are known 

for their phagocytotic properties. Lung cancer cells (A549) were chosen as a model cell line for 

caPBNPs and chPBNPs for further experiments due to the high uptake rates.  

The uptake timeline for caPBNPs and chPBNPs in A549 cells was done to establish the optimal 

incubation time for further experiments and is presented in Figure 3.15 C and D. For both types of 

nanoparticles, it showed a steady increase of radioactivity taken up by cells over time up to 6 hours. 

The uptake timeline for unbound 201Tl confirmed the pattern observed before, where the maximum 

activity uptake is reached around 90 minutes. 

Efflux assays were conducted to evaluate the rate at which intracellular activity is eliminated from 

cells after the removal of the radioactive medium. After A549 cells were incubated with 201Tl-caPBNPs 

for 3 h and the radioactive medium was replaced with a fresh one, the accumulated radioactivity was  

washed out from cancer cells significantly more slowly than when cells had been incubated with 

unbound 201Tl, reaching plateau at around 50.8 % (95% confidence level (Cl): 43.8 – 57.3%) compared 

to 10.0% (95% Cl: 7.5-12.6%) calculated for unbound 201Tl (Fig. 3.16 A). 201Tl-chPBNPs showed even 

slower wash out rate, reaching a plateau at around 68.1% (95% Cl 62.7-73.3%) (Fig. 3.16 B). 

To measure the continuous wash out of nanoparticles from cells, after the initial accumulation of 201Tl 

or 201Tl-PBNPs, the radioactive medium was replaced for a non-radioactive and cells were incubated 

for 15 min. After this time, the medium was collected, and the same cells were exposed to a repeated 

change of medium every 15 to 60 min. At the end, cells were lysed, and the remaining activity 

measured. In this experiment, 50% of the initial 201Tl-caPBNPs activity was washed out after 0.34 h 

(95% Cl: 0.20 – 0.56) reaching a plateau at 23.4% (95% Cl 6.5 – 38.0 %) compared to 0.13 h (95% Cl: 

0.13 - 0.14) for unbound 201Tl, which was nearly completely washed out (plateau at 0.7 %, 95% Cl: 0-

1.7 %) (Fig. 3.16 C). For 201Tl-chPBNPs, it took nearly 1 h (0.94 h; Cl 95%: 0.17-1.33) to wash out 50% 

of the initial accumulated activity reaching the plateau at 39.3% (Cl 95%: 13.98-52.13%) (Fig. 3.16 D). 
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Figure 3.16 201Tl-PBNPs efflux in lung cancer cells. Efflux of 201Tl and A) 201Tl-caPBNPs and B) 201Tl-chPBNPs in 

lung cancer cells (A549). The amount of activity from the preceding uptake assay is defined as 100% at time 0. 

Radioactive medium was replaced with non-radioactive and 201Tl activity was measured over time. C) 

Continuous efflux of 201Tl and 201Tl-caPBNPs vs time. The time needed to wash out 50% of the initial accumulated 

activity calculated for 201Tl: 0.13 h (Cl 95%: 0.13-0.14), plateau at 0.7% (Cl 95%: 0-1.70%); the time needed to 

wash out 50% of the initial accumulated activity calculated for 201Tl-caPBNPs: 0.34 h (Cl 95%: 0.20-0.56) plateau 

at 23.4%, (Cl 95%: 6.50-38.0). D) Continuous efflux of 201Tl and 201Tl-chPBNPs vs time. The time needed to wash 

out 50% of the initial accumulated activity calculated for 201Tl: 0.16 h (Cl 95%: 0.14-0.19), plateau at 1.7% (Cl 

95%: 0-6.20); the time needed to wash out 50% of the initial accumulated activity calculated for 201Tl-chPBNPs: 

0.94 h (Cl 95%: 0.17-1.33) plateau at 39.3% (Cl 95%: 13.98-52.13%). Data was fitted with an exponential decay 

equation (Y = (Y0 - plateau) *exp(-K*X) + plateau, black line, GraphPad Prism). Data are presented as mean ± 

SD, triplicates, n=3 except D) where n=1. CaPBNP concentration: 0.1 mg/mL, chPBNPs: 0.05 mg/mL. 201Tl activity 

used: 30 kBq/well, 250,000 cells were seeded for each experiment.  
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3.4.4 caPBNPs and chPBNPs ability to capture 201Tl inside lung cancer cells 

In order to assess the ability of caPBNPs and chPBNPs to capture radioactive thallium inside cancer 

cells, pre-incubation over 16 h with unlabelled caPBNPs or chPBNPs was performed, followed by 1.5 

h incubation with [201Tl]TlCl. In cells incubated with caPBNPs beforehand, [ 201Tl]TlCl uptake was 

significantly higher compared to cells without prior incubation with nanoparticles, and increased with 

nanoparticles concentration (Fig. 3.17 A). 

ChPBNPs were even more effective in capturing 201Tl inside cells. 201Tl uptake increased from 12.4 ± 

0.2% to 66.4 ± 0.7% when cells were pre-incubated with chPBNPs (Fig. 3.17 B). Moreover, 201Tl 

washout from cells containing caPBNPs or chPBNPs was significantly delayed compared to unbound 

201Tl, with a plateau of 45.2% (95% Cl: 31.9 – 57.2%) and 66.8% (95% Cl: 61.1 - 72.0%), respectively 

(Fig. 3.17 C and D).  

Figure 3.17 201Tl retention in cancer cells pre-incubated with unlabelled caPBNPs and chPBNPs. 201Tl uptake in 

lung cancer cells (A549) after 90 min incubation with 30 kBq/well [201Tl]TlCl with and without A) caPBNPs and 

B) chPBNPs prior incubation. caPBNPs concentration: 0.1 and 0.2 mg/mL.; chPBNPs concentration: 0.05 mg/mL . 

Efflux of 201Tl from A549 cells pre-incubated with C) 0.1 mg/mL of caPBNPs and D) 0.05 mg/mL of chPBNPs. 

Nonlinear regression line was fitted (black line). Data are presented as mean ± SD, triplicates, n=3, * indicates 

significance with P˂0.05, unpaired t-test. 
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3.4.5 201Tl-caPBNPs and 201Tl-chPBNPs radiotoxicity 

The radiotoxicity of radiolabelled caPBNPs and chPBNPs was first assessed with γH2AX assay to 

measure the amount of double strand breaks (DSB) in the nuclear DNA (also called foci) triggered by 

the radioactive nanoparticles and compared to unbound 201Tl. Examples of γH2AX confocal 

fluorescence microscopy images for A549 cells treated with 201Tl-caPBNPs, 201Tl and the controls are 

presented in Figure 3.18 A showing a small increase in DNA DSB in cells incubated with 201Tl-caPBNPs 

and KCl compared to cells incubated with the same activity of unbound 201Tl.  

Quantitative data from γH2AX study revealed that non-PB-bound 201Tl caused, on average, 14-fold 

increase in DNA DSB when cells were incubated with 201Tl activity of 1,000 kBq/well compared to the 

negative control (Fig. 3.18 B). 201Tl-caPBNPs with and without KCl had non-significant effects on the 

amount of detected DNA damage (201Tl-caPBNPs activity: 250-1,000 kBq/well). The uptake assays 

performed alongside the γH2AX experiments showed the average 201Tl uptake of 0.07-0.34 Bq/cell for 

[201Tl]TlCl, 0.03-0.19 Bq/cell for 201Tl-caPBNPs and 0.02-0.17 Bq/cell for 201Tl-caPBNPs/K+. 

On the other hand, lung cancer cells treated with 1,000 kBq/well of 201Tl-chPBNPs with and without 

KCl had significantly higher average number of foci per nucleus (10.2 times) compared to cells 

incubated with unlabelled-chPBNPs (control, P<0.05, Mann-Whitney test), while unbound 201Tl 

caused, on average, 11.3-fold increase in the nuclear DNA damage comparing to cells treated with 

saline only (Fig. 3.19 A and B). γH2AX confocal fluorescence microscopy images for A549 cells treated 

with 201Tl-chPBNPs, 201Tl and the controls are shown in Figure 3.19 A. The uptake assays done at the 

same time as the radiotoxicity experiments showed an average 201Tl uptake of 0.08 - 0.26 Bq/cell for 

[201Tl]TlCl, 0.25 - 1.15 Bq/cell for 201Tl-chPBNPs and 0.23 - 1.11 Bq/cell for 201Tl-chPBNPs/K+. 
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Figure 3.18 201Tl-caPBNPs nuclear DNA damage in lung 

cancer cells. A) Exemplar confocal fluorescence 

microscopy images (100x, scale bar - 25 μm) of lung 

cancer cells (A549) incubated for 3 h with [201Tl]TlCl, 

0.9% NaCl (negative control), 201Tl-caPBNPs and 

caPBNPs (negative control), followed by 

immunofluorescence staining with green fluorescence 

for γH2AX (smart gain (SG) and smart offset (SO) were 

kept constant for all conditions in the experiment). 

Nuclear DNA is stained with DAPI (blue). B) Average 

number of foci per nucleus in A549 cells after 3  h 

incubation with [201Tl]TlCl, 201Tl-caPBNPs, 201Tl-

caPBNPs/K+ or 0.9% NaCl, caPBNPs and caPBNPs/K+ 

(negative controls). Activity added per well: 250 – 1000 

kBq. A range of 24 to 57 nuclei per condition were 

analysed across all experiments; same settings were 

kept within the experiment. 3-9 pixel units were set as 

a typical diameter of foci. Bars represent mean ± SD, 

n=3, * indicates significance with P ˂ 0.05, ns - not 

significant, Mann-Whitney test.  
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Figure 3.19 201Tl-chPBNPs nuclear DNA damage in lung 

cancer cells. A) Exemplar confocal microscopy image s 

(100x, scale bar: 25 μm) of lung cancer cells (A549) 

incubated for 3 h with [201Tl]TlCl, 0.9% NaCl (negative  

control), 201Tl-chPBNPs/K+ and chPBNPs/K+ (negative 

control), followed by immunofluorescence staining 

with green fluorescence for γH2AX (smart gain (SG) and 

smart offset (SO) were kept constant for all conditions 

in the experiment). Nuclear DNA is stained with DAPI 

(blue). B) Average number of foci per nucleus in A549 

cells after 3 h incubation with [201Tl]TlCl, 201Tl-chPBNPs, 
201Tl-chPBNPs/K+ or 0.9% NaCl, chPBNPs and 

chPBNPs/K+ (negative controls). Activity added per well: 

250 – 1000 kBq. A range of 24 to 57 nuclei per condition 

were analysed across all experiments; same settings 

were kept within the experiment. 3–9-pixel units were 

set as a typical diameter of foci. Bars represent mean ± 

SD, n=3, * indicates P ˂ 0.05, Mann-Whitney test. 
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In order to investigate the difference in the long-term radiotoxic effect of 201Tl and 201Tl bound by 

nanoparticles (201Tl-caPBNPs and 201Tl-chPBNPs), the clonogenic survival of A549 cells was performed 

(Fig. 3.20).  

 

caPBNPs chPBNPs B 

Figure 3.20 PBNPs clonogenic radiotoxicity in lung cancer cells. A) Clonogenic survival vs activity added per 

well in lung cancer cells (A549) treated with 201Tl, 201Tl-caPBNPs and 201Tl-caPBNPs/K+ and with B) 201Tl, 201Tl-

chPBNPs and 201Tl-caPBNPs/K+. C) 201Tl-caPBNPs clonogenic survivals (%) versus the activity bound per single 

cell after 3 h incubation with [201Tl]TlCl, 201Tl-caPBNPs or 201Tl-caPBNPs/K+ in A549 cells (n=3).  D) 201Tl-chPBNPs 

clonogenic survivals (%) versus the  activity bound per single cell after 3 h incubation with [201Tl]TlCl or 201Tl-

chPBNPs or 201Tl-chPBNPs/K+ in A549 cells (n=6). Linear quadratic survival model was fitted and calculated 

activity causing at least 50% and 90% reduction for 201Tl-chPBNPs/K+, 201Tl-chPBNPs and [201Tl]TlCl is visible in 

Table 3.4. Some error bars are smaller than the data points and not visible. Data are presented as mean ± SD, 

triplicates, n=3 or n=6 (chPBNPs). Bars represent mean ± SD, * indicates P ˂ 0.05, Mann-Whitney test. 
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Incubation of A549 cells with 1,000 kBq/well of 201Tl-caPBNPs for 3 h significantly decreased the 

clonogenic survival to 66.7 ± 2.8% in the presence of KCl and to 49.1 ± 0.4% in its absence (Fig. 3.20 

A). This level of radiotoxicity however is much smaller than the radiotoxicity observed for 1,000 

kBq/well of unbound 201Tl, which reduced the clonogenic survival to 0.3 ± 0.1% (without KCl).  

When 1,000 kBq/well of 201Tl-chPBNPs were incubated with A549 cells for 3 hours, the clonogenic 

survival significantly dropped to 0.8 ± 0.6% in the presence of KCl and further to 0.5 ± 0.3% in its 

absence (Fig. 3.20 B). 201Tl-chPBNPs activity of 0.13-0.14 kBq/cell was needed to reduce the clonogenic 

survival by at least 50% (A50) compared to untreated cells, around 1.4 times higher than for 201Tl (0.09 

Bq/cell, without K+). However, when the activity per cell required to achieve 90% cell killing efficiency 

(A10) is compared, the activities for 201Tl-chPBNPs and 201Tl are the same (0.25 Bq/cell), and half the 

activity of 201Tl-chPBNPs needed when additional potassium ions are added (Fig. 3.20 D, Table 3.4). It 

was not possible to calculate the A50 or A10 for 201Tl-caPBNPs with confidence due to the data points 

being concentrated above 50% of the clonogenic survival (Fig. 3.20 C). 

 

 

In order to eliminate any potential cytotoxic effects on the clonogenic survival caused either by 

Prussian blue or the coatings used for PBNPs, clonogenic assays with different concentrations (0.06 – 

2 mg/mL) of unlabelled, non-radioactive nanoparticles were done. CaPBNPs did not cause any 

cytotoxicity in concentrations up to 0.4 mg/mL (2 mg/mL added per well)  (Fig. 3.21). On the other 

hand, chPBNPs showed cytotoxicity in concentrations above 0.05 mg/mL (0.25 mg/mL added per well) 

(Fig. 3.21). Concentrations higher than 0.05 mg/mL of chPBNPs significantly reduced (paired t-test) 

the clonogenic survival to 43.7 ± 6.0 %, therefore were not used in any of the in vitro or in vivo 

experiments.  

 

Table 3.4 Clonogenic radiotoxicity calculations for 201Tl-chPBNPs showing the activity needed to reduce the 

clonogenic survival by at least 50% (A50) and activity needed to reduce the clonogenic survival by at least 90% 

(A10) for 201Tl-chPBNPs in the presence and absence of KCl. Data are presented as mean ± SD. Confidence level 

of 95% (Cl 95%) is shown in brackets.  

A50 (Bq/cell) A10 (Bq/cell) 
201Tl 201Tl-chPBNPs 201Tl-chPBNPs/K+ 201Tl 201Tl-chPBNPs 201Tl-chPBNPs/K+ 

0.09  

[0.07-0.11] 

0.13  

[0.06-0.16] 

0.14  

[0.09-0.18] 

0.25  

[0.19-0.30] 

0.25  

[0.22-0.29] 

0.43  

[0.30-0.70] 
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3.4.6 In vivo study  

Maximum intensity projections (MIPs) of SPECT/CT images acquired at 1 h post administration (p.a.) 

for both the 201Tl group (control group) and the 201Tl-chPBNPs group revealed that most of the activity 

was contained within the tumours (Fig. 3.22 A). Additionally, a very small amount of activity was 

detected in kidneys (Fig. 3.22 B). This presence of 201Tl in kidneys 1 h after the injection suggests that 

the diffusion process from the tumour tissue commences shortly after the intratumoral injections. For 

201Tl-chPBNPs group, this process however looks to have a slower progress. After 24 and 48 h p.a., the 

activity distribution in the control group was predominantly in kidneys with a small amount visible in 

other organs such as small and large intestine (Fig 3.22 B). 

Figure 3.21 Cytotoxicity of non-radioactive caPBNPs and chPBNPs. A) caPBNPs cytotoxicity in lung cancer cells 

(A549) measured as clonogenic survivals (%) versus concentration added per well (0.25– 2.0 mg/mL) as 50 µL 

into 200 µL of medium. B) chPBNPs cytotoxicity in A549 cells measured as clonogenic survivals (%) versus  

concentration added per well (0.0625– 2.0 mg/mL) as 50 µL into 200 µL medium.  Concentrations higher than 

0.25 mg/mL were not used in any of the in vitro or in vivo experiments. Data are presented as mean ± SD, 

triplicates, n=3. 
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The signal from 201Tl within the tumour tissue 24 h and 48 h p.a. was minimal in the control group (Fig. 

3.23 A). In 201Tl-chPBNPs group, the activity was mostly spread between the tumour and the kidneys, 

and also observed in small and large intestines, although in much smaller amounts. 201Tl retention in 

tumours in mice injected with 201Tl-chPBNPs was visibly higher after 24 h and 48 h compared to the 

control group as shown in the transverse images in Figure 3.23 B. The quantitative SPECT/CT technique 

was employed to assess the in vivo biodistribution of 201Tl within both the 201Tl-PBNPs group and the 

control group over a 48-hour period. The tumour and kidney uptake were determined by quantifying 

the SPECT images after 1 h, 24 h and 48 h p.a. With the aim to compare the biodistribution of 201Tl in 

both groups, the quantification of activity within manually marked regions of interest (ROIs) of the 

tumours and kidneys was performed with decay correction to time of administration.  

 

Figure 3.22 Activity distribution in tumours and kidneys after 1 h, 24 h and 48 h. A) MIPs images taken after 1 

h after injecting mice with [201Tl]TlCl (left) and 201Tl-chPBNPs (right) and associated transverse images showing 

the activity distribution within the tumour (SUV scale: 0-200). B) MIPs images taken after 1 h, 24 h and 48 h after 

injecting mice with [201Tl]TlCl (three to the left) and 201Tl-chPBNPs (three to the right). The associated transverse 

images (SUV scale: 0-15) are presenting the activity accumulated in kidneys. CT images are overlayed with SPECT 

images and used as anatomical reference (grayscale). Arrows are pointing tumours (T) and kidneys (K).  
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The biodistribution of 201Tl activity in tumours and kidneys based on SPECT/CT images is presented in 

Figure 3.24 A and B and expressed as % IA.  

Figure 3.23 Activity distribution in tumours after 24 h and 48 h. MIPs and transverse images of SPECT/CT of 

mice injected with A) [201Tl]TlCl (control group) and B) 201Tl-chPBNPs after 24 h and 48 h p.a. The transverse 

images show the activity distribution within the tumour  (white circle) with visibly higher activity present in 

mice injected with 201Tl-chPBNPs compared to the control group. CT images are overlayed with SPECT images 

and used as anatomical reference (grayscale). SUV scale: 0-30. Arrows are pointing tumours (T).  

 

B A 

Figure 3.24 Quantitative analysis of SPECT/CT images after 1 h, 24 h and 48 h in mice injected with [201Tl]TlCl 

and 201Tl-chPBNPs in A) tumours and B) kidneys. Data is shown as average ± SD and expressed as % IA. n=3 mice 

per group. Data was tested for normal distribution using Shapiro-Wilk test; statistical significance was performed 

using unpaired t-test (non-significant).  

A B Tumours Kidneys 
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After 1 h p.a., on average 80.4 ± 9.8% IA of activity inside tumours in 201Tl-chPBNPs group compared 

to 63.6 ± 8.1% IA in the control group was observed. At the same time, the activity accumulated in 

kidneys after 1 h p.a. was on average three times lower versus the control group.   

Ater 24 and 48 h, the difference in 201Tl retention between these two groups was clearly visible, with 

approximately 5.5 times more activity present in tumours after 24 h and 4.4 times higher activity after 

48 h in 201Tl-chPBNPs group than in mice injected with [201Tl]TlCl. The renal clearance is similar in both 

groups at 24 and 48 h p.a.   

At the end of the experiment, mice were culled, dissected and organs of interest ( tail, skin, heart, 

blood, lungs, liver, kidneys, stomach, small intestine, large intestine, muscle, bone, bladder, urine, 

brain, pancreas, spleen, tumours and inguinal lymphatic nodes) were removed for assessing the ex 

vivo biodistribution. The results presented in Figure 3.25 A revealed that 201 Tl activity is mostly present 

in kidneys, on average 21.5 ± 2.6% IA/g in 201Tl group and 20.9 ± 4.1% IA/g in the 201Tl-chPBNPs group, 

with no significant difference between both groups (Fig. 3.25 B).  Activity was also present in urine, 

indicating predominantly renal excretion in both groups. 

The average activity remaining in tumours after 48 h was significantly different, around 3.6 times 

higher in 201Tl-chPBNPs group comparing to the control group (calculated as 7.6 ± 7.0% IA/g and 2.1 ± 

0.3% IA/g, respectively, Mann-Whitney test, P < 0.05) (Fig. 3.25 C).  

The rest of the activity was taken up by multiple organs, on similar levels in 201Tl group and 201Tl-

chPBNPs, including small intestine (3.2 ± 0.5% IA/g and 3.7 ± 0.5% IA/g, respectively), large intestines 

(3.0 ± 0.4% IA/g; 4.2 ± 1.9% IA/g, respectively) and pancreas (4.2 ± 0.3% IA/g; 4.9 ± 0.6% IA/g, 

respectively). 
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Figure 3.26 presents biodistribution in both groups as % IA and shows the higher level of 201Tl 

accumulation in liver, kidneys, small intestine and large intestine. A notable observation is that once 

activity has left the tumour, the biodistribution after 48 h is remarkably similar whether unbound 201Tl 

or 201Tl-PBNPs were injected. Therefore, it could be assumed that free 201Tl is released from the 

tumour, not PBNPs. 

Figure 3.25 Ex vivo biodistribution at 48 h presented as % IA/g. A) Uptake in organs in mice injected with 

[201Tl]TlCl (control group) and 201Tl-chPBNPs presented as %IA/g. B) Uptake in kidneys (as %IA/g) after mice were 

injected with [201Tl]TlCl and 201Tl-chPBNPs. C)  Uptake in tumours (as %IA/g) in mice injected with [201Tl]TlCl and 
201Tl-chPBNPs. Mann-Whitney test and t-test were used to assess significance, with P < 0.05 regarded as 

statistically significant. Shapiro-Wilk test was used to check the data for normal distribution. Data is shown as 

average ± SD, (n=4/5 mice per group).  

A 

C B 



Chapter 3: Prussian Blue nanoparticles (PBNPs) for nanoscale-mediated delivery of 201Tl to cancer cells 

90 
 

 

Autoradiography of thin sections of resected tumours confirmed the presence of radioactivity in both 

groups. It also demonstrated the heterogeneous distribution of 201Tl within the tumour tissue, that 

could be attributed to the intratumoral injection and uneven diffusion of 201Tl within the tumour tissue 

(Fig. 3.27).  

Figure 3.26 Ex vivo biodistribution at 48 h presented as %IA in mice injected with [201Tl]TlCl (control group) and 
201Tl-chPBNPs). Data is shown as average ± SD, (n=4 - 5 mice/group).  
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To evaluate potential radiotoxic effects associated with the presence of unbound 201Tl and 201Tl bound 

to chPBNPs in tumour tissue, H&E staining and Ki-67 immunohistochemistry assays were performed 

on the excised tumour tissue. Ki-67 is recognised as a reliable marker for assessing cell proliferation, 

while H&E staining reveals the morphological alterations. Although some morphological changes were 

observed in the tumour tissue (Fig. 3.28), both groups displayed larger areas of proliferating cells 

(marked brown). Large variations were observed among the sections taken from different regions 

within the same tumour and between tumours, owing to the heterogeneous nature of the tumour 

tissue. 

 

 

 

Figure 3.27 Tumour autoradiography. A) Autoradiography in tumours injected with unbound 201Tl and resected 

48 h p.a. B) Autoradiography in tumours injected with 201Tl-PBNPs and resected 48 h p.a. Tumours were exposed 

to phosphor imaging plates for 3 weeks due to a low activity present in the tumours at the end of the in vivo 

experiment.  
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3.5 Discussion 

Two types of nanoparticles featuring a Prussian blue core were synthesised using a co-precipitation 

method: the first type was coated with citric acid (caPBNPs) while the second type featured a chitosan 

coating (chPBNPs). The highly negative surface charge observed for caPBNPs and the positive surface 

charge for chPBNPs, which confirmed the successful surface modifications, led to electrostatic 

repulsions between nanoparticles which accounted for the stability of the nanoparticles' dispersion in 

water for several weeks. To assess the size and morphology of synthesised nanoparticles, three 

complementary techniques were applied: transmission electron microscopy (TEM), dynamic light 

scattering (DLS) and small angle X-ray scattering (SAXS). TEM is a high-resolution imaging technique 

that uses a focused electron beam transmitted through a thin sample, to provide detailed images of 

the core of the nanoparticles. The morphology and size observed by TEM revealed homogenous, 

cubic-shaped caPBNPs, very similar to those already published in literature [131] with the average 

diameter of 47.1 ± 11.5 nm, around 10 nm smaller than the irregularly shaped chPBNPs. There was no 

substantial difference in TEM appearance between native nanoparticles and nanoparticles doped with 

Tl, indicating that thallium (I) ions incorporation does not impact their opacity, size or shape. This is in 

line with data already published for Prussian blue nanoparticles with a different type of coating [136]. 

While TEM is well-suited for studying individual nanoparticles at high resolution, it captures only a 

small portion of the overall sample. DLS is another valuable tool for estimating the size distribution of 

Figure 3.28 Tumours histology. Haematoxylin and eosin (H&E) staining and Ki-67 staining in thin tumours 

section collected 48 h p.a. after injecting mice with A) [201Tl]TlCl and B) 201Tl-chPBNPs intratumorally.  Scale 

bars are 1000 µm and 100 µm. 

A B 



Chapter 3: Prussian Blue nanoparticles (PBNPs) for nanoscale-mediated delivery of 201Tl to cancer cells 

93 
 

nanoparticles in solutions; it measures the fluctuations in scattered light intensity caused by the 

Brownian motion of particles in a liquid medium. The average size estimated by DLS was larger than 

the TEM estimation for both types of nanoparticles. This is widely recognised [131,145,146] given that 

the DLS technique provides information about the hydrodynamic diameter, which takes into account 

not only the core but also the coating of the particles and any adherent water molecules. DLS average 

size estimation for chPBNPs was more than 5 times higher than the average size measured by TEM 

(307.7 ± 113.7 nm compared to 57.6 ± 27.3 nm), which might be caused by the large molecular weight 

of chitosan and the interparticle interactions. The calculated percentage of chitosan attached to 

chPBNPs was around 45.8% (w/w), which might have had an impact on the DLS measurements. Due 

to the significant variation in chPBNPs size compared to the other techniques used, it was concluded 

that the DLS was not suitable for assessing this type of chPBNPs. A third method used to investigate 

the nanoparticle shape and dimensions was SAXS, which measures the scattering of X -rays by 

nanoscale structures and can be used to determine both the core and shell size of the nanoparticle. 

The average size of caPBNPs and chPBNPs was calculated as 98.9 nm and 81.6 nm, respectively, 

including the shell with thickness between 2.7 and 3.8 nm. The addition of thallium ions to caPBNPs 

and chPBNPs reduced the nanoparticle average size to 72.6 and 68.2 nm, respectively , measured by 

SAXS. In a similar manner to DLS, particles size distribution measured by SAXS involves much higher 

number of nanoparticles compared to the TEM method and tends to be more statistically reliable. 

However, the accuracy of the obtained results is largely based on applying the right mathematical 

model to fit the experimental scattering data. These models take into account factors such as particle 

shape, size distribution, and the nature of the core and shell materials. In this case the Monte Carlo 

method was used to retrieve form-free size distributions from the SAXS data. Furthermore, the 

nanoparticles were modelled on the assumption of their shape and the coating consisting of 50% 

water and citric acid or chitosan. While a strong agreement between the theoretical model and 

experimental data was achieved, any observed variations in size, including the difference in size 

between the native and thallium-dopped nanoparticles, could potentially be attributed to it. The SAXS 

technique has been performed and modelled thanks to a collaboration with at the X-ray Diffraction 

Research Technology Facility, University of Warwick.   

CaPBNPs and chPBNPs structures were analysed by UV spectroscopy, thermogravimetric analysis, 

infrared spectroscopy and X-ray diffraction (XRD) technique, and compared with the data available in 

literature [139,144,145,147]. The crystal structure of Prussian blue was confirmed as cubic close -

packed structure (Fm-3m), along with the presence of functional groups characteristic of citric acid 

and chitosan.  As expected, thallium doping did not change the position of the main diffraction peaks 

in the XRD analysis but altered the signal intensity. This suggests that thallium ions are not integrated 
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into the crystal lattice but are rather located in the interstitial spaces [136].  Elemental analysis for 

caPBNPs before and after 3 h incubation with non-radioactive thallium revealed that around 14.8 ± 

0.3% of the sample total weight can be attributed to thallium. This is lower than thallium maximum 

adsorption capacity previously calculated as 26.6% for Prussian blue nanoparticles coated with PEG-

NH2 stabiliser [136].  

The initial assumption was that the different coatings applied to the synthesised nanoparticles would 

not affect the inherent capacity of the Prussian blue core to capture thallium but might influence its 

loading rate. It was also anticipated that these coatings could potentially influence the nanoparticles' 

biological behaviour and their subcellular localisation. Radiolabelling with 201Tl was performed over 

different time intervals using the TLC method to assess the efficacy of caPBNPs and chPBNPs in 

capturing radioactive thallium. The experiment revealed the difference in the rate of thallium capture 

between caPBNPs and chPBNP. The process for chPBNPs was considerably slower; achieving an 

equivalent radiolabelling efficiency of approximately 89% at room temperature (RT) required a longer 

incubation time of 3 h, contrasting with the 1.5-hour duration for caPBNPs. The slower radiolabelling 

process might be related to the electrostatic repulsion between thallium cations and positively charge 

chPBNPs shell. Raising the incubation temperature accelerated the radiolabelling process significantly, 

reducing the time required to achieve the average radiolabelling yield of 97.0 ± 0.3% to just 1 hour. 

Radiolabelling stability of 201Tl-caPBNPs and 201Tl-chPBNPs was tested in water, cell culture medium, 

and human serum at RT and 37°C. Interestingly, the radiolabelling stability of 201Tl-chPBNPs in medium 

seems to be lower compared to their stability in water at RT, particularly after 72 h. A decrease in 

stability was also observed when 201Tl-chPBNPs were subjected to incubation with KCl. This 

experiment illustrates that radioactive thallium could be gradually released from nanoparticles as time 

progresses and different ions present in the medium may have an impact on the rate of thallium 

release. This process might involve substitution of radioactive thallium by other cations, such as 

potassium, sodium or ammonium, in the interstitial gaps of the crystal lattice structure.  The precise 

process behind thallium release from the nanoparticle crystal structure remains unknown, and it is 

important to highlight that these experiments were not specifically designed to explore this aspect.  

Adding KCl solution to the culture medium during in vitro cell experiments with PBNPs was intended 

to show that the activity taken up by cancer cells is associated with 201Tl bound to nanoparticles as K+ 

can substantially decrease unbound 201Tl uptake. The reduced uptake observed for both PBNPs types 

in the presence of K+ suggests the possibility of a higher concentration of unbound 201Tl in the sample 

due to the decreased stability of 201Tl-PBNPs in KCl-supplemented medium. Another reason for the 

lower uptake values in the presence of KCl could be reduced 201Tl-PBNPs stability inside cancer cells 
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and accelerated wash-out of 201Tl, potentially caused by an imbalance in extracellular-to-intracellular 

K+ ratio.  

The in vitro evaluation of the cellular behaviour of radiolabelled caPBNPs and chPBNPs consisted of 

uptake assays, efflux (wash out) assays and two different radiotoxicity assays aiming to compare the 

radiotoxic potential of 201Tl bound by nanoparticles with unbound 201Tl. While caPBNPs were taken up 

by cancer cells only in small amounts, lower than unbound 201Tl, we observed significantly higher 

uptake of chPBNPs in all tested cell lines compared to the average uptake values of unbound 201Tl. This 

is explained by the different surface charge of these nanoparticles. Positively charged nanoparticles 

often exhibit enhanced interactions with negatively charged cellular membrane due to electrostatic 

attraction, potentially facilitating endocytosis and leading to increased cellular uptake [148]. It is worth 

noting however, that the relationship between nanoparticle charge and endocytosis is complex and 

depends on various factors, including nanoparticle size, shape, surface chemistry, and the specific type 

of cell being targeted [149].  

Higher concentrations of chPBNPs led to an increased cellular uptake and subsequently might have 

induced cell toxicity, as observed when cells were exposed to chPBNPs concentrations exceeding 0.05 

mg/mL. However, this trend was not visible for caPBNPs, possible due to a smaller uptake and toxic 

threshold not being reached. The increased cytotoxicity for positively charged nanoparticles is well 

described in literature [150]. Additionally, the presence of primary amine groups might also have an 

impact on the reduced survival of cells exposed to chPBNPs [151]. 

The uptake timeline in lung cancer cells was performed for caPBNPs and chPBNPs. The amount of 

radioactivity bound to nanoparticles taken by A549 cells steadily increased with time for both types 

of nanoparticles, indicating that the maximum nanoparticles uptake is regulated by a different 

thermodynamic equilibrium than the one seen for unbound thallium ions, where maximum uptake 

was observed after around 1.5 h. Uptake studies for other types of nanoparticles, such as gold 

nanoparticles or silica-coated nanoparticles showed that nanoparticle uptake kinetics depends on 

their size and shape as well as the type of cells and the precise uptake mechanism  [152,153]. For 

example, the mechanism of entry of gold nanoparticles in HeLa cells is predominantly via receptor-

mediated endocytosis, where the receptor availability determines the uptake rate and saturation 

[152].  

PBNPs ability to capture thallium inside cells was also tested by measuring the difference between 

201TlCl uptake in cells with and without preloading with PBNPs. In this experiment cells were incubated 

with non-radiolabelled nanoparticles first, followed by 90 min incubation with [ 201Tl]TlCl. Unbound 

thallium uptake is regulated by a concentration gradient between the intracellular to extracellular 
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space reaching its peak in A549 cells after around 90 min at 32:1 concentration ratio (very similar to 

literature estimates for K+ ratios ranging from 30:1 to 50:1 [110]). However, when Prussian blue 

nanoparticles are accumulated within cells, 201Tl intracellular to extracellular concentration ratio 

increases significantly to 104:1 (for caPBNPs, 1 mg/mL added) and 261:1 (chPBNPs, 0.25 mg/mL 

added). These findings suggest that PBNPs are able to bind thallium ions within their crystal structure 

inside cells, and effectively remove free thallium ions from cellular cytoplasm, which results in 

increased influx of thallium from the medium to reach the new thermodynamic equilibrium. This 

increased 201Tl uptake in cells may lead to higher radiotoxicity and therefore should increase the 

efficiency of potential therapy using 201Tl. This approach, known as pre-targeting, has been applied in 

targeted therapies where the targeting vehicle is separated from the radiotoxic agent and the two are 

administered separately in order to enhance the therapeutic effect while reducing possible side 

effects [19,23]. This approach has not yet been studied for radioactive thallium, nor the radiotoxicity 

of 201Tl when cells are pre-incubated with PBNPs and requires further investigation. Conversely, it is 

also possible that the presence of PBNPs within cancer cells may have the potential to hinder the 

accumulation of 201Tl in sensitive subcellular targets, such as the cell nucleus, potentially leading to a 

reduction in its toxicity compared with the same activity of unbound 201Tl. 

An important aspect of the in vitro analysis involved the assessment of 201Tl release from cancer cells 

and the influence of PBNPs on the rate of 201Tl release. Unbound 201Tl washes out from A549 cells 

rapidly, with less than 10 min required to remove 50% of the initially accumulated activity. In a 

continuous change of surrounding medium, mimicking the physiological environment of tumour cells, 

nearly all of the unbound thallium is washed out. The washout rate, however, slows down in the 

presence of PBNPs. The time needed to wash out 50% of the initial radioactivity from cells rises to 

more than 20 min for caPBNPs and to nearly 1 h for chPBNPs. Furthermore, following the replacement 

of the medium five times with fresh, non-radioactive medium, approximately 23.4% (for caPBNPs) and 

39.3% (for chPBNPs) of the activity remains within the cells whereas almost none remains when PBNPs 

are absent. These findings carry significance in terms of the potential application of 201Tl in 

radionuclide therapy. Prolonging the retention of radioactive thallium within cancer cells could 

potentially influence the level of radiotoxicity. However, in this scenario, again we should also consider 

the differences in subcellular distribution between unbound 201Tl and 201Tl bound to PBNPs described 

in chapter 4 and its impact on the radiotoxicity.  

The radiotoxic effect of 201Tl bound to both types of nanoparticles in A549 cells was assessed by 

measuring clonogenic survival and the average number of DNA damage (foci) per nucleus. Exposing 

cells to 250-1000 kBq/well of 201Tl bound to caPBNPs led to a substantial reduction in clonogenic 

survival compared to untreated cells. The radiotoxic impact was even more pronounced for chPBNPs 
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where the surviving fraction of cells was reduced nearly to 0 for the highest activities tested. The 

average amount of intracellular activity per cell required to achieve 90% reduction in clonogenicity 

over 3 h period bound to chPBNPs was comparable to unbound 201Tl. Nuclear DNA damage measurable 

by the γH2AX assay showed a significant increase in the nuclear DNA DSBs caused by 1000 kBq/well 

of 201Tl-chPBNPs compared to the negative control. CaPBNPs delivering the same amount of activity 

have only a marginal influence on the extent of DNA damage. The variation in radiotoxic potential 

observed between caPBNPs and chPBNPs may be associated with the higher cellular uptake and/or 

their more prolonged retention of chPBNPs within cancer cells, resulting in the delivery of a higher 

level of activity to individual cells. Another possible explanation could be related to differences in the 

subcellular distribution of these nanoparticles, with chPBNPs being potentially situated in closer 

proximity to the cell nucleus. This hypothesis will be further explored in the next chapter. The presence 

of chitosan primary amine groups can potentially facilitate endosomal escape via the proton sponge 

effect. Multiple amine groups situated on the surface of nanoparticles can effectively capture protons, 

resulting in acidification and increased osmotic pressure within the vesicle, ultimately leading to its 

rapture [154]. Altered subcellular localisation when 201Tl is bound to PBNPs could explain why 201Tl-

chPBNPs cannot exceed the radiotoxicity of unbound 201Tl, despite having a more favourable kinetic 

profile.  

Seeing that the radiotoxic effect of chPBNPs, measured by the DNA damage assay and clonogenic 

survival, was similar to that of unbound thallium, these nanoparticles were subsequently studied in 

an in vivo mouse model to assess the retention of activity within the tumour tissue and the related 

radiotoxic effect in extracted tumours. The selection of an intratumoral delivery for this purpose was 

driven by two primary reasons. Firstly, it served to circumvent the absence of tumour targeting in the 

design of the particles, and secondly, it aimed to prevent the potential sequestration of nanoparticles 

by macrophages. No prior investigations on Prussian blue nanoparticles injected intratumorally had 

been reported before. Following the injection, the administered activity was clearly visible with in the 

tumour tissue in both groups scanned after 1 h. The elimination of the injected activity via the kidneys, 

although slower in the 201Tl-PBNPs group, exhibited a similar pattern to the control group, suggesting 

a compromised stability of 201Tl-PBNPs and the subsequent release of thallium from the 

nanoparticulate system over 48 h, rather than release of the intact radiolabelled nanoparticles from 

the tumours. There are no previous in vivo studies investigating 201Tl-PBNPs coated with chitosan after 

intratumoral injection in mice and only a few research articles could be found describing 

biodistribution of 201Tl bound to PBNPs after intravenous injection in healthy mice, although different 

surface stabilisers were used. Injecting 201Tl-PBNPs coated with dextran intravenously, which had an 

average diameter of 65.8 ± 8.2 nm,  have shown that although the most of activity 48 h after the 
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injection can be found in kidneys, it also accumulated in lungs and liver between 1 and 24 h post 

administration (p.a.) [138]. Another study presenting 201Tl-PBNPs coated with glucose-functionalised 

aminotriethyleneglycol ligands or amino polyethylene glycol (average size 2.4 ± 0.6 nm) revealed that 

the majority of the injected radioactivity after 48 h p. a. was observed either in kidneys or kidneys and 

liver [136]. It is crucial to recognise however that both studies highlighted the significance of surface 

functionalisation on the biodistribution of PBNPs, which makes it very difficult to compare between 

different types of nanoparticles. The size of the nanoparticles and their morphology will also influence 

the biodistribution.  

Despite the potential release of 201Tl from chPBNPs once inside the tumour, mice treated with 

radiolabelled chPBNPs retained, on average, 3.6 times more activity within their tumours when 

measured after 48 h in extracted tumours (ex vivo biodistribution), compared to mice injected with 

[201Tl]TlCl. This higher remaining activity within the tumour tissue in mice injected with 201Tl-chPBNPs 

was also visible on the SPECT/CT images, with approximately 5.5 times more activity present in 

tumours after 24 h and 4.4 times higher activity after 48 h than in mice injected with [201Tl]TlCl (in vivo 

biodistribution). The large standard deviation associated with the amount of 201Tl retained in tumours 

after 24 and 48 h could be related to the intratumoral injecting technique and some of the activity 

being injected outside the tumour tissue. Histological analysis of the tumours revealed it 

heterogenous nature, with proliferating cells visible in samples taken from both groups.  

As this was a preliminary study only, more information in needed to fully assess the kinetics of 

chPBNPs tumoral retention and chPBNPs toxicity. For example, shorter time intervals for SPECT/CT 

scanning, covering the period of 1 to 6 h after the injection, could provide a more detailed description 

of radiolabelled chPBNPs washout rate and biodistribution in other organs than kidneys. Nonetheless, 

201Tl-chPBNPs have proven to retain significantly higher amount of 201Tl inside the tumour after 48 h.  

 

3.6 Conclusions 

Two different types of Prussian blue nanoparticles coated with citric acid or chitosan were successfully 

synthesised. These nanoparticles have different shapes and opposite surface charges while sharing 

similarities in terms of size, crystal structure, UV absorption and ability to bind thallium (I) ions. 

Radiolabelling of both nanoparticle types proved to be efficient, resulting in radiostable nanoparticles 

under diverse conditions up to 72 h. Nevertheless, the different surface charges of these nanoparticles 

prompted varying 201Tl radiolabelling rates and release rates, as well different behaviours in the in 

vitro cellular uptake experiments. The positively charged chPBNPs were internalised by cells to a 

greater extent, reaching a threshold where they induced cytotoxicity even without radioactivity. 
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Compared to free 201Tl, the wash out rate of accumulated radioactivity was much slower thanks to the 

presence of caPBNPs and chPBNPs. Both types of PBNPs demonstrated the ability to capture and 

retain unbound thallium within cells (pre-targeting). When assessing the radiotoxic impact on cells, 

chPBNPs exhibited radiotoxicity comparable to that of unbound 201Tl, as indicated by yH2AX and 

clonogenic assays, whether measured against the activity added to the well and the calculated 

internalised activity per cell. Subsequently, these nanoparticles were tested in vivo, where they 

showcased significantly higher retention of 201Tl in tumours compared to unbound 201Tl after 48 h and 

predominantly renal clearance. This finding has confirmed the enhanced retention of 201Tl bound to 

PBNPs observed in the in vitro experiments.  
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Chapter 4: The subcellular distribution of unbound 201Tl and nanoparticle bound 201Tl 

 

4.1 Introduction  

Thallium-201 (201Tl), like other Auger electron-emitters, produces low energy (<25 keV) Auger 

electrons (AE) which travel short distances from the point of decay (<1 µm), leading to a relatively high 

linear energy transfer (4-26 keV/µm) [44,45]. Apart from the energy deposited by AE along their short 

tracks, the potential energy associated with the charged ions generated in the Auger cascade 

significantly contributes to the extensive ionisation and excitation of molecules in close proximity to 

the decay sites. In volumes smaller than 100 nm in diameter, the predominant factor influencing the 

local dose is believed to be the energy imparted by the charged atom [47]. Although the potential 

energy of the charged atom constitutes only a small fraction of the energy released by AE, the majority 

of the potential energy will be deposited into the target if the radionuclide is directly incorporated 

into it. As the target size decreases, the significance of ionisation potential becomes more pronounced 

[47]. The potential energy released per decay for 201Hg (daughter of 201Tl) was calculated as 1.5 keV 

[47]. This surpasses the energy calculated for 125I (0.9 keV), which is recognised as an effective AE-

emitter known for introducing direct DNA damage when incorporated directly into the DNA structure 

[50,51,155]. The release of potential energy around the site of decay and the highly localised energy 

deposition related to the AE emission within nanometres of decaying atoms can prove valuable in 

targeting small tumours or even individual cancer cells. Given that AE-emitters are most effective at 

short ranges, achieving their maximum potential may necessitate targeted delivery to a sensitive 

subcellular location, such as the nucleus, cell membrane, or mitochondria [52]. Understanding the 

subcellular localisation of radionuclides is not only beneficial but can also be critical in designing 

effective targeted radiotherapy for AE-emitters. Additionally, this knowledge plays a vital role  in 

microdosimetry calculations essential for optimising treatment planning in radiation therapy. It also 

contributes to understanding the radiobiological effects and factors that influence cellular response 

to radiation exposure.   

Until recently, the primary focus of radionuclide studies involving AE-emitters has been the nuclear 

DNA, regarded as the central target for radiation therapy. Particulate radiation can directly hit DNA 

causing various types of damage, such as single- and double-stand DNA breaks (SSBs and DSBs), DNA 

base damage and DNA crosslinks, which, if left unrepaired, can result in cellular death. A similar effect 

can be achieved indirectly by highly reactive hydroxyl radicals (˙OH), which are generated during the 

radiation-induced radiolysis of water [34]. It has been proposed that the dose rate imparted by AE-

emitters to the nucleus is closely related to their distribution within the cell [156]. Theoretical 

dosimetry calculations have also shown that a significant portion of the AE’ energy is deposited within 
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a sphere of approximately 2 nm in diameter, which coincides with the size of the DNA helix [157]. This 

suggests that the distance between the radionuclide and DNA helix plays a crucial role. A study using 

a model of a double-stranded plasmid DNA and the gel electrophoresis technique has demonstrated 

that 99mTc and 125I can directly impact the DNA only when they are in very close proximity, shorter than 

that referred to as the ‘critical distance’, as predicted by microdosimetry calculations [158,159]. 

Furthermore, when the radionuclide is positioned a bit further than the ‘critical distance’, the indirect 

damage to the DNA can be observed. Other experiments comparing radiotoxicity of 125I localised in 

different subcellular compartments suggest that a significantly greater toxic effect is achieved when 

the radionuclide is located in the nucleus as opposed to the cytoplasm or the cell membrane [160,161]. 

Various methods have been established to facilitate the delivery of AE-emitters to the nucleus, with 

one of the most common approaches involving the direct binding of the radionuclide to DNA 

sequences. An example of this strategy is 5-[125I]-Iodo-2′-deoxyuridine (125IUdR), which is a thymidine 

analogue. During the synthesis phase of the cell cycle, 125IUdR can be incorporated into the DNA, and 

this approach has demonstrated promising results both in vitro [161] and in vivo [162]. Another 

strategy, involving incorporation of 125I into oligonucleotides that can bind to specific DNA sequences, 

forming a triple helix (known as triplex-forming oligonucleotides), demonstrated a significant 

radiotoxicity by increasing DNA DSBs [163]. Alternatively, targeting nuclear proteins presents another 

way to deliver AE-emitters to the nucleus. For example, poly-ADP ribose polymerase (PARP) is a 

nuclear repair enzyme involved in the repair of SSBs  and is often overexpressed in various tumour 

cells. It can be successfully targeted with AE-emitter labelled PARP inhibitors, such as 123I-MAPi, which 

has shown a significant potential in the therapy of brain tumours [164].  

Numerous cell surface receptors, such as the human epidermal growth factor (EGF) receptors (EGFR), 

can undergo nuclear translocation upon ligand binding and receptor-mediated internalisation. The 

migration of the EGF/EGFR complex towards the nucleus is facilitated by an endogenous nuclear 

localisation sequence (NLS) that is recognised by nuclear pore receptors. When using 111In-labelled 

human EGF in breast cancer cells that overexpress EGFR, approximately 10% of the radiolabelled 

construct was found within the nucleus [165]. As 111In-EGF uses the EGFR as a nuclear transport carrier, 

it was possible to further increase the nuclear translocation of the EGF/EGFR complexes by combining 

them with a selective tyrosine kinase inhibitor – gefitinib, causing enhanced radiotoxicity in breast 

cancer cells [166].  

NLS-containing peptides can be also attached to antibodies, as seen in 111In-trastuzumab [167], or 

nanoparticles, such as gold nanoparticles [168] to facilitate their transport into the nucleus.  Among 

these NLS peptides, the TAT peptide has emerged as an effective way for guiding nanoparticles 
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towards the nucleus. This is achieved through specific interactions with import receptors, known as 

importin α and β, which subsequently enable entry into the nucleus through nuclear pore complexes 

[169]. The core sequence of TAT peptide, TAT47-57, is derived from the transactivator of transcription 

(TAT) of human immunodeficiency virus type 1. It consists of 11 amino acids (Tyr-Gly-Arg-Lys-Lys-Arg-

Arg-Gln-Arg-Arg-Arg) and includes a high concentration of positively charged lysine and arginine 

residues, which may potentially engage in further interactions with negatively charged DNA. The 

conjugation of the TAT peptide to mesoporous silica nanoparticles has enabled their active transport 

across the nuclear membrane [169]. When these nanoparticles were loaded with the anticancer drug 

doxorubicin, they exhibited significantly increased radiotoxicity in comparison to doxorubicin 

encapsulated within silica nanoparticles that did not incorporate the TAT peptide. This effect was 

observed only when the size of the nanoparticles fell within the range of 25 to 50 nm as opposed to 

those with a larger diameter [169]. In another in vitro study, gold nanoparticles with an attached TAT 

peptide were observed to reach the cell nucleus [170]. Interestingly, not only the presence of the 

nuclear localisation sequence (NLS) but also the size of the nanoparticles played a crucial role in their 

ability to pass through the nuclear envelope, which consists of nuclear pore complexes with a 

diameter ranging from 20 to 70 nm [169]. 

While the primary emphasis still lies in directing AE-emitters to the nucleus, there is a growing body 

of research highlighting the significance of extranuclear targets. Some studies proposed that elevated 

oxidative stress, mostly induced indirectly by free radicals, in mitochondria [171] or a cell membrane 

phospholipid structure [172] can lead to cellular death. It has been indicated that ionising radiation 

can alert mitochondrial functions, change mitochondrial gene expression and induce apoptosis [36]. 

Incubating cancer cells with 99mTc-pertechnetate and various 99mTc-labelled compounds exhibiting 

differential mitochondrial accumulation revealed varying degrees of radiotoxicity, leading to a 

conclusion that the subcellular distribution of radionuclides significantly contributes to the observed 

radiotoxic effect [173]. Targeting the cellular membrane could also be considered as an effective 

strategy for radionuclide therapy. For example, when a non-internalising 125I-labelled monoclonal 

antibody was bound to the cell surface, the generated free radicals caused the re -organisation of lipid 

rafts and the activation of multiple receptor-mediated signalling pathways, which resulted in 

increased cell toxicity [35]. In summary, increasing evidence underscores the significance of precise 

subcellular targeting to various cellular compartments, making it a key factor in improving the 

effectiveness of radionuclide therapy employing AE-emitters. 

The subcellular distribution of thallium in cells treated with thallium (I) chloride remains so far 

unknown. However, some clues about where unbound thallium might be localised within a cell can be 

inferred from the physicochemical properties and the toxicity profile of non-radioactive thallium. 
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Thallium strongly resembles potassium, having a very similar ionic radius (Tl+ - 164 pm vs K+ - 152 pm) 

and the same charge and hydration sphere. It can be transported inside cells via membrane potassium 

channels such as the Na+/K+ pump as supported by the evidence presented in chapter 2. Once inside 

a cell, thallium disrupts numerous vital physiological and metabolic processes. It replaces potassium 

in many potassium-dependent enzyme systems, often with a higher affinity for these enzymes than 

potassium itself [174]. The most investigated thallium toxicity mechanism, linked to its capacity to 

mimic potassium, is its interference with mitochondrial processes and energy production. Thallium 

affects the activity of essential enzymes in the respiratory chain, including pyruvate kinase, succinic 

dehydrogenase, and fructose-1,6-bisphosphatase, leading to dysfunctions in energy production within 

mitochondria [175]. Histopathological evidence confirms the swelling and vacuolisation of 

mitochondria after thallium exposure in neurons and liver cells [176,177]. Increased levels of reactive 

oxygen species (ROS) and a change in transmembrane mitochondrial potential could also play a role 

in the toxicity observed towards mitochondria [177]. Additionally, it has been suggested that by 

replacing potassium, thallium may block 60S subunit biogenesis, inhibit the synthesis of proteins and 

therefore inactivate ribosomal functions [175]. Several studies have also established a connection 

between thallium and nuclear damage as well as genetic alterations within cells [178–180]. As an 

alternative mechanism to potassium substitution, some authors suggest that Tl affinity to amino-

sulfhydryl groups could be responsible for blocking enzymes’ active centres containing thiol amino 

acids residues [86]. Impairment in the oxidative stress response in cells following the exposure to 

thallium is linked to a decreasing concentrations of glutathione, an antioxidant with an active cysteine 

sulfhydryl group, whose main function is to maintain redox homeostasis  and protect cells against 

damage done by ROS [181].  It is worth noting however that the efflux of thallium from cells appears 

to be comparable to that of potassium. Therefore, the notion that thallium exerts toxicity through 

binding to sulfhydryl groups seems less likely.  

In light of the intricate toxicity profile of non-radioactive thallium, it is evident that it can potentially 

localise within various cellular compartments, such as mitochondria, ribosomes, or the cell nucleus, 

and disrupts numerous cellular processes and functions, most likely by interfering with potassium 

pathways. Very little is known about the subcellular distribution of potassium in cancer cells. Given 

that non-radioactive thallium is found within cells at much higher concentrations than 201Tl, the 

distribution of thallium based on its toxicity mechanism may not accurately mirror the distribution of 

radioactive thallium. Nonetheless, it has the potential to offer valuable insights into the possible 

subcellular localisation of radioactive thallium when present in trace concentrations. 

There are several methods available to locate radionuclides or stable isotopes on the subcellular level, 

including subcellular fractionation, fluorescent imaging, microautoradiography, laser ablation-
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inductively coupled plasma–mass spectrometry (LA-ICP-MS), ion beam analysis (IBA) and synchrotron-

based X-ray fluorescence (XRF). These techniques have been covered in detail in a recently published 

review paper, along with their respective applications, strengths and limitations [182]. Another 

powerful technique not listed in the review is the transmission electron microscopy (TEM) combined 

with energy dispersive X-ray spectroscopy (EDS), applied in materials science and nanotechnology to 

obtain both structural and chemical information of a sample at the nanometre scale. In EDS, an X-ray 

detector is used to measure the energy of X-rays emitted from the sample when it is bombarded with 

high-energy electrons. As each element has characteristic X-ray emission energies, by analysing the 

energy spectrum of the emitted X-rays, it is possible to identify the elements present in the sample 

and quantify their concentrations. TEM provides detailed structural information, including 

information about the size and morphology of the sample at very high spatial resolution.  

All the techniques mentioned above are potentially very useful when investigating the subcellular 

distribution of chelated or nanoparticle-bound radionuclides. On the other hand, the localisation of 

unchelated radionuclides, such as [201Tl]Tl+, [99mTc]TcO4
−, [123I]I− and [18F]BF4

− presents a considerably 

greater challenge because these radionuclides cannot be ‘trapped’ within the cell by fixation and 

instead diffuse freely in accordance with their concentration gradients [12,140]. In such cases, it is 

crucial not only to find the most appropriate analytical technique, but also the right method of sample 

preparation and results interpretation. Another challenge posed by thallium (I) ions is the absence of 

a chemical approach for creating a conjugate [99] with an antibody or a fluorescent label. This 

limitation makes certain available techniques unsuitable for the purpose of defining subcellular 

localisation of unbound thallium (I).  

In chapter 2, radioactive thallium (I) chloride ([201Tl]TlCl) demonstrated significant radiotoxic potential, 

outperforming other AE-emitters, such as 67Ga or 111In. However, in chapter 3, when 201Tl+ is bound to 

Prussian blue nanoparticles coated with citric acid (201Tl-caPBNPs), it showed only minimal 

radiotoxicity, even though it delivers an equivalent activity per cell. This observation has led to a 

hypothesis that 201Tl+ bound to caPBNPs is prevented from reaching a specific subcellular 

compartment necessary to manifest its full radiotoxic potential. 

4.2 Aims 

The main objective of this research was to identify the specific subcellular localisation of unbound 

thallium (I), which demonstrated to have significant radiotoxicity in chapter 2. Various techniques, 

such as cell fractionation, LA-ICP-MS, IBA, SIMS and TEM/EDS were explored to achieve this goal due 

to the challenge posed by the ability of Tl+ to diffuse during sample preparation and its distribution 

depending on the gradients of intracellular and extracellular concentrations.  
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In addition, this chapter investigates the subcellular localisation of Prussian blue nanoparticles (PBNPs) 

coated with citric acid and chitosan by TEM, TEM/EDS, IBA and fluorescent microscopy. The aim was 

to establish a connection between the subcellular distribution and the observed comparative 

radiotoxic effects of 201Tl when unbound or bound to PBNPs. Furthermore, this chapter explores 

whether modifying the nanoparticle shell to target a particular subcellular compartment, namely the 

nucleus, has any influence on its final localisation. 

 

4.3 Materials and methods 

Cell culture consumables and chemicals, unless specified, were purchased from Sigma-Aldrich, UK. 

Various cell types were employed in the experiments based on their availability and suitability for a 

specific method used. 

4.3.1 Cell culture: Human prostate carcer cells DU145 (ATCC® HTB-81™), human lung cancer cells A549 

(ATCC® CCL-185™) and human ovarian cancer cells SKOV3 (ATCC® HTB-77™) were cultured in RPMI-

1640 medium, supplemented with 10% fetal bovine serum, 5% L-glutamine, penicillin (100 units) and 

100 μg/mL streptomycin. Cultured cells were trypsinised and seeded 16 hours before each experiment 

and grown at 37°C in a humidified 5% CO2 atmosphere. Bromodeoxyuridine (5-bromo-2’-

deoxyuridine, BrdU) in aqueous solution 5 mg/500 µL (Biolegend) was diluted 30-fold with medium 

and 100 µL of the solution was added to 10 mL of medium (10 µM final concentration). SKOV cells and 

DU145 cells were incubated with the medium supplemented with BrdU for the total of 3 days, with 

medium changed every 12 h [183]. All cell lines were tested for the presence of Mycoplasma at least 

monthly (PCR test, Eurofins). 

4.3.2 Cell viability and clonogenic survival assessment after incubation with TlCl: 50 µL of 400 - 2000 

mg/L of TlCl was added to A549 cells in 200 µL medium. For the viability assessment, the incubation 

solution was removed after 1.5 h, cells were washed twice with PBS, trypsinised, stained with Trypan 

blue and viable and non-viable cells were counted manually using a haemacytometer. Cell viability 

was determined by calculating the percentage of viable cells in relation to the total number of cells.  

For the clonogenic survival experiment, the incubation solution was removed after 1.5 h, cells were 

washed thrice with PBS, trypsinised, re-suspended in fresh medium, seeded at 1,000 cells/well in a 6-

well plate and cultured for 7-8 days, changing medium every 2-3 days. Colonies were fixed and stained 

with 0.05% crystal violet in 50% methanol and counted manually, defining colonies as containing more 

than 50 cells.  
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4.3.3 Subcellular fractionation: A549 cells were seeded at 100,000 cells per well in 24-well plates 16 

h before the experiment. The fractionation method described previously [184] was used with some 

modifications (Fig. 4.1). In brief, fifteen minutes before the experiment, medium in each well was 

replaced by 200 µL fresh medium. [201Tl]TlCl was diluted with PBS to the activity concentration of 1 

MBq/mL and 50 µL was added to each well. After 16 h of incubation at 37°C in a humidified 5% CO2 

atmosphere, the 24-well plates were put on ice, the radioactive medium was collected, and the 

adherent cells were briefly washed three times with 250 µL of cold PBS. The activity present in all P BS 

washes and the medium was measured by a gamma counter (‘medium’ fraction). Then, 250 µL of cold 

200 mM sodium acetate solution and 500 mM sodium chloride (pH = 2.5) were added to each well, 

incubated with cells on ice for 10 min and then removed, combined with a subsequent wash of 250 

µL of cold PBS, and measured as a fraction by the gamma counter (‘membrane’ fraction). Next, the 

cells were lysed with 250 µL of cold Nuclei EZ Lysis buffer on ice. After 2 h incubation, cells were 

transferred to eppendorf tubes, centrifuged for 5 min at 1,000 rpm and the supernatant was collected. 

The remaining pellet was resuspended in 250 µL of cold PBS, centrifuged, and again the supernatant 

was collected. This process was repeated, and the supernatants were combined.  

Figure 4.1 Subcellular fractionation workflow.  
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The activity present in the combined supernatant fractions (cytoplasmic fraction) and the activity 

present in the pellet (nuclear fraction) were quantified by a gamma counter (as counts per minute, 

CPM).  

4.3.4 Laser ablation – inductively coupled plasma – mass spectrometry (LA-ICP-MS) was performed 

in collaboration with Charlie Beales, Dr Maral Amrahli, Dr Alexander Griffiths and Dr Theodora Stewart 

at the London Metallomics Facility, KCL. Whole cells sample preparation: 75,000 prostate cancer cells 

(DU145) were seeded 16 h before the experiment on cover glasses placed at the bottom of each well 

of a 24-well plate. Cells were incubated for 90 min with 50 µL of 1.5, 3.0 and 6.0 µmol/L solutions of 

non-radioactive TlCl in 0.9% NaCl and 200 µL of RPMI medium. In the negative control, cells were 

incubated with 50 µL of MilliQ water and 200 µL RPMI of medium. Then, the medium was removed, 

adhered cells were briefly washed once with 250 µL PBS and fixed with 99.9% methanol over 30 sec. 

The cover glasses with cells were transferred from the 24-well plate to microscope slides. Laser 

ablation and ICP-MS analysis was performed with a Teledyne Analyte Excite Laser with Thermo iCapTQ 

with 3 µm spatial resolution (6 different areas ablated per concentration, a field of minimum 5 cells) 

PerkinElmer NexION 350D Inductively Coupled Plasma-Mass Spectrometer. ImageJ was used to 

quantify 205Tl signal in obtained images, which was measured as the average intensity of Tl signal 

assessed within the region of interests marked as single cells. The Tl signal threshold was set manually 

and was constant for all assessed areas within the same concentration. Preparation of cell sections: 

DU145 cells and DU145 cells pre-incubated with bromodeoxyuridine as described earlier were 

trypsinised, centrifuged and quantified using a haemacytometer. Then 3,000,000 cells in 200 µL PBS 

solution were incubated with 50 µL of 1.0, 5.0 and 10.0 µmol/L TlCl aqueous solution or MilliQ water 

(negative control) for 90 min. During this time, intermittent resuspension of cells by pipetting was 

carried out. Following the incubation, cells were resuspended in 400 µL of warm 18% gelatine solution 

(1.8 g of gelatine dissolved in 10 mL of PBS at 37°C), placed in a plastic mould and allowed to solidify 

at 4°C. No PBS washes were done after TlCl incubation to avoid thallium redistribution. A small piece 

of the gelatine was cut out, embedded in O.C.T. compound (Optimal Cutting Temperature compound, 

#361603E, VWR) and snap-frozen in cold isopentane cooled down with liquid nitrogen. 10 µm thick 

sections were cut using a cryostat (Cryostat SLEE MNT), placed on a microscope slide and stored at 

4°C. Cell sections were stained with ProlongTM Gold Antifade Reagent with DAPI (Invitrogen) and 

imaged with a TCS SP5 confocal microscope with Leica software. LA-ICP-MS analysis was done by 

Teledyne Analyte Excite Laser with Thermo iCapTQ with 3 µm spatial resolution and 

PerkinElmer NexION 350D Inductively Coupled Plasma-Mass Spectrometer (optimised experiment 

settings: fluence 1.5 J/cm2, dosage of 5, rep rate of 167 Hz).  The workflow of the LA-ICP-MS method 

is presented in Figure 4.2. 
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4.3.5 Ion beam analysis (IBA) was performed at the UK National Ion Beam Centre, Guildford, in 

collaboration with Dr Catia Costa and Prof Melanie Bailey. Leica frame slides (11505190, Leica 

microsystems) were incubated with poly-L-lysine (50 µg/mL) for 1 h to improve the cells’ adherence 

on the PET membrane. DU145 or SKOV3 cells were seeded at 200,000 cells per slide 16 hours before 

each experiment and grown at 37°C in a humidified 5% CO2 atmosphere. CaPBNPs were synthesised 

and incubated with non-radioactive TlCl as described in chapter 3 and incubated with SKOV3 cells only. 

Shortly before the experiment, old medium was removed. 120 µL of TlCl aqueous solution (2000 mg/L, 

8.3 mM) or Tl-caPBNPs (0.5 mg/mL) was added to 480 µL of medium, mixed, and added to cells grown 

on the PET membrane. For negative controls, 120 µL of MilliQ water was added instead of TlCl solution. 

After 90 min (or 180 min for incubation with Tl-caPBNPs), cells were placed at 4°C for 10 min, then 

incubation medium was removed, medium residue was dried with Whatman filter paper. Each Leica 

Figure 4.2 LA-ICP-MS method workflow.  
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slide was submerged in isopentane cooled with liquid nitrogen ( -120°C) for 10 sec then immediately 

freeze-dried for 16 h (-40°C, <1 mPa). Slides were stored at 4°C until the analysis, when they were 

inserted in a vacuum chamber pumped to 10−6 mBar and irradiated using 2.5 MeV proton beam 

(current: 300-600 pA; terminal voltage: 1250 kV) produced by a 2 MV Tandem accelerator (High 

Voltage Engineering, Netherlands) at normal incidence with a spot size of approximately 1.5 x 1.5 μm. 

Elastically backscattered protons were detected using a PIPS charged particle detector with an active 

area of 150 mm2 mounted at 25° exit angle (β). A silicon drifted detector (SDD) with an active area of 

80 mm² was positioned at a central angle of 135° relative to the beam direction.  The X-ray detector 

was fitted with a 130 μm beryllium foil. Both detectors were fitted with a sampling cone to stop 

backscattered and X-ray signals from the chamber from entering the detectors. To help locate cells in 

the beam chamber, before irradiation with the proton beam, cells were imaged with a light 

microscope (Nikon AZ100) and a copper finder grid (Agar Scientific, G2483) was secured with a kapton 

tape to the back of the Leica slide. Elemental PIXE maps and EBS maps were collected simultaneously 

for cells incubated with thallium and negative controls, alongside line scans and point measurements. 

Calibration was done using a BCR-126A lead glass standard. Data were acquired and analysed using 

OMDAQ-3 software (Oxford Microbeams, Ltd. UK). PIXE signal was normalised to EBS signal to 

eliminate the impact of cell thickness. Quantitative analysis was performed using ImageJ and 

Microsoft Excel 2016 software based on the obtained PIXE maps of single cells and line scans. Regions 

of interest (ROIs) corresponding to the cell cytoplasm and nucleus were delineated based on the light 

microscope images and PIXE maps. Subsequently, the area under thallium signal within these ROIs 

was calculated to quantify the relative concentration of thallium present in the cytoplasmic and 

nuclear areas. Thallium signal corresponding to the cytoplasm and nucleus was normalised by dividing 

it by the 'length' of the respective ROI. A total of 20 prostate cancer single cells (DU145) and 20 ovarian 

cancer single cells (SKOV3) were subjected to this quantification process. The workflow of the IBA 

method is presented in Figure 4.3. 
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4.3.6 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis was performed by Dr Catia 

Costa at the UK National Ion Beam Centre, Guildford, using a sample already imaged with the PIXE/EBS 

technique in order to investigate the suitability of the method for detecting unbound thallium (I) on 

the surface of cancer cells and secondly, to assess the compatibility of those two methods used one 

after another. Ion mass spectrometry analysis was carried out using an ION-TOF GmbH (Munster, 

Germany) TOF.SIMS.5 instrument. A 25 keV Bi3+ primary ion beam was operated delivering 1.0 µA of 

current with the high current bunched mode. The MacroRaster mode was employed, where the stage 

moves under the beam to provide a mosaic of the total area analysed. Images were acquired with 1 

scan, 10 shot/pixel, 128 x 128 pixel resolution frames/patch, a maximum patch side length of 0.25 mm 

and a pixel density of 100 pixel/mm. Homogenates were imaged in triplicates over 250 x 250 µm areas 

for peak intensity comparison and over a single large area (3 x 3 mm) for image comparison. All data 

were acquired in positive mode and with a 100 µs TOF cycle. All spectra and ion images were 

generated using SurfaceLab 6.5.  

 

 

Figure 4.3 IBA method workflow.  
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4.3.7 Transmission electron microscopy (TEM) analysis for caPBNPs and chPBNPs was done at the 

Advanced Bioimaging Facility in collaboration with Dr Saskia Bakker, University of Warwick via 

Seedcorn access. 250,000 cells per well in 24-well plates were seeded 16 h before the experiment. 15 

min before the experiment, the medium in each well was replaced by 200 µL fresh medium and 50 µL 

of MilliQ water, caPBNPs, Tl-caPBNPs (concentration: 0.5 mg/mL), chPBNPs or Tl-chPBNPs 

(concentration: 0.25 mg/mL) was added into each well. After 3 h, the incubation medium was 

removed, then cells were washed twice with cold PBS, trypsinised, and moved to eppendorf tubes and 

centrifuged at 0.5 g for 5 min. Supernatant was removed and 800 µL of 2.5% EM grade glutaraldehyde 

solution (G015, TAAB) in PBS was added. After 1 h at RT, cells were centrifuged at 0.5 g for 5 min, re -

suspended in 500 µL PBS and centrifuged again. This process was repeated twice. After stepwise 

dehydration in 25%, 50%, 75% and 100% acetone, cells were infiltrated with 50% resin for 1 h followed 

by 100% resin (Agar Scientific Low Viscosity Epoxy Resin) for 24 h. The resin was left at 60°C overnight 

and then ultrathin sections on an RMC ultramicrotome were cut and stained with 2% uranyl acetate. 

The samples were imaged in a JEOL JEM 2100 Plus with Gatan OneView CMOS camera.   

 

4.3.8 Energy dispersive X-ray spectroscopy (EDS) combined with transmission electron microscopy 

(TEM) was performed at the Centre for Ultrastructural Imaging (CUI), KCL, in collaboration with Dr 

Pedro Machado and Alejandra Carbajal. Sample preparation: a carbon coated sapphire disc (Leica ACE 

600, Leica Microsystems) was placed in each well of a 24-well plate and incubated with poly-L-lysine 

(50 µg/mL) for 30 min. 75,000 lung cancer cells (A549) were seeded 16 h before the experiment. 15 

min before the experiment, the medium in each well was replaced by 200 µL fresh medium. For 

imaging unbound thallium (I), 50 µL of aqueous TlCl solution (2000 mg/L) was added to each well. In 

the negative control, 50 µL of MilliQ water was added to 200 µL of medium. For imaging thallium (I) 

bound to PBNPs, 50 µL of either caPBNPs, Tl-caPBNPs (concentration: 0.5 mg/mL), chPBNPs or Tl-

chPBNPs (concentration: 0.25 mg/mL) was added into each well. Synthesis of caPBNPs and chPBNPs, 

and their incubation with non-radioactive thallium (I) chloride, are described in detail in the Methods 

section in chapter 3. After 3 h incubation time, medium was removed, the sapphires were high -

pressure frozen using a Leica EM ICE and subsequently freeze substituted (Leica AFS 2, Leica 

Microsystems) with 0.2% uranyl acetate in dry acetone, and finally embedded into Lowicryl 

HM20. Thin sections were cut using an ultramicrotome (UC7, Leica Microsystems) and collected on 

carbon support film GS 2x1 copper grids (TAAB Laboratories Equipment Ltd., UK). All e xperiments were 

performed on a JEOL JEM F200 operated at 200 kV, using a standard TEM holder. The holder was tilted 

19° towards the Ultim Max EDS detector (Oxford Instruments). The EDS datasets were analysed using 

AZtec version 6.1. For determining the concentration of elements present in the samples, QuantMaps 
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were generated for the quantitative analysis. Comparative spectra were collected at selected regions 

for analysing the differences between regions with and without nanoparticles. The amount of thallium 

within PBNPs was expressed as the percentage of total weight (wt%) and the average was calculated 

based on the data obtained from 10 energy spectra of the regions containing Tl-PBNPs and 

cytoplasmic regions without visible nanoparticles in various cells and distant locations. EDS maps and 

TEM overlays were generated to visualise the elemental distribution across different imaging sites.   

The workflow of the EDS/TEM method is presented in Figure 4.4. 

 

4.3.9 Targeting Prussian blue nanoparticles to the nucleus   

Changing the size of citric acid coated Prussian blue nanoparticles (caPBNPs): the synthesis of caPBNPs 

is described in chapter 3. Modifications to the synthetic method were made by varying the amount of 

citric acid added to FeCl3 aqueous solution or K4[Fe(CN)6] aqueous solution, increasing the molar 

concentration of FeCl3 solution or increasing the molar concentration of K4[Fe(CN)6] solution (Table 

4.1). The size of synthesised caPBNPs was assessed by dynamic light scattering (DLS) as described in 

chapter 3. To synthesise caPBNPs-TAT, 0.01 mmol of EDC (1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride) and 0.015 mmol of sulfo-NHS (N-hydroxysulfosuccinimide) were 

dissolved in 200 µL of MilliQ water, added to 3 mL of 0.5 mg/mL caPBNPs suspension in water, and 

the mixture was stirred for 30 min at RT. After the reaction, the mixture was moved to Amicon® ultra 

Figure 4.4 EDS/TEM method workflow.  
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centrifugal filters (30,000 MWCO) and centrifuged at 5,000 rpm for 3 min. The nanoparticles were 

resuspended in 3 mL of HEPES buffer solution (pH = 8.2). Then, 0.001 mmol of TAT peptide (HIV -1 TAT 

(47-57), AnaSpec) dissolved in 200 µL of MilliQ water was added and the mixture was stirred for 3 h 

at RT. The product was purified by ultrafiltration using Amicon® ultra centrifugal filters (30,000 

MWCO) at 4,000 rpm for 5 min and washed 3 times with MilliQ water.  Synthesis of modified chitosan 

coated Prussian blue nanoparticles with carboxyfluorescein (chPBNPs-CF), chitosan coated Prussian 

blue nanoparticles with TAT peptide attached (chPBNPs-TAT) and chitosan coated Prussian blue 

nanoparticles with TAT peptide linked to 5-carboxyfluorescein (chPBNPs-TATFAM) was performed in 

collaboration with Dr Juan Pellico, KCL. ChPBNPs were synthesised and purified as described in the 

previous chapter. To synthesise chPBNPs-CF, 0.06 mmol of EDC and 0.065 mmol of sulfo-NHS were 

dissolved in 200 µL of MilliQ water. Then, 0.05 mmol of 6-carboxyfluorescein (Merck) dissolved in 100 

µL of MilliQ water was added and the mixture was stirred at RT for 20 min. Afterwards, 500 µL of 

chPBNPs (2.5 mg/mL) were added into the reaction and the solution stirred for 16 h at RT. Finally, 

chPBNPs-CF were purified by ultrafiltration using Amicon® ultra centrifugal filters (30,000 MWCO) at 

13,000 rpm for 3 min and washed 5 times with MilliQ water. To synthesise chPBNPs-TAT, 0.01 mmol 

of EDC and 0.015 mmol of sulfo-NHS were dissolved in 200 µL of MilliQ water. Then, 0.001 mmol of 

TAT peptide (HIV-1 TAT (47-57), AnaSpec) dissolved in 200 µL of MilliQ water was added and the 

mixture was stirred for 20 min at RT. Afterwards, 500 µL of chPBNPs (1 mg/mL) were added into the 

reaction and the solution stirred for 16 h at RT. Finally, chPBNPs-TAT were purified by ultrafiltration 

using Amicon® ultra centrifugal filters (30,000 MWCO) at 13000 rpm for 3 min and washed 5 times 

with MilliQ water. To synthesise chPBNPs-TATFAM, 0.01 mmol of EDC and 0.015 mmol of sulfo-NHS 

were dissolved in 200 µL of MilliQ water. Then, 0.001 mmol of [5-FAM]-TAT peptide (TAT (47-57) 

labelled with [5-FAM]-5-carboxyfluorescein (Insight Biotechnology Ltd) dissolved in 200 µL of MilliQ 

water was added and the mixture stirred for 20 min at RT. Afterwards, 500 µL of chPBNPs (1 mg/mL) 

were added into the reaction and the solution stirred for 16 h at RT. Finally, chPBNPs-TATFAM were 

purified by ultrafiltration using Amicon® ultra centrifugal filters (30,000 MWCO) at 13000 RPM for 3 

min and washed 5 times with MilliQ water. The amount of TAT peptide and fluorescent tags 

(carboxyfluorescein and TAT peptide conjugated with carboxyfluorescein) incorporated was 

determined by thermogravimetric analysis (the method is described in detail in chapter 3).  The zeta-

potential and particle size of caPBNP-TAT were assessed with the DLS method described in chapter 3.  
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4.3.10 Assessing subcellular distribution of chPBNP-CF and chPBNPs-TATFAM by fluorescent 

microscopy: A549 cells were seeded on coverslips coated with poly-L-lysine (50 µg/mL) placed in a 24-

well plate. Following a 3 h incubation with 50 µL of chPBNP-CF, chPBNPs-TATFAM and fluorescent 

controls (non-conjugated [5-FAM]-TAT peptide and 6-carboxyfluorescein), medium was removed, 

coverslips were washed twice with PBS, fixed with 3.7% paraformaldehyde in PBS, treated for 5 min 

with 0.5% Triton X-100®/ 0.5% IGEPAL CA-630® solution and washed again with PBS. Cells were stained 

and mounted with ProlongTM Gold Antifade Reagent with DAPI (Invitrogen). A TCS SP5 confocal 

microscope with Leica software was used to obtain fluorescent and bright field images. Serial z -stack 

images (z-step: 1.0 μm, number of steps: 10) were taken for each field of view, with a minimum of 15 

cells per image. Quantification of the fluorescent signal was based on a previously published method 

[185]. CellProfiler was used to quantify the total fluorescent signal per cell and the fluorescent signal 

in the nucleus per cell using the maximum intensity projection of z-stacks of both nucleus and 

carboxyfluorescein channels obtained using ImageJ. The workflow for the fluorescent microscopy 

method is presented in Figure 4.5. 

4.3.11 Data analysis: Data were analysed in Excel Microsoft 2016 and GraphPad Prism 9.1.0/10.0.2, 

and expressed as mean ± SD. Graphs and figures were created with GraphPad Prism 10 and 

BioRender.com.   

 

 

 

 

 

Figure 4.5 Fluorescent microscopy workflow.  
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4.4 Results 

 

Assessing the subcellular distribution of unbound Tl+ 

4.4.1 Subcellular fractionation of unbound 201Tl+ 

Subcellular fractionation is one of the most common laboratory techniques used to separate different 

cellular organelles and structures based on their size, density, and other physical properties.  In 

general, a radionuclide that does not enter cells or is not attached to the cell membrane is typically 

found in the 'medium' fraction. Radionuclides that bind to the cell membrane make up the 

'membrane' fraction. When radionuclides are located within the cell, they form the 'intracellular' 

fraction, which can be further divided into the 'nuclear' and 'cytoplasmic' fractions. This method was 

first performed on lung cancer cells (A549) incubated with 201Tl+ in parallel to cells incubated with 

nanotexaphyrins (described in chapter 5); this experiment served as a control measure for assessing 

subcellular distribution of nanoparticles. The subcellular localisation of 201Tl is presented in Figure 4.6.  

Most of the activity was found in the 'medium' fraction (90.5 ± 0.4%), which consisted of 84.7 ± 2.1% 

activity found in the collected medium and 5.8 ± 1.7% found in three subsequent PBS washes. 9.1 ± 

0.2% of the total activity was present in the 'membrane' fraction. Lastly, a minimal amount of activity 

was found in the intracellular fraction (0.36 ± 0.41%), which includes 0.014 ± 0.002% activity present 

A B 

Figure 4.6 Results of 201Tl+ subcellular fractionation. A) Distribution of 201Tl+ (expressed as percentage of total 
activity) in 'medium' fraction (201Tl outside the cell), 'membrane' fraction (201Tl is bound to the cell membrane) 

and 'intracellular' fraction (201Tl inside the cell). B) Distribution of 201Tl in the 'cytoplasmic' and 'nuclear' 
fractions. Cells were initially incubated with [201Tl]TlCl for 16 h, average uptake of 201Tl+ after 16 h was 9.46 ± 
0.33%, 100,000 cells seeded per well, 50 kBq per well, A549 cells, n=3.   
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in the nucleus and 0.343 ± 0.410% present in the cytoplasm. In contrast, [ 201Tl]TlCl cellular uptake 

performed in parallel to the fractionation experiment measured as described in chapter 2, was on 

average 9.46 ± 0.33%. These results demonstrated that thallium rapidly diffuses out of cells during 

each change of incubating solution. Furthermore, it becomes evident that the longer cells are kept in 

a fresh solution during the procedure or the more they are washed, the lower the thallium content 

remaining inside the cells. 

 

4.4.2 Laser ablation - inductively coupled plasma - mass spectrometry (LA-ICP-MS) of unbound Tl+ 

LA-ICP-MS enables spatial elemental mapping and quantification in biological samples with a very high 

sensitivity. This technique was employed to establish thallium (I) subcellular distribution in fixed single 

prostate cancer cells (DU145) growing in various areas of the well (6 to 7 different areas per 

concentration) after 90 min incubation with three different concentrations of aqueous TlCl solution  

(1.5, 3.0 and 6.0 µmol/L) added to the medium. Examples of light microscopy images of DU145 cells  

incubated with TlCl, 205Tl maps and 205Tl maps co-localised with the light microscopy image are shown 

in Figure 4.7. 

Presented images show thallium signal (as 205Tl) located inside cancer cells and co-localised with 31P 

signal (Fig. 4.7 C). While it was evident that thallium was present inside cells and not in the 

media/background, drawing conclusions about the subcellular distribution of thallium proved 

challenging, primarily due to the limited spatial resolution of the technique and uncertainties 

regarding the precise location of the nucleus. 

Thallium signal associated with individual cells was used to assess the distribution of thallium (I) 

among cells in various cell populations.  Quantification of 205Tl signal in DU145 cells relied on the signal 

intensity, measured as the average intensity of the signal per cell detected within the cell boundries. 

The analysis involved evaluating the corrected total signal by substracting the background signal, 

which was then used for comparing signal intensity between individual cells and cells populations. 
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An increase in thallium signal intensity was observed among cells exposed to rising concentrations of 

TlCl from the average of 383 ± 62 when cells were exposed to 1.5 µmol/L TlCl to 1238 ± 208 for cells 

incubated with 6.0 µmol/L TlCl (Fig. 4.8 A). Variations were also detected in cells growing in different 

A 

B 

 

C 

Figure 4.7 LA-ICP-MS analysis of unbound Tl+ in whole cells. LA-ICP-MS analysis in three different samples (A, 

B and C) presenting a light microscopy image, thallium map, a merged image of the microscope picture with 

the thallium signal and a merge image of thallium (red) and phosphorus (green) signal  in the third sample. 

Experiments were performed on prostate cancer cells (DU145) incubated for 90 min in media with A) 1.5 

µmol/L, B) 3.0 µmol/L and C) 6.0 µmol/L of TlCl added. On thallium maps and merged images 95th percentile 

threshold has been applied.  
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regions within the incubation well but exposed to the same concentration of TlCl; however, the range 

between the minimum and maximum values did not exceed a threefold difference ( Fig. 4.8 B). The 

highest variance in thallium distribution among individual cells was noted in cells growing in the same 

area and incubated with 6.0 µmol/L TlCl.  

  

With the aim to gain a deeper insight into the distribution of thallium within individual cells, the 

sample preparation method was modified to ablate thin cell sections (10 µm) instead of ablating whole 

cells. In this modified approach, following a 90 min incubation with thallium (I) chloride, cells were 

resuspended in gelatine without removing the thallium chloride solution. This step was designed to 

avoid thallium displacement from its original location. Subsequently, the cell sections were obtained 

and initially stained with DAPI solution to mark the nucleus location. The quality of prepared samples 

was assessed using a fluorescent confocal microscope (Fig. 4.9). 

The majority of the 10 µm cell sections displayed a nucleus that was stained blue and visible under 

the confocal microscope; however, there were instances where certain cells did not exhibit this 

staining. This observation proved that the presence of a nucleus cannot be assumed in every cell 

section. Furthermore, sections lacking a nucleus could be employed to assess the quantity of thallium 

in the cell cytoplasm without the potential interference from the nucleus.  

 

 

Average 205Tl 
signal intensity 

per cell 

Concentration of TlCl added to medium 

1.5 µmol/L 3.0 µmol/L 6.0 µmol/L 

Mean ± SD 383 ± 62 489 ± 70 1238 ± 208 

Min value 263 315 754 

Max value 494 682 1660 

 

A 

Figure 4.8 LA-ICP-MS quantification. A) 205Tl signal expressed as the average intensity of 205Tl signal per cell, 

based on ImageJ quantification of 205Tl signal intensity in DU145 cells after 90 min incubation with 1.5 µM, 3.0 

µM and 6.0 µM of TlCl in RPMI medium. Six different areas were ablated per concentration (1-6) and each area 

contained between 5 and 15 cells. Bars symbolise the average Tl intensity per area.  Data are presented as mean 

± SD, with single points representing results for individual cells. B) A table summarising the average (± SD) 

intensity of Tl signal per cell with minimum and maximum values of 205Tl signal in DU145 cells incubated with 

1.5 µM, 3.0 µM and 6.0 µM of TlCl in RPMI medium. 

B 
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LA-ICP-MS analysis was performed on various cell samples, including cells incubated with three 

different concentrations of TlCl, cells pre-incubated with bromodeoxyuridine (BrdU) followed by TlCl 

incubation, and negative control samples. Unfortunately, the  bromine signal arising from BrdU 

interfered with the accurate measurement of the thallium signal, leading to the exclusion of cells 

incubated with BrdU from the assessment. Moreover, only cells incubated with 1 µmol/L TlCl solution 

added to the medium are presented, because higher concentrations in other samples resulted in signal 

saturation. Examples of these cells and negative controls are shown in Figure 4.10. 

The LA-ICP-MS images revealed uneven distribution of the 205Tl+ signal within the gelatine matrix. In 

some instances, concentration of the thallium signal was observable within the cell sections. However, 

some cell sections did not show a detectable thallium signal. Due to the inability to accurately localise 

the cell nucleus within the ablated cell sections or to identify those lacking a nucleus, combined with 

the presence of elevated thallium concentrations in the gelatine matrix, this experiment did not yield 

conclusive results. 

 

 

 

 

 

  

Figure 4.9 Light microscope images of cell sections stained with DAPI. Examples of DU145 cell 10 µm sections 

stained with DAPI and imaged with a fluorescent confocal microscope. DAPI stain was used to define the 

location of a cell nucleus. Cells without stained nucleus (i.e. where the section did not include nucleus) are 

marked in red. Scale bar – 25 µm. 
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4.4.3 Energy dispersive X-ray spectroscopy (EDS) combined with transmission electron microscopy 

(TEM) of unbound Tl+ 

EDS is an elemental spectroscopy technique, which is usually combined with electron microscopy. It 

captures and analyses the characteristic X-rays generated from the sample material and can precisely 

determine its elemental composition within a specific area of the cell captured with a high resolution. 

In the sample preparation method, cells were rapidly frozen in liquid nitrogen in order to allow 

instantaneous fixation of the cell and prevent any potential diffusion of thallium from its original 

location. The cells were also freeze-substituted with uranyl acetate in dry acetone to further preserve 

the sample and enhance contrast between different cellular components. Examples of EDS/TEM 

analysis of lung cancer cell (A549) sections are presented in Figure 4.11.  

Figure 4.10 LA-ICP-MS analysis in cell sections. A), B), C), D), E) Samples 1 to 5 include a light microscope image, 
205Tl signal map and an overlay of a light microscope image with 205Tl map. Thallium signal was measured in 10 

µm sections of DU145 cells incubated with 1 µM of TlCl. Negative controls include a light microscope image and 

a 205Tl map measured in 10 µm sections of DU145 cells incubated MilliQ water. Scale bar – 200 μm.   

A B C 

D E F 
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Figure 4.11 TEM/EDS analysis of Tl+ in cell sections. Two examples of TEM/EDS analysis A) and B) showing 

elemental maps (from left to right) of nitrogen, oxygen, uranium and thallium (as weight percentage, wt%), 

a TEM image of a cell 10 µm section, and a spectrum map (cps/eV vs keV). EDS datasets were analysed using 

Aztec (Oxford Instruments). For determining the concentration of elements present in the samples, 

QuantMaps were generated for the quantitative analysis. Scale bar – 5 μm. Lung cancer cells (A549) were 

used in this experiment. Uranium present in the sample comes from the uranyl acetate solution used in the 

sample preparation. 
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Thallium signal was not detected in any cells in the samples analysed (n=11) and the amount of  

thallium quantified in the cell fragments did not exceed 0. Uranium present in the sample comes from 

the uranyl acetate solution. This experiment illustrated the inability to detect thallium inside cancer 

cells using EDS with the parameters applied, even when employing a high concentration of TlCl (400 

mg/L).  

 

4.4.4 Ion beam analysis (IBA) of unbound Tl+ 

Ion beam analysis is a group of techniques that involves the detection of radiation emitted when a 

sample material is bombarded by an ion beam. Particle-induced X-ray emission (PIXE) and elastic 

backscattering spectrometry (EBS) were selected for examining the intracellular distribution of 

thallium in prostate and ovarian cancer cells. Over 80 individual cells were imaged with PIXE and EBS, 

including negative control samples (cells incubated in media with water added instead of TlCl),  and 

approximately 50 line scans were conducted across these cells. Examples of the elemental distribution 

of phosphorus, sulfur, chlorine, potassium, bromine (when cells were pre -incubated with BrdU) and 

thallium, together with the overlay image of thallium signal and a microscope picture of the cells, are 

presented in Figure 4.12 and 4.13.  

Light microscope pictures were used to identify the morphology of the cell and its nucleus. Across all 

the cells subjected to PIXE and EBS imaging, it was consistently observed that thallium signal was 

distributed across the cancer cells, visible in both the cytoplasm and the nucleus.  A notable apparent 

tendency for thallium ions to accumulate within the nucleus was identified in the majority of cells. 

Additionally, co-localisation of thallium and sulfur was detected. Bromine signal was visible in cells 

pre-incubated with BrdU and localised within the cell nucleus but too weak to use it as a marker for 

the nucleus.  
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Figure 4.12 PIXE analysis of Tl+ in prostate cancer cells. Two examples A) and B) of PIXE analysis in DU145 

cells showing elemental maps of phosphorus, sulfur, chlorine and potassium (from left to right), a light 

microscope image, thallium signal map and an overlay of the microscope image with PIXE thallium signal. Cell 

nucleus is marked red. The line scan is visible on the microscope picture. C) PIXE analysis in DU145 cells without 

thallium (a negative control) showing elemental maps of phosphorus, sulfur, chlorine, potassium and thallium. 
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Figure 4.13 PIXE analysis of Tl+ in ovarian cancer cells. Two examples A) and B) of PIXE analysis in SKOV3 cells 

showing elemental maps of phosphorus, sulfur, chlorine and potassium (from left to right), a light microscope 

image, thallium signal map and an overlay of the microscope image with PIXE thallium signal. Cell nucleus is 

marked in green. The line scan is visible on the microscope picture. C) PIXE analysis in DU145 cells without 

thallium (negative control) showing elemental maps of phosphorus, sulfur, chlorine, potassium and thallium 

(from left to right). 
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Quantification of the thallium signal was based on PIXE line scans going through individual cells, 

including the cytoplasmic and nuclear regions (Fig. 4.14). For DU145 cells, 20 line scans were 

performed, and a corresponding 20 line scans were done for SKOV3 cells, all of which were subjected 

to quantification. EBS technique is sensitive to changes in sample thickness, therefore, to eliminate 

the influence of cell thickness on the accumulation of elements, the thallium signal was standardised 

against the total EBS signal.  

Figure 4.14 IBA quantification. A) Exemplar PIXE elemental maps showing phosphorus, sulfur, chlorine and 

potassium (from left to right) distribution in prostate cancer cells with marked line scans. B) A light microscope 

image, an overlay image of microscope picture and chlorine PIXE map with marked cell (green) and nucleus 

(red), and thallium distribution map (from left to right). C) Exemplar thallium PIXE signal line scan (normalised 

to EBS signal) with marked cytoplasmic and nuclear regions. Area under the curve was calculated for the related 

region (marked green for cytoplasm and red for the nucleus), divided by the length of the line scan and a ratio 

for the amount of thallium in the nucleus vs the amount of thallium in the cytoplasm calculated. 
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Calculated ratio of the amount of thallium present in the nucleus to the amount of thallium present 

in the cytoplasm was on average 1.81 ± 1.50 for DU145 cells and 1.82 ±  1.03 for SKOV3 cells. This 

confirmed the visual observation of thallium preferential accumulation in the cell nucleus in both 

types of cells. 

The results demonstrated that IBA is effective in detecting unbound thallium at the subcellular level 

in individual cancer cells. This method also facilitates quantification, leading to conclusions regarding 

the ratio of thallium present in the cytoplasm and the nucleus. 

 

4.4.5 Secondary ion mass spectrometry (SIMS) of unbound Tl+ 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a powerful analytical technique for 

evaluating the elemental and molecular composition of solid surfaces and thin films. The sample is 

bombarded with a pulsed primary ion beam and the ejected secondary ions are analysed by a mass 

spectrometer to determine the elemental, isotopic, or molecular composition of the surface . The 

distribution of the ions from the surface of the sample is represented by two-dimensional maps based 

on the particles that reach the detector. A freeze-dried sample containing individual prostate cancer 

cells (DU145) that had been incubated with TlCl for 90 min was initially scannd with PIXE/EDS to image 

the distribution of thallium, followed by the SIMS analysis. Results obtained from analysisng the cells 

with both methods combined are presented in Figure 4.15 A and B. While the subcellular distribution 

of potassium and chlorine could be visible using both techniques, thallium signal inside cells was only 

detected by PIXE/EDS.  Neither of the stable isotopes of thallium - 203Tl and 205Tl - were detected on 

the cell surface in itensities above the background by the mass spectrometry. This result showed that, 

without further modifications, SIMS is not suitable for localising thallium on a subcellular level.  
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4.4.6 Cytotoxicity of non-radioactive TlCl in prostate cancer cells  

The toxicity of a non-radioactive TlCl solution in RPMI medium, ranging from 80 to 400 mg/L as the 

final concentration, was evaluated in prostate cancer cells (DU145). This assessment involved a 

viability assay, a clonogenic survival assay, and the observation of cell morphology under a light 

microscope.  

After incubating cells with various TlCl concentrations for 90 min, there were no apparent signs of 

toxicity observed. The majority of the cells remained adhered to the bottom of the incubation well, 

and there were no noticeable changes in their morphology. Cell viability was over 95% across all TlCl 

concentrations (Fig. 4.16 A). However, the clonogenic survival assay revealed a reduction in clonogenic 

survival when raising the concentration of TlCl in medium, decreasing to 67.7 ± 1.2% when cells were 

exposed to a 400 mg/L TlCl solution (Fig. 4.16 B).  

 

 

 

 

A 

B 

Figure 4.15 IBA and SIMS analysis of Tl+ in the same sample. A) IBA analysis of a cluster of prostate cancer cells 

(DU145) showing light microscopy image, PIXE elemental maps of potassium, chlorine and thallium, and EDS 

elemental map of thallium (from left to right).  B) SIMS analysis of the same cluster of lung cancer cells showing 

elemental maps of sodium, potassium, chlorine and ions with mass/charge ratio 204.97 (205Tl+) and 

202.97(203Tl+); from left to right. Thallium signal was not detected while analysing the surface of the sample. 

Black or red frame illustrates the IBA scanned area.   
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Assessing the subcellular distribution of caPBNPs, chPBNPs, Tl-caPBNPs and Tl-chPBNPs.  

4.4.7 Transmission electron microscopy (TEM) of Prussian blue nanoparticles 

TEM is a widely employed technique for visualising the internalisation and subcellular distribution of 

nanoparticles and nanoparticle aggregates. This technique was used to assess the subcellular 

localisation of Prussian blue nanoparticles coated with citric acid (caPBNPs) and chitosan (chPBNPs). 

It required preparation of thin cell sections, which were stained with uranyl acetate to enhance the 

image contrast. Sample preparation for TEM imaging of PBNPs without Tl did not involve snap freezing 

and cells were chemically fixed with glutaraldehyde as there was no risk of altering their localisation 

by additional washings. Multiple cell sections were prepared from cells incubated with both types of 

PBNPs and as well as cells without PBNPs and analysed with TEM. Selected examples shown in Figure 

4.17 and 4.18.  

 

Figure 4.16 Cytotoxicity of thallium (I) chloride in prostate cancer cells. A) Cell viability in DU145 cells incubated 

for 90 min in medium containing 80-400 mg/L of TlCl aqueous solution. B) Clonogenic survival in DU145 cells 

incubated for 90 min in medium containing 80-400 mg/L of TlCl aqueous solution. Bars represent mean ± SD, 

triplicates, n=1. 
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Figure 4.17 TEM images of caPBNPs in lung cancer cells. A) and B) TEM images of cell sections of lung cancer 

cells (A549) without PBNPs. C), D), E) and F) TEM images of cell sections of lung cancer cells (A549) incubated 

for 3 h with 50 µL of 0.5 mg/mL caPBNPs solution added to 200 µL RPMI medium. Cell nucleus, nuclear 

envelope, cytoplasm and cell surface are marked with black arrows. Nanoparticles visible are enclosed in red 

circles. Red arrows indicate caPBNPs interacting with the nuclear envelope (C), within a vesicle (D), individual 

caPBNPs (E) and caPBNPs in the cell nucleus (F).  
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CaPBNPs (Fig. 4.17) were observed mostly in the cell cytoplasm as regular, cubic shaped individual 

nanoparticles as well as in clusters encapsulated in vesicles. Although the majority of nanoparticles 

were spotted in the cytoplasmic region of the cell, some individual nanoparticles were detected in the 

close proximity to the cell nucleus or in the cell nucleus (Fig. 4.17 A and D). ChPBNPs were present 

inside lung cancer cell sections in a much higher quantity than caPBNPs. Some images showed the 

cellular membrane wrapping around the nanoparticles and forming vesicles (Fig. 4.18 A).  

 

 

Figure 4.18 TEM images of chPBNPs in lung cancer cells. A), B), C) and D) TEM images of cell sections of lung 

cancer cells (A549) incubated for 3 h with 50 µL of 0.25 mg/mL chPBNPs solution added to 200 µL RPMI medium. 

Cell nucleus, nuclear envelope and cell surface are marked with black arrows. Individual nanoparticles are 

highlighted with a red circle (B). Red arrows indicate chPBNPs enclosed with the cell membrane (A) and chPBNPs 

within a vesicle close to the cell nucleus (B), (C) and (D).  
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cytoplasm 
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The majority of chPBNPs were spotted clustered in vesicles very close to the cell nucleus. chPBNPs 

were also present as single nanoparticles in the cytoplasm (Fig. 4.18 B). There was no difference in 

appearance or localisation between native nanoparticles and thallium doped nanoparticles for both 

types of PBNPs. 

4.4.8 Energy dispersive X-ray spectroscopy (EDS) combined with transmission electron microscopy 

(TEM) of PBNPs and Tl-PBNPs 

Energy dispersive X-ray spectroscopy (EDS) combined with electron microscopy has emerged as a 

powerful analytical tool in nanotechnology as it offers a non-destructive way to investigate the 

elemental composition and distribution of nanoparticles with remarkable spatial resolution. This 

technique was conducted on thin sections of lung cancer cells incubated with caPBNPs and chPBNPs 

both with and without thallium doping. Results are shown in Figure 4.19 for caPBNPs and Figure 4.20 

for chPBNPs. 

Both types of nanoparticles can be spotted in the cytoplasmic region of the cell as white dots, mostly 

clustered in vesicular compartments. ChPBNPs accumulated in lung cancer cells to a greater extent 

compared to caPBNPs despite the lower concentration used for sample preparation.  

The EDS analysis revealed a co-localisation of iron signals with nanoparticles imaged with TEM. 

Thallium-doped nanoparticles exhibited a co-localised thallium signal, while nanoparticles which had 

not been incubated with Tl exhibited no thallium signal. The subcellular localisation of PBNPs of both 

types could be linked to vesicular compartments, where thallium was observed. However, individual 

nanoparticles within the cytoplasm were also spotted. 

Furthermore, the elemental analysis conducted via EDS indicated distinct elemental distributions in 

regions where thallium accumulated within the nanoparticles, as depicted in EDS spectra (Fig. 4.19 B 

and Fig. 4.20 B). The average total weight percentage (wt%) of thallium in the regions of the cytoplasm 

containing Tl doped caPBNPs was estimated as 3.98 ± 1.55% compared to 0.03 ± 0.05 % in 

nanoparticle-free area (n=10). Even higher increase in wt% was noted for Tl doped chPBNPs, from 0.04 

± 0.1 % in the cytoplasmic regions without visible PBNPs to around 6.47 ± 5.2 % where Tl-chPBNPs 

were accumulating (n=10). 

 

 



Chapter 4: The subcellular distribution of unbound 201Tl and nanoparticle bound 201Tl 

 
132 

 

 

 

 

Figure 4.19 TEM/EDS analysis of caPBNPs and Tl-caPBNPs in lung cancer cells. A) TEM image and overlays with 

iron and thallium EDS signal of a thin cell section showing native caPBNPs. B) TEM image of thin cell sections 

showing Tl-caPBNPs, overlays with iron and thallium EDS signal, energy spectrum comparing elemental 

composition in nanoparticle region (spectrum 12) and nanoparticle -free region (spectrum 13) and elemental 

maps of thallium and iron (expressed as % of total weight). Red arrows indicate caPBNPs.  
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Figure 4.20 TEM/EDS analysis of chPBNPs and Tl-chPBNPs in lung cancer cells. A) TEM image and overlays with 

iron and thallium EDS signal of a thin cell section showing native chPBNPs. B) TEM image of a thin cell section 

showing Tl-chPBNPs, overlays with iron and thallium EDS signal, energy spectrum comparing elemental 

composition in nanoparticle region (spectrum 12) and nanoparticle -free region (spectrum 13) and elemental 

maps of thallium and iron (expressed as % of total weight). Red arrows indicate chPBNPs.  
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4.4.9 Ion beam analysis of Tl-caPBNPs 

To assess the subcellular distribution of thallium in cells exposed to citric acid coated Tl-PBNPs and to 

evaluate the feasibility of the method for tracking nanoparticle distribution, PIXE analysis was 

conducted on ovarian cancer cells following a 3 h incubation period with Tl-caPBNPs. The resulting 

elemental maps revealed the concentration of phosphorus, sulfur, chlorine, and potassium 

predominantly in the central area of the cell, coinciding with the nucleus location (Fig. 4.21). However, 

the signals for thallium and iron appeared outside of the nucleus, within the cytoplasmic region of the 

cell. 

 

4.4.10 Targeting Prussian blue nanoparticles to the cell nucleus 

The results from radiotoxicity assessments of PBNPs coated with citric acid (caPBNPs) and chitosan 

(chPBNPs) shown in chapter 3, alongside the differences in subcellular localisation between PBNPs 

and unbound thallium described earlier in this chapter,  suggest that targeting 201Tl radiolabelled 

PBNPs specifically to the cell nucleus may greatly increase their radiotoxic potential. Different 

approaches were taken to increase the presence of PBNPS in the cell nucleus (Fig. 4.22).  

Figure 4.21 PIXE analysis of ovarian cancer cells incubated with Tl-caPBNPs. An example of PIXE analysis in 

SKOV3 cells incubated with Tl-caPBNPs for 3 h showing A) elemental maps of phosphorus, sulfur, chlorine and 

potassium (from left to right) and B) a light microscope image of SKOV3 cells, thallium signal map, an overlay of 

the light microscope image with PIXE thallium signal and iron signal map (from left to right). Cell nuclei are 

marked green and red (Fe map).  
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First attempted was the idea to reduce the size of caPBNPs to allow them to passively diffuse through 

the 20-70 nm diameter pores in the nuclear envelope  [169]. Gold nanoparticles with a diameter below 

10 nm have been shown to reach the nucleus [186]. As the rate of nucleation and therefore the size 

of nanoparticles greatly depend on the synthetic method and the specific conditions applied 

[124,187], various amounts of citric acid were added to the reaction mixture, as well as different molar 

concentrations of starting solutions were tested. Table 4.1 summarises the conditions of the synthesis 

and the resulting average nanoparticle size together with their polydispersity, measured by dynamic 

light scattering (DLS) method.  

The smallest caPBNPs obtained by increasing threefold the molar concentration of K4Fe(CN)6 aqueous 

solution had the average diameter of 43.0 ± 0.6 nm (polydispersity index PDI: 0.103 ± 0.022). Further 

increase in the molar concentration of K4Fe(CN)6 was not linked to a greater size reduction of caPBNPs 

[48,49]. Additionally, raising the citric acid/Fe3+ molar ratio to 5:1 to increase nucleation did not, in 

our hands, reduce the size of citric acid coated PBNPs to 10 nm  as has previously been reported [190]. 

Consequently, the nanoparticles produced in these reactions did not possess the necessary 

dimensions for passive transport to the cell nucleus. Reducing the size of chitosan-coated PBNPs was 

not attempted due to the lack of easily accessible methods for size assessment. DLS was considered 

not appropriate for determining the size of chPBNPs, which was explained in the previous chapter.  

Figure 4.22 Schematic representation of the suggested transport routes of Tl+ and PBNPs to the cell nucleus.   
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An alternative strategy to size reduction involved altering the surface of the nanoparticles using a TAT 

peptide, with the aim of actively transporting these nanoparticles, which exceed the size of nuclear 

pores, into the nucleus. The amine groups of the TAT peptide were non-specifically conjugated to the 

carboxylic groups of the citric acid coating using a common coupling agent (EDC/sulfo-NHS). TAT 

conjugated caPBNPs (caPBNP-TAT) obtained in this reaction had an increased zeta-potential of 5.3 ± 

0.3 mV (n=1) compared to caPBNPs without TAT peptide attached (-41.7 ± 14.2 mV, n=10), suggesting 

a successful coupling reaction. However, caPBNP-TAT dispersed in water were not homogenous, 

forming visible clumps and aggregates, with an average nanoparticle size measured by DLS of 2230.0 

± 155.6 nm (PDI: 0.293 ± 0.005).  

In the next step, the TAT peptide was attached to chitosan coated PBNPs. Initially, the carboxylic group 

of the TAT peptide was activated using the EDC/sulfo-NHS coupling agent before being linked to the 

primary amine groups present in chitosan. Obtained nanoparticles (referred to as chPBNP-TAT) were 

stable in water, forming a homogenous, blue coloured suspension without any visib le aggregations.  

Table 4.1 Reducing the size of caPBNPs. This table presents different molecular ratios of the reagents and their 

impact on the average size of the synthesised nanoparticles. The full description of caPBNPs synthetic method 

can be found in chapter 3, Methods section. Conditions shown in sample 1  were the standard conditions used to 

prepare caPBNPs for biological experiments and their physicochemical assessments (n=10), whereas samples 2 -

15 represent different testing conditions (n=1 for each sample). caPBNPs in sample 9 had the smallest diameter 

and underwent a further purification process using Amicon filter tubes as described in the Methods section, 

chapter 3. Nanoparticles obtained in reactions 2-9 and 10-15 were not purified.  
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1 1 1 0.5 0.5 68.6 8.7 0.116 0.049 78.4 9.0 0.100 0.036 

2 1 1 0.02 0.02 93.3 1.4 0.067 0.020 - - - - 
3 1 1 0.1 0.1 118.0 2.3 0.020 0.011 - - - - 
4 1 1 0.25 0.25 64.9 0.7 0.069 0.012 - - - - 
5 1 1 1 1 66.1 1.0 0.037 0.008 - - - - 

6 1 1 5 0.5 86.9 0.8 0.049 0.013 - - - - 
7 1 1 5 5 71.8 1.4 0.097 0.017 - - - - 
8 1 2 0.5 0.5 54.4 0.6 0.077 0.024 - - - - 

9 1 3 0.5 0.5 43.0 0.6 0.103 0.022 48.1 0.5 0.099 0.008 
10 1 3 0.5 1.5 47.6 0.7 0.135 0.003 - - - - 
11 1 4 0.5 0.5 46.2 0.2 0.095 0.012 - - - - 
12 1 5 0.5 0.5 47.5 0.4 0.134 0.027 - - - - 

13 1 10 0.5 0.5 58.6 1.2 0.099 0.011 - - - - 
14 2 1 0.5 0.5 70.5 1.0 0.237 0.007 - - - - 
15 4 1 0.5 0.5 523.5 10.4 0.284 0.018 - - - - 
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To evaluate the efficacy of the TAT peptide conjugation in directing chitosan-coated PBNPs to the 

nuclear compartment, fluorescence microscopy was employed. This analysis required additional 

adjustments to the surface of the nanoparticles. Carboxyfluorescein was used as a fluorescent marker 

and was linked to chPBNPs to create chPBNP-CF. Additionally, chPBNPs were conjugated with both 

TAT peptide and carboxyfluorescein, resulting in chPBNP-TATFAM. ChPBNPs, chPBNP-TAT and their 

corresponding fluorescent counterparts were subjected to the thermogravimetric analysis (TGA) to 

evaluate the efficiency of the conjugation. TGA results and the derivative thermogravimetric (DTG) 

curves are presented in Figure 4.23. 

 

For covalently conjugated TAT peptide, carboxyfluorescein and carboxyfluorescein-TAT with PBNPs, a 

weight loss occurring in the temperature range of 450 - 600°C was expected. This weight loss was 

noticeable for chPBNP-CF and chPBNP-TATFAM (Fig. 4.23 C and D) but was not evident for chPBNP-

TAT (Fig. 4.23 B) indicating that the TAT peptide was not efficiently conjugated to these nanoparticles. 

Figure 4.23 TGA and DTG analysis. TGA and DTG results for A) chPBNPs, B) chPBNP-TAT, C) chPBNP-CF and D) 

chPBNP-TATFAM presented as % weight and derivative weight (mass/temperature, mg/⁰C) versus temperature 

(⁰C). 
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The calculated conjugation yields for chPBNP-CF and chPBNP-TATFAM were 5.4% and 9.8%, 

respectively (Table 4.2). 

 

Fluorescent microscopy was performed to visualise the cellular uptake and the subcellular localisation 

of chPBNP-CF and chPBNP-TATFAM. In the experimental procedure, lung cancer cells (A549) cells were 

incubated with chPBNP-CF, chPBNP-TATFAM, as well as carboxyfluorescein and the 

carboxyfluorescein-TAT peptide conjugate ([5-FAM]-TAT). Cells incubated only with [5-FAM]-TAT or 

carboxyfluorescein did not show any fluorescence. Confocal microscopy images of cells incubated with 

chPBNP-CF and chPBNP-TATFAM were taken as serial z-stack images, which examples are presented 

in Figure 4.24 A and B. 

The fluorescent signal in cells incubated with chPBNP-CF and chPBNP-TATFAM was observed in the 

cytoplasmic region and the cell nucleus. The quantification was based on the maximum intensity 

projections of z-stacks of both DAPI and carboxyfluorescein channels. A total of 172 cells (chPBNPs-

CF) and 210 cells (chPBNP-TATFAM) were analysed. The fluorescent signal present in the nucleus 

counted per cell was expressed as a percentage of the total fluorescent signal recorded per cell. The 

analysis demonstrated that approximately 22.0 ± 8.7% of chPBNP-CF and 36.8 ± 12.0% of chPBNP-

TATFAM fluorescence signal was localised in the cell nucleus (Fig. 4.25). Consequently, the attachment 

of the TAT peptide to the nanoparticles resulted in a statistically significant increase of 14.8% in 

nuclear localisation (unpaired t-test). 

Table 4.2 TGA calculations. The calculated % of chitosan coating and the number of molecules per nanoparticle 

for chPBNPs, and the conjugation yield (%) and the number of molecules per nanoparticle calculated for 

chPBNPs-CF and chPBNP-TATFAM based on the TGA.  

Sample Coating (%)  
Conjugation yield 

(%) 
Molecules per 
nanoparticle 

chPBNPs 45.8  143.0 
chPBNP-CF  5.4 4.6 

chPBNP-TATFAM  9.8 3.8 
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Figure 4.24 Fluorescent microscopy of chPBNP-CF and chPBNP-TATFAM. Exemplar confocal microscopy images 

of lung cancer cells (A549) cells incubated for 3 h with  A) chPBNPs-CF and B) chPBNP-TATFAM. The images are 

an overlay of fluorescent signals (blue nuclei stain - DAPI, green stain - carboxyfluorescein) and bright-field 

images. Images were taken as z-stacks, 1 µm apart, 10 stacks per image, in triplicates, n=3 per condition. 

Exemplar 8 stacks are shown in this figure (a-h). Settings were consistent throughout the experiment; scale bar: 

25 µm (A) and 10 µm (B). Cells incubated only with [5-FAM]-TAT or carboxyfluorescein did not show any 

fluorescence. 
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4.5 Discussion 

 

In this chapter, various analytical techniques were employed to examine the subcellular distribution 

of unbound thallium (I) and Prussian blue nanoparticles (PBNPs) carrying radioactive thallium (I) into 

cancer cells. Localising unbound thallium on a subcellular scale poses a specific challenge due to its 

nature as a freely diffusible ion and its potassium mimicking behaviour. Thallium does not appear to 

be trapped inside the cell or bound to intracellular proteins, especially given its rapid efflux from ce lls, 

requiring only 15 minutes for 50% of thallium to be removed from cells when the external solution is 

changed, and the potential for redistribution within cells as described in chapter 2.  

 

4.5.1 The validity of the presented methods 

For freely diffusible ions, providing an accurate evaluation of their subcellular localisation demands 

careful attention to sample preparation and pre-treatment procedures. The technique of chemical 

fixation and paraffin embedding is a commonly employed approach in the preparation of tissues and 

cells samples. This method typically involves several sequential steps, which include incubation with 

formalin or glutaraldehyde, a series of organic washes to dehydrate the sample, and ultimately 

embedding it in paraffin and cutting thin sections suitable for imaging. These steps provide ample 

opportunity for thallium ions to diffuse and relocate, or even diffuse out of cells completely. An 

alternative method involves rapid freezing of the sample in liquid nitrogen, followed by taking thin 

sections using a cryotome. This technique is believed to be superior in preserving the actual state of 

Figure 4.25 Quantification of the chPBNP-CF and 

chPBNP-TATFAM fluorescent signal. Percentage of 

the fluorescent signal per cell found in the nucleus 

expressed as a percentage of the total fluorescent 

signal per cell recorded, evaluated in lung cancer 

cells incubated with chPBNPs-CF and chPBNP-TAT 

FAM for 3 h. Images were taken as z-stacks, 1 µm 

apart, number of steps: 10. The same settings were 

kept throughout the experiment. A total of 172 cells 

(chPBNPs-CF) and 210 cells (chPBNP-TATFAM) were 

analysed, a minimum of 15 cells per image. Bars 

represent mean ± SD, triplicates, n=3, * means 

statistically significant as P < 0.05 (t-unpaired test). 
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elemental distribution in cells. Indeed, when comparing the distribution of elements with LA -ICP-MS 

in animal tissue sections fixed with the both previously mentioned sample preparation techniques, it 

has been demonstrated that the distribution and concentration of alkali metals such as potassium and 

sodium varied, indicating that the process of chemical fixation and the multiple washing steps 

employed might alter the true elemental distribution and quantification [191]. Similar conclusions 

were drawn when comparing these two preservation methods in tissue samples analysed by EDS 

[192]. In the experimental work described in this chapter, we aimed to either reduce the number of 

steps and washes during chemical fixation, for example in sample preparation for LA-ICP-MS analysis 

in whole cells, or use the snap-freezing method to avoid thallium efflux and redistribution. 

Besides ensuring proper sample preparation, the selection of a suitable analytical technique was 

crucial. A diverse range of analytical techniques with varying capabilities and characteristics, such as 

resolution and sensitivity parameters, were employed to investigate the distribution of both unbound 

thallium and thallium bound to nanoparticles, using either radioactive or stable thallium. Many of the 

techniques outlined in this chapter rely on stable isotopes. For those techniques with lower sensitivity, 

higher concentrations of thallium were necessary to reach the detection limits. Two critical factors 

had to be considered here: the limited solubility of thallium (I) chloride in water and the toxicity 

associated with higher concentrations. Cytotoxicity studies involving TlCl in prostate cancer cells 

revealed that a concentration of 400 mg/L (1.67 mmol/L) of TlCl in the incubation medium could lead 

to long-term cytotoxic effects, as observed in the clonogenic survival experiment. Nevertheless, cells 

incubated with 400 mg/L of TlCl did not exhibit any immediate alterations in morphology or viability, 

and it was therefore assumed that they remained suitable for analytical methods requiring high 

concentrations of thallium for detection. Analytical techniques employing radioactive thallium are the 

optimal choice in this context. This is due to the fact that the average concentration of thallium in the 

radioactive sample, as calculated in chapter 2, falls within the nanomolar range, which is 

approximately 2000 times lower than the concentration of non-radioactive TlCl used in some of the 

analytical techniques. As demonstrated in chapter 2, cancer cells do not exhibit any adverse effects 

when exposed to nanomolar concentrations of non-radioactive thallium. While the choice of methods 

was constrained in the case of unbound thallium due to the reasons explained earlier, Prussian blue 

nanoparticles (PBNPs) offered a much broader range, primarily because they are less prone to rapid 

diffusion and their surface can be chemically modified.  

One of the methods commonly used for a range of radionuclides chelated to compounds targeting 

specific receptors overexpressed inside the cell or on the cell membrane, is the subcellular 

fractionation method. This method entails chemical and physical isolation of subcellular 

compartments followed by the measurement of radioactivity within these compartments and yields 
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cumulative results averaged over an entire population of cells. It is important to note that subcellular 

fractionation is highly disruptive to cells and requires multiple washes with reagents. Consequently, it 

is reasonable to anticipate that the majority of diffusible radionuclides would be found in the initial 

washes, the quantity depending on the duration of incubation with the specific reagent. This method 

was selected primarily as a proof of this flaw and demonstrated that only a very small fraction, 

specifically 0.36% of 201Tl+ could be localised within cells. Clearly, uncritically interpreting this result is 

deeply misleading and the method is fatally flawed in this case. Similarly to these findings, the nuclear 

accumulation of [99mTc]TcO4
- was significantly underestimated when employing this method [12]. 

While subcellular fractionation may not be ideal for thallium or technetium, it is commonly and more 

acceptably employed in research as a cost-effective technique for chelated radionuclides [184]. 

Laser ablation ICP-MS (LA-ICP-MS) is an analytical technique that allows precise mapping and 

quantification of elements in biological samples with an exceptional sensitivity down to ppq. Typically 

used for mapping elemental distribution in tissue samples, its spatial resolution, usually falling within 

a range of one to a few μm, could be a limiting factor when applied to subcellular imaging of individual 

cells [193]. While the thallium signal was clearly visible within fixed prostate cancer cells using low 

micromolar concentrations of TlCl for the cell incubation, assessing its subcellular distribution was 

hindered by the limitations in spatial resolution and the inability to identify the nucleus boundaries. 

Instead, LA-ICP-MS analysis served a different purpose by addressing a question related to evaluating 

variations in thallium distribution across cell populations. Another challenge in examining individual 

cells with LA-ICP-MS is the depth resolution. Since the laser beam traverses the entire cell volume, 

and the resulting signal is presented as a two-dimensional image, it is difficult to distinguish the 

specific cell compartment from which the signal originates. To overcome this limitation, thin cell 

sections were taken through the cells incubated with thallium, embedded in gelatine and imaged with 

LA-ICP-MS. This modification, however, did not help to localise the subcellular thallium signal, mainly 

due to the high level of thallium present in the surrounding gelatine. In this experiment cells were not 

washed after thallium incubation to prevent thallium displacement. Furthermore, accurately localising 

the cell nucleus also posed some difficulties. Previous attempts in similar analyses involved staining 

cells with Ir-DNA-intercalator [194] or incubating them with bromodeoxyuridine [183], a compound 

that binds to nuclear DNA. Bromodeoxyuridine is a commonly utilised chemical marker in molecular 

and cell biology research for labelling newly synthesised DNA and was introduced in LA -ICP-MS and 

IBA experiments to aid visualising the nucleus. In IBA, the bromine signal was detectable but relatively 

weak, while in LA-ICP-MS, it significantly interfered with the thallium signal, making it unsuitable for 

the intended purpose. In addition, LA-ICP-MS often suffers from matrix effects, which arise from the 

alterations of ionisation efficiency of target analytes in the presence of co-eluting compounds in the 
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same matrix, resulting in significant changes in signal intensity spanning multiple orders of magnitude 

[195]. To mitigate this effect, researchers commonly employ calibration standards, reference 

materials and correction techniques. Recent years have witnessed numerous advancements in LA -ICP-

MS, particularly in terms of lateral resolution and quantification. Therefore, improving the spatial 

resolution to sub-micron scale [196], exploring additional three-dimensional image reconstructions 

[197] or super-resolution reconstructions [198] could be attempted in the future to enhance the 

method's suitability for imaging elements at the subcellular level.  

Ion beam analysis is a collective term related to a range of methods where sample is exposed to highly 

energetic ion beams composed of protons, α-particles or other cations. Among these techniques, non-

destructive particle-induced X-ray emission (PIXE) and elastic backscattering spectrometry (EBS) are 

frequently employed for the analysis of biological samples with detection limits typically within the 

range of ppm. To illustrate the utility of IBA in single-cell analysis, in earlier work PIXE was used to 

examine the distribution of platinum following exposure to cisplatin and carboplatin in both sensitive 

and resistant ovarian cancer cells [199]. A similar approach was adopted to visualise and quantify a 

novel platinum-based treatment for lung cancer at the subcellular level [183]. In this study, the authors 

successfully co-localised the platinum signal with the bromine signal, which accumulated in the cell 

nucleus following BrdU pre-incubation. Following a sample preparation procedure that involved snap-

freezing and freeze-drying to enable analysis under vacuum and at ambient temperature, over 80 

individual prostate cancer and ovarian cancer cells of various shape and sizes were subjected to IBA. 

The analysis involved the detection of emitted X-ray resulting from collisions of the incident ions with 

the inner shell electrons (PIXE) and back-scattered incident ions (EBS), achieving spatial resolution 

between 1 to 2 µm. While PIXE detected the bromine signal in ovarian cancer cells that were pre-

incubated with BrdU, the signal was too faint to confidently localise the nucleus. As a result, the 

identification of regions of interest relied on the combination of PIXE/EBS elemental maps with light 

microscopic images of cells. During the analysis, a consistent pattern emerged, with a higher thallium 

signal detected in the regions corresponding to the cell nuclei. The quantified results re vealed that an 

estimated 64% of unbound thallium accumulates in this region. The question at hand was whether 

the observed thallium signal enhancement in the nuclear region of the cell was a genuine effect or an 

artifact of the technique employed. The quantification of thallium in the marked regions of the cell 

(nucleus and cytoplasm) was conducted by performing multiple line scans in both cell types and 

calculating the thallium signal within these regions. To account for the enhanced signal detected 

within the nucleus, which may be attributed to the fact that cell is usually thicker in that region, the 

thallium signal was adjusted by normalising it against the EBS signal - a parameter sensitive to 

variations in cell thickness. In imaging, it is a well-known effect that the signal found at the centre of 
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the area of interest is the strongest as both primary and scattered signals are being detected and 

accumulate in the middle, which can potentially lead to challenges in accurately assessing and 

interpreting the data. In this case, the position of the nucleus was not consistently at the centre of the 

cell. Furthermore, PIXE elemental maps of thallium and iron signals in cells exposed to Tl-caPBNPs 

demonstrated that thallium in this form, which does not seem to accumulate in the nucleus, is 

observed in higher concentrations in the periphery of the cell instead of the central region. This 

observation indicates that the thallium signal detected in the central part of the cell in its unbound 

form is not merely a result of signal scattering accumulation but accurately reflects the actual thallium 

localisation. 

Despite the challenges mentioned earlier, IBA proved to be the most suitable method for detecting 

and quantifying unbound thallium in single cancer cells. Additionally, an important advantage of 

quantifying thallium signals using IBA, as opposed to ICP-MS and SIMS, is its recognition as a 'matrix 

effect'-free method that provides absolute values. IBA is frequently utilised as a reference technique 

and can provide certified standards to mitigate this effect when using other methods. To further 

improve the effectiveness of this method for subcellular mapping of diffusible elements, it would be 

advantageous to find an appropriate nuclear marker that does not affect their distribution and can be 

readily detected by IBA. Additionally, increasing the spatial resolution to the nanometre scale would 

significantly improve the quantification and imaging of individual cells using IBA.  

Secondary ion mass spectrometry (SIMS) is a very sensitive analytical method capable of detecting 

concentrations in the range of ppm to ppb. It can be employed for the analysis of biological samples, 

offering elemental and molecular insights into the surface of the sample. In our comprehensive 

approach, SIMS was combined with IBA, and the same sample was subjected to analysis using both 

techniques. While PIXE and EBS successfully detected thallium, no signal for thallium was observed 

during the SIMS analysis. Since the primary ion beam in SIMS affects the top few nanometres of the 

sample surface  [200], the absence of the thallium signal in SIMS analysis may suggest that thallium is 

not present on or near the surface of the cells that were incubated with TlCl. However, it is essential 

to consider that the detection sensitivity of elements dependents significantly on various factors, 

including the composition of the sample matrix, types of elements or molecules being tested, and the 

type of primary beam used. Consequently, the elemental maps obtained with SIMS represent the ions 

that reached the detector, rather than reflecting the ions present on the sample surface. Moreover, 

despite IBA being classified as a non-destructive method, it is important to acknowledge the potential 

adverse effects of the ion beam on the sample surface [201]. To further improve the suitability of this 

technique for subcellular imaging, the option of imaging cells at different depths and conducting 3D 
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reconstructions of entire cells or specific regions is available but necessitates acquiring slices of cells 

at varying depths and selecting regions of interest can present a challenge on its own [202]. 

An alternative method used for tracking the distribution of free thallium within cancer cells was 

energy-dispersive X-ray spectroscopy (EDS). When EDS is coupled with electron microscopy, it 

provides exceptionally high spatial resolution at the nanometre range. However, it is important to 

note that its detection limit remains relatively high (higher ppm range) [203]. Despite using a high 

molar concentration of TlCl (400 mg/L, 1.67 mmol/L) during the cell incubation process, the X -ray 

energy associate with thallium was not detected in prepared cell sections. Preparing samples for this 

method was labour-intensive, required a specific protocol to preserve thallium in its original location 

and specialised equipment. Nonetheless, although the protocol initially developed was not effective 

for analysing free thallium, it proved to be effective in assessing localisation of thallium bound to 

PBNPs. By combining EDS signals with TEM images, it became possible to precisely allocate thallium 

and iron signals to the nanoparticles with exceptional resolution, while at the same time revealing 

intricate details of the cell's interior. The acquired energy spectra further validated the increased 

thallium concentration within the regions containing the nanoparticles, in contrast to nanoparticle -

free areas. TEM was employed to pinpoint the location of nanoparticles within the cells. For sample 

preparation, a method involving chemical fixation and paraffin embedding was selected, resulting in 

the production of high-contrast images.  

Another method suitable for detecting PBNPs inside cancer cells was fluorescence microscopy.  It is a 

very sensitive technique with a resolution similar to that of bright-field microscopy and has been 

widely used in studies on nanoparticle biodistribution [204]. Human embryonic kidney cells treated 

with caPBNPs conjugated to 5-(aminoacetamido) fluorescein exhibited a strong fluorescent signal in 

both the cytoplasm and endosomal compartments [145]. One of the limitations of evaluating NPs 

distribution with this method is the fact that fluorescent modifications of NPs surface may impact their 

size, molecular weight and structure and hence change their bioreactivity and transport inside cells.  

Within the large range of analytical methods accessible for evaluating subcellular biodistribution of 

elements, there are techniques that have not been explored in this chapter for thallium subcellular 

localisation but are worth considering. Microautoradiography stands out for its ability to achieve a 

high level of sensitivity, which is possible thanks to extending the duration of exposure, as 

autoradiographic methods can record the radioactive decay of radiolabelled compounds on cellular 

and subcellular level [205]. Just like the cell fractionation method, microautoradiography employs 

radionuclides instead of stable isotopes. This approach provides more accurate representation of 

radionuclide distribution within cells without the need to overload cells with non-radioactive 
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equivalent to achieve specific detection limits. Microautoradiography, however, is technically very 

challenging, prone to artefacts and presents the same sample preparation issues as discussed earlier. 

Additionally, resolution of this technique could be a limiting factor for biodistribution on subcellular 

level. For this purpose, autoradiography has to be adjusted for electron microscopy imaging by 

selecting photosensitive emulsions with a right grain diameter, sensitivity and tracking properties 

[204,206]. Despite the advantages mentioned, this method is rarely employed today to assess 

radionuclides biodistribution within cells, and there have been few significant advances in its 

application since its discovery nearly a century ago.  

Another method worth mentioning here is the synchrotron-based X-ray fluorescent microscopy for its 

high sensitivity (concentrations in ppb) and remarkable resolution in nm scale, which is possible thanks 

to the synchrotron radiation [207]. X-ray fluorescence (XRF) is a technique that involves the emission 

of characteristic X-rays from a material when it is exposed to high-energy X-radiation providing details 

on the sample elemental composition in a form of two-dimensional elemental maps. However, 

similarly to the IBA, XRF on its own does not provide information on the cellular structure and needs 

to be combined with other techniques such as soft X-ray tomography or hard X-ray ptychography [182] 

to relate the XRF elemental maps with cellular compartments. 

In summary, each of the analytical methods outlined in this discussion possess its own merits and can 

provide answers to a stated question from its own unique perspective. It is also important to note that 

these techniques often come with their limitations, which can restrict their applicability in subcellular 

imaging. Nevertheless, when employed in tandem or in parallel, these methods can collectively 

provide the most precise and comprehensive insights into elemental composition or nanoparticle 

distribution. The integrated approach offers a more accurate assessment and can address a wider 

range of research questions.  

 

4.5.2 The main findings and their biological significance 

The most suitable method for detecting and quantifying unbound thallium in single cancer cells on the 

subcellular level proved to be the IBA. In the course of the analysis, a higher thallium signal was 

detected in the area corresponding to the cell nucleus (estimated as around 64%), suggesting that 

unbound thallium might concentrate within the nucleus. This observation might offer an explanation 

for the greater radiotoxic potential of free 201Tl in comparison to 201Tl bound by PBNPs described in 

the previous chapter. As of now, the potassium ions gradient across the nuclear membrane remains 

unknown in the intact cells [208], so it is unclear whether thallium ions mimic potassium ions in this 

respect. While several potassium channels have been previously identified within the nuclear 
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envelope [65], their precise role in cancer cells remains poorly understood. Among these channels, 

voltage-gated potassium channels, known as Kv1.3, have been discovered in the nuclear membrane of 

various human cancer cells and normal brain tissue, and demonstrated the ability to regulate the 

nuclear membrane potential and activate specific transcription factors [209]. Another type of voltage-

gated potassium channels, called Kv10.1, have been found in the inner nuclear membrane in both 

human and rat models. It was postulated that Kv10.1 may be involved in maintaining potassium 

homeostasis in the nucleus and potentially indirectly interacting with heterochromatin influencing 

gene expression and genome stability [210]. The behaviour of potassium in the nucleus may offer 

insights into why thallium concentrates there, assuming it mimics the behaviour of potassium. This is 

further supported by reports linking thallium toxicity with nuclear damage and mutagenic effects 

within cells [178–180]. 

In case of thallium bound to PBNPs, EDS coupled with TEM was very effective in assessing thallium 

subcellular distribution, able to detect increased thallium concentration within the regions of a cell 

containing the nanoparticles, in contrast to nanoparticle-free areas. Although there was a notable 

increase in Tl-chPBNPs presence within the cell cytoplasm imaged with EDS/TEM compared to Tl-

caPBNPs, consistent with their higher than caPBNPs cellular uptake, no visible difference in the 

subcellular distribution was observed between chPBNPs and caPBNPs. Both types of PBNPs were 

predominantly observed in clusters in the cytoplasmic region of the cell. TEM alone provided the 

capability to localised PBNPs in lung cancer cells and revealed in detail the journey of these 

nanoparticles once inside the cell. The process began with nanoparticle interactions with the cell 

membrane, subsequent engulfment by the membrane to form endosomal vesicles, and their release 

into the cytoplasm. This route is consistent with the endocytic mechanism of entry, which is very 

common among nanoparticles [211]. These findings also support previous observations of caPBNPs 

being contained within vesicles within the cytoplasm in breast cancer cells exposed to a concentration 

of 0.25 mg/mL of caPBNPs [131]. Moreover, the presence of some PBNPs in the cytoplasm without 

encapsulation in organelles was also demonstrated in our TEM images, where individual nanoparticles 

were observed, with a few even visible in the cell nucleus. Nevertheless, it is possible that due to the 

nanometre size of individual nanoparticles, they could easily escape detection. Another important 

observation derived from the comparison of unbound Tl and Tl bound to PBNPs is that, when using 

the same EDS method settings, thallium was detectable in cell sections only when it was concentrated 

in a very small area. Therefore, it can be concluded, that when free thallium is taken up by cells, it 

doesn't accumulate in one specific location but is, instead, dispersed across a larger volume, making 

it more challenging to detect. Quantifying the amount of thallium located within PBNPs using EDS 
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allowed to estimate that around 130 to 160 times more thallium is present in the regions of PB 

nanoparticles compared to nanoparticle-free regions.  

Nanoparticles can enter the nucleus through either passive diffusion across nuclear envelope pores or 

active transport facilitated by nuclear pore complexes (NPCs). The mode of transport mostly depends 

on the size of the nanoparticles and is dictated by the dimensions of the pores in the nuclear envelope 

[186]. Given that the sizes of both caPBNPs and chPBNPs are approximately 50 nm, they would not be 

expected to enter the nucleus passively, without attached nuclear localisation signal (NLS) recognised 

by the NPCs. However, chPBNPs possess a highly positive surface charge, which could potentially 

attract the NPs toward the negatively charged nuclear envelope. Indeed, TEM images revealed that 

numerous chPBNPs were in close proximity to the nuclear envelope, though they were not found 

inside the nucleus itself. This close proximity to the nucleus may explain the higher radiotoxic effect 

of Tl-chPBNPs on lung cancer cells shown in chapter 3, when compared to Tl-caPBNPs. 

In an alternative approach, the surface of chPBNPs was modified by incorporating the NLS, intended 

to enable active translocation through nuclear pore complexes (NPCs) and chPBNPs with an attached 

TAT peptide were synthesised. Fluorescence confocal microscopy of both chPBNPs and PBNP-TAT, 

each conjugated with carboxyfluorescein, showed that 22.0 ± 8.7% and 36.8 ± 12.0%, respectively, of 

the fluorescent signal originated from the nuclear region of the cell. Consequently, the attachment of 

the TAT peptide resulted in a 14.8% increase in chPBNPs nuclear localisation, demonstrating that it is 

possible to enhance nuclear targeting through nanoparticle surface modifications.  It cannot be ruled 

out that this moderate increase is linked to the presence of carboxyfluorescein, which might hinder 

the recognition of TAT by the nuclear pore complexes (NPCs). Therefore, once chPBNPs -TAT are 

successfully synthesised, they may reveal additional improvements in nuclear localisation.  

Discovering the preference of thallium ions for the cell nucleus holds potentially great significance 

when it comes to the design of radiopharmaceuticals containing 201Tl. It is essential to recognise that 

the majority of radiolabelled conjugates, whether composed of peptides or antibodies, are typically 

distributed on the cell surface or within the cell cytoplasm. Therefore, in addition to targeting the 

radiopharmaceutical specifically to the cancer cell, there may be a need for subcellular targeting to 

the nuclear compartment. Alternatively, a controlled release of 201Tl from the radiolabelled 

compound, in the proximity of the nucleus, could also prove effective, provided that free thallium 

does not immediately exit the cell after release via the efflux. This mechanism was suggested for 201Tl-

chPBNPs in chapter 3, where we observed a slower washout of 201Tl from tumours in mice injected 

with 201Tl-chPBNPs compared to mice injected with unbound 201Tl. The same mechanism could 

underlie the radiotoxic effect of 201Tl bound by nanotexaphyrins, described in chapter 5.  
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Given that the methods detailed in this chapter did not allow for a precise localisation of unbound Tl 

in the cytoplasm, we cannot rule out the possibility that thallium may also favour other subcellular 

compartments such as mitochondria. The inner mitochondrial membrane is equipped with several 

potassium channels, and it is anticipated that potassium ion fluxes play an important role in oxidative 

phosphorylation [208]. It is then plausible that unbound thallium, by substituting for potassium, gains 

access to mitochondria. Targeting therapeutics to mitochondria is becoming increasingly feasible and 

has recently gained greater attention within the research community [212,213].  Hence, more effort 

in needed to develop a method or a combination of methods, which will allow determination of the 

subcellular localisation of thallium at the nanometre scale and with exceptional sensitivity, capable of 

detecting even trace levels of thallium. 

 

4.6 Conclusions 

Various analytical methods were employed to examine the subcellular distribution of both unbound 

thallium and thallium bound to PBNPs. These methods had different detection limits and resolution, 

utilising both radioactive and stable thallium isotopes. Two sample preparation techniques were 

employed for this purpose, chemical fixation/paraffin embedding and rapid freezing, depending on 

the specific needs of the analytical method used. For assessing the subcellular distribution of unbound 

thallium, IBA proved to be the best method, allowing quantification of the thallium signal. The 

calculated ratio of the amount of thallium present in the nucleus to the amount of thallium present in 

the cytoplasm was, on average, 1.81 ± 1.50 for DU145 cells and 1.82 ± 1.03 for SKOV3 cells. For 

estimating the localisation of PBNPs-bound thallium, EDS combined with TEM was the most suitable 

method, revealing that most of thallium was present in the cytoplasmic region of the cell. A few 

individual nanoparticles were also identified within the cell nucleus. There was no discernible 

difference detected in the subcellular localisation between caPBNPs and chPBNPs. Fluorescence 

microscopy indicated that approximately 22.0 ± 8.7% of fluorescent chPBNPs and 36.8 ± 12.0% of 

fluorescent chPBNPs modified with a TAT peptide were directed to the cell nucleus. More research is 

needed into subcellular localistaion of thallium in order to design an efficient radiopharmaceutical and 

explore other cytoplasmic targets, such as mitochondria. 

 

 

 

 



 

150 
 

Chapter 5: Assembling and investigating 201Tl radiolabelled texaphyrin nanoparticles 

 

The study presented in this chapter was funded jointly by the UK-Canada Globalink Exchange Doctoral 

Scheme (UKRI) and Mitacs and conducted over 12 weeks in close collaboration with Professor 

Raymond Reilly and Professor Gang Zheng at Leslie Dan Faculty of Pharmacy, University of Toronto, 

Canada. 

 

5.1 Introduction 

Prussian blue nanoparticles described in chapter 3 exhibit excellent ability to bind Tl+ ions, without the 

need for oxidation to Tl3+. The high standard redox potential for the Tl+/ Tl 3+ pair (E˚ = +1.25 V) indicates 

that thallium is mostly available as Tl+ form in aqueous solutions and strong oxidation conditions are 

needed to generate Tl3+ [214]. However, Tl3+ has a much smaller ionic radius in comparison to Tl+ (103 

pm vs 164 pm)[89] and chemically resembles gallium and indium [215]. 67Ga and 111In, which have 

been previously studied for Auger electron (AE) radiotherapy, can be chelated by ( inter alia) 1,4,7,10-

tetraazacyclododecanetetraacetic acid (DOTA) [216] and diethylenetriaminepentaacetic acid (DTPA) 

[217,218]. These chelators, however, are known to be inadequate for Tl3+ [98] and the development 

of kinetically stable chelates of thallium is still underway. Considering the electrophilic character of 

Tl3+, formation of complexes with electron-rich species, such as oxygen- and nitrogen-containing 

neutral molecules or anions, is preferable and might help to stabilise the tripositive oxidation state.  

Only a few chelators for Tl3+ have been assessed in the past, for example DOTA [89], DTPA [214], 

ethylenediaminetetraacetic acid (EDTA)[98],  H4pypa [99] and porphyrin derivatives [219], but all 

proved to have low stability when tested either in vitro or in vivo  due to the Tl3+ reduction to 1+ 

oxidation state, and subsequent or simultaneous metal dissociation from the metal-complex.  Bis-

thallium (I) complexes of porphyrin derivatives have been synthesised using octaethylporphyrin (OEP) 

and tetraphenylporphyrin (TPP) with two Tl+ ions bound per porphyrin ligand (‘sandwich type’ 

complexes), but these complexes were prone to the loss of metal in solution [220]. As mentioned 

before, Tl3+ ions, with a smaller ionic radius and higher oxidation state compared to Tl+, should form 

more stable metal-complexes. Yet, the crystal structure of thallium (III) - Cl-OEP (2,3,7,8,12,13,17,18 

octaethylporphyrinchlorothallium (III)) revealed a 5-coordinate complex with central Tl3+ ion displaced 

above the plane of the porphyrin ring [95] causing a distortion in the porphyrin macrocycle [96]. 

Furthermore, 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (PFPP)-Tl (III) complex, when tested in 

vivo in healthy rats, showed poor chelation stability as evidenced by free thallium ions accumulating 
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in myocardium [221]. While porphyrin derivatives have the capability to form complexes with Tl3+ and 

to some extend with Tl+, the chelated thallium ion placed in the central cavity appeared to be too large 

to be accommodated inside the central porphyrin macrocycle with radius between 193 pm and 209 

pm causing a distortion in the macrocycle geometry and the instability of the metal complex [95]. 

Texaphyrins are a synthetic subclass of porphyrins, also called ‘expanded porphyrins’ with a 

pentadentate cavity that binds metals through five donor nitrogen atoms, compared to a tetradentate 

cavity with four donor nitrogen atoms seen in porphyrins (Fig. 5.1) [222]. The inner coordination core 

of texaphyrins is around 20% larger in radius than the core present in porphyrin structures. 

Additionally, texaphyrins have a larger degree of aromatic delocalization within the macrocycle 

compared to porphyrins. The texaphyrins form stable, 1:1 complexes with a variety of metals, 

including indium (In3+), bismuth (Bi3+), manganese (Mn2+) and trivalent lanthanides [222] with large 

ionic radii.  

 

The texaphyrin macrocycle contains multiple functionalisation sites (Fig. 5.1 B), enabling the 

attachment of a diverse array of moieties to the texaphyrin ring to achieve specific functionalities 

[223]. Examples of these modifications include conjugating polyethylene glycol (PEG) groups to 

increase texaphyrin bioavailability [224], attaching platinum-based compounds to overcome platinum 

resistance in cancer treatment  [225], or incorporating a prostate cancer targeting ligand into the 

texaphyrin structure for a selective tumour delivery and enhanced cellular uptake [32]. Texaphyrins 

Figure 5.1 Comparison of porphyrin and texaphyrin macrocycles. A) The structure of porphyrin macrocycle 

with coordinated metal ion. B) The structure of texaphyrin with macrocycle marked in red and sites available  

for functionalisation (blue dots). M - coordinated metal. 

A B 
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can also be linked to phospholipids forming amphiphilic texaphyrin-phospholipid conjugates that have 

the capacity to self-assemble into liposome-like nanoparticles, known as nanotexaphyrins [223]. These 

nanostructures are capable of effectively binding radiometals without requiring an additional 

chelating agent. Depending on the coordinated metal (Gd, In, Mn, Lu), nanotexaphyrins can have 

versatile applications across a spectrum of diagnostic and therapeutic modalities, such as magnetic 

resonance imaging (MRI), single-photon emission computed tomography (SPECT), radiotherapy and 

photodynamic therapy (PDT) [32].  Successfully engineered dual mode 111In-Mn-texaphyrin 

nanoparticles developed for SPECT and MRI diagnostics showed strong structural and metal chelation 

stability [226]. Furthermore, the biodistribution studies of 111In-Mn-nanotexaphyrins in an orthotopic 

prostatic mouse model demonstrated non-targeted tumour uptake and retention at 22 h post-

injection [226]. Texaphyrin-based nanoparticles with chelated metal ions have also great potential for 

multimodal theranostic applications, such as combining SPECT imaging with PDT by formulating hybrid 

111In/Lu nanotexaphyrins with prostate specific membrane antigen (PSMA) – targeting ligand. When 

tested in a murine tumour model, PSMA - 111In/Lu nanotexaphyrins have shown increased specific 

tumour accumulation and demonstrated therapeutic potential by significantly delaying tumour 

growth [32]. 

Consequently, we surmise that texaphyrin compounds and texaphyrin nanoparticles might have 

potential as delivery systems for Tl+ and Tl3+ ions. Among other classes of chelators currently being 

explored by other members of the KCL team, this chapter describes an investigation of using 

texaphyrin-lipids and nanotexaphyrins as an innovative approach to solve the challenges in efficiently 

complexing 201Tl and to selectively deliver 201Tl into cancer cells for AE radiotherapy.  

 

5.2 Aims 

The aim of this study was to use the texaphyrin structure as a chelation platform to effectively bind 

Tl3+ ions for targeted delivery of 201Tl to cancer cells for radionuclide therapy purposes (Fig. 5.2).  

Since nanotexaphyrins effectively bind radiometals within their nanostructure, forming stable 

complexes without the need for additional chelators, they can potentially offer more protection 

against environmental factors such as reducing agents, and therefore stabilise thallium ions in 3+ 

oxidation state. 

The main objectives for this preliminary project were to investigate the chelation conditions required 

to efficiently bind Tl3+ to texaphyrin-phospholipid (texaphyrin-lipid), assemble Tl-nanotexaphyrins, 
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characterise them and test their stability and uptake in lung cancer cell (A549) and ovarian cancer cells 

(SKOV3). These cell lines were chosen for the in vitro experiments due to their phagocytic properties, 

relatively high non-specific uptake of nanoparticles and availability.  

This study involved work with non-radioactive Tl+ and Tl3+, which were used for characterisation of Tl-

texaphyrin-lipid complexes and testing their stability, as well as improving the nanoparticle assembling 

method and performing nanoparticle characterisation. 201Tl was used to optimise the Tl+/Tl3+ oxidation 

reaction and find the best radiolabelling conditions, assembling 201Tl-nanotexaphyrins and testing 

their radiostability, cellular uptake and subcellular distribution.   

 

 

 

5.3 Materials and methods 

5.3.1 Materials: TlCl 10 mM solution was prepared by dissolving 2.4 mg of TlCl in 1000 μL of MilliQ 

water (18.2 MΩ.cm), sonicating and heating at 40°C for 1 h. 0.05 - 2.5 M HCl solution was prepared by 

diluting 37% HCl with MilliQ water. Texaphyrin-lipids were synthesised according to the method 

described previously by Prof G. Zheng’s group [226] and the structure was confirmed by ultra-high 

performance liquid chromatography-mass spectrometry (UHPLC-MS). Texaphyrin-lipid 1 mM solution 

was obtained by dissolving 1 mg in 920 μL of 99.9% ethanol. 25 mM KCl solution was prepared by 

dissolving 75.5 mg KCl (EMD Millipore) in 50 mL of MilliQ water. Cell culture consumables and chemical 

compounds, unless specified, were purchased from Sigma-Aldrich, Canada. [201Tl]TlCl in sterile, 0.9% 

Figure 5.2 Schematic representation of 201Tl3+ binding to the texaphyrin-lipid macrocycle, following by a 

formation of nanotexaphyrins.  
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NaCl solution (213 - 236 MBq/2.8 mL) was obtained from Curium, USA (2.8 mCi/2.8 mL on the 

calibration date). 

5.3.2 Cell culture: human lung cancer cells A549 (courtesy of Prof G. Zheng’s group, Princess Margaret 

Cancer Research Centre, 101 College Street, Room 5-354, Toronto, M5G 1L7, Canada) and human 

ovarian cancer cells SKOV3 (Prof R. Reilly’s group, Leslie Dan Faculty of Pharmacy, University of 

Toronto, 144 College St., Toronto, M5S 3M2, Canada) were cultured in RPMI-1640 medium (R8758). 

Both media were supplemented with 10% fetal bovine serum (Gibco, 12484-028), penicillin (100 units) 

and 100 μg/mL streptomycin. Cultured cells were trypsinised and seeded at 100,000 cells per well in 

24-well plates 16 hours before each experiment and grown at 37°C in a humidified 5% CO2 

atmosphere. During experiments, cells were kept in fully supplemented medium. Cells were counted 

by the Bio Rad T20TM automated cell counter. 

5.3.3 201Tl+/201Tl3+ and Tl+/Tl3+ oxidation: the oxidation method described previously [98] was used 

with some modifications. Briefly, 100 µL of [201Tl]TlCl or stable 10 mM TlCl aqueous solution was added 

to an oxidation bead (Pierce™ Iodination Beads, N-chloro-benzenesulfonamide sodium salt, 

ThermoFisher Scientific), then 10 µL of 2.5 M HCl (Fisher Chemicals) was added and the solution was 

shaken for 1 to 2 h. 201Tl oxidation efficiency was assessed by the TLC method with acetone as a mobile 

phase [98] and TLC-SG chromatography paper (silica gel impregnated glass fibre, Pall Corporation) as 

solid phase.  TLC plates were imaged with a Cyclone Plus Storage Phosphor System (Fig. 5.3 A). 

 

Figure 5.3 Schematic representation of the TLC method used in the study. TLC plate showing A) quantification 

of 201Tl oxidation reaction and B) assessing 201Tl-texaphyrin-lipid chelation yield and 201Tl-nanotexaphyrins 

purity. 

A B 
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5.3.4 201Tl3+/Tl3+ chelation with texaphyrin-lipids: 100 µL of oxidised [201Tl]TlCl3 or TlCl3 was diluted 

five-fold with 0.1 M NH4OAc buffer (pH = 7) or water and 1 mM texaphyrin-lipid ethanol solution was 

added. For 201Tl, the molar ratio texaphyrin-lipid:Tl was calculated as 1:0.005 based on the 

concentration of non-radioactive 203Tl in [201Tl]TlCl measured previously (0.8 µmol/L 203Tl, [140]). For 

non-radioactive thallium, texaphyrin-lipid:Tl ratio was set as 1:1 or 1:2. After adding [201Tl]TlCl3 or TlCl3 

to the texaphyrin-lipid solution, the mixture was left for 1 h at room temperature (RT); a change in 

colour was observed when forming non-radioactive Tl-texaphyrin-lipids from brown to green. A TLC 

method involving TLC-SG chromatography paper (silica gel impregnated glass fibre, Pall Corporation) 

and a mobile phase of 10% EDTA solution in 0.1 M NH4OAc was used to assess chelation efficiency of 

201Tl-texaphyrin-lipids (Fig. 5.3 B). TLC plates were imaged with a Cyclone Plus Storage Phosphor 

System. UV-Vis spectra of non-radioactive Tl-texaphyrin-lipids were obtained with spectrophotometer 

(Biochrom Ultraspec 3100 Pro), after 6 to 7-fold dilution in 99.9% ethanol. UHPLC-MS was performed 

using a Waters Acquity UPLC Peptide BEH C18 column (130 A, 1.7 μm, 2.1 mm x 50 mm) with Waters 

2695 controller, 2996 photodiode array detector and a Waters triple quadrupole mass detector 

(mobile phase: 0.1% TFA (A) and acetonitrile (B) in gradient (60% A + 40% B to 0% A+ 100% B in 3 min, 

kept at 100% B for 1 min, followed by a sharp change back to 60% A + 40% B), column temperature: 

60°C, flow rate: 0.6 mL/min, positive ion mode ESI).  Samples were diluted 10-fold in 99.9% ethanol. 

Mn and Cd complexes with texaphyrin-lipids were provided by Prof Gang Zheng’s group [19,21]. 

 

5.3.5 Synthesis of 201Tl-nanotexaphyrins and Tl-nanotexaphyrins: 150 µL of ethanol solution 

containing cholesterol (CHL, 40.6% total molar content), DSPE-PEG2000 (distearoylphosphatidylcholine 

polyethylene glycol 2000; 5.0% total molar content) and 1 mg DPPC (dipalmitoylphosphatidylcholine, 

44.4-53.4% total molar content) (Avanti Polar Lipids, Inc) was added to 100 µL 201Tl-texaphyrin-lipids  

or Tl-texaphyrin-lipids, mixed, and  moved to a 1 mL syringe, then slowly co-injected with 750 µL of 

0.1 M NH4OAc buffer placed in a second 1 mL syringe via a microfluidic chip (Microfluidic Chip Shop) 

as illustrated in Figure 5.4. 

Crude 201Tl-nanotexaphyrin and Tl-nanotexaphyrin were purified with Amicon-Ultra 0.5 mL filter tubes 

(30,000 MWCO, Millipore) and centrifuged for 10 min at 12,000 rpm, then washed with 200 µL of 

phosphate buffered saline (PBS) 3-5 times. An TLC method (TLC-SG chromatography paper, mobile 

phase: 10% EDTA solution in 0.1 M NH4OAc) was used to assess 201Tl-nanotexaphyrin purity (Fig. 5.3 

B). Activity of purified 201Tl-nanotexaphyrins was measured with a dose calibrator (Capintec) and 

compared to the starting [201Tl]TlCl activity for assessing the radiolabelling efficiency (RE).   
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5.3.6 Stability studies:  Tl-texaphyrin-lipids were kept for up to 72 h either at RT or 37°C and analysed 

visually, by UV-Vis spectrometry and UHPLC-MS chromatography as described above. The size and 

dispersity of synthesised Tl-nanotexaphyrins were assessed in PBS by DLS measurements over a period 

of 72 h in a temperature range of 4-37°C. 201Tl-nanotexaphyrins were kept in PBS at 4°C and 37°C for 

Figure 5.4 201Tl-nanotexaphyrins and Tl-nanotexaphyrins synthesis diagram including Tl+/Tl3+ oxidation, dilution 

and chelation reaction with texaphyrin-lipids, synthesis of 201Tl-nanotexaphyrins and Tl-nanotexaphyrins 

followed by their purification process. 
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up to 72 h and the radiostability was tested with a TLC method (mobile phase used: 10% EDTA in 0.1 

M NH4AcOH) (Fig. 5.3 B). 

5.3.7 Characterisation of Tl-nanotexaphyrins: to determine the hydrodynamic diameter, 

polydispersity index (PDI) and surface charge of the nanoparticles, Tl-nanotexaphyrins were 

characterised using Malvern Zetasizer Nano-ZS 90 device. Tl-nanotexaphyrins suspension was diluted 

10 times with PBS for the size measurements whereas no dilutions were made for the zeta potential 

measurements. Fluorescence spectra of intact Tl-nanotexaphyrins in PBS and disrupted Tl-

nanotexaphyrins in methanol were measured using a Fluoromax fluorimeter (Horiba Jobin Yvon); the 

nanoparticles were excited at 465 nm, and emission spectra were collected from 700 to 850 nm.  

Transmission electron microscopy (TEM) images were obtained with FEI Tecnai 20 microscope (200 

kV voltage) by Dr Miffy Cheng; Tl-nanotexaphyrin suspension was placed on a carbon-coated copper 

grids and negatively stained with 2% uranyl acetate.  

5.3.8 Cellular uptake: fifteen minutes before the experiment, the culture medium in each well was 

replaced by 190 or 200 µL of fresh RPMI medium. To some wells, 10 µL of 25 mM KCl solution was 

added (to a total of 200 µL volume). Purified 201Tl-nanotexaphyrins or Tl-nanotexaphyrins were diluted 

with PBS to the required concentration (1 MBq/mL or 20 μmol/L) and 50 µL was added to each well. 

Oxidised [201Tl]TlCl or TlCl was diluted with PBS to the same concentration as 201Tl/Tl-nanotexaphyrins 

and was added to each well as 50 µL. Plates were incubated at 37°C for 16 h, then the incubation 

solution was collected. Adherent cells were briefly washed thrice with PBS and lysed with 1 M NaOH 

for 15 min at RT. For the radioactive uptake: unbound radioactivity (incubation medium and PBS 

washings) and cell-bound radioactivity (lysate) were measured (counts per minute, CPM) with a 

gamma counter (Perkin Elmer Wallac Wizard 3 1480 Automatic Gamma counter). For the non-

radioactive uptake: all samples were placed in a vacuum centrifuge and left overnight to evaporate 

water. Then, 100 µL of 70% (v/v) HNO3 (environmental grade) was added to each Eppendorf tube and 

heated at 60°C for 2 h, and 1000 µL of 2% (v/v) HNO3 was added to each sample, the contents vortexed 

and centrifuged for 5 min at 12,000 rpm. 800 µL of the supernatant was collected, added to 2 mL 2% 

(v/v) HNO3, mixed and analysed by the PerkinElmer NexION 350 Inductively coupled plasma-mass 

spectrometer. A series of standards (10-2-10-7 mg/L) were prepared diluting 1 g/L of TlCl solution in 2% 

(v/v) HNO3 and calibration lines (as linear regression lines) were drawn for 203Tl and 205Tl. Quality of 

the ICP-MS measurements was ensured through repeat measurements of blanks and internal 193Ir 

standards. 
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5.3.9 Cell fractionation: a fractionation method described in chapter 4 was used [184]. In brief, fifteen 

minutes before the experiment, medium in each well was replaced by 200 µL fresh medium. Purified 

201Tl-nanotexaphyrins were diluted with PBS to the required concentration (1 MBq/mL) and 50 µL was 

added to each well. Oxidised [201Tl]TlCl3 was diluted in the same manner. After 16 h of incubation at 

37°C in a humidified 5% CO2 atmosphere, the 24-well plates were put on ice, the radioactive 

incubation solution was collected, adherent cells were briefly washed three times with 250 µL of cold 

PBS. The activity present in all PBS washes and the medium was measured by a gamma counter 

(‘medium’ fraction). Then, 250 µL of cold 200 mM sodium acetate solution and 500 mM sodium 

chloride (pH = 2.5) were added to each well, incubated with cells on ice for 10 min and then removed, 

combined with a subsequent wash of 250 µL of cold PBS, and measured as a fraction by the gamma 

counter (‘membrane’ fraction). Next, the cells were lysed with 250 µL of cold Nuclei EZ Lysis buffer on 

ice. After 2 h incubation, cells were transferred to Eppendorf microcentrifuge tubes, centrifuged for 5 

min at 1,000 rpm and the supernatant was collected. The remaining pellet was resuspended in 250 µL 

of cold PBS, centrifuged, and again the supernatant was collected. This process was repeated, and the 

supernatants were combined. The activity present in the combined supernatant fractions 

(‘cytoplasmic‘ fraction) and the activity present in the pellet (‘nuclear‘ fraction) were quantified by a 

gamma counter (as counts per minute, CPM). 

5.3.10 Data analysis: results were analysed in Excel Microsoft 2016, GraphPad Prism 9 and ChemDraw 

20.1, and expressed as mean ± SD. Figures were created with GraphPad Prism 9 and BioRender.com.   

 

5.4 Results 

5.4.1 201Tl+/201Tl3+ and Tl+/Tl3+ oxidation reaction was conducted using an oxidising agent containing 

N-chloro-benzenesulfonamide (Iodobead) in 0.25 M HCl solution. Quantification was achieved 

through the TLC method (mobile phase: acetone), resulting in an average yield of 91.8 ± 3.1% (n=12). 

Upon removal of the oxidation bead from the reaction mixture, it was determined that oxidised 201Tl3+ 

remained stable for a minimum of 72 h when stored at 4°C in 0.25 M HCl (Table 5.1).  

Table 5.1 201Tl3+ stability (expressed as % of total activity) in 0.25 M HCl after removal of the iodobead at 4 °C. 

The stability was assessed by the TLC method, solid phase: ITLC-SG, mobile phase: acetone, n=3. 

Time (h) 201Tl3+ (%) 
2 92.1 ± 3.3 

24 91.5 ± 10.6 
48 85.8 ± 3.4 
72 86.8 ± 2.7 
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Nevertheless, it was noted that 30-50% of the total 201Tl activity used initially for the oxidation reaction 

adhered to the oxidation bead after its removal (oxidation bead was measured by a dose calibrator 

Capintec), and subsequent washes with 0.25 M HCl managed to recover only a small amount of the 

activity. The recovery method was deemed impractical due to the resultant sample dilution. The 

addition of the appropriate concentration of HCl was imperative for the oxidation reaction yield. 

Reducing the concentration of HCl from 0.25 M to 0.05 M led to a substantial decline in the conversion 

of 201Tl+ to 201Tl3+ as illustrated in Figure 5.5. 

Despite the absence of an analytical method to evaluate the conversion of non-radioactive Tl+ to Tl3+, 

the conclusion was drawn that the oxidation reaction was occurring under the conditions tested, 

based on the following observation: when texaphyrin-lipids were incubated with TlCl solution in 0.25 

M HCl, no change in colour was observed, and neither UV-Vis spectroscopy nor UHPLC-MS detected 

the presence of a Tl-texaphyrin-lipid complex. It was concluded that Tl+ cannot be chelated by 

texaphyrin-lipids under these conditions. However, when the texaphyrin-lipid solution was introduced 

to the same TlCl solution in 0.25 M HCl in the presence of the oxidising agent, a transformation 

occurred after approximately 0.5 h, resulting in a change of the mixture's colour to dark green, which 

201Tl+ 

201Tl3+ 

Figure 5.5 TLC analysis of 201Tl+/Tl3+ oxidation reaction performed with an oxidation bead (Iodobead) in 

various concentrations of HCl and imaged with a phosphor imager. A) TLC plate representing 201Tl+ at the 

bottom of the plate when no oxidation agent was used (control). TLC plates representing 201Tl+ at the bottom 

and 201Tl3+ at the top of the plate after oxidation reaction was performed in B) in 0.05 M HCl solution, C) in 0.1 

M HCl solution and D) 0.25 M HCl solution. Solid phase: ITLC-SG, mobile phase: acetone. 201Tl3+ in these 

conditions migrate with the solvent front (Rf = 1) while 201Tl+ remain at the baseline (Rf = 0).  

A B C D

0.05 M HCl 0.1 M HCl 0.25 M HCl control 



Chapter 5: Assembling and investigating 201Tl radiolabelled texaphyrin nanoparticles 

 

 
160 

 

suggested the formation of Tl-texaphyrin-lipid complex. Furthermore, the existence of the texaphyrin-

metal complex was confirmed through available analytical methods, described later in this chapter.  

The observations were similar when TlCl3 in 0.25 M HCl was added to texaphyrin-lipid solution instead 

of TlCl (Fig. 5.6). 

5.4.2 201Tl3+/Tl3+ chelation with texaphyrin-lipids. In general, texaphyrin-lipid compounds are stable 

except under acidic conditions, in which the imine experiences rapid hydrolysis resulting in the 

degradation of the texaphyrin macrocycle [228]. It was observed that immediately after adding 

concentrated HCl, texaphyrin-lipid ethanol solution changed colour from dark brown to light green 

indicating hydrolysis.  Furthermore, after 6-12 h the solution turned pink, a colour typical of one of 

the texaphyrin-lipid precursors, suggesting further destruction of the texaphyrin-lipid compound. In 

order to avoid the degradation of texaphyrin-lipid macrocycle, after adding oxidised thallium (201Tl3+ 

Figure 5.6 Schematic illustration of the oxidation reaction of Tl+ to Tl3+ and complex formation with 

texaphyrin-lipids. When TlCl is used as a substrate without the oxidation agent, the Tl-texaphyrin-lipid 

complex is not formed (no colour change). TlCl3 and the addition of the oxidising agent to TlCl/HCl mixture 

enables the Tl-texaphyrin-lipid complex formation.  
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or Tl3+) in 0.25 M HCl, diluting or neutralising acidic conditions was necessary and therefore different 

solutions and buffers were tested for this purpose. Calculated amounts of 201Tl3+ (%) immediately after 

dilution and 201Tl-texaphyrin-lipid chelation reaction efficiency (%) are presented in Table 5.2.  

A TLC method with acetone or 10% EDTA solution in 0.1 M NH4OAc buffer as a mobile phase was used 

to assess the amount of retained 201Tl3+ after dilution or unbound 201Tl+/201Tl3+ after chelation reaction. 

Examples of TLC plates are presented in Figure 5.7.  

Figure 5.7 TLC images and quantification of free 201Tl3+ and 201Tl-texaphyrin-lipid imaged with a phosphor 

imager. A) TLC plates representing Tl+ at the bottom and Tl3+ at the top of the plate after diluting oxidised 201Tl3+ 

in 0.25 M HCl 5 times with various solutions/buffers (1 to 4). Solid phase used: ITLC-SG, mobile phase: acetone. 
201Tl3+ in these conditions migrate with the solvent front (Rf = 1) while 201Tl+ remain at the origin (Rf = 0). B) TLC 

plates representing 201Tl-texaphyrin-lipid and free Tl3+/Tl+. Solid phase used: ITLC-SG, mobile phase: 10% EDTA  

in 0.1 M NH4OAc. 201Tl+/201Tl3+ in these conditions migrate with the solvent front (Rf = 1) while 201Tl-texaphyrin-

lipid remain at the origin (Rf = 0). Solvents/buffers used: 1) water, 2) 99.9% ethanol, 3) phosphate buffer saline, 

4) ammonium acetate buffer, control: Tl3+ in 0.25 M HCl.  

control control 

A B 

2
0

1
Tl

3
+
 

2
0

1
Tl

+
 

2
0

1
Tl

+
/2

0
1
Tl

3
+
 

2
0

1
Tl

-t
e

xa
p

h
yr

in
-l

ip
id

 

Table 5.2 Optimising conditions of 201Tl3+ chelation to texaphyrin-lipid compounds. Different solutions (1-4) 

were added in order to neutralise acidic solution containing 201Tl3+. pH was measured with a pH paper 

(pHydrion, Micro Essential Laboratory). The amount of 201Tl3+ (%) was quantified by TLC method using acetone 

as a mobile phase (201Tl+: origin; 201Tl3+: solvent front). The amount of 201Tl-texaphyrin-lipid (%) was quantified 

by TLC using 10% EDTA solution in 0.1 M NH4OAc as a mobile phase (201Tl-texaphyrin-lipid: origin; 201Tl+/Tl3+: 

solvent front), n = 3. 

 

Added solution pH 201Tl3+ (%) 201Tl-texaphyrin-lipid (%) 

1. water 1 75.3 ± 6.8 25.5 ± 4.5 
2. ethanol 1 85.2 ± 2.1 9.8 ± 2.2 
3. PBS 3 60.1 ± 5.7 17.6 ± 3.0 
4. NH4OAc 5 56.8 ± 5.4 23.3 ± 3.2 
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The highest chelation efficiency was observed when 201Tl3+ was diluted with either water or 0.1 M 

NH4OAc buffered solution (pH = 7) prior to the addition of the texaphyrin-lipids (with yields of 25.5 ± 

4.5% and 23.3 ± 3.2%, respectively). These conditions were further validated during the optimisation 

process with stable TlCl, as Tl-texaphyrin-lipid samples remained stable for an extended duration 

when oxidised Tl3+ was diluted and neutralised with water or NH4OAc, as opposed to PBS or ethanol. 

Using these optimised conditions for the chelation of non-radioactive Tl3+
 with texaphyrin-lipids (RT, 

diluted 5 times with water or NH4OAc buffer), it was possible to obtain Tl-texaphyrin-lipid conjugates.  

This could be noted by a colour change from brown to dark green around 20 to 30 min after oxidised 

Tl3+ addition. The formation of the Tl-texaphyrin-lipid complex was confirmed by UV-Vis spectroscopy 

(Fig. 5.8) and UHPLC-MS (Fig. 5.9). Tl+ did not form complexes with texaphyrin-lipids under the above 

conditions where the oxidation agent was absent (Fig. 5.8 A and C). The absorption spectra of Tl-

texaphyrin-lipid conjugates, following the oxidising of Tl+, showed characteristic peaks at wavelengths 

of 340, 465 and 760 nm. Similar absorption spectra were also recorded for other metal chelated 

texaphyrin-lipids [226].  

Absorption spectra of Tl-texaphyrin-lipid samples measured up to 72 h at RT remained unchanged and 

the green colour of the Tl-texaphyrin-lipid solution also persisted. The only exception was Tl-

texaphyrin-lipid sample kept at 37°C for 24 h, where colour of the solution turned pink suggesting 

degradation of Tl-texaphyrin-lipid complex and the macrocycle structure (Fig. 5.8 D). This was 

confirmed by UV-Vis spectrometry, as no distinctive peaks indicative of Tl-texaphyrin-lipid complexes 

were detected. 
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During the UHPLC-MS analysis, Tl-texaphyrin-lipid compounds displayed a retention time of 2.9 min 

(at wavelength of 465 nm), while the unchelated texaphyrin-lipid exhibited a retention time of 

approximately 3.6 min (Fig. 5.9 A and C).  Previously, it was reported that a peak eluting at 3.6 min, 

using an identical methodology, corresponds to the unchelated texaphyrin-lipid  [32]. The associated 

mass spectra showed the conjugate molecular weight of 1088.17 and the UV absorption spectra 

displayed a primary peak at 364 nm [32]. When Tl+ was added to texaphyrin-lipid solution in the 

absence of the oxidising agent (oxidation bead), there was no observed evidence of complex 

formation (Fig. 5.9 B). However, when Tl+ was oxidised, Tl-texaphyrin-lipid was formed, and peak of 

2.8 min retention time was identified by a corresponding absorption spectrum and a mass spectrum 

(Fig. 5.9 C, D and E).  

Figure 5.8 Forming complexes of Tl3+ with texaphyrin-lipids. A) UV-Vis spectra of texaphyrin-lipid (black line), 

Tl-texaphyrin-lipid after oxidation (red line) and Tl+ mixed with texaphyrin-lipid without the oxidising agent (blue 

line). B) UV-Vis spectra of Tl-texaphyrin-lipid (Tl+ oxidised with the oxidation bead) after 2-72 h at room 

temperature (RT). Arrows mark the absorption peaks characteristic for metalated texaphyrins. C) Cuvettes 

containing a green solution of Tl3+-texaphyrin-lipid (left) and a light brown solution containing Tl+ with 

texaphyrin-lipids (right), where oxidising agent was not added. D) An image of Tl3+-texaphyrin-lipid samples 24 

h after adding Tl3+ to texaphyrin-lipid ethanol solution. All samples are green with the exception of sample 1, 

which was kept for 24 h at 37°C, whereas the rest of the samples (2-5) were kept at 25°C. 
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Found m/z: 1399.63 [M + TFA + H]+ 

Figure 5.9 UHPLC-MS analysis of Tl-texaphyrin-lipid complexes. A) Chromatogram of unchelated texaphyrin-lipid 

showing the elution peak at approximately 3.6 min at 465 nm wavelength. B) Chromatogram of texaphyrin-lipid 

mixed with Tl+ without the oxidising agent at 465 nm wavelength, showing no evidence of complex formation. C) 

Chromatogram of Tl-texaphyrin-lipid (oxidising agent used) with the elution peak at 2.9 min (465 nm wavelength) 

and corresponding D) absorption spectrum and E) mass spectrum of Tl-texaphyrin-lipid; m/z found: 1399.63 (main 

peak) matching formula of C63H91F3N6O11PTl (protonated Tl-texaphyrin-lipid associated with one trifluoroacetate 

ion); mobile phase: 0.1% TFA/acetonitrile. Exact mass: 1400.62, m/z 1400.62 (100%), 1401.62 (65.3%), 1398.62 

(37.6%) (ChemDraw).   
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The stability of Tl-texaphyrin-lipid samples kept at RT for up to 72 h was also validated by the UHPLC-

MS method. Retention peaks at around 2.9 min corresponding to Tl-texaphyrin-lipid were identified 

for all samples taken at different time points (6 - 72 h) and were confirmed by absorption spectra and 

mass spectra (Fig. 5.10 A, B, C and D). UHPLC-MS analysis demonstrated that most of Tl ions remained 

chelated after 72 h. 

 

5.4.3 Nanotexaphyrin synthesis and characterisation. Non-radioactive Tl-nanotexaphyrins were 

synthesised as described in the methods section. Dynamic light scattering (DLS) measurement of Tl-

nanotexaphyrins revealed that the nanoparticles are homogenous in size, measuring on average 147.4 

± 1.4 nm, with a polydispersity index (PDI) of 0.15 ± 0.03 (n = 3). The measured zeta potential was 

slightly negative: -1.5 ± 0.4 mV (n = 3). The size and dispersity of Tl-nanotexaphyrins were assessed in 

PBS over a period of 72 h and exhibited stability across a temperature range of 4-37°C, as indicated in 

Table 5.3.  

Tl-texaphyrin-lipid  

 

Time 0 h 24 h 48 h 72 h 

T (°C) Size (nm) PDI Size (nm) PDI Size (nm) PDI Size (nm) PDI 

4 

147.4 ± 1.4 0.150 

143.2 ± 2.7 0.140 143.7 ± 1.1 0.154 144.2 ± 0.8 0.150 

25 143.8 ± 1.8 0.152 144.8 ± 2.0 0.159 144.1 ± 1.0 0.162 

37 142.8 ± 1.2 0.151 146.0 ± 1.3 0.193 155.9 ± 3.6 0.230 

 
Table 5.3 Tl-nanotexaphyrins stability over time at various temperatures. The size of non-radioactive Tl-

nanotexaphyrins and the polydispersity index (PDI) were assessed by DLS from 0 to 72 h at 4, 25 and 37°C, n=3. 

Figure 5.10 Examples of UHPLC-MS measurements of Tl-texaphyrin-lipid samples over a period of time. 

Chromatograms showing the peak eluting at around 2.9 min characteristic for Tl-texaphyrin-lipid and a 

corresponding absorption spectrum after A) 2 h, B) 24 h, C) 48 h and D) 72 h.  
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Transmission electron microscopy (TEM) images showed homogenous and spherical vesicles sized 

140-150 nm (Fig. 5.11) . 

 

 

The fluorescence of non-radioactive Tl-nanotexaphyrins was also measured. Nanoparticles in PBS 

solution were excited at 465 nm wavelength and fluorescence emission spectrum was collected at 

700-850 nm. As expected, no fluorescence peaks were observed in the region of 700-850 nm for the 

intact nanoparticles due to self-quenching. However, when Tl-nanotexaphyrin structure was disrupted 

by adding methanol, a distinct emission peak at 770 nm characteristic for Tl-texaphyrin-lipid 

component was noted (Fig. 5.12).   

 

 

Figure 5.11 TEM images of Tl-nanotexaphyrins. Two different batched A) and B) of Tl-nanotexaphyrins in PBS 

were assessed at 80,000 magnification (scale bar: 200 nm) and 200,000 magnification (scale bar: 100 nm). 

Images taken by Dr Miffy Cheng, University of Toronto.  

A 

B 
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ICP-MS was performed to quantitively measure the cellular uptake of non-radioactive Tl-

nanotexaphyrins incubated in lung cancer cells (A549) for 16 h. 25 mM KCl solution was used to inhibit 

unbound Tl uptake (Tl not chelated by nanotexaphyrins) as described in chapter 2. High concentrations 

of K+ in medium can significantly suppress Tl+ uptake in cells due to the competition for Na+/K+ pump 

binding sites. Tl uptake (%) is shown per 100,000 cells. Tl-nanotexaphyrins uptake in A549 cells was 

calculated as 2.8 ± 0.07%, 1.6 times higher than the uptake measured for the control with unbound Tl 

(1.7 ± 0.05%). However, when the unbound Tl uptake was inhibited by KCl solution, Tl-

nanotexaphyrins uptake remained low at the level of 0.6 ± 0.01% (Fig. 5.13).  

Figure 5.12. Fluorescence spectra of intact and disrupted Tl-nanotexaphyrins. Excitation wavelength: 465 nm, 

emission spectrum: 700-850 nm. Intact Tl-nanotexaphyrins were measured in PBS and MeOH was used to 

disrupt the Tl-nanotexaphyrin structure. 

Figure 5.13 Uptake of Tl-nanotexaphyrins, measured by ICP-MS, in lung cancer cells (A549) incubated for 16 

h with non-radioactive Tl-nanotexaphyrins. Oxidised TlCl in the same concentration was used as a control. 25 

mM KCl solution was used to inhibit unbound Tl+ uptake. 100,000 cells were seeded per well. Bars represent 

mean ± SD, done in triplicates, n=1. 
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Radioactive 201Tl-nanotexaphyrins were synthesised as described in the methods section. Briefly, a 

mixture of lipids (CHL, DPPC and DSPE-PEG2000) was added to 201Tl-texaphyrin-lipids, mixed and slowly 

co-injected with 0.1 M NH4OAc buffer using a microfluidic chip. A TLC method was used to assess Tl3+ 

oxidation rate and the purity of the synthesised nanoparticles (Fig. 5.3). Results from four independent 

experiment are gathered in Table 5.4. The radiolabelling yield of 201Tl-nanotexaphyrins was low, with 

an average of 5.1 ± 4.4% and the average purity of the obtained nanoparticles was 77.4 ± 10.3% (n = 

4).  

 

The uptake of  201Tl-nanotexaphyrins in lung cancer cells (A549) and ovarian cancer cells (SKOV3) after 

16 h of incubation at 37°C was found to be 2.2 ± 0.11% and 2.7 ± 0.08%, respectively, with calculations 

based on 100,000 cells. These uptake values closely resemble the unbound 201Tl uptake, which was 

measured at 2.5 ± 0.30% in A549 and 2.9 ± 0.06% in SKOV3 cells, as shown in Figure 5.14 A. This 

similarity suggests the release of 201Tl, in the form of Tl+, from the structure of 201Tl-nanotexaphyrins 

under the conditions tested.  

The percentage of 201Tl activity measured in the ‘medium’ fraction, ‘membrane’ fraction, the 

‘cytoplasmic’ fraction and the ‘nuclear’ fraction in both A549 cells and SKOV3 cells following 

incubation with 201Tl-nanotexaphyrins or unbound 201Tl is shown in Figure 5.14 B and C.  

Batch number 1 2 3 4 

Dilution and 
purification 

201TlCl3 diluted with 
NH4OAc buffer; 

purification process 
repeated 3 times 

201TlCl3 diluted with 
NH4OAc buffer; 

purification process 
repeated 5 times 

201TlCl3 diluted with 
water; 

purification process 
repeated 5 times 

201Tl+/201Tl3+ oxidation 
yield  

90.0 % 96.2 % 90.2 % 85.9 % 

201Tl-nanotexaphyrin 
purity pre-purification  

16.7 % 20.2 % 29.9 % 24.4 % 

201Tl-nanotexaphyrin 
purity post-purification  

71.6 % 82.9 % 66.1 % 88.8 % 

Radiolabelling yield  7.8 % 9.8 % 2.4 % 0.5 % 
 

Table 5.4 201Tl-nanotexaphyrin synthesis. Results from four independent experiments involving Tl+/Tl3+ 

oxidation, dilution and chelation reaction with texaphyrin lipids, synthesis of  201Tl-nanotexaphyrins and the 

purification process, as illustrated in Fig. 5.4. Radiolabelling yield was determined by comparing the activity of 

purified 201Tl-nanotexaphyrins to the initial activity of [201Tl]TlCl stock used for the experiment. 201Tl+/ 201Tl3+ 

oxidation yield was assessed by TLC using acetone as a mobile phase. 201Tl-nanotexaphyrins purity before and 

after the purification process was assessed by TLC using 10% EDTA in 0.1 M NH4OAc as a mobile phase. Data 

are presented as mean ± SD, n = 4. 
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Figure 5.14 201Tl-nanotexaphyrin uptake in lung cancer cells and the subcellular distribution. A) 201Tl-

nanotexaphyrin and unbound 201Tl uptake in lung cancer cells (A549) and ovarian cancer cells (SKOV3) 

calculated per 100,000 cells. B) Cell fractionation results in A549 cells per total number of cells counted 

(665,000) after 16 h incubation with 201Tl-nanotexaphyrins and unbound 201Tl. C) Cell fractionation results 

in SKOV3 cells per total number of cells counted (210,000) after 16 h incubation with 201Tl-

nanotexaphyrins and unbound 201Tl. Bars represent mean ± SD, triplicates, n=2. 

A 

C 

B 
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The amount of intracellular activity was significantly lower compared to the activity washed with the 

‘membrane’ fraction. This could be attributed to a rapid efflux of unbound 201Tl+ when cells are 

subsequently washed during the cell fractionation procedure [140]. 201Tl activity distribution in cells 

incubated with 201Tl-nanotexaphyrins remained on a comparable level to cells incubated with 

unbound 201Tl in both cell lines. 

The capability of 201Tl-nanotexaphyrins to retain 201Tl when stored in a PBS solution for different 

durations was assessed using the TLC method  (mobile phase: 10% EDTA in 0.1 M NH4OAc). 201Tl-

nanotexaphyrins were kept at 37°C for 2, 6 and 72 h as well as at 4°C for 72 h. Obtained results are 

presented in Table 5.5.  

 

In an attempt to increase the radiolabelling efficiency of 201Tl-nanotexaphyrins, we combined stable 

Tl-texaphyrin-lipid (5% total molar lipid content, Tl:texaphyrin-lipid - 1:1 ratio) and 201Tl-texaphyrin-

lipid (5% total molar lipid content,  201Tl:texaphyrin-lipid - 0.005:1 ratio) before adding additional lipid 

mixture (90% total molar lipid content) and forming nanoparticles via microfluidic system as described 

before. Obtained results are presented in Table 5.6.  

 Temperature  

Time  4°C 37°C 

0 h 77.5 ± 16.0 % 77.5 ± 16.0 %  
2 h - 70.7 ± 9.7 % 
6 h - 59.5 ± 13.3 % 

72 h 56.0 ± 1.4 % 29.1 ± 7.3 % 
 
Table 5.5 201Tl-nanotexaphyrin radiostability in PBS solution. TLC method was used to assess the 

radiostability, mobile phase used: 10% EDTA in 0.1 M NH4AcOH; 201Tl+/201Tl3+ in these conditions migrate with 

the solvent front (Rf = 1) while 201Tl-texaphyrin-lipids remain at the baseline (Rf = 0). Data are presented as 

mean ± SD, n = 2 

201Tl+/201Tl3+ oxidation yield  91.8 % 
201Tl-texaphyrin-lipid yield 10.3 % 

201Tl-nanotexaphyrins purity before purification  11.9 % 
201Tl-nanotexaphyrins purity after purification  73.5 % 

Radiolabelling yield  1.7 % 

 
Table 5.6 201Tl-nanotexaphyrins ‘doped’ with stable Tl-texaphyrin-lipids radiolabelling yield. Final radiolabelling 

yield was determined by comparing the activity of purified 201Tl-nanotexaphyrins to the initial activity of 

[201Tl]TlCl stock used for the experiment measured by the Capintec dose calibrator. 201Tl+/ 201Tl3+ oxidation yield 

was assessed by TLC using acetone as a mobile phase. 201Tl-nanotexaphyrins purity before and after the 

purification process was assessed by TLC using 10% EDTA in 0.1 M NH4OAc as a mobile phase. Data are presented 

as mean ± SD, n = 1. 
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An alternative approach to enhance the efficiency of  201Tl radiolabelling involved combining Cd-

texaphyrin-lipid or Mn-texaphyrin-lipid ethanol solution (5% total molar lipid content each) with free 

base texaphyrin-lipid (5% total molar lipid content) and other lipids mixture (cholesterol (CHL): 40.6% 

total molar content, DSPE-PEG2000 (distearoylphosphatidylcholine polyethylene glycol: 5.0% total 

molar content, dipalmitoylphosphatidylcholine (DPPC): 44.4% total molar content) in ethanol.  

Oxidised 201Tl3+ diluted 5 times with 0.1 M NH4OAc buffer was added to the mixture and then the 

nanoparticle structure was formed by using the microfluidic system as shown in Figure 5.4. Obtained 

results are presented in Table 5.7.   

 

 

5.5 Discussion 

Despite its high radiotoxic potential and world-wide availability, 201Tl has not yet been fully evaluated 

for the targeted cancer therapy. This is largely because of the limited availability of suitable chelators 

and the hitherto relatively limited recognition of its significant Auger electron-emitting potential. In 

this study we explored the capacity of texaphyrin-lipid compounds to effectively bind 201Tl3+ ions, 

aiming to facilitate the targeted delivery of this radionuclide to cancer cells for radiotherapeutic 

applications. Using non-radioactive thallium salts, we managed to synthesise and characterise Tl-

texaphyrin-lipid compounds, which proved to be stable when kept at 25°C in ethanol solution for a 

minimum of 72 hours. Furthermore, the amphipathic nature of the texaphyrin phospholipids enable 

the Tl-texaphyrin-lipids to self-assemble into homogenous and spherical liposome-like structures of 

140-150 nm in diameter, which were stable in aqueous conditions. During these experiments, 

however, we noticed that increased temperature (37°C or above) had a negative impact on formation 

and stability of Tl-texaphyrin-lipid compounds. Although an increased temperature did not influence 

201Tl+/201Tl3+ oxidation yield 91.8 % 

201Tl/Mn-nanotexaphyrins purity before purification  28.0 % 

201Tl/Cd-nanotexaphyrins purity before purification  9.4 % 

 
Table 5.7 201Tl/Mn-nanotexaphyrin and 201Tl/Cd-nanotexaphyrin radiolabelling yield before purification. Final 

radiolabelling yield was determined by comparing the activity of purified 201Tl/Mn-nanotexaphyrins or 201Tl/Cd-

nanotexaphyrins to the initial activity of [201Tl]TlCl stock used for the experiment measured by the Capintec dose 

calibrator. 201Tl+ to 201Tl3+ oxidation yield was assessed by TLC using acetone as a mobile phase. 201Tl-

nanotexaphyrins purity before the purification process was assessed by TLC using 10% EDTA in 0.1 M NH4OAc 

as a mobile phase. Data are presented as mean ± SD, n = 1. 
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201Tl+ oxidation in acidic conditions, Tl3+ ions could have been released from the texaphyrin macrocycle 

due to the reverse Tl3+ reduction to 1+ oxidation state in neutralised aqueous conditions, following a 

mechanism that is not yet understood. Even though the five nitrogen atoms present in the expanded 

texaphyrin macrocycles efficiently bound Tl3+ ion, the complex thermodynamic stability could have 

been impaired by providing additional heat energy in the presence of water and unknown reducing 

agents. Modifying the texaphyrin-lipid structure by adding supplementary groups containing electron-

rich atoms, such as carboxylic acid groups, might help to stabilise Tl3+ and prevent its reduction to 1+ 

oxidation state by providing additional axial ligands and therefore increase stability of the Tl-

texaphyrin complexes at 37°C. It was observed that Tl+ binding by the texaphyrin-lipids does not occur 

in any tested conditions. This was expected considering the larger diameter of Tl+ ion and a lower 

stability with porphyrin-based chelators compared to Tl3+. 

Thermodynamic instability of 201Tl-texaphyrin-lipids could also be observed in the nanoparticles, when 

radioactive Tl was released after 72 hours nearly two times faster at 37°C than at RT (Table 5.5). At 

the same time, no significant alterations in the size or dispersity of Tl-texaphyrin nanoparticles were 

detected by DLS (measured up to 72 h), even when Tl-nanotexaphyrins were kept at 37°C. This 

suggests that 201Tl-nanotexaphyrin instability was not related to the liposomal-like structure of these 

nanoparticles, which remain intact at 37°C, but rather to the chelation stability of Tl-texaphyrins. In 

both non-radioactive and radioactive thallium cellular uptake experiments, the uptake of unbound Tl 

and Tl-nanotexaphyrins remains on a similar level, indicating that most likely Tl3+ ions are reduced to 

Tl+, which could have been intensified by the presence of reducing agents released by cells. As the 

larger ionic radii of Tl+ cannot be easily bound by the texaphyrin macrocycle, it is released into the 

incubation medium and taken up by a Na+/K+ pump in a similar manner to the unbound Tl ions. Adding 

KCl solution to inhibit unbound Tl uptake reduces Tl uptake from Tl-nanotexaphyrins significantly from 

2.8 ± 0.07% to 0.6 ± 0.01%, indicating that mostly unbound Tl+ ions are present in the incubation 

medium. Furthermore, the 201Tl subcellular distribution for unbound Tl and Tl-nanotexaphyrins 

remains similar, and even though this technique does not reveal the true intracellular Tl distribution 

due to a rapid efflux of Tl as discussed in chapter 4, it suggests that 201Tl is washing out of cells at a 

comparable rate. This pattern of behaviour in the in vitro experiments has been previously observed 

for other types of chelators [99]. Tl-texaphyrin-lipids thermodynamic instability towards reduction is 

a potential problem for the future work and therefore more experiments are needed to fully 

investigate the impact of temperature on Tl-nanotexaphyrin stability.  

It is worth noting that the slow release of 201Tl+ from nanoparticles may prove beneficial, 

especially when 201Tl conjugates are delivered in a close proximity to the tumour. Auger electrons 
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released during 201Tl radioactive decay have a very short range (<1 µm) and it is likely they will have 

to be present in the close proximity of the radiosensitive cellular targets, such as the nucleus or the 

cell membrane [104,109].  It has been suggested in chapter 4 that the high radiotoxic potential of 

unbound thallium can be attributed to its affinity for the cell nucleus. By enabling a gradual release of 

201Tl+ ions from nanoparticles once inside the cell, we could avoid the need for the additional 

subcellular targeting of the engineered nanostructures in order to achieve maximum radiotoxic 

impact. Given the observed release of thallium from the texaphyrin structure, it seems unlikely that 

texaphyrins alone, without the nanoparticle structure, have a viable future for delivering radioactive 

thallium for therapeutic purposes.  

Translating the optimised, non-radioactive method of synthesising Tl-nanotexaphyrins to bind 

radioactive 201Tl proved difficult.  Despite successful chelation and formulation of radioactive 201Tl-

nanotexaphyrins, with an average purity of 77.4 ± 10.3% after the purification process, the 

radiolabelling yield of 201Tl-nanotexaphyrin was low, 5.1 ± 4.4%, and this has severely limited the 

scalability of the reaction and achieving enough activity for further experiments. All the attempts to 

further optimise the chelation reaction and nanoparticle synthesis to increase the radiolabelling yield, 

including ‘doping’ 201Tl-nanotexaphyrins with non-radioactive Tl and combining 201Tl with Cd-

texaphyrin-lipid or Mn-texaphyrin-lipids using the postinsertion method [226], proved unsuccessful. 

The difference between the non-radioactive and radioactive Tl-texaphyrin-lipid chelation rate and 

stability could be linked to a concentration of Tl present in the reaction solution, which would be 

around 1000-2000 times lower in [201Tl]TlCl3 (201Tl and 203Tl combined) than TlCl3 used in non-

radioactive experiments. One of the main reasons for the texaphyrin-lipids’ low radiolabelling rate 

with Tl3+ is the incompatibility of the oxidation conditions and stability of texaphyrin-lipid compounds. 

Tl3+ in a form that is readily available for complexation appears to be more stable in acidic conditions; 

in contrast, a concentrated acidic environment led to rapid degradation to texaphyrin-lipids [228]. By 

neutralising the acidic conditions to reduce the macrocycle degradation rate, we substantially reduce 

the amount of Tl3+ present in the sample due to an intensified Tl3+ to Tl+ reduction process. The low 

radiolabelling rate is also due to a retention of 201Tl3+ on the oxidation bead surface during the 

oxidation process (30-50% of 201Tl activity). Further improvements to the oxidation and chelation 

conditions are needed in order to increase 201Tl radiolabelling efficiency.  
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5.6 Conclusions 

The Tl+ to Tl3+ oxidation method used in this experiment is efficient but requires acidic conditions, 

which are not suitable for texaphyrin compounds, leading to the degradation of the macrocycle 

through hydrolysis. Using oxidised thallium, non-radioactive Tl-texaphyrin-lipid compounds were 

successfully synthesised and characterised by UV-Vis and UHPLC-MS. Obtained complexes were stable 

when kept at RT for at least 72 h. These compounds were successfully assembled into nanotexaphyrins 

and characterised by DLS, TEM and emitted fluorescence. Over a period of 72 h, no alterations in the 

size or polydispersity of the synthesised nanoparticles were observed. The uptake of Tl-

nanotexaphyrins, quantified using ICP-MS, was comparable to that of unbound Tl. Moreover, the 

synthesis of 201Tl-nanotexaphyrins was achieved with an average purity of 77.4 ± 10.3%, but the 

radiolabelling efficiency was low, with an average of 5.1 ± 4.4%. Measurement with a gamma counter 

indicated that the uptake of 201Tl-nanotexaphyrins was similar to that of unbound 201Tl+. The release 

of 201Tl from 201Tl-nanotexaphyrins in PBS solution exhibit a time-dependent pattern, with faster 

release observed at 37°C. Due to the low activity of the synthesised 201Tl-nanotexaphyrins and the 

restricted project timeline, several planned biological investigations such as toxicity experiments could 

not be conducted. Further research is needed to fully evaluate the stability and radiotoxic potential of 

201Tl-nanotexaphyrins. Nonetheless, following the initial assessment, texaphyrins do not present 

significant advantages in terms of chelating thallium ions compared to other types of chelators under 

investigation. 
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Chapter 6: Summary and future considerations 

 

The main focus of this doctoral thesis was the exploration of an Auger electron-emitter, 201Tl, with the 

primary objective of evaluating its radiotoxicity and progressing towards radiopharmaceuticals for 

targeted treatment of small tumours, disseminated and metastatic cancer disease. Considering the 

scarcity of available literature on both 201Tl radiobiology and radiochemistry, the initial phase of this 

project involved evaluating the radiotoxic potential of 201Tl. Building on reports from previous studies 

that highlighted thallium's ability to accumulate in tumours during the diagnostic applications of 

[201Tl]TlCl, this research further investigated the radiotoxic effects of 201Tl+ in cancer cells, specifically 

exploring its native uptake mechanisms related to its mimicry of potassium. Throughout this study, 

several fundamental questions found their answers, including the mechanism of entry of thallium into 

cancer cells and the cytotoxic potency of the emitted electrons. It has been shown that 201Tl+ can be 

effectively taken up by cancer cells by a mechanism that is inhibited by cardiac glycosides or 

potassium, i.e. likely via the sodium-potassium ATPase pump, leading to a substantial radiotoxic effect 

upon internalisation. The average cellular activity of 201Tl+ needed for a 90% reduction in the 

clonogenic survival after 90-180 min incubation with [201Tl]TlCl was found to be within a range of 0.1 

– 0.3 Bq per cell, depending on the particular cell line used and conditions applied. It is worth noting 

that the incubation period used for these calculations is much shorter than the physical half-life of 

201Tl. Once incorporated into a targeted radiopharmaceutical, depending on the pharmacokinetics of 

the chosen targeting vector, 201Tl has the potential to be significantly more radiotoxic than indicated 

by the above numbers. Nevertheless, as a result of this assessment, 201Tl appeared to be more potent 

than other Auger electron-emitters like 111In and 67Ga, in line with the respective number and energy 

of Auger electrons emitted per decay. These findings played a critical role in laying the foundation for 

subsequent experiments, enabled further exploration of thallium's radiotoxic potential and justified 

developing thallium chelation chemistry in search for prospective clinical applications. 

Encouraged by the initial results, numerous efforts by me and other team members have been 

undertaken to bind 201Tl, either in the form of Tl+ or Tl3+, in order to enable the targeted therapeutic 

approach and mitigate its rapid efflux from cancer cells. However, this proved to be a challenging task 

and will require some years of further research aimed at development of effective chelators.  

In parallel with other team members efforts to develop thallium chelates, I have used the inherent 

ability of Prussian blue (PB) to incorporate Tl+ into its crystal structure. Two types of inorganic 

nanoparticles were synthesised, featuring a PB core and citric acid or chitosan coating. While the 

radiotoxic potential of 201Tl+ bound to citric acid-coated PBNPs was substantially lower than unbound 
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thallium, 201Tl bound to chitosan-coated PBNPs exhibited comparable radiotoxicity, requiring an 

average activity of 0.2-0.4 Bq/cell for a 90% reduction in clonogenicity over 180 minutes. When tested 

under in vivo conditions and injected directly into the tumour, chitosan-coated PBNPs exhibited 

significantly higher retention of 201Tl in tumour tissue after 48 hours compared to unbound 201Tl+. 

Nonetheless, when testing chitosan-coated PBNPs in pre-clinical settings, it was shown that the 

stability of the 201Tl binding mechanism was compromised, leading to a more rapid washout of 201Tl 

from the nanoparticulate form than initially anticipated based on in vitro studies.  

In an alternative approach focused on binding 201Tl in its 3+ oxidation state using organic texaphyrin-

lipid-based nanoparticles, the instability of Tl3+ complexes became evident much earlier in the 

experimental procedures, specifically during the production process and initial stability testing. The 

challenge of ensuring both kinetic and thermodynamic stability of thallium-bound complexes, and the 

subsequent release of free thallium in the biological environment, has been encountered in prior 

studies [94,99]. Addressing this issue is crucial for two primary reasons: firstly, to allow sufficient time 

for 201Tl in tumour cells to manifest its full radiotoxic potential, and secondly, to prevent adverse 

effects in healthy tissue. 

Another set of questions in this study focused on the subcellular distribution of unbound Tl+. Given 

that low-energy Auger electrons have limited travel distances from the decay site, coupled with the 

observed high radiotoxic potential of 201Tl+, a hypothesis was developed suggesting that Tl+ might be 

distributed in close proximity to sensitive subcellular targets, such as the nucleus or mitochondria. 

Through the application of the ion beam analysis combined with light microscopy, it was revealed that 

Tl+ (as non-radioactive TlCl) is predominantly located in the cell nucleus, with the calculated average 

concentration ratio in the nucleus versus in the cytoplasm at approximately 1.8:1. This finding affirms 

the significance of thallium's subcellular localisation in the observed radiotoxicity. It also suggests that 

any therapeutic radiopharmaceutical design may require additional subcellular targeting or the 

implementation of a slow, sustained release of thallium within the cell, which facilitates its eventual 

delivery to the nucleus. 

Although this PhD project has addressed certain questions, such as the radiotoxicity of unbound 201Tl 

and its estimated subcellular distribution, some challenges persist. The ongoing quest for a method to 

effectively bind thallium and, more importantly, to sustain its stable binding in the biological 

environment for the required duration, remains an unanswered challenge that necessitates further 

research. 

Among the extensive group of Auger electron-emitters, 201Tl has been identified as one of the most 

promising radionuclides for targeted therapy, based on its overall dosimetry score and other 



Chapter 6: Summary and future considerations 

 

 
177 

 

physicochemical properties [21]. Bolcaen et al. conducted a comprehensive comparison of various 

Auger electron-emitters, considering criteria such as the number of produced Auger electrons and 

other emissions, physical half-life, production and availability, radiochemistry, molar activity, vector 

availability, and dosimetry [21]. The primary objective of this study was to evaluate the suitability of 

Auger electron-emitters for future targeted radionuclide therapy while also highlighting the major 

hurdles encountered in the developmental stages. Indeed, 201Tl stands out with one of the highest 

numbers of Auger electrons emitted per decay (36.9), and it lacks accompanying β -emission. It 

possesses a convenient half-life (73 h), a stable daughter (201Hg), worldwide availability, and an 

established production method due to its previous extensive use in diagnostics. Additionally, it 

exhibits good molar activity and favourable cellular dosimetry. However, two significant obstacles 

were identified for 201Tl: the lack of available chelators (as discussed previously in detail) and potential 

toxicity related to emitted gamma rays. 

201Tl emits X-rays with energies ranging from 67 to 82 keV (abundance 94%) and γ-ray photons at 135 

and 167 keV (3% and 10% abundance, respectively) [60]. These emissions are valuable for imaging and 

dosimetry applications and have been widely employed in the past for myocardial imaging.  However, 

when higher doses are administered for targeted cancer therapies, the emitted photons may have the 

potential to cause adverse effects. The extensive photon emission might lead to undesirable 

irradiation of healthy tissue, increasing the radiation dose received by patients, their families, 

caregivers, and medical personnel. As a result, the emission of γ-rays might constraint the maximum 

allowable radioactivity that can be administered to patients and limit the translation of Auger 

electron-emitting radiotherapeutics into clinical use.  

Uusijärvi et al. extensively analysed the tumoral and cellular dosimetry of a wide range of 

radionuclides with various types of emission currently available for systemic tumour therapy, 

evaluating the impact of photon emission on the absorbed dose in both tumour and normal tissue 

[229]. One of the parameters used in the analysis was the photon-to-electron ratio, which was 

computed for various radionuclides (photon-to-electron ratio: p/e was calculated as the sum of the 

total photon energy emitted per decay divided by the sum of total electron energy emitted per decay). 

The estimated p/e ratio for 201Tl was 2.15, a value notably lower compared to other Auger electron 

emitters such as 67Ga, 111In, which have p/e ratios of 4.46 and 11.8, respectively [229]. Moreover, the 

commonly used β-emitter 131I, found in registered and frequently utilised therapeutic 

radiopharmaceuticals such as [131I]I─, [131I]I-MIBG and 131I-tositumomab (Bexxar), exhibits a similar p/e 

ratio of 2.0, with both the energy of photons (364 keV, abundance 81.2 % [230]) and electrons (192 

keV as the energy of the most prominent electron [229]) much higher compared to 201Tl (67-82 keV, 

31 keV [229], respectively). The calculated average tumour-to-normal tissue absorbed dose ratio of 
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131I is comparable to that of 201Tl (8 vs 12) but only when the radionuclides are distributed uniformly 

within the tumour. For 201Tl this ratio increases more than two times when it is localised within the 

cell nucleus whereas for 131I it remains nearly unchanged. This implies that when 201Tl is specifically 

targeted to the nucleus, it has the potential to outperform 131I, which is clinically administered in high 

doses reaching 37 GBq [15], despite the associated high-energy gamma radiation. Therefore, the 

design of Auger electron-emitting radiopharmaceuticals with effective targeting to sensitive cellular 

compartments could significantly reduce the amount of activity needed for cancer therapy and thus 

reduce non-target dose due to photons. 

Due to the limited range of emitted electrons, Auger electron-emitters are most effective in single 

cells, micrometastases or small tumours [21]. The tumour size with a radius of 620 µm (equivalent to 

1 µL in volume, 1 mg in mass and approximately 700,000 cells) was considered the threshold size 

beyond which the tumour-to-normal tissue absorbed dose ratio reaches a plateau for low energy 

electrons like those of 201Tl and the calculated absorbed dose ratio value did not show further increase 

[229]. Using this model and taking into account the calculated 201Tl activity per cell necessary to 

achieve a 90% reduction in clonogenic survival (0.2 Bq/cell for MDA-MB-231 cells), the activity 

retained for at least 90 minutes, required for treating a single small tumour (1 L volume), is 

approximately 0.07 MBq (based on the assumption that tumour cells consist of 50% of the total 

amount of cells).  

Currently, given the absence of targeted approaches for delivering 201Tl to cancer cells, assessing the 

potential therapeutic dose of a radiopharmaceutical containing 201Tl, and consequently evaluating its 

dosimetric impact on healthy tissue, is difficult. Extrapolating 131I maximum  therapeutic activity of 37 

GBq to 201Tl, in order to achieve the activity of 0.07 MBq in a small tumour described earlier, the 

tumoral uptake should reach approximately 0.0002% of 201Tl injected activity (% IA, equivalent to 0.2 

% IA per g of tumour) and remain at this level for at least 90 minutes. Extending the tumour retention 

time of 201Tl beyond the calculated 90 minutes is likely to enhance the therapeutic outcome and might 

facilitate the use of lower doses per cell, potentially allowing for a lower-than-calculated tumour 

uptake. In a clinical setting, the measurement of tumour uptake is usually derived from SPECT images 

and commonly expressed as a percentage of the administered dose per gram of tissue or standardised 

uptake value, which accounts for the size of the patient and allows meaningful comparison between 

individuals. Following the injection of patients with 120 MBq of [201Tl]TlCl performed to evaluate the 

efficacy of treatment for malignant brain tumours, the average 201Tl concentration measured within 

the tumour was at the level of 3.2 kBq/ml (corresponding to mean SUVmax value of 2) [231]. This 

accumulation, driven by thallium's inherent ability to concentrate in tumour tissue, is equivalent to 

approximately 0.003% IA per gram of tumour, assuming the tumour density is similar to that of water. 
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An additional example of tumoral uptake values in human studies is the uptake of 131I combined with 

an anti-CD20 monoclonal antibody (also known as 131I-tositumomab) in B-cell lymphoma. This uptake, 

estimated through a combination of gamma-camera imaging and tumour biopsies, averaged at 

0.009% IA per gram of the tumour [232]. Both mentioned tumour uptake values are lower than the 

calculated necessary uptake of 201Tl for therapeutic purposes. However, it is crucial to note that in 

clinical studies, tumour uptake values assessed using segmented SPECT images may introduce a higher 

margin of error influenced by the methodology employed. Several factors, including spatial resolution, 

sensitivity, image quality, and the quantification method used (such as manually marking the regions 

of interest and correcting for background activity), can significantly affect the reliability of tumour 

uptake quantification. When estimating the potential therapeutic effect of 201Tl, it is important to 

highlight that, beyond the radiation dose delivered specifically to the cancer cell or a specific 

subcellular target, various other aspects can influence the therapeutic outcome. Therefore, the 

correlation between the dose delivered directly to the tumour cell and the observed therapeutic effect 

may not necessarily be linear. Certain factors, such as tumour microenvironment and radiosensitivity, 

heterogeneous expression of targeted markers, and radiobiological effects including bystander effect 

may all influence the treatment outcome [45]. The above calculations, although simplistic, give hope 

that once the appropriate binding mechanism is found and in combination with effective cellular and 

subcellular targeting, the y-emission will not limit the use of 201Tl in doses relevant to cancer therapy.  

In conclusion, 201Tl has demonstrated a high radiotoxic potential and once the suitable and stable 

binding mechanism is identified (such as via a not-yet-available effective chelator), an efficient 

radiopharmaceutical can be design with targeting to tumour cells and cellular compartments.  
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In vitro proof of concept studies 
of radiotoxicity from Auger electron‑emitter 
thallium‑201
Katarzyna M. Osytek1, Philip J. Blower1, Ines M. Costa1, Gareth E. Smith2, Vincenzo Abbate3*† and 
Samantha Y. A. Terry1*†   

Abstract 

Background:  Auger electron-emitting radionuclides have potential in targeted treatment of small tumors. Thal-
lium-201 (201Tl), a gamma-emitting radionuclide used in myocardial perfusion scintigraphy, decays by electron 
capture, releasing around 37 Auger and Coster–Kronig electrons per decay. However, its therapeutic and toxic effects 
in cancer cells remain largely unexplored. Here, we assess 201Tl in vitro kinetics, radiotoxicity and potential for targeted 
molecular radionuclide therapy, and aim to test the hypothesis that 201Tl is radiotoxic only when internalized.

Methods:  Breast cancer MDA-MB-231 and prostate cancer DU145 cells were incubated with 200–8000 kBq/mL [201Tl]
TlCl. Potassium concentration varied between 0 and 25 mM to modulate cellular uptake of 201Tl. Cell uptake and efflux 
rates of 201Tl were measured by gamma counting. Clonogenic assays were used to assess cell survival after 90 min 
incubation with 201Tl. Nuclear DNA damage was measured with γH2AX fluorescence imaging. Controls included 
untreated cells and cells treated with decayed [201Tl]TlCl.

Results:  201Tl uptake in both cell lines reached equilibrium within 90 min and washed out exponentially (t1/2 15 min) 
after the radioactive medium was exchanged for fresh medium. Cellular uptake of 201Tl in DU145 cells ranged 
between 1.6 (25 mM potassium) and 25.9% (0 mM potassium). Colony formation by both cell lines decreased signifi-
cantly as 201Tl activity in cells increased, whereas 201Tl excluded from cells by use of high potassium buffer caused no 
significant toxicity. Non-radioactive TlCl at comparable concentrations caused no toxicity. An estimated average 201Tl 
intracellular activity of 0.29 Bq/cell (DU145 cells) and 0.18 Bq/cell (MDA-MB-231 cells) during 90 min exposure time 
caused 90% reduction in clonogenicity. 201Tl at these levels caused on average 3.5–4.6 times more DNA damage per 
nucleus than control treatments.

Conclusions:  201Tl reduces clonogenic survival and increases nuclear DNA damage only when internalized. These 
findings justify further development and evaluation of 201Tl therapeutic radiopharmaceuticals.

Keywords:  Auger electrons, 201Tl, Thallium-201, Radiobiology, Targeted molecular radionuclide therapy
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Background
Thallium-201 (201Tl, t1/2 = 73  h) is well-known in diag-
nostic nuclear medicine. By mimicking the biologi-
cal behavior of potassium, it has played a major role in 
myocardial perfusion scintigraphy [1], until it was largely 
replaced by 99mTc labeled complexes [2]. 201Tl has also 
been used for tumor imaging [3, 4], to evaluate chemo-
therapy responses [5] and tumor malignancy [6, 7]. 
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However, because of low signal-to-noise ratio, significant 
tissue attenuation and high radiation absorbed dose [8], 
diagnostic use of 201Tl has substantially diminished in 
recent years.

Apart from its gamma rays (135  keV—3%, 167  keV—
10%) and X-rays (67–83 keV—94%) used in clinical imag-
ing [9], 201Tl decay by electron capture to stable mercury 
(201Hg) also produces around 37 short-range Auger and 
Coster–Kronig electrons, one of the highest numbers 
among other Auger-electron emitters (Table 1) [10] with 
therapeutic potential. The average total energy of Auger 
and Coster–Kronig electrons per decay is calculated as 
15.3 keV [10] and even though this is comparable to the 
energy of 125I, its half-life is around 20 times shorter and 
hence more amenable to clinical use. Auger electron-
emitters such as 111In,125I and 67Ga (Table  1) [10], have 
already shown potential for targeted radionuclide ther-
apy of cancer [11–13], especially when delivered close to 
sensitive cellular targets such as DNA and plasma mem-
brane [10, 14, 15]. However, the therapeutic potential of 
201Tl has barely been studied, despite its potent shower of 
Auger electrons and good worldwide availability. Nearly 
40 years ago, in the context of the safety of diagnostic use 
of 201Tl, Rao et al. observed radiotoxic effects of 201Tl in 
spermatogonial cells after intratesticular injection in a 
mouse model [16], and Kassis et al. compared the cellular 
kinetics and radiotoxicity of 201Tl to those of β-emitters 
(42K, 43K and 86Rb) in Chinese hamster lung fibroblasts 
[17]. Since then there has been little interest in 201Tl radi-
obiology or radionuclide therapy.

In this preliminary evaluation of the potential of 
201Tl as a therapeutic radionuclide, we investigated the 
rate and extent of non-targeted 201Tl uptake into can-
cer cells via potassium channels, such as the Na+/K+ 
pump (Fig.  1), and used this mechanism of accumula-
tion to assess its radiotoxic effect in human cancer cells 
in vitro. The primary aim of this study was to measure 
the effect of internalized and non-internalized 201Tl on 
clonogenic survival and DNA integrity in prostate and 
breast cancer cells. Non-targeted 201TlCl was used in 
this study only to assess the radiotoxic potential of the 
radionuclide, and not to assess the potential of 201TlCl 

itself. In contrast to other Auger electron-emitting 
electrons, such as 111In or 67Ga, no suitable chelators 
are available for 201Tl and their development can be 
challenging due to its physical and chemical proper-
ties. A finding that 201Tl has potential as a therapeutic 
radionuclide would stimulate development of effec-
tive thallium chelators for construction of targeted 
bioconjugates.

Methods
Cell culture consumables, unless specified, were pur-
chased from Sigma-Aldrich, UK.

[201Tl]TlCl in sterile 0.9% NaCl solution (360–
560 MBq/5.8 mL) was obtained from Curium Pharma, 
UK; [201Tl]TlCl specific radioactivity was greater than 
or equal to 3.7  MBq/μg of thallium and radiochemi-
cal purity was at least equal to 95% (as per [201Tl]TlCl 
specification). [201Tl]TlCl was used in all experiments 
without any preconditioning.

Cell culture
Human breast adenocarcinoma cells MDA-MB-231 
(ATCC® HTB-26™) were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM, low glucose 1000  mg/L) 
and human prostate carcinoma cells DU145 (ATCC® 
HTB-81™) in RPMI-1640 medium. Both media were 
supplemented with 10% fetal bovine serum, 5% L-glu-
tamine, penicillin (100 units) and 100  μg/mL strepto-
mycin. Cultured cells were trypsinized and seeded at 
250,000 cells per well in 24-well plates 16 h before each 
experiment and grown at 37 °C in a humidified 5% CO2 
atmosphere. During experiments, cells were kept in 
full medium or phosphate buffered saline (PBS; D8537) 
supplemented with MgCl2 and CaCl2 in concentra-
tions equivalent to those found in media, or PBS with-
out potassium (Alfa Aesar, J60465) supplemented as 
described above for PBS. KCl solutions were prepared 
by dissolving KCl (BDH Laboratory) in 0.9% NaCl. 
Concentrations of K+ and Na+ in PBS, PBS without K+, 
RPMI and DMEM media are shown in Table 2.

Table 1  Characteristics of some of the Auger electron emitters [10]

201Tl 111In 67Ga 125I

Half-life (days) 3.04 2.80 3.26 59.4

Number of Auger and Coster–Kronig electrons /decay 36.9 14.7 4.7 24.9

Auger and Coster–Kronig electrons energy per decay (keV) 15.3 6.8 6.3 12.2

Associated gamma emission (keV) 135.3; 167.4 171.3; 245.4 9.1; 9.3; 184; 209; 300; 
393

3535
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Uptake and efflux assays
Fifteen minutes before each experiment the medium in 
each well was replaced by 200 µL fresh medium, PBS or 
PBS without K+. Stock [201Tl]TlCl was diluted with 0.9% 
NaCl to the required concentration (1–40 MBq/mL) and 
50 µL (50–2000 kBq) was added to each well. Plates were 
incubated at 37 °C for a specified period. Then, the radio-
active incubation solution was collected. Adherent cells 
were briefly washed thrice with PBS and lysed with 1 M 
NaOH for 15  min at room temperature (RT). Unbound 
radioactivity (incubation medium and PBS washings) and 
cell-bound radioactivity (lysate) were measured (counts 

per minute, CPM) with a CompuGamma CS1282 gamma 
counter.

To measure the rate of 201Tl washout, cells were incu-
bated at 37 °C for 90 min with 50 kBq (1 MBq/mL) 201Tl 
in 250  µL medium (total), which was then removed. 
Adherent cells were washed briefly with 250 µL PBS and 
250  µL of fresh non-radioactive medium was added to 
each well. Cells were incubated for various times (from 
15 to 180  min) at 37  °C, after which medium was col-
lected and cells washed and lysed as described above. 
A second method, to assess continuous complete 201Tl 
efflux, involved repeated medium changes on the same 

Fig. 1  Schematic representation of K+, Na+ and Tl+ transport across cellular membranes. Sodium–potassium pump (Na+/K+-ATPase) transports K+ 
ions inside and Na+ ions outside a cell against their concentration gradient using energy released by the hydrolysis of ATP. Tl+ ions, which mimic K+ 
physiological behaviour, can be transported inside the cell via potassium channels, such as the sodium–potassium pump. Tl+ transport mechanism 
outside the cell is currently unknown

Table 2  Concentration of potassium and sodium in incubation solutions used in experiments

Concentration of potassium and sodium in incubation solutions used in experiments. To modulate 201Tl uptake in cells, 0 mmol/L K+ solutions were supplemented 
with KCl at a range of concentrations up to 25 mmol/L

Incubation solution Concentration of K+ (mmol/L) Concentration 
of Na+ (mmol/L)

Dulbecco’s Modified Eagle Medium (DMEM) 5.3 155.0

RPMI-1640 medium 5.3 138.5

Phosphate buffer saline (PBS) 4.2 153.0

Phosphate buffer saline (PBS) without K+ 0 157.0
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cells. In brief, after incubation with 50 kBq (1 MBq/mL) 
201Tl as above, replacing radioactive medium with fresh 
medium and allowing a further 15 min of efflux; medium 
was again removed, cells were washed once with PBS 
and fresh medium added. This process was repeated 
4 times at intervals from 15 to 60  min. After 180  min 
cells were lysed and 201Tl activity measured as described 
above, converting CPM to activity by means of a calibra-
tion curve (Additional file 1: Fig. S1). A nominal average 
intracellular volume of 1.6 pL for individual DU145 cells 
(as measured by diffusion NMR spectroscopy [18]) was 
used for intracellular-to-extracellular concentration ratio 
calculations.

203Tl is a stable isotope used as a target material in the 
201Tl manufacturing process [19] and despite a rigorous 
purification process, some 203Tl is still present in [201Tl]
TlCl solution (Additional file  1: Fig. S2 and Table  S1). 
Inductively Coupled Plasma-Mass Spectrometry (ICP-
MS) analysis was performed using a PerkinElmer  Nex-
ION350D  ICP-Mass Spectrometer to estimate 203Tl 
concentrations in [201Tl]TlCl decayed samples, using a 
calibration curve prepared as described in Additional 
file 1.

DNA damage
γH2AX assays were used to quantify DNA double-
strand breaks (DSBs). Cells were seeded on coverslips 
coated with poly-L-lysine (50  µg/mL) placed in each 
well of a 24-well plate. Following a 90-min incubation 
with 50  µL (50–2000  kBq) of different 201Tl activities 
(200–8000  kBq/mL), 203Tl/201Hg in equivalent concen-
trations, or 201Tl (1000  kBq, 4000  kBq/mL) with added 
KCl (15 and 25  mM), medium was removed and cov-
erslips were washed with PBS, fixed with 3.7% forma-
lin in PBS, treated for 15  min with 0.5% Triton X-100® 
and 0.5% IGEPAL CA-630® solution, incubated with 
1% goat serum/2% bovine serum albumin (BSA) in PBS 
for 1  h, washed with PBS, incubated overnight at 4  °C 
with mouse antiphospho-histone H2A.X monoclonal 

with PBS and attached to microscope slides using 2.5% 
DABCO/Mowiol® (except for the experiment block-
ing 201Tl uptake with KCl, where cells were stained and 
mounted with Prolong™ Gold Antifade Reagent with 
DAPI (Invitrogen)). Slides were stored at 4  °C. A TCS 
SP5 confocal microscope with Leica software was used 
to obtain fluorescent images and CellProfiler was used to 
quantify foci numbers per nucleus.

Cytotoxicity
201Tl (50–2000  kBq, 200–8000  kBq/mL), 203Tl/201Hg 
in equivalent concentrations, or 201Tl (1000  kBq, 
4000 kBq/mL) with KCl (15 and 25 mM) was added to 
MDA-MB-231 or DU145 cells in 200  µL medium or 
potassium-free PBS. After 90 min, the radioactive incu-
bation solution was removed, cells were washed three 
times with PBS, trypsinized, re-suspended in non-radi-
oactive medium, seeded at 1000  cells/well in a 6-well 
plate and cultured for 8–10  days, changing medium 
every 2–3  days. Colonies were fixed and stained with 
0.05% crystal violet in 50% methanol and counted 
manually with blinding, defining colonies as contain-
ing > 50 cells. All clonogenic assays were done alongside 
uptake assays to relate activity per cell with the surviv-
ing fraction.

Statistical analysis
Data were analysed in Excel Microsoft 2016 and Graph-
Pad Prism 8, and expressed as mean ± SD. A nonpara-
metric Mann–Whitney test for unpaired data was used 
to determine significance (P < 0.05). Each experiment 
was performed in triplicate or quadruplicate. Error 
bars represent standard deviations among independ-
ent experiments, except when n = 1 where the error is 
intra-experimental.

The intracellular activity was calculated comparing 
the gamma counter measurements (cpm) of the col-
lected medium activity (with three PBS washes) to the 
lysate (NaOH) activity. The background count (BC) was 
subtracted from both values.

For the gamma counter measurements, fractions 
of the culture medium and lysate were taken (when 
needed) and then multiplied by the appropriate factor 
to obtain total values necessary for calculations.

Intracellular activity (%) =
lysate activity− BC

(

lysate activity− BC
)

+
(

collected medium activity− BC
) ∗100

antibody (Merck, 1:1600 in 3% BSA), washed with 3% 
BSA in PBS and incubated with goat anti-mouse second-
ary fluorescent antibody Alexa Fluor®488 (Invitrogen, 
1:500 in PBS) for 2 h at 4 °C. Hoechst 33,342 nuclei stain 
was added for 2 min at RT. Coverslips were washed twice 
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The intracellular activity per cell was calculated 
by multiplying the activity added to each well (50–
2000  kBq) by the measured intracellular activity (%) 
and divided by the number of cells per well counted 
right after the experiment.

Figures were created with GraphPad Prism 8 and 
http://​www.​BioRe​nder.​com.

Results
201Tl kinetics: uptake and efflux
In preliminary experiments in RPMI or DMEM medium 
(Table  2), cellular uptake of 201Tl in both DU145 and 

Intracellular activity per cell (Bq/cell) =
activity added perwell (Bq) ∗ intracellular activity (%)

number of cells perwell ∗ 100

MDA-MB-231 cells rose sharply up to 60 min and then 
plateaued (Fig.  2a and Additional file  1: Fig. S3a). The 
% uptake was independent of the activity used within 
the range examined (Fig. 2b, c) showing that the uptake 
mechanism was not saturable in this range. Based on 

these results: 90  min incubation time was chosen for 
radiobiological experiments. Efflux rate measurements 
were performed after 90 min ‘loading’ with 200 kBq/mL 
of 201Tl in RPMI or DMEM medium. In both cell lines, 
when the radioactive medium was replaced by non-
radioactive medium, 201Tl bound by cells decreased 
exponentially with a half-life of around 15 min reaching 

Fig. 2  201Tl kinetics. a Uptake of 201Tl in DU145 cells (n = 3) after incubation with 200 kBq/mL [201Tl]TlCl in medium. These results were used to 
determine the best incubation time for subsequent radiobiological experiments. b 201Tl uptake in DU145 cells (n = 3) and MDA-MD-231 cells (n = 2) 
after 90 min incubation in medium with different activities of [201Tl]TlCl. c 201Tl intracellular activity per single cell (Bq) versus activity added (kBq/mL) 
in DU145 cells (n = 3) measured in medium. Graphs b and c show that the increasing activity of 201Tl does not inhibit its cellular uptake, suggesting 
that saturation of uptake mechanisms is not reached at the activities used in this work. d Efflux of 201Tl in DU145 (n = 3) cells. Plateau uptake from 
the preceding uptake assay is defined as 100% at time 0. Radioactive medium was replaced with non-radioactive and 201Tl activity was measured 
over time. Data are presented as mean ± SD, done in triplicates; exponential regression line was fitted in d. Some error bars are smaller than the data 
symbols and hence not visible
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a new equilibrium (Fig.  2d and Additional file  1: Fig. 
S3b) with the same intracellular-to-extracellular ratio 
of 201Tl concentration. When medium was repeatedly 
refreshed, we again observed an exponential drop in 
the activity bound per cell, from 0.017 to 0.019  Bq at 
the beginning of the efflux experiment to approach 0 
after 180 min (Additional file 1: Fig. S3c).

To modulate 201Tl uptake into cells, cardiac glycosides 
digoxin and ouabain were evaluated but rejected because 
of their toxic effects on cells as described in Supple-
mentary Material (Additional file 1: Fig. S4a and b) [20]. 
Instead, the effect of varying potassium concentration 
was evaluated. DU145 cells were incubated with 80 kBq/
mL of 201Tl for 90 min in PBS solution without potassium 
(Table 2) and supplemented with different concentrations 
of KCl rising to 50  mM. 201Tl uptake decreased from 
23.6 ± 0.6% in 0 mM potassium to 1.1 ± 0.1% in 50 mM 
potassium (Additional file  1: Fig. S4c). The potassium 
concentrations used showed no measurable baseline 
effects as measured by clonogenic assay or yH2AX imag-
ing (see below), therefore variation of potassium concen-
tration was adopted as the method of choice to modulate 
201Tl uptake.

201Tl‑induced nuclear DNA damage (yH2AX assay)
Results from three experiments on DU145 and MDA-
MB-231 cells are shown in (Fig. 3a, Table 3). Cells treated 
with 4000 kBq/mL of 201Tl showed a significantly higher 
average number of foci per nucleus (3.5 and 4.6 times for 
DU145 and MDA-MB-231 cells, respectively) than in 
the 0.9% NaCl-treated control (P < 0.05, Mann–Whitney 
test) (Additional file  1: Fig. S5a and b). Comparing the 
nuclear DNA damage in DU145 cells caused by 4000–
8000  kBq/mL of 201Tl to that caused by an equivalent 
volume of decayed [201Tl]TlCl sample, we observed that 
only the radioactive component of the samples signifi-
cantly increased the average number of foci per nucleus 
(P < 0.05, Mann–Whitney test) (Fig.  3b). The decayed 
sample caused no visible DNA damage compared to 
untreated controls (Fig.  3c) as expected, since thallium 
concentration is very low and other heavy metals (such 
as Hg decay product) were not detectable by ICP-MS (see 
Additional file 1: Fig. S2a and b and Table S1).

201Tl radiotoxicity: clonogenic survival
Figure 4a presents clonogenic survival results for both cell 
lines incubated with various activities of 201Tl for 90 min 
in RPMI or DMEM medium ([K+] 5.3  mM). No reduc-
tion in surviving fractions was observed in cells treated 
with an equivalent volume of the decayed 201Tl sample in 
DU145 cells (Fig.  4b). An estimated average 201Tl intra-
cellular activity per cell of 0.29 Bq (95% CI 0.18–0.49 Bq) 
for DU145 cells and 0.18  Bq (95% CI 0.10–0.39  Bq) for 

MDA-MB-231 cells (Fig. 4c, d) reduced clonogenic sur-
vival by at least 90% compared to untreated cells.

The impact of 201Tl internalisation on clonogenic survival 
and nuclear DNA damage in DU145 cells
Varying potassium concentrations in the incubation solu-
tion above and below the physiological level (3.5–5 mM 
[21]) was adopted as a method to modulate 201Tl uptake 
in cells, for the purpose of comparing the radiotoxic-
ity of intracellular and extracellular 201Tl. Applying 
this method, we used the yH2AX assay to compare the 
average number of foci per nucleus in DU145 cells with 
high 201Tl uptake ([K+] 0 mM, 25.9 ± 1.7% uptake, 181:1 
intra:extra ratio) and low 201Tl uptake ([K+] 15 and 
25  mM, 1.6 ± 0.4 and 2.2 ± 0.2% uptake respectively, 
8:1 and 12:1 intra:extra ratio) after incubation with the 
same radioactive concentration (4,000  kBq/mL) of 201Tl 
(Fig. 5a, b) and (Additional file 1: Table S2). We observed 
a significant reduction in the average number of foci per 
nucleus induced by 201Tl—from 31.9 ± 5.2 at 0  mM  K+ 
to 8.8 ± 4.3 and 7.5 ± 5.0 at 15 and 25  mM potassium 
respectively (P < 0.05, Mann–Whitney test). In cells incu-
bated with these K+ concentrations without 201Tl or 
non-radioactive Tl (NC1,3–4), there was no increase in 
foci per nucleus compared to cells incubated in stand-
ard RPMI medium ([K+] 5.3  mM) (NC2). These results 
show that 201Tl only induced DNA DSBs when inter-
nalized; extracellular 201Tl showed no effect. A similar 
result emerged from clonogenic survival assays. Incu-
bation of DU145 cells for 90  min with 4000  kBq/mL of 
201Tl (Fig. 5c) was lethal (no clonogenic survival) in 0 mM 
potassium medium, but 94.7 ± 3.9 to 98.6 ± 4.4% survival 
was found when 201Tl uptake was suppressed with 15 or 
25  mM KCl. Both extremes of potassium concentration 
showed no clonogenic toxicity in the absence of 201Tl. 
Thus, preventing or reducing cellular uptake of the 201Tl 
by increasing potassium concentration in the medium 
prevented both the DNA damage and clonogenic toxicity 
of 201Tl.

Discussion
201Tl is efficiently taken up by MDA-MB-231 cells and 
DU145 cells in standard incubation media ([K+] 4.2–
5.3  mM), achieving equilibrium at around 90  min with 
an estimated intracellular to extracellular 201Tl con-
centration ratio (in DU145 cells) in the range 40:1–53:1 
(Additional file 1: Table S2a and b) (very similar to litera-
ture estimates for K+ ratios of 30:1–50:1 [16]). This ratio 
rises to 181:1 in potassium-free medium and collapses 
to 8:1 at elevated potassium levels (25 mM) (Additional 
file 1: Table S2c). These findings are consistent with the 
assumption that Tl+ mimics potassium in a biological 
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Fig. 3  201Tl radiotoxicity—nuclear DNA damage. Average number of foci per nucleus in DU145 cells and MDA-MD-231 cells after 90 min incubation 
a with [201Tl]TlCl in medium b with 0.9% NaCl (negative control), an equivalent volume of [201Tl]TlCl-decayed sample or [201Tl]TlCl. A range of 26–72 
nuclei per condition were analysed across all experiments; same settings were kept within the experiment. 3–9 pixel units were set as a typical 
diameter of foci. Bars represent mean ± SD, n = 3, * indicates P < 0.05, ns—not significant. c Exemplar confocal microscopy images (100×, field 
contain minimum 26 nuclei) of DU145 cells incubated for 90 min with 0.9% NaCl (negative control), an equivalent volume of [201Tl]TlCl-decayed 
sample or [201Tl]TlCl followed by immunofluorescence staining with green fluorescence for γH2AX (smart gain and smart offset were kept constant 
for all conditions in the experiment). Nuclear DNA is stained with Hoechst (blue). Scale bar—25 μm
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environment. 201Tl efflux results showed exponential 
time-dependent efflux when the incubation medium was 
replaced by 201Tl-free medium, returning to a new equi-
librium with similar internal to external concentration 

ratio, suggesting that there is no significant irrevers-
ible binding mechanism for thallium ions inside cells 
in the short time scale of these experiments. The two 
efflux methods used confirmed that the chemical form 

Table 3.  201Tl radiotoxicity—nuclear DNA damage

Average number of foci per nucleus in DU145 cells and MDA-MD-231 cells after 90 min incubation with various activities of [201Tl]TlCl in medium, and with 0.9% NaCl 
(0 kBq/mL) measured in three independent experiments

Activity of 201Tl (kBq/
mL)

Average number of foci per nucleus (± SD) DU145 Average number of foci per nucleus (± SD) 
MDA-MB-231

0 3.5 ± 3.6 17.8 ± 18.3 11.9 ± 10.4 7.9 ± 10.3 8.6 ± 6.2 12.0 ± 10.9

100 5.2 ± 5 37.5 ± 25.2 13.3 ± 10.6 7.0 ± 5.3 9.4 ± 7.5 14.0 ± 13.1

200 4.4 ± 4.1 40.6 ± 33.7 12.0 ± 9.1 13.8 ± 8.0 9.5 ± 5.3 15.0 ± 7.2

400 16.2 ± 11.5 60.4 ± 34.9 19.9 ± 12.8 18.2 ± 9.4 22.7 ± 11.0 21.0 ± 12.2

1000 10.1 ± 6.2 71.2 ± 23.2 26.2 ± 18.1 30.9 ± 18.0 27.9 ± 17 38.8 ± 20.4

4000 28.6 ± 14.7 61.2 ± 27.8 25.3 ± 13.0 61.5 ± 28.0 29.6 ± 12.7 39.2 ± 21.5

Fig. 4  201Tl radiotoxicity—clonogenic survival. a Clonogenic survival (%) in DU145 (n = 3) and MDA-MD-231 cells (n = 3 except 8000 kBq/mL 
where n = 1) after 90 min incubation with [201Tl]TlCl in medium. b Clonogenic survival (%) measured in DU145 cells (n = 3) and MDA-MB-231 cells 
(n = 1) after 90 min incubation in medium with different concentrations of non-radioactive [201Tl]TlCl decayed sample. c Clonogenic survivals (%) 
versus 201Tl intracellular activity per single cell in DU145 cells (n = 3) and d MDA-MB-231 cells (n = 3). Linear quadratic survival model was fitted and 
calculated activity causing at least 90% reduction was 0.29 Bq for DU145 cells (95% CI 0.18–0.49) and 0.18 Bq for MDA-MB-231 (95% CI 0.10–0.39). 
Some error bars are smaller than the data points and not visible. Data are presented as mean ± SD, triplicates
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of thallium is unchanged after entering the cell and the 
uptake mechanism is completely reversible, since the 
same ratios are preserved at every wash; and that only by 
the continuous efflux method can radioactivity be com-
pletely removed from the cells. Nevertheless, the high 
intracellular to extracellular concentration ratio achiev-
able allowed evaluation of radiotoxicity of internalized 
201Tl without having a specific tumor-targeted uptake 
mechanism.

The radiotoxic effect of 201Tl uptake in both cell lines 
was assessed by measuring clonogenic survival and the 
average number of DNA damage foci per nucleus. Treat-
ment of both cell lines with 201Tl in standard incubation 
media caused a substantial reduction in the surviving 
fraction compared to non-treated cells. Cells incubated 
with an equivalent volume of decayed [201Tl]TlCl did not 
show this effect, indicating that the toxicity was solely 
due to the radioactivity. The average intracellular activity 
per cell required to achieve 90% reduction in clonogenic-
ity over 90  min was estimated as 0.29  Bq (DU145) and 
0.18  Bq (MDA-MB-231). These levels of exposure were 
accompanied by nuclear DNA damage measurable by the 
γH2AX assay, which showed a significant increase in the 
nuclear DNA DSBs caused by 201Tl compared to nega-
tive controls. Larger standard deviations when measuring 
nuclear DNA damage could be linked to a heterogeneous 
uptake of 201Tl among cells and/or its unequal subcellu-
lar distribution. Factors such as a different cell passage 
number or different cell cycle phases within the popu-
lation, might explain large variation in results between 
experiments. Although nuclear DNA damage might 
be an important factor leading to a reduction in clono-
genic survival, we cannot exclude 201Tl impact on other 
susceptible cellular targets, such us cell membrane or 
mitochondria, both of which have been linked to the tox-
icity of other Auger electron-emitting radionuclides [22]. 
Currently, the precise sub-cellular localization of 201Tl in 
cancer cells remains unknown.

In clonogenic survival studies on MDA-MB-231 cells 
we used 201Tl activity of 8000  kBq/mL in one experi-
ment only as the lower activities used were consid-
ered high enough to cause at least 90% reduction in 

Fig. 5  201Tl radiotoxicity—internal vs external 201Tl. a 201Tl uptake in 
DU145 cells in PBS with different concentrations of K+ (0–25 mM) 
after 90 min incubation with 4000 kBq/mL of [201Tl]TlCl. b Average 
number of foci per nucleus and c clonogenic survival measured 
in DU145 cells after 90 min incubation with 4000 kBq/mL of [201Tl]
TlCl and 15 or 25 mmol/L KCl and various non-radioactive controls 
(NC1-4). Data are presented as mean ± SD, n = 3, triplicates, * 
indicates P < 0.05

▸
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clonogenic survival necessary for the calculations and 
comparing with the other cell line. In toxicity control fig-
ures (Figs.  3b, 4b) showing that various components of 
decayed 201Tl material are not affecting 201Tl radiotoxic-
ity, we aimed to use the maximum amount of the radi-
oactive material (and its “cold” equivalent) to be able to 
observe the potential impact of non-radioactive thallium, 
if there was one. We therefore limited the number of 
experiments with higher 201Tl activities (4000–8000 kBq/
mL) to DU145 (n = 3) only or n = 1 for MDA-MB-231. 
This is justified by repeatedly observing no impact of low 
thallium concentrations on cell toxicity and our efforts 
to reduce radiation expose caused by the higher doses of 
gamma radiation.

Based on the subcellular range of Auger electrons 
(< 1 µm) [11] and their typically low energy, we hypoth-
esized that 201Tl has to be internalized to exhibit its 
radiotoxic effect in cells and that the gamma and X-ray 
emissions do not contribute significantly to toxicity. To 
test this hypothesis, we needed a method to modulate 
201Tl cellular uptake from the medium. Na+/K+-pump 
inhibitors ouabain or digoxin, known to be effective 
in blocking potassium uptake [20], in our experiments 
caused substantial baseline cytotoxicity in tested cells. 
However, by varying the K+ concentration in the incu-
bation solution between 0 and 25  mM, we were able to 
achieve a range of 201Tl uptake values from 25.9 (0.8 Bq/
cell) to 1.6% (0.05  Bq/cell), corresponding to intracellu-
lar to extracellular concentration ratios in the range 8:1 
to 181:1—a wider range than could be achieved with the 
cardiac glycosides—without affecting baseline clonogenic 
survival. When 201Tl uptake in cells was substantially 
suppressed by high K+ concentration in the medium, 
both the loss in clonogenic survival and the increase in 
DNA DSB caused by 201Tl were completely suppressed. 
This suggests that 201Tl needs to be transported inside 
cells to cause significant radiotoxicity. In the future, if 
201Tl can be successfully incorporated into a targeted 
radiopharmaceutical, an optimal dose for the radionu-
clide administration can be established to achieve an 
effective therapeutic effect. Furthermore, an impact of 
low energy gamma and X-ray emission on patients and 
carers should be investigated to assess feasibility of this 
treatment. The same principle would apply to any other 
Auger electron-emitting radiopharmaceutical.

The average of 0.18  Bq/cell for MDA-MB-231 and 
0.29 Bq/cell for DU145 of intracellular 201Tl required to 
achieve 90% reduction in clonogenicity over 90  min is 
equivalent to around 1000–1600 decays per cell. This is 
less than half the number of decays per cell calculated for 
111In and 67Ga-oxine complexes (3240 and 3600 decays 
per cell, respectively, over 60-min incubation) required 
to obtain the same 90% reduction in clonogenicity in 

DU145 cells [23]. Although these experiments were not 
conducted under fully identical conditions, this result is 
consistent with the higher total energy and number of 
Auger and Coster–Kronig electrons per decay released 
by 201Tl (15.3  keV, 37 electrons) compared to 111In and 
67Ga (6.7  keV, 14.7 electrons and 6.3  keV, 4.7 electrons, 
respectively) [24]. Because 201Tl effluxes quickly from the 
cell after the incubation period, whereas 111In and 67Ga 
do not, the nominal incubation time in the latter cases 
severely underestimates the actual exposure time, sug-
gesting that 201Tl has a much higher radiotoxic potential 
per Bq.

Our results are consistent with early work by Rao et al. 
and Kassis et  al. [16, 17] addressing potential radio-
biological risk associated with diagnostic use of 201Tl, 
showing that decay of intracellular 201Tl is toxic, reduc-
ing clonogenicity and inducing DNA DSBs. At the same 
time, 201Tl decay presents little hazard to bystander 
cells that have not taken up the radionuclide. Although 
we have not compared this potency directly with other 
Auger electron-emitting radionuclides under considera-
tion as radiotherapeutics, it appears that 201Tl is more 
potent than 111In and 67Ga, consistent with the respec-
tive known number and energy of the emissions. Con-
sequently, 201Tl is an attractive candidate radionuclide 
for further research in targeted Auger electron-emitter 
therapy. In addressing this goal, it will be necessary to 
overcome several limitations of the present work. First, 
while we have shown that 201Tl must be internalized to 
elicit significant radiotoxic effects, it is likely that differ-
ent subcellular distributions will have greatly differing 
effects, since the range of the emitted electrons is much 
smaller than typical cell dimensions. Nothing is known 
about the subcellular distribution of 201Tl in the cell lines 
investigated here, nor of 67Ga and 111In in similar stud-
ies [23]; indeed, in general the role of subcellular location 
of radionuclides in determining toxic effects is poorly 
understood. A radiopharmaceutical containing 201Tl that 
is targeted both to cancer cells and to specific subcellular 
locations within them might be significantly more potent 
than [201Tl]TlCl. Moreover, ‘trapping’ 201Tl inside the cell 
will slow down its efflux and might further increase its 
radiotoxic potential. Despite the high potency, actualising 
therapeutic potential with 201Tl is currently more chal-
lenging than with other potential Auger electron emitters 
(67Ga, 111In, 125I etc.) because the chemistry required to 
incorporate 201Tl into targeting molecules is underdevel-
oped—there are no satisfactory bifunctional chelators for 
thallium(I) or thallium(III). Here we have used physiolog-
ical mimicry of potassium to achieve uptake in cells, but 
this has no specificity for cancer cells and probably has 
no specific targeting to subcellular structures.
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Conclusion
201Tl showed significant radiotoxicity, damaging nuclear 
DNA and reducing clonogenic survival when internal-
ized in both cancer cell lines used in this study, and had 
no significant effect if not internalized. These results war-
rant further investigation of 201Tl as a therapeutic radio-
nuclide and the development of chelators to incorporate 
thallium into targeting molecules for specific delivery of 
201Tl to cancer cells.
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