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 X 

In Chapters 2,3 and 4 are discussed the results obtained through the thesis. Chapter 2 

describes and analyses the synthesis of three new mono(substituted) precursors and of a 

number of new non-radioactive and radioactive metal complexes that are relied on two 

identical mono(substituted) ligands. Moreover, Chapter 3 describes the synthesis and 

characterisation of asymmetric acenaphthenoquinone bis(thiosemicarbazonate) metal 

complexes originated by the mono(substituted) ligands described in Chapter 2. The 

radiolabelling of these complexes with gallium-68 and fluorine-18 is also presented. In 

both chapters, it is examined the investigations of the behaviour of those compounds in 

the cellular environment through in vitro fluorescence imaging, cell viability and 

radioactive uptake assays. Moreover, in Chapter 3 the attempted attachment of a 

CAIX-selective inhibitor to these metal complexes is outlined.  Specifically, the 

characterisation and functionalisation of a glucosyl coumarin derivative is described. On 

the other side, Chapter 4 communicates the potentials of graphene oxides as nanocarriers 

of thiosemicarbazonate complexes and/or glucosyl coumarin. The non-covalent 

radiolabelling of the new nanohybrids with gallium-68 is presented in this chapter for the 

first time along with the cellular investigation of their toxicity and uptaking features. 

An overview of this work and the conclusions drawn are discussed in Chapter 5. 

Certain possible future exploitations related to the results discussed are suggested in this 

chapter to fully optimise the potentials of those complexes in a hypoxic environment. 

Lastly, Chapter 6 contains the experimental procedures and protocols that were 

developed through this thesis. Additional supporting crystallographic data, figures and 

tables are presented in the supplementary information. 
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1.1.4. Radiolabelling with fluorine-18 

As mentioned above fluorine-18 is the most popular amongst all available PET 

radionuclides. The combination of its relatively small half-life of 109.77 minutes (long 

enough to allow scans up to 12 hours), with its clean decay profile (97% positron emission) 

and its low positron energy resulting in better spatial resolution for imaging physical 

characteristics, make fluorine-18 the predominant radioisotope in PET.43-48 Fluorine-18 can 

be produced through different nuclear reactions but most commonly it is produced through 

a cyclotron via proton irradiation of 18O.45-49 The main synthetic strategies for fluorine-18 

labelling may be divided into two main distinct methods. The first one involves a late-stage 

radio-fluorination. Where fluorine-18 is introduced in the last step of PET tracer synthesis 

by direct labelling of the precursor with [18F] fluoride. The second one includes a modular 

build-up approach. During this method, the fast and efficient introduction of fluorine-18 into 

the building block by radiolabelling with [18F] fluoride occurs prior to the arrival of one or 

more additional reaction steps to arrive at the actual PET tracer.45-48 

[18F]-Fluorodeoxyglucose ([18F]FDG) constitutes as the most common PET tracer in clinical 

practice (Figure 4) and allows the profiling of the glucose metabolic activity both in tumours 

and neurodegenerative diseases.50-54 

 

1.1.5. Fluorescence microscopy 

Optical imaging has enabled the expansion of knowledge regarding cellular biology at a 

molecular level either in vitro or, more recently, in vivo. This allowed the real-time tracking 

of cellular movement, growth or functions. The optical imaging is based on the emission of 

photons from the excitation of a molecule (fluorophore) that has absorbed photons. This is a 

consequence of a three-stage procedure, in which the fluorophore undergoes: excitation, 

internal conversion, and emission processes. 

  

Confocal fluorescence microscopy techniques 

Confocal fluorescence microscopy is an optical imaging technique that uses the 

excitation point of fluorescent molecules to image specific biological systems. It was first 
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middle of the 20th Century that the current theories became shaped. Cancer is a heterogeneous 

disease involving the accumulation of multiple mutations in a multi-step process. Tumours 

are not just a group of cells that are unregulated and are growing uncontrollably, but a 

complex tissue with different cell types all of which function together. To date, researchers 

have distinguished at least 200 different cancer types that can affect humans with lung cancer 

being the most predominant (1.69 million deaths in 2015). Liver, colorectal, stomach and 

breast cancer follow in prevalence.23, 71-73 

Through the last decades, the research community has shown a particular interest in the 

chemical and the biological aspects of cancer metabolism, focusing on its onset and 

prevention. As a result, highly distinctive functional capabilities were suggested as hallmarks 

of cancer.71, 73-75 Those hallmarks are the result of the numerous different cancer cell types 

(Figure 8). More specifically: 71, 74, 75 

a. Sustaining proliferative signalling: where the abnormal function of growth signalling 

results in the false activation of the proliferative signals.  

b. Evading growth suppressors: where cell proliferation is not an entirely cell-autonomous 

process resulting in the moderated growth of normal cells.  

c. Resisting cell death: when instinct mechanisms induce programmed cell death by altering 

normal autophagy, apoptosis and necrosis.  

d. Enabling replicative immortality: cancer cells overcome the replicative ability by 

overexpressing telomerase. 

e. Induction of angiogenesis: caused by the ability of cancer cells to develop new blood 

vessels.  

f. Enabling replicative immortality: concerns the triggering of invasiveness either in the 

surrounding tissue or vessels and the formation and growth of metastatic foci.  

g. Deregulating cellular energetics and metabolism: unlike normal cells, cancer cells favour 

glycolysis and the increased application of this process results in the activation of 

oncogenes.  

h. Avoiding immune destruction: cancer cells have also the ability to evade the control 

mechanisms of the immune system which would eliminate the proliferating pre-malignant 

cells. 
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Figure 9: Schematic diagram explaining some of the features of hypoxia to tumour metastasis (top) 
and to therapy resistance (bottom). CA: carbonic anhydrate; LOX: lysyl oxidase; CXCS4: 

chemokine receptor type 4; ROS: reactive oxygen species; MMP: matrix metalloproteinase; ECM: 
extracellular matrix; VEGF: vascular endothelial growth factor.89,90 

https://en.wikipedia.org/wiki/Vascular_endothelial_growth_factor
https://en.wikipedia.org/wiki/Vascular_endothelial_growth_factor
https://en.wikipedia.org/wiki/Vascular_endothelial_growth_factor
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 The active site of the CAIX enzyme is enclosed in the CA region which is found on the 

exterior side of the plasma membrane facing the extracellular environment. This implies that 

the reversible hydration reaction is carried out extracellularly but through a specific 

cooperation of the CAIX with bicarbonate transporters, acquiring the ability to control the 

pH both intracellularly and extracellularly.165-167 This ability links CAIX with numerous 

functional aspects of tumour growth under hypoxic conditions and with drug resistance.167-

169 Thus, CAIX is considered as a viable prognostic hypoxia marker in cancer research. 

 

Figure 12: Schematic representation of the CAIX protein composition (IC: C-terminal region, 

CA: central carbonic anhydrase domain, PG: N-terminal domain). 

 

CAIX as a therapeutic target 

There are two main approaches to target CAIX for hypoxia prognosis and tumour therapy. 

The first involves the use of monoclonal antibodies (immunotherapy) and the second, the 

inhibition of CAIX by small molecules, blocking its activity and catalytic role. The first 

strategy represents an extensively studied therapeutic intervention and encouraging 

outcomes resulting from ongoing third phase clinical trials have been published.170 

Meanwhile, the second way refers to an expanding class which can be exploited not only for 

tumour prognosis but also for the production of molecularly targeted antineoplastic drugs.158  
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challenging. In 2005 Dilworth and his group introduced a new Zinc(II) diacetyl-bis(4-

methylthiosemicarbazonato) (Zn-ATSM) derivative with modified side chains showing 

fluorescence emission in cells. Uptake studies performed in several cell lines by fluorescence 

microscopy suggested a strong cell-line dependence.236 Since then, the addition of a 

fluorophore to the ATSM precursor has been explored by various groups in an attempt to 

study the in vitro properties of the complexes in different cell lines. 237-239 Use of aromatic 

and fluorescent groups in the bis(thiosemicarbazone) scaffold would increase the fluorescent 

character of the molecule, allowing visualisation through the incorporation of a luminescent 

sensor. Many examples have been found in literature since the very early discovery of the 

potential of thiosemicarbazones in pharmaceutical research. The first Zn(II) and Cu(II) 

complexes, based on acenaphthenequinone bis(thiosemicarbazone) ligands, were reported 

by Pascu et al. 2007.240 Therefore, acenaphthenequinone bis(thiosemicarbazonato) metal 

complexes have been intensively studied under different optical techniques11 and it was 

suggested that Zn(II) enables the transmetalation reaction in order for TSC compounds to 

chelate different metals of relevance to SPECT and PET.241  

Moreover, Ga(III)-TSC complexes have been investigated as both anti-neoplastic drugs 

and imaging agents ([68Ga]Ga(III))216, 242-245 through the years and recently Pascu and co-

workers reported the in vitro hypoxia selectivity of [68Ga]Ga(III) bis(thiosemicarbazonato) 

complexes. In vivo tests by microPET in nude (athymic) mice was also reported in this study 

suggesting that [68Ga]Ga(III) bis(thiosemicarbazonato) complexes can be excreted within 1 

hour post-administration in vivo.246   

 

1.5. Glycosyl coumarins as targeting molecules 

1.5.1. Coumarins 

Coumarins were used extensively in pharmaceutical research soon after their initial 

synthesis in 1868 by W.H. Perkin.247 However,  it was not until 2009 when A. Maresca et 

al.181 pointed out for the first time their relation with hypoxia. In this publication, the authors 

reported X-ray crystallography along with mass spectrometry data and introduced coumarins 

as carbonic anhydrase suicide inhibitors suggesting a possible mechanism of action. Claudio 
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cells. Later Lock and colleagues158 reported that treatment of mice with GC-205 led to a 

reduction of cancer stem cell (CSC) population. In addition, numerous scientific 

publications, review papers and books have been published referring to this work without 

any further investigation on this kind of compounds.253, 254   

Regardless of their clear effect on CA inhibition, there has been no reported attempt to 

label glycosyl coumarins with either PET or SPECT radioisotopes towards a combination of 

imaging with chemotherapy or radiation, to target hypoxic cells that typically demonstrate 

resistance to those therapies.252, 253 

 

 
Figure 15: Schematic illustration of the two most promising compounds as small molecule 

inhibitors against CAIX.255 

 

1.6. Introduction to nanomedicine and radiolabelling approaches  

In 1959, the Nobel Laureate physicist, Richard Feynman first envisioned 

nanotechnology256 and just decades later this was defined as the science which involves the 

technological engineering and applications of materials and assemblies in the nano-scale.257 

More specifically,  synthetic nanomaterials have at least one dimension in the range of 1 to 

100 nm,257, 258 which is typically the size of biologically relevant molecules, and their shape 

differs according to their applications. Today, nanotechnology advances rapidly due to the 

unique physiochemical properties of nanostructures (increased surface and quantum effects) 

which could find applications in different scientific areas.258, 259 An interest in the 

applications of nanotechnology in medicine has gradually grown in the last decades, resulting 

in the interdisciplinary field of nanomedicine. Furthermore, cancer research has adapted 

nanotechnology approaches and potential applications of nanomaterials aiming towards 
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rigidity and planarity of this system. This prevents the free rotation around the C(O)-C(O) 

bond in the diketone precursor, a phenomenon absent in the aliphatic thiosemicarbazonato 

compounds, which are derived from 2,3-butanedione, glyoxal or pyruvaldehyde as starting 

materials. 

The aim of the work presented in this chapter is to use the synthesised monosubstituted 

ligands described in Chapter 2, to develop metal asymmetric acenaphthenequinone 

bis(thiosemicarbazonates) able to be radiolabelled with gallium-68, whilst retaining their 

functional groups available to react with different targeting groups. In this work, a glycosyl 

coumarin (GC) unit has been developed and functionalised to allow coupling with 

asymmetric thiosemicarbazonato metal complexes. Furthermore, the potential 

radiolabelling of the asymmetric metal complexes using small molecules such as 

[18F]4-fluorobenzaldehyde, is also investigated and discussed in this chapter.  

 

3.2. Synthesis of novel metal complexes of asymmetric 

thiosemicarbazonate ligands 
 

3.2.1. Zn(II) complexes 

 

The synthesis of metal asymmetric thiosemicarbazonato acenaphthenequinone 

complexes has been previously attempted. However, there were scalability and purity 

limitations to their practical applications.1 The synthesis of some asymmetric 

acenaphthenequinone thiosemicarbazonato complexes, containing a free NH2 group, has 

been described by applying an one-pot template process which involves refluxing a 

mono(substituted) ligand with thiocarbohydrazide and zinc acetate leads to the formation 

of the desired complex.4, 5  

 

Scheme 13: Proposed reaction for the synthesis of zinc(II) coordinated asymmetric 
acenaphthenequinone thiosemicarbazonato complexes. 
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resulting in a strongly orange-coloured compound with significant zinc incorporation 

(Figure 33).  

 

 

Figure 33: MALDI mass spectrometry result for the Zinc(II) 3-allyl-3-thiosemicarbazone-

thiocarbohydrazide acenaphthenequinone (9b). The full spectrum can be found in the Appendix. 
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Figure 34: MALDI mass spectrometry result for the Zinc(II) 4-phenyl-3-thiosemicarbazone-

thiocarbohydrazide acenaphthenequinone (9a). 

 

In order to decrease the time of the reaction, microwave radiation was introduced as 

the energy source. The microwave-assisted reaction proved to be quite challenging, as a 

variety of different conditions (Table S16, Appendix) led to an impure final product. After 

optimising the working conditions, the reaction was successfully performed (Scheme 14 

B) with most of the compounds being obtained pure and in high yields (Table 9). Among 

the relevant points for successful optimisation are: avoid temperatures higher than 140 °C, 

mix the mono(substituted) ligand with the zinc acetate prior to the addition of the 

thiocarbohydrazide in the reaction (as for conventional heating), and lastly, replacement of 

acetic acid by slightly acidic methanol (0.01% v/v HCl in methanol).  

 

Table 9: Highest yields obtained for all the asymmetric zinc complexes. 

Zn(II) Asymmetric Complex 

Abbreviation (No) 
Yield 

PhZnTSCA (9a) 99 % 

AllylZnTSCA (9b) 92 % 

EtZnTSCA (9c) 96 % 

FbnzZnTSCA (9e) 97 % 

PropbnzZnTSCA (9f) 73 % 
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More specifically, the reactions for the synthesis of metal asymmetric 

thiosemicarbazonates were carried out as follows: a microwave vial was filled with 

Zn(OAc)2, in methanol, and heated (conventional heating) to 60 °C. Then, the 

monosubstituted ligand was added and the temperature was increased to 120 °C. When the 

reaction reached 120 °C, the thiocarbohydrazide was added along with a drop of HCl 

(37%). Following, the reaction was allowed to react at 140 °C (under microwave radiation) 

for 112 minutes. The crude product was then filtered and washed with cold methanol and 

diethyl ether in order to remove any remnants of the starting materials.  

The 1H NMR spectroscopy reflects the formation of the Zn complex (9a) from the 

mono(substituted ligand), 5a (PhTSCA (Figure 35). The resonance at 11.01 ppm 

(Figure 35 b), corresponding to the secondary amine near the aromatic moiety (R-NH-Ph) 

is shifted down-field after complex formation, while the ones at C3 and C9 at 

approximately 8.41 ppm and 8.15 ppm respectively are shifted up-field. It is noteworthy, 

in the spectrum of the complex (Figure 35 a) that the resonance of a primary amine group 

(R-NH2) is observed at 6.78 ppm. These results suggest that the asymmetric complex was 

formed.  
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Figure 35: Comparative 1H NMR spectra (500MHz, DMSO-d6) of the mono (substituted) ligand 

5a (denoted PhTSCA) and the asymmetric complex 9a (denoted PhZnTSCA). 

 
FTIR spectra (Figure 36) show the absence of the stretching vibration band 

corresponding to the carbonyl group (C=O) of the acenaphthenequinone for compound 9a, 

and changes in the bands between 3300-3500 cm-1, corresponding to the N-H stretching 

vibrations for the two compounds (5a and 9a). In particular, for compound 9a the 

absorption bands at 3300-3500 cm-1 are broader compared to the one for compound 5a, 
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which indicates the presence of a primary amino (NH2) group. Lastly, a shift is observed 

in the CH2 stretching, which usually appears around 2700-3000 cm-1. These results are in 

agreement with the formation of the asymmetric complex 9a (PhZnTSCA). 

 

 

Figure 36: Comparative FTIR spectra for the mono (substituted) 3-phenyl-thiosemicarbazone 

acenaphthenequinone (5e, black line) and the Zn(II) 4-phenyl-3-thiosemicarbazone-

thiocarbohydrazide acenaphthenequinone (9a, violet line). 

 

3.2.2. Ga(III) complexes 

 

The corresponding Ga(III) complexes were obtained by transmetallation reaction of 

the corresponding Zn(II) complexes using GaCl3 and heating in methanol (Scheme 15). 

The synthesis of these non-radioactive Ga(III) complexes was dictated by their use as 

reference compounds for the radiolabelled molecules. The different derivatives demanded 

variable reaction times in order to obtain the completion of the transmetallation process. 

In the table below (Table 10), the yield of each transmetallation and the required time for 

each reaction is reported.  
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Table 10: Highest yields obtained, and the time required for complete reaction for all the 

asymmetric gallium(III) complexes. 

Ga(III) Asymmetric Complex 

Abbreviation (No) 
Reaction length Yield 

PhGaTSCA (10a) 6 h 74 % 

AllylGaTSCA (10b) 16 44 % 

EtGaTSCA (10c) 18 48 % 

FbnzGaTSCA (10e) 14 62 % 

 

Each of the reactions were carried out as described: excess gallium chloride was 

dissolved in methanol and then the corresponding zinc complex was added. Then, the 

mixture was allowed to react under reflux for 6-18 h depending on the zinc derivative. A 

colour change could be noticed to the formed gallium complexes and they were then 

precipitated with either diethyl ether or dichloromethane. They were further washed with 

diethyl ether and dried under reduced pressure. The optimisation of the reaction under 

microwave radiation was also attempted. However, despite variations applied in the 

temperature or the length of the reaction, a mixture of products always resulted which were 

difficult to purify. 

 

 

Scheme 15: Transmetallation reaction for the synthesis of non-radiolabelled asymmetric 

thiosemicarbazonato complexes of Ga(III). 

 

The comparative UV-Vis spectra (Figure 37) illustrates the formation of both the Zn 

complex from the mono (substituted ligand) and the Ga(III) complex from the 

transmetallation reaction. As shown in the spectra (Figure 37), the UV-Vis maximum 

absorption corresponds to the mono-substituted ligand, whilst the Ga complex UV-Vis 

absorption is significantly lower. A change can be also seen in the fluorescence spectra 

(Figure 38), where the emission peak is affected by the different forms of the molecule. 




























































































































































































































































































































































