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Abstract 
Introduction:  This thesis has focussed on the development of a novel cell labelling 

technology that has longer-term potential for deep tissue imaging of cells over a protracted 

time course.   These investigations have centred on a specific radiolabel, namely the 

separation and complexation of a Positron Emission Tomography (PET) isotope of 

vanadium,48V, which has a long half-life (~16 days; potential analysis for many months).  

Methods: 48V was produced in a cyclotron from a Ti disc, utilising a novel methodology 

involving an electrochemical technique developed for the dissolution of the 48V containing Ti 

at room temperature under mild acidic conditions. The 48V was extracted from aqueous 

solutions using various strategies, beginning with a variety of ligands but subsequently 

focussing on the Salen ligands.  Biological assays (OranguTM for cell proliferation; 2D scratch 

assay for wound repopulation) were utilised to evaluate their cellular cytotoxicity. To finesse 

the large-scale radiolabelling of cells, labelling of attached cells and cells in solution was 

investigated.  PET/computed tomography (CT) scanning was utilised to explore minimum 

labelled cell detection limits.  Results: The non-radioactive ligands L1-L4 exhibited higher 

extraction percentages compared to L5-L6, indicating their potential as extractants for 

vanadium.  Assessment of the cytotoxicity of the non-radiolabelled ligands/complexes on 

oral stem cells, revealed that for the ligands only very high concentrations were cytotoxic 

whereas for the complexes there was a broader range of cytotoxicity.  Choosing a low 

concentration (15.6µg/mL; no effect of cell proliferation) of the ligands/complexes had no 

effect on cellular wound repopulation in vitro, whereas as a high concentration (250µg/mL; 

detrimental effect on cell proliferation) prevented cell migration.  Investigations into 

radiolabelling of the complexes revealed the best results for L5 and L6 which were able to 

extract 48V with 20% and 57% efficiency respectively. Assessment of cell proliferation 

demonstrated that cells could tolerate up to 0.00139 MBq of [VOL5(Cl)] without showing 

significant reductions in viability but this was even greater for [VOL6(Cl)] ς cells could 

tolerate up to 0.00556 MBq of 48V. [VOL6(Cl)] also proved the better complex in respect of 

allowing wound repopulation.  Experimentation with [VOL6(Cl)] and cell labelling in solution 

demonstrated that 68% of the activity could be retained by the cells and that they appeared 

healthy after five weeks.  PET/CT scanning detected radiolabel in cell numbers as low as 

6000 cells.  Conclusions: 48V Salen complexes were successfully synthesised and their 
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cellular biocompatibility demonstrated. This represents the first example of 48V labelling of 

stem cells opening up the possibility of long-term tracking for regenerative medicine. 
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1.1 Nuclear Medicine 
The development of nuclear medicine dates back to the early twentieth century, when the 

first intravenous injection of radioactivity used radium salts (in 1913) to explore the 

possibilities of treating diseases and to observe the appearance of radon and radium in 

excreta.1 Molecular imaging is defined as a science in which administered agents such as 

labelled small molecules or labelled biological species such as proteins and cells are 

visualized to noninvasively image in vivo biological structure and function and it plays a 

central role in clinical oncology.2 

Molecular imaging, which has undergone rapid development in recent years, allows the 

characterisation, visualisation, measurement and quantification of biological processes by 

using probes such as radionuclides or fluorescent molecules.3 The key advantage of 

molecular imaging is that the changes in molecular processes that drive the uptake of the 

imaging agents usually occur before the onset of any morphological tissue changes that are 

detected by alternative anatomical imaging methodologies. Additionally, levels of imaging 

agent uptake are more readily quantified than morphological changes in tissue structure. 

Nuclear medical imaging is branch of molecular imaging which involves the use of imaging 

agents (often referred to as tracers) labelled with short lived radioactive isotopes. The 

advantages of nuclear medical imaging techniques are that they can quantitatively detect 

extremely low amounts of injected radiotracer in deep tissues. This makes it possible for 

them to detect expression levels of tumour receptors non-invasively, allowing the 

characterisation of tumour heterogeneity and the identification of personalised treatment 

regimens for patients.3  

1.1.1 In vivo Imaging 

Clinically, five major types of imaging techniques are currently used each of which have their 

own characteristic advantages and disadvantages. Positron Emission Tomography (PET) and 

Single-Photon Emission Computed Tomography (SPECT) are nuclear medical imaging 

techniques, while Magnetic Resonance Imaging (MRI), Computed Tomography (CT) scan and 

Ultrasound (US) are morphological imaging techniques. 3, 4, 5  
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Table 1.1 The comparison between the most common of clinical imaging modalities.  
Adapted from 6, 7,  8, 9 

 

 

1.1.1.1 PET Imaging 

PET, a widely used functional imaging tool in nuclear medicine, is employed to observe 

cardiovascular disease 10 and neurological disease.11  It is often used in conjunction with 

other analytical methodologies, such as CT or MRI.12  The Mallinckrodt Institute at 

Washington University was the first to describe PET in the mid of 1970s. PET was originally 
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employed in the fields of neurology and cardiology as a valuable tool for research. 

However, it took more than ten years for researchers to recognise the potential of PET as a 

potent detection system for studying cancer biology.12 PET imaging, in contrast to CT or 

MRI, offers information about metabolic or physiological processes rather than anatomical 

feature. PET has significant advantages in oncologic imaging due to its ability to frequently 

distinguish between benign and malignant tumours, a capability that CT and MRI generally 

lack. The essence of PET imaging resides in the process of attaching positron-emitting 

radionuclides to small, physiologically significant molecules. This enables the PET scanner 

to identify the positions of these molecules as they undergo radioactive decay. This allows 

for the generation of "physiologic maps" that illustrate the functions or processes 

associated with these marked substances, based on their spatial and temporal 

distribution.12 

PET works by using a small amount of an injected radioactive substance, a 

radiopharmaceutical, as part of a non-invasive molecular imaging methodology through 

detecting the location and concentration of the positron emitting radiopharmaceuticals as 

they distribute throughout the body.13  Radiopharmaceuticals are molecules that consist of a 

radioisotope tracking tracer associated with a pharmaceutical. After entering the body, the 

radiolabelled pharmaceutical will accumulate in specific organ or disease tissues. The 

radioisotopes associated with the target pharmaceutical will undergo radioactive decay that 

can be used to diagnose or treat human diseases or injuries. The amount of 

radiopharmaceutical is carefully chosen to ensure the safety of each patient.13 The primary 

objective of employing radiopharmaceuticals in molecular imaging is to use molecular or 

cellular scale processes to precisely observe or analyse biological or pathological 

occurrences. To ensure accuracy, the radiopharmaceutical must undergo meticulous design 

to fulfil structural prerequisites within a molecule, thereby enhancing target specificity, as 

well as optimizing its pharmacokinetic and pharmacodynamic attributes to align with the 

requirements of the imaging modaity.14  The versatility of nuclear imaging technology lies in 

its ability to target any potential biochemical or molecular event by incorporating 

appropriate radioisotopes   into bioactive molecules that are injected into the body 

intravenously and can allow the detection of many different biological pathways to be 

followed.4 Figure 1.1 shows the comparison between SPECT and PET. 
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Figure 1.1 Schematic description shows the comparison between two imaging modalities 
(A) basic principle of single photon emission computed tomography (SPECT) and (B) basic 

principle of positron emission tomography (PET). 15 

The SPECT imaging method uses a gamma detector that acquires a two-dimensional (2D) 

image, by revolving this detector around the subject a 3D image can be subsequently 

assembled. Conversely, PET scanners are equipped with a circular detector that 

simultaneously detects emissions from all around the sample in a full circle. SPECT, isotopes 

release a single gamma photon when they decay, necessitating the use of collimators to 

sharpen the image by capturing only the gamma photons moving perpendicular to the 

detector and blocking those at angles.16 This requirement, along with the design involving a 

rotating panel detector in SPECT systems, significantly lowers their sensitivity. In contrast, 

isotopes used in PET emit positrons that, when they meet electrons, produce two gamma 

photons moving in opposite directions. PET scanners can pinpoint the location of these 

annihilation events with precision by correlating the detection of the two photons on 

opposite sides of the detector ring, and they do not require collimators. This method of 

detection, paired with the 360-degree ring detector, provides PET scanners with a marked 

increase in sensitivity compared to SPECT cameras.15, 17 

1.1.1.2 SPECT imaging 

SPECT is an imaging technology that uses gamma rays emitted by radioisotopes. It has 

progressed from planar imaging 2D to 3D imaging by integrating several gamma camera 

angles.18 The SPECT method detects gamma rays directly released by SPECT radioisotopes, 

each with a distinct energy range for gamma emission. This enables for discrimination 

between co-injected isotopes, as opposed to PET scanning, which uses isotopes with 
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differing decay properties and detects just 511 KeV gamma rays. A gamma detector takes 

two-dimensional projection images from various angles, while one, two, or three detectors 

gently spin around the patient's body to collect data for 3D reconstruction. Collimators, 

often composed of lead or tungsten, are critical in this procedure because they only catch 

photons incident perpendicular to the detector crystal, preventing off-angle emission from 

decreasing image quality. As a result, SPECT is less sensitive than PET due to the rejection 

of many diagonally emitted photons by the collimators.19, 20, 21, 22 

Advantages of SPECT are that most SPECT isotopes are more readily available as they are 

obtained from bench top isotope generator rather than a cyclotron. Also, each SPECT 

isotope emits gamma photons of different energies meaning it is possible image 2 or 3 

simultaneously injected tracers. (this is not possible with PET the positron annihilation 

always generates 511KeV gamma photons for all PET isotopes).23 

1.1.1.3 Optical Imaging 

Optical imaging (OI) enables non-invasive observation of cellular activities with precise 

spatial resolution, including bioluminescence imaging (BLI) and fluorescence imaging (FLI), 

which are crucial for cell labelling and examination. These advanced techniques use light 

and optical mechanisms to generate detailed visuals of internal cellular structures, 

providing valuable insights into cellular functions.24 BLI is an effective approach for 

investigating cancer biology and therapy, as well as observing dynamic cellular activities 

within live organisms and tracking cell mobility and gene expression.25 D-luciferin emits 

light at a short wavelength (560 nm) that can be absorbed by tissues. The use of near-

infrared luciferin analogy allows for high sensitivity in in vivo BLI 25 BLI has become widely 

used in many studies concerning cell biology and pharmacology. It has been adapted to 

enable non-invasive observation of single cells within freely moving animals, as well as 

simultaneous visualization of multiple bioluminescent cells for deep tissue imaging in the 

fields of immunology and tumour research.26, 27 However, its integration into micro-

physiological systems has encountered several challenges due to the restricted functional 

outputs needed for fully autonomous, non-invasive microsystems.27,28 

FI is a non-destructive and continuously updating imaging method in clinical applications  

though it has limitations in accurately capturing details at greater depths within tissues 
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due to the high scattering properties of biological tissue for optical radiation. 29 FL is a 

useful tool for tracing fluorescence signals in biological applications due to its high signal-

to-noise ratio and spatial resolution during imaging.30 

Optical imaging methods demonstrate remarkable sensitivity, with detection thresholds 

that cover a wide range from picomolar to femtomolar for the relevant optical markers or 

contrasts. These optical imaging techniques offer a cost-effective way to evaluate the 

distribution, functionality, and viability of infused T cells in both rapid and long-term 

applications. While this method is effective in analysing cellular and molecular events, its 

application in larger animals and clinical settings for humans is hindered by its limited 

ability to penetrate deep tissues. In biological tissues, OI has constraints due to its 

susceptibility to light scattering. Additionally, advanced OI systems are intricate and costly 

which may restrict their widespread use. Potential advancements in OI technology could 

address these limitations and enhance its applicability in cell imaging.24, 31, 32 

1.1.1.4 CT Imaging  

CT scans are easily accessible and capable of detecting a variety of disorders through rapid 

examinations and immediate three-dimensional (3D) reconstructions. However, there is 

great concern regarding the patient's radiation dose, and the capacity to offer detailed 

resolution of soft tissues is limited.33,34 

CT scanning involves passing an X-ray beam through an object and analysing how different 

structures inside it absorb the X-rays based on their densities. For example, bones tend to 

block the majority of X-rays, but soft tissues and fluids do not. A computer can recreate 

two-dimensional images for each slice of the object after detecting X-rays from multiple 

angles surrounding the scanner.35  

CT scan enables localization of the mass, tissue characterization, and assessment for other 

masses such as adenopathy or a primary site. The images are quickly acquired with a 

multidetector CT scan taking about 8 seconds, allowing the patient to remain relatively 

still.36 

1.1.1.5 MRI 

MRI is a valuable technique for visualizing cellular processes without the need for invasive 

procedures. This advanced technique utilizes magnetic fields and radio waves to generate 



Chapter One 

8 
 

detailed images of tissues and organs inside the body, making it commonly utilized in cellular 

imaging applications.  

MRI's high spatial resolution enables precise localization of labelled cells in specific tissues, 

while its exceptional soft tissue contrast allows for visualization of cellular structures with 

great detail. Despite its advantages, MRI does have limitations, including its inability to 

detect certain cellular features such as calcifications and artifacts caused by patient 

movement during imaging.37 

This inability presents challenges in achieving accurate cell imaging using MRI. 

Furthermore, the cost and accessibility of MRI equipment may restrict its broad utilization 

in certain contexts, especially in resource-limited environments. MRI offers a higher spatial 

resolution compared to several other imaging techniques and unmatched differentiation 

of soft tissue. However, its sensitivity to injected tracers is not optimal.37 

MRI provides superior contrast resolution better tissue visualisation compared to CT 

imaging. Specifically, two distinct neighbouring tissues can be more effectively differentiated 

based on their MRI, resulting in clearer boundaries between an invading mass and the 

surrounding normal tissue. In addition, tumours can be more effectively distinguished from 

one another based on certain characteristics.36 

1.1.1.6 Ultrasound imaging (US) 

Ultrasound imaging (US) is a useful non-invasive method for observing cellular processes 

by using high-frequency sound waves that bounce off internal structures to produce 

images. It has been widely applied in various cell imaging uses, such as detecting 

apoptosis, tracking stem cells, tissue engineering, and molecular imaging.38 Apoptosis 

detection through ultrasound imaging has been successful in vitro, in situ, and in vivo due 

to its high-resolution and non-invasive monitoring capabilities. Stem cell tracking has also 

shown promise despite low cell contrast, with a 3.8-fold increase in imaging intensity after 

contrast agent injection.39  

Endoscopic US has been investigated for distinguishing between benign and malignant 

thyroid nodules using elastography and Micro Pure imaging, 40 as well as for detecting 

apoptosis in cancer therapy research.41 It plays a key role in imaging testicular germ cell 

tumours 42 and is involved in the diagnosis, staging, and management of pancreatic 
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diseases, the advantages and limitations of endoscopic US are emphasised in recent 

review by Vazquez- Sequeiros et al.43  In tissue engineering, US is used to characterize 

extracellular matrix deposition, estimate cell concentrations, and evaluate matrix 

morphology.44 Advancements in molecular imaging have resulted in targeted contrast 

agents that expand ultrasound's capabilities to depict molecular and cellular processes.45 

However, it is important to acknowledge that US imaging also has its limitations. Due to 

low contrast between target tissue and background, visualizing cellular structures 

accurately can be challenging. Additionally, US images may suffer from spot noise which 

can adversely affect image clarity. Furthermore, imaging cells with US has limitations 

including difficulty distinguishing between benign and malignant nodules as well as 

accurately capturing deep-seated cellular structures.46, 47                                                                                                                                   

1.1.2 Clinical use of PET and SPECT imaging 

PET  was first used in oncology studies in the 1970s.48 Currently, oncology has become one 

of the most essential applications in the field of nuclear medicine. The current clinical gold 

standard in the detection of benign and malignant tumours and the staging of metastatic 

disease is by  (18F- FDG) Fluorodeoxyglucose PET scans.4 

 PET scans are also now capable of detecting and diagnosing early stages of certain 

ƴŜǳǊƻƭƻƎƛŎŀƭ ƛƭƭƴŜǎǎŜǎ ǎǳŎƘ ŀǎ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ ŜǇƛƭŜǇǎȅΣ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ ƻǘƘŜǊ 

mental illnesses with PET scans demonstrating a higher percentage of diagnostic accuracy 

when compared to other imaging modalities.49 !ǎ ŦƻǊ ǘƘŜ ŘŜǘŜŎǘƛƻƴ ƻŦ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ ƛǘ 

can detect multiple metabolic processes and can be utilized with many different radiotracers 

such as FDG which monitors the level of glucose metabolism in the body.50  Beyond the most 

commonly used 18F based tracers PET also has clinical applications with shorter lived tracers 

such as 13N ammonia for cardiac imaging and 18O based tracers for stroke imaging.51 

Additionally 11C based tracers are used for clinical trials and research scans.52  

Using alternative isotopes with different decay properties SPECT imaging has clinical 

applications in cardiac, brain and bone imaging with 99mTc based tracers and endocrine 

tumours with 123I-MIBG. Most interestingly from our perspective white blood cell SPECT 

scans are used routinely for clinical localisation regions of infection. In this process white 

ōƭƻƻŘ ŎŜƭƭǎ ŀǊŜ ǇǳǊƛŦƛŜŘ ŦǊƻƳ ŀ ǎŀƳǇƭŜ ƻŦ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ōƭƻƻŘΣ ƭŀōŜƭƭŜŘ ǿƛǘƘ 111In and injected 
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back into the patient for SPECT imaging. The long half-life of 111In allows patients to be 

scanned the day after the initial injection.53  

 PET imaging is extremely sensitive, with extremely low levels of radiotracer, far below 

typical therapeutic doses of compounds, capable of providing a valuable image.  

PET provides unique abilities demonstrating very high sensitivity and accurate estimate of 

concentration in vivo.54 

 PET is one of the most sensitive and specific  non-invasive imaging method that gives 

physiological information by injecting radioactive compounds (radiotracers), detecting 

radiation and rebuilding 3 dimensional images of the distribution of radiotracers.54   

 PET scans also demonstrate an almost unlimited depth of penetration, quantitative 

capabilities, and the ability to couple with biologicals that can for example, result in the 

imaging of cell viability through a reporter gene.55  

1.1.3 Radioactive isotopes  

Isotopes can be defined as atoms of the same elements with the different atomic mass 

numbers, due to variations in the number of neutrons in the nucleus. Some of these 

isotopes, referred to as radioisotopes, are unstable and undergo radioactive decay to form 

more stable nuclear products. There are many different radioisotopes, however, the majority 

of them are not suitable for PET imaging applications due to unfavourable decay properties, 

unsuitable half-lives,  weak availability, the lack of development of radiochemistry, high cost 

of production and difficulties of labelling.56  

There are a number of factors which contribute to what makes the most appropriate choice 

of radioisotope for a given imaging application. The chemical properties of the isotope 

dictate how chemically challenging the radiolabelling procedures are for a particular isotope. 

Meanwhile from a radiation physics perspective the decay properties of the isotope dictate 

the imaging modality (SPECT vs PET), image quality and radiation burden of tracers bearing 

that isotope. Finally, the half-life of the radioisotope dictates the timescale that can be 

imaged and therefore the biological processes that can be imaged with that isotope. 

18F is the most commonly used isotope for PET imaging because it has highly favourable 

decay properties with a 96.7% positron emission rate and low mean positron emission 
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energy of 0.25MeV which gives rise to a mean positron range of 0.625 mm in water.57 

However, the application of this isotope is typically limited to the imaging small organic 

molecules due to its 110-minute half-life, which is ideally suited to the 1ς2-hour circulation 

times of these small drug-like molecules within the body, and the relatively harsh chemical 

conditions required to form a carbon-fluorine bond. Other commonly used PET isotopes 

have even shorter half-lives such as 11C (20 min), 13N (10 min ) and 15O (122.24 Sec ~ 2.04 

min ).58 

When considering imaging applications based on the labelling of larger biologically derived 

agents, which often require more delicate labelling conditions and longer imaging time 

periods, alternative isotopes need to be considered. Previously the labelling of Cells and 

large proteins for imaging was limited to SPECT isotopes such as 111In and 123I which have 

longer half-lives (2.8 Days and 13.3 Hours respectively) compared to those of clinically used 

PET isotopes mentioned above. However, over recent decades many metal isotopes with 

longer half-lives such as 86Y, 64Cu, 89Zr and 48V have been investigated as potential labelling 

agents for PET imaging. 

1.1.4 Application of Metal Isotopes in PET 

The use of metal isotopes for radiolabelling simultaneously brings new opportunities and 

new challenges. One key difference is that alternative chemical labelling strategies are 

required for radiometals compared to non-metallic radioisotopes. Non-metallic 

radioisotopes such as carbon and fluorine can directly form highly stable covalent bonds 

with biologically active agents meaning that the incorporation of a 18F-Fluorine atom or a 

11C-Carbon atom to a biologically active molecule can have little or no effect on biological 

activity and biodistribution of the molecule. However, the chemistry required to achieve 

these incorporations at a late stage of molecule synthesis often require organic solvents and 

aggressive reaction conditions which can damage more delicate biologically derived 

molecules. Meanwhile radiometals do not form stable covalent bonds and so require 

chelation strategies to be able to stably bind to biologically active molecules. (Further details 

of the coordination chemistry of transition metals is provided in section 1.2) A positive 

aspect of this chelation chemistry is that it commonly requires much milder conditions than 

covalent bond formation reactions with chelation reactions often proceeding quantitatively 

in aqueous solutions at low temperatures making radiometal labelling compatible with 
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biomolecules and living cells. However, each radiometal requires its own specific chelating 

agent to form sufficiently stable binding of the radiometal and these chelator molecules 

need to be in the order of several hundred Daltons in mass to prevent leaching out of the 

radiometal in vivo. As a result, radiometal chelating agents, whilst small in comparison to 

biomacromolecules, can be considerably larger in size than the small organic molecules 

typically labelled with 11C of 18F. Thus, labelling small organic molecules with radiometals 

would significantly affect their biodistribution and mode of action casting doubt over the 

validity of any images acquired with them. 

Another key difference between radiometals and non-metallic radioisotopes is that the 

radiometals typically have much longer radioactive decay half-lives measured in hours or 

days, rather than minutes for the non-metallic radioisotopes, meaning that much slower 

biological processes can be imaged with radiometals compared to non-metallic 

radioisotopes. 

The combination of the factors above means that radiometals are typically used for 

radiolabelling large, delicate, slowly circulating biomacromolecules or nanoparticles whilst 

non-metallic PET radioisotopes are typically used for radiolabelling small, robust, rapidly 

circulating organic molecules. Table1.2 illustrates some of the PET isotopes. 

  



Chapter One 

13 
 

Table 1.2 The common isotopes that are used with PET or SPECT Imaging. 58,  59, 60, 61 

Element/isotopes Half Life Production  Mode of 
decay 

Common source 

18F 109.77 mins 18O (p, n)18F ʲҌ όфт҈ύΣ 9/ 
(3%) 

Cyclotron 

11C 20.385 mins 14b όǇΣ ʰύ 11C ʲҌ όмлл҈ύ Cyclotron 

13N 9.965 mins 16h όǇΣ ʰύ 13N ʲҌ όмлл҈ύ Cyclotron 

15O 122.24 s 15N (p, n)15O ʲҌ όмлл҈ύ Cyclotron 

64Cu 12.7 hrs 64Ni (p, n)64Cu ʲҌ όмт҈ύΣ 9/ 
όпп҈ύΣ ʲ- 

(39%) 

Cyclotron or 
reactor 

124I  
 

4.2 days 124Te (p, n)124I ʲҌ όно҈ύΣ 9/ 
(77%) 

Cyclotron 

68Ga 67.629 mins 68Ge/68Ga ʲҌ όуф҈ύΣ 9/ 
(11%) 

Generator 

86Y 14.7 hrs 86Sr (p, n)86Y ʲҌ όон҈ύΣ 9/ 
(68%) 

Cyclotron  

111In  
(SPECT isotope) 

2.8 days 111Cd(p,2n) 111In EC (100%) Cyclotron 

89Zr 78.41 hr 89Y (p, n)89Zr ʲҌ όно҈ύΣ 9/ 
(77%) 

Cyclotron 

48V 15.97 days 48Ti (p, n) 48V ʲҌ όрл҈ύ 
EC (50%) 

Cyclotron 

 

1.1.4.1 Preparation and properties of 68Ga 

DŀƭƭƛǳƳπсу ό68Ga) has been used as a PET radiometal because of the introduction of 68Ga 

ƎŜƴŜǊŀǘƻǊǎ ŀƴŘ ǘƘŜ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƻŦ ǎƻƳŀǘƻǎǘŀǘƛƴπ ŀƴŘ ǇǊƻǎǘŀǘŜπǎǇŜŎƛŦƛŎ ƳŜƳōǊŀƴŜ ŀƴǘƛƎŜƴ 

(PSMA) tracers in the clinic. 68Ga has an excellent branching fraction with 89% decay by 

positron emission, but it does exhibit a high mean positron emission energy of 0.83MeV 

which leads to a high mean positron emission range of 3.48 mm in water which reduces 

image quality.  57 Also unusually for a radiometal 68Ga has relatively short half-life of 67.9 

min which makes it unsuitable for radiolabelling antibodies or other large slowly circulating 
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proteins. Thus the key applications for 68Ga is for labelling small peptide based targeting 

vectors with very fast biokinetics.62 

In the past, especially in the early of 1960s 68Ga was widely available from a 68Ge/68Ga 

generator long before 18F, and it was one of the nuclides used by Anger and Gottschalk in 

one of the first experimental positron camera systems. However, at the beginning of the 21st 

century 68Ga became popular in radiology and nuclear medicine.63 In 2001, 68Ga has made a 

real progress with the introduction of PET imaging agent 68Ga-DOTATOC, which was 

described by Henze et al in patients with meningiomas.64 PET 68Ga-DOTATOC helps the 

scientists to distinguish between neurofibromas and metastases.65 Figure 1.2 is shown the 

nuclear decay of 68Ga 

 

 

Figure 1.2 Nuclear decay scheme of 68Ge to stable 68Ga and 68Zn 

1.1.4.2 Preparation and properties of 64Cu 

Copper-64 (64Cu) is a transition metal with atomic number 29, It is an essential element, and 

its active role has been proven in the living organisms as a carrier of many enzymes and 

proteins crucial for respiration. Cu is also important in transportation of iron, cell growth, 

metabolism and hemostatis.66 It has two natural isotopes 63Cu (63.2%) and 65Cu (30.8%).67 

There are other important isotopes for Cu such as 60Cu, 61Cu, 62Cu, 64Cu, and 67Cu with 23.7 

min, 3.33 h, 9.74 min, 12.7 h. and 61.83 h half-lives respectively.68 

 Copper-64 (64Cu) is a distinctive radioactive form of copper with interesting features for 

diagnostic imaging and therapeutics. 64Cu has a half-life of that is substantially longer than 
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the half-lives of numerous radioisotopes previously used for PET, such as 15O, 18F, 11C, or 13N, 

which are measured in minutes.69 64Cu has decay characteristics that are suitable for 

radiotherapy and PET imaging.70 Lǘ ŘŜŎŀȅǎ ǇǊƛƳŀǊƛƭȅ Ǿƛŀ ŜƳƛǘǘƛƴƎ ǇƻǎƛǘǊƻƴ όʲҌΣ лΦсро aŜ±Σ 

мтΦу ҈ύΣ ōŜǘŀ ǇŀǊǘƛŎƭŜǎ όʲ-, 0.579 MeV, 38.4 %) and as well as electron capture.68,70,63  64Cu is 

an extremely rare isotope and its unique decay features (Figure 1.3) permit positron 

emission tomography (PET) imaging and targeted cancer radiotherapy. ‍ (17.8%). 

 

 

Figure 1.3 Nuclear decay scheme of 64Cu to stable 64Zn and 64Ni 

This radionuclide can be obtained by particle irradiation in a cyclotron. Proton bombardment 

reactions of the rare 64Ni isotope, which has to be enriched to avoid production of unwanted 

radionuclides, leads to 64Cu with high specific activity (n, p). Other methods of particle 

irradiation such as deuteron-induced reaction and neutron bombardment are competitive 

ōǳǘ ǇǊƻŘǳŎŜ ǘƘŜ ǊŀŘƛƻƴǳŎƭƛŘŜ ƛƴ ƭƻǿ ǎǇŜŎƛŦƛŎ ŀŎǘƛǾƛǘƛŜǎ όƴΣ ʴύΦ66, 70  

The 12.7h half-life of 64Cu enables imaging for several days after tracer injection allowing the 

labelling of large biological macromolecules and cells for in vivo tracking, However, the 38% 

beta particle emission limits its widespread use as a purely diagnostic imaging isotope. 

Additionally, the starting material 64Ni is extremely expensive which makes 64Cu extremely 

expensive to produce. 

1.1.4.3 Preparation and properties of 86Y 

Yttrium-86 (86Y) is a transition metal in group 3 of the periodic table with atomic number 39. 

There are many isotopes of Y that cannot be considered in the medical fields due to their 

short half-lives. However, there are others isotopes of it such as 86Y, 87Y,88Y, 90Y, and 91Y with 

half-lives 14.7 h, 79.8 h, 106.6 d, 64.1 h, and 58.5 d respectively.71 ¸ǘǘǊƛǳƳΩǎ ƴŀǘǳǊŀƭ ƛǎƻǘƻǇŜ 

with 100% abundance in nature is 89Y. The intermediate half-life of 86Y radionuclides has 
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made it attractive for use in PET imaging. It is compatible with the commonly used 

bifunctional multidentate ligands like 1,4,7,10-tetraazacyclododecane-bΣbΩΣbΩΩΣbΩΩΩ-

tetraacetic acid (DOTA) and diethylenetriaminepentaacetic acid (DTPA).66, 67, 68, 69, 70  86Y 

(t1/2 = 14.2 Ƙύ ŘŜŎŀȅǎ ǿƛǘƘ ƘƛƎƘ ǇƻǎƛǘǊƻƴ όʲ+) energy (Emax = 3.1 aŜ±Σ оо҈ύ ŀƴŘ ʴ-emissions 

(83% abundance) which remarkably influence the quality of the image (Figure 1.4).72 Just 

like 64Cu (t1/2=12.7 h, h+= 17.9%, Eh+=0.6 MeV), 86Y is an intermediate half-life positron 

emitter and this would enable PET imaging beyond 24-h post injection. Contrary to 64Cu 

which prefers the +2-oxidation state when tethered to neutral ligands such as DOTA, 86Y 

prefers the +3-oxidation state. The implications of this have been reported with 86Y-DOTA 

demonstrating higher in vivo stability than 64Cu-DOTA and with lower nontarget and 

clearance tissue accumulation. Contaminant-free 86Y with high specific activity is obtained by 

(p, n) nuclear reaction from enriched 86Sr (enriched SrCO3 or SrO as the target material) on a 

biomedical particle accelerator.73,74 

 

 

Figure 1.4 Nuclear decay scheme of 86Y to stable 86Sr 

Given the unfavourable decay characteristics 86Y is not commonly used as a diagnostic PET 

isotope however, it does have a useful application in dosimetry investigations as part of a 

theragnostic pair with the therapeutic isotope 90Y.75 

1.1.4.4 Preparation and properties of 89Zr 

Zirconium-89 (89Zr), it is a transition metal.56 and there are many different isotopes of Zr 

such as 82Zr (half-life 32 seconds), 93Zr (1.53x 106 years) 76, however, the most interesting 

isotope for our purposes is the PET isotope 89Zr. 
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During the past decades, there have been extensive studies on 89Zr as it has excellent PET 

imaging properties with a mean positron emission energy of 0.4MeV which leads to a mean 

positron emission range of 1.23mm in water. These values are higher than those of 18F but 

are low compared to other PET radiometals and have been shown to have only a small effect 

on image quality in comparison to 18F.57 One area were 89Zr compares less favourably to 18F is 

its decay characteristics. 89Zr decays through both positron emission (22.3 %) and electron 

capture (76.6 %), the 89Zr decays into 89mY, which then decays into stable 89Y via gamma-ray 

emission (909 keV) with a half-life of 15.7 seconds.58 Figure.1.5 shows the 89Zr decays. 

 

Figure 1.5 Nuclear decay scheme of 89Zr to stable 89Y. 77 

Despite these drawbacks 89Zr holds great promise for the development of clinical immune 

PET imaging due to its 78.4 hours (~ 3.3 days) half-life, which is ideally suited to antibody 

imaging. Antibodies can be present in the blood for several days after injection meaning 

uptake times of several days are required between tracer injection and imaging, short-lived 

radioisotopes such as 18F are not suitable for antibody imaging because the signal will have 

decayed to undetectable levels within 24 hours well before the optimal uptake time is 

reached.76 

Antibody based positron emission tomography (immuno-PET) imaging is rising significance 

to visualize and differentiate tumour lesions and it can be used to identify a patient who 

might benefit  from a specific treatment and monitor the outcome of the treatment.78 The 

long half-life of 89Zr enables scans for up to 15 days after injection in research subjects and 

so has great benefit in its application as a labelling agent with a number of imaging methods 

for medical cellular tracking and regenerative medicine.79 In research settings many cell lines 
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have been radiolabelled with 89Zr-oxine, using analogous chemistry to clinical 111In-oxine 

white blood cell labelling methodologies.80 Additionally the Desferrioxamine ligand (DFO, 

the most promising chelator for 89Zr )  has been successfully used with 89Zr  to generate a 

complex compound 89Zr-DFO which was used to label proteins on the surface of cells for cell 

tracking in vivo.79  

However, for all the exciting promise of the new opportunities provided by 89Zr-immuno-PET 

there are applications where 89Zr is not suitable. The imaging window of 15-17 days 

provided by 89Zr is extremely useful for antibody imaging and for tracking systemically 

administered cells as they home to sites of interest, but these time scales are too short for 

biological applications such as tracking locally administered wound healing cells or surgically 

grafted neuronal stem cells. For these applications direct cell labelling with 89Zr is not a 

suitable imaging and tracking technology.81  

1.1.4.5 Preparation and properties of 48V  

Vanadium-48 (48V) is a chemical element, it has only two naturally occurring radioisotopes 

51V and 50V with a half-life 1.5x1017 year.82  However, there are also synthetically produced 

radioactive V isotopes such as 49V with a half-life 330 days almost one year. Some of the 

remaining radioactive isotopes have half-lives shorter than an hour. 83 Of particular interest 

to this work is 48V which has a good positron emission property for PET scanning.  

It should be noted that 48V has additional higher energy gamma emissions at ( 944.6, 983.5 

and 1312.1 keV), however, these are sufficiently far removed from the 511KeV that they do 

not interfere with PET imaging.83 Excitingly 48V has a 16 day half-life which could potentially 

allow up to 2 months of PET imaging after injection. Whilst unlikely to translate to clinical 

imaging this extended imaging window could provide an invaluable tool to validate 

experimental cellular therapies in vivo. Unlike for 89Zr the separation, chelation and cell 

labelling radiochemistry has not yet been developed for 48V to allow routine long term PET 

imaging studies with 48V.83 

1.2 Coordination chemistry of transition metals 
Historically, a coordinative bond was used to describe the bonding in molecules in which the 

ligands caused an unusual oxidation state in the central atom. These kinds of molecules 
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posed an interesting challenge to early inorganic chemists as they defy the valency rules. 

Unlike the sharing of electrons, one from each of two partner atoms in a standard covalent 

bond, the coordination bond involves the donation of electron pair from an orbital of one 

atom to the empty orbital of the other.84 The resulting molecule from this type of bonding is 

called a complex. The transition metals and main group elements can form a complex that 

has a central metal atom or ion bonded to one or more ligands by dative bonds (Figure 1.6). 

Polydentate ligands form chelate rings with the central metal atom/ion conferring extra 

stability on the complex formed.85  

 

 

 

Figure 1.6 A schematic representation of donor-acceptor bond formation in coordination 
complex. 

The most common geometries found in metal complexes are octahedral (with 6 donor 

atoms), tetrahedral (with 4 donor atoms), square planar (with 4 planar donor atoms), 

trigonal planar (with 3 donor atoms) and linear (with 2 donor atoms).86 for transition metals, 

the electrons on the central metal atom/ion  determine the splitting of the d-orbitals as the 

system tries to maximise its ligand field splitting energy. This in turn may lead to a 

preferential arrangement of the donor atoms about the metal centre and geometry of the 

resulting complex. 87 Transition metal ions typically have some valence electrons 

accommodated in the metal d-orbitals and the approach of ligand electrons create an 

electric field which perturb the metal d-orbitals resulting into the splitting of the d-orbitals 
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into two sets of orbitals, dz2, dx2-y2 and dxy, dxz, dyz with respect to the Bary centre (Figure 

1.7). The magnitude of the splitting is determined by the strength of the ligand field and spin 

pairing energy. The two extremes are termed weak-field and strong-field and these lead to 

high spin and low spin complexes respectively. Weak-field ligands interact weakly with d-

orbitals and give a small splitting.  

 

 

Figure 1.7 Splitting of the d-orbitals in an octahedral field. 

between the two sets of orbitals while strong-field ligands interact strongly with the d-

orbitals resulting into a large splitting energy.  Further to this, crystal field theory allows the 

prediction of the splitting of the d orbitals in varying ligand fields (Figure 1.8). 
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Figure 1.8 Relative Splitting of the d-orbitals in varying ligand fields 

Ligand field strength is an experimentally determined parameter and its magnitude is 

affected by factors such as oxidation state, nature of the metal ion and the ligand. The 

magnitude of the ligand field strength dictates the physical (structure, optical and magnetic 

properties) and chemical reactivity of the transition metal complex. 88 

In this work, our interest is on vanadium complexes, and we shall provide further 

information on complexes of vanadium in different oxidation states, explore literature for 

suitable ligands and the nature of bonding. 

1.2.1 Coordination chemistry of vanadium in different oxidation 

states 

Vanadium (V) is a hard silver-grey transition metal that has a vast range of oxidation states (-

1 to 5), however, the normal oxidation states of vanadium that is often encountered are 2 to 

5 and oxidation state (0) occurs in a few complexes with p-acceptor ligands. It can take on a 

variety of coordination geometries depending on the number of ligands around the 
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vanadium atom/ion. V is widely distributed in nature, and it is found in fossil fuels in the 

form of oxovanadium(IV) porphyrins.89 At maximum oxidation state, vanadium can be a very 

good Lewis acid and its oxidation states can be interconverted effortlessly. Vanadium's Lewis 

acid properties, variable oxidation states, along with good oxophilicity, and tendency to 

undergo hydrolysis contribute to its diverse coordination chemistry, making it widely utilized 

in catalysis and biological processes.90 

In biological applications, vanadium can exist in oxidation states 3, 4, and 5. The toxicity of 

vanadium salts to humans varies based on factors such as the specific form of vanadium, 

dosage, duration of exposure, and route of intake. V is used by some life forms as an active 

centre in enzymes, such as the vanadium Bromo peroxidase of ocean algae and nitrogenases 

of bacteria.91 Coordination complexes of vanadium have found use in different biological 

applications as an enzyme switch,92 anticancer agent,93 anti-diabetic agent, 94 antiviral,95 and 

antiparasitic agent,96 to mention a few. 

Most vanadium complexes in lower oxidation states are organometallic species where the 

high electron density on the metal centre is stabilized by a back donation to p-acceptor 

ligand, such as carbonyl or arenes. Bipyridyl complexes with a vanadium (0) centre, V(bipy)3, 

can be reduced to a vanadium (-1) complex by reduction with LiAlH4. The resulting complex 

after reduction, LiV(bipy)3.4THF formally has a V(-1) centre.97 

Elschenbroich and co-workers, in 1999, reported the synthesis of homoleptic arsinine 

complex of vanadium (0), ό6́-C5H5As)2V, by means of metal-ligand vapour co-condensation. 

The sandwich vanadium (0) complex was found to be stable up to 268oC and can be 

sublimed. 98 

Kitagawa et al., synthesised a series of air stable, low valent, five coordinate nitrosyl 

vanadium(I) complexes bearing triethanolamine with trigonal bipyramidal geometry in 

aqueous solution.99 Vanadium (II) ion is prone to oxidation and can easily be oxidised in air. 

Vanadium (II) complexes can be obtained by the reduction of acidic solutions of 

vanadium(V), vanadium (IV) and vanadium (III). For instance, octahedral (V(H2O)6)SO4 can be 

made by the reduction of V2O5 solution in H2SO4.100 

Vanadium (III) complexes are most commonly prepared from VCl3, or by electrolytic 

reduction of VIV or VV solutions. Myriads of vanadium (III) complexes bearing different 
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geometries and ligand systems have been reported.97 Groysman and co-workers described 

the synthesis of V(III) complex bearing amine trisphenolate ligand system from VCl3(THF)3  

starting meterial. The resulting V(III) complex has a trigonal bipyramidal geometry with a 

THF ligand occupying one of the axial positions.101  Vanadium(IV) is the most important and 

the most stable state of vanadium complexes. It can be obtained by mild oxidation of 

vanadium (III) (by air oxidation) and mild reduction of vanadium(V) (mild reductants such as 

SO2) respectively. The vanadyl ion [VO]2+ dominates the aqueous chemistry of vanadium (IV) 

and most of the reported complexes in the literature due to its physiological role in the 

biological system.102 The starting reagent usually employed for the formation of VO2+ 

complexes is [VO(H2O)5]SO4, prepared by reduction of V2O5 in sulfuric acid. Vanadyl 

complexes bearing Salen ligands were reported by Taheri and co-workers in 2013. These 

oxovadium (IV) complexes are five coordinated in a distorted square pyramidal environment 

with oxo ligand bound axially. 103 Oxovanadium (IV) complexes with octahedral geometry 

have been reported as well by Fujiwara and Ishida.104 They described a linear polymeric 

[VO(Cl4salen)]n with octahedral structure. The individual [VO(Cl4salen)] is connected via the 

oxygen head of the vanadyl ion, and the crystallographic data revealed a parallel stacking 

arrays which leads to a favourable coulombic attraction between the neighbouring V ion and 

oxo O atoms.  

 

Many of the reported complexes of vanadium(V) contain oxygen and fluorine, and most of 

them have at least one terminal oxygen atom. This is the highest oxidation state of 

vanadium, and it has a d0 electronic configuration, which means that the complexes are 

diamagnetic. They have empty d-orbitals, and their colour is adduced to charge-transfer 

transitions. The adopted geometry for most of the reported V(V) complexes are octahedral 

and square pyramidal. For example, He and co-workers reported a vanadium(V) complex 

bearing halido-substituted tridentate hydrazone (N-(3,5-dichloro-2-hydroxybenzylidene) 

benzohydrazide) with octahedral geometry. They equally evaluated the antimicrobial 

potential of this complex against some bacterial strains. 105 
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1.2.2 A survey of ligands suitable for complexation with VO2+ 

Vanadium is oxophilic and the VO2+ (vanadyl) ion ranked as one of the most stable oxo-metal 

species known, and it is likely the most stable diatomic cation. A commonly used starting 

reagent for the formation of vanadyl complexes is the [VO (H2O)5]SO4, prepared by reduction 

of V2O5 in H2SO4. [VO (acac)2] is also used as a starting reagent for other vanadyl complexes. 

It is one of the most extensively studied complexes bearing vanadyl ion and it serves as a 

good precursor and undergoes ligand exchange reaction where one or both acetylacetonato 

ligands can easily be substituted for organic ligands bearing donor atoms of different 

coordination abilities.97, 106 Bis(acetylacetonato)oxidovanadium(IV) [(VO(acac)2], has been 

shown to be preferentially sequestered in malignant tissue, and Vanadium-48 (48V) labelled 

[(VO(acac)2] has been shown to be a potential radiotracer in positron emission tomography 

(PET) imaging for the detection of cancer.107 

Other ligand systems have been used to coordinate VO2+ and factors such as pH of the 

reaction, solvents, and reaction medium have great influence on the stoichiometry and 

nature of the resulting complexes. Maltol (3-hydroxy-4-pyrone) and its derivatives have been 

used as ligand system for the coordination of vanadyl ion. Interestingly, some of the resulting 

complexes i.e. bis(maltolato)oxovanadium (IV) and bis(ethylmaltolato) oxovanadium (IV) in 

which the coordination geometry is square pyramidal with two maltol units linked in the 

equatorial plane of the VO2+ coordination sphere.108 These vanadyl complexes have 

undergone extensive pre-clinical testing, and bis(ethylmaltolato)oxovanadium (IV) (Figure 

1.9) is in Phase II  human clinical trials for in vivo insulin mimetic activity.109 

 

 

 

Figure 1.9 Chemical structure of bis(ethylmaltolato)oxovanadium (IV) 

Hu and co-workers have investigated the coordination ability of bis (2-ethylhexyl) phosphoric 

acid (D2EHPA) with the VO2+. Under the best extraction parameters with an equilibrium H+ 
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concentration between 0.27 and 0.42 mol/L, a D2EHPA concentration (v/v) of 10% diluted in 

n-heptane, an extraction temperature of 20-25°C, an equilibrium time of 60 minutes, and a 

phase ratio (O/A) of 1:1; approximately 99% of vanadium was successfully extracted via 

solvent extraction from a hydrochloric acid solution containing high levels of iron.110  

Schiff base ligands such as Salen-type ligand systems have been explored as well for the 

coordination of the VO2+. Salen ligands are of great interest because their coordination 

environments effectively stabilise different oxidation states of vanadium, while still providing 

active sites (above and below the equatorial plane) capable of binding other molecules. 

Many vanadium complexes of the dianionic tetradentate Salen ligands have been reported 

with applications such as insulin mimetic agents, antimicrobial agents, and oxygen transfer 

reactions, to mention a few.90, 111 Other ligand systems that have been used for the 

coordination of the VO2 include but not limited to dicarboxylate ester ligands,112 

picolinates,113 sulphur containing ligands, 114alkylbenzimidazole, 115 flavonoid derivatives.116 

1.3 Stem cells 
Stem cells are found within bodily tissues and have the capability of differentiating and 

becoming one of more than 200 specialised cell types within the body 117 including red 

blood cells, brain cells and muscle cells.118 Stem cells are defined based on two key unique 

properties: the potential to (a) self-renew (generating complete and identical copies of 

themselves when they divide) and (b) to differentiate (the ability to produce specialized cell 

types that perform specific functions in the body).119 

¢ƘŜ ǘŜǊƳ άǎǘŜƳ ŎŜƭƭέ ǿŀǎ ŎƻƛƴŜŘ ōȅ ǘƘŜ wǳǎǎƛŀƴ ƘƛǎǘƻƭƻƎƛǎǘ !ƭŜȄŀƴŘŜǊ aŀƪǎƛƳƻǾ ƛƴ мфлу ōǳǘ 

this term did not make substantial progress within the field.39 Decades later, after nearly 60 

years, regenerative and distinctive cells in the mouse bone marrow were discovered by 

Canadian scientists Till and McCulloch who are traditionally referred to as the discoverers of 

stem cells despite the earlier work of the Russian group. 121 At present, many research 

groups internationally are working with stem cells and using them for regenerative medicine 

purposes.120, 122  

It was previously believed that stem cells could only differentiate into mature cells of the 

same organ.  However, it is now known that embryonic stem cells can differentiate in other 
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kinds of cells from different tissues and organs, including cells of ectodermal, mesodermal 

and ectodermal origin.117  

Stem cells are a critical part of organogenesis and maintenance of homeostasis during life, as 

ŎŜƭƭ ǊŜǇƭŀŎŜƳŜƴǘ ŀƴŘ ǊŜƎŜƴŜǊŀǘƛƻƴ ƛǎ ŀƴ ŜǎǎŜƴǘƛŀƭ ǇŀǊǘ ƻŦ ŀ ƘǳƳŀƴΩǎ ƎǊƻǿǘƘΦ  !Řǳƭǘ ǘƛǎǎǳŜǎ 

act as a reservoir for progenitor cells, which play a key role in the repair process. For 

example: new neurons are formed from neural stem cells, mesenchymal stem cells found 

within adipose tissue differentiate to form adipocytes and damaged intestine cells are 

replenished by intestinal stem cells.123  

1.3.1 Stem cell types  

There are two major sub-types of stem cells classified according to their origin; embryonic 

stem cells (ESCs; pluripotent cells) and adult stem cells (ASCs; multipotent cells).124,125 Whilst 

much of the early work was undertaken utilising ESCs, the potential development of 

therapeutic interventions has driven much recent interest in ASCs.  This is because the use of 

ESCs raises some challenges: 125 

¶ The ability to differentiate and control embryonic cells into a specific cell type with a 

high degree of purity is difficult. 

¶ Embryonic stem cells can transform into cancerous tissues such as 

teratocarcinoma.126  

¶ After transplantation, there is the possibility of an immune mismatch resulting in 

host rejection. 

¶ Harvesting embryonic cells from a foetus that is capable of life raises significant 

ethical and moral concerns. 125 

1.3.1.1 Embryonic stem cells  

In 1981, the researchers Gail Martin and Martin Evans described the isolation ESCs from an 

early mouse embryo.127  ESCs are pluripotent and have greater capacity for self-renewal and 

potency.  They are derived from a blastocyst and can be taken from the early stages of 

embryo life, 4-6 days after fertilization.128 ESCs are able to differentiate into tissue from all 

three germ layers (endoderm including gut epithelium, mesoderm including bone, cartilage, 

muscles and ectoderm including embryonic ganglia, neural muscle, stratified squamous 

epithelium) 129 which would normally give rise to a developing embryo.130  
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1.3.1.2 Adult stem cells  

ASCs are found throughout the body and work to preserve organs and tissues throughout 

the human lifespan.124  They are also known as resident stem cells or tissue-restricted stem 

cells.131 ASCs have two important attributes, the self-renewal feature, as they have able to 

make identical copies of themselves for long period of time and they can also differentiate 

into lineage specific specialised cell types.131  Most rapidly renewing tissues are maintained 

by ASCs, each type of tissue stem cell generates the cells of the system or tissue to which 

they belong under natural physiological conditions.124 

 ASCs have significant advantages over using ESCs, including overcoming the ethical and 

moral problems associated with the use of ESCs and therefore, ASCs have become widely 

used. ASCs can also be used autologously (within the same individual) or allogeneically 

(across different donors) as the risk of immune rejection is low  especially after time spent in 

culture.132 According to the National Institutes of Health, ASCs and active agents have been 

used in bone marrow transplants to treat many diseases for more than four decades.122 

Figure 1.10 illustrates a various types of stem cell. 
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1.3.1.3 Mesenchymal stromal cells  

Four decades ago, in 1976, ASCs were first discovered in the bone marrow by the Russian 

scientist Friedenstein. 133  These mesenchymal stromal cells (MSCs) demonstrated self-

renewal and the ability to differentiate into numerous cell types.125 Since their discovery 

MSCs have been successfully isolated form numerous mesenchymal tissues. MSCs have been 

studied extensively and they have a great importance in current stem cell-based treatments.  

Some of the key reasons for their success and interest are: 125  

¶ MSCs can be isolated from a variety of mesenchymal tissues making them plentiful 

and easily available from tissues including bone marrow, muscle, blood vessels, 

circulating blood and adipose tissue.134 

¶ There is a wide possibility for using MSCs in therapeutic applications due to the 

ability of MSCs to differentiate into a wide array of cell types.125  

¶ MSCs exert powerful paracrine effects that enhance the ability of the affected 

tissues to repair themselves. Indeed, animal studies indicate that this might be the 

predominant mechanism by which MSCs promote repair of damaged tissues.125  

1.3.1.4 Oral mucosa lamina propria-progenitor cells  

Oral mucosa lamina propria-progenitor cells (OMLP-PCs) are isolated form the buccal 

mucosa -  the inner lining of the cheeks and lips.135,136 There are two distinctive layers that 

Figure 1.10 Different types of stem cells according to their origin and 
potency.128 
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make up the buccal mucosa, the fibrous connective tissue layer (lamina propria) which acts 

to support the surface epithelium.  OMLP-PCs are derived from the lamina propria.  Oral 

progenitor cells, including OMLP-PCs have proven to be promising source for regenerative 

medicine and tissue engineering purposes in the past because of the ease of access to the 

relevant tissues that contain these cells (also the buccal mucosa does not scar after tissue 

biopsy), their excellent ability to proliferate, their multipotency and their inherent 

immunosuppressive capabilities.137  Figure 1.11 shows the OMLP-t/ǎΩǎ ŀǇǇƭƛŎŀǘƛƻƴǎ ƛƴ 

regenerative medicine. 

Characterization of OMLP-PCs reveals that they express CD90, CD105, and CD166 (known as 

classical MSC markers), but do not express CD34 or CD45, indicating a non-hematopoietic 

origin. .138 Similar to MSCs, this multipotent ASC population can differentiate into 

mesodermal lineages such as osteoblasts, chondrocytes, adipocytes, and neuronal cells .138 ; 

however, they show resistance to myogenic differentiation.139 OMLP-PCs also exhibit strong 

immunosuppressive properties in vitro through a contact-independent mechanism.140 

Furthermore, their secretions have been found to possess antibacterial effects against both 

gram-positive and gram-negative organisms by secreting osteoprotegrin and haptoglobin.141   

This speaks further to the function of these cells in the stable maintenance of oral mucosal 

tissue through the OMLP-PC secretome.57 
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Figure 1.11 Oral mucosa lamina propria-progenitor cells (OMLP-PCs) and dental pulp stem 
cells (DPSCs) in regenerative medicine applications.137 

1.4 Stem cell applications in regenerative medicine 

therapies  
The aim of regenerative medicine is to enable the repair, replacement, or rejuvenation of 

cells, tissues, or organs that have experienced a loss of function.142  Stem cells present a 

distinct chance for regenerative medicine to address numerous diseases where current 

treatments only manage symptoms or slow disease progression. .143  In specific conditions, 

stem cells hold the potential to replace the original cells or tissues that have been lost, 

injured, or impaired through various mechanisms.  

Interest in regenerative therapies utilising ASCs has increased, in part, due to the discovery 

of the pluripotency of ASCs and their ability to  trans-differentiate. 144  This is the process 

whereby that cells from one tissue can be transformed into mature and functional cells of 

another tissue.145 More than a 1 million people worldwide have already received ASCs 

transplants for hematopoietic conditions alone.146  Hence, the clinical use of ASCs is 

increasing rapidly with many clinicians turning to ASCs for the treatment of previously 
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untreatable disorders.147  For example, there are multiple ongoing clinical trials examining 

the advantages of stem cell therapy for cardiovascular disorders.148 

MSCs have the ability to distinguish into different cell types including chondrocytes, which 

being examined for their capability in treating cartilage defects and osteoarthritis. The 

administration of MSCs into affected joints aims to stimulate cartilage restoration and 

decrease inflammation, ultimately enhancing joint functionality and quality of life.149 

Hematopoietic Stem Cell (HSCs) are mainly used to treat blood disorders, such as leukaemia, 

lymphoma, and certain genetic blood disorders like sickle cell anaemia. HSCs transplantation 

involves replacing diseased or damaged blood cells with healthy ones derived from HSCs, to 

ǊŜǎǘƻǊŜ ǇŀǘƛŜƴǘǎΩ ōƭƻƻŘ ǇǊƻŘǳŎǘƛƻƴ ŀƴŘ ƛƳƳǳƴŜ ŦǳƴŎǘƛƻƴΦ150 

Induced Pluripotent Stem Cells (iPSCs) are adult stem cells that have been reprogramming to 

regain their capacity to differentiate into several cell types. These cells hold the potential to 

specialise  into specific cell types crucial for tissue repair, such as hepatocytes for liver 

restoration or cardiomyocytes for heart regeneration.151  

Similarly, Neural Stem Cells (NSCs) have the capability to distinguish into different types of 

neurological stem cells, including neurons, oligodendrocytes, and astrocytes. This 

adaptability makes them a promising option for addressing neurological conditions. Such as 

!ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ ǎǇƛƴŀƭ ŎƻǊŘΦ .ȅ ǘǊŀƴǎǇƭŀƴǘƛƴƎ b{/ǎ ƛƴǘƻ 

damaged regions of the brain or spinal cord, there exists the potential to replace damaged 

lost cells, consequently,  enhancing functional recovery for individuals suffering from these 

disorders.152 

1.4.1 Soft tissue wound repair 

Wound healing can be defined as the physiological process by which the body replaces and 

restores the function of damaged tissue.153 This process takes place over a period of 

months. 154 The therapeutic efficacy of stem cells for soft tissue repair has been investigated 

intensively.  Different types of stem cells have unique properties that make them suited for 

targeting different elements of the wound healing cascade. 155  



Chapter One 

32 
 

The healing of a soft tissue wound begins with a haemostasis process and the production of 

a fibrin clot ς a temporary scaffold to permit cellular ingress to carry out the repair of the 

tissue.  Over the following hours/days and neutrophils and monocytes/macrophages enter 

the wound site to decontaminate it in preparation for new tissue synthesis.  Next comes the 

reparative phase whereby keratinocytes migrate across the surface of the wound to recreate 

the barrier to the outside wound, fibroblasts enter to produce the new extracellular matrix 

and endothelial cells/smooth muscle cells restore the blood vessels (angiogenesis) to supply 

the wound cells with oxygen and nutrients.  Eventually the extracellular matrix is remodelled 

giving, in most circumstances, scar tissue 156 however, this is not the case for wounds in the 

ƻǊŀƭ ƳǳŎƻǎŀ ǘƘŀǘ ƘŜŀƭ ƛƴ ŀ ΨǎŎŀǊƭŜǎǎΩ ǿŀȅ ŘǳŜ ǘƻ ǘƘŜ ƭƻŎŀƭ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ha[t-PCs. 157 

1.5 Stem cell tracking technologies 
Cell tracking enables the study of live cell responses over time in order to visualise, 

characterise and quantify biological processes at the cellular and subcellular levels inside an 

organism.158 The accurate and non-invasive tracking of cells is of great importance for wound 

healing/regenerative medicine as it enables researchers to map the final destinations/fate of 

exogenously added cells, without significantly affecting them.  This will facilitate a more 

thorough understanding of the underlying mechanisms responsible for therapeutic 

interventions.159 

Hence, a number of cells labelling technologies have a risen over the years to enable live cell 

tracking.160 Fluorescence labelling methods, including Qdots and genetic labels, offer high 

sensitivity and real- time imaging capabilities. For example, Human Mesenchymal stem cells 

(hMSCs) can be loaded with Qdot nanoparticles to enable extended in vivo cell monitoring 

with the Qdot-cells clearly detectable in histological sections for a minimum of 8 weeks 

post-administration. However, they can suffer from photobleaching (and potential 

cytotoxicity) over time and the fluorescence detection methods only provide for limited 

tissue penetration, thus hindering their utility for deep tissue imaging and long-term 

tracking.161, 162 

Superparamagnetic iron oxide nanoparticles (SPIONs) provide excellent contrast for 

magnetic resonance imaging (MRI) and possess good cellular biocompatibility.163 SPIONS 
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have been utilized in biomedical applications for diagnostic purposes, owing to their 

distinctive characteristics and human safety profiles. The ability to effectively mark cells 

using these magnetic particles has prompted their application in non-invasive cell tracking 

via magnetic resonance imaging post-transplantation. SPIONs are hence gaining growing 

interest and are being favoured as a technique for labelling and monitoring cells in both 

preclinical and clinical research.164 

For example, studies have used MSCs for analysing liver pathology by labelling them with a 

contrast agent such as SPIONS. Nanoparticles are phagocytosed and stored in endosomes of 

Kupffer cells and reticuloendothelial cells.164 These particles are soluble and can be absorbed 

by haemoglobin in red cells in 30 to 40 days or absorbed into other metabolic processes.165 

SPIONs tend to accumulate, which has been reduced by coating with dextran or other 

polymers.164, 166 Unfortunately, dextran coated SPIONs demonstrate insufficient cellular 

intake to permit tracking of non-phagocytic cells. Furthermore, SPIONs labelling of MSCs has 

been studied by several groups in recent years.167, 168, 164  However, issues like aggregation, 

detection sensitivity and potential cytotoxicity raise concerns regarding their clinical 

translation. 164 

Raman spectroscopy offers label-free and non-destructive tracking of stem cells based on 

their molecular fingerprint.169 This technology has recently proven effective in distinguishing 

various cell and tissue types, such as mouse stem cells. 170, 171 This technique has been 

utilized to differentiate between MSCs developing into bone or fat cells by analysing Raman 

signatures associated with bone mineral and lipid levels.172 Additionally, researchers have 

employed a comparable Raman microscopic methods to distinguish between mouse 

embryonic stem cells (ESCs) and naturally occurring osteoblasts.169 Furthermore, Raman 

spectroscopy has been instrumental in identifying the differentiation hierarchy of 

hematopoietic stem cells and in characterizing the cellular diversity of human ESCs.173 

Despite its high specificity, the downside of this technique is that it requires extremely 

sophisticated instrumentation and lacks depth resolution, limiting its applicability in vivo.174 

However, radiolabelling enables highly sensitive, deep tissue detection and quantitative 

tracking of stem cells using PET or SPECT, such as 64Cu has been used to label different types 

of stem cells such as HSCs, MSCs and ESCs and tracking them can be carried out for 



Chapter One 

34 
 

approximately 3 days imaging.175, 176 111In-oxine has been effectively employed to monitor 

stem cells in models of stroke and myocardial infarction, tracking of cells distribution can 

be carried out for approximately 1 week after the injection of labelled cells.175, 177  89 Zr  

has applied with different types of cell such as bone marrow cells due to the long half-life 

up to 2 weeks after cells injection. 178, 179  The one main downside of this approach is the 

short half-lives of certain isotopes, thus preventing any long term tracking of stem cells and 

there localisation within a patient.15  

However, vanadium labels (e.g.48V), particularly in combination with PET imaging, offer 

several advantages over existing labels as they have an optimally long half-life (which allow 

months of tracking inside a patient) and offer minimal background signal. vanadium exhibits 

favourable imaging properties, including long half-life and minimal background signal. 

Additionally, its low toxicity and ease of synthesis makes it an attractive candidate for clinical 

translation. By leveraging PET technology, vanadium labels can provide quantitative and 

high-resolution imaging of stem cells deep within tissues over time, addressing many of the 

limitations associated with current imaging approches.180 

1.6 Aims and Hypothesis:  

This thesis will aim to: 

The primary objective of this thesis is to optimise 48V complexes, specifically 48V-salen 

complexes, for in vitro tracking of radiolabelled wound healing OMLP-PCs via PET/CT 

imaging. To achieve this goal: 

1- Synthesis candidate VO- complexation ligands and optimize their reactions with 

vanadium. 

2- Provide a new safer electrochemical method to dissolve Ti disc and solubilise the 

48V to allow new radiochemistry to be developed. 

3- Develop radiation compatible 48V complexation reactions to form radioactive 

complexes for cell labelling.  

4- Demonstrate that non-radioactive/radioactive labelled V-Salen complexes can 

label human stem cells and assess their cytotoxic capacity through analysis of key 
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cellular wound healing responses in vitro (namely cell proliferation and cell 

migration). 

Hypothesis:  

That the development of novel,48V complexes (specifically 48V-salen complexes) will 

demonstrate biocompatibility with human stem cells as part of a longer project to track stem 

cells in vivo over weeks.  
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2. Coordination chemistry 

2.1 An Introduction to Vanadium  

Vanadium compounds with different ligand systems have shown potentials in varied 

biological applications.1 Vanadyl complexes bearing ligand system such as Salen, Acac and 

pyridonates display insulin-like effects, and this has prompted research for its potential use 

in the treatment of diabetes.2 Other areas where vanadium complexes have been tested for 

their biological applications include but is not limited to antimicrobial,3 anti-cancer,4 anti-

HIV,5 and anti-tuberculosis.6 Vanadium complexes are redox active,7 and some of them have 

been shown to interact with DNA and/or act as nucleases.8  

Vanadium (V) has one stable isotope 51V, and one radioisotope 50V, with a half-life of 

1.5x1017 year that are naturally occurring.9  However, many other synthetically produced 

isotopes of vanadium are known with the most stable being 49V with a half-life of 330 days, 

and 48V with a half-life of 16 days.10 Vanadium-48 (48V) is a positron-emitter, making it a 

prospective transition metal for use in PET imaging. It has a half-life of 16 days, relatively 

longer than the half-lives of other transition metals PET radioisotopes such as 64Cu (12.7 h), 

89Zr (3.3 days), and other non-metals radionuclide such as 18F (1.83 h), 15O (2 mins) and 11C 

(20 mins). The average positron energy of 48V is 290 KeV and this value compares well to 

that of 64Cu and 18F. 48V emits high energy gamma-rays (984 keV, 1,312 keV, and 2,240 keV, 

100%, 98.2%, and 2.3% abundance, respectively) which are quite characteristic, making 

them advantageous in the verification of 48V during radiolabelling and production processes. 

The production of 48V is achieved by proton irradiation onto a Ti target in a cyclotron. 

Despite the high yield obtained from proton irradiation, the laborious isolation protocols of 

the 48V impose a huge challenge.11  

In this chapter, our focus is on the development of ligand systems that are able to extract 48V 

after its generation by proton irradiation onto a titanium disc using a biomedical cyclotron. 

To assess the suitability for extraction of pM 48V using Salen and other ligands we have 

synthesised/obtained in this work, extraction of non-radioactive vanadium (IV) (VOSO4 as a 

model) from aqueous solution at different pHs and the organic layers collected were 

monitored by Microwave Plasma Atomic Emission Spectrometry (MP-AES). Furthermore, the 

Salen ligands were reacted with non-radioactive VOSO4 and Ti(iOPr)4 to generate metal 



Chapter Two 

52 
 

complexes (VOL and Ti L (iOPr)2) that we have used as models in order to gain insight into 

the bonding nature, behaviour of these complexes in a biological environment and their 

cytotoxicity.  

2.2 Analytical methods for separation of metal ions  

Separation techniques such as liquid-liquid extraction, solid phase extraction, 

chromatography, ion exchange and capillary electrophoresis are used for the separation of 

components in a mixture to enhance their purity. These techniques are equally applicable to 

separation of metal ions. In general, analysis of metal ions and confirming their identities is 

crucial in many sub aspects of chemistry including positron emission tomography (PET). One 

of the requirements for the applications of radionuclides in PET is that it is of high purity as 

metal ion contaminants may present a potential hazard for human health.12  

A separation technique based on liquid-liquid extraction was used in this work for the 

purification of metal ions because it is simple, rapid and cheap.13 Liquid-liquid extraction is a 

partitioning process hinged on the selective distribution of a substance in two immiscible 

phases. Under equilibrium conditions, the concentration of solute in one phase is directly 

proportional to that in the other phase and this can be expressed mathematically as  

ὨὭίὸὶὭὦόὸὭέὲ ὧέὩὪὪὭὧὭὩὲὸ ὑ  
ὅρ

ὅς
 

Where C1 and C2 are the concentration of the solute in the two phases respectively and 

ὑ  is a proportionality constant. However, this approximate distribution law deviates under 

thermodynamic conditions. It is flawed when the solute is involved in chemical reactions like 

association or dissociation in either phase i.e the distribution of solute depends on the 

activities of the solute in the immiscible phases.  

In solvent extraction, the metal ion to be separated, contained in an aqueous solution, is 

transformed to a compound which is soluble in an organic solvent. This transformation often 

requires the use of chelating ligands/extractants and by shaking the aqueous solution with 

the organic solvent, the metal ion is extracted into the organic phase in a separatory funnel.  

This technique, when employed for the separation of metal ions, is based on a difference in 

the ability to form a chemical complex between the chelator and the particular metal 
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species, and thus, the extractability and separation obtained are highly dependent on the 

chemical structure of the chelator.14 A wide range of extractants have been developed and 

used for separation of transition metal ions, including phosphoric acid, alkylimidazole, a-

hydroxy oximes, and b-diketones, to mention a few.15 All of these are efficient for extraction 

and the basis for affinity between the metal ions and the extractants is in accord with 

tŜŀǊǎƻƴΩǎ IŀǊŘ ŀƴŘ {ƻŦǘ !ŎƛŘǎ ŀƴŘ .ŀǎŜǎ όI{!.ύΦ16 Morizono and co-workers reported liquid-

liquid extraction of Cu(II), Ni(II), Zn(II) and Co(II) with histidine-2-ethylhexyl amide in the 

presence of other metal ions. They found the order of extractability to follow the sequence: 

Cu(II) >> Ni(II) > Zn(II) > Co(II). This sequence agrees with HSAB, and it is approximately the 

order of the stability constants for complexes of histidine and the listed metal ions.15 

2.3 Analytical methods for Quantification of Metal Ions  

Modern analytical methods have been proven adequate and useful for the quantification of 

metal ions. The most commonly employed methods of metal ion determination in aqueous 

solution are based on atomic spectroscopy.17 Atomic spectroscopy describes different 

analytical methods of analysing metal composition of a sample by examining its 

electromagnetic spectrum or its mass spectrum. Flame atomic absorption spectroscopy 

(FAAS), inductively coupled plasma optical emission spectroscopy (ICP-OES) and microwave 

plasma atomic emission spectroscopy (MP-AES) are some of the techniques which identify 

an analyte element by its electromagnetic spectrum. While techniques such as inductively 

coupled plasma mass spectrometry (ICP-MS) identify an element by its mass spectrum.18  

MP-AES was used in this study, and it operates as an atomic emission technique. The 

principle is based on the fact that when an atom of a particular element gets excited, it gives 

off light of a characteristic wavelengths pattern as it returns to the ground state. The 

nitrogen plasma can get to a temperature close to 5000 K, resulting in strong atomic 

emission, with excellent detection limits (the detection limits were all in the low µgL-1 except 

for Cd, Mn and Zn, which were between 2-4 µgL-1) and linear dynamic range for most 

elements.19 The accuracy of this technique has been validated and it achieves significantly 

better performance due to its ability to enable a combined multimode sample introduction 

system (MSIS) with cold vapour (CV) generation, high-pressure liquid chromatography 

(HPLC), gas chromatography (GC) and photochemical vapour generation (PVG).20 Relatively, 
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this technique is quick and easy, needing no preparation beforehand and wavelengths are 

selected based on standardised method reported for each metal ion. The use of nitrogen 

micro-plasma makes this technique unique from other micro-plasma techniques because 

the running cost is cheaper and safer than using argon.21  

Aims and Hypothesis 

This chapter will aim to: 

1- Investigate varying ligands for the extraction of VOSO4 from aqueous solution. 

2- Synthesise Salen ligands with ONNO donor atoms with differing lipophilicity. 

3- Explore the potentials of these ligands as complexing agents for vanadium ions. 

4- Explore the ability of these ligands to act as extractants for vanadium ions from 

aqueous solution. 

Hypothesis:  

Salen with a planar, dianionic tetradentate ligand which is well suited to co-ordinate to the 

equatorial plane of a vanadium ions co-ordination sphere. By synthesising an array of Salen 

ligands with varying substituents, ligands with varying steric and lipophilic character may be 

produced. These could then be tested to ascertain which ligand is best suited to extract 48V 

from aqueous solution and so to ultimately be able to track the stem cells in long term 

imaging studies.  
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2.4 Experimental 

2.4.1 General Remarks 

All reactions were carried out under aerobic conditions, and some were manipulated using 

standard Schlenk line techniques under dry nitrogen. All reagents were purchased from 

commercial sources and used without further purification. 1H and 13C NMR spectra were 

recorded on an NMR-FT Bruker 400 MHz or 500 MHz spectrophotometers and recorded in 

deuterated solvents and the chemical shifts are given in ppm. Coupling constants J are given 

in hertz (Hz). Mass spectra were performed by the Analytical Services staff at Cardiff 

University School of Chemistry on a Waters Xevo G2-XS Q-TOF mass spectrometer. 

Shimadzu IR-affinity-1s FTIR was obtained in this study. UV-vis studies were performed on a 

Shimadzu UV-1800 spectrophotometer using quartz cells. Metal analyses were performed 

using the 4200 MP-AES by Agilent Technologies and elemental analyses were performed by 

London Metropolitan University analytical services. 

2.4.2 Ligand Synthesis 

2.4.2.1 General Method of Synthesis for Salen Ligands, L1 - L6 

Synthesis of L1 - L6 was achieved upon condensation of the appropriate aromatic aldehyde 

(2-hydroxy-5-methyoxybenzaldehyde, salicylaldehyde and 3,5-Di-tert-butyl-2-

hydroxybenzaldehyde) with ethylenediamine/1,2-diaminocyclohexane in a 2:1 molar ratio in 

refluxing ethanol. At the end of the reaction the solvent was removed under reduced 

pressure and the product was obtained as a light-yellow powder on recrystallization from 

ethanol at 4oC.  

2.4.2.1.1   нΣнΩ-όόм9ΣмΩ9ύ-(ethane-1,2-diylbis(azaneylylidene))bis(methaneylidene))bis(4-

methoxyphenol)  L1 

2-hydroxy-5-methyoxy benzaldehyde (5.06 g, 33.27 mmol) and ethylenediamine (1 g, 16.63 

mmol) were used and L1 was obtained in 81.50% yield. 1H NMR (400 MHz, CDCl3ύΥ ʵ мнΦтп όǎΣ 

2H, OH), 8.32 (s, 2H, CH=N), 6.97 ς 6.83 (m, 4H, Ar-H), 6.73 (dd, J = 2.6 Hz, 2H, Ar-H), 3.95 (s, 

4H, CH2-N), 3.77 (s, 6H, O-CH3). 13C{1H} NMR (101 MHz, CDCl3ύ ʵ мссΦнс ό/ҐbύΣ мррΦмп ό!Ǌ-C), 

152.04 (Ar-C), 119.53 (Ar-C), 118.26 (Ar-C), 117.69 (Ar-C), 114.94 (Ar-C), 59.85 (CH2N), 55.93 

(methoxy-C). HRMS (ESI+) [M+H]+: calcd. for (C18 H21 N2 O4): 329.1501; found 329.1505. FTIR 
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spectra (ATR, 4000-500 cm -1ύΥ мсоп ͵ό/Ґbύ ƳΣ мсмн ͵ό/Ґ/ύ ƳΣ ммрр ͵ό/-N) s. UVς Vis 

spectrum in CH2Cl2 ώ˂ max όƴƳύΣ  όŘƳ3 cm-1 mol-1)]: 260 (19520), 352 (10650). 

2.4.2.1.2   нΣнΩ-όόм9ΣмΩ9ύ -(cyclohexane-1,2-diylbis(azaneylylidene)) bis(methaneylidene)) 

bis (4-methoxyphenol) L2 

2-hydroxy-5-methyoxy benzaldehyde (5.32 g, 35.02 mmol) and 1,2-diaminocyclohexane (2 g, 

17.51 mmol) were used and L2 was obtained in 83% yield. 1H NMR (400 MHz, CDCl3ύΥ ʵ мнΦтр 

(s, 2H, OH), 8.12 (s, 2H, CH=N), 6.92 ς 6.78 (m, 4H, Ar-H), 6.57 (dd, J = 2.7 Hz, 2H, Ar-H), 3.62 

(s, 6H, O-CH ), 3.21  (m, 2H, CH-N), 2.09 ς 1.82 (m, 4H), 1.73 (m, 2H), 1.48 (m, 2H). 13C{1H} 

NMR (101 MHz, CDCl3ύ ʵ мспΦпф ό/ҐbύΣ мррΦлр ό!Ǌ-C), 151.96 (Ar-C), 119.38 (Ar-C), 118.24 

(Ar-C), 117.48 (Ar-C), 114.79 (Ar-C), 72.77 (cyclohexane-CHN), 55.87 (methoxy-C), 33.05 

(cyclohexane-CH2), 24.17 (cyclohexane-CH2).  HRMS (ESI+) [M+H]+: calcd. for (C22 H27 N2 O4): 

383.1971; found 383.1970. FTIR spectra (4000-500 cm _1ύΥ мсоо ͵ό/Ґbύ ǎΣ мруф ͵ό/Ґ/ύ ƳΣ 

ммрф ͵ό/-N) s. UVς Vis spectrum in CH2Cl2 ώ˂ max όƴƳύΣ  όŘƳ3 cm-1 mol-1)]: 260 (9960), 351 

(5850).  

2.4.2.1.3   нΣнΩ-όόм9Σ мΩ9ύ-(ethane-1,2-diylbis(azaneylylidene))bis(methaneylidene))diphenol 

L3 

salicylaldehyde (4.06 g, 33.16 mmol) and ethylenediamine (1 g, 16.63 mmol) were used and 

L3 was obtained in 54% yield. 1I baw όплл aIȊΣ 5a{hύ ʵ моΦот όǎΣ нIΣ hIύΣ уΦол όǎΣ нIΣ 

CH=N), 7.21 (ddd, J = 8.0, 1.6 Hz, 2H, Ar-H), 7.14 (dd, J = 8.0, 1.2 Hz, 2H, Ar-H), 6.86 (dd, 8.0, 

1.2 Hz, 2H), 6.77 (ddd, 8.0, 1.2 Hz, 2H), 3.84 (s, 4H, CH2-N). 13C{1H} NMR (101 MHz, CDCl3ύ ʵ 

166.3 (C=N), 160.9 (Ar-C), 132.3 (Ar-C), 131.4 (Ar-C), 118.7 (Ar-C), 116.9 (Ar-C), 59.6 (CH2N). 

HRMS (ESI+) [M+H]+: calcd. for (C16 H17 N2 O2): 269.1290; found 269.1290. FTIR spectra 

(4000-500 cm _1ύΥ мслф ͵ό/Ґbύ ǎΣ мртф ͵ό/Ґ/ύ ƳΣ ммпт ͵ό/-N) s. UVς Vis spectrum in CH2Cl2 

ώ˂ max όƴƳύΣ  όŘƳ3 cm-1 mol-1)]: 258 (8140), 264 (7300), 321 (2800).  

2.4.2.1.4   нΣнΩ-όόм9ΣмΩ9ύ-(cyclohexane-1,2-diylbis(azaneylylidene))bis(methaneylidene)) 

diphenol L4 

Salicylaldehyde (4.3 g, 35.02 mmol) and 1,2-diaminocyclohexane (2 g, 17.51 mmol) were 

used and L4 was obtained in 70% yield. 1H NMR (400 MHz, CDCl3ύΥ ʵ моΦот όǎΣ нIΣ hIύΣ уΦол 

(s, 2H, CH=N), 7.26 (ddd, J = 8.0, 1.6 Hz, 2H, Ar-H), 7.17 (dd, J = 8.0, 1.6 Hz, 2H, Ar-H), 6.90 

(dd, J = 8.2, 1.0 Hz, 2H, Ar-H), 6.82 (ddd, J = 8.0, 1.2 Hz, 2H, Ar-H), 3.33 (m, 2H, CH-N), 1.96 

(m, 2H) 1.89 (m, 2H), 1.74 (m, 2H), 1.49 (m, 2H). 13C{1H} NMR (101 MHz, CDCl3ύ ʵ мспΦр 
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(C=N), 160.9 (Ar-C), 132.3 (Ar-C), 131.3 (Ar-C), 118.7 (Ar-C), 116.6 (Ar-C), 72.7 (cyclohexane-

C), 33.2 (cyclohexane-C), 24.2 (cyclohexane-C). HRMS (ESI+) [M+H]+: calcd. for (C20 H23 N2 O2): 

323.1760; found 323.1761. FTIR spectra (4000-500 cm -1): мснр ͵ό/Ґbύ ǎΣ мртф ͵ό/Ґ/ύ ƳΣ 

ммпт ͵ό/-N) m. UVς Vis spectrum in CH2Cl2 ώ˂ max όƴƳύΣ  όŘƳ3 cm-1 mol-1)]: 263(13970), 335 

(5390). 

2.4.2.1.5    сΣсΩ-όόм9ΣмΩ9ύ-(ethane-1,2-diylbis(azaneylylidene))bis(methaneylidene))bis (2,4-

di-tert-butylphenol) L5 

3,5-Di-tert-butyl-2-hydroxybenzaldehyde (1.95 g, 8.40 mmol) and ethylenediamine (0.25 g, 

4.20 mmol) were used and L5 was obtained in 88% yield. 1H NMR (400 MHz, CDCl3ύΥ ʵ моΦтм 

(s, 2H, OH), 8.41 (s, 2H, CH=N), 7.38 (d, J = 4 Hz, 2H, Ar-H), 7.09 (d, J = 2.8 Hz, 2H, Ar-H), 3.93 

(s, 4H, CH2-N), 1.47 (s, 18H, C(CH3)3), 1.32 (s, 18H, C(CH3)3). 13C{1H} NMR (101 MHz, CDCl3ύ ʵ 

167.5 (C=N), 158.2 (Ar-C), 140.0 (Ar-C), 136.5 (Ar-C), 126.8 (Ar-C), 126.2 (Ar-C), 117.5 (Ar-C), 

59.1 (CH2N), 34.7 (tBu-C), 33.8 (tBu-C), 31.4 (tBu-C), 29.6 (tBu-C). HRMS (ESI+) [M+H] calcd. 

for (C32 H49 N2 O2): 493.3794; found 493.3794. FTIR spectra (4000-500 cm _1ύΥ мснр ͵ό/Ґbύ ǎΣ 

мрфу ͵ό/Ґ/ύ ǿΣ ммтн ͵ό/-N) m. UVςVis spectrum in CH2Cl2 ώ˂ max όƴƳύΣ  όŘƳ3 cm-1 mol-1)]: 

268 (29500), 335 (10400).  

2.4.2.1.6    сΣсΩ-όόм9ΣмΩ9ύ-(cyclohexane-1,2-diylbis(azaneylylidene))bis(methaneylidene))bis 

(2,4-di-tert-butylphenol) L6 

3,5-Di-tert-butyl-2-hydroxybenzaldehyde (1.27 g, 5.4 mmol) and 1,2-diaminocyclohexane 

(0.31 g, 2.7 mmol) were used and L6 was obtained in 79% yield. 1H NMR (400 MHz, CDCl3ύ ʵ 

13.75 (s, 2H), 8.35 (s, 2H), 7.29 (s, J = 3.2 Hz, 2H), 7.01 (s, J = 2.4 Hz, 2H), 3.32 (s, 2H), 1.98 

(m, 2H), 1.90 (m, 2H), 1.77 (m, 2H), 1.51 (m, 2H), 1.44 (s, 18H), 1.26 (s, 18H). 13C NMR (101 

MHz, CDCl3ύ ʵ мсрΦт ό/ҐbύΣ мруΦн ό!Ǌ-C), 140.0 (Ar-C), 136.5 (Ar-C), 126.8 (Ar-C), 125.9 (Ar-C), 

117.8 (Ar-C), 72.3 (cyclohexane-C), 34.9 (cyclohexane-C), 34.0 (cyclohexane-C), 32.2 (tBu-C), 

31.4 (tBu-C), 29.4 (tBu-C), 24.3 (tBu-C). HRMS (ESI+) [M+H] calcd. for (C36 H55 N2 O2): 

547.4264; found 547.4259. FTIR spectra (4000-500 cm _1ύΥ мснф ͵ό/Ґbύ ǎΣ мрфт ͵ό/Ґ/ύ ǿΣ 

ммтн ͵ ό/-N) s. UVς Vis spectrum in CH2Cl2 ώ˂ max όƴƳύΣ  όŘƳ3 cm-1 mol-1)]: 257 (5050), 319 

(2080).                                                                                                                                                                                           

2.4.3 General procedure for the Synthesis of VO-Salen Complexes   

To a solution of the ligand in 50 mL EtOH, VOSO4 was added in 1:1 molar ratio. The mixture 

was stirred under refluxing condition overnight and the solvent was removed under reduced 
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pressure. The residue was dissolved in DCM and washed with water and brine, dried with 

MgSO4. The solution was concentrated under vacuum and the products were obtained by 

precipitation with petroleum ether (60-80) as a green solid. The experiment was adapted 22 

2.4.3.1 [(VO) L1]    

L1 (1 g, 3.04 mmol) and VOSO4 (0.5 g, 3.04 mmol) were used and [(VO)L1] was obtained in 

37.73% yield. HRMS (ESI+), [(M-Cl)+]: Calcd. for (C18 H18 N2 O5 V): 393.0655; found 394.0708. 

FTIR spectra (4000-500 cm _1ύΥ мсор ͵ό/Ґbύ ǎΣ уну ͵ό±Ґhύ ǎΦ UVς Vis spectrum in CH2Cl2 ώ˂ max 

όƴƳύΣ  όŘƳ3 cm-1 mol-1)]: 262 (8290), 285 (4300), 355 (1050), 401 (1050).  

2.4.3.2 [(VO) L2]    

L2 (1 g, 2.61 mmol) VOSO4 (0.43 g, 2.61 mmol) were used and [(VO)L2] was obtained in 

60.34% yield. HRMS (ESI+), [(M2-2Cl)+]: Calcd. for (C44 H48 N4 O10 V): 894.2245; found 

894.2285. FTIR spectra (4000-500 cm _1ύΥ мснр ͵ό/Ґbύ ǎΣ фтт ͵ό±Ґhύ ǎΦ UVς Vis spectrum in 

CH2Cl2 ώ˂ max όƴƳύΣ  όŘƳ3 cm-1 mol-1)]: 260 (13640), 291 (7190), 403 (2900).  

2.4.3.3 [(VO) L3]    

L3 (1 g, 3.72 mmol) VOSO4 (0.60 g, 3.72 mmol) were used and [(VO)L3] was obtained in 

40.32% yield. HRMS (ESI+), [(M-Cl)+]: Calcd. for (C16 H14 N2 O3 V): 333.0444; found 333.0445. 

FTIR spectra (4000-500 cm-1ύΥ мсмт ͵ό/Ґbύ ǎΣ фуп ͵ό±Ґhύ ǎΦ UVςVis spectrum in CH2Cl2 ώ˂ max 

(ƴƳύΣ  όŘƳ3 cm-1 mol-1)]: 262 (7900), 333 (2670), 403 (1880).  

2.4.3.4 [VOL5(Cl)] 

L5 (1 g, 2.02 mmol) and VOSO4 (0.33 g, 2.02 mmol) were used and [VOL5(Cl)] was obtained in 

44.24% yield. HRMS (ESI+) [(M-Cl)+]: Calcd. for (C32H47 N2 O3 V): 558.3026; found 558.3032. 

FTIR spectra (4000-500 cm _1ύΥ мсмс ͵ό/Ґbύ ǎΣ фтс ͵ό±Ґhύ ǎ. UVς Vis in CH2Cl2 ώ˂ max όƴƳύΣ  

(dm3 cm-1 mol-1)]: 258 (10570), 303 (6970), 394 (2480). 

2.4.3.5 [VOL6(Cl)] 

L6 (1 g, 1.83 mmol) VOSO4 (0.30 g, 1.83 mmol) were used and [VOL6(Cl)] was obtained in 

57% yield. HRMS (ESI+) [M-Cl]+: Calcd. for (C32H47N2O3 V): 611.3418; found 611.3417. FTIR 

spectra (4000-500 cm _1ύΥ мсму ͵ό/Ґbύ ǎΣ фом ͵ό±Ґhύ ǎ. UVς Vis in CH2Cl2 ώ˂ max όƴƳύΣ  όŘƳ3 

cm-1 mol-1)]: 239(9540), 269(7500), 367(2120). CHN analysis: Calcd. C: 66.81%, H: 8.10, N: 

4.33.  Found:  C: 67.39%, H: 7.97, N: 4.29. 
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2.4.4 General procedure for the Synthesis of Ti-Salen Complexes   
To a solution of the ligand in 50 mL DCM, Ti (OiPr)4 was added in 1:1 equivalent. The mixture 

was stirred at room temperature overnight and the solvent was concentrated under reduced 

pressure. The product was obtained by precipitation with hexane as a pale-yellow solid. 

2.4.4.1 Ti L3(OiPr)2 

Ti (OiPr)4 (0.90 g, 3.16 mmol) and L3 (0.85 g, 3.16 mmol) were added to DCM. Yield: 80%. 

HRMS (ESI+) [(M-(OiPr)2)+OH]+: calcd. for: 331.1740; found 331.0522. FTIR spectra (4000-500 

cm _1ύΣ мсом ͵ ό/Ґbύ ǎΣ мрфтΣ мпсф ͵ ό/Ґ/Σ ŀǊƻƳŀǘƛŎύΣ мнфн ͵ ό/-N). UVς Vis in CH2Cl2 [  ˂max 

(nm),  (dm3 cm-1 mol-1)]: 246 (11290), 278 (7410), 356 (2200).  

2.4.4.2 Ti L5(OiPr)2 

Ti (OiPr)4 (0.75 g, 2.64 mmol) and L5 (1.30 g, 2.64 mmol) were added to DCM. Yield: 46%. 

LRMS (ESI+) [(M-(OiPr)2)2+O]2+: calcd. for: 546.30; found 546.81. FTIR spectra (4000-500 cm 

_1ύΣ мсор ͵ ό/Ґbύ ǎΣ мслсΣ мпсн ͵ ό/Ґ/Σ ŀǊƻƳŀǘƛŎύΣ ммтн ͵ ό/-N). UVς Vis in CH2Cl2 [  ˂max (nm), 

 (dm3 cm-1 mol-1)]: 243 (10260), 290 (4870), 369 (1710).  

2.4.4.3 Ti L6(OiPr)2 

Ti (OiPr)4 (0.50 g, 1.76 mmol) and L6 (0.95 g, 1.76 mmol) were added to DCM. Yield: 61%. 

LRMS (ESI+) [(M-(OiPr)2)2+O]2+: calcd. for: 600.3478; found 601.36. FTIR spectra (4000-500 

cm _1ύΣ мснп ͵ ό/Ґbύ ǎΣ мррсΣ мпсн ͵ ό/Ґ/Σ ŀǊƻƳŀǘƛŎύ Σммтп ͵ ό/-N). UVς Vis in CH2Cl2 [  ˂max 

(nm),  (dm3 cm-1 mol-1)]: 246 (10850), 291 (4030), 372 (1290).  

2.4.5 Extraction Experiments 

2.4.5.1 Extraction of VOSO4 and [Ti (OiPr)4] 

In a sample vial, VOSO4 (10 ml,1 ppm, 0.019 mM or 10ml, 10ppm, 0.196 mM) was added 

and the pH was adjusted by the addition of NaOH or HCl (pH 5 and 7). Five or twenty 

equivalents of ligand were dissolved in 10 ml of DCM and mixed with VOSO4 or [Ti (OiPr)4] 

solution and left overnight (24 hours) with magnetic stirring at room temperature. 

The final V concentration in the aqueous phase was measured by MP-AES. To calibrate the 

instrument, a calibration curve was obtained using four different standard concentrations: 

10ppm, 5ppm, 2ppm and 1ppm VOSO4 for the 10ppm extraction and 0.1ppm, 0.2ppm, 

0.5ppm and 1 ppm for 1 ppm extractions. The concentrations were measured by Microwave 
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Plasma Atomic Emission (MP-AES) at wavelength 437.923 nm or 334.941 nm. The 

concentration of V or Ti in the aqueous phase was measured by comparing the MP-AES 

result to that of the resulting calibration curve.  

2.4.5.2 Analysis of metal ion extracted by MP-AES  

Measurements are made on the Agilent MP-AES 4200 instrument that it allows the operator 

to fine-tune operational parameters such as nebulizer flow rate and plasma view position to 

get the best sensitivity for a given situation. Both parameters were optimised in order to 

produce the ideal circumstances for vanadium and Titanium analysis using the wavelength 

437.923 nm and 334.941 nm respectively that are available in the instrument's spectral 

library.23 
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2.5 Results and Discussion 

2.5.1 Ligands synthesis and characterisation 

The synthesis of Salen-type molecules that would serve as ligands for vanadyl ion (VO2+) and 

titanium (Ti(0)) involved the coupling of 1,2-ethylenediamine or (°)-trans-

diaminocyclohexane with three different aromatic aldehydes (2-hydroxy-5-

methoxybenzaldehyde, 2-hydroxybenzaldehyde and 3,5-di-tert-butyl-2-

hydroxybenzaldehyde) respectively in a 1:2 molar stoichiometric ratio in ethanol under 

refluxing condition.24 These target ligands would offer a group of ligands with varying 

lipophilicity, so that we could determine the optimal ligand for use in vanadium ion 

extraction. The six ligands generated from the condensation reactions of the 

aforementioned starting materials are as shown in Figure 2.1 and Figure 2.2 below. These 

ligands were prepared in high yields and have been characterised by techniques such as 1H 

NMR, FTIR, UV-Visible, and HRMS. Combination of the following characterization data 

support the obtainment of the desired compounds. 

 

 

Figure 2.1 Synthetic Scheme of L1, L3 and L5 ligands 

Ligands L1, L3, and L5 were prepared from 1,2-ethylenediamine while L2, L4, and L6 were made 

from racemic trans-diaminocyclohexane as summarised in Schemes 1 and 2. The 1H and 13C 

NMR spectra of L1, L3, and L5 revealed the formation of species with C2-symmetric geometries 

displaying the corresponding number of peaks. The 1H NMR spectra of the ligand L1 showed 
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ǎŜǾŜƴ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎ ƛƴŎƭǳŘƛƴƎ ŀ ōǊƻŀŘ ǎƛƎƴŀƭ ŀǘ ŎŀΦ ʵ Ґ мнΦтф ǇǇƳΣ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ 

the phenolic protons. Other notable peaks in the 1H NMR spectra of L1 are a singlet at 3.70 

ppm for the methoxy groups, and a singlet at 3.90 ppm for the ethylene protons connected 

to the imine nitrogen atoms. Lastly for L1, the resonance signal for the imine protons appears 

as singlet at 8.19 ppm. The resonance for the pair of methylene protons (ethyl backbone) 

connected to the imine nitrogen atoms for L3 and L5 are centred at 3.98 and 4.00 ppm 

respectively, while the broad signals at ca. 13.00 ppm are assigned to the phenolic protons 

respectively. In addition, the imine proton signals are at 8.40 and 8.20 ppm respectively. The 

13C{1H} NMR of L1, L3, and L5 are consistent with the structures, with the resonance signals 

for the imine carbon appearing downfield at approximately 167 ppm respectively. 

 

 

Figure 12 Synthetic Scheme of L2, L4 and L6 ligands 

For L2, L4, and L6, the protons in the cyclohexane ring appear upfield as multiplets between 

1.3 ς 2.0 ppm respectively and the coupling constants are within the expected range. The 

phenolic protons resonance signals at ca. 13.0 ppm appear broad due to the acidic nature of 

this protons. The imine protons of L2 and L4 are at approximately 8.2 ppm while that of L6 is 

at 7.35 ppm, which is consistent with imine protons documented in literature.25,26 In 

addition, L2 has resonance signal at 3.6 ppm for the methoxy group, while L6 possesses two 

singlet peaks at ca. 1.2 and 1.4 ppm for the tert-butyl group at ortho and para positions 

respectively. The 13C{1H} NMR of L2, L4, and L6 are consistent with their structures, with the 
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resonance signals for the imine carbon appearing downfield at approximately 196 ppm 

respectively. For example, the 1H and 13C NMR of L6 are as shown in Figures 2.3 and 2.4 

below. 

 

 

Figure 2.3 1H NMR spectrum of L6 
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Figure 2.4 13C NMR spectrum of L6 

The high-resolution electrospray mass spectrometry analysis data of L1 ς L6 show peaks 

corresponding to the cationic fragment (M+H)+ with m/z at 329.1505 (calc 329.1501), 

383.1970 (calc 383.1971), 269.1290 (calc 269.1290), 323.1761 (calc 323.1760), 493.3796 

(calc 493.3794) and 547.4259 (calc 547.4264) amu respectively. 

The infra-red spectra of all the ligands share some notable features. The (˄C=N) bands are of 

medium to strong intensities and they are observed at 1635-1609 cm-1 for L1 ς L6 , which is 

characteristic of a conjugated C=N stretching vibration previously described in literature.27 

For example, the FTIR of L1 and L6 are as shown in Figures 2.5 and 2.6 below. 
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Figure 2.5 FTIR spectrum of L1 

 

 

Figure 2.6 FTIR spectrum of L6 
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All the ligands show bands between 2800 ς 3000 cm-1 which correspond to sp3 C-H 

stretching. Other notable features include the weak to medium vibrational bands observed 

within 1570-1600 and 1430-1450 cm-1 which can be assigned to the aromatic C=C stretching 

modes in all the ligands. The stretching vibration of the p-conjugated phenolic OH in all the 

ligands may be observed as a broad band between 2300 ς 3600 cm-1 and this confirms 

intramolecular hydrogen bonding with the imine nitrogen.28 

The electronic absorption spectra of L1 ς L6 were recorded in CH2Cl2 at room temperature 

and the results obtained are shown in Figure 2.7 and summarised in Table 2.1 below. The 

absorption bands observed for all the ligands are largely made up of two broad bands 

centred at 255 ς 265 nm and 320 ς 355 nm that can be assigned to the p­p* transition 

involving molecular orbitals essentially delocalized on the C=C groups in the benzene ring 

and the imine functionalities (C=N) respectively. These observations are in line with previous 

report.29,30 

 

 

Figure 2.7 Electronic absorption spectra of L1 ς L6 measured in DCM 
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Table 2.13UV/Visible data of L1 ς L6 

Salen Ligands l, nm 

p­p*  C=C 

(e Lmol-1cm-1) 

l, nm 

p­p*  C=N 

(e Lmol-1cm-1) 

 L1 260(19520) 352(10650) 
 

 L2 260(9960) 
 

351(5850) 
 

 L3 258(8140) 
264(7300) 

321(2800) 
 

 L4 263(13970) 335(5390) 
 

 L5 268(29500) 334(10400) 
 

L6 257(5050) 319(2080) 
 

 

2.5.2 Synthesis and characterisation of V(V) complexes derived from 

Salen ligands L1, L2, L3, L5, and L6 

Typically, in PET studies, the speciation of the metal species is difficult to realise due to the 

extremely low concentrations of metal ion, so the oxidation state of the vanadium centre 

will have some uncertainty to it. Initially, it was decided that studies would not try to isolate 

ǘƘŜ ƳŜǘŀƭ ǎǇŜŎƛŜǎ ōǳǘ Ƨǳǎǘ ŜǾŀƭǳŀǘŜ ǘƘŜ ƭƛƎŀƴŘΩǎ ŀōƛƭƛǘȅ ǘƻ ŜȄǘǊŀŎǘ ǘƘŜ ƳŜǘŀƭ ƛƻƴΦ IƻǿŜǾŜǊΣ ŀǎ 

studies proceeded, it was considered that isolating metal complexes of these ligands would 

be useful in trying to evaluate the toxicity of these species to cells. 

Preparation of the vanadyl and titanium(IV) complexes of all the ligands were achieved by 

methods previously described.31,32 The appropriate ligands were mixed with VOSO4 and 

Ti(OiPr)4 salts in EtOH under refluxing condition and at room temperature respectively. The 

formation of the vanadium complexes was obvious due to the accompanying colour change 

observed from yellow to green. Interestingly, the aqueous work up of the vanadyl species 

results in the isolation of the diamagnetic vanadate (V) chloro species, V(L)O(Cl).  The 
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syntheses of these complexes are summarised in Figure 2.8 and 2.9. Combination of 

different characterisation data such as FTIR, UV-Visible spectroscopy and HRMS supports the 

formation of the desired complexes. 

Comparatively, the FTIR spectra of all the vanadium-Salen complexes revealed shifts of some 

diagnostic vibrational bands to lower energy as a result of coordination as previously 

reported.33  

 

 

Figure 2.8 Synthetic scheme of ([VO) L1], [(VO) L3] and [(VO) L5] complexes 
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Figure 2.9 Synthetic Scheme of [(VO) L2] and [VOL6(Cl)] complexes 

 

The imine ˄ (C=N) stretching frequencies were observed at 1633, 1625, 1617, 1616, 1610 cm-

1 for [(VO)L1], [(VO) L2], [(VO) L3], [VOL5(Cl)] and [VOL6(Cl)] respectively. These bands are 

shifted to lower wavenumbers as a result of coordination to the vanadium ion relative to the 

signals obtained for the corresponding ligands. The extended broad bands observed in all 

the ligands between 2300 ς 3600 cm-1 assigned to the phenolic OH group are absent in all 

the complexes due to deprotonation and coordination of the phenoxy ions to vanadium ion. 

Lastly, the IR spectrum reveals V=O absorptions at 819, 977, 984, 976 and 931 cm-1 for [(VO) 

L1], [(VO) L2], [(VO) L3], [VOL5(Cl)], and [VOL6(Cl)] respectively.31, 30,  34, 35 

The electronic absorption spectra of the vanadium-Salen complexes are shown in Figure 

2.10 and the summary of the absorption bands are presented in Table 2.2. The high intensity 

 
Figure 2.10 Electronic absorption spectra of [(VO) L1], [(VO) L2], [(VO) L3], 

[VOL5(Cl)] and [VOL6(Cl)] measured in DCM 

https://www.sciencedirect.com/topics/chemistry/imine
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bands between 235 ς 265 nm can be attributed to the C=C p­p* transition involving 

molecular orbitals in the benzene ring as previously reported.30 In addition, broad bands 

centred between 289 ς 310 with lower intensities are assigned to the p­p* transition 

involving the C=N of the imine groups. The appearance of shoulders at ca. 270 nm and new 

bands between 350 ς 430 nm can be attributed to charge transfer from ligands centred 

orbitals to the empty d-orbitals of the vanadium ion centre (pp­dp).36  

 

Table 2.2 UV/Visible data of [(VO) L1], [(VO) L2], [(VO) L3], [VOL5(Cl)] and [VOL6(Cl)] 

 l, nm 

p­p*  C=C 

(e Lmol-1cm-1) 

l, nm 

p­p*  C=N 

(e Lmol-1cm-1) 

l, nm 
LMCT 

(e Lmol-1cm-1) 

 [(VO) L1] 262(8290) 285(4300) 
 

355(1050) 
401(1050) 

 [(VO) L2] 260(13640) 
 

291(7190) 
 

403(2900) 

 [(VO) L3] 262(7900) 333(2670) 
 

403(1880) 

[VOL5(Cl)] 258(10570) 303(6970) 
 

394(2480) 

[VOL6(Cl)] 

 

239(9540) 269(7500) 
 

367(2120) 
 

  

 

HRMS analysis of all the synthesised complexes revealed [(M-Cl)+] for [(VO) L1],  [(VO) L3], 

[VOL5(Cl)] and [VOL6(Cl)] as the base peak at 394.0708, 333.0045, 557.3028 and 611.3417 

amu respectively and [(M2-2Cl)+] for [(VO) L2], at 894.2285 amu. Below are the HRMS of 

[(VO) L3] and [VOL6(Cl)] (Figures 2.11 and 2.12). The assigned peak for all species has 

appropriate intensity for the proposed structures. Other HRMS spectra are presented in the 

appendix. 
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Figure 2.11 HRMS spectrum of [(VO) L3] revealing M+ as the base peak 
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All the vanadium(V)-Salen complexes synthesised display similar geometry in solution 

around the metal centre as confirmed by the electronic absorption spectra discussed. To 

gain further insight into their coordination environment, single crystals of [VOL6(Cl)] were 

obtained from a mixed solvent solution (CH2Cl2 and Et2O) at 4oC. The solid-state structure of 

this complex was analysed by X-ray Services staff at Cardiff University School of Chemistry. 

The X-ray structure of [VOL6(Cl)] is presented in Figure 2.13 and selected bond distances and 

angles are summarised in Table 2.3. Crystal structure of this complex has been solved in the 

centrosymmetric triclinic space group P-1 with two [VOL6(Cl)] units and two crystallizing 

DCM molecules. The crystallographic data yields an R-factor value of 6.8% and a goodness of 

fit of 1.025, which are slightly above the 5% and 1 which is recommended for a good 

agreement between calculated and observed models respectively, but still indicate a reliable 

data for the predicted structure. The oxovanadium is coordinated equatorially to a 

tetradentate L6 ligand with two phenolate oxygen atom, and two Schiff-base nitrogen atoms. 

The crystal structure exhibits a geometry that can best be described as distorted octahedral 

rather than the 5-coordinate environment that has previously been observed. 30  

 Figure 2.12 HRMS spectrum of [VOL6(Cl)] revealing M+ as the base peak 
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Figure 2.13 ORTEP structure of [VOL6(Cl)] drawn with 50% thermal ellipsoid probability. 
Hydrogen atoms have been omitted for clarity 

 

 

Table 2.3 Selected interatomic distances (Å) and angles (°) in [VOL6(Cl)] 

Selected bond lengths  

N(1)-V(1)  2.086(4) 

N(2)-V(1)  2.110(4) 

O(1)-V(1)  1.827(4) 

O(2)-V(1)  1.826(3) 

Cl(1)-V(1)  2.5783(19) 

O(3)-V(1)  1.657(4) 

Selected bond angles  

N(1)-V(1)-O(2) 159.92(17) 

N(2)-V(1)-O(1) 159.97(17) 

N(1)-V(1)-O(3) 92.71(19) 

N(2)-V(1)-O(3) 94.40(18) 

O(1)-V(1)-O(3) 97.90(18) 

O(2)-V(1)-O(3) 99.35(19) 
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A chloride is occupying the other apical region that is expected to be vacant with a V-Cl bond 

length of 2.578 Å, most probably resulting from oxidation in the aqueous workup, where the 

product was washed with brine. There are a few observations to report on the synthesised 

vanadium(V)-Salen complexes. The most common oxidation state of oxovanadium 

complexes with tetradentate Schiff base ligands reported in literature is +4,37, 38, 39, 40  while 

selected few seminal reports on oxovanadium complexes with tetradentate Schiff base 

ligands with the vanadium centre in +5 oxidation state have been documented. 34, 41 In 

addition, due to the strong trans influence of the V=O bond, most of the reported 

oxovanadium complexes are square pyramidal. The geometry of [(VOL6(Cl)] is a distorted 

octahedral and due to trans influence, the V-Cl bond trans to the V=O is significantly 

elongated. 

Also, within the unit cell, a DCM molecule occupy a site outside of the coordination sphere 

as depicted in Figure 2.13. ¢ƘŜ ǾŀƴŀŘƛǳƳҍƻȄƻ ōƻƴŘ ƭŜƴƎǘƘǎ ± όмύ ҍh όоύ ƻŦ [VOL6(Cl)] (1.657 

Å) is in agreement with the reported V=O bond lengths for V(V) centres,42, 43  but slightly 

longer than reported V=O bond distances typical for vanadyl complexes. [VOL6(Cl)] has a 

bulky electron-donating groups in the aromatic rings (t-Bu) and a flexible cyclohexane 

backbone skeleton. The vanadium is slightly above the equatorial plane defined by ONNO 

donor atoms of the Salen L6 by ca. 0.37 Å towards the oxygen atom. The imine groups 

(C(15)ςN(1) = 1.276(7) Å and C(22)ςN(2) = 1.273(6) Å) have lengths consistent with C=N 

bonds. The vanadium-imine bond lengths (V(1)-N(1) = 2.086(4) Å and V(1)-N(2) = 2.110(4) Å) 

are within the reported range for such a bond with vanadium(V) centre.44,45 Bond angles 

between the Salen donor atoms and the vanadyl group are all significantly larger than 90°, 

consistent with a metal centre that is sitting well above the equatorial plane towards oxygen. 

The vanadiumςphenoxido bonds are significantly shorter (V(1)-O(1) = 1.827(4) Å and V(1)-

O(2) = 1.826(3) Å) than the vanadiumςimine bonds, consistent with the anionic nature of the 

phenoxido ligands.44,45  

2.5.3 Synthesis and characterisation of Ti (IV) complexes derived 

from Salen ligands L3, L5, and L6 

The synthesis of Ti(IV) complexes was accomplished by using a previously described 

method.33 Appropriate ligands and Ti(OiPr)4 were combined in CH2Cl2 under an inert 
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atmosphere at room temperature overnight (Figures 2.14 and 2.15). All the complexes were 

isolated as yellow solids and they have been characterised by, HRMS, FTIR and UV/Visible. 

FTIR spectra of all the Titanium (IV)-Salen complexes were acquired from 500 to 4000 cm-1, 

and these revealed diagnostic vibrational bands with shifts as a result of coordination, the 

FTIR of TiL5(OiPr)2 and TiL6(OiPr)2) are shown in Figures 2.16 and 2.17. The imine C=N 

stretching frequencies are found between 1620 ς 1630 cm-1 which falls within the expected 

range as previously reported.33 These values are slightly below what we observed for the 

ligands with shifts to lower energy as a result of coordination to the Ti(IV) centre. The 

extended broad bands observed in all the ligands between 2300 ς 3600 cm-1 assigned to the 

phenolic OH group are absent in all the complexes due to deprotonation and coordination of 

the phenoxy ions to the Ti (IV) centre. 
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Figure 2.14 Synthetic Scheme of [TiL3(OiPr)2] and [TiL5(OiPr)2] complexes 

 

 

Figure 2.15 Synthetic Scheme of [TiL6(OiPr)2 
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Figure 2.16 FTIR of [TiL5(OiPr)2] 

 

Figure 2.17 FTIR of [TiL6(OiPr)2] 

 

 

The electronic absorption spectra of the Ti(IV)-Salen complexes TiL3(OiPr)2, TiL5(OiPr)2, 

TiL6(OiPr)2) are displayed in Figure 2.18 and the data in Table 2.4. The high intensity bands 

centred at ca. 245 nm can be attributed to the C=C p­p* transition involving molecular 
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orbitals in the benzene rings. Equally, broad bands which appear as a shoulder at 273, 297, 

and 294 nm for TiL3(OiPr)2, TiL5(OiPr)2, and TiL6(OiPr)2 respectively with lower intensities are 

assigned to the p­p* transition involving the C=N of the imine groups. The appearance of 

new bands at 364, 373 and 372 nm for TiL3(OiPr)2, TiL3(OiPr)2, and TiL3(OiPr)2 respectively can 

be attributed to charge transfer from ligands centred orbitals to the empty d-orbitals of the 

Ti(IV) centre (pp­dp). We did not observe any d-d bands for all the Ti(IV)-Salen complexes 

as expected for a d0 species.  

 

 

 

Figure 13 Electronic absorption spectra of TiL3(OiPr)2, TiL5(OiPr)2, and TiL6(OiPr)2 measured 
in DCM 
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Table 2.4 UV/Visible data of TiL3(OiPr)2, TiL5(OiPr)2, and TiL6(OiPr)2 

 l, nm 

p­p*  C=C 

(e Lmol-1cm-1) 

l, nm 

p­p*  C=N 

(e Lmol-1cm-1) 

l, nm 
LMCT 

(e Lmol-1cm-1) 

 TiL3(OiPr)2 246(11290) 
 

278 (7410) 
 

356(2200) 

 TiL5(OiPr)2 243(10260) 290(4870) 
 

369(1710) 

TiL6(OiPr)2 246(10850) 291(4030) 
 

372(1290) 

 

HRMS analysis of TiL3(OiPr)2 and LRMS analysis of TiL5(OiPr)2, and TiL6(OiPr)2 revealed base 

peaks at 331.0522, 546.81, and 601.36 amu respectively as depicted in Figures 2.19, 2.20 

and 2.21 below. The isotopic patterns of the base peaks in the spectra of TiL5(OiPr)2, and 

TiL6(OiPr)2 are separated by 0.5 units indicating m/z on these dimers is 2 and as a result 

corresponds to dimeric species with the titanium centres bridged by an oxygen atom. Other 

notable peaks observed are singly charged species in which the two isopropoxide ions have 

been replaced by an OH- respectively. In addition, all spectra show a higher peak consistent 

with the species (TiL)3O2, suggestive that the sample may be oligomeric in nature, with 

metal centres aggregated by bridging oxygen atoms. While it was hoped that NMR 

spectroscopy would be insightful, unfortunately only broad peaks were observed in the 

spectra, suggesting that fluxionable processes and/or mixtures of species were present in 

the solution of the sample.  
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Figure 2.19 HRMS spectrum of TiL3(OiPr)2 
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Figure 2.20 LRMS spectrum of TiL5(OiPr)2 

 

 

 

Figure 2.21 LRMS spectrum of TiL6(OiPr)2 
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2.5.4 Extraction of Vanadium (IV) from Aqueous Solution with Salen 

Ligands (L1-L6) 

Solvent extraction is a reliable method for effecting analytical separations of metal ions. The 

separation process requires the use of extractants/chelators to effect metal ions separations. 

Typical examples of extractants/chelators include dithizone, maltol, dibenzoylmethane, and 

acetylacetone to mention a few. An extractor or a chelator must possess the ability to form a 

well-defined complex with metal ions, the resulting complex should be more soluble in 

organic solvents compared to the aqueous phase. After coordination of the Salen ligands, L1-

L6, with V(IV) and Ti(IV) respectively, we set out to see the possibility of using these ligands 

for the extraction and purification of 48V radionuclide after its generation from titanium disk 

using a biomedical cyclotron. Using the ligand to extract non-radioactive Vanadyl ion will 

allow an initial assessment of their effectiveness at relatively higher concentrations. 

Different varieties of extractants have been used for vanadium extraction and it is 

established that vanadium forms complex speciation as a function of concentration and pH 

in aqueous solution.46 Solvent extraction is an effective method of extracting metals and 

under certain conditions, high selectivity could be achieved. Li and co-workers in 2013 

reported the successful use of di(2-ethylhexyl) phosphoric acid (HA) as an extractant for 

V(IV) species from a mixture that include V(IV) and Fe(II) ions. They achieved extraction of 

V(IV) with 96.2% at pH 1.5.47 The extraction mechanism of vanadyl ion from aqueous 

solution has been proposed and the rate limiting step identified as the coordination of the 

vanadyl ion (VO2+
aq) with the ionised ligand (A-aq) in the aqueous phase (Figure 2.22). 
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Figure 2.22 The extraction mechanism of VO2+ ion. A- is the ionised extractant/ligand 47 

In this study, we set out to examine the extraction ability of the synthesised Salen ligands 

(L1-L6) with VOSO4 with a view to using it to extract and purify 48V radionuclide after its 

generation from titanium disk using a biomedical cyclotron. To start with, we tested some 

common extractants such as dibenzoylmethane, acetylacetone and maltol for their ability to 

extract VO2+ ion from aqueous solution. DBM,48 Acac,49 and maltol50 have been reported to 

form complexes with V(IV) ion, and as such, we used these ligands as extractants for VO2+ 

ion in aqueous solution. These chelators show poor extraction abilities at ligand 

concentrations below 10 equivalents of the VO2+ ion. For instance, Maltol (at pH 7) , Acac (at 

pH 7), 1,3-diphenylpropane-1,3-dione (at pH 7),  2,2,6,6-tetramethyl-3,5-pentaedione (at pH 

7) and 1,1,1-trifloro-2,4-pentanedione (at pH 7) achieved 3.98 %, 8.23 %, 3.43 %, 3.89 % , 

and 2.54 % VO2+ ion extraction respectively when their mole ratios were 20:1 to that of the 

VO2+ ion. (Extraction was quantified using MP-AES to measure V concentration). However, all 

the above chelators did not yield satisfactory results for VO2+ ion extraction and the results 

are presented in Figure 2.23. The same ligands were used for the extraction of [Ti (OiPr)4] 

from aqueous solution with mole ratio (20:1) and the results are shown in Figure 2.24. The 

ligands did not yield satisfactory results with [Ti (OiPr)4] just like we observed with VO2+ ion. 

In order to assess the sequestering potentials of L1 - L6 towards VO2+ ion in aqueous solution, 

and compare with those of Maltol, Acac and DBM, we carried out extraction studies of VO2+ 

ion with L1 - L6 at different pHs.  
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Figure 2.23 %Vanadium (IV) extracted from aqueous solution at pH5 and pH7 with 5 and 
20 equivalents of Maltol, Acac, 1,3-diphenylpropane-1,3-dione, 2,2,6,6-tetramethyl-3,5-

pentaedione, and 1,1,1-trifloro -2,4-pentanedione. 

 

Figure 2.24 %Titanium extracted from aqueous solution at pH5 and pH7 with 5 and 20 
equivalents of Maltol, Acac, 1,3-diphenylpropane-1,3-dione, 2,2,6,6-tetramethyl-3,5-

pentaedione, and 1,1,1-trifloro -2,4-pentanedione. 

 

 

 

In addition, the extraction procedure was carried out using different equivalents of the 

ligand with ligand: VO2+ ratio ranging from 5 to 20 equivalents. The extraction of vanadium 
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ligands L1 - L6. HCl and NaOH were used to adjust the pH of the aqueous phase. It can be 

seen the highest extraction of V at pH 5 (20 eq) for L1, L2, L3 and L4 are 98.35%, 72.35%, 

80.26% and 70% respectively. However, the highest extraction of Ti at pH5 (20 eq) for L1 and 

L3 are 86.33% and 81.85% respectively. The summaries of the results are presented in 

Figures 2.25 and 2.26. 

 

 

Figure 2.25  %Vanadium (IV) extracted from aqueous solution at pH5 and pH7 with 5 and 
20 equivalents of L1-L6 
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Figure 2.26 %Titanium (IV) extracted from aqueous solution at pH5 and pH7 with 5 and 20 
equivalents of L1-L6 

The influence of the pH on the extraction of V(IV) and Ti (IV) by L1 - L6 shows that the 

extractions are more effective at pH5. A greater effect at pH5 is observed at the molar ratio 

of [V(IV)]aq/[L1]org = 20.0 and [Ti (IV)]aq/[L1]org = 20.0. The capacity of L1 - L6 for the 

extraction of V(IV) and Ti (IV) increases as the mole ratio of metal/ L1 - L6 increase from 5 to 

20 equivalents and at pH 5. 

These results are surprising at first glance, as it might be expected that at higher pH the 

ligands would be more effectively deprotonated and hence bind to the metal centres more 

strongly. However, the speciation of these metal species is complex and at high pH the metal 

centres may not be available for coordination by the ligand. 

The results are quite varied, and the most lipophilic ligands (such as L5 and L6) do not give 

the best extraction. However, this is probably due to the lack of solubility of the ligand in the 

aqueous phase, meaning it cannot interact with the metal centre. The results with vanadium 

were encouraging (ranging from 96-20%) and so extraction of <pM concentrations of 48V 

using these ligands were investigated (see Chapter 3).   
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2.6 Conclusion 

Salen ligands, L1 ς L6  have been synthesised and characterised, and these ligands have been 

used to coordinate vanadium ion successfully. All the synthesised ligands and complexes 

have been characterised by 1H and 13C NMR, FTIR, UV-visible spectroscopy and High-

Resolution-Mass-Spectrometry (HRMS). The oxidation states of the vanadium complexes 

obtained are V(V) instead of the V(IV) initially expected, possibly due to the oxidation of the 

vanadyl ion during aqueous work-up with brine. The isolated complexes are diamagnetic 

with distorted octahedral geometry. The Salen ligands are occupying the equatorial positions 

while above and below the equatorial plane are oxo and chloride ligands respectively with 

the vanadium centre above the equatorial plane towards the oxygen atom. The potentials of 

the synthesised Salen ligands and other ligands obtained from commercial sources (e.g. 

Maltol, Acac, 1,3-diphenylpropane-1,3-dione, 2,2,6,6-tetramethyl-3,5-pentaedione and 

1,1,1-trifloro-2,4-pentanedione) have been explored as extractants for vanadyl ion from 

aqueous solution. The extraction procedure was carried out at different pHs (pH 5 and 7) 

and some of the Salen ligands L1-L4 were found to be better extractants than the other 

ligands used in this study. 
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Radiochemistry applications  

3.1 Introduction 

Beyond imagination, experimentation and human ingenuity, visualisation can be a valuable 

aid in learning more about the physiology of the human body. Positron emission tomography 

(PET) is a form of scientific imaging technique that employs radiotracers that can be used to 

generate images that can depict spatial distribution of properties such as blood flow, glucose 

metabolism, detect tumours and identify effect of drugs on different regions of the brain.1 

Radiotracers can be designed to act as indicators for a variety of substances that participate 

ƛƴ ǘƘŜ ōƻŘȅΩǎ ƴŀǘǳǊŀƭ ǇǊƻŎŜǎǎŜǎΣ ǘƘǳǎΣ ȅƛŜƭŘƛƴƎ ǾŀƭǳŀōƭŜ ƛƴŦƻǊƳŀǘƛƻƴΦ aŀƴȅ ǊŀŘƛƻƴǳŎƭƛŘŜǎ 

have been produced and studied for PET with varying half-lives and this includes but is not 

limited to 11C (20 mins), 68G (67.7 mins), 18F (110 mins), 64Cu (12.7 h) and 89Zr (3.3 d). For 

instance, 18F-fluorodeoxyglucose (18F-FDG) is an established radiotracer for measuring 

glucose metabolism and it is a valuable tool for brain imaging due to the fact that glucose 

metabolism is connected to the regional level of neuronal activation.2, 3PET imaging has 

been shown to be of higher spatial resolution, with better sensitivity and quantification 

ability compared to SPECT and due to this, a myriad of PET tracers has been employed for 

direct and indirect cell labelling. Park et al have been able to use 64Cu-pyruvaldehyde-bis(N4-

methylthiosemicarbazone) (64Cu-PTSM), and 124I-н-fluoro-н-deoxy-1- -̡D-arabinofuranosyl-

5-iodouracil (124I-FIAU) to label K562-TL cells for tracking of human chronic myelogenous 

leukaemia cells.4 In another study, Friberger et al, used 89Zr-complexed 8-hydroxyquinoline 

(89Zr-oxine) and 89Zr-desferrioxamine-isothiocyanate (89Zr-DFO-NCS) to label human decidual 

stromal cells. They observed that 89Zr-oxine is superior to 89Zr-DFO-NCS with respect to long-

term stability and cellular retention.5 Cell labelling is an important strategy as this will enable 

the tracking and study of biodiversity of cells in cell therapies by providing a 3-dimensional 

PET images particularly in conjunction with CT or MRI. 5, 4 The relatively short half-lives of 

these radiotracers require them to be  produced via a medical cyclotron routinely and this is 

a great disadvantage. Furthermore, the short half-lives of the aforementioned radiotracers 

rendered them unsuitable for long term cell tracking, and in some cases, low cellular 

retention is observed, leading to a high radioactive dose to the blood, bone marrow and 

excretion organs, and a low-target to-background ratio. 5 
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48V is an emerging radiotracer with half-life of 16 days 6 which provides more flexibility in 

monitoring physiological processes, potentially producing higher quality images and 

improving the utility and production of radiotracers. Furthermore, the long half-life of 48V 

has an average positron energy of 290 keV (49.9%) which is comparable to the positron 

range to that of 18F and 64Cu. However, its intermittent application is likely constrained by 

three main factors: the availability of the radioisotope, the intricacy involved in synthesizing 

radiolabelling, and potential safety concerns regarding radiation due to its long half-life and 

high-energy gamma rays.6, 7, 8  Vanadyl acetylacetonate [VO(acac)2] has been reported to 

preferentially accumulate in cancer cells and this selectivity could be used for differentiation 

of the many stages of tumour cells development. 9, 10 The relatively long half-life and 

preferential accumulation of 48V in tumour cells could enhance its localization to diseased 

tissues, thereby aiding in the detection of malignancies, which in turn can improve 

survivability rates.1 In our study, we have adopted 48V-labelled  VO-Salen as a radiotracer to 

track the wound healing cells. This is essential as the long half-life of 48V will permit great 

flexibility for monitoring the slow biological and physiological processes associated with 

wound healing in vitro and in vivo. In addition, the lipophilic nature of the synthesised Salen 

ligands will enhance the transport of the radioactive 48V across cell membranes. 

Aims and Hypothesis 

This chapter will aim to: 

1- Find an improved method to dissolve the Ti disk and extract the 48V. 

2- Develop methods to produce 48V complexes with various Salen ligands to be able to 

explore their comparative biological significance to be able to label the wound 

healing Oral mucosa lamina propria- progenitor cells (OMLP-PCs).  

Hypothesis:  

1- Electrochemical methods can be used to improve dissolution protocols for 48V 

containing Ti discs. 

2- Lipophilic Salen ligands can be used form 48V complexes for cell labelling under which 

are stable under biologically compatible conditions. 
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3.2 Materials and Methods 

3.2.1 Experimental  

3.2.1.1 Materials 

All primary reagents and solvents were purchased from Sigma-Aldrich, Merck, ACROS and 

Goodfellows) unless otherwise detailed. All reactions were carried out under aerobic 

conditions in hot cells. TLC traces were recorded on a Scan RAM PET/SPECT radio-TLC 

scanner (LabLogic, UK), using TLC Silica gel 60 F254 plates (Merck, Germany) samples were 

centrifuged on a ROTINA 35 R swing rotor centrifuge (Hettich Zentrifugen, Germany) and 

activities were measured on a Wallac Wizard 1480 Automated Gamma Counter (Perkin 

Elmer, Finland) or a CRC-25PET well counter (Capintec, Inc. Ramsey, NJ). Electrochemical 

reactions were carried out with a CSI1802X 18V linear bench power supply (circuit 

specialists, US) 

3.2.1.2 Production of 48V from Ti disc 

The production of 48V took place at the institutional cyclotron facility of PETIC through the 

proton irradiation of a Titanium disc target. Via an adaptation of the methods of Bonardi et 

al. 11 A disc composed of natural 48Ti foil (300 µm in thickness) was positioned within a 

bespoke aluminium holder. This was subsequently inserted into a COSTIS Solid Target System 

(STS) that was affixed to an IBA Cyclone (18/9) cyclotron, which had been enhanced with a 

niobium beam degrader measuring 400 µm. Subjected to an irradiation period of 8 hours, 

the disc received a beam energy of 40 µA. 0.4-0.5 GBq of 48V were produced in the target at 

the end of bombardment (EOB). 

3.2.1.3 Electrochemical dissolution of the irradiated Ti target 

Prior to irradiation the Ti disk (weight  0.205 g) had a 5mm hole drilled into it 2-3mm from 

the edge of the disc. The irradiated Ti disc typically containing 360-450MBq of 48V, was 

placed onto a Pt wire hook attached to a movable stage and connected to the cathode of an 

18V power supply. The stage also supported a platinum wire counter electrode connected to 

the anode of the power supply. Once the Ti disc was in place the stage was lowered to lower 

the Ti disc and counter electrode into a glass vial that contained a 6 ml solution, made up of 
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288 µl of 2.5 M HBr, 78 µl of (conc.) HCl, and 5634 µl of distilled water with a magnetic 

stirrer. The mixture was stirred, and the irradiated disc started to dissolve after applying 

constant current of 0.1 A, for 4-6 hours (the electrochemical set-up is shown in Figure. 3.1 

below. The initial voltage was typically 3-4 V but rose slowly throughout the dissolution 

process as the powerpack increased the voltage to maintain the 0.1 A current reaching a 

final voltage of 18V when no disc remained in the liquid to carry a current.  During the 

dissolution the solution initially turned an inky blue colour before becoming a cloudy white 

mixture. The mixture was transferred to a 15 ml Falcon tube leaving behind a metallic black 

precipitate (typically 30-40MBq). The cloudy solution was centrifuged for 5 min at 4890 x g 

to yield a white and a clear supernatant. The precipitate typically contained 9-15 MBq and 

the solution typically contained 294-417 MBq, representing percentage yield of 82-93%.  

 

Figure 3.1 The set-up used for the electrochemical dissolution of irradiated Ti disc 
containing 48V. 

3.2.1.4 pH adjustment of 48V stock for biphasic extractions. 

100 µl of the supernatant containing 9.17 MBq of 48V was pH adjusted to pH 6.5 by adding 

20 µl of 2 M of Na2CO3 to give a milky solution. The solution was transferred to the 

centrifuge at 4890 x g for 5 minutes. The supernatant containing 0.29 MBq activity was 
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separated from the precipitate, which are grey pellets with 8.88 MBq activity. Oxalic acid 

(200 µl, 1 M) was added to the pellets and left overnight with vigorous shaking, to aid 

dissolution of the grey pellets. However, the pellets did not dissolve completely even with 

further addition of 150 µl of 1 M oxalic acid. The mixture was centrifuged again at (4890 xg) 

for 5 minutes for separation into supernatant containing 4.31MBq and residue containing 

4.57 MBq. The 48V oxalate solution was used as a stock solution for further reactions only 

adjusting the pH to physiological pH immediately prior to use. 

3.2.1.5 Liquid-liquid extraction of 48V with various ligands in DCM 

Two separate 250 µl aliquots containing 7.1 MBq were taken from the 48V-oxalate stock 

solution and the volumes were made up to 50 ml with ddH2O and one solution was adjusted 

to pH 5 and the other to pH 7, with 0.5 M sodium carbonate. Separately, 0.05 mmol of 

maltol, Acac, 1,3-diphenyl propane-1,3-dione, 2,2,6,6-tetramethyl-3,5-heptane dione and 

1,1,1, Trifloro-2-4-pentadione were each dissolved in 50 ml DCM. 0.125 MBq (880 µl) 

aliquots from each of the 48V solutions and added to 500 µl of each DCM ligand solution in a 

1.5ml microcentrifuge tube to give a 1.2million fold molar excess of the ligand and the 

resultant mixture was left overnight with shaking at room temperature. Free 48V was applied 

as a control by taking of 48V (880 µl) and mixing with 500 µl DCM only. Next day, the two 

layers were separated into two phases (aqueous phase and organic phase) and distributed in 

glass vials and the activity of the solutions were measured by a gamma counter. This 

experiment was carried out in triplicate. A dilution series of 48V stock solution was prepared 

(0.125 MBq, 0.0625 MBq, 0.0315 MBq, 0.0156MBq, 0.0078MBq and 0.0039MBq) for gamma 

counter calibration. 

3.2.1.6 Liquid-liquid extraction of 48V with Salen ligands in DCM  

The methods from 3.2.1.5 were repeated with a fresh batch of 48V-oxlate stock to carry out 

biphasic extractions with DCM stock solutions containing 0.05 mmol of the Salen ligands L1, 

L2, L3, L4, L5 and L6 at both pH 5 and pH7. This time the volume of 48V stock required to make 

0.125MBq was 500 µl. Figure 3.2 shows the schematic diagram for liquid-liquid extraction. 

This experiment was carried out in triplicate. 
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Figure 3.2 Schematic diagram for liquid-liquid extraction of 48V with Salen ligands 

3.2.1.7 Liquid-liquid extraction of 48V using Salen ligands in a mixed solvent, 

DCM and EtOH 

The methods from 3.2.1.6 were repeated set up extraction reactions at pH 5 and pH 7 for 

the Salen ligands L1, L2, L3, L4, L5 and L6 except this time the 10ml stocks containing 0.05 mmol 

of each ligand were made up with 1 ml DCM and 9 ml EtOH solution as opposed to neat 

DCM. As above 500 µl of each ligand stock solution was added to 0.125 MBq of 48V (500 µl) 

however this time an additional 500 µl of DCM was required to make the biphasic layer for 

extraction. This experiment was carried out in triplicate. 

3.2.1.8 Effect of concentration on extraction of 48V with Salen ligands in 

EtOH/DCM mixture.  

The methods from 3.2.1.7 were repeated except 4 separate concentrations of ligands L5 and 

L6 were assessed. To prepare ligand Stock 1 L5 and L6 (0.062 g, 0.0125 mmol) (0.070 g, 

0.0125 mmol) were weighed and dissolved with 10 ml (1ml DCM and 9 ml EtOH) in 

volumetric flask. To prepare stock 2 100 µl from stock 1 was taken and added to 9900 µl 

 

H2O, DMSO etc  
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EtOH in volumetric flask. To prepare stock 3, 6500 µl was taken from stock 2 and added to 

3500 µl EtOH. Stock 4 was prepared by diluting 650 µl of stock 2 in 9350 µl EtOH. Stock 5 

was prepared by diluting 64 µl of stock 2 in 9936 µl EtOH. 500 µl from stocks 1, 3, 4 and 5 

were added to 500 µl DCM and 500 µl (0.250 MBq) of 48V. The reaction was carried 

overnight under shaking at room with Gamma counter. The experiment was carried out in 

triplicate for each concentration.    

3.2.1.9 Attempted purification of 48V complexes with solid phase extraction 

Cartridges 

The DCM extraction phases from section (3.2.1.7) were passed through the following solid 

ǇƘŀǎŜ ŜȄǘǊŀŎǘƛƻƴ ŎŀǊǘǊƛŘƎŜǎ ǿƘƛŎƘ ǿŜǊŜ ŎƻƴŘƛǘƛƻƴŜŘ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ  

C-18 Sep-Pak Plus Cartridge (red labelled):  

a. 10 ml of EtOH was passed and followed by 10 ml of air into a waste container. 

b. 10 ml of H2O was passed into a waster container. 

c. The [(48V) L5], [(48V) L6] and 48V were purified by moving the organic phase 

though the C-18 column and the activity of the eluent and cartridge were 

measured by well counter. 

QMA Sep-Pak Cartridge (blue labelled): 

a. 5 ml of 8.4% solution of NaHCO3 followed by 10 ml of air was through the 

cartridge into a waste container. 

b. 5 ml of H2O was passed through the cartridge into a waste container. 

c. The [(48V) L5], [(48V) L6] and 48V were purified by moving the organic phase 

though the QMA column and the activity of the eluent and cartridge were 

measured by well counter. 

Alumina B Sep-Pak Plus Cartridge (green labelled): 

a. 5 ml of H2O was passed through the Al2O3 cartridge into waste 

container. 

b. The [(48V) L5], [(48V) L6] and 48V were purified by moving the organic 

phase though the Alumina column and the activity of the eluent and 

cartridge were measured by well Counter. 
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The experiment was carried out in triplicate for each concentration. 

 

 

3.2.1.10 Radiochemical purification by silica gel   

An aliquot (3.75 MBq, 5ml) was taken from 48V stock solution and were passed through a 

solid phase extraction cartridge containing silica gel with 50% acetonitrile and 50% diethyl 

ether as an eluent. The total activity eluted was 3.17 MBq and only 0.33 MBq was retained 

on the column. 36 0.5 ml fractions were collected, and the activity of each fraction was 

measured by well counter with all of the activity eluting within the first 3 fractions. These 3 

fractions were pooled and the methods from (3.2.1.5 and 3.2.1.8) were repeated.   

3.2.1.11 Purification of 48V by Amberlite CG-50 Column Exchange Resin 

A modification of purification methods of {ȊǼŎǎ and co-workers 12 to use amberlite to trap Ti 

was employed on an aliquot (2 ml, 2.5MBq) of the 48V-oxalate pH 7 stock solution from 

section 3.2.1.4. The aliquot was evaporated to dryness and then redissolved in 0.01 M H2SO4 

after dissolution 2ml of 0.01 M HNO3 containing 1% H2O2 were added causing the solution to 

turn orange. This sample was then passed through an amberlite ion exchange column as 

shown in Figure 3.3 with 0.01 M HNO3 containing 1% H2O2 as the eluent. 36 0.5 ml fractions 

were collected, and the activity of each fraction was measured by well counter, and the 

resulting Radio-TLC was analysed for 48V.  
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Figure 3.3 Amberlite Cation Exchange Column 

3.2.1.12 Radiosynthesis and purification of [(48V) L5] and[(48V) L6] in DMSO 

After dissolving the 48V disc as described in section 3.2.1.3, The clear crude (48V + Ti) 

aqueous solution 3 ml was taken and added to 6ml of DMSO (total 9 ml). Then, the solution 

was evaporated by using compressed air and heating at 80°C until the volume is reduced to 

approximately 4 to 5 ml by removing the H2O in the mixture. Two Salen ligands, L5 and L6, 

were applied by dissolving (0.25 g, 0.05 mmol) and (0.28 g, 0.05 mmol) respectively in a 

mixture of 2ml DMSO and 1ml DCM (DCM was added as dissolution aid as the ligands are 

sparingly soluble in DMSO). 500 µl was taken from each ligand solution and added to 500 µl 

48V- DMSO solution (0.125 MBq) in tubes and left overnight over a shaker at room 

temperature. 48V was applied as a control by taking 0.125 MBq of 48V mixed with 500 µl 

DCM/DMSO mixture with no ligand present. Next day, the reaction solution was analysed by 

using radio-TLC. For the radio-TLC analysis, 6µl of [(48V) L5] or [(48V) L6] were dropped on the 

thin layer chromatographic plate and the samples were eluted with 50% acetonitrile and 

50% ethyl acetate. The radioactivity of the developed plates was analysed by radio-TLC. 

After confirmation of the formation of the radiolabelled [(48V) L5] and [(48V) L6], the 

complexes were isolated by first evaporating the DMSO from the 48V-complexes. Thereafter, 

the eluent that was used for the separation was added to the reaction residue and place on 
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a shaker for about 3 hours. The resultant mixtures were centrifuged, and the supernatant 

collected. The supernatants were confirmed to contain pure [(48V) L5] and [(48V) L6] by radio-

TLC analysis. This experiment was carried out in triplicate. The schematic diagram of the 

synthesis of radiolabelled [(48V) L5] and[(48V) L6] were shown in Figure 3.4. 

 

 

Figure 3.4 Schematic diagram for the radiosynthesis and purification of [(48V) L5] and[(48V) 

L6] 
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3.3 Results and Discussion  

3.3.1 Dissolution and neutralisation of 48V 

The electrochemical dissolution method was developed to avoid the use of harsh chemicals 

such as concentrated H2SO4 and concentrated HF these are particularly problematic for 

radioactive work which needs to be carried out in specialist radioactive hot cells which are 

typically made of uncoated metals which would be badly damaged by vapours and spills of 

strong acids. The process of hanging the radioactive disc with a predrilled hole on Pt wire 

hook and lowering a stage to lower the disk and counter electrode into the electrolyte was 

easily handleable by remote manipulators within the hot cell leading to a smooth process 

with minimal radiation exposure. The mild HCl/HBr reaction mixture and room temperature 

dissolution process is metal hot cell safe and given the 16-day half-life of 48V the 4ς6 hrs 

dissolution process is not a disadvantage for this isotope. Following literature irradiation 

protocols our typical activity yields for the Ti disc were 360-460 MBq. After dissolution and 

centrifugation to remove precipitate typical recovered activities were 294-417 MBq, 

representing percentage yield of 82-93%. The initial pH of the synthesised 48V solution was 

less than pH 1, and in order to adjust it to pH 7, different concentrations of Na2CO3 were 

used: 0.05 M, 0.5 M, 1 M, 2 M. Of all these solutions, 2 M Na2CO3 was the most suitable 

concentration to keep the 48V solution as concentrated as possible, however, adjusting the 

pH of the solution to pH 7 results in the formation of a precipitate which is undesirable. 1 M 

oxalic acid is commonly used in 89Zr radiochemistry to allow the formation of temporarily 

stable aqueous pH 7 89Zr solutions for ligand exchange reactions. 13 To assess this strategy 

with 48V 1M oxalic acid was added to the 48V precipitate to aid its dissolution by 

derivatization, leading to a clear colourless solution at pH 1. This solution could be adjusted 

to pH 5 with 2 M Na2CO3 without precipitation. Attempts to adjust the pH of the solution to 

pH 7 resulted in the formation of a cloudy/milky solution. When centrifuged this yielded a 

temporarily stable clear pH 7 solution, but significant amounts of activity were lost in the 

precipitate (typically 10-20%). This process reliably produced enough 48V at pH7 to allow 

biphasic ligand extraction reactions, however in a similar way to 89Zr-oxalate solutions it is 

recommended that solutions are used immediately after neutralisations. 
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3.3.2 Liquid-liquid extraction of 48V using various ligands in DCM 

In a modification of procedures used to produce 89Zr-oxine for cell labelling 14 liquid-liquid 

extraction procedures were attempted with a variety of ligands to investigate whether any of 

them are able to selectively extract 48V in the presence of a 1.2 million fold excess of non-

radioactive Ti starting material. Procedures were carried out in Falcon tubes in order to 

extract the synthesised 48V from the aqueous solution into organic phases by employing 

maltol, Acac, 1,3-diphenyl propane1,3 dione, 2,2,6,6-tetramethyl-3-5pentane dione,1,1,1 

Trifloro-2-4 pentanedione as extractants in DCM. The pH of the aqueous phase was adjusted 

to either 5 and 7 and the two phases were allowed to mix overnight at room temperature on 

a shaker and the molar ratio of the 48V to the extractants employed is 1:1.2 million. This 

enormous excess is used to account for the excess non-radioactive Ti in the 48V stock 

solution. The extraction of the 48V from the aqueous phases were evaluated by measuring 

the radioactivity with gamma counter. 

The extraction results are presented in Figure 3.5 and the data were obtained by measuring 

the activity of the aqueous phase after each extraction procedure using gamma counter.  

 

Figure 3.5 The extraction percentage of 48V with 1.2million eq of maltol, acac, 1,3-diphenyl 

propane-1,3-dione, 2,2,6,6-tetramethyl-3-5-pentane dione, 1,1,1-trifloro -2-4 pentanedione 

At pH 5, the percent extraction for maltol, Acac, 1,3-diphenyl propane-1,3-dione, 2,2,6, 6-

tetramethyl-3,5-pentane dione, 1,1,1-trifloro-2,4-pentanedione are 9.51, 8.82, 7.23, 10.37, 
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and 9.18 % respectively. While at pH 7, the percent extraction for maltol, Acac, 1,3-diphenyl 

propane-1,3-dione, 2,2,6,6-tetramethyl-3,5-pentane dione, 1,1,1-trifloro-2,4-pentanedione 

are 9.17, 9.73, 9.7, 9.45, and 10.27 % respectively. The maximum extraction obtained is 

10.27% with 2,2,6,6-tetramethyl-3,5-pentanedione at pH 7. These results mirrored what we 

observed with these extractants for the extraction of non-radioactive VO2+ ion from aqueous 

solution as discussed in chapter 2. All these extractants show poor extraction ability towards 

48V from aqueous solution and due to this, we subsequently assessed the extraction abilities 

of the ligands L1 to L6 synthesised in chapter 2. 

3.3.3 Liquid-liquid extraction of 48V using Salen (L1 to L6) ligands in 

DCM. 

The same conditions as described above were employed for the extraction of radioactive 48V 

from aqueous solution using Salen ligands L1 to L6. The extraction results at pH 5 and 7 with 

1.2 million equivalents of the Salen ligands are illustrated in Figure 3.6 below.  

 

Figure 3.6 The extraction percentages of 48V with 1.2 million Eq of (L1, L2, L3, L4, L5 and L6) at 
pH 5 and pH 7, radioactivity measured by gamma counter. 

The best results were obtained for the radioactive 48V-Salen complexes at pH 5, with 

extraction percentages of 14% and 11.67% for L5 and L6 respectively. In contrast, the 

extraction was 0% with the rest of the ligands. Previous non-radioactive VO-Salen complexes 

in chapter 2, showed higher extraction percentages (70-98%) with different ligands such as 

L1, L2, L3 and L4. These contrasting results may be due to differences in oxidation between 48V 
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and VOSO4 or variations in experimental conditions across the labs. The results for L5 and L6 

are comparable to what we observed for maltol, acac, 1,3-diphenyl propane-1,3-dione, 

2,2,6,6-tetramethyl-3,5-pentane dione, and 1,1,1-trifloro-2,4-pentanedione. The 

performance of these Salen ligands is poor and the best explanation we can suggest is that 

the ligands are too lipophilic to significantly cross into the aqueous phase to react with the 

48V. As highlighted in chapter 2, the rate limiting step in the extraction is the ionisation of the 

ligand and coordination to the VO2+ in the aqueous phase. To circumvent this, we dissolved 

the ligand in a mixture of DCM and EtOH to facilitate the transfer of the ligand from the 

organic to the aqueous phase to improve the extraction of the radioactive 48V as discussed in 

the next section. 

3.3.4 Liquid-liquid extraction of 48V using Salen ligands in a mixed 

solvent, DCM and EtOH 

The extraction of radioactive 48V was repeated as described in section 3.3.3 and this time, 

the Salen ligands L1 to L6 were dissolved in a mixture of DCM and EtOH (1:1). The pH of the 

aqueous phases was adjusted to 5 and 7 and the ligand solutions were added, and the two 

phases were allowed to mix overnight at room temperature on a shaker and the mole ratio 

of the 48V to the extractants employed is 1:1.2 million. The extraction results at pH 5 and 7 

with 1.2 million equivalents of the Salen ligands are displayed in Figure 3.7 below.  

 

Figure 3.7 The extraction percentages of 48V with of 1.2 million Eq L1, L2, L3, L4, L5, L6 and 48V 
at pH5 and pH7 in EtOH/DCM solution and measuring the radioactivity with Gamma 

counter. 
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These encouraging results show use of mixed solvent (DCM and EtOH) for the extraction 

procedure improved the extraction performance for L6 6-fold compared to the previous 

extractions with DCM only and doubled the extraction efficiency for L5 as this modified 

procedure ensured more extractants get into the aqueous phase. Although these results are 

encouraging for L6 and could potentially form the basis of a routine 48V complexation 

protocol, there are concerns about the enormous excess of ligand used to overcome the 

excess non-radioactive Ti in the labelling solution, especially given the Salen ligand 

cytotoxicity observed in chapter 4. In the next experiment we investigated the effect on 

reducing the concentrations of L5 and L6 on the extraction efficiency. 4 separate 

concentrations were assessed stock 1 0.76 million molar excess to 48V (63% of excess Ti), 

stock 3 5-thousand-fold molar excess to 48V (0.4% of excess Ti), stock 4 5-hundred-fold molar 

excess to 48V (0.04% of excess Ti) and stock 5 50-fold excess to 48V (0.004% of excess Ti).  The 

results obtained are as shown in Figure 3.8. Encouragingly extraction of 48V with L5 and L6 

was possible even in the presence of vast excesses of Ti showing that these ligands have a 

preference for vanadium binding over titanium. However, the recovery yield is so low as to 

not make this a viable 48V purification strategy. 

 

Figure 3.8 The 48V extraction percentage of varying concentrations of L5, L6 at pH5 and pH7 
in EtOH/DCM solution and measuring the radioactivity with Gamma counter. 
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3.3.5 Purification of 48V using commercially available cartridges 

(alumina column, C18-silica bonded column, and QMA) and silica 

gel  

We attempted to purify the synthesised radioactive 48V using a method previously described 

by Broder et al. 6, 15 The organic phases containing 48V-complexes of L5 and L6 obtained after 

separation (both from the pH 5 or pH 7 extractions) were passed through cartridges made 

up of alumina, C18-silica, silica-based-hydrophilic-strong-anion-exchanger, and packed 

silica gel column respectively. The results obtained are as displayed in Figures 3.9 and 3.10. 

The 48V complexes were strongly adsorbed to all the stationary phases used and this 

resulted in poor yield. For the complexes formed at pH 5, the percent extraction of 48V with 

L5 and L6 Salen ligands obtained after column purification are 1.0, 0.9, 0.7, 24 % and 0.8, 0.9, 

0.8, 31 % respectively for alumina, C18-silica bonded, silica-based-hydrophilic-strong-

anion-exchanger, and silica gel column respectively. While at for the complexes formed at 

pH 7, the corresponding percent elution of 48V obtained after purification are 1.2, 1.1, 1.1, 

25.5 % and 1.0, 1.0, 0.7, 33 % respectively for L5 and L6.  

 

Figure 3.9 The elution percentage of 48V with L5 and L6 and at pH 5 and pH 7 using different 
cartridges and measuring the radioactivity with a gamma counter. 
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Figure 3.10 The extraction percentage of 48V L5 and 48VL6 at pH 5 and pH 7 by using silica 
gel and measuring the radioactivity with a gamma counter. 

 

 

Figure 3.11 The extraction percentage of [(48V) L5] and [(48V) L6] at pH 5 and pH 7 by using 
silica gel and measuring the radioactivity with a gamma counter. 
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described by Saha and co-workers. 17 Amberlite have employed as a cation exchange column 

with the hope that the synthesised 48V will have moderate affinity for this stationary phase 

so it can be eluted and isolated in good yield. Unfortunately, with a poor yield of just 7% 

elution observed this method was abandoned the results are presented in Figure 3.12. 

 

 

Figure 3.12 representative the total activity of 48V that gained after purification by 
Amberlite and washing by eluents. 

3.3.7 Radiosynthesis, purification and radio-TLC analysis of [(48V) L5] 

and [(48V) L6] 

Due to the difficulty encountered in the attempt to separate the generated 48V from Ti and 

other unwanted impurities, we attempted to derivatise the crude product with Salen ligands 

L5 and L6 via direct single phase liquid reaction. With the aim to prepare radiolabelled [(48V) 

L5] and[(48V) L6] with the intention that this will alter the physical properties of the 48V and in 

turn ease the separation of radiolabelled 48V-Salen complexes from the Ti. Solvent exchange 

was necessary because our Salen ligands are not soluble in aqueous solution, however we 

did not want to evaporate the 48V/Ti solutions to dryness for fear of forming insoluble 

bridged polymeric species. Thus, a method was devised to add double the volume of DMSO 

to the 48V aqueous stock from section 3.2.1.3 and then evaporate reduce the volume by 
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then miscible with DCM to allow the addition of Salen ligands to enable a single-phase 

reaction.  

Mixing DCM solutions of L5 and L6 with the crude 48V/Ti DMSO solution and mixing at room 

temperature led to the formation of a white precipitate. The reaction mixtures were 

subjected to centrifugation to separate the precipitate generated which is largely Ti, and the 

supernatants were characterised by radio-TLC analysis to ascertain the purity of the 

products using 50% acetonitrile and 50% ethyl acetate as eluent. Spectra were processed 

using LAURA imaging software, which is used to integrate regions of interest (ROI) to 

calculate the cumulative signal within each region of interest (ROI) for each sample.18  

Figures 3.13 and 3.14 exemplify the radio-TLC analysis for the reaction mixture of [(48V) L5], 

[(48V) L6]  (36.15%) and (54.98%) respectively). 

The 48V complexes of L5 and L6 were successfully purified by evaporating the DMSO/DCM 

reaction mixture and then extracting the resultant powder with 50% acetonitrile and 50% 

ethyl acetate to dissolve the soluble ligand complexes and leave behind the insoluble free 

metal. The solvent was then evaporated off and the purified 48V complexes were redissolved 

in DMSO for cell labelling. Figure 3.15 shows the Radio-TLC spectra for purified [(48V) L6] 

overlayed with free 48V showing no detectable uncomplexed 48V.  

 

Figure 3.13 Radio-TLC for [(48V) L5] reaction mixture, red area Region shows a Free 48V and 
green region shows [(48V) L5]. 
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Figure 3.14 Radio-TLC analysis of [(48V) L6] reaction mixture, red region shows free 48V and 
green region shows [(48V) L6] 

 

 

Figure 3.15 Overlay of Radio-TLCs of purified samples (A) Free 48V and (B) Purified [(48V) L6] 

The % recovered activity from this method is 40% for [(48V) L5], and 56% [(48V) L6]. This 

reaction protocol reliably produced enough purified 48V complexes to enable in vitro and in 

vivo analysis of the reaction products. Another benefit of this method is that it avoids the 

need for time consuming pH adjustments and repeated centrifugation of radioactive stock 

solutions prior to complexation reactions and significantly reduces radiation doses received 

by the operators. However, it is worth noting that the molar excess of Salen ligand to 48V was 

increased to 20 million for these reactions. Optimisation reactions showed that ligand 
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concentration ratios could be reduced to ¼ without affecting the reaction outcome thus 

reducing the molar excess of Salen ligand to 48V to 5 million and also in scale up reactions 

activities as high as 2 MBq of purified [(48V) L6] could be obtained. These two complexes 

were taken forward to chapter 4 for biological testing. 

3.4 Conclusion 

In this work, radioactive 48V has successfully generated and isolated radioactive 48V by 

proton irradiation of a Ti target in a medical cyclotron. We have devised a reliable, radiation 

hotcell and remote handling tong compatible, low temperature and mild reagent 

electrochemical dissolution method for the irradiated Ti target disc. The implementation of 

this new dissolution method will dramatically reduce damage to expensive radiation hotcells 

compared to currently published methods. 

Potential biphasic liquid-liquid extraction methods were explored to produce 48V-salen 

complexes. Optimisations to partition Salen ligands L5 and L6 in a mixed solvent (DCM and 

EtOH) and reduce the pH of the aqueous phase containing the 48V to pH 5 improved the 

efficiency and reliability of the process to give up to 58% yields for this process. 

Radiation hotcell compatible protocols were devised to convert crude aqueous 48V/Ti 

solutions into forms to enable single phase complexation reactions with lipophilic water 

insoluble Salen ligands. Salen ligands L5 and L6 have been shown to react successfully with 

48V in the presence of a vast excess of non-radioactive Ti. Radiation hot lab compatible 

purification methods have been devised to reliably purify [(48V) L5] and [(48V) L6] complexes 

in large enough scales to all in vivo or in vitro testing of these potential cell labelling agents 

for long term imaging. 

These studies have laid vital groundwork for the future chapters of this thesis to explore the 

cell labelling capabilities and biological properties of 48V Salen complexes as potential stem 

cell labelling agents. 
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4.1 Labelling cells for deep tissue tracking by PET 

during wound healing 

4.1.1 Introduction 

To date, there has been limited success in the tracking, monitoring and imaging of implants, 

replacement tissues and bioengineered materials during in vivo tissue repair.1 PET however, 

has great potential for the clinical assessment of regenerative medicine and tissue 

engineering approaches due to its ability to image deep in to dense tissues. Such tracer-

based approaches can provide precise, measurable, visual and somewhat non-invasive 

analysis of implanted biomaterials, components or transplanted cells.1 

The use of cell tracking is a common practice in research and medical diagnosis, with an 

established history of applying radioisotope-labelled autologous white blood cells for the 

detection of inflammation and infection in patients. 2 This technique has been fundamental 

to both pre-clinical and clinical studies for many years. Cell tracking has been facilitated 

through the development of direct cell labelling techniques. Such an approach includes 

labelling the cells using chemical compounds capable of either penetrating the cells or 

attaching moieties to their membranes. After labelling, the cells are then introduced into the 

subject and live in vivo imaging can be conducted to monitor their dispersal over a period of 

time. Direct cell labelling provides numerous benefits. Firstly, it is a more straightforward 

approach compared to indirect cell labelling involving genetic modification of the cells. 

Furthermore, it possesses a reduced regulatory threshold for clinical implementation, as it 

does not entail genetic change.2 

PET offers numerous benefits over other imaging techniques for cell tracking due to its 

exceptional sensitivity, which enables imaging utilising minimal amounts of probe/label per 

cell. It also facilitates comprehensive body imaging quantitatively with scanners that are 

frequently used in clinical practices.2 Previous studies have demonstrated how, using PET 

imaging, stem cells such as cord blood hematopoietic stem or progenitor cells once 

transplantation to the bone marrow niche can effectively reconstitute the hematopoietic 

system.3  
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4.1.2 Cellular imaging utilising PET  

As a technique, PET is significantly more sensitive than SPECT with a sensitivity of 1012 Molar 

(M) compared to 1011 M. As a result, PET has the capacity to identify a smaller number of 

cells with the same mass of pre-label.4 The high spatial resolution and sensitivity of PET 

makes it an ideal method for monitoring the migration of labelled stem cells in vivo in real-

time however, it necessitates the choice of an appropriate cell label.5, 5  As an example 18F-

FDG is frequently employed in PET to pre-label stem cells in order to then visualise them in 

mice.4  The 18F-FDG uptake by stem cells, without the need for cellular modification, has 

simplified the tracking process and provided valuable insights into their behaviour.6  

Furthermore, a beneficial property of 18F is that it has a half-life of 110 minutes, which is  

long enough to undertake some protracted cell tracking analysis. However, short-lived 

radioisotopes such as 18F are not suitable for antibody imaging because the signal will have 

decayed to undetectable levels within 24 hours well before the optimal uptake time is 

realised.7 

Another example of stem cell/PET labelling is with copper isotopes, particularly 64Cu, which 

has been investigated as an alternative method to label white blood cells for PET imaging.8    

64Cu has a half-life of 12.7 hours allowing cells to be tracked for approximately 2ς3 days 9,10 

and has demonstrated potential in labelling peptides 11  and cells 10, with 64Cu specifically 

being well suited for investigating cell migration studies. The decay of 64Cu is primarily via 

electron capture (41%), positron emission (19%) and through beta particles (40%). 12  The 

relatively short half-life of 12.7 hours allows labelling of molecules with in vivo transitional 

ǇƻǘŜƴǘƛŀƭΦ ¢ƘŜ ƭƻǿ ʲҌ ŜƴŜǊƎȅ ƻŦ 64Cu facilitates high spatial resolution imaging, whilst the 

emitted Auger electrons also render it a promising radionuclide for therapeutic 

applications.13 

111In-oxine-labelling of lymphocytes is a further example of how hematopoietic progenitor 

cells could be radiolabelled for tracking. 14  The 2.8-day half-life of 111In enables cell tracking 

for approximately one week, which offers a significant benefit over radiopharmaceuticals 

labelled with 99mTc (e.g. 99mTc-hexamethylpropyleneamine; half-life of 6 hours). However, 

the drawback of using 111In is the requirement for medium-energy collimators. Whilst 
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these collimators have relatively poor spatial resolution, they do still have clinical 

potential.15 

 

A further example, with applicability to the field of regenerative medicine, is 89Zr.  It has 

previously been utilised for PET scanning as it has ~ 3.3 days half-life, rendering it beneficial 

for long term tracking. 7  it   also demonstrates a low positron energy (511 KeV) for good 

spatial accuracy, which makes it suitable for PET imaging. 16  89 Zr is an ideal radiolabel for 

PET imaging of monoclonal antibodies (mAbs) because the antibodies can be present in the 

blood for several days before being taken up into tissues hence, several days are often 

required between tracer injection and imaging.7, 16  Immuno-PET is used to investigate 

antibody specificity of the antigen and localization/stabilization of the antigen and antibody. 

Desferioxamine (DFO the most promising chelator for 89Zr ) ligand has been successfully used 

with 89Zr  to generate a complex (89Zr-DFO) which has been effectively used to label cells for 

tracking in vivo.17 

4.1.3 Biocompatibility assessment - cytotoxicity 

Cytotoxicity is a fundamental measure for assessing the biological effects of a 

compound/material. In vitro, various agents including biological compounds, drugs and 

pesticides have been demonstrated  to display a range of cytotoxic mechanisms which 

include effects such as cell membrane damage, inhibition of protein synthesis or 

permanently attaching to/activating cell surface receptors.18 18  Since the 1950s, there has 

ōŜŜƴ ŎƻƴǎƛŘŜǊŀōƭŜ ŀŘǾŀƴŎŜƳŜƴǘ ƛƴ ǘƘŜ ŜǾŀƭǳŀǘƛƻƴ ƻŦ ŀ ƳƻƭŜŎǳƭŜΩǎ ōƛƻƭƻƎƛŎŀƭ ŀŎǘƛǾƛǘƛŜǎΦ  

Hence, a wide range of in vitro assays are currently available for cytotoxicity testing.  Some 

assays focus on detecting a loss of membrane integrity as signalled by the leakage of Lactate 

Dehydrogenase or the ability of Trypan Blue to enter a cell.19  Other assays enable indirect 

quantification of cell population changes whereby the addition of a compound can only be 

metabolised by a live cell.  One such classic example is 3-4,5 dimethylthiazol-2, 5 diphenyl 

tetrazolium bromide (MTT) which when added to the cell results in a brown precipitate in 

the cell which can then be solubilised and quantitated.8 

A more recent derivation on this assay is to utilise the Oranguϰ assay because it is non-toxic 

and it has demonstrated higher level of sensitivity when compared to the MTT, XTT ((2,3-bis-
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(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) or a WST-1 assays (water-

soluble tetrazolium salt).20  The Oranguϰ assay uses WST-8, a tetrazolium salt that readily 

dissolves in water and undergoes reduction by the dehydrogenase activities in viable cells to 

give an orange-coloured formazan dye, which can in turn be quantitated. 

4.1.4 Biocompatibility assessment - wound repopulation 

In vitro wound healing assays are a widely employed technique for investigating cell 

migration and underlying biological mechanisms. Applicable to various cell types, these 

assays involve the monitored closure of a wound within a cell monolayer, offering a simple 

model for examining processes like cell polarization, proliferation and migration.  Wound 

healing assays serve dual roles, facilitating in-depth cell biology investigations and serving as 

a platform for identifying and confirming the impact of exogenous agents on wound 

repopulation.21 

Aims and Hypothesis:  

This chapter will aim to: 

1. Assess the effect of Salen ligands, VO-complexes and Ti-complexes on OMLP-PC 

proliferation and wound repopulation. 

2. Assess the effect of radioactive VO-complexes and Ti -complexes on OMLP-PC 

proliferation and wound repopulation. 

3. Monitor cellular radiolabel retention for up to 2 weeks. 

4. Observe the effects on long-term cell growth after radiolabelling. 

 

Hypothesis: Stem cells can be effectively (radio)labelled without affecting their 

proliferative or migratory capacities. 
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4.2 Materials and Methods 

4.2.1 Cell culture and maintenance of OMLP-PCs 

Cell culture was performed under sterile conditions utilising a class II microflow tissue 

culture cabinet. All plastic materials utilised were obtained exclusively from Sarstedt 

(Germany), unless otherwise stated. All reagents were obtained from Thermo Fisher 

{ŎƛŜƴǘƛŦƛŎ ό¦Yύ ǳƴƭŜǎǎ ƻǘƘŜǊǿƛǎŜ ǎǘŀǘŜŘΦ t9¢L/ ƭŀōΩǎ ƳƛŎǊƻǇƭŀǘŜ ǊŜŀŘŜǊ ό.ȅƻƴƻȅ DƳōIΣ 

Germany).  

A human OMLP-PC line 22 ǿŀǎ ƳŀƛƴǘŀƛƴŜŘ ƛƴ ǎŜǊǳƳ ŎƻƴǘŀƛƴƛƴƎ ƳŜŘƛǳƳ ό{/aΤ 5ǳƭōŜŎŎƻΩǎ 

ƳƻŘƛŦƛŜŘ 9ŀƎƭŜΩǎ ƳŜŘƛǳƳ ό5a9aύ ŎƻƴǘŀƛƴƛƴƎ пΦр Ǝκ[ 5-Glucose and 110 mg/L Sodium 

Pyruvate supplemented with 2mM L-Glutamine, an antibiotic/antimycotic mixture of 100 

U/ml Penicillin G, 100 µg/ml Streptomycin sulfate and 0.25 µg/mL Amphotericin B and 10% 

(v/v) Fetal Bovine Serum (FBS)) in tissue culture flasks at 37°C in a 5% CO2/95% Air 

atmosphere. Cells were fed with pre-warmed SCM every 2-3 days.22 

At 80-90% confluency, to passage the cells, the culture medium was aspirated, the cell 

monolayer washed with phosphate buffered saline (PBS) and the cells detached by 

incubating with 0.05% (w/v) trypsin/0.53mM Ethylenediaminetetraacetic Acid (EDTA) for 5 

minutes at 37oC.  SCM was then added to the flask, the cells collected and centrifuged at 252 

xg in a centrifuge (Labrofuge 400, Thermo Fisher Scientific, UK) for 5 minutes to obtain a cell 

pellet. The supernatant was removed, and the pellet resuspended in SCM. A sample was 

taken and mixed 1:1 with of 0.4% (w/v) Trypan Blue solution. Viable cells were counted using 

a Fastread® haemocytometer and then either used for experiments or re-seeded into new 

culture flasks at a density of 4x103 cells/cm2. 

4.2.2 Cryopreservation and reestablishment of cells 

Excess cells were frozen to -80°C in aliquots in 50% FBS containing 10% (V/V) dimethyl 

sulfoxide (DMSO) and 40% SCM using a Mr Frosty to ensure cooling of 1oC per minute. After 

24 hours cells were moved to liquid nitrogen for long term storage at -196oC.  For recovery 

of cryopreserved cells, an aliquot was thawed rapidly in a 37oC water bath. Cells were then 

resuspended in 10mL of pre-warmed SCM before centrifugation at 252 xg for 5 minutes. 
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After centrifugation, the supernatant was discarded, the pellet resuspended in 1mL of SCM 

counted and seeded as required. 

4.2.3 Mycoplasma testing 

All cell populations underwent regular testing for mycoplasma contamination, typically every 

п ǿŜŜƪǎΦ ²ƘŜƴ ŎŜƭƭǎ ǊŜŀŎƘŜŘ ŎƻƴŦƭǳŜƴŎȅΣ млл˃[ ƻŦ ŎƻƴŘƛǘƛƻƴŜŘ ƳŜŘƛǳƳ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ŀƴŘ 

subjected to mycoplasma detection using a PCR-based kit (Minerva Biolabs, Germany). Dr M 

Stack (Research Technician, School of Dentistry, Cardiff University) conducted all of the 

mycoplasma testing. Only cells confirmed to be mycoplasma-negative were used in 

experimental procedures. 

4.2.4 Imaging of cells  

Digital brightfield images of cells were obtained using a Nikon Eclipse TS100 microscope 

fitted with a Moticam BDW8 tablet (Best Scientific, Wiltshire, UK). At least 3 images were 

taken per sample. Time-lapse image analysis was carried in the School of Biosciences, Cardiff 

University using a Zeiss cell Discover 7 automated microscope (Zeiss, Germany). Image 

analysis was undertaken utilising ImageJ (1.54 d, USA). 

4.2.5 Preparation of ligand and complex stock solutions 

Stock solution chemical compounds were prepared by dissolving 5mg of each compound 

(ligand or complex) in 500 µl of DMSO. Stock solutions were diluted to the desired working 

concentration using SCM.  10 mg/L (10 ppm) of VOSO4 (pH7) were used as a control with the 

VO and Ti complex experiments.  

4.2.6 Assessment of cell proliferation utilising the OranguTM assay  

OMLP-PCs were seeded in 100 µl of SCM in to 96-well tissue culture plates at a density of 

5x103 cells/well (n=4).  After 24 hrs, the SCM was removed, the cells were washed with 200 

µl PBS and then fresh SCM was added containing the ligands or complexes for either 3 hrs or 

24 hrs. Cells were treated with different concentrations of ligands [L3, L5, and L6], Vanadium 

complexes [(VO)L3], [VOL5(Cl)], [VOL6(Cl)] or Titanium complexes [Ti L3(OiPr)2, Ti L5(OiPr)2, Ti 

L6(OiPr)]. Following the 3- or 24-hr incubation period, the labels/medium were removed, 

fresh SCM added, and the cells incubated for a further 0, 1, 2 or 3 days (3-hour label) or a 
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further 0, 1 or 2 days (24-hour label).  Medium was then removed, 100 µL of fresh SCM 

added followed by 10µL of Oranguϰ solution.  Plates were then returned to the incubator 

for 4hrs. After 4 hrs the absorbance was measured at 450 nm using a microplate reader 

(FLUOstar Omega; BMG Labtech, UK). Control groups involved untreated cells and cells 

treated with the vehicle diluent (DMSO). 

4.2.7 In vitro wound healing scratch assay 

OMLP-PCs were seeded in 500 µl of SCM in to 24-well tissue culture plates at a density of 

5x104 cells/well. The cells were cultured for 48 hrs to allow them to achieve 90-95% 

confluency. The cell monolayer was then gently wounded using a 200 µl pipette tip creating 

ŀ ǎǘǊŀƛƎƘǘ ƭƛƴŜ ΨΨǎŎǊŀǘŎƘΩΩΦ  ¢ƘŜ {/a ǿŀǎ ǘƘŜƴ ŘƛǎŎŀǊŘŜŘΣ ǘƘŜ ŎŜƭƭǎ ǿŀǎƘŜŘ ƎŜƴǘƭȅ όt.{ύ ǘƻ 

remove any debris, 500 µl of SCM containing L3, L5, L6, [(VO) L3], [VOL5(Cl)], [VOL6(Cl)], [Ti 

L3(OiPr)2], [Ti L5(OiPr)2], [Ti L6(OiPr)2], VOSO4 or DMSO was added and the plates returned to 

the incubator.  For some experiments, the cells were fixed (20% (v/v) methanol, 30 mins), 

stained with 0.2% (v/v) Crystal Violet (30 mins), washed extensively (H2O) and imaged.   

Images were either acquired manually (0 hrs, 24 hrs and 48 hrs) or utilising automated time-

lapse microscopy.  For time-lapse analysis images were acquired every 30 mins over a period 

of 48 hrs (37oC and 5% CO2). From these time lapse images, the area of the wound was 

quantified using ImageJ software, as previously described.23 For certain images, the scratch 

was created manually due to technical issues. Quantified results are presented as mean ± 

SEM from n=3 replicates: 

Wound Closure = (Average wound width t=0h ς Average wound width t=12h or t=24h) x 100 

                                              Average wound width t=0h 

4.2.8 Assessment of cell proliferation utilising the OranguTM assay 

(radioactive) 

OMLP-PCs were cultured in 96-well plates at a density of 5x103 cells/well (n=2). Cells were 

treated for either 3 hrs or 24 hrs with [(48V) L5], [(48V) L6] ,48V, and DMSO and then assessed 

as in 4.2.6. 
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4.2.9 In vitro wound healing scratch assay (radioactive) 

Scratch assay were set up as in 4.2.7 and exposed to 48V complexes [(48V) L5] and [(48V) L6]. 

These experiments were undertaken in a radioactive hot lab which had limited imaging 

equipment.  Hence, images were captured utilising a basic inverted microscopy and a phone 

camera. 

4.2.10 Direct radiolabelling of OMLP-PCs with 48V complexes   

5×103 cells/well (100 mL SCM) were seeded in to 96 well tissue culture plates and left for 24 

hrs. The cells were then exposed to either [(48V) L5], [(48V) L6], 48V only or DMSO (control) for 

3 hrs or 24 hrs. The highest amount of radioactivity added to any of the cells was 0.125MBq 

(the top of the linear range for the gamma counter) and then this was doubly diluted across 

the 96 well plate. After cell labelling, the supernatant was collected, and its radioactivity 

assessed using a Wallac Wizard 1480 Automated Gamma Counter (Perkin Elmer precisely, 

Finland). From knowing the starting radioactivity level and the level within the supernatant, 

an estimation of the amount of radioactivity adhered to the cells was made. 

In a similar way, cells in T25 flasks were also radiolabelled (seeding density 2.5x 105 

cells/flask), cells were incubated overnight before the radiolabelled compounds were added 

for either 3 hrs or 24 hrs.  However, in this case cells were trypsinised (see 4.2.1), centrifuged 

(252 xg), washed with PBS, centrifuged again (252 xg) and the radioactivity of the resultant 

cell pellet measured in a well counter (Capintec CRC-25 PET, USA).  

4.2.11 48V radiolabelling of OMLP-PCs in solution 

OMLP-PCs were resuspended at a concentration of 1x106 ŎŜƭƭǎκƳƭ ƛƴ м Ƴƭ ƻŦ IŀƴƪΩǎ .ŀƭŀƴŎŜŘ 

Salt Solution/20 mM HEPES buffer (pH 7.4).  For the first experiment, cells were labelled 

using either [(48V) L5] (0.50 MBq and 0.25 MBq) or [(48V) L6] (1.48 MBq and 0.25 MBq). 

DMSO was the control.  After incubation for 30 mins at room temperature on a shaker (650 

rpm), the cells were centrifuged (274 xg, 5 mins) and the radioactivity levels in the 

supernatant and the cell pellet were determined using a well counter.  

This experiment was repeated on a 10-fold higher scale with 2MBq of activity and 1x107 cells 

for the low concentration of the promising complex [(48V) L6]. The cell pellet was then 

resuspended in 1 ml of HBSS culture solution. Specific radioactivity for each complex was 
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added to 4.5 ml HBSS solution and incubated for 30 minutes at room temperature on a 

shaker (650 rpm). After centrifugation (274 xg for 5 mins), the radioactivity in the 

supernatant and cell pellet was determined with a well counter radioactivity meter. The 

labelled cells were then washed with 3 ml of HBSS twice until the supernatant 

ǊŀŘƛƻŀŎǘƛǾƛǘȅκŎŜƭƭ ǇŜƭƭŜǘ ǊŀŘƛƻŀŎǘƛǾƛǘȅ Ǌŀǘƛƻ ǿŀǎ Җмл҈Φ ¢ƘŜ ƭŀōŜƭƭƛƴƎ ŜŦŦƛŎƛŜƴŎȅ ƻŦ ώό48V) L5] and 

[(48V) L6] was determined by dividing the radioactivity of the final cell pellet by the total 

radioactivity used in labelling. 

4.2.12 Determination of Cell Population Doubling Level (PDL)  

Doubling time is a quantitative measure of a cell population growth rate, indicating the 

number of times a cell population has doubled: 

PDL = log10(total cell count obtained)- log10(total cell count re-seeded) 

log10(2) 

To assess the longer-term growth rates of radiolabelled OMLP-PCs, the cumulative 

population doublings were monitored over time (weeks). The total count of living cells from 

each passage was determined utilizing a haemocytometer.  

4.2.13 Statistical analysis  

Data analysis was carried out employing GraphPad Prism software, specifically version 

10.1.1. Unpaired, two-tailed t-tests were employed for comparisons involving two groups.  

{ǘŀǘƛǎǘƛŎŀƭ ǎƛƎƴƛŦƛŎŀƴŎŜ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōŀǎŜŘ ƻƴ t ǾŀƭǳŜǎ tҖ лΦлр όϝt Җ лΦлрΣ ϝϝt Җ лΦлмΣ 

ϝϝϝt ҖлΦллмΣ ϝϝϝϝt Җ лΦлллмύΦ 
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4.3 Results and Discussion  

4.3.1 Cell morphology  

Cultured OMLP-PCs demonstrated a spindle-shaped, fibroblast-like structure (Figure. 4.1)  

 

Figure 4.1 Cell morphology of human OMLP-PCs. (a) After 24 hrs in culture the cells 
reached approx. 50% coverage; (b) After 96 hrs in culture the cells were confluent. 

4.3.2 The effects of ligands and complexes on cell proliferation 

The toxicity of the ligands and their complexes on the OMLP-PCs was investigated at a 

number of concentrations and time points (Figures 4.2-4.5).  Considering the effect of the 

ligands, a 3 hrs label of the cells with L3, L5 and L6 had no significant effect on cell 

proliferation except at the highest concentrations of 125 and 250 µµg/mL, when compared 

to control cultures (Figures 4.2a-d; p<0.0001).  This was the similar after 24 hrs of cell 

labelling (Figures 4.3a-c; p<0.0001). 

The effect of the complexes was more pronounced.  Immediately after 3 hrs of labelling 

(Figures 4.4a) all of the complexes except [VOL6(Cl)] detrimentally affected cell proliferation 

at concentrations as high as 0.97 µg/mL (p<0.001 & p<0.0001).  However, the cells did 

recover with increasing time in culture post labelling as negative effects on cell number were 

only observed at 62.5 µg/mL and higher (Figures 4.4b-d; p<0.01 - 0.0001).  After 24 hours of 

labelling (Figures 4.5a-c), negative effects on cell proliferation were generally observed at 

most concentrations with recovery over the following days in culture not being as evident as 

for the 3 hr labelling.  Hence, for future experiments two concentrations of ligands or 
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complexes will be further explored for their effects on cellular responses; a low, non-

cytotoxic concentration (15.62 µg/mL) and a high, cytotoxic concentration (250 µg/mL). 

One of the challenges in using vanadium compounds in biological systems is their quick 

hydrolysis, resulting in various vanadium complexes. This challenge affects their storage 

longevity and complicates the identification of their active forms. To tackle this issue, 

researchers have focused on developing more stable vanadium complexes that produce 

identifiable hydrolysis products.24  This has led to the creation of oxovanadium(V) 

complexes that utilize Salen ligands due to the belief that replaceable groups are essential 

for cellular interactions.  

A study by Venkataprasanna et al,25 utilised the MTT assay to assess the cellular cytotoxicity 

(NIH-3T3 fibroblasts) of a variety of compounds (TiO2, TiO2-V1, TiO2- V2, TiO2-V3 and 

GO/TiO2-± ύ ŀǘ ŀ ƴǳƳōŜǊ ƻŦ ŘƛŦŦŜǊŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ όр ˃ƎκƳ[Σ мл ˃ƎκƳ[Σ мр ҡƎκƳ[ Σнл 

˃ƎκƳ[Σ нр ˃ƎκƳ[Σ ол ˃ƎκƳ[ ŀƴŘ рл ˃ƎκƳ[ύ ŀŦǘŜǊ  пуƘǊǎΦ  ¢ƘŜǎŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǿŜǊŜ 

comparable to the those used in this thesis where нрл ˃ƎκƳ[ ƻŦ ƭƛƎŀƴŘΣ ±-complex or Ti-

complex was the most toxic to the OMLP-PCs. However, Venkataprasanna et al 

demonstrated that cell number declined significantly (80%) at higher concentrations (>25 

˃ƎκƳ[ύ ōǳǘ ŀǘ ƭƻǿŜǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ όŜΦƎΦ р-нл ˃ƎκƳ[ ƻŦ Dhκ¢ƛh2-V) there was actually a 

promotion of cell proliferation compared to control. In the findings of this thesis 62.5 

˃ƎκƳ[ ǿŀǎ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ŀōƻǾŜ ǿƘƛŎƘ ǎǘŀǘƛǎǘƛŎŀƭƭȅ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ŎŜƭƭ Ǿƛŀōƛƭƛǘȅ 

were observed for [VOL5(Cl)] and [VOL6(Cl)],  whilst [(VO) L3] was significantly more toxic 

showing at statistically significant reductions in cell viability at concentrations as low as 3.9 

˃ƎκƳ[ ŀƭǘƘƻǳƎƘ ƛƴǘŜǊŜǎǘƛƴƎƭȅ ǘƘŜǎŜ ƘƛƎƘŜǊ ǘƻȄƛŎƛǘȅ ŜŦŦŜŎǘǎ ǿŜǊŜ ƴƻǘ ƻōǎŜǊǾŜŘ ƛƴ ŎŜƭƭ 

viability measurements 24 hours after labelling.  

Another study describes the use of oxovanadium(IV) complexes with 2-

Thenoyltrifluoroacetone-S-methylthiosemicarbazone(VO1a) and 4-methoxy-salicylaldehyde 

(VO1b) as an anticancer agents, with cisplatin  as a control.26  They utilised multiple cell 

types (two types of breast cancer cells MDA-MB-231 and MCF-7 and two types of normal 

cell lines HUVEC and NIH-3T3s). These authors found that moderate effects on cell viability 

(90% viability) in normal control cell lines with concentrations of complex low as 5µM. 26 

However, the work in this thesis demonstrates that concentrations as high as 15.6 µg/ml 
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(27µM) for [(VO) L3], [VOL5(Cl)]and [VOL6(Cl)] had no statistically significant effect on cell 

viability.   

Interestingly in contrast to the findings in this thesis, Abdolmalaki and Zahri demonstrated 

higher cytotoxicity for Salen ligands compared to the equivalent Vanadium-Salen complexes. 

27  They demonstrated moderate cytotoxic effects (70% cell viability) of Salen ligands 

(C16H16N2O2) at 5 µM and (80% cell viability) of vanadium Salen oxide (C16H14N2O3V) at 7.5 

µM on chicken fibroblasts and hepatic cells.  

A study by Patra et al 28  measured  the cytotoxicity of the Salen ligands H2L1( Salen ligands, 

bΣ b  -dimethyl-bΣ b  -bis-(5-chloro-2- hydroxy-3-methyl-benzyl)-1,2-diaminoethane), H2L2 

όbΣ b  -dimethyl-bΣ b  -bis-(5-chloro-2-hydroxy-3-isopropyl-6-methyl-benzyl)-1,2-diamino-

ethane), and, H2L3 όbΣ b  -dimethyl-bΣ b  -bis-(5-chloro-2-hydroxy-3-isopropyl-6-methyl-

benzyl)-1,2-diamino-ŜǘƘŀƴŜ ŀƴŘ bΣ b  -bis-(5-chloro-2-hydroxy-3-isopropyl-6-methyl-benzyl)- 

1,2-diaminocyclohexane). In addition, their metal complexes were applied after binding with 

Vanadium metal to create Vanadium-Salen complexes which are 

oxidomethoxidovanadium(V) [VVOL1 (OCH3)], and two mono oxido-bridged divanadium (V, V) 

complexes [VVOL2ς3 ]2ό-˃O). These compounds were added to MCF-7 (breast cancer), HT-29 

(colon cancer) or NIH-3T3 (normal, non-cancerous control). At concentrations of 20 µg/mL, 

50 µg/mL and 100 µg/mL, the VOςSalen complexes reduced the proliferation of non-

cancerous and cancerous cells (approx. 50% cell viability).  However, the cancerous cells 

were not affected by the Salen ligands on the own.  

A further study by Sahu et al 29  utilised an oxidomethoxidovanadium(V) [VVO(L)(OMe)] 

complex and Schiff bases H2L = S-benzyl-3-(2-hydroxy-3-ethoxyphenyl)methyl 

[enedithiocarbazate] to treat MCF-7 and NIH-3T3 at a variety of concentrations (1, 5, 10, 

20, 50 µM). The MTT assay for the non-cancerous 3T3 cells revealed cytotoxic effects 

(30% cell viability at 50 µM, 50% at 20 µM and 65% at 10µM). However, around 90% - 

95% cell viability was observed after treating with ligands or [VVO(L)(OMe)] at 5µM and 1 

µM.   This differs to the results presented in this thesis, which report no effect on OMLP-

PC for most of the ligand or complexes at concentrations as high as 31.3 µg/mL (50 µM) 

and bellow (with the exception of [(VO) L3] which was highly toxic for cells after 3 and 24 

hrs of exposure).  
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A study by Tshuva et al investigated the effects of several Salen ligands and their 

corresponding vanadium complexes (L1-6VO(OiPr) on two types of human cancer cells: 

colon HT-29 and ovarian OVCAR-1. 24 Vanadium Salen complexes L1т6 VO(OiPr) at the 

concentrations 0-10 µM (which maps to the concentrations 7.8-15.6 µg/mL utilised in 

this thesis) induced significant cell death in the cancer cells compared with the control.  

However, no effect was observed as these concentrations for the OMLP-PCs used in 

this thesis.  

Finally, a study by Kundu et al  assessed the effectiveness of Schiff bases (2(((2-

(diethylamino) ethyl) imino) methyl) phenol and 2-(((3(dimethylamino)-2,2-   

dimethylpropyl)imino)methyl)-6-methoxyphenol) and zinc (II) Schiff bases (hemi-Salen 

ligands) such as [Zn2L1 2(N3)2] (dimeric complex)and [Zn3L2 2(N3)4] (trimeric complex) as 

anticancer agents on different cancer cell lines including HeLa cells and MCF-7 cells. 30  

The range of compounds concentration utilised was 0-100 µM which maps to 0.01 

µg/mL- 62.5 µg/mL of the reagents used in this thesis.  The results demonstrated that 

the VO and Ti Schiff bases complexes, at the appropriate concentration (ӄШΡΜШӓ~ь, were 

more toxic to the cells than Zn Schiff bases complexes. It is worth noting that the 

unique characteristics of Zn complexes, such as being a strong Lewis acid, low 

toxicity, redox inertness and having a high bioavailability, make them well-suited for 

biological applications.30, 31 

Many coordination complexes lack stability in biological environments due to different 

coordination behaviours. Therefore, it is crucial to identify the active species involved in 

cell toxicity. 26 The results in this thesis demonstrate that VOSO4 (essentially vanadium 

alone) had no cytotoxic effects on the OMLP-PCs for all treatments/concentrations of 

the ligands or complexes. In contrast, when vanadium was coordinated with Salen 

ligands clear cytotoxicity was observed at the highest concentrations. However, some 

research has reported that vanadium itself can have an impact on several cellular 

processes such as signalling transduction pathways and cellular proliferation and it can 

also elevate reactive oxygen species production leading to apoptosis .26 
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Figure 4.2 OMLP-PC relative cell number after 3 hrs labelling with different concentrations 
of Salen ligands. (a) 0 hrs after labelling, (b) 1 day after labelling, (c) 2 days after labelling, 
(d) 3 days after labelling. Data = mean ± SD (n=4), statistical comparisons are to control for 

each concentration (*p<0.05,**p<0.01 ,***p<0.001 and ****p<0.0001). 
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Figure 4.3 OMLP-PC relative cell number after 24 hrs labelling with different 
concentrations of Salen ligands. (a) cumulatively 1 day after labelling, (b) cumulatively 2 

days after labelling, (c) cumulatively 3 days after labelling. Data = mean ± SD (n=4), 
statistical comparisons are to control for each concentration (*p<0.05, **p<0.01 

***p<0.001 and ****p<0.0001). 
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Figure 4.4 OMLP-PC relative cell number after 3 hrs labelling with different concentrations 
of VO and Ti complexes. (a) cumulatively 0 days after labelling, (b) cumulatively 1 day after 

labelling, (c) cumulatively 2 days after labelling, (d) cumulatively 3 days after labelling. 
Data = mean ± SD (n=4), statistical comparisons are to control for each concentration 

(*p<0.05, **p<0.01, *** p<0.001 and ****p<0.0001) 
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Figure 4.5 OMLP-PC relative cell number after 24 hrs labelling with different 
concentrations of VO and Ti complexes. (a) cumulatively 1 day after labelling, (b) 

cumulatively 2 days after labelling, (c) cumulatively 3 days after labelling.  Data = mean ± 
SD (n=4), statistical comparisons are to control for each concentration (*p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001) 
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4.3.3 The effects of ligands and complexes on cellular wound 

repopulation ς manual analysis 

The scratch assay is a widely utilised experimental technique in cell biology to investigate the 

effects of exogenous agents on wound repopulation (comprising both cell migration and 

proliferation).  Confluent cultures of OMLP-PCs were scratch wounded and studied at 0, 24 

and 48 hrs of incubation after treatment with low (15.6 µg/ml) and high (250 µg/ml) 

concentrations of either ligands or complexes. 

For the ligands at low concentrations, none demonstrated any notable effects on wound 

repopulation, with all wounds being closed by 48 hrs (Figure 4.6). However, at high 

concentrations (as wound have been predicted from the proliferation assay ς see above) all 

ligands resulted in significant cell death and a lack of wound closure (Figure 4.7).  

Furthermore, for some ligands at this high concentration there was active precipitation of 

the compound (e.g. L3).  Similar results were observed for the complexes.  At low 

concentrations wound repopulation was not impeded (Figures 4.8 & 4.10) whereas at high 

concentrations wound repopulation did not occur as most of the cells died (Figures 4.9 & 

4.11).  Therefore, these investigations have identified a number of potential complexes 

which, when utilised at an appropriate concentration, do not affect cellular wound healing 

responses. 

The findings in this thesis however, are contrary to a study that utilised vanadium complexes 

on wounds made in cultures of UMR106 rat osteosarcoma cells. 32  In that study, it was 

reported that when the cells were treated with 0.5µM of a vanadium complex (which 

equates to 0.01µg/ml utilised in this thesis) the wounds closed more rapidly. However, at a 

ƘƛƎƘŜǊ ŜȄǇƻǎǳǊŜ ƻŦ р ҡa όǎǘƛƭƭ ōŜƭƻǿ ǘƘŜ ΨƭƻǿΩ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǳǎŜŘ ƛƴ ǘƘƛǎ ǘƘŜǎƛǎύύ ǘƘŜ ŎŀƴŎŜǊ 

cells demonstrated significant cytotoxicity.  

A study by Venkataprasanna et al,25  used Graphene oxide loaded with V doped with TiO2 

blended with chitosan and polyvinyl alcohol (CS/PVA/GO/TiO2-V) as a fabricated  patch to 

investigate the effects on wound healing of NIH-3T3 fibroblast cells. CS/PVA/GO/TiO2-V 

reduced the wound by 50% at 12 hrs and 90% at 24 hrs.  This compares favourably with the 

findings from the OMLP-PCs.  
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Jayabal et al investigated cell migration/wound repopulation at 24 and 48 hrs in the 

presence of PVA/Cs /TiO2, PVA/Cs/GO/TiO2, PVA/Cs/GO/TiO2(V-N), PVA/Cs/GO/TiO2(V-

N)/Cur patches and PVA/Cs as a control. 33  The results demonstrated a substantial increase 

in wound repopulation in the presence of the patches (80-88%) compared to the control 

(60%).  A related study investigated Vanadium-loaded PVA (polyvinyl alcohol)/chitosan 

nanoparticles at varying different concentrations (PVA/chitosan 0.1% w/v, PVA/chitosan 

0.3% w/v and PVA/chitosan only as a control) and their effects on a melanoma cancer cell 

line (A375 cells). 34 The results demonstrated an enhanced wound closure in the presence of 

Vanadium-loaded PVA/chitosan at 0.1% and 0.3% compared to PVA/chitosan (no Vanadium).  

IŜƴŎŜΣ ±ŀƴŀŘƛǳƳ ƭƻŀŘŜŘ ŎƻƳǇƭŜȄŜǎ Ŏŀƴ ŀƭǎƻ ƘŀǾŜ ΩǇǊƻ-ǿƻǳƴŘ ƘŜŀƭƛƴƎΩ ǇǊƻǇŜǊǘƛŜǎΦ 

 

Figure 4.6 OMLP-PC wound repopulation after treatment with 15.6 µg/mL (low 
concentration) of ligand or control (DMSO) over a 48 hr period.  Scale bar = 200 µm. 
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Figure 4.7 OMLP-PC wound repopulation after treatment with 250 µg/mL (high 
concentration) of ligand or control (DMSO) over a 48 hr period.  Scale bar = 200 µm. 
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Figure 4.8 OMLP-PC wound repopulation after treatment with 15.6 µg/mL (low 
concentration) of VO complexes or control (DMSO) over a 48 hr period.  Scale bar = 200 

µm. 
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Figure 4.9 OMLP-PC wound repopulation after treatment with 250 µg/mL (high 
concentration) of VO complexes or control (DMSO) over a 48 hr period.  Scale bar = 200 

µm. 
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Figure 4.10 OMLP-PC wound repopulation after treatment with 15.6 µg/mL (low 
concentration) of Ti complexes or control (DMSO) over a 48 hr period.  Scale bar = 200 µm. 

 

Figure 4.11 OMLP-PC wound repopulation after treatment with 250 µg/mL (high 
concentration) of Ti complexes or control (DMSO) over a 48 hr period.  Scale bar = 200 µm. 
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4.3.4 The effects of ligands and complexes on cellular wound 

repopulation ς automated analysis 

To get a more in-depth assessment of any effects on cellular responses by the 

ligands/complexes, automated time-lapse microscopy analysis of OMLP-PC scratch wound 

ΨƘŜŀƭƛƴƎΩ ǿŀǎ ǳƴŘŜǊǘŀƪŜƴ ƻƴ ǘƘŜ ƭƛƎŀƴŘǎ ŀƴŘ ŎƻƳǇƭŜȄŜǎΦ  ¢Ƙƛǎ ǿŀǎ ƻƴƭȅ ǳƴŘŜǊǘŀƪŜƴ ŀǘ ǘƘŜ 

lower concentration at the higher concentration resulted in global cell death (see above).  At 

the lower concentrations (15.6 µg/mL), for all ligands and complexes there was complete 

wound closure (Figures 4.12-4.15; movies available at https://cf-

my.sharepoint.com/:v:/g/personal/al-luaibirn_cardiff_ac_uk/EVQt7v3n3mhCrOJd-Oh-

ExMBbccyJXh343Q6cbe5H40f8Q). Quantitation of wound closure revealed that, at the low 

concentration, the ligands or V-complexes had no statistically significant effect on wound 

closure. as compared with the control.  However, some retardation of wound closure did 

occur for the Ti-complexes (p<0.05). 

Another study employing automated time-lapse analysis corroborates these findings, 

investigating oxovanadium complexes ([VO (dipic)(dmbipy)] ·2 H2O) (non-encapsulated into 

lipid nanoparticles (non-SLN)) and dioxovanadium ([VOO (dipic)] (2-phepyH) ·H2O (non-

encapsulated into lipid nanoparticles (non-SLN)) and using DMSO as a control. 35  In addition, 

using oxovanadium complexes ([VO (dipic)(dmbipy)] ·2H2O) (capsulated (SLN)), and ([VOO 

(dipic)] (2-phepyH) ·H2O (capsulated (SLN)) and using empty (SLN) as a control. The non-SLN 

compounds when exposed to MDA-MB-ном ŎŜƭƭǎ ŀǘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ мл˃a όŜǉǳƛǾŀƭŜƴǘ ǘƻ 

the 15.6 µg/mL used in this thesis) resulted in wound closure that was the same as control.  

On the other hand, when MDA-MB-231 cells were treated (at the same concentration) with 

the SLN compounds there was a decrease in wound repopulation compared to control.  This 

may be because high concentrations of vanadium complexes can cause toxicity to cells due 

to their ligand solubility in media 36 and some vanadium complexes can drive expression of 

the gene Caspase-3, which can cause cell death.37, 38 

Conversely, a study by Srivastava et al 39 applied different types of vanadium complexes 

(ammonium vanadate, vanadium oxide and V2O5) on MSCs with untreated cells serving as a 

control. 39  After 24 hrs, the presence of ammonium vanadate at concentrations of 7µM, 

https://cf-my.sharepoint.com/:v:/g/personal/al-luaibirn_cardiff_ac_uk/EVQt7v3n3mhCrOJd-Oh-ExMBbccyJXh343Q6cbe5H40f8Q
https://cf-my.sharepoint.com/:v:/g/personal/al-luaibirn_cardiff_ac_uk/EVQt7v3n3mhCrOJd-Oh-ExMBbccyJXh343Q6cbe5H40f8Q
https://cf-my.sharepoint.com/:v:/g/personal/al-luaibirn_cardiff_ac_uk/EVQt7v3n3mhCrOJd-Oh-ExMBbccyJXh343Q6cbe5H40f8Q
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14µM and 25µM (equal to or less than the low concentration used in this thesis) resulted in 

a reduction in migratory capability, with the intensity of this effect increasing as the 

concentration of ammonium vanadate increased. Ultimately, at the highest concentration 

examined, migration was completely eliminated. However, treatment with 7µM of V oxide 

which corresponds to 0.039 µg/mL in this thesis resulted in a higher migration capacity, 

leading to complete repopulation of the scratched area, which is consistent with the 

results for the OMLP-PCs. Furthermore, Cells treated with V2O5 exhibited similar migration 

patterns compared to those treated with V oxide, although their migration was slightly 

lower.  

Finally, a study using a scratch assay with Ti compounds, particularly gellan gum biofilm 

incorporated with Ti dioxide nanoparticles (TiO2-NPs), on NIH-3T3 fibroblasts 

demonstrated quicker healing of the wound gap along with strong cell spreading. 40  This 

effect was linked to the support for cell growth provided by TiO2 nanoparticles. It is 

assumed that the increased adhesion and growth of cells can be ascribed to the surface 

roughness of TiO2 nanoparticles integrated within gellan gum biofilms, which possibly 

affected protein interactions and subsequent cellular reactions.  
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Figure 4.12 Representative time-lapse images of an OMLP-PC scratch assay at time 0, 12 
and 24 hrs.   Treatments were control, VOSO4, L3, [(VO) L3] and [Ti L3(OiPr)2] all at 15.6 

µg/ml. The wound front is identified by the black line. Scale bar = 200µm. 
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Figure 4.13 Representative time-lapse images of an OMLP-PC scratch assay at time 0, 12 
and 24 hrs.   Treatments were control, VOSO4, L5, [VOL5(Cl)] and [Ti L5(OiPr)2] all at 15.6 

µg/ml. The wound front is identified by the black line. Scale bar = 200µm. 
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Figure 4.14 Representative time-lapse images of an OMLP-PC scratch assay at time 0, 12 
and 24 hrs.   Treatments were control, VOSO4, L6, [VOL6(Cl)] and [Ti L6(OiPr)2] all at 15.6 

µg/ml. The wound front is identified by the black line. Scale bar = 200µm 

 

 

 

 

 

 














































































































































































