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Abstract

Introduction: This thesis has focussed on the development of a novel cell labelling
technology that has longeerm 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 #ositron Emission Tomograph{PET) isotope of
vanadium?V, which has a long hdlfe (~16 days; potential analysis for many months).
Methods: 48V was produced in a cyclotron from a Ti disc, utilisingovel methodology
involving an electrochemical technique developed for the dissolution offeontaining Ti

at room temperature under mild acidic conditions. TH¥ was extracted from aqueous
solutions using various strategies, beginning with a variety of ligands but subsequently
focussing on the Salen ligands. Biological assays (Otafogicell proliferation; 2D scratch
assay for wound repopulation) were utilised to evaluate their cellw#otoxicity. To finesse

the largescale 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 nonrradioactiveligands E-L* exhibited higher
extraction percentages compared to-lI8, indicating their potential as extractants for
vanadium. Assessment of the cytotoxicity of the madiolabelled 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 (15.6ug/mL; no effect of cell proliferatjoof the ligands/complexes had no
effect oncellular wound repopulatiorin vitro, whereas as a high concentration (250ug/mL;
detrimental effect on cell proliferation prevented cell migration Investigations into
radiolabelling of the complexes revealed the best resultsLfoand 1 which were able to
extract 48V with 20% and 57% efficiency respectivehgsessment of cell proliferation
demonstrated that cells could tolerate up to 0.00139 MBq[\WOI13(Cl)] without showing
significant reductions in viability but this was even greater [[@OI5(Cl)] ¢ cells could
tolerate up to 0.00556 MBq d®V. [VOIE(Cl)]also proved the better complex in respect of
allowing wound repopulation Experimentatiorwith [VOI(Cl)]and cell labelling in solution
demonstrated that 68% of the activity coube retained by the cells and that they appeared
healthy after five weeks. PET/CT scanning detected radiolabel in cell nuagdoss as

6000 cells Conclusions:*®V Salen complexes were successfully synthesised and their



cellular biocompatibility demonstrated. This represents the first examp&\biabelling of

stem cells opening up the possibility of letegm 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 ofradioactivity used radium salts (in 1913) to explore the
possibilities of treating diseases and to observe the appearance of radon and radium in
excretal 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 vivo biological structure and function and it plays a

central role in clinical oncolody.

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 moleculEse 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 rowasively, allowing the
characterisation of tumour heterogeneity and the identification of personalised treatment

regimens for patients.

1.1.1In vivolmaging

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
SinglePhoton Emission Computed Tomography (SPECT) are nuclear medical imaging
techniques, while Magnetic Resonance Imaging (MRI), Computed Tomography (CT) scan and

Ultrasound (US) are morphological imaging techniqéés.
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Tablel.1 The comparison between the most common of clinical imaging modalities.
Adapted from® 7. 89

Imaging PET SPECT MRI CT UuS
modalities
Main clinical Tracer imaging Tracer Tracer imaging | Structural | Structural imaging
applications imaging imaging
Form of energy| Gamma rays from| Gamma rays| Radiofrequency Xray High frequency
used Annihilation of waves sound waves
positron
Contrast Radioactive tracery Radioactive | Gadolinium, iron lodine Microbubbles
agents/tracers tracers oxide particles
Spatial 1-2 (micrePET); § 1-2 (micre | 0.01-0.1 (small 0.5 mm 0.04-0.1 (smak
Resolution - 10 (clinical PET)| PET); 610 | animal MRI); 0.5 animal US); 0.11
(mm) 0.5- 2 (micro- (clinical PET), - 1.5 (clinical (clinical US)
SPECT);-715 0.5-2 (micro MRI)
(clinical SPECT)| SPECT);-715
(clinical
SPECT)
Temporal Minutes Minutes Second to hours days < | second
resolution
Sensitivity High (Fm) High (pMfM) | Low (mMMpM) Low(10°M) Low (~ pM)
(detection of
injected tracer)
Patient risk Radiation Radiation Heating and Radiation Heating and
peripheral nerve cavitation
stimulation
Cost High Medium High Medium Low
Advantages High sensitivity; High High spatial High spatial | High sensitivity
guantitative; sensitivity; resolution; resolution; portable
tracer amount of | quantitative; superb soft shorter
probe tracer tissue scanning
amount of discrimination times
probe

1.1.1.1PET Imaging

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

cardiovascular diseas® and neurological diseasé. It is often used in conjunction with

other analytical methodologies, such as CT or MRIThe Mallinckrodt Institute at

Washington University was the first to describe PET in the mid of 1&EJs.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 biold§yPET imaging, in contrast to CT or
MR, 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 pesittimg
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 namvasive molecular imaging methodology through
detecting the location and concentration of the positron emitting radiopharmaceuticals as
they distribute throughout the bod}? 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 patighe 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 modait§. 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? Figure 1.1shows the comparison between SPECT and PET.
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Single Photon Emission Positron Emission Tomography
Computed Tomography (SPECT) (PET)

Figurel.1l 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 (PEH.

The SPECT imaging method uses a gamma detector that acquiresdartargsional (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 angl&sThis 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 36@egree ring detector, provides PET scanners with a marked

increase in sensitivity compared to SPECT canmerds.

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!® 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 cainjected isotopes, as opposed to PET scanning, which uses isotopes with

5
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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, preventingaoffjle emission from
decreasing image qualitps a result, SPECT is less sensitive than PET due to the rejection

of many diagonally emitted photons by the collimaté?s2® 2122

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 isofSpes).

1.1.1.3 Optical Imaging

Optical imaging (Ol) enables nawasive 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 functioifsBLI 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 expresSifnluciferin emits

light at a short wavelength (560 nm) that can be absorbed by tissues. The use ef near
infrared luciferin analogy allows for high sensitivityinnvivoBLI?> BLI has become widely
used in many studies concerning cell biology and pharmacology. It has been adapted to
enable noninvasive 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 researéh.?’” However, its integration into micko
physiological systems has encountered several challenges due to the restricted functional

outputs needed for fully autonomous, neinvasive microsystem&:?8

FI is a nordestructive 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 radiati®dfrL isa
useful tool for tracing fluorescence signals in biological applications due to its high-signal

to-noise ratio and spatial resolution during imagittg.

Optical imagingnethods 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 -effsictive way to evaluate the
distribution, functionality, and viability of infused T cells in both rapid and -teng
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, Ol has constraints due to its
susceptibility to light scattering. Additionally, advanced Ol systems are intricate and costly
which may restrict their widespread use. Potential advancements in Ol technology could

address these limitations and enhance its applicability in cell im&gify3?

1.1.1.4 CT Imaging

CT scans are easily accessible and capable of detecting a variety of disorders through rapid
examinations and immediate thregimensional (3D) reconstructions. However, there is
great concern regarding the patient's radiation dose, and the capacity to offer detailed

resolution of soft tissues is limitet#34

CT scanning involves passing amy)beam through an object and analysing how different
structures inside it absorb the-rdys based on their densities. For example, bones tend to
block the majority of Xays, but soft tissues and fluids do not. A computer can recreate
two-dimensional images for each slice of the object after detectinngyX from multiple

angles surrounding the scann®r.

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

7
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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’

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 resousitmited 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 optithal.

MRI provides superior contrast resolution bettéissue 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 characteristi€s.

1.1.1.6 Ultrasound imaging (US)

Ultrasound imaging (US) is a useful nomasive method for observing cellular processes

by using higHrequency 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 im#gigoptosis
detection through ultrasound imaging has been successful in vitro, in situ, and in vivo due
to its highresolution and nornvasive monitoring capabilities. Stem cell tracking has also
shown promise despite low cell contrast, with a-8081 increase in imaging intensity after

contrast agent injectior?

Endoscopic US has been investigated for distinguishing between benign and malignant
thyroid nodules using elastography and Micro Pure imagti@s well as for detecting
apoptosis in cancer therapy researthit plays a key role in imaging testicular germ cell

tumours 4% and is involved in the diagnosis, staging, and management of pancreatic

8
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diseases, the advantages and limitations of endoscopic US are emphasised in recent
review byVazquez Sequeiroset al.*® In tissue engineering, US is used to characterize
extracellular matrix deposition, estimate cell concentrations, and evaluate matrix
morphology** Advancements in molecular imaging have resulted in targeted contrast
agents that expand ultrasound's capabilities to depict molecular and cellular proc®sses.
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 deepeated cellular structure: 4

1.1.2Clinical use of PET and SPECT imaging

PET was first used in oncology studies in the 1$7Qsurently, 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'§~ FDG) Fluorodeoxyglucose PET séans.

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

YySdzNRf23A0Ff AfftySaasSa adzOK +a !'f1 KSAYSNRaA

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

~ A s oA =

when compared to other imaging modalitiésl & T2 NJ G KS RSGSOUA2Yy 27F

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’bdbyond the most
commonly used® based tracers PET also has clinical applications with shorter lived tracers
such as®™N ammonia for cardiac imaging a0 based tracers for stroke imagibfg.

Additionally*'C based tracers are used for clinical trials and research $tans.

Using alternative isotopes with different decay properties SPECT imaging has clinical
applications in cardiac, brain and bone imaging WitfiTc based tracers and endocrine
tumours with 23-MIBG. Most interestingly from our perspective white blood cell SPECT
scans are used routinely for clinical localisation regions of infection. In this process white

0f22R OSftffta I NB LHZNAFASR FTNRY IHYgandinégct& 2 F
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back into the patient for SPECT imaging. The longlifealbf 1*in allows patients to be

scanned the day after the initial injectiGa.

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 unigue abilities demonstrating very high sensitivity and accurate estimate of

concentration invivo>*

PET is one of the most sensitive and specific -ineasive imaging method that gives
physiological information by injecting radioactive compounds (radiotracers), detecting

radiation and rebuilding 3 dimensional images of the distribution of radiotratders.

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 geffe.

1.1.3Radioactive 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 haHives, weak availability, the lack of development of radiochemistry, high cost

of production and difficulties of labellirf§.

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 halffe of the radioisotope dictates the timescale that can be

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

¥F 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

10
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energy of 0.25MeV which gives rise to a mean positron range of 0.625 mm in>Water.
However, the application of this isotope is typically limited to the imaging small organic
molecules due to its 1tfinute halflife, which is ideally suited to thec2-hour circulation
times of these small drutike molecules within the body, and the relatively harsh chemical
conditions required to form a carbeftuorine bond. Other commonly used PET isotopes
have even shorter halives such as'C (20 min)!*N (10 min ) and®0 (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 sutAlrmsind!?3 which have
longer halflives (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 halflives such ag0Y,%Cu,®Zr and*®v have been investigated as potential labelling

agents for PET imaging.

1.1.4Application 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 nemetallic radioisotopes. Nometallic
radioisotopes such as carbon and fluorine can directly form highly stable covalent bonds
with biologically active agents meaning that the incorporation dfRaFluorine atom or a
GCarbon atom to a biologically active molecule can have little or nateffe 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 meglis 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 agqueous 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
radiometalin viva 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''C of8F. 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 nAwoetallic radioisotopes is that the

radiometals typically have much longer radioactive decay-Ihva$ measured in hours or

days, rather than minutes for the nemetallic radioisotopes, meaning that much slower
biological processes can be imaged with radiometals compared to-mmeallic

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 molecule$ablel.2illustrates some of the PET isotopes.
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Table 12 The common isotopes that are used with PET or SPECT Ima&§ing . 61

Element/isotopes| Half Life Production Mode of Common source
decay

18 109.77 mins | 180 (p, n¥F i b O0dgT1{ Cyclotron
(3%)

1c 20.385mins | oL h( i b o6mJ Cyclotron

B3N 9.965mins |[%h oW h (¢ i b 6 wmj Cyclotron

150 122.24 s BN (p, n§*O i b oOmJ Cyclotron

54Cu 12.7 hrs 54Ni (p,n)®“Cu i b &6wmTy Cyclotrornor

onm*o reactor

(39%)

1244 4.2 days 124Te (p, ¥4 i b O6HO Cyclotron
(77%)

68Ga 67.629 mins | %8Gef8Ga i b o0y d Generator
(11%)

8ey 14.7 hrs 86Sr (p, Ny i'b 6oH  Cyclotron
(68%)

N 2.8 days HICd(p,2n)tin EC (100%) Cyclotron

(SPECiBotope)

897r 78.41 hr 8Y (p, N§°Zr i'b 6HO] Cyclotron
(77%)

48y 15.97 days | “®Ti(p, n)*V ib op Cyclotron

EC (50%)

1.1.4.1 Preparation and properties 6fGa
DI f f A 8&Sailcay beén used as a PET radiometal because of the introductf®@aof

ISYSNI G2 NA

I YR

GKS SadloftAakKySyid

2T

az2yYl G2ali

(PSMA) tracers in the clini8Ga 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. 5" Also unusually for a radiomet&#Ga has relatively short hdlfe 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 f$iGa is for labelling small peptide based targeting

vectors with very fast biokinetics.

In the past, especially in the early of 19686a was widely available from ®4GeféGa
generator long beforé®F, 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 21
century®®Ga became popular in radiology and nuclear medi€#ia.2001,°8Ga has made a
real progress with the introduction of PET imaging ag&@aDOTATOC, which was
described by Henzet al in patients with meningioma% PET%GaDOTATOC helps the
scientists to distinguish between neurofibromas and metastds€sgure 1.2is shown the

nuclear decay ofGa

Figure 12 Nuclear decay scheme 6fGe to stable%8Ga and®8Zn

1.1.4.2 Preparation and properties §fCu

Copper64 “Cu) 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 hemostati. It has two natural isotope&Cu (63.2%) anéPCu (30.8%’

There are other important isotopes for Cu suchf3u,%'Cu,%°Cu,%Cu, and®’Cu with 23.7

min, 3.33 h, 9.74 min, 12.7 h. and 61.83 h-ias respectivel§?

Copper64 €Cu) is a distinctive radioactive form of coppeith interesting features for

diagnostic imaging and therapeuti®Cu has a halife of that is substantially longer than

14
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the halflives of numerous radioisotopes previously used for PET, suéb a8, 1'C, or*3N,

which are measured in minuté8.%“Cu has decay characteristics that are suitable for
radiotherapy and PET imagifgL & RSOl &@a LINAYI NAf & @GAl SYAOG)
MT @y 2203 0§ 0.579 MaV,N\BB.4 %) farfsl &s well as electron capflfé? 4Cu is

an extremely rare isotope and its unique decay featu(Bggure 1.3)permit positron

emission tomography (PET) imaging and targeted cancer radiothgrafiyr.8%).

#ICu

L B(38.4%)
BY(17.8%) '

EC (43.85%) Y Zn (stable)

siNj (stable) ¥
—

Figure 13 Nuclear decay scheme éfCu to stable®*Zn and®*Ni

This radionuclide can be obtained by particle irradiation in a cyclotron. Proton bombardment
reactions of the raré*Niisotope, which has to be enriched to avoid production of unwanted
radionuclides, leads t§*Cu with high specific activity (n, p). Other methods of particle
irradiation such as deuteroemduced reaction and neutron bombardment are competitive

0dzi LINPRdzOS G(GKS NI RA2YydzOPSKRS Ay t2¢ aALISOATFAC

The 12.7h halfife of ®*Cuenables imaging for several days after tracer injection allowing the
labelling of large biological macromolecules and cellsrfasivotracking, However, the 38%
beta particle emission limits its widespread use as a purely diagnostic imaging isotope.
Additionally, the starting materigNi is extremely expensive which mal&€u extremely

expensive to produce.

1.1.4.3 Preparation and properties 8fY

Yttrium-86 €°Y) 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 halflives. However, there are others isotopes of it suct¥eas*"Y88Y,%0y, and®*Ywith

half-lives 14.7 h, 79.8 h, 106.6 d, 64.1 h, and 58.5 d respectivelyi i NR& dzY Qa y I G dzNJ |

with 100% abundance in nature 38Y. The intermediate halife 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 1,4,7i€raazacyclododecanb X b Q%X-b QQZ b Q.
tetraacetic acid (DOTA) and diethylenetriaminepentaacetic acid (F¥PA)%8 69 70 86y
(tv2=142K0 RSOl &a oA 0 Rendtgy TK=3L02 & x B NB ¥ zetnissions R
(83% abundance) which remarkably influence the quality of the imkagpie 1.4.72 Just

like %4Cu (12=12.7 h, h+= 17.9%, Eh+=0.6 MY, is an intermediate halife positron
emitter and this would enable PET imaging beyoneh2dost injection. Contrary t§*“Cu
which prefers the +dxidation state when tethered to neutral ligands such as DG,
prefers the +3oxidation state. The implications of this have been reported WDOTA
demonstrating higherin vivo stability than #*CuDOTA and with lower nontarget and
clearance tissue accumulation. Contaminénee 8Y with high specific activity is obtained by

(p, n) nuclear reaction from enriché®Sr (enriched SrG@r SrO as the target material) on a

biomedical particle acceleratd#:.’*

BGY
B+
3.83 —
Yo B*s
3.19

—————
3.00 Y8
267

5| |v7

2.48 T
2.2
3 Yoy

1.85
Y3 lYA

1.08
Y6
Y1

86gr
Figure 14 Nuclear decay scheme 8fY to stable®®Sr
Given the unfavourable decay characterisfit¢ 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 isotogey”>

1.1.4.4 Preparation and properties &fZr
Zirconium89 €°Zr), it is a transition met&f and there are many different isotopes of Zr
such as??Zr (halflife 32 seconds)?Zr (1.53x 1®years)’6, however, the most interesting

isotope for our purposes is the PET isot8f¥#.
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During the past decades, there have been extensive studi€Szvras 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 thé%e it

are low compared to other PET radiometals and have been shown to have only a small effect
on image quality in comparison t8F>” One area weré&%Zr compares less favourably ¥4 is

its decay characteristic8”Zr decays through both positron emission (22.3 %) and electron
capture (76.6 %), th&®Zr decays int§®™Y, which then decays into stabl®r via gammaay
emission (909 keV) with a hdilie of 15.7 second? Figure.1.5shows the?*Zr decays

Bagy

" beta plus (22.3%)
EC (76.6%)

(ty2 15.7 5) 83y

gamma (100%)
908.97KeV

29Y (stable)

Figure 15 Nuclear decay scheme &%Zr to stable®9Y.””

Despite these drawback8Zr holds great promise for the development of clinical immune
PET imaging due to its 78.4 hours (~ 3.3 days)lifeglivhich 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;listeort
radioisotopes such a$F 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’®

Antibody based positron emission tomography (imm«PET) imaging risingsignificance

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 treatm@nthe

long halflife 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 medicifiln research settings many cell lines
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have been radiolabelled witf°Zroxine, using analogous chemistry to clinié&in-oxine
white blood cell labelling methodologié®.Additionally the Desferrioxamine ligand (DFO,
the most promising chelator fd#°Zr ) has been successfully used Wihr to generate a
complex compound®Z-DFO which was used to label proteins on the surface of cells for cell

trackingin viva’®

However, for all the exciting promise of the new opportunities provide@®Bgimmuno-PET

there are applications wheré®Zr is not suitable. The imaging window of-1B6 days
provided by2®%Zr 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 &#this not a

suitable imaging and tracking technoldgy.

1.1.4.5 Preparation and properties dfv

Vanadium48 (8V) is a chemical element, it has only two naturally occurring radioisotopes
5l and®%V with a haHlife 1.5x107 year®? However, there are also synthetically produced
radioactive V isotopes such 4%/ with a haHlife 330 days almost one year. Some of the
remaining radioactive isotopes have hliies shorter than an hou§® Of particular interest

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

It should be noted that®V 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 imagirf§.Excitingly*®V has a 16 day hdife 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 therapiem viva Unlike for8%Zr the separation, chelation and cell
labelling radiochemistry has not yet been developed“fdf to allow routine long term PET

imaging studies witheéve3

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 othé¥ 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 h@ngisre 1.6)
Polydentate ligands form chelate rings with the central metal atom/ion conferring extra

stability on the complex formetf

HH—\B N/—HH —_— N\ /_
H/Q + @>\H H—/B®N y

electron pair acceptor electron pair donor
coordination complex

H H H ) /H
D+ O + D —— T T

; electron pair acceptor : L
electron pair donor electron pair donor coordination complex

Figure 16 A schematic representation of donescceptor 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 atoffi§)r transition metals,

the electrons on the central metal atom/ion determine the splitting of therbitals 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.® Transition metal ions typically have some valence electrons
accommodated in the metal -drbitals and the approach of ligand electrons create an

electric field which perturb the metal-drbitals resulting into the splitting of the-drbitals
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into two sets of orbitals, &4, dizy2 and dy, dkz, dyz With respect to the Bary centre~{gure
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 wdiakd and strongfield and these lead to

high spin and low spin complexes respectively. Wes# ligands interact weakly with-d

orbitals and give a small splitting.

A

dZZ dx2-y2

Bary centre

dX)’ dxz yz

Orbital enegy

Degenerate d-orbitals

Figure 17 Splitting of the dorbitals in an octahedral field.

between the two sets of orbitals while stro#igld 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 fieliggre 1.8.
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Figure 18 RelativeSplitting of the dorbitals 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 compféx.

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.

1.2.1Coordination chemistry of vanadium in different oxidation
states

Vanadium (V) is a hard silvgrey 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) occuin a few complexes with-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) porphyrir$8 At maximum oxidation state, vanadium can be a very
good Lewis acid and its oxidation states can be interconverted effortl&&stadium'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 process®s.

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 intaleis used by some life forms as an active
centre in enzymes, such as the vanadium Bromo peroxidase of ocean algae and nitrogenases
of bacteria?* Coordination complexes of vanadium have found use in different biological
applications as an enzyme switttanticancer agent? anti-diabetic agent?* antiviral ?> and

antiparasitic agent® 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 donatignatcceptor
ligand, such as carbonyl or arenes. Bipyridyl complexes with a vanadium (0) centre zV(bipy)
can be reduced to a vanadiurl] complex by reduction with LiAJHThe resulting complex

after reduction, LiV(bipy¥4THF formally has a-¥J centre?’

Elschenbroich and eworkers, in 1999, reported the synthesis of homoleptic arsinine
complex of vanadium (0% 8-GHsAs)V, by means of metdigand vapour ca&ondensation.
The sandwich vanadium (0) complex was found to be stable up t6C268d can be

sublimed %8

Kitagawaet al, synthesised a series of air stable, low valent, five coordinate nitrosyl
vanadium(l) complexes bearing triethanolamine with trigonal bipyramidal geometry in
aqueous solutiorf? Vanadium (ll) ion is prone to oxidation and can easily be oxidised in air.
Vanadium (Il) complexes can be obtained by the reduction of acidic solutions of
vanadium(V), vanadium (V) and vanadium (lll). For instance, octahedrsDY8a can be

made by the reduction of XDs solution in HSQ.1°

Vanadium (lll) complexes are most commonly prepared from, Ml by electrolytic

reduction of W or W solutions. Myriads of vanadium (lll) complexes bearing different
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geometries and ligand systems have been repoffe@roysman and cworkers described

the synthesis of V(llIl) complex bearing amine trisphenolate ligand system fraiTNE)
starting meterial. The resulting V(IIl) complex has a trigonal bipyramidal geometry with a
THF ligand occupying one of the axial positi®hsvanadium(lV) is the most important and

the most stable state of vanadium complexes. It can be obtained by mild oxidation of
vanadium (Ill) (by air oxidation) and mild reduction of vanadium(V) (mild reductants such as
SQ) respectively. The vanadyl ion [\VQJominates the aqueous chemistry of vanadium (V)
and most of the reported complexes in the literature due to its physiological role in the
biological system? The starting reagent usually employed for the formation of?vO
complexes is [VO@@x|SQ, prepared by reduction of 2@ in sulfuric acid. Vanadyl
complexes bearing Salen ligands were reported by Taheri amdoders in 2013. These
oxovadium (IV) complexes are five coordinated in a distorted square pyramidal environment
with oxo ligand bound axially®® Oxovanadium (IV) complexes with octahedral geometry
have been reported as well by Fujiwara and Isifdalhey described a linear polymeric
[VO(C4salen)} with octahedral structure. The individug¢¥O(Clsalen)]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 alclectronic configuration, which means that the complexes are
diamagnetic. They have emptyaibitals, and their colour is adduced to chaigansfer
transitions. The adopted geometry for most of the reported V(V) complexes are octahedral
and square pyramidal. For example, He andwookers reported a vanadium(V) complex
bearing halidesubstituted tridentate hydrazone N¢(3,5-dichloro-2-hydroxybenzylidene)
benzohydrazide with octahedral geometry. They equally evaluated the antimicrobial

potential of this complex against some bacterial straiffs.
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1.2.2A survey of ligands suitable for complexation with ¥O

Vanadium is oxophilic and the ¥@vanadyl) ion ranked as one of the most stable-metal
species known, and it is likely the most stable diatomic cation. A commonly Stskithg
reagent for the formation of vanadgbmplexes is the [VO £§8%]SQ, prepared by reduction

of \VoOs in HSQ. [VO (acag) 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 abilitied” 1% Bis(acetylacetonato)oxidovanadium(lV) [(VO(agad)as been
shown to be preferentially sequestered in malignant tissue, and VanadBifV) labelled
[(VO(acae] has been shown to be a potential radiotracer in positron emission tomography

(PET) imaging for the detection of cant®r.

Other ligand systems have been used to coordinaté*\&@d factors such as pH of the
reaction, solvents, and reaction medium have great influence on the stoichiometry and
nature of the resulting complexes. Malt@-fiydroxy4-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 (1V) in
which the coordination geometry is square pyramidal witko maltol units linked in the
equatorial plane of theVCG* coordination spheré® These vanadyl complexelsave
undergone extensive prelinical testing, and bis(ethylmaltolato)oxovanadium ((¥igure

1.9)is in Phase Il human clinical trials ifovivoinsulin mimetic activity®

o © 0)
0”7 X \U/\ X
SNy A

Figure 19 Chemical structure of bis(ethylmaltolato)oxovanadium (1V)

Hu and ceworkers havenvestigated the coordination ability of bis-é&hylhexyl) phosphoric

acid (D2EHPA) with the ¥OUnder 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 ZI6°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 ofifon.

Schiff base ligands such as Salgre ligand systems have been explored as well for the
coordination of the V@. 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? ! Other ligand systems that have been used for the
coordination of the V® include but not limited to dicarboxylate ester ligands,

picolinates!'3 sulphur containing ligandst‘alkylbenzimidazol€ei!® flavonoid derivatives1®

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 Bétincluding red

blood cells, brain cells and muscle célfsStem cells are defined based on two key unique
properties: the potential to (a) sefenew (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 bodyj.

¢tKS GSNXY aadSy OStté ¢gla O2AYySR o0& U(GUKS wdzaai
this term did not make substantial progress within the figldecades 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 grodpAt present, many research
groups internationally are working with stem cells and using them for regenerative medicine

purposest?® 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 origint’

Stem cells are a critical part of organogenesis and maintenance of homeostasis during life, as
OStf NBLIIFOSYSyd YR NBISYSNIXaGAzy Aa +y Saa
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 cel&

1.3.1 Stem cell types

There are two major subypes of stem cells classified according to their origin; embryonic
stem cells (ESCs; pluripotent cells) and adult stem cells (ASCs; multipotertt€@lgyhilst

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 challendgés:

1 The ability to differentiate and control embryonic cells into a specific cell type with a
high degree of purity is difficult.

1 Embryonic stem cells can transform into cancerous tissues such as
teratocarcinomat?®

1 After transplantation, there is the possibility of an immune mismatch resulting in
host rejection.

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

ethical and moral concern&?®

1.3.1.1Embryonic stem cells

In 1981, the researchers Gail Martin and Martin Evans described the isolation ESCs from an
early mouse embryé?’ ESCs are pluripotent and have greater capacity foreefwal and
potency. They are derived from a blastocyst and can be taken from the early stages of
embryo life, 46 days after fertilizatiod?® 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)*which would normally give rise to a developing emb#f.
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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 lifespart?* They are also known as resident stem cells or tiseswricted stem
cellst3t ASCs have two important attributes, the sedhewal 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 typ&'s 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 conditidis.

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 deé#des.

Figure 1.10llustrates a various types of stem cell.
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Figure 110 Different types of stem cells according to their origin an
potencyl1?®

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!®® These mesenchymal stromal cells (MSCs) demonstrated self
renewal and the ability to differentiate into numerous cell tygésSince their discovery

MSCs have been successfully isolated form numerous mesenchymal tissues. MSCs have been
studied extensively and they have a great importance in current stenripas#id treatments.

Some of the key reasons for their success and interest&re:

1 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 tisst¥.

1 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 typ@&s.

1 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 tis$ues.

1.3.1.4 Oral mucosa lamina propHarogenitor cells
Oral mucosa lamina propHarogenitor cells (OML-PCs) are isolated form the buccal

mucosa- the inner lining of the cheeks and lip¥1%® There are two distinctive layers that
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make up the buccal mucosa, the fibrous connective tissue layer (lamina propria) which acts

to support the surface epithelium. OMIETs are derived from the lamina propria. Oral
progenitor cells, including OMIFCs 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 capabilitié®’ Figure 1.11shows the OML® / & Q& | LILIX A OF A

regenerative medicine.

Characterization of OMEPCs reveals that they express CD90, CD105, and CD166 (known as
classical MSC markers), but do not express CD34 or CD45, indicatinghenmiopoietic

origin. .13 Similar to MSCs, this multipotent ASC population can differentiate into
mesodermal lineages such as osteoblasts, chondrocytes, adipocytes, and neuron&¥cells
however, they show resistance to myogenic differentialhOMLPPCs also exhibit strong
immunosuppressive propertiesn vitro through a contacindependent mechanisr
Furthermore, their secretions have been found to possess antibacterial effects against both
gram-positive and granmegative organisms by secreting osteoprotegrin and haptogl&bin.

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

tissue through the OML-PC secretome’
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Figure 111 Oral mucosa lamina propriprogenitor cells (OMLAPCs) and dentgulp stem
cells (DPSCs) in regenerative medicine applicatibiis.

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 fun¢fioBtem cells present a
distinct chance for regenerative medicine to address numerous diseases where current
treatments only manage symptoms or slow disease progressitnin 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 tratiferentiate. 144 This is the process
whereby that cells from one tissue can be transformed into mature and functional cells of
another tissue*®* More than a 1 million people worldwide have already received ASCs
transplants for hematopoietic conditions alo#®. 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 disorderd?’ For example, there are multiple ongoing clinical trials examining

the advantages of stem cell therapy for cardiovascular disortférs.

MSCs have the ability to distinguish into different cell types including chondrocytes, which
being examined for their capability in treating cartilage defects asteoarthritis The
administration of MSCs into affected joints aims to stimulate cartilage restoration and

decrease inflammation, ultimately enhancing joint functionality and quality atiffe

Hematopoietic Stem Cell (HSCs) are mainly used to treat bligodders, 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
NBai2NBE LI GASyiaQ o6ft22RP®INPRIzOGAZ2Y YR AYYdzy

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 regeneratiéi.

Similarly, Neural Stem Cells (NS@s)e the capabilityo distinguishinto different types of
neurological stem cells, includingieurons, oligodendrocytes, and astrocyteShis

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

l f T KSAYSNR&E RA&ASFASTI tINJ]AyazyQa RAaSrHasS
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!®?
1.4.1 Soft tissue wound repair

Wound healing can be defined as the physiological procesghiph the body replaces and
restores the function of damaged tiss&®. This process takes place over a period of
months.1%4 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.
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The healing of a soft tissue wound begins with a haemostasis process and the production of
a fibrin clotg 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 wond, 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 tisdtfehowever, this is not the case for wounds in the

2N} £ YdzO02al GKFG KSIFE Ay | WaoOl NIPESsPAQ sl & Rd

1.5 Stem cell trackingechnologies

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
organismt*8 The accurate and neimvasive 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®®

Hence, a number of cells labelling technologies have a risen over the years to enable live cell
tracking®® Fluorescence labelling methods, including Qdots and genetic labels, offer high
sensitivity and realtime imaging capabilities. For exampléyman Mesenchymal stem cells
(hMSCs) can be loaded with Qdot nanoparticles to enable extemdenocell monitoring

with the Qdotcells clearly detectable in histological sections for a minimum of 8 weeks
postadministration. 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 -teng

tracking?6% 162

Superparamagnetic iron oxide nanoparticles (SPIONs) provide excellent contrast for

magnetic resonance imaging (MRI) and possess good cellular biocompafibiBylONS
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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 iningasive cell tracking

via magnetic resonance imaging postnsplantation. SPIONs are hence gaining growing
interest and are being favoured as a technique for labelling and monitoring cells in both

preclinical and clinical researéft

For example, studies have used MSCs for analysing liver pathology by labelling them with a
contrast agent such as SPION&noparticles are phagocytosed and stored in endosomes of
Kupffer cells and reticuloendothelial celfd.These particles are soluble and can be absorbed

by haemoglobin in red cells in 30 to 40 days or absorbed into other metabolic proéésses.
SPIONSs tend to accumulate, which has been reduced by coating with dextran or other
polymers'®4 166 Unfortunately, dextran coated SPIONs demonstrate insufficient cellular
intake to permit tracking of noiphagocytic cells. Furthermore, SPIONs labelling of MSCs has
been studied by several groups in recent yedrst®® 164 However, issues like aggregation,
detection sensitivity and potential cytotoxicity raise concerns regarding their clinical

translation.164

Raman spectroscopy offers ladete and nondestructive tracking of stem cells based on
their molecular fingerprint® This technology has recently proven effective in distinguishing
various cell and tissue types, such as mouse stem ééls’! 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 levV&@dditionally, researchers have
employed a comparable Raman microscopic methods to distinguish between mouse
embryonic stem cells (ESCs) and naturally occurring osteobtégtarthermore, Raman
spectroscopy has been instrumental in identifying the differentiation hierarchy of
hematopoietic stem cells and in characterizing the cellular diversity of human!ESCs.
Despite its high specificity, the downside of this technique is that it requires extremely

sophisticated instrumentation and lacks depth resolution, limiting its applicabilijval’*

However, radiolabelling enables highly sensitive, deep tissue detection and quantitative
tracking of stem cells using PET or SP&€Hh, a$Cu has been used to label different types

of stem cells such aBlSCs, MSCs and ESCs and tracking them can be carried out for
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approximately 3 days imagid@® 17® 1lin-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 déls’’ 8 zr

has applied with different types of cell such as bone marrow cells due to the lontf@alf

up to 2 weeks after cells injectiof’® 17 The one main downside of this approach is the
short halflives of certain isotopes, thus preventing any long term tracking of stem cells and

there localisation within a patiert®

However, vanadium labels (&/®/), particularly in combination with PET imaging, offer
several advantages over existing labels as they have an optimally lodgeh@dfich allow
months of tracking inside a patient) and offer minimal background signal. vanadium exhibits
favourable imaging properties, including long Heédé 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 approch#&s.

1.6 Aims and Hypothesis:

This thesis will aim to:
The primary objective of this thesis is to optimi€®/ complexes, specificalip\-salen
complexes, forin vitro tracking of radiolabelled wound healing OMBEBs via PET/CT

imaging. To achieve this goal:

1- Synthesis candidate V@omplexation ligands and optimize their reactions with
vanadium.

2- Provide a new safer electrochemical method to dissolve Ti disc and solubilise the
48/ to allow new radiochemistry to be developed.

3- Develop radiation compatiblé®v complexation reactions to form radioactive
complexes for cell labelling.

4- Demonstrate that norradioactive/radioactive labelled -8alen complexes can

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

migration).

Hypothesis:
That the development of novéfy complexes (specificallf®\-salen complexes) will

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

cellsin vivoover weeks.
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Chapter Two

2. Coordination chemistry

2.1 An Introduction toVanadium

Vanadium compounds with different ligand systems have shown potentials in varied
biological application$.Vanadyl complexes bearing ligand system such as Salen, Acac and
pyridonates display insuliike effects, and this has prompted research for its potential use

in the treatment of diabetes.Other areas where vanadium complexes have been tested for
their biological applications include but is not limited to antimicroBiahti-cancer! anti-

HIV? and antituberculosis® Vanadium complexes are redox activand some of them have

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

Vanadium (V) has one stable isotop®/, and one radioisotop&®/, with a haHife of
1.5x1G7 year that are naturally occurriny. However, many other synthetically produced
isotopes of vanadium are known with the most stable beifWwith a haHife of 330 days,
and“®Vv with a haHife of 16 days? Vanadium48 (V) is a positroremitter, making it a
prospective transition metal for use in PET imaging. It has difeatif 16 days, relatively
longer than the haffives of other transition metals PET radioisotopes suctf@s (12.7 h),
897r (3.3 days), and other nametals radionuclide such d& (1.83 h)!®0 (2 mins) and’C

(20 mins). The average positron energy*df is 290 KeV and this value compares well to
that of %/Cu and*®F. 48V emits high energy gamnrays (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 % during radiolabelling and production processes.
The production of*8V 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 challenggé.

In this chapter, our focus is on the development of ligand systems that are able to éftfact
after its generation by proton irradiation onto a titanium disc using a biomedical cyclotron.
To assess the suitability for extraction of g using Salen and other ligands we have
synthesised/obtained in this work, extraction of noadioactive vanadium (IV) (VOS& a
model) from aqueous solution at different pHs and the organic layers collected were
monitored byMicrowave Plasma Atomic Emission Spectrom@#i>AES). Furthermore, the

Salen ligands were reacted with noadioactive VOSQOand Ti(OPr) to generate metal
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complexes (VOL anf L (iOPy) 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 techniqgues such as ligliglid 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 héalth.

A separation technique based on ligdiduid extraction was used in this work for the
purification of metal ions because it is simple, rapid and cHé&pquidliquid 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

QO 01 "I D OB "Q'Qge—fo

Where C1 and are the concentration of the solute in the two phases respectively and
U 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 chelatdf.A wide range of extractants have been developed and

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

hydroxy oximes, ant-diketones, to mention a few? All of these are efficient for extraction

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

t SENE2Y Q4 | I NR | yR {2Moiizoro &l Bodorkérs/réported ligula o1 { !
liquid extraction of Cu(ll), Ni(ll), Zn(ll) and Co(ll) with histidiethylhexyl amide in the

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

Cu(Il) >> Ni(ll) > zZn(ll) > Co(ll). This sequence agrees with HSAB, and it is approximately the

order of the stability constants for complexes of histidine and the listed metal‘fons.

2.3 Analytical methods for Quantification of Metal lons

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 spectroscdpyAtomic 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 spectroscop@BEPand microwave
plasma atomic emission spectroscopy (KNES) are some of the techniques which identify
an analyte element by its electromagnetic spectrum. While techniques such as inductively

coupled plasma mass spectrometry (KB) identify an element by its mass spectrtfn.

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 excellerdetection limits (the detection limits were all in the low pigixcept

for Cd, Mn and Zn, which were betweer42ugl!) and linear ginamic range for most
elements!® 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, -pigesure liquid chromatography
(HPLC), gas chromatography (GC) and photochemical vapour generatiorfq R&@dively,
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this technique is quick and easy, needing no preparation beforehand and wavelengths are
selected based on standardis@dethod reported for each metal ion. The use of nitrogen
micro-plasma makes this technigque unique from other miptasma techniques because

the running cost is cheaper and safer than using afjon.

Aims and Hypothesis

This chapter will aim to:
1- Investigate varying ligands for the extraction of V@f&&n aqueous solution
2- Synthesise Salen ligands WilNNGdonor 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

agueous solution.

Hypothesis:

Salen with a planar, dianionic tetradentate ligand which is well suited tordmate to the
equatorial plane of a vanadium ions-oadination 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 éf#act
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 purificatidhl. and**C NMR spectra were
recorded on an NMIRT Bruker 400 MHz or 500 MHz spectrophotometers and recorded in
deuterated solvents and the chemical shifts are given in ppm. Coupling condtaetgiven

in hertz (Hz).Mass spectra were performed by the Analytical Services staff at Cardiff
University School of Chemistry on a Waters XeveXG2QTOF mass spectrometer.
Shimadzu IR(ffinity-1s FTIR was obtained in this stud¥tvis studies were performed on a
Shimadzu UAM800 spectrophotometer using quartz celdetal analyses were performed
using the 4200 MHAES by Agilent Technologies atemental analyses were performed by

London Metropolitan University analyticagrvices.

2.4.2 Ligand Synthesis

2.4.2.1 General Method of Synthesis for Salen Liganés]$

Synthesis of! - L® wasachieved upon condensation of the appropriate aromatic aldehyde
(2-hydroxy5-methyoxybenzaldehyde, salicylaldehyde and  3,5Dktert-butyl-2-
hydroxybenzaldehyde) withthylenediaminél,2-diaminocyclohexane in 2.1 molar ratioin
refluxing ethanol. At the end of the reaction the solvent was removed under reduced
pressure and the product was obtained as a hgtitow powder on recrystallization from

ethanol at 2C.

2.4.2.1.1 H Z-&1 @™ 9-(Bthatedl @-diylbis(azaneylylidene))bis(methaneylidene))bis(4
methoxyphenol) L

2-hydroxy5-methyoxy benzaldehydé.06 g,33.27 mmoland ethylenediaming€l g, 16.63
mmol)were used and!was obtained ir81.50% yield*H NMR (400 MHz, CBEIY 1 MH ®T n
2H, OH), 8.32 (s, 2H, CH=N), & 783 (m, 4H, AH), 6.73 (ddJ= 2.6 Hz, 2H, At), 3.95 (s,

4H, CH#N), 3.77 (s, 6H,-CH). 3C£H} NMR (101 MHz, CREI ¢ Mcc ®HC 6Q), b0 S ™
152.04 (AC), 119.53 (AE), 118.26 (AE), 117.69 (A€),114.94 (AC), 59.85 (Gi), 55.93
(methoxyC).HRMS (ESI+) [M¥Htalcd. for (& H21 N2 Og): 329.1501; found 329.1505. IRT
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spectra (ATR, 406800 cm20Y wmMcon 0/ Tb0 YI MYBUWKV®O/ T/ O
spectrum in CECh ® rax0 Y Y 0 Z3cnr! morB]y260 (19520), 352 (10650).

2.4.2.1.2 H Z-& @™ 9-yelohexanel,2-diylbis(azaneylylidene)) bis(methaneylidene))

bis (4methoxyphenol) B

2-hydroxy5-methyoxy benzaldehydé.32 g, 35.02 mmognd 1,2-diaminocyclohexané€? g,

17.51 mmol)were used and?was obtained in 83% yieltld NMR (400 MHz, CREIY 1  MH ®T p
(s, 2H, OH), 8.12 (s, 2H, CH=N), 6.6Z8 (m, 4H, AH), 6.57 (ddJ= 2.7 Hz, 2H, At), 3.62

(s, 6H, @CH ), 3.21 (m, 2H, @4, 2.09¢ 1.82 (m, 4H), 1.73 (m, 2H), 1.48 (m, 2RGLH}

NMR (101 MHz, CRGI + wmMcn ®nd 06C)I1BIOE (AG),p1AOBE (AC),GL18NH

(ArC), 117.48 (AC), 114.79 (A€), 72.77(cyclohexaneCHN), 55.87 (methox@), 33.05
(cyclohexaneCH), 24.17 (cyclohexar€h). HRMS (ESI+) [M+Htalcd. for (€ Ha7 N2 Oa):

383.1971; found 383.197@TIRspectra (4006600 cm-0) Y Mc oo 0/ b0 &I My
MM p N) sV Vis spectrum in GIEL @ ax0 Y Y 0 = 3cmt miR]Y'260 (9960), 351

(5850).

2.4.2.1.3 H Z-&1 @™ 9-fethane P-diylbis(azaneylylidene))bis(methaneylidene))diphenol

L3

salicylaldehyde (4.06 g, 33.16 mmai)d ethylenediaming€l g, 16.63 mmohlvere used and

L3was obtained in 54% yieldl baw onnn all X 5a{h0o + wmodorT
CH=N), 7.21 (ddd= 8.0, 1.6 Hz, 2H, At), 7.14 (ddJ= 8.0, 1.2 Hz, 2H, At), 6.86 (dd, 8.0,

1.2 Hz, 2H), 6.77 (ddd, 8.0, 1.2 Hz, 2H), 3.84 (HHN). 3CEH} NMR (101 MHz, CRE! ¢

166.3 (C=N), 160.9 (@), 132.3 (A€), 131.4 (A€), 118.7 (A€), 116.9 (A€), 59.6 (CH\).

HRMS (ESI+) [M+HFalcd. for (@ Hiz N2 Op): 269.1290; found 269.129G<TIR spectra
(4000500 cm-*0Y Mcnd | 6/ T'b0 &z -Nyp UVis sgectrin o GAE>X mmn T
W Fax® Y Y 0 Z3cmt morB]¥258 (8140), 264 (7300), 321 (2800).

2.4.2.1.4 1 Z-& @ m 9-(Zyridh&xanel,2-diylbis(azaneylylidene))bis(methaneylidene))

diphenol 14

Salicylaldehyde4(3 g, 35.02 mmdland 1,2-diaminocyclohexan€ g, 17.51 mmolvere

used and.* was obtained in 70% yieltH NMR (400 MHz, CRElY + Mo ®doT 06043 HI
(s, 2H, CH=N), 7.26 (ddbk 8.0, 1.6 Hz, 2H, Af), 7.17 (ddJ= 8.0, 1.6 Hz, 2H, At), 6.90

(dd,J= 8.2, 1.0 Hz, 2H, At), 6.82 (dddJ= 8.0, 1.2 Hz, 2H, Af), 3.33 (m, 2H, CN), 1.96

(m, 2H) 1.89 (m, 2H), 1.74 (m, 2H), 1.49 (m, X@H} NMR (101 MHz, CREl + wmcn ®p
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(C=N), 160.9 (AT), 132.3 (A€), 131.3 (AC), 118.7 (A€), 116.6 (AE), 72.7 (cyclohexane
C), 33.2 (cyclohexar®@), 24.2 (cyclohexar@).HRMS (ESI+) [M+Htalcd. for (& HxzN2 Oy):

323.1760; found 323.176 ETIR spectra (4000 cm®): MmcHp . 6/ Tb0 & wMpTd

M M n T-N) moUN Vis spectrum in GIEb ® fraxd Y Y 0 Z 3cm mdi]Y263(13970), 335
(5390).

2.4.2.1.5 ¢ Z-@ &m 9-(Etvafeal @-diylbis(azaneylylidene))bis(methaneylidene))bis (2,4
di-tert-butylphenol) 1>

3,5-Ditert-butyl-2-hydroxybenzaldehyde (1.95 §,40 mmol)and ethylenediamine (@5 g,

4.20 mmo) wereused and> was obtained in 88% yieltHd NMR(400 MHz, CD&IY {+ Mo ®T ™

(s, 2H, OH), 8.41 (s, 2H, CH=N), 7.38<d} Hz, 2H, Ar), 7.09 (d)= 2.8 Hz, 2H, At), 3.93
(s, 4H, CHN), 1.47 (s, 18H, C(§4), 1.32 (s, 18H, C(6)k). 3CH} NMR (101 MHz, CREI 1
167.5 (C=N), 158.2 (@), 140.0 (AE), 136.5 (AE), 126.8 (AC), 126.2 (AC), 117.5 (AE),
59.1 (CEN), 34.7 {BuC), 33.8'Bu-C), 31.4'Bu-C), 29.6'BU-C).HRMS (ESI+) [M+H] calcd.

for (G2 Hig N2 Oy): 493.3794; found 493.379&TR spectra (406800 cm-0 Y McHp 0/ T b

Mp y . 6/ '/ &N) mBW\Misvspestrum ia GIEb O maxd Y Y 0 3 3cmt nipiR)]Y
268 (29500), 335 (10400).

2.4.2.1.6 ¢ Z-@ &m H(EymidhExanel,2-diylbis(azaneylylidene))bis(methaneylidene))bis
(2,4di-tert-butylphenol) °

3,5-Dttert-butyl-2-hydroxybenzaldehyde1(27 g, 5.4 mmoland 1,2diaminocyclohexane
(0.31 g, 2.7 mmolwereused and.® was obtained in 799%ield.'H NMR (400 MHz, CR&I 1
13.75 (s, 2H), 8.35 (s, 2H), 7.293(s 3.2 Hz, 2H), 7.01 (3= 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 (AR (101
MHz,CD@) + mMcp ®T 6Q), 1400 BAC)MIBE/SPAE), T26.DRE), 125.9 (AE),

117.8 (ArC), 72.3 (cyclohexar@), 34.9 (cyclohexar@), 34.0 (cyclohexar@), 32.2'Bu-C),

31.4 {BuC), 29.4 'BuC), 24.3 'BU-C). HRMS (ESI+) [M+H] calcd. foes(Bss N2 Oy):
547.4264; found 547.4259. IR spectra (406600 cm-0 Y McHd L 0/ T b0 &z
MM T H-N) s.U¥g/Vis spectrum in GiEb @ sax0 Y Y 0 2 3 e mpIf]Y257 (5050), 319
(2080).

2.4.3 General procedure for the Synthesis of \Balen Complexes
To a solution of the ligand in 50 mL EtOMQSQ@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
MgSQ. The solution was concentrated under vacuum and the products were obtained by

precipitation with petroleum ether (6@0) as a green solid. The experiment was adapted

2.43.1[(VO)}

L} (1 g, 3.04 mmoland VOS® (0.5 g, 3.04 mmoljvere used and[(VO)L] was obtained in

37.73% yieldHRMS (ESI+), [(MIY]: Calcd. for (& His N2 OsV): 393.0655; foun@94.0708

FTR spectra (400800 cm0 Y mcop . O/ T bu VisBpestrunyin Gl fah 0 & @
6y Y 0 Z3cnr! morf]¥262 (8290), 285 (4300), 355 (1050), 401 (1050).

2.4.3.2 [(VO) T

2 (1 g, 2.61 mmol)yOS® (0.43 ¢, 2.61 mmdlwere used and[(VO)E] was obtained in
60.34% yield HRMS (ESI+](M2-2ClY]: Calcd. for (G Hus Ns Owo V): 894.2245; found
894.2285 FTR spectra (400800 cm-'0 Y Mc H p T ©/ [ 10 &\E didispedtr@m in
CHCb & faxd Y Y 0 Z3cnm moHg]Y260 (13640), 291 (7190), 403 (2900).

2.4.3.3[(VO)H
L3 (1 g, 3.72 mmolVOS® (0.60 g, 3.72nmol) were used and[(VO)E] was obtained in

40.32% yieldHRMS (ESI+), [(®IY]: Calcd. for (G HuaN2 OsV): 333.0444; found 333.0445.
FTIR spectra (4000 cm0 Y ™Mc MT by 0/ [ BWVEVES Bpecirdm in GIEb o max
(VYO = 3cmlmdRdf 262 (7900), 333 (2670), 403 (1880).

2.4.3.4[VOL5(CI)]

L>(1 g, 2.02 mmol) anddOS®@(0.33 g, 2.02 mmolere used andVOL(Cl)]was obtained in
44.24% yieldHRMS (ESI+) [@RIY]: Calcd. for (§Haz N2 Oz V): 558.3026; found 558.3032.
FTRspectra (400600 cm0 Y Mc mc T 0/ [ b EVE ssin GCh O maxO Y Y U
(dm3cmrt mold)]: 258 (10570), 303 (6970), 394 (2480).

2.4.3.5[VOLS(CI)]

L (1 g, 1.83 mmol)yOS@ (0.30 g, 1.83 mmolwere usedand [VOI¢(Cl)]was obtained in

57% yield HRMS (ESI+) [} Calcd. for (€HaN2Os V): 611.3418; found 611.3417. IRT

spectra (4006600 cm-l0 Y Mc My cbo &/ [ BHE BEstin GHCh W max0 Y Y U 23 ORY
cntt molt)]: 239(9540), 269(7500), 367(2120). Catidlysis: 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-Balen Complexes
To a solution of the ligand in 50 mL DCWM(OPr) 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 ayplav solid.

2.4.4.1 Ti B(OPrp

Ti (OPrk (0.90 g, 3.16 mmol) ant? (0.85 g, 3.16 mmol) were added to DCM. Yield: 80%.

HRMS (ESI+) [(§OPrk)+OH]7: calcd. for: 331.1740; found 331.05221F Epectra (406600

cm-E mMcom . 6/ TboO &Z mMpdT Z-N)MMCV in CECB[Adax = | NP
(nm), (dm3cmr! motY)]: 246 (11290), 278 (7410), 356 (2200).

2.4.4.2 Ti {(OPry

Ti (OPr) (0.75 g, 2.64 mmol) antP (1.30 g, 2.64 mmol) were added to DCM. Yield: 46%.

LRMS (ESI+) [(MDPr))+OF*: calcd. for: 546.30; foun846.81 FTR spectra (4006800 cm

T mMcop . o6/ Tb0 &3Z wmcnc =N).MEVYisin CbChd<mk(And, | N2 Y|
(dm3cnrt molY)]: 243 (10260), 290 (4870), 369 (1710).

2.4.4.3 Ti BOPr)

Ti (OPr) (0.50 g, 1.76 mmol) antf (0.95 g, 1.76 mmol) were added to DCM. Yield: 61%.

LRMS (ESI+) [(MDPr))+OF* calcd. for: 600.3478; found 601.36.IRTspectra (406600

cm-0 S McHn . O/ Tb0 a3 wmMppc Z-N)MWMVisin ClCB[Kdaxd £ | NP
(nm), (dmScnt molY)]: 246 (10850), 291 (4030), 372 (1290).

2.4.5 Extraction Experiments
2.4.5.1 Extraction of VOS@nd [Ti (CPr)]

In a sample vial, VOSQ@O0 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 HCI (pH 5 and 7). Five or twenty
equivalents of ligand were dissolved in 10 ml of DCM and mixed with M@30 (CPr)]

solution and left overnight (24 hours) with magnetic stirring at room temperature.

The final V concentration in the aqueous phase was measured bXBSP To calibrate the
instrument, a calibration curve was obtained using four different standard concentrations:
10ppm, 5ppm, 2ppm and 1ppm VQSOr 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 (M¥ES) at wavelength 437.923 nm or 334.941 nm. The
concentration of V or Ti in the aqueous phase was measured by comparing teEBIP

result to that of the resulting calibration curve.

2.4.5.2 Analysis of metal ion extracted by MAES

Measurements are made on the Agilent MIES 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?3
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2.5 Results and Discussion

2.5.1 Ligands synthesis and characterisation

The synthesis of Saldppe molecules that would serve as ligands for vanadyl iod*\é@d
titanium (Ti(0)) involved the coupling ofl,2-ethylenediamine or 9)-trans
diaminocyclohexane  with three different aromatic aldehydes -hyAroxy5-
methoxybenzaldehyde, -Bydroxybenzaldehyde and 3cb-tert-butyl-2-
hydroxybenzaldehyde) respectively in a 1:2 molar stoichiometric ratio in ethanol under
refluxing conditior’* 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 shownHFigure2.1 and Figure 2.2below. These
ligands were prepared in high yields and have been characterised by techniques stich as
NMR, FTIR, WVisible, and HRMS. Combination of the following characterization data

support the obtainment of the desired compounds.

R1 / \
H,N =N N
+ EtOH
B
2 Reflux,4h R OH HO R
/O
2
R NH,
OH R? R?
R R?
L MeO H
L3 H H
LS tBu Bu

Figure2.1 Synthetic Scheme oftLL® and I° ligands

Ligands 1, L3, andLl>were prepared from 1,2thylenediamine while?, 1, andL®were made

from racemic trangliaminocyclohexane as summarised in Schemes 1 and ZHTaed'C

NMR spectra ofYi L3, andL®revealedthe formation of species with.&ymmetric geometries

displaying the corresponding number of peaks. TH&NMRspectra of the ligand!lshowed
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aSOSYy LINRG2Y SYOBANRYYSyYyGa AyOfdzZRAY3I | oNRIFR
the phenolic protons. Other notable peaks in thé NMR spectra oftlare a singlet at 3.70

ppm for the methoxygroups, and a singlet at 3.90 ppm for the ethylene protons connected

to the imine nitrogen atoms. Lastly fof, lthe resonance signal for the imine protagpears

as singlet at 8.19 ppm. The resonance for the pair of methylene protons (ethyl backbone)
connected to the imine nitrogen atoms fof bnd 1° 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{H} NMR of 1, L3, andL® are consistent with the structures, with the resonance signals

for the imine carbon appearing downfield at approximately 167 ppm respectively.

R1
NH, —N N=—=
2 . C[ EtOH
Reflux, 4 h
(@] ) 1 1
o — NH, R OH HO R
OH 2 R?
R' R2
L2 MeO H
L4 H H
LS tBu Bu

Figure1l2 Synthetic Scheme of’[.1* and L° ligands

For B, L%, andLS, the protons in the cyclohexane ring appear upfield as multiplets between
1.3 ¢ 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 &nd I are at approximately 8.2 ppm while that dfik

at 7.35 ppm, which is consistent with imine protons documented in literattife.In
addition, 2 has resonance signal at 3.6 ppm for the methoxy group, whim$sesses two
singlet peaks at ca. 1.2 and 1.4 ppm for tee-butyl group atortho and para positions
respectively. Thé3C{H} NMR of %, L4, andL® 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, thél and'3C NMR of Lare as shown irFigures 23 and 2.4

below.

400_RA L6 CDCI3.10.fid
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N OH
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Figure2.3'H NMR spectrum offL
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400_RA L6 CDCI3.11.fid
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Figure2.413C NMRspectrum of E
The highresolution electrospray mass spectrometry analysis datalof L° show peaks
corresponding to the cationic fragment (M+#Hyith 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 infrared spectra of all the ligands share some notable features Af&eN) bands are of
medium to strong intensities and they are observed at 26869 cmt for L ¢ L8, which is
characteristic of a conjugate@=N stretching vibration previously described in literatdfe.

For example, the FTIR dfdndL®areas shown irFigures 2 and 26 below.
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All the ligands show bands between 28Q03000 cm® which correspond to spGH
stretching. Other notable features include the weak to medium vibrational bands observed
within 15701600 and 143450 cm which can be assigned to the aromatreCCstretching
modes in all the ligands. The stretching vibration of fheonjugated phenolic OH in all the
ligands may be observed as a broad band between 238800 cm! and this confirms

intramolecular hydrogen bonding with the imine nitrogé&h.

The electronic absorption spectra bf ¢ L® were recorded in C#€b at room temperature

and the results obtained are shown kgure 27 and summarised ifable 2.1below. The
absorption bands observed for all the ligands are largely made up of two broad bands
centred at 255¢ 265 nm and 32® 355 nm that can be assigned to tlpe p* transition
involving molecular orbitals essentially delocalized on @€ groups in the benzene ring

and the imine functionalitiesG=N) respectively. These observations are in line with previous

report.2%30
5
45
4 k
35
o 3
(&)
525
o]
S 2
(%2}
15 \\
1
\‘,
0.5 \\ ==
0 e pmmem —
240 260 280 300 320 340 360 380 400

Wavelength [nm]

—L1 L2 L3 L4 L5 L6

Figure2.7 Electronic absorption spectra of'lg L measured in DCM
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Table2.1 UV/Visible data of L¢ L®

Salen Ligands I, nm I, nm
p- p* G=C p- p* &N
(eLmoticm?) (eLmoticm?)
Lt 260(19520) 352(10650)
12 260(9960) 351(5850)
13 258(8140) 321(2800)
264(7300)
L4 263(13970) 335(5390)
B 268(29500) 334(10400)
L6 257(5050) 319(2080)

2.5.2 Synthesis and characterisation of V(V) complexes derived from
Salen ligandsi. L2, L3, 1>, and 6

Typically, in PET studies, the speciation of the metal spect#icsilt 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

0KS YSGilt aLSOASaE odzi 2dzad SOl ftdzZ &S GKS € A3l
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(lV) complexes of all the ligands were achieved by
methods previously described:3? The appropriate ligands were mixed with VQS@d
Ti(OPr) 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 summarisedrigure 2.8 and 2.9 Combination of
different characterisation data such as FTIRMibible spectroscopy and HRMS supports the

formation of the desired complexes.

Comparatively, the FTIR spectra of all the vanadiaten complexes revealed shifts of some

diagnostic vibrational bands to lower energy as a result of coordination as previously

reported 33
/ \ —N. O N—
—N N== \U/
VOSO,
; T R o/ ’\o R!
R OH HO R! EtOH Cl
Reflux
Aqueous work-up 5 4
R2 R2 (Brine) R R
R1 R2 R1 R2
L' MeO H [voL" MeO H
L3 H H [VoL3] H H
t
Ls tBl,l tBu [VOLS] tBI.I Bu

Figure2.8 Synthetic scheme of ([VO)].[(VO) E] and [(VO) ] complexes
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=—N_ @ N=—
—N N \U /
VOSO
; TP, R o '\o R
R OH HO R EtOH Ci
Reflux
Aqueous work-up R? R?
R? R? (Brine)
R1 R2 R1 R2
L2 MeO H [voL? MeO H
L*  'Bu ‘Bu [VOL®] Bu ‘Bu

Figure2.9 Synthetic Scheme of [(VO¥]land [VOE(CI] complexes

Theimine AC=N) stretching frequencies were observed at 1633, 1625, 1617, 1616, cm

Lfor [(VO)H], [(VO) B, [(VO) E], [VOB(CI] and [VOE(CI] 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 betweer2300¢ 3600 cmt 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=0 absorptions at 819, 977, 984, 976 and 98t [{WO)

LY, [(VO) 8, [(VO) E], [VOE(CI], and [VOECI] respectivelyp® 30 34 35

The electronic absorption spectra of the vanadi@alen complexes are shown kigure

2.10and the summary of the absorption bands are presentediable 2.2 The high intensity

1.6
1.4

1.2

Figure2.10Electronic absorption spectra of [(VOJ]L[(VO) £, [(VO) E],
[VOL3(CI) and [VOE(CI) measured inDCM


https://www.sciencedirect.com/topics/chemistry/imine

Chapter Two

bands between 23% 265 nm can be attributed tadhe C=C p- p* transition involving
molecular orbitals in the benzene ring as previously repoffeth addition, broad bands
centred between 28% 310 with lower intensities are assigned to tipe p* transition
involving theC=N of the imine groups. The appearance of shoulders at ca. 270 nm and new
bands between 35@ 430 nm can be attributed to charge transfer from ligands centred

orbitals to the emptyd-orbitals of the vanadium ion centr@g- dp).%®

Table2.2 UV/Visible data of [(VO)1, [(VO) &, [(VO) ], [VOI5(CI] and [VOE(CI)

I, nm I, nm I, nm

p- p* GC p- p* G=N LMCT
(eLmoticm?) (eLmolicm?) (eLmoticnr?)
[(VO) I 262(8290) 285(4300) 355(1050)
401(1050)
[(VO) 260(13640) 291(7190) 403(2900)
[(VO) E] 262(7900) 333(2670) 403(1880)
[VOLI3(CI) 258(10570) 303(6970) 394(2480)
[VOLS(CIY 239(9540) 269(7500) 367(2120)

HRMS analysis of all the synthesised complexes reveale€ljMor [(VO) £, [(VO) E],
[VOI3(CI] and [VOI(CI] as the base peak at 394.0708, 333.0045, 557.3028 and 611.3417
amu respectively and [(p2CI)] for [(VO) B], at 894.2285 amu. Below are the HRMS of
[(VO) E] and [VOIS(CI] (Figures 211 and 212). 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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27-Jan-2021 XEVO-G2XSQTOF#YEA1289
SAETHVL Cardiff University
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Figure2.11HRMS spectrum d{VO) ] revealing M+ as the base peak
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09-Oct-2023 XEVO-G2XSQTOF#NotSet
TBCyClOV Cardiff University
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Figure2.12HRMS spectrum diVOLS(Cl) revealing M as the base peak

All the vanadium(Mpalen complexes synthesised display similar geometry in solution
around the metal centre asonfirmed by the electronic absorption spectra discussed. To
gain further insight into their coordination environment, single crystals of fY@).were
obtained from a mixed solvent solution (&H and EtO) at #C. The solidtate structure of

this complex was analysed B§ray Services staff at Cardiff University School of Chemistry.
The Xray structure of VOIS(CI] is presented irFigure 213 and selected bond distances and
angles are summarised rable 2.3 Crystal structure of this complex has been solved in the
centrosymmetric triclinic space groupl with two [VOIS(CI] units and two crystallizing
DCM molecules. The crystallographic data yields-tactr 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 strature. The oxovanadium is coordinated equatorially to a
tetradentate (6 ligand with two phenolate oxygen atom, and two Schéfe nitrogen atoms.

The crystal structure exhibits a geometry that can best be described as distorted octahedral

rather than the 5coordinate environment that has previously been obseréd.
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Figure2.130ORTEP structure of [VE(CI) drawn with 50% thermal ellipsoid probability.
Hydrogen atoms have been omitted for clarity

Table2.3 Selected interatomic distances (A) and angles ((N@®LE(CI}

Selected bond lengths

N(1)}V(1) 2.086(4)
N(2)}V(1) 2.110(4)
O(1)Vv(2) 1.827(4)
O(2)V(1) 1.826(3)
Cl(1)v() 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)Vv(1)O(3) 97.90(18)
O(2YV(1Y0(3) 99.35(19)
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A chloride is occupying the other apical region that is expected to be vacant wi€@l adnd
length of 2.578R, 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(\JSalen complexes. The most common oxidation state of oxovanadium
complexes with tetradentate Schiff base ligands reported in literature i 4 3% 40 while
selected few seminal reports on oxovanadium complexes with tetradentate Schiff base
ligands with the vanadium centre in +5 oxidation state have been documeftett. In
addition, due to the strong trans influence of the V=0 bond, most of the reported
oxovanadium complexes are square pyramidal. The geometf(V@¥l®(Cl) is a distorted
octahedral and due to trans influence, theCV bond trans to the V=0 is significantly

elongated.

Also, within the unit cell, a DCM molecule occupy a site outside of the coordination sphere
as depictedn Figure 213.¢ KS @I yI RAdzYbL 2E2 0 2 y[ROISCS (1.B57 K &
A) is in agreement with the reported=0 bond lengths for V(V) centr&s?3 but slightly

I+

longer than reported V=0 bond distances typical for vanadyl compl§¥&xé(Cl] has a
bulky electrondonating groups in the aromatic rings-Bu) and a flexible cyclohexane
backbone skeleton. The vanadium is slightly above the equatorial plane defin@iNKYD
donor atoms of the Salen®lby ca. 0.37 A towards the oxygen atoifhe imine groups
(C(155N(1) = 1.276(7A and C(2AN(2) = 1.273(6)}) have lengths consistent with C=N
bonds. The vanadiusimine bond lengths (V(A)(1) = 2.086(4A andV(1}N(2) = 2.110(44)

are within the reported range for such a bond with vanadium(V) cetfifeBond 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 vanadiurgphenoxido bonds are significantly shorter (VQ(L) = 1.82(4) A andV/(1)

0(2) = 1.88(3) A) than the vanadiurgimine bonds, consistent with the anionic nature of the

phenoxido ligand4#4°

2.5.3 Synthesis and characterisation of Ti (IV) complexes derived
from Salen ligands3_L5, and [

The synthesis of Ti(IV) complexes was accomplished by using a previously described

method 32 Appropriate ligands and Ti@) were combined in Cib under an inert
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atmosphere at room temperature overnighigures2.14 and 215). All the complexes were

isolated as yellow solids and they have been characterised by, HRMS, FUR\disle.

FTIR spectra of all the Titanium ¢(8§len complexes were acquired from 500 to 4006 .cm
and these revealed diagnostic vibrational bands with shifts as a result of coordination, the
FTIR ofTil3(OPry and TiE(OPr)) are shown inFigures 216 and 2.I7. The imine €N
stretching frequencies are found between 1620630 cm' which falls within the expected
range as previously reportet. 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) cehtre.
extended broad bands observed in all the ligands betw28d0¢ 3600 cm! assigned to the
phenolic OH group are absent in all the complexes due to deprotonation and coordination of

the phenoxy ions to the Ti (V) centre.
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N==
/N\Xl'i/ R1
R’ OH HO R [TI(OPN,] e | ™o
CH,Cl, O
RT, N, R R2
R2 R2 R2
R1 Rz R1 R2
L3 H H o 30
[TIL3OPr),] H H
L5 t t :
Bu Bu [TIL5(OPr),] 'Bu ‘Bu

Figure2.14 Synthetic Scheme of [THOPr)] and [Til3(OPr)] complexes

[T|(O Pr)4] N\
T CH,Clp
RT, N,

L6 [TiLS(O'Pr),]

Figure2.15Synthetic Scheme of [TY{OPr),
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The electronic absorption spectra of the TigS4len complexedil3(OPrY, Til%(OPr,
Til%(OPr)) are displayed irfrigure 2.8 and the data inTable 2.4 The high intensity bands

centred at ca. 245 nm can be attributed tbhe C=C p- p* 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 TAOPrY, Til’(OPr), and Til%(OPr). respectively with lower intensities are
assigned to the- p* transition involving theC=N of the imine groups. The appearance of
new bands at 364, 373 and 372 rfian Til3(OPr), Til3(OPr), and TiB(OPr) respectivelycan

be attributed to charge transfer from ligands centred orbitals to the engporbitals of the

Ti(IV) centrefdp- dp). We did not observe ang-d bands for all the Ti(IV$alen complexes

as expected for a%kpecies.

25

15

Absorbance
=

0.5

230 280 330 380 430 480 530

-0.5
Wavelength [nm]

——TiL3(iOPr)2 ——TiL5(iOPr)2 —— TiL6(iOPr)2

Figure13 Electronic absorption spectra of TOPr), Til5(OPr), and TiE(OPr), measured
in DCM
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Table2.4 UV/Visible data of Ti((OPr), Til>(OPr), and TiE(OPr)

I, nm |, nm I, nm

p- p* GC p- p* &N LMCT
(eLmolicm?) (eLmoltcm?) (eLmolicm?)
Til3(OPr) 246(11290) 278 (7410) 356(2200)
Til5(OPr) 243(10260) 290(4870) 369(1710)
TilS(OPr) 246(10850) 291(4030) 372(1290)

HRMS analysis dfil3(OPry and LRMS analysis &fl5(OPr), and Tif(OPr) revealed base
peaks at 331.0522, 546.81, and 601.36 amu respectively as depictadures 2.9, 220

and 221 below. The isotopic patterns of the base peaks in the spectr@il®fOPr), and
Til’(OPr) are separated by 0.5 unit®dicating 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 Okespectively. In addition, all spectra show a higher peak consistent
with the species (TitQ», 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 @ 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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2.5.4 Extraction of Vanadium (IV) from Aqueous Solution with Salen
Ligands (}-L5)

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, matibenzoylmethane, 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 phasfger coordination of the Salen ligands; L

LS, with V(IV) and Ti(IV) respectively, we set out to see the possibility of using these ligands
for the extraction and purification oV radionuclide after its generation from titanium disk
using a biomedical cyclotron. Using the ligand to extract-ramhoactive 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 solutiod® Solvent extraction is an effective method of extracting metals and
under certain conditions, high selectivity could be achieved. Li andockers in 2013
reported the successful use afi(2-ethylhexyl) phosphoric acid (HA) as an extractant for
V(IV) species from a mixture that include V(IV) and Fe(ll) ions. They achieved extraction of
V(IV) with 96.2% at pH 1%.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 (V8ag) with the ionised ligand (4) in the aqueous phaseéigure2.22).
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VO2+ + HZAZ(O) - VOA2° ZHA(O) + 2H+

H2A20rg B — 2HAaq

I_IAaq - A, + H+

aq aq
2+ - +

Voaq + Aaq B VOAaq
+ -

VOAaq + Aaq - VOAZaq

VOAzy <«— VOA,,,

org

VOAyy, + 2HA VOH,A 4or,

Figure2.22The extraction mechanism 0fCG**ion. A is the ionised extractant/ligand"’

In this study, we set out to examine the extraction ability of the synthesised Salen ligands
(L*-L%) with VOS®with a view to using it to extract and purif{fv radionuclide after its
generation from titanium disk using a biomedicgklotron. To start with, we tested some
common extractants such akbenzoylmethaneacetylacetoneand maltolfor their ability to
extract V@*ion from aqueous solution. DBR Acac?® and maltof°® have been reported to

form complexes with V(IV) ion, and as such, we used these ligands as extractantg*for VO
ion in aqueous solution. These chelators show poor extraction abilities at ligand
concentrations below 10 equivalents of the &@n. For instance, Maltol (at pH 7) , Acac (at
pH 7),1,3diphenylpropanel,3-dione (at pH 7),2,2,6,6tetramethy}3,5pentaedione (at pH

7) and 1,1, :trifloro-2,4-pentanedione (at pH 7achieved 3.98 %, 8.23 %, 3.43 %, 3.89 % ,
and 2.54 % V®ion extraction respectively when their mole ratios were 20:1 to that of the
VCG*ion. (Extraction was quantified using M¥ES to measure V concentration). However, all
the above chelators did not yield satisfactory results foP\i@h extractionand the results

are presented inFigure 223. The same ligands were used for the extractionTof([3P)4]

from aqueous solution with mole ratio (20:aphd the results are shown fRigure 224. The

ligands did not yield satisfactory results wjtfi (CP)4] just like we observed withG**ion.

In order to assess the sequestering potential$'efL® towardsVCG*ion in aqueous solution,
and compare with those of Maltol, Acac and DBM, we carried out extraction studies’df VO

ion with L*- L® at different pHs
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% Extraction of V by different ligands

0 —— mEmN —— e - - R —

Maltol Acac Diphenyl Tetramethyl Trifluoro

mpHS5 5eq mpHS5 20eq mpH7 5eq mpH7 20eq

Figure2.23%Vanadium (1V) extracted from agueous solution at pH5 and pH7 with 5 and
20 equivalents of Maltol, Acad,3-diphenylpropanel,3-dione, 2,2,6,6tetramethyl-3,5
pentaedione, andl,1,1-trifloro -2,4-pentanedione.

% Extraction of Ti by Salen ligands
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Maltol Acac Diphenyl Tetramethyl Trifluoro

mpH5 5eq mpHS5 20eq mpH7 5eq mpH7 20eq

Figure2.24%Titanium extracted from aqueous solution at pH5 and pH7 with 5 and 20
equivalents of Maltol, Acacl,3-diphenylpropanel,3-dione, 2,2,6,6tetramethyl-3,5
pentaedione, andl,1,l-trifloro -2,4-pentanedione.

In addition, the extraction procedure was carried out using different equivalents of the
ligand with ligand: V®ratio ranging from 5 to 20 equivalent¥he extraction of vanadium
(IV) and Ti(IV) from aqueous solution at pH 5 and 7 were carried out with 10 ppm metal

concentrations respectively dissolved in the aqueous solution and at 5 and 20 equivalents of
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ligandsL! - L. HCI 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) forl4, L and 14 are 98.35%, 72.35%,
80.26% and’0% respectively. However, the highest extraction of Ti at pH5 (20 ed)dadL

L3 are 86.33% and 81.85% respectively. The summaries of the results are presented in
Figures 25and 226.

% Extraction of V by Salen ligands

100
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6

5
4
3
2 I ARl
1
0 all _n ll i
L1 L2 L3 L4 L5 L6

mpH55eq mpH520eq mpH75eq mpH720eq

o O O O O O

Figure2.25 %Vanadium (V) extracted from aqueous solution at pH5 and pH7 with 5 and
20 equivalents of!-1°
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% Extraction of Ti by Salen ligands
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Figure2.26%Titanium (IV) extracted from aqueous solution at pH5 and pH7 with 5 and 20
equivalents ofl*-L®

The influence of the pH on the extraction of V(IV) and Ti (IV)!byl9shows that the
extractions are more effective at pH5. A greater effect at pH5 is observed at the molar ratio
of [V(IV)]ag/[E]Jorg = 20.0 and [Ti (IV)]agAlorg = 20.0. The capacity ot £ L° for the
extraction of V(IV) and Ti (IV) increases as the mole ratio of métalfincrease 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 asdLI®) do not give
the best extraction. However, this is probably due to the lack of solubility of the ligand in the
agueous phase, meaning it cannot interact with the metal centre. The results with vanadium
were encouraging (ranging from @®%) and so extraction of <pM concentrations*®f

using these ligands were investigated (see Chapter 3).
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2.6 Conclusion

Salen ligands,'lc L® 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 byH and 3C NMR, FTIR, WAsible spectroscopy and High
ResolutionAMassSpectrometry (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 agueous wedp 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, 1liphenylpropanel,3-dione, 2,2,6,6tetramethyl3,5-pentaedione and
1,1,2-trifloro-2,4-pentanedione) have been explored as extractants for vanadyl ion from
agueous solution. The extraction procedure was carried out at different pHs (pH 5 and 7)
and some of the Salen ligand&LE 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 thphysiology of the human body. Positron emission tomography
(PET) is a form of sciit 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.
Radiotracers can be designed to act as indicators for a variety of substances that participate
Ay (GKS 02ReéQa ylFadz2N»f LINPOSaasSasx GKdzax @ASft
have been produced and studied for PET with varyinglive and this includgbut is not
limited to *C (20 mins)%G (67.7 mins)!¥F (110 mins)%*Cu (12.7 h) an&®Zr (3.3 d). For
instance, *¥~fluorodeoxyglucose ¥~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 activatiGRET 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 trasdyedraemployed for
direct and indirect cell labelling. Pagk al have been able to uséCupyruvaldehydebis(N4
methylthiosemicarbazone)®{CuPTSM), and?4-H -fluoro-H -deoxy1- -D-arabinofuranosyl
5-iodouracil {?4-FIAU) to labeK562TL cells for tracking of humashronic myelogenous
leukaemia celld In another study, Fribergest al, used®Zrcomplexed8-hydroxyquinoline
(8%Zroxine) and®®Zrdesferrioxamindsothiocyanate ZF-DFGNCS}o labelhuman decidual
stromal cellsThey observed that®Zroxine is superior t§°Z-rDFGNCS with respect to long

term stability and cellular retentiohCell labelling is an important strategy as this will enable
the tracking and study of biodiversity of cells in cell therapies by providingim@&nsional

PET imageparticularly in conjunction with CT or MRI# The relatively short halfves of
these radiotracers require them to be produced via a medical cyclotron routinely and this is
a great disadvantage. Furthermore, the short Haks 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 letarget to-background ratio®
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48V is an emerging radiotracer with hiife of 16 day< which provides more flexibility in
monitoring physiological processes, potentially prodgc higher quality image and
improving the utility and production of radiotracers. Furthermore, the long Hiédf of 48V

has an average positron energy of 290 keV (49.9%) which is comparable to the positron
range to that of'®F and®Cu. 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 londjfeadid
high-energy gamma rays.” 8 Vanadyl acetylacetonate [VO(acddhas been reported to
preferentially accumulate in cancer cells and this selectivity could be used for differentiation
of the many stages of tumour cells developmehtl® The relatively long halffe and
preferential accumulation of8V in tumour cells could enhandes localizationto diseased
tissues, thereby aiding in the detection of malignancies, which in turn can improve
survivability rates.In our study, we have adoptetiV-labelled V@Salen as a radiotracer to
track the wound healing cells. This is essential as the longifeatff 3 will permit great
flexibility for monitoring the slow biological and physiological processes associated with
wound healingn vitroandin viva In addition, the lipophilic nature of the synthesised Salen

ligands will enhance the transport of the radioact®¥ across cell membranes.

Aims and Hypothesis

This chapter will aim to:

1- Find an improved method to dissolve the Ti disk and extractie
2- Develop methods to produc®V 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 proprf@ogenitor cells (OMLPCs).

Hypothesis:

1- Electrochemical methods can be used to improve dissolution protocols*®6r
containing Ti discs.
2- Lipophilic Salen ligands can be used féfhcomplexes for cell labelling under which

are stable under biologically compatible conditions.
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3.2 Materials andMethods

3.2.1 Experimental

3.2.1.1 Materials

All primary reagents and solvents were purchased from Sigldach, Merck, ACROS and
Goodfellows) unless otherwise detailed. All reactions were carried out under aerobic
conditionsin hot cells. TLC traces were recorded on a Scan RABM/SPECT radiaC
scanner (LabLogic, YKising TLC Silica gel 6@4fplates (Merck Germany) samples were
centrifuged on a ROTINA 35 R swing rotor centrifuge (Hettich Zentrifiigemmany) and
activities were measured on Wallac Wizard 1480 Automated Gamma Counter (Perkin
Elmer, Finlandpr a CRQ5PET well countefCapintec, Inc. Ramsey, NH)ectrochemical
reactions were carried out with a CSI1802X 18V linear bench power supply (circuit

specialists, US)

3.2.1.2 Production of®V from Ti disc

The production of®V took place at the institutional cyclotron facility of PETIC through the
proton irradiation of a Titanium disc targefia an adaptation of the methods of Bonaedi

al. 1* A disc composed of naturdfTi foil 00 um 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 4Qfn. Subjected to an irradiation period 8fhours,

the disc received a beam energy of 48. 04-0.5 GBq of*®V 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 diskMeight 0.205 ghad a 5mm hole drilled into it-3mm from
the edge of the discThe irradiated Ti distypically containing 36€450MBq of*8V, 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 solatamte up of
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288 pl of 2.5 M HBr, 78 ul of (conc.) HCI, and 5634 ul 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 Afpr 4-6 hours (the electrochemical sap is shown irFigure. 3.1
below. The initial voltage was typically-8V 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 (ypically 3640MBq). The cloudy solution was centrifuged for 5 min at 4890

to yield a white and a clear supernatant. The precipitate typically contair&sl BIBq and

the solution typically contained 29417 MBq, representing percentage yield of&2%.

Figure3.1The setup used for the electrochemical dissolution of irradiated Ti disc
containing“ev.

3.2.1.4 pH adjustment of®V stock for biphasic extractions.

100 pl of the supernatantcontaining9.17 MBg of “8VwaspH adjustedo pH 6.5 by adding

20 pl of 2 M of NaCQ to give a milky solution. The solution was transferred to the

centrifuge at 4890x 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 ul, 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 15Qul of 1 M oxalic acid. The mixture was centrifuged agaid&d{xg)

for 5 minutes for separation into supernatant containing 4.31MBq and residue containing
4.57 MBq. The®V 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 Liquidiquid extraction of*®V with various ligands in DCM

Two separate 250 pl aliquots containing 7.1 MBg were taken from*¥@xalate stock
solution and the volumes were made up to 50 ml with d@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 propanel,3-dione, 2,2,6,&etramethyt3,5-heptane dione and
1,1,1, Triflore2-4-pentadione were each dissolved in 50 ml DCM. 0.125 MBq (880 ul)
aliguotsfrom each of the*®V solutiors andadded to 500 pl of each DCM ligand solution in a
1.5ml microcentrifuge tube to give a 1.2million fold molar excess of the ligambthe
resultant mixture was lefovernight with shaking at room temperaturEree*®V was applied

as a control bytaking of 48V (880 ul)and mixing with500 ulDCM onlyNext day, the two
layers were separated into two phases (aqueous phase and organic phase) and distributed in
glass vials and the activity of the solutsowere measured by a gamma counter. This
experiment was carried out in triplicaté dlution seriesof 4V stock solution was prepared
(0.225MBq, 0.0625 MBq, 0.0315 MBq, 0.0156MBqg, 0.0078MBq and 0.0030NBgamma

counter calibration

3.2.1.6 Liquidiquid extraction of*®V with Salen ligands in DCM

The methods fronB.2.1.5were repeated with a fresh batch é%V-oxlate stock to carry out
biphasic extractions with DCM stock solutions containing 0.05 mmol of the Salen ligands
L2, 3, 14, 5and 6 at both pH 5 and pH7. This tintlee volume of*®V stock required to make
0.125MBqgwas 500 pl. Figure 3.2 shows the schematic diagram for ligdiduid extraction.

This experiment was carried out in triplicate.
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Figure3.2 Schematic diagram for liquidiquid extraction of*®V with Salen ligands

Evaporate organic phase Dichloromethane (DCM)

3.2.1.7 Liquidiquid extraction of*®V using Salen ligands a mixed solvent,
DCM and EtOH

The methods from 3.2.1.6 were repeatsdt up extraction reactions at pH 5 and pH 7 for
the Salen ligands', 2, 13, 14, l°andL® exceptthis timethe 10ml stocks containing 0.05 mmol
of each ligand were made up with 1 ml DCM and 9 ml EtOH solution as opposedtto
DCM.As above 50Qi of each ligand stock solution was addeddtd25 MBq of®V (500 pl)
however this time an additional 508 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 6V with Salen ligands in
EtOH/DCM mixture.

The methods from 3.2.1.7 were repeated except 4 separate concentrations of ligaad L
L5 were assessedTo prepare ligand Stock P and 16 (0.062 g, 0.0125 mmol) (0.070 g,

0.0125 mmol) were weighed and dissolved with 10 ml (Iml DCM and 9 ml EtOH) in
volumetric flask. To prepare stock 2 100 ul from stock 1 was taken and added to 9900 pl
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EtOH in volumetric flask. To prepare stock 3, 6500 ul was taken from stock 2 and added to
3500 pl EtOH. Stock 4 was prepared by diluting 650 pl of stock 2 in 9350 pl EtOH. Stock 5
was prepared by diluting 64 ul of stock 2 in 9936 ul EtOH. 500 ul from stocks 1, 3, 4 and 5
were added to 500 pul DCM and 500 pl (0.250 MBq)®f 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®v complexes with solid phase extraction

Cartridges

The DCM extraction phases frasection (3.2.17) were passed through the following solid

LIKF &S SEGNI QGiAzy OFNINARISE 6KAOK gSNB O2yRA
G18 SepPak Plus Cartridge (red labelled):

a. 10 ml of EtOH was passed and followed by 10 ml of tmramwaste container.
b. 10 ml of HO was passed o awaster container.
c. The [¢8V) L], [(*®V) 6] and “®V were purified by moving the organic phase

though the G18 column andthe activity of the eluent and cartridge were

measural by well counte.

QMA SepPak Cartridge (blue labelled):
a. 5 ml of 8.4% solution of NaHe@llowed by 10 ml of airwas through the

cartridge intoa waste container.

b. 5 ml of HO was passed through the cartridge into a waste container.
c. The [¢8V) L], [(*®V) 6] and “8V were purified by moving therganic phase
though the QMA column and the activity of the eluent and cartridge were

measured by well counter.

Alumina B SegPak Plus Cartridge (green labelled):
a. 5 ml of HO was passed through the 8 cartridge into waste

container.

b. The [(8V) L], [(*8V) €] and “®V were purified by moving the organic
phase though the Alumina column and the actiwtythe eluent and

cartridge weremeasural by wellCounter.
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The experiment was carried out in triplicate for each concentration.

3.2.1.10Radiochemical purification by silica gel

An aliquot (3.75 MBq, 5ml) was taken frdfly stock solution and were passed through a
solid phase extraction cartridge containing silica\ggh 50% acetonitrile and 50%iethyl

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 activitgaafh 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 fro®.2.1.5 and 3.2.1.8yere repeated.

3.2.1.11 Purification of®V by Amberlite C&0 Column Exchange Resin

A modification of purification methods ¢f | AA@dicoworkers!2to use amberlite to trap Ti

was employed oran aliquot (2 ml, 2.5MBq) of th##\-oxalate pH 7 stock solution from
section 3.2.1.4. The aliquot was evaporated to dryness and then redissolved in G£80M

after dissolution2ml of 0.01M HNQ containingl% HO,were added causing the solution to
turn orange.This sample was then passed through an amberlite ion exchange column as
shown inFigure 3.3with 0.01M HNQ containingl% HO; as the eluent. 36 0.5 ml fractions
were collected, and the activity of each fraction was measurgdwell counter, andhe

resultingRadieTLGvas analysed fotéVv.
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Figure3.3 Amberlite Cation Exchange Column

3.2.1.12 Radiosynthesis and purification of§¢) ] and[(*3V) 8] in DMSO

After dissolving the*®V disc as described in section 3.2.1.3, The clear c(tide + Ti)
agueous 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® in the mixture. Two Salen ligand8,ahd 15,

were applied by dissolvin.25 g, 0.05 mmol) and (0.28 g, 0.05 m)n@spectively ira
mixture of 2ml DMSO and 1ml DCM (D@Msadded as dissolution aid as the ligands are
sparingly soluble in DMS@00 ul was taken from each ligasdlutionand added to 500 pl

48\ DMSO solution (@25 MBq) in tubes and left overnight over a shaker at room
temperature.*®V was applied as a control by takindZ6 MBq of 48V mixed with 500pl
DCM/DMSO mixture with no ligand presehlext day, the reaction solution was analysed by
using radieTLC. For the radibLC analysis, 6ul ofd{) 1] or [(*8V) 16] were dropped on the

thin layer chromatogrphic plate and the samples were eluted with 50% acetonitrile and
50% ethyl acetate. The radioactivity of tlieveloped plates wasnalysed by radidLC.

After confirmation of the formation of the radiolabelled4qy) 5] and [(8V) 1], the
complexes were isolated by first evaporating the DMSO fronff#&omplexes. Thereafter,

the eluent that was used for the separation was addedhe reaction residue and plaan
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a shaker for about 3 hours. Thiesultant mixtures were centrifuged, and the supernatant
collected. The supernatants were confirmed to contain pute/[(L5] and [(8V) ] by radio
TLC analysis. This experiment was carried out in triplicate. The schematic diagram of the

synthesis of radiolabelled*f) 18] and[(*¥V) 6] were shown inFigure 3.4.

Add excess

8V + 1.5E46 Xs extracting
Ti in aqueous ligand (Salen)
solution. V48 + DMSO in Evaporate the aqueous component (80 °C) and incubate
agueous solution. with shaking.
U

Do the TLC and \\

purify the complex Redissolve in at high
by Eluent (50%Ethyl Evaporate the eluent concentration in biocompatible

acetate+ 50% solvent.
Acetonitrile).

‘\j
_— _— \
DMSO '

Add to cells v—[

Figure3.4 Schematic diagram for the radiosynthesis and purification[(#V) 15] and[(*3V)
L9]
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3.3 Results and Discussion

3.3.1 Dissolution and neutralisation gtV

Theelectrochemical dissolutiomethod was developed to avoid the use of harsh chemicals
such as concentrated .HQ and concentrated HF these are particularly problematic for
radioactive work which needs to be carried out in specialist radioactive hot cells which are
typically madeof 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 HCI/HBr reaction mixture and room temperature
dissolution process is metal hot cell safe and given theld6 halflife of 4V the 4¢6 hrs
dissolution process is not a disadvantage for this isotope. Following literature irradiation
protocols our typical activity yields for the Ti disc were -360 MBq. After dissolution and
centrifugation to remove precipitate typical recovered activities wet84417 MBq,
representing percentage yield of &3%.The initial pH of the synthesisédV solution was

less than pH 1, and in order to adjust it to pH 7, different concentrations e€E@avere
used: 0.05 M, 0.8, 1 M, 2 M. Of all these solutions, 2 M & was the most suitable
concentration to keep thé®V solution as concentratedas possiblehowever, adjusting the

pH of the solution to pH 7 results in the formationagbrecipitate which is undesirable. 1 M
oxalic acidis commonly used i8°%Zr radiochemistry to allow the formation of temporarily
stable aqueous pH %Zr solutions for ligand exchange reactiobsTo assess this strategy
with v 1M oxalic acidwas added to the*V precipitate to aid its dissolution by
derivatization,leading to a clear colourless solution@t 1. This solution could be adjusted

to pH 5 with2 M NaCQ without preciptation. Atemptsto adjust the pH of the solution to

pH 7resulted in the formation of &loudy/milky solution When centrifuged this yielded a
temporarily stable clear pH 7 solutiobyt significant amounts of activity were lost in the
precipitate (typically 1€20%). Thigrocess reliably produced enoudfv at pH7 to allow
biphasic ligand extraction reactions, however in a similar wa§fZeoxalate solutions it is

recommended that solutions are used immediately after neutralisations.

105



ChapterThree

3.3.2 Liquidliquid extraction of*®V using various ligands in DCM

In a modification of procedures used to produ&&roxine for celllabelling®* liquid-liquid
extractionprocedures were attempted with a variety of ligands to investigate whether any of
them are able to selectively extratdV in the presence of a 1.2 million fold excess of-non
radioactive Ti starting materiaProcedures were carried out in Falcon tubes in order to
extract the synthesised®V from the aqueous solution into organic phases by employing
maltol, Acac, 1,2diphenyl propanel,3 dione, 2,2,6{étramethyl3-5pentane dione,1,1,1
Trifloro-2-4 pentanedione as extractants in DCM. The pH of the aqueous phase was adjusted
to either5 and 7 and the two phases were allowed to mix overnight at room temperature on
a shaker and the mat ratio of the 8V to the extractants employed is112 million This
enormous excess is used to account for the excessradioactive Ti in the®®V stock
solution. The extraction of the®V from the aqueous phasevere evaluated by measuring

the radioactivity with gamma counte

The extraction results are presentedfigure 3.5 and the data were obtained by measuring

the activity of the aqueous phase after each extraction procedure using gamma counter.

%48V Extracted with various ligands
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Figure3.5 The extraction percentage dfV with 1.2million eq of maltol, acac, 1;8iphenyl

propanel1,3-dione, 2,2,6,6tetramethyl-3-5-pentane dione, 1,1,4rifloro -2-4 pentanedione

At pH 5, the percent extraction fonaltol, Acac, 1,3diphenyl propanel,3-dione, 2,2,66-
tetramethyl3,5-pentane dione, 1,1rifloro-2,4-pentanedione are9.51, 8.82, 7.23 10.37,
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and 9.18% respectively. While at pH the percent extraction fomaltol, Acac, 1,2diphenyl
propanel,3-dione, 2,2,6,&etramethyl3,5pentane dione, 1,1:trifloro-2,4-pentanedione

are 9.17, 9.73 9.7,9.45 and 10.27 % respectivelyThe maximum extraction obtained is
10.27P%6 with 22,6,6tetramethyl3,5-pentanedione at pH 7. These results mirrored what we
observed with these extractants for the extraction of a@uioactiveVG*ion from aqueous
solution as discussed in chapterAll these extractants show poor extraction ability towards
48y from aqueous solution and due to this, we subsequently assessed the extraction abilities

of the ligands tto L° synthesised in chapter 2.

3.3.3 Liquidliquid extraction of*®V using Salen {lto L) ligands in
DCM.

The same conditions as described above were employed for the extraction of radiddetive
from aqueous solution using Salen ligan8$oLL%. The extraction results at pH 5 and 7 with

1.2 million equivalents of the Salen ligands are illustratefiguire 36 below.

%48V Extracted by Salen ligands
100.00
80.00
60.00
40.00
20.00

| (1.2 million eq) pH5 (1.2 million eq) pH7

Figure3.6 The extraction percentages dfV with 1.2 million Eq of (4, L2, L3, I, L5and 1) at
pH 5 and pH 7, radioactivity measured by gamma counter.

The best results were obtained for the radioacti{®~Salen complexes at pH 5, with
extraction percentages of 14% and 11.67% ferahd 16 respectively. In contrast, the
extraction was 0% with the rest of the ligands. Previous-raahoactive V@&alen complexes
in chapter2, showed higher extraction percentages {98%) with different ligands such as

L%, 12, Band 2. These contrasting results may be due to differences in oxidation bett#fgen
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and VOSQor variations in experimental conditions acrdake labs The results for 1and 1

are comparable to what we observed for maltol, acac,-dighenyl propanel,3-dione,
2,2,6,6tetramethyl3,5pentane  dione, and 1,1;ifloro-2,4-pentanedione. The
performance of these Salen ligands is poor and the best explanation we can suggest is that
the ligands ardoo lipophilicto significantly cross intthe aqueous phasé react with the

48\ As highlighted in chapter 2, the rate limiting step in the extraction is the ionisation of the
ligand and coordination to th#G*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 radioaétwes discussed in

the next section.

3.3.4 Liquidliquid extraction of*®V using Salen ligands in a mixed

solvent, DCM and EtOH

The extraction of radioactivé®V was repeated as described in section 3.3.3 and this time,
the Salerligands Lto L®were dissolvedn a mixture of DCM and EtOH (1:The pH of the
agueous phasewasadjusted to 5 and 7 and thiggand solutions were added, and tiwo
phases were allowed to mix overnight at room temperature on a shaker and the mole ratio
of the %8V to the extractants employed is112 million The extraction results at pH 5 and 7

with 1.2 millionequivalents of the &enligands are displayed fgure 3.7 below.

%48V Extracted with Salen ligands via EtOH/DCM
100.00
80.00
60.00

40.00
20.00

[(48V) L1].[(48V) L2].[(48V) L3].[(48V) L4].[(48V) L5].[(48V) L6]. 48V
EtOHDCMEtOHDCMEtOHDCMEtOHDCMEtOHDCMEtOHDCM (Control).
EtOHDCM

m (1.2 million eq) pH5 m (1.2 million eq) pH7

Figure3.7 The extraction percentages dfV with of 1.2 million Eql, 12, 13, 14, 1, L5 and“®V
at pH5 and pH7 in EtOH/DCM solution and measuring the radioactivity with Gamma
counter.
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These encouraging results shouwse ofmixed solvent (DCM and EtOH) for the extraction
procedure improved the extraction performance fot @-fold compared to the previous
extractions with DCM only and doubled the extraction efficiency foad.this modified
procedure ensured more extractants get into the aqueous phase. Although these rasults
encouraging forl® and could potentially form the basis of a routif®/ complexation
protocol, there are concerns about the enormous excess of ligand used to overcome the
excess nosmradioactive 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°Land [ on the extraction efficiency. 4 separate
concentrationswere assessedtock 10.76 million molar excess t8V (63% of excess Ti),
stock 35-thousandfold molar excess ttV (0.4% of excess T8jpck 45-hundredfold molar
excess td®V (0.04% of excess Ti) astdck 550-fold excess td®V (0.004% of excess Tijhe
results obtained are as shown Fgure 3.8. Encouragingly extraction dfVv with L°>and 1°

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 viablédV purification strategy.

%48V Extracted with Salen ligands
100.00

80.00
60.00
40.00
20.00 I
0.00 | . — I - . . —
[(48V) L5][(48V) L5][(48V) L5][(48V) L5][(48V) L6][(48V) L6][(48V) L6][(48V) L6] Control
Stock 1 Stock3 Stock4 Stock5 Stock1l Stock3 Stock4 Stock5 (48V)

m % Extraction pH5 m % Extraction pH7

Figure3.8 The*8V extraction percentage of varying concentrations ¢t L8 at pH5 and pH7
in EtOH/DCM solution and measuring the radioactivity with Gamma counter.
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3.3.5 Purification of*®V using commercially available cartridges

(alumina column, C18ilica bondedcolumn, and QMA) and silica

gel

We attempedto purify the synthesised radioacti@V using a method previously described
by Broderet al. © 1> The organic phases containiffy-complexes of 1and ¢ obtained after
separation (both from the pH 5 or pH 7 extractions) were passed through cartridges made
up of alumina,C18silica, silicabasedhydrophilicstrong-anion-exchanger,and packed
silica gel column respectively. The results obtained are as displaygdunes 3.9 and 3.10.

The 4V complexeswere strongly adsorbed to all the stationary phases used and this
resulted in poor yieldFor the complexes formed @iH 5, the percent extraction dfV with

L> and 18 Salen ligandsbtained after column purification are 1.0, 0.9, 0.7, 24 % and 0.8, 0.9,
0.8, 31 % respectively for alumingl18silica bonded,silicabasedhydrophilicstrong
anionexchangerand silica gel column respectively. While at fioe complexes formed at
pH 7, the corresponding percestution of 4V obtained afterpurification are 1.2, 1.1, 1.1,
25.5 % and 1.0, 1.0, 0.7, 33 % respectively¥and L°.

%48V- complexes eluted from using different cartriges

=

ORLPNWAUUIONOWOO

[(48V) L5](48V) L6] (48V) [(48V) L5](48V) L6](48V) C1§(48V) L5](48V) L6] (48V)
Alumina Alumina Alumina C18 C18 control QMA QMA QMA
control control

m % Elution (1.2 million) pH5 m % Elution (1.2 million) pH7

Figure3.9 The elution percentage offV with L>and 16 and at pH 5 and pH 7 using different
cartridges and measuring the radioactivity with a gamma counter.
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% Extraction of purified® with Salen ligands after separation by
silica gel

100
90
80
70
60
50
40

30
20
10
O e —

[(48V) L5] silica gel [(48V) L6] silica gel (48V) silica gel, Control

m %EXxtraction pH5 m %Extraction pH7

Figure3.10The extraction percentage dfV 1> and“*8VL° at pH 5 and pH 7 by using silica
gel and measuring the radioactivity with a gamma counter.

% Separation of®V-Complexes by silica gel

100.00
80.00
60.00
40.00

20.00
II - 1| - II —— - - - -
0.00

[(48V) [(48V) [(48V) [(48V) [(48V) [(48V) [(48V) [(48V) Control
L5] silicaL5] silicaL5] silica L5] silicaL6] silicaL6] silicaL6] silicalL6] silica (48V)
gel Stoclgel Stockgel Stockgel Stoclgel Stoclgel Stockgel Stockgel Stocksilica gel

1 3 4 5 1 3 4 5

B % Extraction pH5 m % Extraction pH7
Figure3.11The extraction percentage of ffV) 15 and [(*®V) 18] at pH 5 and pH 7 by using
silica gel and measuring the radioactivity with a gamma counter.
In all cases, majority of the generaté® complexes were retained ostationary phases and

this is in line with the findings of Robert and Walter on the purification of vanadium in

solution containing carbonate, fluoride, citrate and oxaldfe.

3.3.6 Purification of*®V using Amberlite

Due to the poor yield obtained aftethe attempted purification of 48V complexeswith
commercially available cartridgethis experiment aimed to purify the uncomplexé®/ to

remove excess neradioactive Tusingan amberlite cation exchange column as previously
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described by Saha and-werkers.” Amberlite have employeds acation exchange column
with the hope that the synthesiset®V will have moderate affinity for this stationary phase
so it can be eluted and isolated in good yieléhfortunately, with a poor yield of just 7%

elution observed this method was abandoned the results are presentEdyure 3.2.

Purification of“8V by Amberlite

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

Activity (MBQ)

0 5 10 15 20
Volume (ml)

Figure3.12representative the total activity of*8V that gained after purification by
Amberlite and washing by eluents.

3.3.7 Radiosynthesis, purification and raditLC analysis of‘fV) L]
and[(“8V) L9]

Due to the difficulty encountered in the attempt to separate the generat®ddfrom Ti and

other unwanted impurities, we attempt to derivatise the crude product with Salen ligands

L5 and L via direct single phase liquid reactiowith the aim to prepare radiolabelled (V)

L5] and[(*®V) 16] with the intention that this will alter the physical properties of tf% and in

turn ease the separation of radiolabelléd/-Salen complexesom the Ti Solvent exchange

was necessary because our Salen ligands are not soluble in aqueous solution, however we
did not want to evaporate the!®V/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 8V aqueous stock from section 3.2.1.3 and theapmrate reduce the volume by

2/3rds to convert the*®V/Ti mixture to a predominantly DMSO solution. This mixture was
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then miscible with DCM to allow the addition of Salen ligands to enable a ghgke

reaction.

Mixing DCMsolutions of Band L6 with the crude*®V/Ti DMSO solution and mixing at room
temperature led to the formation of a whitgrecipitate. The reaction mixtures were
subjected to centrifugation to separate the precipitate generated whidargely Ti, and the
supernatants were characterised by radieC analysis to ascertain the purity of the
productsusing50% acetonitrile and 50% ethyl acetads eluent Spectrawere processed
using LAURA imaging software, which is usedntegrate regions of interest (ROIlp
calculate the cumulative signal within each region of interest (ROI) for each s#mple.
Figures 3.13 and 3.4 exemplify the radieTLC analysis for the reaction mixture ¢fY) L],
[(“8V) 19] (36.15%) and (54.98%) respectively).

The 8V complexeof L5 and 16 were successfully purified by evaporating the DMSO/DCM
reaction mixture and then extracting thesultant powder with50% acetonitrile and 50%
ethyl acetateto dissolve the soluble ligand complexes and leave behind the insoluble free
metal. The solvent was then evaporated off and the puriffad complexes were redissolved

in DMSO for cell labellingigure 3.15 showsthe RadieTLC spectra fopurified [(*3V) 1]

overlayed with free’®V showing no detectable uncomplexégy.

Counts

Free V-48

150 . 63.85 %ROI

: 48V L5

‘ 36.15 %ROI
[
[

100

50

bl

T & T T u T
0.0 4 100.0 mm

Figure3.13RadioTLC for [EV) I5] reaction mixture, red area Region shows a Fré¢ and
greenregion shows [{&V) L9].
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Counts

e : 48v1ie

Free V-48 54.98 %ROI
45.02 %ROI

600

400 -

200

0.0 100.0 mm

Figure3.14RadioTLC analysis offlv) L°] reaction mixture, red region shows fre#V and
green region shows V) L9

Counts

200 N A.Free v B. Purified *®v L®

150

100

50

0.0 ' 50.0 ' 100.0 mm

Figure3.150verlay of RadieTLCs of purified samples (A) Fri&% and (B) Purified {fV) 19]

The % recovered activity from this method is 40% [{fV) 5], and 56%[(*3V) 16]. THs

reaction protocol reliably produced enough purifiéd/ complexes to enabli@ 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 ligdfid veas

increased to 20 million for these reactions. Optimisation reactions showed that ligand
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concentration ratios could be reduced to % without affecting the reaction outcome thus
reducing the molar excess of Salen ligand®e to 5 million and also in scale up reactions
activities as high as 2 MBq of purifi§d®V) 1] could be obtainedThese two complexes

were taken forward to chapter 4 for biological testing.

3.4 Conclusion

In this work, radioactive’®v has successfully generated and isolated radioactiveby
proton irradiation of a Ti target in a medical cyclotron. We have devised a reliable, radiation
hotcell and remote handling tongcompatible, 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 liquidiquid extraction methodswere exploredto produce “®\-salen
complexes. Optimisations to partition Salen liganélsid 1 in a mixed solvent (DCM and
EtOH) and reduce the pH of the aqueous phase containind®heo 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 aquédddi
solutions into forms to enable single phase complexation reactions with lipophilic water
insoluble Salen ligands. Salen ligandland 1° have been shown to react successfully with
48/ in the presence of a vast excess of smadioactive Ti. Radiation hot lab compatible
purification methods have been devised to reliably purif§\J 1°] and [(®V) €] complexes

in large enough scales to all vivoor 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®f Salen complexes as potential stem

cell labelling agents
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Chapter Four

Cellular Biocompatibility of

(Radio)labels
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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 duiimygivotissue repait. 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 somewhdivasive

analysis of implanted biomaterials, components or transplanted é&ells.

The use of cell tracking is a common practice in research and medical diagnosis, with an
established history of applying radioisotofabelled autologous white blood cells for the
detection of inflammation and infection in patientsThis technique has been fundamental

to both preclinical 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 liven vivoimaging 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 chande.

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 practicésPrevious 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?
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4.1.2 Cellular imaging utilising PET

As a technique, PEZ significantly more sensitive than SPECT with a sensitivity*dfblar

(M) compared to 18 M. As a result, PET has the capacity to identify a smaller number of
cells with the same mass of pkabel? The high spatial resolution and sensitivity of PET
makes it an ideal method for monitoring the migration of labelled stem aelsvoin real

time however, it necessitates the choice of an appropriate cell [gdelAs an examplé®~

FDG is frequently employed in PET to-ladeel stem cells in order to then visualise them in
mice? The®~FDG uptake by stem cells, without the need for cellular modification, has
simplified the tracking process and provided valuable insights into their beh&viour.
Furthermore, a beneficial property dfF is that it has a halife of 110 minutes, which is
long enough to undertake some protracted cell tracking analysis. However,-|steatt
radioisotopes such a$F 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’

Another example of stem cell/PET labelling is with copper isotopes, particéi@tly which

has been investigated as an alternative method to label white blood cells for PET ifhaging.
64Cu has a halffe of 12.7 hours allowing cells to be tracked for approximately @ays>°

and has demonstrated potential in labelling peptidésand cells!?, with 84Cu specifically
being well suited for investigating cell migration studies. The dec&jCaf is primarily via
electron capture (41%), positron emission (19%) and through beta particles 40%he
relatively short haHlife of 12.7 hours allows labelling of molecules wiithvivotransitional

LR GSYGAl f & ¢ K SHCh Raditates thighSyataNdEsdlutiéh Tmaging, whilst the
emitted Auger electrons also render it a promising radionuclide for therapeutic

applications!3

1n-oxinelabelling of lymphocytes is a further example of how hematopoietic progenitor
cells could be radiolabelled for trackifg. The2.8-day halflife of 1*lin enables cell tracking

for approximately one week, which offers a significant benefit over radiopharmaceuticals
labelled with®*"Tc (e.g°"Tchexamethylpropyleneamine; halife of 6 hours). However,

the drawback of using!ln is the requirement for mediurenergy collimators. Whilst
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these collimators have relatively poor spatial resolution, they do still have clinical

potential

A further example, with applicability to the field of regenerative mediciné’Zs It has
previously been utilised for PET scanning as it has ~ 3.3 daygeha#ndering it beneficial

for long term tracking/ it also demonstrates a low positron energy (511 KeV) for good
spatial accuracy, which makes it suitable for PET ima#ingf.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 imagifgt® ImmunoPET is used to investigate
antibody specificity of the antigen and localization/stabilization of the antigen and antibody.
Desferioxamine (DFO the most promising chelatof%ar ) ligand has been successfully used
with 89%Zr to generate a complefZrDFO) which has been effectively used to label cells for

trackingin vival’

4.1.3 Biocompatibility assessmentcytotoxicity

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 recept&t$® Since the 1950s, there has
0SSy O2yaARSNIoftS FR@OIyOSYSyd Ay GKS Sg@It dz
Hence, a wide range af vitro assays are currently available for cytotoxicity testir@pme

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'eldther assays enable indirect
guantification of cell population changes whereby the addition of a compound can only be
metabolised by a live cell. One such classic examplelj§ 8imethylthiazeR, 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.

A more recent derivation on this assay is to utilise the Orangssay because it is ndoxic

and it has demonstrated higher level of sensitivity when compared to the MTT, XTbi§2,3
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(2-methoxy4-nitro-5-sulfophenyBl2H-tetrazolium5-carboxanilide) or a WSITassays (water
soluble tetrazolium salt)® The Orangu assay uses WS a tetrazolium salt that readily
dissolves irwater and undergoes reduction by the dehydrogenase activities in viable cells to

give an orangeoloured formazan dye, which can in turn be quantitated.

4.1.4 Biocompatibility assessmentwound 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, facilitatingepth cell biology investigations and serving as

a platform for identifying and confirming the impact of exogenous agents on wound

repopulation?!

Aims and Hypothesis:

This chapter will aim to:

1. Assess the effect of Salen ligands,-ddMplexes and Fgomplexes on OMLPC
proliferation and wound repopulation.

2. Assess the effect of radioactive \MOmplexes and Ticomplexes on OMLPC
proliferation and wound repopulation.

3. Monitor cellular radiolabel retention for up to 2 weeks.

4. Observe the effects on loAgrm cell growth after radiolabelling.

HypOthESiSZStem 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 andnhaintenance of OMLHPCs

Cell culture was performed under sterile conditions utilising a class Il microflow tissue
culture cabinet. All plastic materials utilised were obtained exclusively from Sarstedt
(Germany), unless otherwise stated. All reagents were obtained from Thermo Fisher
{OASYUATAO O6) YO dzyfSaa 20KSNBAaS adliSRo t
Germany).

A human OMUWPC line2 gl & YIFIAYUGlFAYSR Ay &SNMzy O2y il AyA
Y2RAFASR 91 3f SQa YSRAdzY -Glusose and 11@ g/l Sodiyfmh y 3
Pyruvate supplemented with 2mM-Glutamine, an antibiotic/antimycotic mixture of 100

U/ml Penicillin G, 100 pg/ml Streptomycin sulfate and 0.25 pg/mL Amphotericin B and 10%

(v/v) Fetal Bovine Serum (FBS)) in tissue culture flasks ‘@ BV a 5% C€5% Air

atmosphere. Cells were fed with prearmed SCM every-2 days??

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 37C. 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-eeaded into new

culture flasks at a density of 4d€ells/cn?t.

4.2.2 Cryopreservation and reestablishment of cells

Excess cells were frozen #80°C in aliquots in 50% FBS containing 10% (V/V) dimethyl
sulfoxide (DMSO) and 40% SCM using a Mr Frosty to ensure coolfitg mériminute. After

24 hours cells were moved to liquid nitrogen for long term storagel @6°C. For recovery

of cryopreserved cells, an aliquot was thawed rapidly in @C3w¥ater bath. Cells were then

resuspended in 10mL of ptgarmed SCM before centrifugation at 258 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
n 6SS1ad 2KSy OSftfa NBIFIOKSR O2y¥FfdzsSyoOeszs wmnn:
subjected to mycoplasma detection using a BR@Red 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 mycoplasegative 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 BDWS8 tablet (Best Scientific, Wiltshire, UK). At least 3 images were
taken per sample. Timkapse 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 Image.b4 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 ul of DMSO. Stock solutions were diluted to the desired working
concentration using SCM. 10 mg/L (10 ppm) of \A@®dr) were used as a control with the

VO and Ti complex experiments.

4.2.6 Assessment of cell proliferation utilising the OranguTM assay

OMLPPCs were seeded in 100 ul of SCM in ten@8 tissue culture plates at a density of
5x1@ cells/well f=4). After 24 hrs, the SCM was removed, the cells were washed with 200
pl 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 ligandslfl_and €], Vanadium
complexes [(VO§l, [VOE(CI], [VOE(CI] or Titanium complexes [TR(OP,)2, Ti B(OP)z, Ti
L5(OP)]. Following the 3or 24hr incubation period, the labels/medium were removed,

fresh SCM added, and the cells incubated for a further 0, 1, 2 or 3 dési(3abel) or a
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further O, 1 or 2 days (2hour label). Medium was then removed, 100 pL of fresh SCM
added followed by 10uL of Orarmgusolution. 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, WOntrol groups involved untreated cells and cells
treated with the vehicle diluent (DMSO).

4.2.7 In vitro wound healing scratch assay

OMLPPCs were seeded in 500 ul of S®Mo 24well tissue culture plates at a density of
5x10¢* cells/well. The cells were cultured for 48 hrs to allow them to achiev©®50
confluency. The cell monolayer was then gently wounded using a 200 ul pipette tip creating

' Aa0NIAIKEG fAYS WYWaONlI 6OKQQOD ¢tKS {/a ol &
remove any debris, 500 pl of SCM containidgl?, L, [(VO) E], [VOE(CI], [VOE(CI), [Ti
L3(OR)y], [Ti B(OP)y], [Ti B(OP).], VOS@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 extensived) é&md imaged.

Images were either acquired manually (0 hrs, 24 hrs and 48 hrs) or utilising automated time
lapse microscopy. For tirdapse analysignages were acquired every 30 mins over a period

of 48 hrs (37C and 5% C{p From these time lapse images, the area of the wound was
guantified using ImageJ software, peviously describeé For certain images, the scratch

was created manually due to technical issues. Quantified results are presented as mean *

SEM frorm=3 replicates

Wound Closure =Average wound width-on ¢ Average wound width=12h or t=24n) X 100

Average wound width=on

4.2.8Assessment of cell proliferation utilising the Oranfliassay
(radioactive)

OMLPPCs were cultured in 96ell plates at a density of 5xi@ells/well (=2). Cells were
treated for either 3 hrs or 24 hrs with*f{/) 1], [(*8V) 6] ,*8V, and DMSO and then assessed
asin 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 exposéd/toomplexe$(*®V) 5] and [¢8V) L].
These experiments were undertaken in a radioactive hot lab which had linmteding
equipment. Hence, images were captured utilising a basic inverted microscopy and a phone

camera.

4.2.10 Direct radiolabelling of OMEPCs with 48V complexes

5x1@ 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 eithéf\[[ 1], [(*3V) L], “®V 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 10
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 (2§Rand the radioactivity of the resultant

cell pellet measured in a well counter (Capintec QREET, USA).

4.2.1148V radiolabelling of OML#PCs in solution

OMLPPCs were resuspended at a concentration of A& f f ak Y Ay m Yt 27
Salt Solution/20 mM HEPES buffer (pH 7.4). For the first experiment, cells were labelled
using either [fV) 1] (0.50 MBg and 0.25 MBq) or¥jy) 19 (1.48 MBq and 0.25 MBQ).

DMSO was the control. After incubation for 30 mins at room temperature on a shaker (650
rom), the cells were centrifuged (2749,x5 mins) and the radioactivity levels in the

supernatant and the cell pellet were determined using a well counter.

This experiment was repeated on a-ftlld higher scale with 2MBq of activity and 1x&6lls
for the low concentration of the promising complex®y) 1. The cell pellet was then
resuspended in 1 ml of HBSS culture solution. Specific radioactivity for each complex was

126



Chapter Bur

added to 4.5 ml HBSS solution and incubated for 30 minutes at room temperature on a
shaker (650 rpm). After centrifugation (274 xor 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

NI RA2F OQUGABAGexkOStt LIStESG NIYXRAZ2I OPWBAide NI A
[(“8V) 6] 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 doqgio(total cell count obtained) logio(total cell count reseeded)
log10(2)

To assess the longé&rm growth rates of radiolabelled OMIFCs, 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, twaailed ttests were employed for comparisons involving two groups.
{aGFrGAEAGAOFE AaAIYAFAOIYOS 61 a4 RSGSNNYAYSR ol a:
FFFt XndnnmXZ FFrFFt X ndnnnmi P
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4.3 Results and Discussion

4.3.1 Cell morphology

Cultured OMLAPCs demonstrated a spineddaped, fibroblastike structure Figure. 4.1)

a. OMLP-PCs b. OMLP-PCs

Figure4.1 Cell morphology of human OMLPCs. (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 OMCB was investigated at a
number of concentrations and time pointEigures 4.24.5). Considering the effect of the
ligands, a 3 hrs label of the cells with > and 1 had no significant effect on cell
proliferation except at the highest concentrations of 125 and Ap§/mL, when compared
to control cultures Figures 4.2al; p<0.000). This was the similar after 24 hrs of cell
labelling Figures 4.3&ac; p<0.000)

The effect of the complexes was more pronounced. Immediately after 3 hrs of labelling
(Figures 4.4pnall of the complexes excepyOI8(Cl] detrimentally affected cell proliferation

at concentrations as high as 0.9ig/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 62.5g/mL and higherRigures 4.4kd; p<0.01- 0.000)). After 24 hours of
labelling Figures 4.5&), 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 ligamds o
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complexes will be further explored for their effects on cellular responses; a low non

cytotoxic concentration (15.6@g/mL) and a high, cytotoxic concentration (35§YmL).

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 product¥. 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 studyby Venkataprasannat al2® utilised the MTT assay to assess the cellular cytotoxicity
(NIH3T3 fibroblasts) of a variety of compounds @Ti@iQ-V1, TiG V., TiQ-Vz and

GOITIG+ O G | ydzYoSN) 2F RATFTFSNByld O2y OSyd NI
>3AKY[Z Hp >3IKY[ZI on >3AkY[ FYR pn >3IkY[O I 7
comparable to the those used in this thesis whergg 1 > 3 Kk Y[ -cdriipleX ok Bl Yy RZ 4
complex was the most toxic to the OMPREs. However, Venkataprasanres al
demonstrated that cell number declined significantly (80%) at higher concentratk2ts

>3AKY[ O o6dzi G f25SNNnO8HYY -Bfbeodvgsibictaly @3 d p
promotion of cell proliferation compared to control. In the findings of this thesis 62.5
>3IkY[ sl a GKS UGKNBaK2fR 11020S 6KAOK adl daal
were observed fofVOI3(CI] and [VOIS(CI], whilst [(VO) E] was significantly more toxic

showing at statistically significant reductions in cell viability at concentrations as low as 3.9
>3AkY[ |fGK2dzZAK AyGSNBadAy3ate GKSaAaS KAIKSNI

viability measurements 24 hours after labelling.

Another study describes the wuse of oxovanadium(lV) complexes with 2
ThenoyltrifluoroacetoneSmethylthiosemicarbazone(VO1a) andmkthoxysalicylaldehyde
(VO1b) as an anticancer agents, with cisplatin as a cofitrdlhey utilised multiple cell
types (two types of breast cancer cells MDIB-231 and MCH and two types of normal
cell lines HUVEC and N3Hi3s). These authors found that moderate effects on cell viability
(90% viability) in normal control cell lines with concentrations of complex low as BuM.

However, the work in this thesis demonstrates that concentrations as high as 15.6 ug/ml
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(27uM) for [(VO) 1], [VOI3(ClJand [VOIS(CI] 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 Vanaialen complexes.
2 They demonstrated moderate cytotoxic effects (70% cell viability) of Salen ligands
(GieHieN20,) at 5 uM and (80% cell viability) of vanadium Salen oxiggH{l.0zV) at 7.5

MM on chicken fibroblasts and hepatic cells.

A study by Patrat al?® measured the cytotoxicity of the Salen ligands'HSalen ligands,

b ¥ -dimethytb ¥ -His(5-chloro-2- hydroxy3-methytbenzyl}1,2-diaminoethane), A2

0 b X -dilmethytb ¥ -bis(5-chloro-2-hydroxy3-isopropyt6-methytbenzyl}l,2-diamino
ethane), and, A3 6 b = -ditmethytb ¥ -this(5-chloro-2-hydroxy3-isopropyt6-methyt
benzyl}1,2-diamineS G K| y' S kbig@-chiorb-2-Hydroxy:3-isopropyté-methykbenzyl)
1,2-diaminocyclohexane). In addition, their metal complexes were applied after binding with
Vanadium metal to create Vanadiu8alen complexes which are
oxidomethoxidovanadium(V) f@L! (OCH)], and two mono oxidédoridged divanadium (V, V)
complexes [VOL23 1,6 ©). These compounds were added to MCbreast cancer), HA9
(colon cancer) or NHKAT3 (normal, noftancerous control). At concentrations of 20 pug/mL,
50 pg/mL and 100 pg/mL, the ¢{®alen 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 studyby Sahuet al 2° utilised an oxidomethoxidovanadium(V) [VO(L)(OMe)]
complex and Schiff bases HL = Sbenzyl3-(2-hydroxy-3-ethoxyphenyl)methyl
[enedithiocarbazate] to treat MCF7 and NIH3T3at a variety ofconcentrations (1, 5, 10,
20, 50 uM). The MTT assay ftre non-cancerous 3T3cells revealed cytotoxic effects
(30% cell viability at 50 uM, 50% at 20 plind 65%at 10uM). However, around 90%-
95% cell viabilitywas observedafter treating with ligandsor [VYO(L)(OMe)jat 5uM and 1
MM. This differs to the results presented in this thesis, which report no effect bBOMLR
PCfor most of theligand or complexes at concentrations as high as31.3 pg/mL (50 uM)
and bellow (with the exception of [(VO) ] which was highly toxic for cells after 3and 24

hrs of exposure).
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A study by Tshuvaet al investigated the effects of several Salen ligands and their
corresponding vanadium complexes (E6VO(OIiPr) on two types of human cancer cells:
colon HT-29 and ovarian OVCAR. ?* Vanadium Salen complexes E¢ VO(QiPr) at the
concentrations 0-10 uM (which maps to the concentrations 7.815.6 pg/mL utilised in
this thesis) induced significant cell death inthe cancer cells compared with the control.
However, no effect was observed as these concentrations for the OMHPCs used in

this thesis.

Finally, a study by Kunduet al assessed the effectiveness of Schiff bases (2((2
(diethylamino) ethyl) imino) methyl) phenol and Z((3(dimethylamino)2,2-
dimethylpropyl)imino)methyl)-6-methoxyphenol) and zinc () Schiff bases (hemiSalen
ligands) such as [ZaL! 2(Ns).] (dimeric complex)and [ZRL? »(Ns)s] (trimeric complex) as
anticancer agents on different cancer cell lines including HeLaells and MCF7 cells. %0
The range of compounds concentrationutilised was 0-100 uM which mag to 0.01
pHg/mL- 62.5 pg/mL of the reagents used in this thesis. The results demonstrated that
the VO and Ti Schiff bases complexeat the appropriate concentration (y WP M, Wére- b
more toxic to the cells than Zn Schiff bases complexeslt is worth noting that the
unique characteristics of Zn complexes, such as being a strong Lewis acid, low
toxicity, redox inertness andhaving ahigh bioavailability, make them weltsuited 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 VOS{{essentially vanadium

alone) had no cytotoxic effects on the OMLHPCs for alltreatments/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 apoptosise.
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a. 3h OMLP-PCs labelled by salen ligands
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Figure4.2 OMLRPC relative cell number after 3 hrs labelling with different concentrations

of Salen ligands. (a) O 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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a. 24h OMLP-PCs labelled by salen ligands dayl
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Figure4.3OMLRPC 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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a. 3h OMLP-PCs labelled by complexes .
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Figure4.4 OMLRPC relative cell number after 3 hrs labelling with different concentrations
of VO and Ti complexes. (a) cumulatively O 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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Figure4.5 OMLRPC 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 ¢ manual analysis

The scratch assay is a widely utiligegberimental technique in cell biology to investigate the
effects of exogenous agents on wound repopulation (comprising both cell migration and
proliferation). Confluent cultures of OMIHECs were scratch wounded and studied at 0, 24
and 48 hrs of incubation after treatment with low (15.6 pg/ml) and high (250 pg/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 hEggre 4.9. However, at high
concentrations (as wound have been predicted from the proliferation assme abovgall
ligands resulted in significant cell death and a lack of wound closkiguré 4.7.
Furthermore, for some ligands at this higbncentration there was active precipitation of
the compound (e.g. 3. Similar results were observed for the complexes. At low
concentrations wound repopulation was not impeddelgures 4.8 & 4.10whereas at high
concentrations wound repopulation did not occur as most of the cells diggufes 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 cglln that study, it was

reported that when the cells were treated with 0.5uM of a vanadium complex (which
equates to 0.01pg/ml utilised in this thesis) the wounds closed more rapidly. However, at a
KAIKSNI SELI2&dzNBE 2F p xa oailiratt o0St2¢ (KS Wt

cells demonstrated significant cytotoxicity.

A study by Venkataprasanme al?® used Graphene oxide loaded with V doped withzTiO
blended with chitosan and polyvinyl alcohol (CS/PVA/GOA/DAs a fabricated patch to
investigate the effects on wound healing of NBH3 fibroblast cells. CS/PVA/GO/TH®2
reduced the wound by 50% at 12 hrs and 90% at 24 hrs. This compares favourably with the
findings from the OMLIPCs.
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Jayabalet al investigated cell migration/wound repopulation at 24 and 48 hrs in the
presence of PVA/Cs /TiOPVA/Cs/GO/TK) PVAICs/IGOI/TKV-N), PVAICs/GO/THO-
N)/Cur patches and PVA/Cs as a conffolThe results demonstrated a substantial increase

in wound repopulation in the presence of the patches-88%) compared to the control
(60%). A related study investigated Vanadimaded PVA (polyvinyl alcohol)/chitosan
nanoparticles at varying different concentrations (PVA/chitosan 0.1% wi/v, PVA/chitosan
0.3% w/v and PVA/chitosan only as a control) and their effects on a melanoma cancer cell
line (A375 cellsP* The results demonstrated an enhanced wound closure in the presence of
Vanadiumloaded PVA/chitosan at 0.1% and 0.3% compared to PVA/chitosan (no Vanadium).

AN An

| SYOSs +FylIRAdzY f 21 RSR -0@2dry1B SKESS-af AQKH Q| LEINE2LIKN]

Figure4.6 OMLRPC wound repopulation after treatment with 15.ag/mL (low
concentration) of ligand or control (DMSO) over a 48 hr period. Scale bar = 200 pum.
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Figure4.7 OMLRPC wound repopulation after treatment with 25Qg/mL (high
concentration) of ligand or control (DMSO) over a 48 hr period. Scale bar = 200 pum.
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Figure4.8 OMLRPC wound repopulation after treatment with 15.ag/mL (low
concentration) of VO complexes or control (DMSQO) over a 48 hr period. Scale bar = 200
pm.
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200 pm

200 ym

Figure4.9 OMLRPC wound repopulation after treatment with 25Qg/mL (high
concentration) of VO complexes or control (DMSQO) over a 48 hr period. Scale bar = 200
pm.
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Figure4.100MLRPC wound repopulation after treatment with 15.6 pg/mL (low
concentration) of Ti complexes or control (DMSO) over a 48 hr period. Scale bar = 200 pum.

Figure4.11OMLRPC wound repopulation after treatment with 250 pg/mL (high
concentration) of Ti complexes or control (DMSO) over a 48 hr period. Scale bar = 200 um.
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4.3.4 The effects of ligands and complexes on cellular wound
repopulation ¢ automated analysis

To get a more hnidepth assessment of any effects on cellular responses by the
ligands/complexes, automated tirdeapse microscopy analysis of OMRE scratch wound
WKSFEAY3IQ g1 & dzy RSNIF 1Sy 2y (GKS fA3FyRa | yR
lower concentration at the higher concentration resulted in global cell desgl @bove At

the lower concentrations (15.ag/mL), for all ligands and complexes there was complete

wound closure  Kigures 4.124.15; movies available at https://cf-
my.sharepoint.com/:v:/g/personal/aluaibirn_cardiff ac_uk/EVQt7v3n3mhCraod

ExMBbccyJXh34306che5H40r8Quantitation of wound closure revealed that, at the low

concentration, the ligands or-8bmplexes had no statistically significant effect on wound
closure. as compared with the control. However, some retardation of wound closure did

occur for the Tcomplexes (p<0.05).

Another study employing automated tirdapse analysis corroborates these findings,
investigating oxovanadium complexes ([VO (dipic)(dmbipy)].€) thorencapsulated into

lipid nanoparticles (notsLN)) and dioxovanadium ([VOO (dipic)pligpyH) -HO (nor
encapsulated into lipid nanoparticles (n@LN)) and using DMSO as a contfoln addition,

using oxovanadium complexes ([VO (dipic)(dmbipy)p@IHcapsulated (SLN)), and ([VOO
(dipic)] (2phepyH) -HO (capsulated (SLN)) and using empty (SLN) as a control. & Non
compounds when exposed to MEMB-Hom OSffa |40 | O2yOSYydNIF (A2
the 15.6 pg/mL used in this thesis) resulted in wound closure that was the same as control.
On the other hand, when MDRIB-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 medi& and some vanadium complexes can drive expression of

the gene Caspas®, which can cause cell death38

Conversely, a study bSrivastaveet al 3% applied different types of vanadium complexes
(ammonium vanadateyanadium oxideand \,Os) on MSCsvith untreated cells serving as a

control. 3% After 24 hrs, thepresence of ammonium vanadate at concentrations of 7uM,
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14uM and 25uM (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. Howewsatment with 7uM of V oxide
which corresponds to 0.03Ag/mL in this thesisesulted in a higher migration capacity,
leading to complete repopulation of the scratched area, which is consistent with the
results for the OMLIPCsFurthermore,Cells treated with ¥Os 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 (B3OPs), on NIBT3 fibroblasts
demonstrated quicker healing of the wound gap along with strong cell spreatfinghis

effect was linked to the support for cell growth provided by JTi@noparticles. It is
assumed that the increased adhesion and growth of cells can be ascribed to the surface
roughness of Ti©nanoparticles integrated within gellan gum biofilms, which possibly

affected protein interactions and subsequent cellular reactions.
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Figured.12Representative timedapse images of an OMEPC scratch assay at time 0, 12
and 24 hrs. Treatments were control, VO§@, [(VO)L3] and [Ti E(OP))] all at 15.6
pg/ml. The wound front is identified by the black line. Scale bar = 200um.
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Figured4.13Representative timeapse images of an OMLEIPC scratch assay at time 0, 12
and 24 hrs. Treatments were control, VOS@, [VOL3(CIJ and [Ti B(OP,),] all at 15.6
png/ml. The wound front is identified by the black line. Scale bar = 200um.
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Figure4.14Representative timelapse images of an OMEPC scratch assay at time 0, 12
and 24 hrs. Treatments were control, VOS@, [VOLS(CI) and [Ti E(OPR),] all at 15.6
pg/ml. The wound front is identified by the black line. Scale bar = 200um
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