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Abstract 

Over the past decades, Ga3+ application in medicine has become significant, based in many 

respects on its similarity in some aspects to Fe3+. The difference between the two metals renders 

gallium interesting as potential therapeutic agent to disturb iron demand in cells and pathogens. 

The availability of radioactive gallium (68Ga and 67Ga) helps facilitate the use of gallium as an 

iron mimic for radionuclide imaging purposes. The current work is composed of two main 

projects dealing with different aspects of 68Ga/67Ga in medical imaging, with the common theme 

of involving gallium-specific biology.  

Fe3+ siderophore complexes are taken up by bacteria making their isostructural Ga3+ complexes 

applicable, in principle, for imaging infection. Desferrioxamine-B (DFO) is a siderophore and a 

clinically accepted drug, hence, it can be radiolabelled with 68Ga and tested clinically for imaging 

graft infection with low regulatory barriers for use in humans. In the first part of this project, 

[68Ga]Ga-DFO was radiolabelled using GMP-graded reagents. [68Ga]Ga-DFO stability in human 

serum and urine was assessed in vitro. [68Ga]Ga-DFO in vivo biodistribution was studied in 

healthy animal models after i.v. injection. [68Ga]Ga-DFO was labelled with high radiochemical 

purity (≥ 95%). [68Ga]Ga-DFO demonstrated no binding to serum proteins in vitro and rapid renal 

excretion and low blood retention in vivo. Ex vivo biodistribution showed most of the activity 

resided in urine. However, incubating [68Ga]Ga-DFO in urine samples in vitro showed formation 

of metabolites which increase with time. We concluded that [68Ga]Ga-DFO is stable in blood 

during the timescale investigated and degradation occurred in urine. Overall, [68Ga]Ga-DFO can 

be easily radiolabelled for evaluation clinically as infection imaging agent.  

Tris(8-hydroxyquinoline) gallium (III) (KP46) has been investigated as an orally administered 

anti-cancer drug. KP46 was developed on the rationale of better gut absorption and tumour effect 

compared to orally administered gallium salts. Despite preclinical and clinical evaluation of its 

efficacy, its trafficking to tumours remains poorly understood. In the second part of this project, 

[68Ga/67Ga]KP46 was used to elucidate the biological behaviour of KP46 in vivo post oral and i.v. 

administration as tracer or combined with a pharmacologically relevant dose of KP46. 

[68Ga/67Ga]KP46 was synthesised and its binding to apo-transferrin and albumin was measured 

in vitro by size exclusion chromatography. [68/67Ga]KP46 was giving i.v. or orally, as a tracer or 

combined with KP46. Mice were PET/CT scanned and culled for ex-vivo biodistribution. Octanol 

extraction and tissue digestion was performed on tissue samples to determine the form of 68/67Ga 

and to measure stable 69Ga by ICP-MS. [68/67Ga]KP46 showed no binding to apo-transferrin and 

minimal binding to albumin indicating the stability of [68/67Ga]KP46. Post i.v. injection of 

[68Ga]KP46 as tracer, most of the activity was seen in the liver, owing to its lipophilicity. Post 

oral administration of [68/67Ga]KP46 as tracer or with KP46, radioactivity remained in the large 
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intestine with minimal trafficking to other tissues at 4 hours. At 24 hours post oral administration, 

the group administered with [67Ga]KP46 combined with KP46 showed better gut absorption 

compared to the group administered with [67Ga]KP46 as a tracer. However, delivery of 67Ga to 

tumour and other tissues was still low. All measurable radioactivity in tissue samples was no 

longer in the form of [68/67Ga]KP46. ICP-MS measurement of 69Ga in tissue samples was 

consistent with 68/67Ga trafficking results. We concluded that KP46 does not enhance gallium gut 

absorption compared to gallium salts after single oral dose and does not deliver gallium 

significantly to tumour. However, KP46 trafficking could be further investigated in the future 

after prolonged oral administration. In addition, the delivery of 8-hydroxyquinoline to tumour 

cells could be investigated as an active component to KP46 mode of action.  

Finally, in the third part of this project, we investigated multiple conditions for radiolabelling 68Ga 

with 8-hydroxyquinoline and some of its derivatives aiming to find the best chemical form to 

deliver 67Ga into cells and study its radiobiology as an Auger electron emitter therapeutic 

radionuclide. Among ligands investigated, thiooxine complex of 68Ga showed the highest cellular 

uptake. However, more studies such as protein binding and cellular efflux should be conducted 

to understand the complex biological behaviour.  
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1 Gallium: chemistry, radiochemistry, and bio-similarity to 

iron 

 Introduction 

Gallium (Ga) is a non-physiological metal that belongs to group 13, in the 4th period of the 

periodic table with atomic number 31.1 Over the past three decades, gallium compounds have 

become significant for their application in medicine.2 Many of these applications are driven by 

some similarities of Ga3+ to ferric iron (Fe3+) in chemistry and biology.3 Research has 

demonstrated that the ionic radius of Ga3+ is similar to that of Fe3+: 0.620 Å for its octahedral 

ionic radius and 0.47 Å for its tetrahedral ionic radius. The octahedral ionic radius of high spin 

Fe3+
 is 0.645 Å and its tetrahedral ionic radius is 0.49 Å. The ionisation potential for Ga3+ is 64 

eV and for Fe3+ is 54.8 eV. The electron affinity values of Ga3+ are 30.71 eV and are 30.65 eV for 

high spin Fe3+.4 The similarities between the two metals has influenced the diagnostic application 

of gallium-67 (67Ga) for tumours (especially lymphomas) and infections, and encouraged the 

investigation of non-radioactive gallium compounds as therapeutic agents against cancers.5 

Ongoing studies have revealed potential linkages between gallium and iron in cellular 

metabolism, and contributed to the investigation of gallium binding to iron-binding proteins and 

chelators, including siderophores.3,5 

Although Fe3+ and Ga3+ share some similarities, they differ in other aspects. Unlike Fe3+, Ga3+ is 

not reduced to Ga2+ under physiological conditions, and it does not undergo redox chemistry 

within the cell.6 The inability of Ga3+ to be reduced to Ga2+ prevents its participation to binding to 

molecules such as haem and haemoglobin, as Fe2+ does.3 In addition, gallium is typically found 

in its Ga3+ oxidation state, which dominates its aqueous chemistry. Free hydrated Ga3+ cations in 

aqueous solution are stable, but only under acidic conditions.1 Between pH values of 3–7, 

hydrated  Ga3+ undergoes hydrolysis to insoluble gallium hydroxide [Ga(OH)3] when stabilising 

ligands are not present. Within the basic pH range, [Ga(OH)3] is re-solubilised as gallate 

[Ga(OH)4]
-1. For example, at physiological pH (7.4), Ga3+ has a solubility of 1 µM as [Ga(OH)4]

-

1, with a small amount of [Ga(OH)3] (< 2%).3,7–10 On the contrary, Fe3+ has low solubility at 

physiological pH (10-6–10-12 µM) indicating the absence of biomedical reactions of Fe3+ which 

can only exist when bound with a protein or chelate. Unlike Fe3+, the solubility of Ga3+ at 

physiological pH allows some concentration of unbound gallate to exist in plasma, which may 

allow some biomedical reactions that are not possible for Fe3+.3,7,9,11  

Gallium in vivo trafficking is fundamentally important to this research. To understand the in vivo 

biodistribution and pharmacokinetics of gallium, and its mechanism of tissue uptake, it is critical 

to explore its mechanism of delivery and trafficking at the cellular level. The availability of 

radioactive gallium has facilitated the knowledge of gallium biodistribution and trafficking. This 
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chapter will briefly review the most common gallium radioisotopes and the types of tomography 

used to scan them. This chapter will also review the current understanding of gallium and the 

nature of its competition with iron as it occurs in biologic systems, including transferrin binding, 

cellular uptake, pharmacokinetics and biodistribution.  

 The isotopes of gallium 

There are large number of gallium isotopes. 69Ga and 71Ga are the two stable and naturally 

occurring nonradioactive isotopes with naturally occurring abundances of 60.11% and 39.89%, 

respectively. 66Ga, 67Ga, 72Ga and 68Ga are the most common radionuclides prepared by either 

cyclotron production or generator elution. Table 1.1 contains additional information about the 

most common radionuclides. Gallium radionuclides possess decay properties suitable for 

performing studies related to clinical positron emission tomography (PET) and single photon 

emission computed tomography (SPECT) imaging.1 Among the previously mentioned 

radioisotopes, 67Ga and 68Ga will be discussed in this chapter, due to their relevance to the overall 

research project. However, PET and SPECT imaging will be addressed briefly before discussing 

the different gallium radioisotopes. 
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Radioisotope Half-life Decay 

method 

Abundant 

Decay 

energy 

(keV) 

Daughter 

product 

Preparation Reference 

66Ga 9.5 hours 43 % EC  

57 % β+  

4153 (β+)  

511 (γ) 

Stable 

66Zn 

cyclotron 12,13 

67Ga 78.3 

hours 

(3.3 days) 

Electron 

capture 

(EC) 

(γ): 91 

(2.9%), 93 

(36%), 185 

(20%), 209 

(2.2%), 300 

(16%), and 

394 (5%) 

Auger 

electron:  

7.4, 8.4, and 

9.4 

stable 

67Zn 

cyclotron 1,10,14 

68Ga 67.71 

minutes 

(1.13 

hours) 

11 % EC  

89 % β+  

1899 (β+)  

511 (γ) 

stable 

68Zn 

68Ge/68Ga 

generator 

1,14 

72Ga 14.25 

hours 

 β- β-: 640 and 

950  

γ: 840, 2210, 

2510, and 

630 

Stable 

72Ge 

cyclotron 15 

Table 1.1: The most common radioisotopes of Ga. 

 

 

 



 

18 

 SPECT vs PET  

SPECT and PET are tomographic radionuclide imaging modalities that have contributed 

considerably to the field of nuclear medicine and molecular imaging by representing the 

distribution and accumulation of gamma and positron emitter radionuclides. After administering 

to patients, gamma emitter isotopes can be detected by SPECT using an external gamma camera. 

Positron emitter isotopes have different decay properties, yet have some similarity in imaging to 

gamma emitter isotopes.16 PET radioisotopes emit positrons that travel small distances (a few 

millimetres) before interacting with electrons where they are annihilated. When positrons and 

electrons interact, their mass is converted into two 511 keV gamma photons at an approximately 

180° angle. Gamma photons can then be detected by PET external ring-shaped detectors (Figure 

1.1).16,17  

SPECT and PET have higher sensitivity than other contrast agent-based imaging modalities based 

on their ability to detect the biodistribution of radiotracer concentration (at pM or nM 

concentrations) and provide functional information at the physiological or biochemical level.17
’
18 

However, the low resolution of anatomical information (not related to the radiotracer) revealed in 

SPECT and PET images is considered a limitation in both imaging modalities.19 Anatomical 

modalities such as computed tomography (CT) and magnetic resonance imaging (MRI), based on 

their high spatial resolution, can provide the morphological precision that SPECT and PET lack.18 

Combining morphological and functional imaging modalities in hybrid scanners such as 

SPECT/CT, PET/CT and PET/MRI has allowed improvement in diagnostic process and 

outcomes.18
’
20  
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Figure 1.1: A positron is emitted from an atomic nucleus and interacts with an electron. The annihilation reaction causes 

the creation of two opposite direction 511 keV gamma rays that are detected by detectors on the opposite sides of the 

object (grey rectangles).  
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1.3.1 Gallium-67 

67Ga is cyclotron-produced and has a half-life of 78.3 hours. It decays by electron capture to stable 

67Zn, and during this decay process it emits multiple gamma rays to reach its stable state (Table 

1.1).1,10,14 As a gamma photon emitter, 67Ga can be used for multiple diagnostic applications with 

planar and SPECT imaging. The earliest reported medical application of 67Ga compounds was 

during the 1960s when 67Ga (as a carrier free 67Ga citrate) was injected intravenously (i.v.) into 

laboratory animals and found to concentrate in tumours.2,5,21 This observation subsequently led to 

a nuclear medicine procedure for lymphoma and inflammation imaging.2,5  

However, the multiple gamma photons produced by 67Ga can limit image quality when compared 

to other SPECT metal radioisotopes, such as technetium-99m (99mTc), that emit a single 140 keV 

gamma photon.14,22 During a 67Ga scan, an energy window is set on the wide range of 67Ga 

predominant gamma energies (93, 185, and 300 keV), causing detection of down-scattered high 

energy photons falling into a lower energy photopeak. Scatter photons in the imaging projection 

can decrease the resolution and contrast in the region of interest.22–25  

In addition to 67Ga gamma emission for planar and SPECT imaging, 67Ga emits Auger electrons 

and thus has potential as a therapeutic radionuclide.26 Most of Auger electrons are < 25 keV in 

energy and travel only short ranges (µm to nm distances) in tissues. The short distance travelled 

by these electrons allow high linear energy deposition in tumours, especially if they are 

internalised or in a close proximity to the target.14,27 Although 67Ga emits Auger electrons, its 

application as a therapeutic radionuclide is minimal due to its low incorporation into most cells 

in uncomplexed form. It has been suggested that 67Ga may provide higher cytotoxic effect if 

internalised within cells. The recent developments of multiple chelators, including 

tris(hydroxypyridinone) (THP), allow simple kit-based radiolabelling with gallium radionuclides 

at high specific activity, and renew the opportunities for 67Ga as a therapeutic radionuclide.26,28 

Attempts have been made to test the cytotoxic effect of 67Ga as an Auger electron-emitting 

radionuclide after attaching it to the antibody trastuzumab by conjugation to THP, to target HER2 

receptors in the breast cancer cell line, and with 8-hydroxyquinoline (oxine) in multiple cancer 

cell lines. 67Ga showed higher cytotoxic effect when incorporated into cells when presented as 

[67Ga]Ga-THP- trastuzumab or [67Ga]Ga-oxine, compared to [67Ga]Ga-THP and 67Ga citrate 

which did not significantly bind to cells 26,28 (more details in chapter 4).  
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1.3.2 Gallium-68  

Over the past two decades, clinical interest in 68Ga has grown. This has largely been due to 68Ga 

generator production, the availability of commercial generators, and its relatively short half-life 

of 68 minutes.29 68Ga is produced from germanium-68/gallium-68 generators that have a long half-

life (t½ (68Ge) = 270.95 days), allowing one to two years of shelf life depending on the amount of 

radioactivity loaded. 68Ge decays by electron capture to 68Ga, which in turn decays by positron 

emission (89%, Emax = 1899 keV) to stable 68Zn.12 As a positron emitter, 68Ga can be used for 

multiple imaging application with PET imaging. Although 68Ga generator production is quite 

convenient, allowing for continuous presence of radionuclides and on-site radiolabelling, the 

presence of trace metal impurities in the elution (such as natural titanium, aluminium, iron, and 

impurities from the parent and daughter radionuclide, 68Ge and 68Zn, respectively) are a 

disadvantage. The presence of impurities in the elution can compete with 68Ga in radiolabelling 

and consequently reduce 68Ga radiolabelling yields or molar activity.1,30 Although the short half-

life of 68Ga makes it inconvenient for widespread shipping, and it is almost compulsory to possess 

a local generator, its half-life is long enough for preparation, purification and imaging of 

molecular probes as long as their pharmacokinetics are relatively fast. For example, 68Ga is well-

suited for the fast pharmacokinetics of peptides and can be used to radiolabel peptides through 

bifunctional chelators for receptor targeting imaging. 29,31,32,33 
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 The similarities and differences of Fe3+ and Ga3+ 

Gallium shares some properties with iron, permitting it to bind to some iron-binding proteins and 

biomolecules and be taken up by tumours and microorganisms as an iron mimic. As such, it is 

plausible for gallium to disrupt the requirement of iron in cancer cells and bacteria as a potential 

therapeutic approach (when administered in therapeutic doses). In addition, radioactive 67Ga and 

68Ga can be used as an iron analogue for imaging purposes. The use of gallium as an iron analogue 

for infection imaging, and its mechanism of action as anti-cancer drug, will be discussed in 

subsequent chapters. The rest of this chapter discusses, supported by available evidence, some of 

the similarities and differences between gallium and iron in cellular uptake based on transferrin 

and non-transferrin mediated mechanisms. In addition, the biodistribution and pharmacokinetics 

of iron and gallium in vivo will be discussed. Although gallium is a non-physiological metal, iron 

can enter the body through different dietary sources. The following section discusses the different 

sources of oral iron intake and absorption and provides a brief introduction to orally administered 

gallium compounds as anti-cancer drugs, which will be discussed in detail in chapter 3.  

1.4.1 Iron and gallium gut absorption 

Iron enters the body through different dietary sources. These sources are either plant or dairy 

products (which are sources of non-haem iron), or food obtained from animal tissue (which 

contains haem iron).34 Haem and non-haem iron absorption take place in the duodenum and 

proximal jejunum. The amount of iron intake from these sources is regulated by a variety of 

factors, including type of iron present (haem vs. non-haem) and body demands.34 Although both 

haem and non-haem iron sources are taken up by the proximal part of the small intestine, they 

possess different absorption pathways.34  

It is believed that haem is released from haemoglobin or haemoproteins in the stomach and 

absorbed by the apical membrane of the enterocytes as an intact molecule. The exact mechanism 

of haem absorption by enterocytes is not fully elucidated.35 However, the haem-carrier protein 1 

(HCP1) is identified as the most likely receptor to be involved in haem iron uptake.36 The role of 

HCP1 in haem iron absorption was studied in HeLa (cervical cancer) and CaCo-2 (human 

intestinal) cell lines. Cells were incubated at different time points with either 55Fe-haem or 59Fe 

citrate and the results were compared to other cells that were infected with HCP1 adenovirus that 

causes significant increase in HCP1 expression. Infected cells showed a two to three-fold increase 

in 55Fe-haem uptake compared to non-infected cells. However, 59Fe uptake was similar in infected 

and non-infected cells.37,38 In addition, incubating the CaCo-2 cells with Desferrioxamine (DFO, 

binds iron in the form of Fe3+-DFO) had no effect on either HCP1 expression nor 55Fe-haem 

uptake. This indicates that HCP1 plays a role in iron porphyrin ring uptake (but not 59Fe3+), but 

its precise role has not fully been explored.34,37,38 In addition, research strongly suggests that once 
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haem is absorbed into enterocytes, it is broken down by haem oxygenase-1 (HO-1) to release iron 

in its ferrous form (Fe2+).34,35,39 Studies have showed that HCP1 and 55Fe-haem uptake increased 

significantly post-incubation with cadmium chloride (an inducer of HO-1) indicating that over 

expressing HO-1 increased the transcellular haem uptake. HO-1 expression was increased upon 

incubation of CaCo-2 cells with haem (especially cells infected with adenovirus) compared to a 

control group (no haem added). However, no change in HO-1 expression was observed after ferric 

citrate incubation (Figure 1.2).38,40  

In comparison, the iron absorption and cellular uptake of non-haem iron are well-defined.39,41 The 

body is the recipient of non-haem iron when the iron is in its Fe3+ state , Fe3+ is reduced to Fe2+ to 

allow absorption by enterocytes. The membrane-bound ferric reductase duodenal cytochrome B 

(DcytB) facilitates iron reduction at the apical membrane. The divalent metal transporter 1 

(DMT1) transfers Fe2+ over the border of the apical membrane. Fe2+ from haem and non-haem 

sources joins the labile iron pool (LIP) in the cytoplasm. In accordance with the body’s iron needs, 

Fe2+ is then either stored in the iron storage protein ferritin (Ftn) in a process that involves Fe2+ 

oxidation to Fe3+, or guided to the basolateral membrane of the enterocyte.34,36,42,43 The basolateral 

membranes of the enterocytes express ferroportin (Fpn1, a transmembrane protein) that transfers 

Fe2+ across to the basolateral membrane to the extracellular compartment where Fe2+ is oxidised 

by hephaestin (Heph) and ceruloplasmin (Cp) (Figure 1.2).36,42,43  

Studies have been conducted to investigate iron absorption after oral administration of radioactive 

iron (59Fe), aiming to understand iron trafficking in hemochromatosis (iron overload) patients. 

Preclinical and clinical studies showed between 1.5–7% of injected dose (%ID) of iron was 

absorbed 3 to 7 days after oral administration of 59FeCl3 in healthy groups. However, 

hemochromatosis groups showed a range between 20–45% ID.44,45The difference in absorption 

rate in each group and between groups is not surprising since iron absorption depends largely on 

the condition of the body and its need for iron.  

On the contrary, gallium, cannot enter the body orally through dietary sources. However, gallium 

salts have been investigated for decades in clinical trials as an anti-cancer drug via oral 

administration due to the high risk of renal toxicity following intravenous injection of gallium 

nitrate. However, poor gut absorption and minimal tumour effect limited their use.4,46 Gallium 

compounds have been developed, from simple gallium salts to a range of gallium-bound ligands, 

on the rationale for better gut absorption and tumour effect following oral administration (more 

details in chapter 3).46 
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Figure 1.2: Haem and non-haem iron absorption by enterocytes. Haem is transported as an intact form through HCP1 

and dissociated by HO-1 to release iron in its Fe2+ form. Non-haem iron (in Fe3+ form) is reduced by DcytB at the 

apical membrane and transported via DMT1. Fe2+ in the cytoplasm either gets stored in Ftn (involves an introductory 

step of Fe2+ oxidation) or transported out of the cells by Fpn1. On the extracellular side of the basolateral membrane, 

Fe2+ is oxidised by Heph and Cp. Created with BioRender.com.  
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1.4.2 Iron and gallium cellular trafficking  

In this section, iron cellular trafficking (in conjunction with its transferrin and non-transferrin 

uptake mechanisms) will be discussed briefly prior to discussing gallium cellular uptake and 

trafficking. Gallium, as an iron analogue, shares its ability to bind to some iron-binding proteins 

and biomolecules and enters cells following, at some level, similar uptake mechanisms. Gallium 

cellular trafficking, its binding to the plasma protein transferrin and its cellular uptake by 

transferrin and non-transferrin mechanisms will be discussed in this section.  

1.4.2.1 Cellular trafficking of iron and gallium by transferrin-dependant mechanisms 

Once Fe3+ is transported to the plasma by enterocytes Fpn1, it binds to transferrin (Tf), the main 

iron-binding protein in plasma.47 Transferrin binds to two Fe3+ atoms with high affinity (binding 

constants are log K1 = 22.8 and log K2 = 21.5) when bicarbonate binding takes place 

simultaneously (serum bicarbonate concentration = 27 mM).8,47,48 In physiological conditions, 

30% of transferrin is saturated by Fe3+.43,49 Transferrin-bound iron is then delivered and bound to 

transferrin receptors (TfR) at the cellular membrane, which are then internalised through receptor-

mediated endocytosis, and the endocytosed Fe3+-Tf-TfR complex is trafficked to an endosome.47 

The endosome pH is reduced to 5.5 by the introduction of H+ by an ATP-dependent proton pump. 

This causes the release of Fe3+, although apo-transferrin (apo-Tf, transferrin with no iron bound) 

remains TfR1 bound.47,50 The enzyme ferrireductase Steap3 then acts as an electron donor to 

reduce Fe3+ to Fe2+. The Tf–TfR complex is propelled toward the exterior of the cell, where the 

apo-Tf is discharged into the plasma. Fe2+ is transported via DMT1 from the endosome to the 

cytosol where it forms LIP. Fe2+ in the LIP is either delivered to the mitochondria for metabolic 

utilisation, including synthesis of haem and iron–sulfur clusters, stored in Ftn (involved Fe2+ 

oxidation step), or exported from the cells through Fpn1 (Figure 1.3).43,50,51,52 

The ability of gallium to bind to transferrin was researched extensively in literature using the 

radiometal 67Ga citrate.8,53,54,55 Gallium can bind to unoccupied transferrin, however its transferrin 

binding affinity is less than that of iron (binding constants are log K1 = 20.3 and log K2 = 19.3) at 

a serum bicarbonate concentration of 27 mM.8 Incubating 67Ga citrate with transferrin in vitro 

showed that almost all the 67Ga was found to be associated with transferrin.56,57 The presence of 

transferrin was also found to stimulate the cellular uptake of 67Ga compared to its uptake in media 

with no transferrin.55 The ability of 67Ga to bind to transferrin was tested preclinically in rabbits 

after intramuscular injection of apo-Tf. Intravenously injected 67Ga citrate was bound to apo-Tf 

injection sites but did not bind to sites injected with normal saline.58 However, in vitro and in vivo 

studies have shown that saturating transferrin with Fe3+ diminishes 67Ga cellular uptake indicating 

a competition over transferrin binding.55,58 
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As mentioned previously, transferrin is partially occupied by Fe3+ and retains a relatively high 

capacity for binding to other metals.8 Carrier free 67Ga is usually administered intravenously for 

imaging purposes, and it is expected to mostly bind to transferrin and get delivered to cells via 

transferrin-mediated mechanisms.56 Studies have demonstrated the role of TfR in gallium cellular 

uptake. However, the gallium transferrin complex has a lower affinity to TfR compared to the 

iron transferrin complex (equilibrium constant = 1.1 µM for gallium and 0.5 µM-2.3 nM for 

iron).59,60  

It is worth noting that most of the in vitro studies investigating cellular gallium trafficking were 

performed using 67Ga citrate in cancer cells based on its main role as cancer imaging agent. An in 

vitro study on a human leukaemia cell line (where transferrin was present in the media) showed 

that 67Ga citrate uptake was significantly decreased from 10% to 1% of the administered dose 

after adding anti-human transferrin receptor monoclonal antibodies (MoAb), indicating that 

MoAb prevents 67Ga cell internalisation by transferrin mediated uptake.61 Another study 

supported the role of TfR in cellular uptake of gallium by demonstrating that 67Ga citrate uptake 

in mutant Chinese hamster ovary (CHO) cell lines, that do not express TfR, increased significantly 

after transfecting these cells to overexpress TfR. These results were confirmed in vivo in the same 

study after intravenous injection of 67Ga citrate. Transfected cells showed 10 times more 67Ga 

uptake compared to non-transfected cells.5,62 In another preclinical study, an intravenous injection 

of MoAb, 24 hours prior to 67Ga citrate administration, decreased tumour uptake from 21.4% ID/g 

to 5.12% ID/g, suggesting the involvement of TfR in 67Ga cancer cell uptake. Although transferrin 

and TfR provide the majority of 67Ga uptake, in vitro and in vivo studies still show some uptake 

even after blocking TfR indicate some uptake by non-transferrin mechanisms (more detail in 

1.4.2.2 section).63  

Although both gallium and iron compete for the same transferrin binding sites, bind to TfR, and 

are internalised through receptor-mediated endocytosis, their intracellular trafficking is expected 

to be different based on their different chemical properties. The exact mechanism of gallium 

cellular trafficking is not fully understood. However, some insights into the possible pathways of 

intracellular gallium trafficking have been demonstrated in studies. In vitro studies have shown 

that the stability of the 67Ga-Tf complex decreases when the pH of the incubation solution 

decreases.64,65 This might indicate that the low pH of endosomes might facilitate the dissociation 

of the Ga-Tf complex, like iron. However, DMT1 was shown to not be able to facilitate gallium 

transport from endosomes to the cytoplasm, because unlike Fe3+, it cannot be reduced to the 

divalent state.66 Studies have shown the presence of a labile gallium pool (LGP) in the cytoplasm 

of multiple cancer cell lines using autoradiography, but the mechanism by which gallium is 

transported from the endosomes to the cytoplasm is not fully understood.67,68 Although Ga3+ does 

not undergo reduction within the cell, it is plausible that it binds to ferritin (Fe2+ undergoes 

oxidation before being incorporated into ferritin). In fact, some data suggest that 67Ga binds to 
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ferritin, but it is not yet demonstrated whether it is incorporated into ferritin or bound to the 

external surface of the protein (Figure 1.3).5,61,68 In addition, in vitro studies on the mechanism of 

action of gallium (as a therapeutic dose) showed a cytotoxic effect through the mitochondrial 

pathway, but it is not yet clear whether gallium’s cytotoxic effect is related to its storage in 

mitochondria or in the external pathway 4,5 (more details in chapter 3). 

1.4.2.2 Cellular trafficking of iron and gallium by transferrin-independent mechanisms 

Typically, the transferrin-independent system is utilised in abnormal situations such as 

hemochromatosis where a high concentration of non-transferrin bound iron (NTBI) exists.69 

While the nature of NTBI in plasma is not fully understood, some studies have suggested that 

NTBI is possibly bound to albumin or present in the form of a Fe3+-citrate complex. Although 

cellular iron trafficking by transferrin-independent mechanisms remains poorly understood, the 

most agreed upon pathway is this: iron is involved in a reduction step (by an unknown pathway) 

before being transported via DMT1 and the zinc transporter Zrt/Irt-like protein 14 (ZIP14).69–73  

Studies have shown that gallium, like iron, can be taken up by cells through transferrin 

independent mechanisms.7 An in vitro study investigating gallium non-transferrin-mediated 

cellular uptake in HL60 (human leukemic) cells showed that, in the absence of transferrin, 67Ga 

citrate cellular uptake was only 10% of that in the presence of transferrin. Blocking TfR did not 

affect 67Ga uptake in transferrin-free media, indicating its uptake by non-transferrin mechanisms, 

while it significantly decreased 67Ga uptake in media containing transferrin.62 Consistently, 67Ga 

citrate showed similar uptake in vitro in TfR+ or TfR- CHO cells in serum free media, indicating 

uptake by a transferrin-independent mechanism.61 An in vivo study utilising the same cells 

following subcutaneous inoculation showed that although higher 67Ga accumulation in TfR+ than 

TfR- was observed, 67Ga uptake in the absence of TfR indicated a non-transferrin uptake 

pathway.61 Although in vitro and in vivo studies suggested gallium uptake by transferrin-

independent mechanisms, the exact pathway is poorly understood. Multiple studies showed that 

although gallium and iron are expected to have different transferrin-independent pathways (due 

to gallium’s inability to be reduced under physiological conditions), their transferrin-independent 

uptake is influenced by each other. For example, an in vitro study of HL60 cells showed that 67Ga 

citrate and iron-nitrilotriacetic acid (59Fe-NTA) uptake (incubated in serum free media) enhanced 

post-incubation of ferric chloride and gallium nitrate respectively in a dose related manner.74 

Another study showed higher 67Ga uptake in CHO (TfR-) cells post-incubation of iron tricine 

ascorbate (FeTA), but adding holo-transferrin did not influence the uptake, indicating that only 

free iron can influence gallium transferrin-independent mechanisms.62 Although the results from 

these studies might suggest that both metals share the same transferrin-independent uptake 

mechanism, this is unlikely considering gallium’s inability to be reduced under physiological 

conditions; its transferrin-independent mechanism is likely to be different than that of iron.7,62 In 
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fact, studies have demonstrated inhibition of transferrin-independent iron uptake post-incubation 

of multiple divalent metals including zinc (Zn2+), manganese (Mn2+), copper (Cu2+), and cadmium 

(Cd2+). This may support the iron reduction step theory prior to cell internalisation and suggest a 

possible competition of previously mentioned divalent metals over ferrous iron transporting 

systems.75,76 Studies have failed to explain the mechanism of transferrin-independent gallium 

uptake increasing in the presence of iron and the converse: that transferrin-independent iron 

uptake increases in the presence of gallium. However, the results clearly indicate that transferrin-

independent gallium and iron uptake are connected at some level, and the presence of one metal 

might increase or induce cellular binding sites/transporters of the other.74,77   
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Figure 1.3: Cellular iron and gallium trafficking. Fe3+ and Ga3+ transferrin complexes bind to TfR and are internalised 

through receptor mediated endocytosis. Fe3+ and Ga3+ are released from the transferrin by the low pH of the endosomes. 

While Fe3+ is reduced to Fe2+ in the endosome by the enzyme ferrireductase Steap3 and transported to the cytoplasm 

by DMT1, Ga3+ is transported to the cytoplasm by an unknown pathway. Fe2+ is delivered to the mitochondria for haem 

and iron-sulfur cluster synthesis, stored in Ftn (involves an introductory step of Fe2+ oxidation), or exported through 

Fpn1. Like Fe3+, Ga3+ can be stored in Ftn, but the mechanism of its delivery to the mitochondria (if any) is unknown. 

Created with BioRender.com  
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1.4.3  Pharmacokinetics and biodistribution of iron and gallium  

Despite the circulation of both gallium and iron as Tf-bound complexes in blood and the uptake 

of each by cells via transferrin-dependant or transferrin-independent mechanisms, the metals 

display different pharmacokinetics in vivo. The previous section addressed the similarities and 

differences of iron and gallium at cellular level, while this section will focus on their 

pharmacokinetics and biodistribution in vivo. The availability of radioactive iron and gallium 

facilitated the understanding of their biodistribution, however, therapeutic/high doses, or carrier 

added radiopharmaceuticals might have different pharmacokinetics and biodistribution compared 

to trace amounts of the same compounds. In this section, the pharmacokinetics and biodistribution 

of both metals as a tracer or with carrier added will be explored. 

A preclinical study in mice showed marked differences between 67Ga citrate and 59Fe citrate tissue 

distributions.78 67Ga citrate distribution in normal mice showed the highest accumulation in the 

blood and kidneys at 1 hour after injection. Uptake in the blood and kidneys decreased over time 

while gradually increasing in other tissues including the liver, small intestine, and bones (but not 

bone marrow) indicating the slow blood clearance of 67Ga. Minimal uptake was noticed in the 

spleen (~2% ID/g) during the 72 hours after injection. Blood sample analysis showed that 67Ga 

uptake is incorporated into the plasma and decreased over time with negligible incorporation into 

red blood cells (RBC). For example, at one hour following the injection, 21% ID/g was found in 

the plasma versus 0.9% ID/g in cells. The absence of activity in the spleen, bone marrow, and 

RBC suggest no affinity of 67Ga for hematopoietic tissues.78 In contrast, 59Fe citrate 

biodistribution varied over time with the highest concentration found in RBC, the spleen, and 

bone marrow indicating the transfer of 59Fe between circulation and hematopoietic tissues. 

Additionally, tracer distributions of both isotopes in tumour hosts were found to be similar to that 

of a healthy host. However, 67Ga accumulated in the tumour tissue gradually while there was no 

evidence of 59Fe uptake by the tumours.78 Preclinical studies in mice and rats using 67/68Ga 

citrate,79,80 68Ga acetate80 and 67Ga chloride buffered in sodium hydroxide or phosphate buffered 

saline (PBS)81,82 showed similar biodistribution data of gallium regardless of the formulation.  

Although the difference in 67Ga and 59Fe biodistribution is easily understood based on the 

limitation of 59Fe to hematopoietic tissues for the production of haemoglobin,53 their difference 

in tumour uptake needs additional explanation. The first hypothesis was based on the rationale 

that gallium accumulation in tumours is related to the tumour’s increased need for iron, which 

consequently increases TfR expression followed by accumulation of gallium as gallium-

transferrin complex, indicating that tumour uptake is largely based on accumulation by 

transferrin-dependant mechanisms.83 However, this hypothesis failed to explain the difference in 

gallium and iron tumour uptake.  
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Sephton84 hypothesised that the difference in gallium and iron tumour uptake is based on the 

presence of free 67Ga (soluble gallate) in plasma and its binding to extravascular transferrin 

(especially at early time points) rather than the transport of Ga-Tf from plasma to tumour.84 

Sephton considered that the extravasation of a large molecule such as Ga-Tf is slow and might 

contribute to tumour uptake at later time points. However, free gallium can diffuse from plasma 

and quickly bind to extravascular transferrin which contributes to tumour uptake at an early time 

point.84 The exchange between free and transferrin-bound gallium in plasma is continuous until 

an equilibrium is reached. This could explain the progressive tumour accumulation of 67Ga post-

intravenous injection. In contrast, soluble free iron does not exist, and iron travels only in the form 

of Fe-Tf which favours hematopoietic tissues rather than tumour extravasation.84 In fact, 

Sephton’s hypothesis could explain the preclinical study that showed no change in 67Ga tumour 

accumulation post-intravenous injection of ferric citrate. A preclinical study on rats showed that 

an intravenous injection of ferric citrate 10 minutes prior to 67Ga citrate injection caused no 

change in tumour uptake, but uptake in normal tissue (liver, spleen, lung and muscle) significantly 

decreased, while uptake in bone increased, but not significantly.85 These results can be interpreted 

based on Sephton’s hypothesis. Although the presence of excess iron decreased the level of 

unsaturated iron-binding capacity (UIBC), causing less available transferrin to bind to gallium, 

more free gallium (gallate) would be available and binding to extravascular transferrin. This 

resulted in no change in tumour uptake. The uptake by normal tissue might be dependent on the 

Ga-Tf complex as their 67Ga accumulation decreased when less transferrin was available to bind 

to gallium.85,86 These results suggest that 67Ga has two separate routes for tumour and normal 

tissue uptake.85 Other preclinical studies confirmed these results but in an opposing manner. Rats 

with experimentally induced anaemia showed an increase in 67Ga uptake in the liver and spleen, 

indicating that prolonged blood loss lowers serum iron levels and increases the transferrin pool to 

bind 67Ga. In iron deficient situations, TfR increases in many tissues causing increases in 67Ga 

uptake.85,87 However, studies have shown conflicting results regarding 67Ga tumour uptake in 

anaemic animal models. The first preclinical study by Hayes et al. 85 showed lower 67Ga uptake 

in anaemic (anaemia induced by multiple heart puncture bleedings) rats bearing 5123C hepatoma 

xenografts compared to the control group (3.0 ± 0.2 in hepatoma vs 7.5 ± 0.8 in control, % ID/g).85 

In contrast, the preclinical study by Bradley et al.87 showed unchanged 67Ga tumour uptake in 

anaemic (anaemia induced through a no-iron diet) rats bearing Walker-256 carcinosarcoma 

xenografts compared to the control group (0.7 ± 0.1 in control vs 0.95 ± 0.2 in tumour, % ID/g).87 

A reason for this discrepancy may be the different methods used for inducing anaemia, which 

may have caused differences in anaemic state, and consequently affected the availability of the 

transferrin pool. Another reason might be the use of different tumour types, resulting in different 

67Ga uptake mechanisms in iron deficient conditions. Lower bone uptake in the anaemic animal 

models was noticed in both studies, but it was not significant compared to the control groups.85,87 
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The same effect of ferric citrate on 67Ga biodistribution was seen in other preclinical studies using 

high therapeutic doses of Ga citrate.15,88,89 Pre-saturating transferrin with intravenously injected 

Ga-citrate (carrier added) showed an alteration in 67Ga biodistribution. 67Ga uptake was decreased 

in the liver, spleen, and muscles while uptake in the bones and urine increased. In the absence of 

carrier added gallium, the liver, spleen, and bones showed 3.06, 7.9, and 5.45% ID respectively. 

However, post-intravenous injection of 25 mg/kg Ga-citrate, the liver, spleen, and bones showed 

1.4, 2.1, and 12.4%ID respectively.15,88 This indicates that when less transferrin is available for 

67Ga binding, there is less 67Ga uptake in normal tissues. However, the elevated uptake of 67Ga in 

the bones indicates a different mechanism of accumulation compared to soft tissues, which appear 

to be non-transferrin dependant.9 In fact, a preclinical study on hypotransferrinemia in mice 

showed higher, but not significant, 67Ga bone uptake compared to healthy Balb/C mice indicating 

that 67Ga bone uptake is likely transferrin-independent.90 In addition, an increase in 67Ga renal 

excretion was noticed when high doses of stable Ga-citrate were injected prior to 67Ga 

administration. With the absence of a carrier added dose, 43% ID was excreted in the urine, while 

81% ID was excreted during the same time when a high dose of Ga-citrate was used.15 This higher 

level of 67Ga excretion may be related to the saturation of transferrin and the increase in levels of 

small charged gallate in the plasma which is expected to be renally eliminated.9 Additionally, the 

effects on 67Ga biodistribution were not limited to high doses of iron and gallium. Scandium (Sc3+) 

can also modify the biodistribution of gallium based on its binding to transferrin. In rats and mice, 

an intravenous injection of Sc3+-citrate prior to that of 67Ga increases 67Ga renal excretion and 

bone uptake, and lower uptake of 67Ga in the soft tissue. These effects are a result of Sc3+ binding 

to 67Ga transferrin binding sites and preventing 67Ga uptake in soft tissues.91,92  

In addition to transferrin, other Fe3+-binding proteins (lactoferrin and ferritin) and siderophores 

are potential Ga3+ carriers.93 67Ga citrate has been extensively studied as an infection imaging 

agent.94
’
95

’
96 However, 67Ga has similar uptake mechanisms in infection and inflammation based 

on its binding to the high transferrin receptors expressed at sites of infection and inflammation, 

and its binding to lactoferrin and ferritin in leukocytes and macrophages. Due to this, 67Ga cannot 

be considered as a specific infection imaging agent.9,96 However, microorganisms have the ability 

to produce siderophores and acquire iron from the resulting Fe3+–siderophore complexes.97 Thus, 

gallium can radiolabel siderophores and thus be used as a specific infection imaging agent.98 

Recent studies using a variety of siderophores radiolabelled with 67/68Ga showed promising results 

in vitro and in vivo suggesting the specificity of 67/68Ga siderophores in imaging infection (more 

details in chapter 2).97–103  

Overall, although gallium shares some properties with iron that allow it to bind to iron-binding 

proteins and siderophores, it possesses different cellular trafficking, in vivo biodistribution and 

pharmacokinetics. 68Ga and 67Ga can be used to an extent as iron analogues for imaging purposes, 

including cancer and infection imaging. Unlike iron, the inability of Ga3+ to be reduced to Ga2+ 
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under physiological conditions or to undergo reduction within cells may facilitate its role as an 

anti-cancer or anti-infection therapeutic agent when it is administered in therapeutic dose 

concentration.6,9 In addition, gallium can exist in a form of soluble gallate which permits some 

biomedical reactions that are not possible for iron.9 The biodistribution of gallium is not fully 

understood. However, studies have shown some important insights and possible gallium uptake 

pathways. While gallium uptake in normal tissue might be largely dependent on the Ga-Tf 

complex, its uptake in tumours might be dependent on the binding of free gallium (gallate) to 

extravascular transferrin.84 Unlike soft tissue uptake, the increased level of radioactive gallium in 

bone in transferrin-saturated conditions indicate different mechanisms of accumulation, probably 

non-transferrin mediated.9 Evidence from literature exhibited alteration in carrier free gallium 

biodistribution when co-administered with carrier added elements such as Fe3+, Ga3+ and 

Sc3+.15,85,88,89,91,92 
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 Thesis statements 

This chapter has discussed the general current understanding of gallium and its analogy with iron 

in biological systems. The following chapters will specifically explore how the literature relates 

to the main questions of this research project. This thesis is composed of two main projects, each 

dealing with different aspects of 68Ga and 67Ga in medical imaging, with the common theme of 

involving gallium-specific biology.  

68Ga and 67Ga siderophore complexes have shown promising results, indicating their specificity 

as infection imaging agents.97–103 Among the siderophores tested in literature, a clinically-

approved siderophore DFO for treating iron overload diseases104 was investigated in vitro and in 

vivo and showed specificity in imaging Staphylococcus aureus (S. aureus) and Pseudomonas 

aeruginosa (P. aeruginosa).99,100 The fact that DFO is a clinically-accepted drug renders its 68Ga 

complex amenable to clinical translation with low regulatory barriers. The following chapter 

(chapter 2) will briefly introduce bacterial iron trafficking, followed by the trafficking and 

application of unchelated 68Ga and 67Ga, and 68Ga/67Ga radiolabelled with siderophores as 

analogues of iron siderophore complexes for infection imaging. Following the introductory 

section, chapter 2 will be dedicated to developing good manufacturing practice (GMP)-

compatible [68Ga]Ga-DFO complex that can be investigated clinically as a specific infection 

imaging agent.  

When administered intravenously, gallium nitrate showed promising results as an anti-cancer 

drug against lymphoma and bladder cancer in phase I and II clinical trials.105,106 However, due to 

its high renal toxicity, attempts have been made to investigate gallium salts as anti-cancer drugs 

post-oral administration as an alternative method to avoid renal toxicity.107 Although poor gut 

absorption of gallium salts post-oral administration might limit their use as anti-cancer drugs, 

gallium bound to multiple ligands were developed to overcome the poor absorption of gallium 

salts. Among them, tris(8-hydroxyquinolinato) gallium (III) (KP46) was developed with the 

rationale of making a more efficiently absorbed drug.4,108 Despite ongoing research, KP46 

pharmacokinetics are not fully understood. KP46 will be the focus of chapter 3. Its protein 

binding, mechanism of action, in vitro and in vivo studies will be extensively discussed in the 

introductory section. Following the introductory section, chapter 3 will be dedicated to study 

KP46 trafficking in cancer models (in vitro and in vivo) using [68/67Ga]KP46 post-intravenous and 

oral administration as a tracer or combined with a pharmacologically relevant dose of KP46.  

As mentioned previously, although 67Ga emits auger electrons, its application as a therapeutic 

radionuclide is undeveloped due to its low incorporation into cells. It has been suggested that 67Ga 

provides better cytotoxic effects when incorporated into cells.26,28 An attempt has been made to 

investigate 67Ga cytotoxic effects using 8-hydroxyquinoline (8HQ) as a chelator.26 In chapter 4, 
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the therapeutic applications of 8HQ and its derivatives will be introduced in the introductory 

chapter. Chapter 4 will then focus on radiolabelling 68Ga with 8HQ and its derivatives to find the 

best chemical form to deliver gallium to tumour cells while aiming to radiolabel selected 8HQ 

derivatives with 67Ga to study its radiobiology as an Auger electron emitter radionuclide.   
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2 Simple radiosynthesis of GMP-compatible [68Ga]Ga-DFO 

for infection imaging 

2.1 Introduction to bacterial iron trafficking 

Iron is not only an essential nutrient for humans; bacteria that infect humans also require iron for 

host colonisation and survival. In oxygen-rich conditions, iron exists in the form of insoluble iron 

hydroxide, Fe(OH)3, creating an obstacle for microorganisms to absorb and use it. Furthermore, 

most of the total body iron is intracellular (haemoglobin, myoglobin, ferritin, ~ 4 g); thus, it is not 

readily available to microorganisms.93,109,110 Extracellular iron is either bound to transferrin (3 

mg), found in haemoglobin as an effect of simple haemolysis (small amount, 5–50 mg/L), or 

bound in haem molecules (small amount).93,109,110 Haemoglobin is considered the major haem 

source for bacteria. Hence, some bacteria secrete haemolysins to lyse red blood cells and release 

haemoglobin for easier uptake.111  

Bacterial pathogens differ with respect to the iron sources they favour. Generally, most bacterial 

iron uptake involves haem uptake by direct contact between bacteria and haem sources (haem and 

haemoglobin) or by production of haemophores - proteins that bind haem and deliver it back to 

bacterial cells.109,112 Bacteria are also able to secrete siderophores - small ferric iron chelators that 

have a higher affinity for iron compared to that of transferrin and lactoferrin. With binding 

constant (log K) between 29 and 50 (depending on the siderophore), siderophores can outcompete 

transferrin and lactoferrin which have binding constants of 20-21 and 22-24 respectively. 
109,113–

117
 

Given the ability of siderophores to hijack iron from transferrin and lactoferrin, it is not surprising 

that host cells have developed a mechanism to overcome bacterial invasion. Lipocalin 2 (Lcn2), 

also known as siderocalin, is a protein expressed by the host’s immune cells (macrophages and 

neutrophils) and which, when complexed with Fe3+ siderophores, prevents reuptake by 

microorganisms.109,118 Some pathogens in turn have evolved specific mechanisms to overcome 

the host’s defences. One such mechanism is the development of a modified Lcn2-resistant 

siderophore (stealth siderophore) that prevents Lcn2 binding. For instance, Lcn2 can easily bind 

enterobactin, a siderophore secreted by Escherichia coli (E.coli); however, glycosylated 

enterobactin (salmochelin) precludes Lcn2 binding.109,118 Another mechanism is the development 

of a siderophore that cannot be natively recognised by Lcn2 (Figure 2.1).118 

Gram-positive and gram-negative bacteria have different iron-capturing mechanisms. Due to their 

outer membranes and large periplasmic spaces (which contain approximately 20% of the total cell 

water), gram-negative bacteria have iron uptake mechanisms that are more complicated than those 

of gram-positive bacteria.109,118 In gram-negative bacteria, haem, haemoglobin and haemophores 
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are delivered to specific outer membrane receptors. While free haem is transported directly to the 

periplasmic space, haem in haemoglobin and haemophores must be unloaded at the receptors, 

although the exact mechanism of haem extraction in not fully understood. Once in the periplasmic 

space, haem binds to specific periplasmic binding proteins (PBP) and is transported to cytoplasm 

by  adenosine triphosphate (ATP)-binding cassette (ABC) transporters, which are driven by ATP 

hydrolysis.109,110,117 In addition, Fe3+-siderophore complexes are taken up directly by specific outer 

membrane receptors (different siderophores are recognised by different receptors) and are 

transported to the periplasmic space, where they bind to PBP. They are then shuttled to the inner 

membrane and transported to the cytoplasm by ABC transporters.109,110,118,117 For example, Fe3+-

enterobactin binds to the outer membrane ferric enterobactin permease (FepA) receptor, and is 

then transported to the FepB protein in the periplasmic space, before being transported into the 

cytoplasm by ABC transporters.109,110,117,118 In addition to secreting siderophores to hijack ferric 

iron from transferrin and lactoferrin, selected gram-negative bacteria can evolve a mechanism of 

direct holo-transferrin/lactoferrin uptake by producing specific transferrin-binding proteins A and 

B (TbpA and TbpB) and lactoferrin-binding proteins A and B (LbpA and LbpB) receptors.109,119 

Ferric iron is released from the transferrin or lactoferrin protein receptors and binds to a 

periplasmic ferric-binding protein (Fbp) before entering the cytoplasm via ABC transporters.120 

The mechanism of Fe3+ transport and storage in the cytoplasm, however, is unknown.121 In almost 

all gram-negative bacteria, cytoplasmic membrane energy-transducing proteins TonB, ExbB, and 

ExbD (producing energy from proton motive force) interact with outer membrane receptors to 

facilitate the iron uptake mechanism from the outer membrane to the cytoplasm.109,110,117,118  

Unlike gram-negative bacteria, gram-positive bacteria only possess a cytoplasmic membrane 

(inner membrane), making the process of delivering iron easier.118 However, they are protected 

from the environment by a thick cell wall. They follow the same haem uptake system as gram-

negative bacteria. However, haem, haemoglobin and haemophores are taken up by specific cell 

wall receptors and transported to the cytoplasm by the iron regulated surface determinant (Isd) 

system and then enter the cytoplasm by ABC transporters.109,111,117 Fe3+ siderophores are delivered 

directly to specific inner membrane receptors and enter the cytoplasm via ABC transporters 

without the need to bind to periplasmic proteins. For example, S. aureus secretes staphyloferrin 

A and staphyloferrin B, which are recognised at the inner membrane by HtsA and SirA receptors, 

respectively. HtsBC and SirBC permeases are then activated to allow Fe3+ siderophores to cross 

the inner membrane and enter the cytoplasm. No energy-transducing proteins are involved in 

gram-positive bacteria iron transport.109,111,117,118 

Once inside the cytoplasm of either gram-positive or gram-negative bacteria, haem is broken 

down by oxygenase enzymes to release Fe2+. Bacteria utilise two types of iron storage proteins, 

Ftn and the ferritin-like protein bacterioferritin (Bfr). The uptake of iron by ferritin and 

bacterioferritin involves an introductory step of Fe2+ oxidation at the ferroxidase centre, and iron 
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is then stored as Fe3+.122,123,124 In the cytoplasm, iron is released from the Fe3+-siderophore 

complex by an unknown mechanism. However, some studies suggest that the reduction of Fe3+ to 

Fe2+, which destabilises the siderophore complex and releases ferrous iron destined for storage, is 

the most adopted method for iron release (Figure 2.2).117,120,125,126,127 

2.2 Mechanism of gallium localisation in infection and inflammation 

Several non-invasive radiological techniques, including CT and MRI, are used to identify 

infection; however, they are only able to detect structural abnormalities related to the infectious 

disease. Thus, they possess limitations in identifying an infection in its early stages, especially in 

cases where abnormal structures develop only at a later stage in the disease process. Furthermore, 

they lack the specificity to differentiate between infection and inflammation and can present major 

artefacts in patients with prosthesis.128–131 Nevertheless, structural modalities still play an 

important role in identifying infection sites for biopsies and as a back-up technique to molecular 

imaging for confirming infection diagnosis.128
’
129,130 

Because of the structural similarity between Fe3+ and Ga3+, Fe3+-binding proteins (including 

transferrin, lactoferrin and ferritin but not haem) and siderophores are potential Ga3+carriers.93 

Bacterial transporters involved in iron uptake may not be sufficiently able to distinguish iron from 

relevant gallium complexes and, therefore, might also take up the corresponding gallium 

complexes.94 Unlike Fe3+, Ga3+ cannot be reduced under physiological conditions to Ga2+. Thus, 

gallium binding to iron proteins and siderophore sites might disturb the biological processes of 

bacteria and function as an anti-infective agent.5,93 In addition, unchelated radioactive 67Ga or 

68Ga, or siderophores labelled with 67/68Ga, can be used as an iron analogues for imaging 

infection.93 

SPECT using 67Ga-citrate has been extensively studied for imaging infection;94
’
95

’
96 however, 67Ga 

citrate is a non-specific infection imaging agent due to the similarities in its uptake mechanisms 

in infection and inflammation.96 The exact uptake mechanism of 67/68Ga citrate in infection and 

inflammation in not fully understood. Many studies have suggested that, due to the weak chelation 

of citrate, radioactive gallium can be distributed in the blood as free 67/68Ga (probably in small 

amounts) or as 67/68Ga bound to Tf (Ga–Tf binding constant is log K1 = 20.3 and log K2 = 19.3). 

Sites of infection and inflammation often show high uptake of 67/68Ga due to the higher amount 

of transferrin receptor expressed and the uptake by transferrin-mediated mechanisms.9,95,132 In 

addition to binding to transferrin, 67/68Ga binds avidly to lactoferrin (LF), a related protein that has 

been observed at infection and inflammation sites, especially in neutrophil leukocytes (Ga–LF 

binding constant is log K1 = 21.43 and log K2 = 20.57). 9,95,132,133,134 One question that needs to be 

asked, however, is whether selected gram-negative bacteria can directly take up gallium bound to 
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transferrin/lactoferrin by their specific transferrin/lactoferrin receptors, similarly to iron (Figure 

2.2). 

In addition to binding to Tf and LF, it has been suggested that 67/68Ga uptake in 

infection/inflammation might also be related to its accumulation in macrophage ferritin.9 

Macrophages play an important role in host immune defence and exist in sites of infection and 

inflammation. Several early studies showed uptake of 67Ga citrate in macrophages using 

autoradiography; however, the exact mechanism of radioactive 67/68Ga accumulation in 

macrophages has not been experimentally addressed.135,136 Moreover, it is possible that 67/68Ga 

could also be stored in bacterial ferritin (at sites of infection) when it is transferred to the 

cytoplasm,95 but information about the fate of gallium in bacterial cells is lacking and further 

experimental studies are required to fill the current knowledge gap.  

In addition, uptake of 67/68Ga in infection (not sterile inflammation) sites can be through binding 

to bacterial siderophores. Like iron, gallium has a high affinity for siderophores compared with 

transferrin or lactoferrin. For instance, Ga-DFO has a stability constant of log K = 28.1 and 

consequently can “steal” Ga from Lf or Tf and enter the bacterial cells as Ga3+-siderophore 

complex (Figure 2.1 and 2.2).9,94,132,134,137  
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Figure 2.1: The battle for iron and gallium between bacterial pathogens and host cells. Bacterial pathogens produce 

siderophores to steal Fe3+ and Ga3+ from transferrin and lactoferrin. To overcome this invasion, host cells secrete Lcn2 

that can bind to Fe3+ and possibly Ga3+-siderophores complexes. Selected pathogens can produce stealth siderophores 

as a defence mechanism to block Lcn2 binding. Created with BioRender.com 
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Figure 2.2: Bacterial iron trafficking in gram negative (left) and gram positive (right) bacteria. In gram negative 

bacteria, haem sources are recognised by specific outer membrane receptors, and transported to the cytoplasm by PBP 

where they enter by ABC transporter. Fe3+-siderophore, -transferrin, and -lactoferrin complexes are recognised by 

specific outer membrane receptors. Fe3+-siderophores and Fe3+ (released from transferrin and lactoferrin) are 

transported via specific proteins in the periplasmic space to the cytoplasm where they enter by ABC transporters. In 

gram positive bacteria, haem sources are recognised by specific cell wall receptors. Haem is transported by Isd system 

in the periplasmic space and enters the cytoplasm via ABC transporters. Fe3+-siderophores shuttle directly to the 

cytoplasm where they enter via ABC transporters. Once in the cytoplasm of gram negative and positive bacteria, haem 

is broken down to release Fe2+ which is stored in Ftn or Bfr (involving oxidation of Fe2+). Fe3+ is released from Fe3+-

siderophores complexes possibly by reduction of Fe3+ to Fe2+. It is likely that Ga3+ (released from siderophores, 

transferrin, or lactoferrin) follows similar uptake mechanism as Fe3+ and is stored in Ftn or Bfr once transported to the 

cytoplasm; however, information about the fate of gallium in bacterial cells is lacking. Created with BioRender.com 
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2.3 Application of unchelated 67Ga/68Ga in infection and inflammation 

The role of 67Ga citrate in infection and inflammation imaging has changed considerably over the 

past years. Although 67Ga citrate scans are to this day considered useful for imaging infection and 

inflammation, they still present many disadvantages. First, 67Ga is not readily available, based on 

its production from high energy cyclotrons. Due to its slow blood clearance, 48 hours waiting 

time is needed before imaging. This makes the diagnostic process time-consuming and exposes 

patients to relatively high radiation doses. Second, it has high background uptake and interference 

from the intestine and liver.95,131,138  

To overcome the disadvantages of 67Ga citrate, the positron-emitter 68Ga citrate has been tested 

for imaging infection and inflammation. Although there are no chemical differences between the 

two tracers, major advantages of 68Ga citrate compared with 67Ga citrate are its relatively short 

half-life (68 minutes) providing low radiation dose to patients and the fact that it is generator 

produced.131 68Ga citrate was tested preclinically in S. aureus myositis rat models. Activity was 

detected at infected sites from 10 minutes (standardised uptake value (SUV)max = 3.5) and an 

intense focal spot was seen from 60 minutes (SUVmax = 4.5) up to 4 hours (SUVmax = 5.5), with a 

decrease in tissues activity including heart, liver, and bowel.139 Another study on rat models with 

right osteomyelitis tibia confirmed the ability of 68Ga citrate to image infection. Uptake at the 

infection site was significantly higher (SUVmax = 4.7 ± 1.5) compared to that at the left normal 

tibia (SUVmax = 2.5 ± 0.49).132 However, these preclinical studies failed to demonstrate the 

difference between 68Ga citrate uptake in infection and sterile inflammation models (for example, 

turpentine oil injection) to show the specificity of 68Ga citrate to image infection.  

A case study on a patient with intra-abdominal infection showed 68Ga citrate uptake at the 

infection sites from 30 minutes post injection (SUVmax = 5.2), further increasing by 60 minutes 

post injection (SUVmax = 6.7).139 Another larger sample size clinical study, conducted on 31 

patients with suspected osteomyelitis and discitis, showed high 68Ga citrate sensitivity with no 

false-negative results. However, two patients with positive scans were later diagnosed with 

lymphoma, which indicates the low specificity of 68Ga citrate.140 In addition, this study did not 

provide evidence on the specificity of 68Ga citrate to differentiate between infection and 

inflammation sites.  

Although the short half-life of 68Ga citrate is effective for overcoming some of the limitations of 

67Ga citrate, it might be unfavourable for delayed imaging in low-grade infection cases. In some 

cases, the guaranteed background reduction caused by delayed images can be useful for better 

contrast of the lesion.94,95,131 It is reasonable to conclude that 68Ga citrate is able to image infection; 

however, it cannot be considered as a specific infection imaging agent.131  
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Fluorine-18-fluorodeoxyglucose (18F-FDG) is another PET imaging agent that has proven its 

efficiency in imaging infection and inflammation. Nonetheless, 18F-FDG can be stored in cells 

with high glycolysis for many reasons94,141 and is, therefore, not specific for imaging infection.134 

Head-to-head comparisons of 18F-FDG and 68Ga citrate in imaging infection were performed in 

preclinical and clinical studies. A preclinical study in four S. aureus osteomyelitis juvenile pig 

models with 10 infectious lesions (5 osteomyelitis and 5 soft tissue abscesses) showed that 18F-

FDG had better ability to detect osteomyelitis (4 lesions) and soft tissue abscesses (5 lesions) 

peripheral to bones compared to 68Ga citrate (3 soft tissue abscesses and 1 osteomyelitis lesion).141 

A further clinical study on four patients with S. aureus bacteraemia contradicted the preclinical 

findings by demonstrating similar sensitivity of both tracers in imaging osteomyelitis patients 

(SUVmax average was 6.0 ± 1.0 for 18F-FDG and 6.8 ± 3.5 for 68Ga citrate). Consistent with the 

preclinical study, 18F-FDG uptake (SUVmax average 6.5 ± 2.5) was significantly higher in soft 

tissue lesions compared to 68Ga citrate uptake (SUVmax average 3.9 ± 1.2).134 

It is difficult to conclude the superiority of 18F-FDG over 68Ga citrate in detecting infection lesions 

due to the very limited sample sizes in both studies. A possible explanation of the low sensitivity 

of 68Ga citrate might be related to the biodistribution difference between the two tracers.134,141 

Unlike the homogeneous and slight uptake of 18F-FDG in bones in the animal study, 68Ga citrate 

showed extensive accumulation in the growth zones (metaphyses) of the bones, which might 

prevent identification of some bone or attached soft tissue lesions. In addition, the clinical study 

showed that 68Ga citrate images have higher blood background activity (SUVmean 2.9 ± 0.88) 

compared to 18F-FDG images (SUVmean 1.4 ± 0.05). High background noise might decrease lesion 

to background ratio and make diagnoses more challenging.134,141 

The non-specific activity of 67/68Ga citrate can be considered an advantage in identifying infection 

sites in fever of unknown origin (FUO) based on the broad spectrum diseases causing FUO.96,142 

Although 67Ga citrate has limitations, it remains the most widely used radioisotope for identifying 

infection sites in FUO patients.96,142 Similar to 67Ga citrate, the low specificity of 18F-FDG can be 

an advantage in FUO diagnosis.  

Overall, 18F-FDG and 67/68Ga citrate play an important role in imaging infection. However, as 

mentioned previously, 67/68Ga citrate and 18F-FDG are unable to discriminate between sites of 

infection and inflammation. Hence, 18F-FDG and 67/68Ga citrate are not specific radiotracers for 

imaging infection.94,128
’
129

 Distinguishing between inflammation and infection remains one of the 

greatest challenges in modern medicine. Thus, there is an urgent need for specific and sensitive 

infection imaging tools that localise pathogen sites and quantify treatment responses.131 
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2.4 Gallium labelled siderophores 

A considerable amount of research has focused on studying the uptake and transport of 

siderophores during infection. The application of siderophore molecules has had a progressing 

history since the 1960s.128 The continued research on clinical application of siderophores has led 

to the development of the use of the clinically-approved siderophore DFO for treating iron 

overload diseases.104 As highlighted previously, pathogens use different approaches to sequester 

iron. One of these approaches is the iron–siderophore uptake mechanism that depends on Fe3+–

siderophore complexes.97 The fact that Fe3+ siderophores are taken up by bacteria makes their 

isostructural 67/68Ga complexes applicable, in principle, for imaging infection. Gallium uptake 

mechanisms other than by siderophores may contribute to the retention of 67/68Ga in both infection 

and inflammation sites, which makes 67/68Ga citrate unspecific for infection imaging.94,95,131  

However, due to the ability of microorganism to secrete siderophores and acquire gallium, 

siderophores radiolabelled with gallium radionuclides can be used as specific infection imaging 

agents.98 

Ioppolo et al.99 radiolabelled DFO with 67Ga. The complex showed high stability in mouse serum 

(> 97%) after 3-hours incubation. An in vitro study of [67Ga]Ga-DFO uptake by S. aureus in 

culture showed 25% uptake post 6-hours’ incubation, with no change in uptake percentage after 

24 hours.99 In the same study, [67Ga]Ga-DFO was tested in vivo in a S. aureus (ATCC 25293) 

myositis model (1 × 108 colony forming unit (CFU), 50 μL PBS) and compared with another 

group of mice who received a PBS injection in the left thigh as a control. After 20 hours of 

infection induction, [67Ga]Ga-DFO was injected intravenously. Ex vivo biodistribution at 1 hour 

post injection exhibited higher but modest uptake in the infected (~ 0.5%ID/g) compared to the 

non-infected thighs (~ 0.1%ID/g) and demonstrated that the majority of the uptake occurs in the 

bladder, with minimal uptake in the kidneys. To test the viability and ability of bacteria to grow, 

abscesses from infected muscles were collected using aseptic technique and cultured for 24 hours. 

After incubation, S. aureus from the infected muscles showed growth of colonies indicating viable 

bacteria at the site of infection.99  

Due to the higher sensitivity of PET over SPECT, the commercially available germanium-

68/gallium-68 generator and the relatively short half-life of 68Ga, 68Ga-labelled siderophores have 

been investigated as a specific infection imaging agent.95 A study testing [68Ga]Ga-DFO as an 

infection imaging agent in vitro and in vivo confirmed previous research results and showed 

uptake of [68Ga]Ga-DFO in different strains of S. aureus and P. aeruginosa in vitro in iron-

deficient conditions. Unlike in S. aureus and P. aeruginosa, [68Ga]Ga-DFO showed no uptake in 

any E. coli strains in vitro.100 The difference in [68Ga]Ga-DFO uptake between microorganism 

species might be related to the ability of different strains to utilise DFO as a xenosiderophore (a 
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siderophore that is not produced by the same microorganism) or to use different iron-scavenging 

mechanisms in iron-deficient conditions.100,109  

In the same study, [68Ga]Ga-DFO was tested in vivo in S. aureus (CCM 5971, 5 x 108 CFU) and 

P. aeruginosa (ATCC 15692, 5 x107 CFU) myositis models. S. aureus or P. aeruginosa live 

bacteria was injected into the left leg of each mouse, while heated killed bacteria, turpentine oil 

(sterile inflammation) or 5 x 108 CFU of live E. coli were injected into the right leg. Bacterial 

infections were allowed to grow for 5 hours and sterile inflammations for 24 hours.100 PET/CT 

images showed high uptake in S. aureus and P. aeruginosa infection sites compared to minimal 

uptake in sterile inflammation sites and no uptake in E. coli or heated killed bacteria injection 

sites. Ex vivo biodistribution confirmed PET/CT results and demonstrated a significant difference 

in uptake between legs infected with S. aureus (1.27 ± 0.34%ID/g) and non-infected legs (heated 

killed bacteria and sterile inflammation) (0.13 ± 0.02%ID/g). No ex vivo data were presented 

regarding the P. aeruginosa and E. coli infectious myositis models.100 A higher uptake of 

[68Ga]Ga-DFO (1.27 ± 0.34%ID/g) was observed in S. aureus-infected sites compared to the 

uptake of [67Ga]Ga-DFO recorded by Ioppolo et al.99 (~ 0.5%ID/g). This discrepancy could be 

attributed to differences in the S. aureus strains used and in the number of bacteria present at the 

time of imaging. In agreement with the findings of Ioppolo et al., [68Ga]Ga-DFO showed 98.4 ± 

0.46% stability in human serum in vitro after 120 minutes incubation and no [68Ga]Ga-DFO 

uptake was seen in normal tissues in vivo at 30 minutes, except in the kidneys and bladder.99,100 

Although the ex vivo data from the previously mentioned preclinical studies of [68/67Ga]Ga-DFO 

showed modest uptake in the infected sites, the rapid renal excretion and low blood pool of 

[68/67Ga]Ga-DFO renders infection sites higher uptake than the surrounding tissues. In addition, 

[68Ga]Ga-DFO showed a specific property in imaging S. aureus and P. aeruginosa infection over 

inflammation making it a possible specific infection imaging agent.  

Over the past few years, the siderophore compounds [68Ga]Ga-triacetylfusarinine C ([68Ga]Ga-

TAFC), [68Ga]Ga-ferrioxamine E ([68Ga]Ga-FOXE), and [68Ga]Ga-desferriferricrocin ([68Ga]Ga-

FC) have been studied preclinically in Aspergillus fumigatus (A. fumigatus) fungal 

infections,97,98,101,102 with [68Ga]Ga-TAFC in particular showing stability and low protein binding 

in vitro (< 2%). It showed no uptake in vitro in iron-sufficient conditions and high uptake in iron-

deficient conditions which can be blocked by Fe-TAFC, indicating specific binding and 

competition over siderophore transporters.97,98,101,102 Moreover, it showed low blood pool activity 

(1.6 ± 0.37%ID/g), with uptake only in the kidneys and bladder at 30 minutes in vivo in healthy 

BALB/c mice, indicating its stability and ability to not release 68Ga to blood proteins.97,98  

In contrast, [68Ga]Ga-FC showed instability and high protein binding (64.36%) in vitro. [68Ga]Ga-

FC showed high uptake in iron deficient conditions which can only be partially blocked by Fe-

FC indicating the instability of [68Ga]Ga-FC and a possible non-specific binding probably by 
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trans-chelation of 68Ga to transferrin. In addition, unlike [68Ga]Ga-TAFC, [68Ga]Ga-FC showed 

minimal uptake (~20% of that in iron deficient condition) in iron sufficient conditions confirming 

the possibility of non-specific binding.97,98 In the same study, [68Ga]Ga-FC showed high blood 

pool activity in vivo even at 90 minutes post-injection (16.1 ± 1.07%ID/g). In addition, uptake 

was also seen in kidneys (~ 8%ID/g), liver (~ 7%ID/g), heart (~ 6%ID/g), lungs (~ 10%ID/g), 

spleen and intestine (< 2%ID/g). No ex vivo data or PET images of the bladder were presented.97,98 

The high blood pool activity and tissue uptake of [68Ga]Ga-FC might suggest its instability in 

vivo, however, this must be demonstrated experimentally.97,98 

[68Ga]Ga-FOXE is another siderophore compound that was tested preclinically in A. fumigatus. 

[68Ga]Ga-FOXE showed high uptake in iron-deficient conditions and minimal uptake in iron-

sufficient conditions, as well as high stability and low protein binding (0.53%) in vitro. The 

minimal uptake of [68Ga]Ga-FOXE in iron-sufficient conditions might indicate non-specific 

binding and/or the different mechanisms of A. fumigatus to accumulate xenosiderophores when 

iron is sufficiently present. Unlike TAFC and FC, which are natural siderophores for A. fumigatus, 

FOXE is a siderophore produced by bacteria (Streptomyces spp.).98,101,102,143 Ex vivo 

biodistribution of [68Ga]Ga-FOXE in healthy animals confirmed the stability of the tracer with 

low blood pool activity (< 0.5%ID/g) at 90 minutes and rapid renal excretion.98 PET images of 

[68Ga]Ga-FOXE in healthy rats showed that only the kidneys and bladder were visible at 1 hour 

post injection.102  

Preclinical studies in rats showed accumulation of [68Ga]Ga-TAFC and [68Ga]Ga-FOXE in 

infected sites in proportion to severity (1–3%ID/g for severe infections and 0.3–1%ID/g for mild 

infections), with negligible uptake in control (healthy) models (0.04%ID/g) 2 hours post injection. 

Signals from imaging infection sites were minimal but detectable due to the fast clearance and 

low blood pool activity of [68Ga]Ga-TAFC and [68Ga]Ga-FOXE.97,101,102 A preclinical study in a 

rat myositis model injected with S. aureus on one side and turpentine oil on the other side was 

performed to test the specificity of [68Ga]Ga-TAFC and [68Ga]Ga-FOXE in imaging infection and 

to compare the result with 18F-FDG. PET images after 18F-FDG showed high uptake in both 

infection and inflammation sites, indicating 18F-FDG’s lack of ability to differentiate between 

infection and inflammation. However, [68Ga]Ga-TAFC and [68Ga]Ga-FOXE showed no uptake 

at the infection sites which might indicate that S. aureus probably does not utilise TAFC and 

FOXE as xenosiderophores. [68Ga]Ga-TAFC and [68Ga]Ga-FOXE showed detectable signals at 

the inflammation sites, which might be related to the severity of infection and some level of non-

specific extravasation.102 To address this knowledge gap, the specificity of [68Ga]Ga-TAFC and 

[68Ga]Ga-FOXE must be tested in a myositis model infected with a fungal strain (for example A. 

fumigatus), that is known to take up TAFC and FOXE, and the results compared to a control 

group with sterile inflammation. Although non-specific binding of [68Ga]Ga-TAFC and [68Ga]Ga-

FOXE is unlikely to be due to the ability of siderophores to be taken up selectively by live 
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microorganisms, it is important to experimentally study and test the specificity of 68Ga 

siderophores and their ability to distinguish between infection and inflammation.  

Specific imaging of P. aeruginosa was studied using pyoverdine PAO1 (PVD-PAO1, a P. 

aeruginosa natural siderophore) radiolabelled with 68Ga. Compared to other 68Ga siderophores 

used such as [68Ga]Ga-FOXE  and [68Ga]Ga-TAFC for bacterial screening, [68Ga]Ga-PVD-PAO1 

showed the highest in vitro uptake.103 In P. aeruginosa lung infection rat models, PET/CT 

imaging of [68Ga]Ga-PVD-PAO1 showed focal accumulation in infected lungs compared to no 

uptake in the control group. Ex vivo biodistribution confirmed the imaging results, with significant 

difference in lung uptake between infected (1.35 ± 0.23%ID/g) and non-infected lungs (0.23 ± 

0.03%ID/g). To test the specificity of [68Ga]Ga-PVD-PAO1 in imaging P. aeruginosa infection, 

two myositis mouse models bearing either P. aeruginosa and sterile inflammation (induced by 

turpentine oil) or P. aeruginosa and E. coli were tested. PET/CT imaging of [68Ga]Ga-PVD-PAO1 

showed high uptake in P. aeruginosa compared to no obvious uptake in sterile inflammation and 

E. coli.103 Overall, there seems to be evidence indicating the specificity and sensitivity of 

[68Ga]Ga-PVD-PAO1 in detecting P. aeruginosa infection. However, no ex vivo biodistribution 

data were presented.103 Unlike [68Ga]Ga-PVD-PAO1, PET/CT images of 68Ga citrate and 18F-

FDG showed uptake in P. aeruginosa and sterile inflammation. Due to fast renal excretion of 

68Ga siderophores, [68Ga]Ga-PVD-PAO1 images showed low background uptake and better 

infection visualisation compared to uptake of 68Ga citrate and 18F-FDG.103 Findings from previous 

67/68Ga siderophore studies suggest the specificity of 67/68Ga siderophore compounds for imaging 

infection. Performing bacterial culture on infected muscle tissues (in myositis models) after ex 

vivo biodistribution could be added to in vivo experimental planning as it would be a key analysis 

to confirm the viability and ability of the bacteria to grow or to indicate an active infection.  

2.5 Graft infection imaging 

In addition to its use in diagnosing soft tissue and bone infection, radionuclide imaging is 

emerging as a major tool for detecting post-operative graft infection. Progress in medicine has 

made the use of grafts in blood vessels, bile ducts, bronchi, and ureters an option. Nevertheless, 

any external material in the body can be a nest for infection. Although infection is not a very 

common complication after graft implantation (0.5–6%), a delay in diagnosis could increase 

morbidity and mortality.144,145,146 Diagnosis and treatment of graft infection remains a challenge, 

even in modern medicine.144,147 CT scanning is an imaging approach for detecting graft infection; 

however, results are often inconclusive as CT detects anatomical changes in the area surrounding 

the graft that could be related to either infection abscesses or other conditions, such as 

haematomas.145 Current gold standard for graft infection diagnosis includes surgical intervention, 

with positive microorganism cultures taken directly from a biopsy sample or surgically-removed 
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tissue specimen. Unfortunately, this approach is clinically often difficult to implement on a 

regular basis, and is invasive and dangerous.148,149,150 

Molecular imaging studies can contribute to the detection of graft infection, either by using 

labelled white blood cells (WBC), 67Ga citrate, or 18F-FDG. Early clinical studies on imaging of 

graft infection showed that 99mTc-hexamethylpropylene-amine oxime (HMPAO)-labelled WBC 

scintigraphy (planar imaging) has high sensitivity and specificity in detecting aortofemoral graft 

infection in patients who develop specific graft infection symptoms, such as groin abscesses, 

gastrointestinal bleeding, persistent abdominal or back pain and high fever. 99mTc-HMPAO-

labelled WBC scintigraphy showed no false-positive or false-negative scans.151,152 Conversely, in 

patients who showed non-specific signs and symptoms, such as low-grade fever, vague abdominal 

pain and leukocytosis, the specificity of 99mTc-HMPAO-labelled WBC scintigraphy decreased as 

it presented patients with false-positive results indicating its low specificity. The reliability of 

99mTc-HMPAO-labelled WBC scintigraphy was assessed by microbiological tests and cultures on 

surgically removed stents.151,152 The sensitivity and specificity of 99mTc-HMPAO-labelled WBC 

scintigraphy were tested in a more recent clinical study on patients with different graft infection 

locations who developed specific graft infection symptoms. Results were compared with 99mTc-

HMPAO-labelled WBC SPECT/CT. 99mTc-HMPAO-labelled WBC SPECT/CT recognised 4 

false-positive and 9 false-negative scans out of 55 scans on planar imaging. The final graft 

infection diagnoses were confirmed by surgically removing the stents and performing 

microbiological tests.153 The superiority of SPECT/CT over planar imaging might be related to 

the ability of tomographic imaging to anatomically localise the precise infection site and minimise 

tissue superimposition.153,154 

Indium (111In)-oxine is another WBC tracer that has been tested for detecting graft infection. An 

early clinical study on patients with suspected aortic graft infection based on specific signs and 

symptoms showed that 111In-oxine-labelled WBC scintigraphy was able to detect 5 out of 5 

positive groin infections in patients but failed to detect 2 out of 3 extended retroperitoneum 

infections. Graft infection was confirmed by CT scan, surgical removal of stents and bacterial 

culture.155 Retrospective studies using autopsy reports and operation records of patients with 

multiple prosthetic graft infection sites and specific symptoms showed the ability of 111In-oxine-

labelled WBC scintigraphy and SPECT/CT to detect graft infection. However, the results of these 

retrospective studies provided false-positive/negative results or indefinite diagnoses.156,157,158 

Clinical studies have also examined the ability of 67Ga citrate to diagnose graft infection. Research 

on patients with specific graft infection symptoms reported that 67Ga citrate correctly identified 

infected grafts (confirmed by graft culture and CT scan), with no uptake seen in non-infected 

cases.159,160,161 An isolated case report confirmed the sensitivity and specificity of 67Ga citrate in 

detecting graft infection.162 One of the limitations of these studies, however, is the patient sample 
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size used (≤ 11 patients). Moreover, in all cases, patients developed specific signs and symptoms 

of graft infection, but the specificity of 67Ga citrate in patients with less specific symptoms was 

not studied.159,160,161,162 Another case study offered a contradictory finding on 67Ga citrate 

sensitivity by demonstrating a false-negative result in a confirmed graft infection case.163 

In addition to WBC tracers and 67Ga citrate, 18F-FDG specificity and sensitivity in detecting graft 

infection have been tested clinically.  Prospective clinical studies on patients with suspected graft 

infection based on clinical signs and symptoms (such as fluid formation, cellulitis, local pain, 

swelling and fever) have shown false-positive 18F-FDG PET/CT scans in graft infection cases 

confirmed with either surgery and microbiology tests or with follow-up scans and contrast-

enhanced high-resolution CT (in patients with contraindications to surgery).164,165,166 Although 

18F-FDG showed high sensitivity, the false-positive results indicate its questionable specificity. 

False-positive 18F-FDG scans might be related to the presence of haematomas or lymphoceles 

adjacent to the infected graft.164,165 In patients with no signs of infection, 18F-FDG PET/CT scans 

also showed mild increased activity in grafts, which might be related to post-operative 

inflammation in newly implanted grafts and this was the case in some patients (grafts were 

implanted 1–24 months before the PET/CT scan).164 Other prospective clinical studies 

contradicted the high sensitivity of 18F-FDG166,167. The authors initially assumed a high-rate 

sensitivity of 18F-FDG in diagnosing graft infection based on the appearance of a focal uptake at 

the infected graft site because most of the focal 18F-FDG uptake graft infection suspected cases 

were later confirmed to be infection. However, 18F-FDG showed false-negative (no focal uptake) 

results in cases confirmed to be graft infections. These studies also showed diffuse (not focal) 18F-

FDG uptake in graft areas that were later confirmed to be either positive or negative results.166,167 

Although 18F-FDG is reasonably able to detect graft infection, 18F-FDG distribution can be very 

similar in both infected and non-infected grafts, making diagnosis very challenging. Another 

study aiming to assess the uptake patterns of infected and non-infected grafts showed considerable 

overlap between the two in terms of maximum SUV distribution, focal/homogeneous uptake and 

infected/non-infected graft to background ratio.168  

While current imaging agents, such as 67Ga citrate, 111In-oxine- and 99mTc-HMPAO-labelled 

WBCs, and 18F-FDG, showed feasibility in detecting graft infection, most of their study results 

were confirmed with other structural imaging modalities, such as CT or microbiology tests. 

However, microbiology tests in particular are invasive and often not possible for patients with 

contraindications to surgery as they require obtaining a specimen or surgically removing part of 

the stent.164,169 In addition, most of the previously mentioned studies using 67Ga citrate, WBC 

tracers and 18F-FDG were based on patients who developed specific signs of graft infection and 

who, therefore, are likely to have infection present, leading to positive results. However, patients 

might develop specific symptoms at a later stage of the infection, when therapy is more 

challenging and morbidity and mortality are increased.151,169 Thus, it is desirable to find a specific 
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imaging agent that is capable of accurately assessing graft infection even in the absence of specific 

clinical signs and symptoms aiming to detect infections at early stage.  

Accumulation of 67Ga citrate is based on transferrin, lactoferrin, ferritin and siderophores, while 

accumulation of WBC tracers and 18F-FDG is based on WBCs and glycolysis, respectively, 

regardless of the underlying pathology. All uptake mechanisms (except siderophores) are part of 

the inflammatory process and the host’s response to infection rather than to the infectious 

pathogen itself which makes these mechanisms non-specific for infection imaging, which is 

unable to reliably distinguish infection from other diseases.144,149 Due to their non-specific 

properties for infection imaging, 67Ga citrate, labelled WBC tracers and 18F-FDG might have less 

sensitivity and specificity in detecting graft infection in patients with non-specific graft infection 

signs and symptoms or in patients with altered responses to infection due to other underlying 

diseases, such as cancer, immunosuppression or diabetes.169,149 False-positive results in graft 

infection patients can be caused by accumulation of 67Ga citrate, labelled WBC tracers or 18F-

FDG in both infection and inflammation sites, while false-negative results can be the result of 

low-grade infection limitations (especially in inhomogeneous biodistribution) or of overlapping 

of the graft and normal tissue uptake.153,165 False-positive results could lead to unnecessary 

surgery, and false-negative results to high morbidity.164 The current limitations in assessing graft 

infection, especially in the absence of specific signs and symptoms, makes therapy more 

challenging. Non-definitive diagnosis remains a major barrier that can lead to invasive 

procedures, such as biopsies and surgical removal of stents, as well as indiscriminate use of 

antibiotics, antibiotic resistance, and drug toxicity. Thus, there is an urgent need to find a specific 

graft infection imaging agent based on the infectious pathogen to detect graft infection at an early 

stage and improve patient outcomes.149,151 Small molecules, such as siderophores, that are 

selectively secreted by bacteria could help these agents to accurately distinguish infections from 

inflammations, such as haematomas or scar tissues.149 As mentioned previously, 68/67Ga-labelled 

siderophores are non-invasive specific infection imaging agents that can also play a major role in 

graft infection imaging. Previously mentioned preclinical studies of 68/67Ga siderophores in 

infection (other than graft infection) imaging showed that they favour bacterial accumulation over 

background signal (low blood pool activity), making these agents adequate for infection 

imaging.149 Due to the rapid renal excretion of 68/67Ga siderophores, imaging using them would 

likely not require a prolonged delay between administration and imaging, in contrast to using 67Ga 

citrate (6–97 hours), 111In-oxine- (18–24 hours) and 99mTc-HMPAO-labelled WBCs (30 minutes 

to 24 hours) or 18F-FDG (≥ 45 minutes), or fasting for several hours like when using 18F-

FDG.151,153,155,159,160,161,166 To the best of our knowledge, no studies have been conducted to test 

the effectiveness of 68/67Ga siderophores in imaging graft infection in humans.  

Overall, 67/68Ga siderophores showed promising results in vitro and in vivo indicating their 

specificity for imaging infection. The specificity of 67/68Ga siderophores for imaging infection can 



 

51 

be investigated clinically. DFO is a good candidate that can be radiolabelled with 68Ga and tested 

clinically for imaging graft infection. The advantages of investigating [68Ga]Ga-DFO clinically is 

that DFO is a well-established clinical drug with a modest cost. In addition, 68Ga eluted from a 

clinically approved 68Ge/68Ga generator can provide easy access and simple on-site radiolabelling. 

[68Ga]Ga-DFO would have a low regulatory barrier to clinical translation and could be 

investigated clinically as a specific infection imaging agent for selected bacteria such as P. 

aeruginosa and S. aureus (but probably not E.coli), which was previously shown to take up  

[68Ga]Ga-DFO.99,100,170,171 In addition, other bacterial and fungal species that can utilise the Fe3+ 

complex of DFO (ferrioxamine), such as the Yersinia enterocolitica bacterium, A. fumigatus and 

Cryptococcus neoformans fungus, could also be investigated.172,173,174  

2.6 Proof of principle 

A proof of principle study was performed in our department by M. Cooper and R. Cusnir (un-

published work), to assess the sensitivity and specificity of [68Ga]Ga-DFO for imaging graft 

infection in vitro. Infected stents were generously provided by A. Patel, Department of Infectious 

Diseases, St Thomas’ Hospital. Infected stents were placed in 50 ml Falcon tubes and inoculated 

with 9 ml of brain heart infusion (BHI) broth and 1 ml of > 106 CFU of S. aureus, E. coli, P. 

aeruginosa, or Candida albicans (C. albicans). Controls including an organism-free stent in PBS, 

and organism free stents in BHI broth were also provided. Stents were incubated for 24 hours and 

then washed three times with sterile PBS. Stents were then resuspended in 7.5 ml of sterile PBS 

and sent to our department. Upon arrival, PBS from stent tubes was carefully discarded and stents 

were resuspended in 10 ml of Davies minimal broth. [68Ga]Ga-DFO was radiolabelled by mixing 

20 µl of DFO dissolved in water, 500 µl of NaHCO3 (0.2 M), an 1 ml of 68Ga in 0.1 M HCl. The 

reaction was incubated for 10 minutes at room temperature. 50 µl of [68Ga]Ga-DFO was added to 

each sample tube (10 µg of DFO, 5-6 MBq), and tubes were incubated at 37oC while shaking for 

30 minutes (70 rpm). After incubation, broth was discarded, and stents were washed three times 

with sterile PBS. The fraction of [68Ga]Ga-DFO bound to the infected stents and controls was 

measured using a gamma counter (Figure 2.3) and imaged with a phosphor imager (Figure 2.4). 

Figures 2.3 showed that among different strains of bacteria and fungi, [68Ga]Ga-DFO showed the 

highest uptake in S. aureus (8.77 ± 1.5 % administered dose (% AD)) and P. aeruginosa (12.9 ± 

4.07 % AD), while uptake in E. coli and C. albicans was similar to controls. The results from the 

phosphor imager (Figure 2.4) were in consistent with gamma counter results. These results 

confirm previous studies from literature that showed [68/67Ga]Ga-DFO is taken up by S. aureus 

and P. aeruginosa but not by E. coli 99,100 (see section 2.4).  

The proof of principle study suggested the potential of [68Ga]Ga-DFO as an imaging agent for 

grafts infected with selected microorganisms. Based on the evidence from literature and the proof 
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of principle study, and the prospects for low regulatory barriers to clinical evaluation, it was 

decided to develop a GMP-compatible [68Ga]Ga-DFO complex in preparation for evaluation of 

graft infection imaging in humans. This chapter is dedicated to developing simple radiosynthesis 

of [68Ga]Ga-DFO using GMP grade reagents.  
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Figure 2.3: [68Ga]Ga-DFO uptake in stents infected with four different strains of bacteria and fungi. Uptake is expressed 

as mean of % of administered dose ± SD (quadruplets). Control samples are represented as the mean of % of 

administered dose of three different microorganism-free stents in PBS and broth. Stents were analysed by gamma 

counter.  

 

 

Figure 2.4: [68Ga]Ga-DFO uptake in stents infected with E. coli (yellow), P. aeruginosa (red), S. aureus (blue), C. 

albicans (black), and control microorganism-free stents in PBS and broth (green). Stents were imaged by phosphor 

imager.  
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2.7 Aims 

The experimental aims of this chapter are to:  

• Synthesise a GMP-compatible [68Ga]Ga-DFO complex suitable for use in humans using 

a simple and quick method.  

• Assess radiolabelling of [68Ga]Ga-DFO by iTLC and HPLC.  

• Investigate [68Ga]Ga-DFO in vitro chemical characteristics including 

stoichiometry/structure, log D value and stability in human serum and urine.  

• Evaluate the biodistribution of [68Ga]Ga-DFO in healthy animal models.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

54 

2.8 Experimental 

2.8.1 Equipment and consumables  

All reagents and consumables were purchased from Sigma Aldrich and Thermo Fisher Scientific 

unless specified otherwise. 68Ga was obtained from a 68Ge/68Ga generator (Eckert & Ziegler) and 

eluted with 5 ml of 0.1 M ultrapure HCl and collected in 5 x 1 ml fractions. Instant thin layer 

chromatography (iTLC) was carried out using Agilent technologies silica gel impregnated glass 

microfiber strips (10 cm length), scanned by a LabLogic mini scan TLC reader with positron (β+) 

detector and analysed with Laura software. High-performance liquid chromatography (HPLC) 

was implemented using an Agilent Eclipse XDB C18 5 μm 4.6 × 150 mm reversed phase (RP) 

column and Agilent technologies 1200 series with in-line ultraviolet (UV) detection (220 nm) 

with Gina Star TM software version 5.8. Liquid chromatography-mass spectrometry (LC/MS) was 

acquired by using an Agilent Eclipse XDB C18 5 μm 4.6 × 150 mm RP column on an Agilent 

Liquid Chromatograph (1200 Series) with UV detection at 230 nm, connected with Advion 

Expression LCMS mass spectrometer with electrospray ionisation source. Analysis was 

performed by Advion Mass Express software (version, 6.4.16.1). Gamma counting was 

performed by LKB Wallac 1282 CompuGamma Gamma Counter. PET/CT images were acquired 

with nanoScan® PET/CT (Mediso Medical Imaging Systems, Budapest, Hungary). Images were 

reconstructed using Nucline software (version 2.00) and analysed using VivoQuant software 

(version 1.23).  

2.8.2 Developing a GMP-compatible radiolabelling method for [68Ga]Ga-DFO 

Multiple radiolabelling methods were evaluated using GMP grade DFO with different GMP grade 

buffers to find the easiest and fastest radiolabelling method. The details of each radiolabelling 

method are listed in the following sections.  

2.8.3 Radiolabelling of [68Ga]Ga-DFO using sodium bicarbonate buffer 

[68Ga]Ga-DFO was radiolabelled by mixing low and high concentrations of GMP-grade DFO (5 

or 150 µl) (DEMO S.A, product licence number: PL 24598/0020) dissolved in water (1 µg/µl), 

50 µl of GMP-grade sodium bicarbonate (1 M, contain 0.01 w/v EDTA, Martindale 

Pharmaceuticals, product licence number: PL 01883/0023) and 500 µl 68Ga chloride. The sample 

was diluted with water to bring the final volume to 1 ml. The final concentration of EDTA in the 

samples was 7.25 nM to 7.60 µM (for 5 µg) or 22.8 µM (for 150 µg) of DFO. An unchelated 68Ga 

(control) was prepared following the same methods, with the aqueous solution of DFO replaced 

with only water. [68Ga]Ga-DFO and unchelated 68Ga radiolabelled in reagent grade (EDTA free) 

sodium bicarbonate buffer (1 M, pH=9, Sigma Aldrich 71631) were evaluated for comparison 

following the same method. In addition, radiolabelling of unchelated 68Ga (as a control) in an 



 

55 

aqueous solution of EDTA (50 mM) was also evaluated following the same method. 

Radiochemical purity (RCP) was evaluated by iTLC and RP-HPLC after 10 minutes of incubation 

at room temperature (pH= 6-6.5). An elution profile of the aqueous solution of DFO was obtained 

by RP-HPLC. iTLC mobile phase: 1 M ammonium acetate in 1:1 v/v H2O and methanol (pH=7). 

RP-HPLC mobile phase: water (A) and acetonitrile (B), each containing 0.1%TFA. Gradient: (0–

2 min: 0 % B, 2–24 min: 0-60 % B, 24–26 min: 60 % B, 26–28: min: 60-0% B).  

2.8.4 Radiolabelling of [68Ga]Ga-DFO using sodium bicarbonate buffer with a 

heating step 

To further investigate the thermodynamic preference between EDTA and DFO binding to 68Ga, 

an extra step of incubation at 80C was added to the radiolabelling method of [68Ga]Ga-DFO 

prepared in GMP-grade sodium bicarbonate to assess whether EDTA and 68Ga binding is a kinetic 

rather than thermodynamic effect. [68Ga]Ga-DFO was radiolabelled following the previously 

mentioned method (5 µg/ml of DFO was used). However, instead of incubating for 10 minutes at 

room temperature, [68Ga]Ga-DFO was heated at 80C for 10 minutes. RCP was evaluated by RP-

HPLC, mobile phase and gradient as before (section 2.8.3).  

2.8.5 Radiolabelling of [68Ga]Ga-DFO using sodium acetate buffer 

After several attempts to optimise the radiolabelling methods, it was decided (see discussion 

section) to investigate another GMP-grade buffer for a simple and quick radiolabelling method. 

[68Ga]Ga-DFO was radiolabelled by mixing GMP-grade DFO (20 µl) dissolved in water (1 

µg/µl), 50–100 µl of GMP-grade sodium acetate (EDTA free, 3.6 M, pH=9, Torbay 

Pharmaceuticals, product code Y8247C) and 500 µl 68Ga chloride. The sample was diluted with 

water to bring the final volume to 1 ml. [68Ga]Ga-acetate (control) was radiolabelled following 

the same method, however, the aqueous solution of DFO was replaced with water. RCP was 

evaluated by iTLC and RP-HPLC after 10 minutes of incubation at room temperature (pH= 5.5/6). 

The elution profile of the aqueous solution of DFO was obtained by RP-HPLC UV detection (220 

nm). iTLC mobile phase: 1 M ammonium acetate in 1:1 v/v H2O and methanol (pH=7). RP-HPLC 

mobile phase and gradient as before (section 2.8.3). Due to the presence of some apparent 

impurities during the RP-HPLC analysis (between 3 to 6 minutes) of [68Ga]Ga-DFO, which was 

also seen when sodium bicarbonate was used as a buffer but was not visible in the iTLC analysis, 

it was suggested that these might be artefacts caused by the presence of TFA and low pH in the 

mobile phase. To test this suggestion, a RP-HPLC analysis of [68Ga]Ga-DFO was performed by 

radiolabelling [68Ga]Ga-DFO with GMP sodium acetate buffer as previously mentioned. 

However, post incubation, 20 µl of TFA (2% of the sample volume) was added to the sample 

preparation (pH=2) and incubated for 1 minute at room temperature. RP-HPLC mobile phase: 

water (A) and acetonitrile (B), each containing 0.1%TFA. In addition, a RP-HPLC analysis of 
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[68Ga]Ga-DFO and [68Ga]Ga-acetate (control) was performed with no TFA in the mobile phase, 

followed by 50 µl of an aqueous solution of EDTA (50 mM) to elute 68Ga trapped in the column 

(if any). Decay correction was used to normalise the EDTA radioactivity measurement to the time 

of the HPLC analysis of the relevant sample.  

2.8.6 Octanol extraction/ logD7.4 (octanol/PBS) 

Determination of hydrophilicity was performed by the shake flask method. 0.3–0.5 MBq of the 

[68Ga]Ga-DFO and [68Ga]Ga-acetate mixtures was added to a pre-equilibrated mixture of equal 

volumes of octanol and PBS (500 µl/500µl). Samples were vortexed for 2 minutes with a Multi 

Vortex Mixer V-32 (Grant Bio) to obtain a good separation between the two layers. 200 µl was 

taken from each layer and analysed separately with a gamma counter. 

2.8.7 LC/MS of natGa-DFO and [68Ga]Ga-DFO 

natGa-DFO was prepared by mixing an aqueous solution of GMP-grade DFO (10 mM), GMP-

grade sodium acetate (3.6 M) and an aqueous solution of gallium nitrate (10 mM) (Thermo Fisher 

Scientific 32116). The mixture was diluted 10-fold with water to bring the final concentration to 

1 mM. 20 µl of [68Ga]Ga-DFO (2 MBq) and natGa-DFO were used for LC/MS analysis. LC/MS 

mobile phase: water (A) and acetonitrile (B), each containing 0.1%TFA. Gradient as before 

(section 2.8.3).  

2.8.8 Serum stability study of [68Ga]Ga-DFO 

[68Ga]Ga-DFO was radiolabelled by mixing GMP-grade DFO (10 µl) dissolved in water (1 

µg/µl), 10 µl of GMP-grade sodium acetate and 100 µl of 68Ga chloride. After 10 minutes of 

incubation at room temperature, the mixture was diluted (1:1 v/v) with either human serum 

(Sigma Aldrich, H4522) or PBS (control) and incubated for 5 and 60 minutes at 37C. [68Ga]Ga-

acetate was incubated in human serum for 5 minutes (control) using the same method. Ice-cold 

acetonitrile was added (1:1 v/v) and samples were vortexed for 1 minute followed by 

centrifugation at 13,000 rpm for 5 minutes. Following centrifugation, supernatant was removed 

and activity in the supernatant and precipitate were counted using a gamma counter. Aliquots 

from the supernatant were used for iTLC and RP-HPLC analysis after being diluted five times 

with water (0.3–0.5 MBq). iTLC mobile phase: 1M ammonium acetate in 1:1 v/v H2O and 

methanol (pH=7). RP-HPLC mobile phase and gradient as before (section 2.8.3).  

2.8.9 In vivo study of [68Ga]Ga-DFO after intravenous injection 

An animal experiment was completed in accordance with the project and a personal licence 

approved by British Home Office regulations governing animal experimentation. The animal 

experiment was performed on healthy female Balb/C mice (6–9 weeks old) purchased from 
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Charles River UK Ltd. To evaluate the biodistribution and pharmacokinetics of [68Ga]Ga-DFO 

prepared by the above-described method (see section 2.8.5, with GMP grade sodium acetate 

buffer), mice (n=3) were intravenously injected with [68Ga]Ga-DFO diluted in PBS (150–200 µl, 

1.2–1.5 MBq and 0.2–0.3 µg DFO per mouse) and passed through a sterile Millex-LG 0.20 µm 

filter before injection. Mice were PET/CT scanned dynamically for 60 minutes and sacrificed for 

organ harvesting at 60 minutes. Organs were weighed and counted in a gamma counter. To assess 

the stability of [68Ga]Ga-DFO in urine, a mouse urine sample taken from the excised bladder was 

injected directly (100 µl) into HPLC for analysis. HPLC mobile phase: water (A) and acetonitrile 

(B), each containing 0.1%TFA, gradient as before (section 2.8.3). PET/CT static images were 

generated from the dynamic acquired data and were reconstructed at 1-minute time bins for the 

first 5 minutes of scanning, at 5-minute time bins from 5 to 30 minutes of scanning, and at 10-

minute time bins from 30 to 60 minutes of scanning. PET/CT images were used for the delineation 

of the region of interest (ROI) and quantification of distributed activity in selected organs. The 

time-activity curves were obtained from the generated ROIs within the selected organs.  

2.8.10 Stability of [68Ga]Ga-DFO in human urine 

To further investigate the stability of [68Ga]Ga-DFO in human urine, [68Ga]Ga-DFO was 

incubated in human urine (Lee BioSolutions, 991-03-P) in vitro to assess whether [68Ga]Ga-DFO 

metabolism occurs in serum prior to reaching urine or in the urine. [68Ga]Ga-DFO was 

radiolabelled by mixing GMP-grade DFO (20 µl) dissolved in water (1 µg/µl), 20 µl of GMP-

grade sodium acetate and 200 µl 68Ga chloride. After 10 minutes of incubation at room 

temperature, the mixture was diluted (1:1 v/v) with either human urine and incubated for 5, 30 

and 60 minutes or diluted with PBS (control) and incubated for 60 minutes. [68Ga]Ga-acetate 

(control) was radiolabelled following the same method and incubated with human urine for 30 

minutes. After incubation, the mixtures were diluted with water (1:1 v/v) and centrifuged for 10 

minutes at 13,000 rpm. Before injecting into the HPLC, mixtures were passed through a MF-

Millipore membrane filter (33 mm with 0.45 µm pore size, Merck Millipore, SLHA033SS) to 

remove any particles. 100 µL of the filtered sample (0.4–0.8 MBq) was injected into the HPLC. 

HPLC mobile phase: water (A) and acetonitrile (B), each containing 0.1%TFA, gradient as before 

(section 2.8.3). 
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2.9 Results 

2.9.1 Radiolabelling of [68Ga]Ga-DFO using sodium bicarbonate buffer 

Mixing GMP-grade DFO using both tested concentrations with 68Ga chloride in reagent grade 

sodium bicarbonate buffer results in a product with ≥ 95% RCP. While [68Ga]Ga-DFO moved to 

the solvent front with retention factor (Rf) = 0.7/0.9, unchelated 68Ga remained in the origin as 

shown by iTLC analysis (Figure 2.5 A and B). On the contrary, using the same conditions, iTLC 

analysis showed that unchelated 68Ga moved to the solvent front with Rf= 0.86 when prepared 

with GMP-grade sodium bicarbonate buffer (containing EDTA), indicating EDTA and 68Ga 

binding (Figure 2.5 C). iTLC analysis of unchelated 68Ga prepared with an aqueous solution of 

EDTA (control) showed a Rf =0.9, similar to the sample prepared with GMP-grade sodium 

bicarbonate, confirming 68Ga and EDTA binding (Figure 2.5 D).  

RP-HPLC analysis of all unchelated 68Ga samples showed the same retention time at 2:30 min:s 

(Figure 2.6 A). Figure 2.6 B represents the UV chromatogram of DFO, eluting at 11:50 min:s 

using ultraviolet (UV) detection (220 nm). The RP-HPLC analysis of [68Ga]Ga-DFO prepared 

with reagent grade sodium bicarbonate showed that at both DFO concentrations used (5 and 150 

µg), a single peak was seen at 10:30/10:50 min:s (Figure 2.6 C and D). On the contrary, the 

[68Ga]Ga-DFO (5 µg/ml of DFO) sample prepared with GMP-grade sodium bicarbonate (which 

contains 7.25 nM EDTA) showed 95% of activity eluting at 2:10 min:s, indicating competition 

between DFO and EDTA for 68Ga binding. Although the presence of a higher concentration of 

DFO in the sample (150 µg/ml) decreased the amount of 68Ga bound to EDTA to 38%, it did not 

remove it completely (Figure 2.6 C and D). In addition, some early-eluting radioactivity was seen 

in the HPLC analysis of [68Ga]Ga-DFO between 3 and 6 minutes, an artefact which will be 

discussed later. 
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Figure 2.5: Radioactivity distribution pattern on silica gel impregnated glass microfiber strips of [68Ga]Ga-DFO (A) 

and unchelated 68Ga (B) prepared with reagent grade (EDTA free) sodium bicarbonate buffer shows that [68Ga]Ga-

DFO moved to the solvent front while unchelated 68Ga remained in the origin. Panel C and D represent the radioactivity 

distribution pattern on silica gel impregnated glass microfiber strips of unchelated 68Ga prepared with GMP-grade 

sodium bicarbonate buffer (contain EDTA) and an aqueous solution of EDTA respectively. Panel C and D shows that 

unchelated 68Ga moved to the solvent front indicating 68Ga and EDTA binding. Mixtures incubated for 10 minutes at 

room temperature. Mobile phase: 1M ammonium acetate in 1:1 v/v H2O and methanol (pH=7).   
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Figure 2.6:  Panel A represents a RP-HPLC analysis of unchelated 68Ga samples prepared with reagent, GMP-grade 

sodium bicarbonate buffer, or aqueous solution of EDTA. Panel B represents the UV chromatogram of an aqueous 

solution of DFO. Panels C and D represent the RP-HPLC analysis of [68Ga]Ga-DFO prepared with 5 µg/ml or 150 

µg/ml of DFO concentration respectively in the presence (GMP-grade) and absence (reagent grade) of EDTA in sodium 

bicarbonate buffer. Panel C and D show the presence of a single peak at 10:30/10:50 min:s (represent [68Ga]Ga-DFO) 

when samples were prepared with reagent grade buffer while additional peak was seen at 2:10 min:s in samples 

prepared with GMP-grade buffer (contain EDTA) indicating 68Ga and EDTA binding. Mixtures were incubated for 10 

minutes at room temperature. Mobile phase: water (A) and acetonitrile (B), each containing 0.1%TFA.   
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2.9.2 Radiolabelling of [68Ga]Ga-DFO using sodium bicarbonate buffer with a 

heating step 

Adding a heating step for only 10 minutes during the [68Ga]Ga-DFO preparation showed less 

activity (~ 25%) eluted at 2:20 min:s (Figure 2.7) compared to 95% when incubating at room 

temperature (Figure 2.6 C). This indicates that EDTA might bind to 68Ga faster. However, adding 

a heating step allows equilibrium to be reached more quickly, favouring DFO binding. Although 

adding a heating step did indeed improve the RCP, 68Ga-bound EDTA was still present. Due to 

the desire for a simple and fast radiolabelling process with the greatest RCP possible, it was 

decided to use GMP grade sodium acetate (EDTA free) instead of GMP grade sodium bicarbonate 

buffer (0.01 w/v EDTA) (see discussion section for more detail).  
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Figure 2.7: RP-HPLC analysis of [68Ga]Ga-DFO prepared with 5 µg/ml of DFO, GMP-grade sodium bicarbonate, and 

a heating step of 80C for 10 minutes shows that 68Ga-bound EDTA was still present at 2:20 min:s. Mobile phase: 

water (A) and acetonitrile (B), each containing 0.1%TFA.   
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2.9.3 Radiolabelling of [68Ga]Ga-DFO using sodium acetate buffer 

Mixing GMP-grade DFO and sodium acetate with 68Ga chloride (pH= 5.5/6) results in RCP ≥ 

95% with Rf= 0.86 (Figure 2.8 A). The RP-HPLC analysis exhibited [68Ga]Ga-DFO with one 

peak at 11:50 min:s (Figure 2.8 B), while the TLC and RP-HPLC analysis of [68Ga]Ga-acetate 

showed Rf= 0.03 and an elution time at 2:50 min:s, respectively (Figure 2.9). DFO eluted at 13:50 

min:s as shown by RP-HPLC with UV detection (Figure 2.8 B). Adding TFA to a [68Ga]Ga-DFO 

sample preparation after 10 minutes of incubation (pH=2) showed 80% of activity eluted at 2:50 

min:s (Figure 2.10). However, a RP-HPLC analysis of [68Ga]Ga-DFO in the absence of TFA in 

the mobile phase showed a single peak at 8:0 min:s with no visible  artefacts between 3 and 6 

minutes (Figure 2.11 A), indicating that the presence of TFA in the sample preparation or mobile 

phase might cause some level of dissociation or possibly a secondary reaction occurring between 

[68Ga]Ga-DFO and TFA, causing peak tailing during RP-HPLC analysis. The subsequent EDTA 

run (to elute 68Ga trapped in the column, if any) showed negligible activity eluted from the column 

at 2:30 min:s (Figure 2.11 B). Unlike [68Ga]Ga-DFO, [68Ga]Ga-acetate was trapped in the column 

with negligible activity eluted as seen in figure 2.11 C. This behaviour is commonly observed for 

unchelated 68Ga at neutral pH. However, when 50 µl of EDTA was injected into the HPLC, 

trapped activity was eluted at 2:30 min:s (Figure 2.11 D). This indicates that in the absence of 

TFA, unchelated 68Ga remains bound to the HPLC stationary phase, probably as gallium 

hydroxide which is subsequently eluted with a bolus of EDTA. On the contrary, figure 2.11 A 

and B showed that > 95% of 68Ga is chelated by DFO and does not get trapped in HPLC column.  

Moving forward, it was decided to use GMP-grade sodium acetate buffer (EDTA free) instead of 

GMP grade sodium bicarbonate (0.01 w/v EDTA) (see discussion section for more detail). In 

addition, although the presence of TFA in the mobile caused artefacts during HPLC analysis, 

HPLC analysis with TFA present in the mobile phase was adopted for following experiments for 

reproducibility.   
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Figure 2.8: (A) Radioactivity distribution of [68Ga]Ga-DFO (prepared with GMP-grade sodium acetate buffer) on silica 

gel impregnated glass microfiber strips shows that [68Ga]Ga-DFO moved to the solvent front. iTLC mobile phase; 1 M 

ammonium acetate in 1:1 v/v H2O and methanol (pH=7). (B) Radioactive chromatogram and UV absorbance of 

[68Ga]Ga-DFO and DFO using RP-HPLC analysis shows a single peak at 11:50 and 13:50 min:s respectively. RP-

HPLC mobile phase; water (A) and acetonitrile (B), each containing 0.1%TFA.  
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Figure 2.9: Radioactivity distribution of [68Ga]Ga-acetate (prepared with GMP-grade sodium acetate buffer) on silica 

gel impregnated glass microfiber strips (A) shows that [68Ga]Ga-acetate remained in the origin. B represents RP-HPLC 

analysis of [68Ga]Ga-acetate with an elution time of 2:50 min:s. iTLC mobile phase; 1 M ammonium acetate in 1:1 v/v 

H2O and methanol (pH=7). RP-HPLC mobile phase; water (A) and acetonitrile (B), each containing 0.1%TFA.  
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Figure 2.10: RP-HPLC analysis of [68Ga]Ga-DFO prepared with GMP-grade sodium acetate buffer and incubated for 

10 minutes at room temperature before 20 µl of TFA (2% of the sample volume) was added. The chromatogram 

shows that the majority of activity was eluted at 2:50 min:s, indicating some level of dissociation or possibly a 

secondary reaction occurring between [68Ga]Ga-DFO and TFA. Mobile phase: water (A) and acetonitrile (B), each 

containing 0.1%TFA.  
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Figure 2.11: RP-HPLC analysis of [68Ga]Ga-DFO (A and B) and [68Ga]Ga-acetate (C and D) prepared with GMP-

grade sodium acetate followed by EDTA run (no TFA was used in the mobile phase). Panel A shows no visible tailing 

peak in the HPLC analysis of [68Ga]Ga-DFO sample when TFA was absent from the mobile phase (see figure 2.8 B 

for the elution profile of [68Ga]Ga-DFO in the presence of TFA in the mobile phase). EDTA run after HPLC analysis 

of [68Ga]Ga-DFO (B) shows negligible activity eluted at 2:30 min:s. HPLC analysis of [68Ga]Ga-acetate (control) 

shows that negligible activity eluted when TFA was absent from the mobile phase (C). However, following EDTA 

injection into the HPLC, trapped activity was eluted at 2:30 min:s (D). Mobile phase: water (A) and acetonitrile (B).   
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2.9.4 Octanol extraction/ logD7.4 (octanol/PBS) of [68Ga]Ga-DFO 

Both [68Ga]Ga-DFO and [68Ga]Ga-acetate showed similar hydrophilic properties with 

logD(octanol/PBS) values of -2.9 ± 0.4 and -2.8 ± 0.6 respectively as shown by octanol extraction 

(Figure 2.12). 
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Figure 2.12: Log D7.4 (octanol/PBS) of [68Ga]Ga-DFO and [68Ga]Ga-acetate (control) using the shake flask method. Values 

are reported as mean ± SD. 

2.9.5 LC/MS of natGa-DFO and [68Ga]Ga-DFO 

A LC/MS analysis of natGa-DFO showed a peak at 8:20 min:s that corresponds to the natGa-DFO 

mass seen in the mass spectrometry analysis at 627.1 and 629.1 m/z [M+H]+ (natural abundance 

isotopic pattern of gallium) (Figure 2.13  A and B). Another low abundant peak was seen at 10:21 

min:s that correlated to the DFO mass seen in the mass spectrometry at 561.1 m/z [M+H]+ (Figure 

2.13 A and C). LC/MS coupled with the radiation detector showed a similar elution time of 

[68Ga]Ga-DFO (9:20 min:s) to that of natGa-DFO (Figure 2.13 D). The serial configuration 

between the UV and radiation detectors accounts for the 60-second delay. 
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Figure 2.13: LC/MS analysis of natGa-DFO (A) represent two peaks at 8:20 and 10:21 min:s which correspond to natGa-

DFO mass (627.1 and 629.1 m/z [M+H]+, natural abundance isotopic pattern of gallium) (B) and DFO mass (561.1 m/z 

[M+H]+) (C) respectively. LC/MS coupled with the radiation detector (D) shows similar elution time of [68Ga]Ga-DFO 

(9:20 min:s) to that of natGa-DFO. Mobile phase: water (A) and acetonitrile (B), each containing 0.1%TFA 
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2.9.6 Serum stability study of [68Ga]Ga-DFO 

A serum stability test was performed as described in section 2.8.8. [68Ga]Ga-DFO was incubated 

in human serum for 5 and 60 minutes. After adding acetonitrile to the sample mixture and 

centrifugation, <5% of the activity was in the precipitate, indicating low protein binding and that 

the supernatant samples used for iTLC and RP-HPLC analysis represent 95% of the total sample. 

On the contrary, [68Ga]Ga-acetate showed 70% of activity in the precipitate, indicating high 

protein binding when DFO is absent (Figure 2.14 A). An iTLC analysis of [68Ga]Ga-DFO 

incubated in human serum for 5 and 60 minutes showed high stability (> 97%) with Rf = 0.82 

and 0.83 respectively, indicating the absence of free or protein-bound 68Ga in the sample (Figure 

2.14 B and C). However, [68Ga]Ga-acetate incubated with human serum stayed in the origin with 

Rf = 0.03 (Figure 2.14 D). [68Ga]Ga-DFO incubated in PBS and human serum showed similar 

retention times (10:50/11:00 min:s) even after 60 minutes of incubation as measured by RP-

HPLC. On the contrary, [68Ga]Ga-acetate incubated in human serum for 5 minutes eluted at 

1:50/2:0 min:s (Figure 2.15).  
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Figure 2.14: Panel A represents the percentage of activity in precipitate (protein binding) and supernatant after adding 

acetonitrile and centrifugation. Panel B and C represent the radioactivity distribution pattern on silica gel impregnated 

glass microfiber strips of [68Ga]Ga-DFO after 5 minutes and 60 minutes of incubation in human serum respectively. 

Panel D represents the radioactivity distribution pattern of [68Ga]Ga-acetate after 5 minutes of incubation in human 

serum. An iTLC analysis of the sample was done after the addition of ice-cold acetonitrile, centrifugation and five 

times dilution with water Mobile phase; 1M ammonium acetate in 1:1 v/v H2O and methanol (pH=7). HS, human 

serum. 
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Figure 2.15: HPLC analysis of [68Ga]Ga-DFO after 5 minutes (A), 60 minutes (B) incubation in human serum and 60 

minutes incubation in PBS (C). [68Ga]Ga-DFO chromatograms represent similar retention times when incubated in 

PBS and human serum (10:50/11:00 min:s). Panel D represents the HPLC analysis of [68Ga]Ga-acetate (control) after 

5 minutes of incubation in human serum with a retention time of 1:50/2:0 min:s. The HPLC analysis of the samples 

was done after the addition of ice-cold acetonitrile, centrifugation and five times dilution with water. HPLC mobile 

phase: water (A) and acetonitrile (B), each containing 0.1%TFA. HS, human serum.  
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2.9.7 In vivo study of [68Ga]Ga-DFO after intravenous injection 

PET/CT images showed a low blood pool and rapid renal excretion of [68Ga]Ga-DFO after i.v. 

injection. Uptake was seen in kidneys at 2 minutes post injection and gradually decreased over 

time while activity in bladder increased. No uptake was seen in any organ except for the kidneys 

(minimal uptake) and bladder at 30- and 60-minutes post injection (Figure 2.16 A). Ex vivo 

biodistribution data at 60 minutes were consistent with the PET/CT results and showed 732.3 ± 

244.7 %ID/g (62.1 ± 27.8 %ID) in the urine with less activity in the bladder (15.1 ± 4.3 %ID/g) 

and kidneys (8.36 ± 3.3 %ID/g) (Figure 2.16 B). Time-activity curves showed maximum uptake 

in kidneys at 2 minutes post injection (9.7 ± 5.4 %ID). Uptake in the heart (as a measure of blood 

activity) and liver showed maximum activity at 2-3 minutes post injection (2.45 ± 0.34 and 5.4 ± 

1.68 %ID respectively) (Figure 2.17 A). Activity in the bladder accumulated gradually until 60 

minutes with 87.1 ± 1.5 %ID (Figure 2.17 B). A RP-HPLC analysis of urine samples at 60 minutes 

revealed high and low abundant peaks at 2:00 and 17.50 min:s, respectively (Figure 2.16 C). 

While the peak that eluted at 17.50 min:s might be attributed to intact [68Ga]Ga-DFO, the early 

eluted peak corresponded to the presence of another radioactive species in the sample and 

therefore the possibility of some level of [68Ga]Ga-DFO dissociation or the presence of [68Ga]Ga-

DFO metabolites. However, it is not clear whether this metabolism occurs in plasma or urine.  
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Figure 2.16: Dynamic PET/CT MIP images of healthy Balb/C mice (n=3) after an intravenous injection of [68Ga]Ga-

DFO (1.2–1.5 MBq, DFO concentration 0.2–0.3 µg) (A). PET/CT images shows fast renal excretion of [68Ga]Ga-DFO. 

Ex vivo biodistribution data at 60 minutes post injection confirmed PET/CT results and showed most activity in urine. 

Ex-vivo data are expressed as mean ± SD of %ID/g. Panel C represent the RP-HPLC analysis of a mouse urine sample 

(n=1) collected at 60 minutes post injection. HPLC analysis of a mouse urine sample showed two peaks corresponding 

to two radioactive species in the sample. HPLC mobile phase: water (A) and acetonitrile (B), each containing 0.1%TFA. 

H: Heart, K: Kidney, B: Bladder. 

Dynamic PET/CT maximum intensity projection (MIP) images after i.v. injection of [68Ga]Ga-DFO 

(A) 
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Figure 2.17:  Time-activity curves of selected tissues after i.v. injection of [68Ga]Ga-DFO. Panel A shows maximum 

uptake in liver, heart, and kidneys at 2-3 minutes, while activity in the bladder accumulated gradually until 60 minutes 

(B). The time-activity curve was obtained from generated ROI within the images of selected organs at each time point. 

Data expressed as mean ± SD of %ID  
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2.9.8 Stability of [68Ga]Ga-DFO in human urine 

To assess whether [68Ga]Ga-DFO metabolism occurs in urine, [68Ga]Ga-DFO and [68Ga]Ga-

acetate (control) were incubated in human urine for 5, 30 and 60 minutes and analysed by RP-

HPLC. Incubation in PBS for 60 minutes was performed as a control. A RP-HPLC analysis of 

[68Ga]Ga-acetate showed three different peaks at 2:15 (predominant peak), 4:00 and 7:20 min:s 

after 30 minutes of incubation in human urine. Although the earliest eluted peak at 2:15 min:s 

might represent the typical elution time of [68Ga]Ga-acetate, the other two peaks eluted later, 

suggesting some binding of unchelated 68Ga to some urine constituents (Figure 2.18 A). The 

HPLC analysis of [68Ga]Ga-DFO incubated in human urine for 5 minutes showed a peak at 8:50 

min:s, corresponding to intact [68Ga]Ga-DFO in the sample and the absence of free 68Ga (Figure 

2.18 B ). After 30 minutes of incubation in human urine, more activity (compared to the 5 minutes 

time point) was eluted at the early time point (2:50 min:s), while a small peak started to appear at 

7:50/8:30 min:s (Figure 2.18 B). However, these peaks were more predominant after 60 minutes 

of incubation in human urine, and were not present in [68Ga]Ga-DFO sample incubated in PBS 

for 60 minutes (Figure 2.18 C). Although the presence of these peaks at 2:50 and 7:50/8:30 min:s, 

which was also seen in the [68Ga]Ga-acetate chromatogram sample incubated in urine, might 

indicate some level of dissociation occurring with time and that un-chelated 68Ga bound to some 

urine constitutes, it might also indicate the formation of [68Ga]Ga-DFO metabolites or degradation 

products.  
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Figure 2.18: RP-HPLC analysis of [68Ga]Ga-acetate after 30 minutes of incubation in human urine (A) shows three 

different peaks at 2:15, 4:0 and 7:20 min:s. Panel B represents HPLC analysis of [68Ga]Ga-DFO incubated in human 

urine for 5 an 30 minutes. Panel C represents HPLC analysis of [68Ga]Ga-DFO incubated in human urine and PBS for 

60 minutes. [68Ga]Ga-DFO radioactive chromatograms shows two radioactive species at 2:50 and 7:50/8:30 min:s at 

30 minutes (B) which were more predominant at 60 minutes (C) of incubation in human urine. HPLC mobile phase: 

water (A) and acetonitrile (B), each containing 0.1% TFA 
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2.10 Discussion 

In this work, we developed a simple GMP-compatible radiosynthesis of [68Ga]Ga-DFO using 

GMP-grade reagents. After radiolabelling, [68Ga]Ga-DFO was analysed in vitro and its serum and 

urine stability were studied. In addition, in vivo biodistribution of [68Ga]Ga-DFO in healthy mice 

was investigated.  

A RP-HPLC analysis of [68Ga]Ga-DFO showed 95% of activity eluted at early time points, not 

consistent with the elution time of the DFO complex, when the sample was prepared with GMP-

grade sodium bicarbonate (which was later found to contain 0.01 w/v EDTA). This suggests 

competition between EDTA and DFO for 68Ga binding. Increasing DFO concentration in the 

sample to 150 µg/ml decreased the percentage of activity bound to EDTA to 38%. However, it 

did not prevent the binding completely. It was suggested that 68Ga binding to EDTA might be a 

kinetic binding rather than thermodynamic, hence, adding a quick heating step might bring the 

desired equilibrium, favouring DFO binding. Although incubating [68Ga]Ga-DFO for 10 minutes 

at 80C did indeed improve the RCP, a small peak still eluted at 2:20 min:s, demonstrating that 

68Ga-EDTA was still present. Incubation for a longer time at a higher temperature might be used 

as an alternative. However, simplicity in the radiolabelling method is the main focus for the 

current work. In addition, obtaining EDTA free GMP-grade sodium bicarbonate was time 

consuming and expensive. Thus, it was decided to radiolabel [68Ga]Ga-DFO using GMP-grade 

sodium acetate, which is free of EDTA instead.  

An iTLC analysis of [68Ga]Ga-DFO prepared with GMP-grade sodium acetate showed ≥ 95 of 

activity moved to the solvent front with Rf = 0.86, indicating good complexation. HPLC analysis 

showed a single peak at 11:50 min:s and an early elution of activity (tailing peak) between 3 and 

6 minutes, which was also seen when sodium bicarbonate was used as a buffer but was not visible 

in the iTLC analysis. The shape of the peak suggested that it is not a single impurity and could be 

an artefact of the chosen mobile phase, e.g. due to a reaction between the TFA in the acetonitrile 

solvent and the pendant amino group of DFO in [68Ga]Ga-DFO when they came in contact with 

each other as they enter the column. It was shown previously that TFA can react with amines on 

the column causing tailing peak.175,176,177 When a small volume of TFA was added to [68Ga]Ga-

DFO before the RP-HPLC analysis,  only 20% of activity eluted at 11:50 min:s. The rest of the 

activity was seen at 2:50 min:s, indicating the presence of a new radioactive species. This suggests 

that the early eluting radioactivity is indeed an artefact of the analytical method rather than a true 

impurity. In the absence of TFA in the mobile phase, a single radioactive species corresponding 

to [68Ga]Ga-DFO was seen at 8:0 min:s with no visible impurities between 3 and 6 minutes. 

Unlike [68Ga]Ga-acetate, washing the column with EDTA showed negligible activity eluted, 

indicating good complexation and the near-absence of free 68Ga in the sample preparation. 

Unfortunately, the uncontrolled pH in the mobile phase in the absence of TFA or other buffer 



 

78 

cause the [68Ga]Ga-DFO retention time to drift (range 8:0 to 11:50 min:s); however, by combining 

the two mobile phases we have confidence in the identity and radiochemical purity of the product. 

As determined by the octanol extraction, the log D value of [68Ga]Ga-DFO was -2.9 ± 0.4 and 

similar to the values measured by previous studies using 68Ga and 67Ga (-3.3 ± 0.19 and -3.0 ± 0.2 

respectively), indicating its hydrophilic properties.99,100 The LC/MS analysis (figure 2.13) showed 

that natGa-DFO and [68Ga]Ga-DFO eluted simultaneously (8:20–9:20 min:s) and it confirms that 

HPLC peaks represents a 1:1 complex between Ga3+ and DFO. [68Ga]Ga-DFO showed high serum 

(> 97%) and PBS stability with no change in chromatographic behaviour even after 60 minutes 

of incubation as determined by the iTLC and RP-HPLC analysis. The stability and low protein 

binding of [68Ga]Ga-DFO were in agreement with previous studies that showed > 95% stability 

in PBS and human serum with ~20% of activity bound to protein at up to 120 minutes of 

incubation 100 and >95% stability in mouse serum with only 4.6% protein binding after 3 hours of 

incubation.99  

The in vivo biodistribution study showed rapid renal excretion and low blood pool activity after 

intravenous injection of [68Ga]Ga-DFO with no uptake seen in any organ except for the kidneys 

and bladder from 30 minutes onward. The fast renal excretion of [68Ga]Ga-DFO is expected of a 

small molecule with short term resistance to metabolism or transchelation. Previous preclinical 

studies99,100 using [68/67Ga]Ga-DFO were consistent with the current study and showed uptake only 

in the kidneys and bladder at 60 minutes post injection. Despite the observed stability in plasma, 

RP-HPLC analysis of a mouse urine sample at 60 minutes post-injection showed two radioactive 

species, indicating the presence of some [68Ga]Ga-DFO metabolites or degradation products. 

However, it was not clear whether this metabolism/degradation process occurs in plasma or urine. 

Although it is known that DFO can be metabolised in plasma, Fe3+-DFO does not appear to 

metabolise in plasma to any considerable extent, and is rapidly excreted in urine.178,179,180,181 

Binding DFO to trivalent metal might thus protect the molecule against plasma degradation.180 

The presence of DFO metabolites in urine was also confirmed in a clinical study of post 

intramuscular injection of DFO in hemochromatosis patients. One of the metabolites was later 

confirmed to be Fe3+-DFO.179 Considering the ability of Fe3+-DFO to be rapidly excreted 

unchanged, it is plausible to say that [68Ga]Ga-DFO in the current study might have been excreted 

unchanged and chemical reaction might have occurred in urine over the period of 60 minutes. 

However, blood metabolites analysis post intravenous injection of [68Ga]Ga-DFO (probably at 

early time points considering its fast excretion) must be performed to confirm the literature results 

and translate this theory to fact.  

Although [68Ga]Ga-DFO showed high stability in human serum in vitro, it showed some level of 

metabolism and/or degradation in mouse urine samples. It cannot be assumed that [68Ga]Ga-DFO 

will show similar metabolic properties in animal and human urine samples. Thus, as a prelude to 
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PET imaging studies in humans, it was decided to further investigate [68Ga]Ga-DFO metabolism 

post incubation in human urine. [68Ga]Ga-acetate was incubated in human urine (control) and the 

two eluted peaks seen in the [68Ga]Ga-acetate chromatograms at 4:0 and 7:20 min:s after 30 

minutes of incubation in human urine might be an indication of un-chelated 68Ga bound to urine 

constitutes. The early eluted peak at 2:15 min:s can be assigned to unchelated 68Ga (typical elution 

time) or possibly another 68Ga bound species eluted at the same elution time.182,183 In addition, 

[68Ga]Ga-DFO incubated in human urine for 5 minutes showed a single peak at 8:50 min:s, 

indicating the absence of metabolites and/or degradation products. However, after 30 and 60 

minutes of incubation, new radioactive species were present in the radio-chromatograms. The two 

peaks that were seen in the [68Ga]Ga-DFO chromatograms at 2:50 and 7:50/8:30 min:s after 30 

and 60 minutes of incubation might indicate the degradation of [68Ga]Ga-DFO in urine with time 

and binding of un-chelated 68Ga to urine constituents. However, it might also indicate the presence 

of [68Ga]Ga-DFO degradation products or metabolites due to reaction of the amino group in the 

DFO to urinary constituents.182,184 These  results do not prove the identity of these metabolites or 

degradation products since no attempts were made to further investigate the molecular weight of 

these species, and more studies can be done to further investigate the presence of [68Ga]Ga-DFO 

or its stable compound (natGa-DFO) metabolites or degradation products post incubation in human 

urine. However, these results clearly demonstrate the formation and presence of [68Ga]Ga-DFO 

metabolites and/or degradation products in urine with time. As mentioned previously, more studies 

should be done to investigate the presence of [68Ga]Ga-DFO metabolites in plasma post 

intravenous injection. However, with no current data to contradict this, our data indicate that 

[68Ga]Ga-DFO is stable in plasma and observed degradation occurs in urine in the bladder and not 

in circulation.  
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2.11 Summary and conclusion 

In this work we developed a simple GMP-compatible radiosynthesis method for [68Ga]Ga-DFO 

using GMP-graded DFO and sodium acetate. Radiolabelling at room temperature for 10 minutes 

results in a preliminary product suitable for human use with RCP ≥ 95%. However, it must be 

noted that [68Ga]Ga-DFO validation including sterility and pyrogen tests was conducted by the 

radiopharmaceutical scientists involved in the clinical study (not part of the current research).  

In addition, [68Ga]Ga-DFO chemical integrity and structure was confirmed with LC/MS of the 

non-radioactive complex which co-eluted with [68Ga]Ga-DFO. The stability of [68Ga]Ga-DFO in 

human serum (> 97%) was confirmed in vitro after 60 minutes of incubation. The preclinical 

study showed fast renal excretion and low blood pool after intravenous injection of [68Ga]Ga-

DFO, with only the kidneys and bladder visible at 30 minutes post injection. More than one 

radioactive species was seen in the urine samples either post intravenous injection or in the in 

vitro incubation of [68Ga]Ga-DFO with urine at later time points, indicating the formation of 

metabolites and/or degradation products which increase with time on incubation in urine. Thus, 

We believe that [68Ga]Ga-DFO is stable in blood over the expected time scale of imaging, and its 

degradation in urine occurs with time. Overall, [68Ga]Ga-DFO can be easily radiolabelled to 

produce a radiopharmaceutical for evaluation clinically as a specific infection imaging agent.  
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3 In vivo trafficking of the anti-cancer drug tris(8-

quinolinolato) gallium (III) (KP46) by gallium-68/67 

PET/SPECT imaging 

 Gallium compounds as anti-cancer drugs 

The potential anti-cancer activity of gallium compounds was triggered by the discovery of 67Ga 

and its localisation into tumours, especially lymphoma.4 Developing 67Ga scans as a method for 

detecting tumours led researchers to investigate stable gallium salts for anti-cancer activity. Given 

the therapeutic potential of gallium, multiple gallium compounds are now in different phases of 

clinical trials.4 Therapeutic gallium compounds in clinical trials can be grouped into two different 

generations of compounds which become more diverse with gallium binding to a wide variety of 

ligands.46 Gallium nitrate represents the first generation of gallium compounds as it was the first 

gallium drug to enter clinical trials. With a relatively similar time frame, gallium chloride was 

reported in clinical trials in patients with lung cancer.46 The second generation of gallium 

compounds in clinical trials was then developed, shifting from a simple gallium salt to gallium 

bound to multiple ligands to form specific compounds such as tris (8-quinolinolato) gallium (III) 

(KP46) and tris(3-hydroxy-2-methyl-4H-pyran-4-onato) gallium (gallium maltolate) to overcome 

some of the limitations of gallium salts.46 Tris (8-quinolinolato) gallium (III) is the focus of  this 

review, however, the nomenclature KP46 will be used instead in this chapter to refer specifically 

to the anti-cancer drug that was investigated previously in literature (as KP46) in preclinical and 

clinical studies. The current understanding of KP46 protein binding, mechanism of action, 

preclinical and clinical studies will be discussed in this chapter. However, it is important to discuss 

gallium nitrate and gallium chloride mechanism of action, preclinical and clinical studies as a 

foundation and comparator for KP46.  

3.1.1 Gallium nitrate  

Among group IIIa metals (thallium, indium, and aluminium) screened for anti-cancer activity in 

W256 (rat breast carcinoma) cell lines in vitro, gallium nitrate showed 30–38% growth inhibition 

after 72 hours’ incubation.185 In vivo studies supported these results and showed 61–92% 

inhibition of tumour volume in rats bearing W256 xenograft (subcutaneously injected) post 

intraperitoneal (i.p.) injection of 50–60 mg/kg of gallium nitrate.185 The potential of the anti-

cancer activity of gallium nitrate stimulated further evaluation of its mechanism of action, toxicity 

and anti-tumour activity in animals and humans.4 

Further preclinical studies have been conducted to test the toxicity of gallium nitrate after i.p. 

administration. The LD50 of gallium nitrate administered i.p. daily for ten consecutive days was 
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80 mg/kg daily for CDF1 male mice and 67.6 mg/kg for Sprague-Dawley female rats. In the same 

study, the effect of high doses (≥ 85mg/kg) of gallium nitrate was also tested on mice and rats and 

showed weight change and more than 70% lethality. Microscopic and gross examination post 

toxic dose administration showed peritonitis in the lungs, pathologies in the liver and renal 

damage.186 The toxicity of gallium (in the form of gallium lactate) was also investigated in an 

early preclinical study in rats and rabbits post i.v. injection. In both animal species, a dose of 45-

47 mg/kg daily for 10 consecutive days produced 60-70% death while no effect was observed in 

control group (group injected with Na lactate). Autopsy after animal death showed multiple 

cortical haemorrhage in kidneys and haemorrhagic lungs.187  

In addition to toxicity studies, the anti-tumour activity of gallium nitrate was tested preclinically. 

Multiple doses for ten days of i.p. injected gallium nitrate (≤ LD10, 50 mg/kg) into rats 

intraperitoneally transplanted with Walker carcinoma 256 showed a 138% increase in median 

survival time (MST) compared to the control group.186 However, gallium nitrate showed no effect 

(0% increase in MST) in rats intraperitoneally transplanted with several leukaemia cell lines 

(PS88, K1964, and L1210). A possible explanation for the absence of gallium nitrate effect on 

leukaemia cells is that a higher concentration of the drug is needed (>LD10), which might be 

toxic to animals, or the resistance of this type of cells to gallium nitrate.186 

Another preclinical study confirmed the dose-related anti-tumour activity of gallium nitrate. 

Intraperitoneal administration of 37.5 mg/kg/day of gallium nitrate for five days inhibited the 

tumour growth and development of metastasis in mice transplanted with Lewis lung carcinoma. 

The effect of gallium nitrate decreased with decreasing the dose administered. No change in 

primary tumour but a significant decrease in metastasis number was observed at 23.1 mg/kg/day. 

At 11.6 mg/kg/day, no change in primary tumour or metastases was seen.188 

The bioavailability and plasma concentration of gallium nitrate post i.p., i.v., and oral 

administration was tested in an extended 24 h preclinical study in a rat model.189 After intravenous 

injection of 0.13 mmol/kg (54.32 mg/kg) of gallium nitrate, 29,200 ng/ml of Ga3+ was seen 

immediately in plasma while 7,900 ng/ml (at 30 minutes) and 839 ng/ml (at three hours) was seen 

after i.p. and oral administration respectively.189 The low plasma concentration observed from the 

previously mentioned preclinical study of orally administered gallium nitrate (compared to i.v. 

and i.p. administration) might be an indication of poor gallium absorption from the gut after oral 

administration. However, the previous preclinical studies demonstrated gallium concentration in 

plasma but did not demonstrate gallium uptake in tissues. The radioactive isotopes of gallium 

(67Ga and 68Ga) can be used with SPECT/PET imaging to measure gallium gut absorption and 

quantify tissue uptake after oral administration. In fact, a preclinical study investigated the 

absorption of gallium from the bowel on rats after oral administration of 3 MBq of 67Ga citrate. 

Rats were placed in metabolic cages to monitor faeces and urine excretion for 72 hours. 67Ga 
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citrate showed cumulative excretion of 97.2% of the administered dose in the faeces with only 

0.1% seen in the urine. No imaging or information on 67Ga citrate uptake in tissues were presented 

in the study.190 The high level of 67Ga excreted in the faeces indicated the poor gut absorption of 

gallium after oral administration. Another preclinical study on 14 Sprague-Dawley rats confirmed 

the poor gut absorption of gallium post oral administration of 1 MBq of 67Ga citrate (no imaging 

was performed). Four rats excreted 100% of the administered dose in faeces at 72 hours while the 

rest excreted an average of 87%. In the same study, ex vivo biodistribution at 72 hours showed 

that the highest tissue concertation of gallium was  in the liver – only 0.03% of the administered 

dose – compared to 8.7% in the control group (i.v. injection of 67Ga citrate),191 however, no data 

were presented on gallium uptake in other tissues. Although previously mentioned preclinical 

studies showed poor gut absorption of gallium post oral administration of 67Ga citrate, 

therapeutic/large doses of orally administered gallium might have different gut absorption and 

biodistribution. It cannot be assumed that gut absorption and biodistribution of small amounts of 

radioactive gallium post oral administration of 67Ga citrate would be similar to the large quantity 

of stable gallium when administered as therapeutic agents (see discussion section).  

Based on previously mentioned preclinical toxicology studies and the potential of gallium nitrate 

as an anti-cancer drug, gallium nitrate was appointed as a National Cancer Institute (NCI) drug 

(NSC-15200) and phase I and II clinical trials followed.105,106 In phase I clinical trial, gallium 

nitrate was given as 30 minutes intravenous infusion with subsequent treatments every three 

weeks. The maximum tolerated dose was 700 mg/m2 at each administration. Doses above 700 

mg/m2 showed high renal toxicity and high peak plasma level of gallium. However, administering 

diuretics prior to gallium nitrate treatment showed less toxicity to the kidneys.4,105,106,192 A 

different method of administration of gallium nitrate was used with 41 patients in another phase 

I clinical trial. Gallium nitrate was given as a short daily intravenous infusion for three 

consecutive days every 2–3 weeks. Daily doses of 300 mg/m2 were well tolerated, however, doses 

above 300 mg/m2 showed renal toxicity and anaemia that were found to be dose dependant.105  

In phase II clinical trials conducted to test the spectrum of its anti-cancer activity, gallium nitrate 

was administered to patients with different cancer types either as a single dose of 700 mg/m2 every 

2–3 weeks or as a short daily intravenous infusion (300 mg/m2) for three consecutive days every 

2–3 weeks (recommended dose from phase I clinical trials). Gallium nitrate showed no complete 

response, defined as complete disappearance of the active tumour and tumour related symptoms, 

in breast, squamous, non-squamous, colorectal, and non-small lung cancer. Less than 8% of 

patients had a partial response (≥ 50% reduction in tumour size and no new lesions) and more 

than 50% of patients had disease progression.193–197 Conversely, gallium nitrate showed 

antineoplastic activity against non-Hodgkin’s lymphoma and bladder cancer. Regarding 

lymphoma, multiple phase II clinical trials have been conducted and shown an overall partial 

response rate of ≥ 10%. Interestingly, large cell lymphoma (40% response including two complete 
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remissions cases) and non-Hodgkin’s lymphoma (63% of response) appeared to be more 

responsive to gallium nitrate compared to other lymphoma types. 2,4,105,198 It should be noted that 

most of the lymphoma phase II clinical trials were done in the 1980s. However, a more recent 

phase II clinical study on T and B cell lymphoma showed efficacy of this drug with ~ 30% 

response rate, 7% of which was a complete response.46 In fact, these findings parallel the clinical 

results that showed 67Ga citrate is best established in lymphomas diagnosis and treatment follow 

up.199,200,201  

The activity of gallium nitrate in bladder cancer was confirmed in multiple phase II clinical trials. 

Complete remission was seen in patients with transitional cell carcinoma of the bladder.2,202,203 

Patients in phase II clinical trials tolerated the dose given and showed low to moderate renal 

toxicity, low-grade anaemia, nausea, and vomiting.105,196,197 It should be noted that, while the anti-

cancer activity of gallium nitrate has been tested in the previously mentioned malignancies, its 

effectiveness against other malignancies must be considered. Although renal toxicity of 

intravenously injected gallium nitrate has restricted the use of higher doses, it led to investigation 

of gallium salts toxicity and anti-cancer activity after prolonged (months) oral administration 

(more details in the next section).107   

3.1.2 Gallium chloride 

Gallium chloride is a gallium salt that was tested preclinically and clinically as an orally 

administered drug for a prolonged period of time hoping to provide activity against cancer and 

overcome the renal toxicity of intravenously injected gallium nitrate.204 An early preclinical study 

investigated gallium toxicity, gut absorption, and tissue concentration in rats fed gallium chloride 

(10-1000 mg /kg of food) for 13 weeks. No weight loss, changes in behaviours, or death occurred 

during the entire experiment duration. Animals were culled at the end of the experiment and tissue 

gallium concertation was measured. No detectable gallium was measured in liver, spleen or 

kidneys, with traces found in bone.187 In addition, preclinical studies were conducted to 

investigate gallium chloride toxicity, anti-tumour activity, and bioavailability after prolonged 

administration. A preclinical study on mice subcutaneously inoculated with C3HBA 

adenocarcinoma showed tumour accumulation of gallium (13.4 ± 7.3 nmol/g, ~ 0.9 µg/g) after 42 

days treatment of 200 mg/kg/day of gallium chloride with no renal toxicity.107 Two preclinical 

studies on dogs bearing mammary adenocarcinoma showed tumour accumulation of gallium (10–

376 nmol/g, ~ 0.7–26 µg/g) after oral administration of an average of 5 mg/kg/day (1–10 

mg/kg/day) gallium chloride for an average of seven months (2–13 months). The studies showed 

partial response and stabilisation of the tumour in some cases. However, progression of the 

disease in other cases was also noted.205,206  

A clinical study on orally administered gallium chloride was conducted to investigate gallium 

toxicity and tumour delivery after administration of a daily dose for several months.204 Gallium 
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concentration in tissues was assayed in two patients who died of cancer. One lung squamous cell 

carcinoma patient died after receiving a maximum dose of 600 mg/day for 6 months. In this 

patient, gallium concentration in tumour was 5.5 µg/g. Another lung adenocarcinoma patient died 

after receiving a maximum dose of 1200 mg/day for 8 months. Gallium concentration in tumour 

was 1.5 µg/g. No renal toxicities or other side effect was noticed except for diarrhoea.204 Another 

clinical study investigated the toxicity and anti-cancer activity of gallium post prolonged oral 

administration of gallium chloride. Patients were orally administered with gallium chloride at 

doses gradually increased from 300-800 mg/day for a median time treatment of 4.5 months. For 

the entire duration of treatment, no renal toxicity was observed in any of the patients. Partial 

response was noticed in two ovarian adenocarcinoma and peritoneal carcinoses patients treated 

for 5-7 months with 200-600 mg/day. No response in seven patients with disease progression in 

13 patients.207  

All previously mentioned preclinical and clinical studies regarding gallium chloride showed no 

renal toxicity even after prolonged oral administration, unlike intravenously injected gallium 

nitrate. However, although prolonged oral administration of gallium chloride produced uptake in 

tumour, its anti-tumour effect is produced slowly and requires several months. The poor anti-

neoplastic effect of gallium chloride might be related to the low sensitivity of the tumour type 

investigated to gallium or to the poor gut absorption of gallium post oral administration. However, 

studies on orally administered gallium salts have encouraged the development of other orally 

administered gallium compounds with possibly better gut absorption (more detail in section 

3.3).4,205 It would be desirable to develop gallium compounds that could be orally administered 

and at least have similar anti-neoplastic effect to intravenously injected gallium nitrate with less 

renal toxicity.2,208 As mentioned previously, SPECT/PET imaging with 67Ga/68Ga can help with 

this task. 67Ga/68Ga can be radiolabelled with carrier-added gallium compounds and be used 

preclinically to investigate their gut absorption, and tissue biodistribution including trafficking to 

tumour cells (more detail later).  

 Gallium salts: mechanism of action 

Although clinical trials have been conducted to study the antineoplastic activity of gallium salts, 

their mechanism of action is still only partly understood. It is worth mentioning some of the 

known molecular mechanisms behind the anti-cancer effect of gallium salt as a foundation for 

newer gallium compounds’ mechanisms of action, including KP46.  

A considerable body of evidence suggests that the central role of gallium as an anti-cancer drug 

is the interference with cellular iron haemostasis and interrupting tumour growth.2,4,46,208,209 

Gallium can inhibit cellular iron uptake by competing against transferrin binding and uptake 

through cellular transferrin receptors, consequently causing cellular iron deprivation, which was 
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proven to cause cell apoptosis.2,4,46,208,209 In vitro studies on the effect of iron deprivation on 

cellular growth showed that adding iron chelators such as DFO and N, N-bis(2-

hydroxybenzyl)ethylenediamine-N,N-diacetic acid (HBED) caused decrease in cell growth and 

viability, and DNA fragmentation in multiple cancer cell lines in a dose related manner.210,211,212 

In addition, in vitro studies on HL60 cell line in serum free media showed that incubating cells 

for 72 hours with 150 µg/ml of Ga-Tf results in a 75% decrease in cell growth compared to a 

control group. However, adding the same dose of Fe-Tf after 24 or 48 hours of the addition of 

Ga-Tf showed 55-75% restoration of cell growth after 72 hours of incubation.213 Although adding 

iron does not induce complete restoration of cell growth, probably due to irreversible cytotoxic 

damage caused by gallium, partial restoration after adding iron suggest that gallium’s mechanism 

of action is related to interference with iron metabolism causing iron deprivation. In vitro studies 

on HL60 and mouse sarcoma cells (EMT-6/UW) in media supplemented with fetal bovine serum 

(FBS) showed that pre-treating cells with iron-pyridoxal isonicotinoyl hydrazone (Fe-PIH) before 

gallium nitrate treatment or simultaneously adding Fe-citrate and gallium nitrate decreased cells’ 

sensitivity to gallium nitrate. However, the effect of iron on cell growth and viability was only 

significant at low gallium nitrate concentration. At higher gallium nitrate concentration, the 

presence of iron provided only minor cell protection.210,214 This indicates competition between 

gallium and iron for transferrin binding sites, and gallium interference with iron metabolism and 

consequently cell survival and proliferation. The high expression level of transferrin receptors in 

lymphoma and bladder cancer might explain on at least at some level the efficacy of gallium 

nitrate against these specific malignancies.2 Gallium causing cellular iron deprivation was indeed 

seen clinically in patients treated with gallium nitrate and they developed anaemia and high levels 

of zinc protoporphyrin, a biomarker for iron insufficiency.4,46  

Other studies have shown that gallium nitrate can interfere with the iron-containing enzyme 

ribonucleotide reductase (RNR), which is responsible for deoxyribonucleic acid (DNA) synthesis. 

RNR consists of R1 and R2 subunits where R2 consists of an iron binuclear centre that is essential 

for the enzyme function. Disturbing iron haemostasis with gallium can reduce available iron for 

R2 subunit activity and accordingly, DNA synthesis.2,4,46,188,208,209,215 An early study on the HL60 

cell line using electron spin resonance (ESR) spectroscopy showed a decrease of RNR levels after 

Tf-Ga incubation, however, it only became significantly different from the control group (no Tf-

Ga added) after six hours of incubation. Only 30% signal of that in the control group was seen 

after 24 hours of incubation. Consistent with a decreased level of RNR, HL60 cells exhibited 

significantly less DNA synthesis compared to the control group.215 Another early study on CCRF-

CEM (T-cell) lymphoma cells showed that adding 120 µM gallium nitrate (IC50 dose for this cell 

line) plus 80 µg/ml apo-Tf decreased the percentage of cells in G1 phase from 36.1% (control 

group) to 22.5% and increased the percentage in S phase from 44.2% (control group) to 61.3%. 

The study suggested that the effect of gallium might be specific to killing cells at G1 phase; it can 

also mean that gallium affects the rate of DNA synthesis negatively and cells are trapped in S 
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phase, where chromosome duplication and DNA synthesis occurs.216 Another study confirmed 

the possible selectivity of the antineoplastic effect of gallium in the G1 phase after three days 

incubation of Tf-Ga in a HL60 cell line. The study demonstrated that the ability of gallium to kill 

cells in G1 phase is dose related. Leukaemia cells treated with 150 µg/ml of Tf-Ga showed fewer 

cells in G1 phase (31%) and more cells in S phase (59%) compared to 40% and 48% in cells 

treated with 25 µg/ml and 78% and 14% in control cells (incubated with Tf-Fe) respectively.217 

The same results were also presented in other studies on human peripheral blood mononuclear 

cells (PBMCs) after incubation with gallium chloride.218 

In addition to the indirect mechanism of action of gallium that is related to iron deprivation, a 

direct effect of gallium nitrate was found to induce cellular apoptosis through the mitochondrial 

pathway. Lymphoma cell lines CCRF-CEM (T-cell) and DoHH2 (B-cell) showed cell apoptosis 

by the activation of Bcl-2-associated X (BAX) protein, a proapoptotic protein that translocates 

from the cytoplasm to mitochondria and facilitates the loss of mitochondrial membrane and the 

release of cytochrome c to the cytoplasm.2,4,209,219 Cytochrome c is a protein that can activate 

caspase 3, a protein responsible for death protease activation.220,221,222 In the same study, the use 

of BAX and caspase 3 inhibitors decreased the percentage of cellular apoptosis by two and a half 

fold.219 

Studies have been conducted to understand the possible mechanism of cells’ resistance to gallium 

nitrate. Chitamber et al.223 studied the possible mechanism behind resistance to gallium nitrate in 

a developed CCRF-CEM resistant to gallium nitrate cell line. The study showed a significantly 

diminished ferritin protein in resistant cells (only 9% that of sensitive cells) after 24 h incubation 

with gallium nitrate. Further experiments demonstrated that the binding activity of iron regulatory 

proteins (IRP) and iron-responsive elements (IRE) located in ferritin mRNA (a crucial binding 

step to decrease ferritin synthesis and increase transferrin receptor synthesis in iron-depleted cells) 

was higher in resistant cells. This result suggested that the minimal ferritin production in resistant 

cells is due to suppression of ferritin mRNA translation.223,224 Another study confirmed the 

significantly lower ferritin protein content in HL60 resistant cells (5.0 ± 0.5 ng/mg protein) 

compared to HL60 sensitive cells (18.2 ± 3.8 ng/mg protein) after 24 h incubation with gallium 

nitrate.225 In addition, CCRF-CEM resistant cells showed gallium nitrate uptake of only 34–36% 

of that into sensitive cells. However, uptake in resistant cells increased with the addition of 

transferrin and cells consequently became more sensitive to gallium nitrate (0.75x106 cell count 

compared to 2x106 in the absence of transferrin post 72 h incubation).223 Another in vitro study 

on the HL60 cell line confirmed the effect of transferrin in enhancing the cytotoxic effect of 

gallium nitrate.213 These studies strongly suggest that the mechanism of developing gallium 

resistance is related on at least at some level to the degradation in cellular gallium transport. 

However, the specific transporting mechanism needs to be fully studied.223 It is important to 

understand the basis behind some cells’ resistance to gallium nitrate to allow better judgment of 
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which patients will benefit most from gallium nitrate treatment and to help develop newer gallium 

complexes that can overcome gallium nitrate resistance.213 

The continuous research on the antineoplastic effect of gallium nitrate led to the discovery of its 

effect on decreasing blood calcium level, especially in hypercalcaemic-related malignancies.209 A 

preclinical study on hypercalcaemic rat models showed that gallium nitrate significantly lowered 

blood calcium levels when administered intravenously or intraperitoneally compared to the 

control group (in which no gallium nitrate was administered) in a dose-related manner. However, 

even at the highest selected dose (0.45 mmol/kg), orally-administered gallium nitrate did not 

significantly decrease blood calcium level, which might be related to the low gut absorption and 

plasma level of gallium nitrate post oral administration.189 In an early randomised blind study on 

patients with hypercalcaemic related malignancies (variable primary tumours) and bone 

metastasis, gallium nitrate showed that 75% of patients reached normal calcium level compared 

to only 27% in patients who were injected with calcitonin (a food and drug administration (FDA) 

approved hormonal drug to regulate blood calcium level).226,227 In Paget’s disease patients and 

patients with different primary tumour and bone metastasis, gallium nitrate was shown to reduce 

osteoclast activity, calcium urinary excretion and bone pain.2,188,227,228 Due to its clinical 

effectiveness in regulating blood calcium level, gallium nitrate (Ganite) was approved in 2003 by 

the FDA for the treatment of malignancy-related hypercalcemia.2,229 

 Tris (8-hydroxyquinolinato) gallium (III) (KP46) 

KP46 is an orally administered gallium compound that is currently being investigated as an anti-

cancer drug (Figure 3.1). An attempt was made previously to crystalise KP46 using vapour 

diffusion of diethyl ether into a solution of KP46 in chloroform.230 Although only meridional 

(mer) isomer was observed in the solid state, a mixture of facial (fac) and mer isomers was 

obtained in the chloroform solution indicating that KP46 can form different isomers.230   

KP46 was developed with the rationale of making a stable drug that can be efficiently absorbed 

once administered orally and have higher bioavailability than orally administered gallium 

salts.4,108 Despite the ongoing research on KP46 and indeed a clinical trial, its pharmacokinetics 

and biodistribution are yet to be fully understood.231 KP46 is the main focus of this chapter. Hence, 

KP46 in vitro, in vivo, protein binding, and mechanism of action studies will be reviewed in the 

following sections due to their relevance to the current research project.  
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Figure 3.1: Tris (8-quinolinolato) gallium (III) (KP46) isomers.230 

3.3.1 KP46 in vitro studies 

Multiple reports studied the therapeutic potency of KP46 and showed that the range of the half-

maximum inhibitory concentration (IC50) of KP46 in vitro was between 0.85 and 10.4 μM in cell 

lines of lung, ovary, colon, kidney and breast cancer.46,209,232,6,233 Furthermore, the IC50 of KP46 

in melanoma cell lines is lower than that of gallium nitrate (0.85–2.5 and 20–72 μmol/L, 

respectively) indicating the susceptibility of melanomas cell lines to KP46 compared to gallium 

nitrate.108 In vitro comparative studies revealed a potent inhibitory effect of KP46 on human lung 

adenocarcinoma cells that reached efficacy of up to ten-fold compared to the effects of gallium 

chloride.233  However, no comparative studies have been conducted to demonstrate the difference 

in anticancer actions between KP46 and free 8HQ  (without gallium). It has been reported that 

8HQ and its derivatives have a pharmacological application as anti-cancer drugs and showed 

anticancer activity against human breast cancer cells (MCF-7) in vitro (more detail in chapter 

4).234,235 

3.3.2 KP46 preclinical studies 

The toxicological profile and maximum tolerated dose (MTD, defined as the highest dose where 

organ toxicity is likely to occur without altering animal life span from any condition except 

carcinogenicity) of oral KP46 have been studied in healthy Swiss mice, showing a median lethal 

dose (LD50) of 2870 mg/kg in males and 2370 mg/kg in females following a single dose ranging 

between 464 and 4640 mg/kg.236,237 Collery et al.231 also conducted an in vivo study on NMRI BR 

mice and F344 rats that showed that the LD50 of a single dose of KP46 was 1742 mg/kg and 1352 

mg/kg respectively, while the MTD was 900 mg/kg in both species.231 Either mild or no renal 

toxicity was seen at the MTD. This indicates the well-tolerated nature of KP46 across different 

animal species. However, no pharmacokinetic studies after a single dose have been presented in 

the literature. 

mer-isomer fac-isomer 
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In addition to the single dose, studies have investigated the daily administration of KP46. For 

example, the following doses were administered via gavage to NMRI BR mice for 4 weeks: 5.5, 

17.6, and 55 mg/kg/day. The highest dose caused severe toxicity, which was demonstrated as 

renal toxicity, a significant reduction of haemoglobin and toxic effects on the male reproductive 

system. Lower doses were well-tolerated with no toxicity observed.231 In another experiment 

utilising 62.5, 125, 250, 500 and 750 mg/kg/day for two weeks in Swiss mice, the smallest dose 

was well-tolerated and did not negatively affect kidney function, nutrition, haematology, and 

organ weight. After 62.5 mg/kg daily oral doses (9 mg Ga/kg, accumulative dose of 126 mg/kg), 

the highest tissue concentration of gallium was reported in bone (7.02 ± 3.14 µg/g, 0.16 ± 

0.07%ID/g) (more detail in discussion section). However, no gallium concentration data were 

presented in blood and the gastrointestinal system. Food consumption and body weight were 

affected in mice following the 125 mg/kg/day regimen and higher doses caused significant 

mortality.236 Thus, only a daily dose of 62.5 mg/kg can be considered a safe dose for oral 

administration. Therefore, it seems that the single and low doses of daily administration of KP46 

were well-tolerated with a low toxic profile, while toxicity and mortality increased with increasing 

the dose.231,236 Although KP46 showed tolerability at a dose of 62.5 mg/kg administered daily for 

14 days, the low concentration of gallium in tissues indicated the questionable bioavailability of 

the drug. For better gallium cytotoxic effect, prolonged KP46 treatment might be necessary to 

gain steady blood gallium concentration and progressive tumour accumulation and exposure to 

gallium.204 

A preclinical study has been conducted on animals bearing tumours to test the antineoplastic 

effect of KP46 after oral administration. The anti-cancer activity of KP46 was investigated 

preclinically in hypercalcemia of malignancy in a rat model bearing Walker carcinosarcoma 

xenograft (WCS) subcutaneously inoculated.238 A range of therapeutic doses (6, 12, 24 and 48 

mg/kg) of orally administered KP46 were given to rats from day 3 to day 9 post inoculation. Two 

groups of rats were used as control; rats orally administered with gallium nitrate (25 mg/kg, 

equimolar to 48 mg/kg of KP46), and another group with no gallium administration. Blood 

samples from KP46 treated rats were taken on days 0, 6, 8, and 10 for calcium analysis. Animals 

were culled on day 10 and tumour weight was measured in all groups. No significant difference 

was seen in tumour weight between the control groups. However, rats treated with KP46 showed 

a significantly lower tumour weight compared to the control groups only at higher doses (24 and 

48 mg/kg). No difference in blood calcium level was seen in rats treated with KP46 at 6 and 12 

mg/kg compared to the control group (0 mg/kg, no KP46 administered) in all measured days. The 

group treated with 24 mg/kg of KP46 only showed a significant difference in blood calcium level 

at day 10 (3.5 ± 0.68 mmol/l) compared to the group treated with KP46 at 0, 6, and 12 mg/kg 

doses (4.25 ± 0.69 mmol/l).238 No calcium analysis was done on the group treated with KP46 at 

48 mg/kg dose. 
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Although KP46 at higher doses showed a significantly lower tumour weight compared to control 

groups, the data must be interpreted cautiously. The significant difference in tumour weight was 

seen only at higher doses and post 10 days of treatment, which might indicate that KP46 could be 

a possible anti-cancer drug, but that, like gallium chloride, high doses and relatively long periods 

of treatment must be applied for better antineoplastic effect.238  

A limitation of the latter study is the oral use of gallium nitrate as a control. Gallium in the form 

of salts has proven to have low bioavailability after oral administration. However, using the same 

cell line (WCS), after subcutaneous inoculation into tumour-bearing Sprague-Dawley rats, a daily 

dose between 50 and 60 mg/kg of intraperitoneally administered gallium nitrate for 10 days 

showed 61–92% inhibition of tumour volume compared to the control group (no gallium nitrate 

administered).185 The question that needs to be answered is not whether KP46 is a better anti-

cancer drug compared to poorly bioavailable orally administered gallium salts, but whether orally 

administered KP46 can overcome gallium nitrate toxicity post intravenous injection and at the 

same time show efficient bioavailability and tumour response. 

In addition, as mentioned previously, KP46 showed a decrease in blood calcium levels (3.5 ± 0.68 

mmol/l) at 24 mg/kg dose suggesting that KP46 might be effective in hypercalcemia conditions 

and might share some of gallium nitrate’s mechanism of action.4,238 An early preclinical study 

investigated the effect of gallium nitrate on blood calcium level showed that a daily oral 

administration of 0.45 mmol/kg (~ 188 mg/kg) gallium nitrate for eight consecutive days into 

hypercalcaemic Sprague-Dawley rat model resulted in modest but significant (p = 0.01) decrease 

in blood calcium level. Although Ganite is an FDA approved intravenously administered drug for 

the treatment of malignancy-related hypercalcemia, its use is contraindicated in patients with 

impaired renal function due to its renal toxicity.2,229 Hence, further research on orally administered 

gallium compounds should be carried out to find effective but less toxic compounds for the 

treatment of hypercalcemia in addition to their antineoplastic effect investigations.  

The effect of KP46 against cancer was also tested in SCID Balb/C mice bearing HCT-116 (human 

colon cancer) after intraperitoneal administration. When the tumour was palpable, 15 mg/kg of 

KP46 was administered for two weeks (5 consecutive days/week). Tumour volume was measured 

from day 0 of KP46 administration to day 18, when mice were culled. The group treated with 

KP46 showed a lower tumour volume compared to the control group, however, it was only 

significantly different on day 15 onward. Tumour weight was measured on day 18 and showed 

that the group treated with KP46 had significantly lower tumour weight (0.4 g) compared to the 

control group (0.8g).239 Although the current study showed a significant decrease in tumour 

weight after KP46 administration, this might not fully reflect the clinical study situation due to 

the different route of administration used (KP46 was administered orally in the clinical study). 

Absorption of drugs by a different route of administration depends on many different factors 
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including drug dosage, physiology and anatomy of the drug absorption site, and the chemical 

properties of the drug. In addition, the bioavailability of a drug is usually better when administered 

intraperitoneally compared to orally. The low bioavailability post oral administration is usually 

due to slow absorption from the gut.240,241 The bioavailability of gallium nitrate post i.p and oral 

administration was tested and showed higher gallium plasma concentration post i.p injection, but 

no such studies have been conducted with KP46.189 Nonetheless, results from preclinical studies 

of KP46 post oral and intraperitoneal administration were consistent regarding the need for daily 

doses and a long period of treatment for the drug to exhibit some efficacy.238,239 

3.3.3 KP46 clinical studies 

To test toxicity and safety in humans, a KP46 (as FFC11) phase I clinical trial was performed in 

Europe. KP46 was administered orally to seven patients as a tablet formulation over a 14-day 

period at doses ranging between 30 mg/m2 and 480 mg/m2, followed by another 14 days as a 

recovery period to assess drug toxicity (1 treatment cycle).46,231 All patients received a total of 19 

treatment cycles. No effect on the tumour was observed in a patient with ovarian cancer receiving 

480 mg/m2/day and she experienced fatigue and diarrhoea. Similarly, the lowest dose did not 

affect parotid gland cancer in a patient or stomach cancer in another patient when a dose of 30 

mg/m2/day was administered. Leukopenia was reported in the parotid gland cancer patient, 

however, no signs of toxicity in the stomach cancer patient were observed. Finally, some efficacy 

of KP46 was observed in three out of four patients with solid renal tumours (two disease 

stabilisations, one partial response), in which each patient received a different dose (30, 60, 120, 

or 240 mg/m2/day). Regarding side effects, stomatitis was reported only in one patient.231 Overall, 

the phase I clinical trial showed that KP46 is well tolerated with no renal toxicity. No 

pharmacokinetics or gallium concentration data were published in the phase I clinical study.  

KP46 (as AP-002) is currently in phase I-II clinical trials (national clinical trial identifier number 

(NCT) 04143789) for patients with solid tumour (breast, lung, and prostate cancer) and bone 

metastasis.242,243,244 The previously mentioned cancer types were probably chosen based on their 

resistance to gallium nitrate in clinical trials 196,245,246,247 and the ability of KP46 to induce cell 

death in vitro in these cell lines.6,46,209,232,233 Surprisingly, no renal carcinoma was mentioned, even 

though the phase I clinical trial that was performed in Europe showed  partial response in three 

out of four patients with renal carcinoma.231 In addition, current AP-002 clinical trial is targeting 

patients with bone metastasis, which might be one step closer to understanding the effect of KP46 

on cancer-related hypercalcemia and consequently, bone metastases. 
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3.3.4 KP46 chemical characteristics and protein binding studies 

As mentioned in chapter 1, hydrated Ga3+ undergoes hydrolysis to insoluble Ga(OH)3 at pH levels 

between 3–7 when stabilising ligands are not present. This might account for the poor absorption 

of gallium salts in the stomach’s low pH environment after oral administration.9 KP46 was 

developed on the rationale for more stable compound with efficient gut absorption.4,108 

The stability of KP46 was measured in water (pH= 3.8) and a physiological buffer at pH 7.4. In 

both solutions, KP46 retained its chemical stability for several hours; decomposition occurred at 

a slower rate in the physiological buffer (t1/2= 14.2 h) than in water (t1/2= 4 h).209,248,249 The Log P 

value (octanol/water) of KP46 using the shake flask method was 0.88, which indicates that KP46 

is more soluble in octanol than water due to the chelation to lipophilic 8-hydroxyquinoline. 

However, it has been suggested that having a log P value of 0.88 might provide KP46 with a 

proper lipophilic/hydrophilic balance that might afford enough membrane permeability.209 

Although it was suggested that KP46 might have a balanced hydrophilic/lipophilic characteristic 

that can allow adequate membrane permeability, it should not be ignored that KP46 has low water 

solubility (4.4 x 10-5 M) which might be problematic and cause poor bioavailability after oral 

administration. Absorption from the gut is presumed to be affected by the water solubility of the 

drug, hence, enhancing the solubility of a hydrophobic drug can increase gut absorption and 

bioavailability.248,250 

Moreover, to accomplish the desired clinical response, a drug must reach an adequate 

concentration and be sustained for an adequate time at its site of action. For oral administration, 

drugs must transfer from the gut to the blood circulation, where it may or may not bind to plasma 

proteins, before delivery to its target.251 Studies have been published on the protein speciation of 

KP46 in vitro using capillary electrophoresis (CE) coupled with inductively coupled plasma mass 

spectrometry (ICP-MS).252,253  The in vitro protein binding studies suggest the formation of KP46 

adduct upon incubation with apo-Tf and human serum albumin (HSA) (at lesser extent),252,253 

however, the mechanism of binding was not identified.   

Transferrin is an important competitor for gallium complexes, hence, it is crucial to understand 

the chemical form of KP46 once absorbed into blood circulation post oral administration.254 More 

in vitro studies have been conducted to investigate the mechanism of KP46 binding to transferrin 

and HSA. HSA is the most abundant plasma protein and plays a major role in binding endogenous 

and exogenous ligands (e.g. pharmaceuticals). It possesses three domains that can provide a 

variety of binding sites for ligand binding and hydrophobic interaction. Based on the binding 

properties of HSA, it was expected that KP46 binds to HSA hydrophobically forming a 

metallodrug-protein complex.254,255,256 A study has been conducted to measure the interaction of 

KP46 with HSA and apo-Tf using 1H and saturation transfer difference (STD) nuclear magnetic 

resonance (NMR) spectroscopy after 24 h incubation. The similar NMR spectra of KP46 and 



 

94 

KP46 incubated with HSA suggested that KP46 does not dissociate in the presence of HSA and 

the ligand is not displaced, indicating hydrophobic binding.254 In the same study using 1H NMR 

spectroscopy, KP46 incubated with apo-Tf (in the presence of bicarbonate) showed a different 

spectrum compared to free KP46, and the presence of peaks between 8 and 8.2 ppm which 

corresponds the same peaks in the ligand NMR spectrum. This might indicate some level of 

dissociation which is not surprising considering the high affinity of transferrin to bind gallium. 

The author estimated that the partial release of the ligand in KP46 incubated with transferrin 

sample is approximately 30%. However, the method adopted for this estimation was not clearly 

explained.254 In addition, KP46-apo-Tf and KP46 (control) was investigated by fluorescence 

spectrometry and showed that by monitoring the fluorescence intensities in the presence of apo-

Tf, partial release of the ligand and consequently decreasing of the fluorescence signals was 

observed, however, these were qualitative observations rather than quantitative results. The author 

suggested a transferrin independent uptake mechanism of KP46 might occur parallel to or as an 

alternative to transferrin mediated uptake.254 In contrast with previously mentioned research, 

another study using X-ray absorption near edge structure (XANES) supported the hydrophobic 

binding theory of KP46 to both HSA and apo-Tf. XANES analysis showed no change in KP46 

spectra when incubated with apo-Tf and HSA for 30 minutes, suggesting the absence of 

coordination environment changes, no covalent binding of the metal to HSA and apo-Tf, and the 

possibility of hydrophobic binding.249 Although literature provides some evidence suggesting the 

hydrophobic binding of KP46 to HSA, evidence regarding KP46 and apo-Tf mechanism of 

binding is contradictory. The reason for the contradictory results of KP46 and apo-Tf mechanism 

of binding might be related to the use of different methods of research and consequently different 

level of analysis and explanatory logics.  

Although the previously mentioned protein binding studies did not give a conclusive explanation 

to the nature of KP46-apo-Tf binding, they have focused on KP46 protein binding and the 

mechanism of binding in vitro and overlooked the fact that KP46 is an orally administered drug 

and the important question that needs to be asked, therefore, is whether KP46 can primarily leave 

the gut as an intact form. A study was done to test the stability of KP46 in a simulated intestine 

juice (pH = 6.8) in vitro based on the observation that post oral administration, most drugs 

absorption in general occurs in the small intestine.257 The electropherogram revealed no alteration 

(single peak) over four hours monitoring.252 This study is considered important, but it lacks 

information on how KP46 behaves in the stomach (at low pH) before moving to the intestine, 

rendering the intestinal stability of KP46 potentially irrelevant. Drugs might go through 

dissolution and disintegration steps in the stomach which could affect the drug absorption and 

bioavailability.258 Dissociation of a drug in the stomach is likely to be influenced by the 

physicochemical properties of the drug, pH at the site of administration, and additional 

physiological factors such as the presence of food. Another drawback of the previously mentioned 

in vitro approach is the absence of food particles which might induce changes to the administered 
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compound or adsorb it. Studies have shown that the presence of food can modulate drug 

metabolism and absorption, which consequently influence bioavailability.251,258,257  

A study has been conducted to acquire information on the binding of KP46 to serum proteins in 

mouse tumour and liver tissues after oral administration of 200 mg/kg for 6 consecutive days, 

using µ-XAS (X-ray absorption spectroscopy) and XANES. The µ-XAS map showed different 

distribution of Ga to Fe but a similar pattern to Zn in tumour samples. Conversely, the distribution 

of Ga was similar to Fe and different to Zn in liver samples.249 XANES analysis of the samples 

showed slight change in tumour and liver spectra compared to KP46 spectrum (control) in MEM 

(minimum essential media). The authors concluded that the change in XANES analysis might be 

a statistical error due to the low strength of the signals found in the tissues samples which also 

confirms the poor bioavailability of KP46 post oral administration. Based on their results, the 

authors have suggested that a hydrophobic interaction between KP46 and transferrin is 

conceivable post oral administration. However, the change in XANES analysis might also 

indicate possible coordinative binding (at least at some level) and some change in coordination 

environment of Ga atoms.249 In addition, it is worth mentioning that due to the low concentration 

of KP46 found in tissue samples, the XANES spectra analyses were only performed at the highest 

Ga concentration focal spot that was seen in µ-XAS map and may not be representative of the 

whole sample. The difference in Ga distribution in tumour and liver tissues might suggest that the 

gallium may be in different coordination environments in the two organs which can also be the 

reason for the inconclusive XANES spectra.249 Although µ-XAS map and XANES analysis study 

showed some possibility of hydrophobic binding to transferrin and consequently non-transferrin 

mediated tumour uptake of KP46 (or at least at some level) post oral administration,249 the study 

(as mentioned previously) exhibited some limitations and inconclusive results. Thus, KP46 

bioavailability, its stability in the gut, its mechanism of binding to proteins and delivery to normal 

tissues and cancer cells should not be overlooked and must be studied in vivo post oral 

administration. Imaging with 67Ga/68Ga using radiolabelled KP46 complex, as described later in 

this chapter, offers the potential to help with this task and provide new information.  

3.3.5 KP46 mechanism of action 

As mentioned previously, several cell lines showed more susceptibility to KP46 than to gallium 

salts. Hence, it was expected that KP46 might have some differences in its mechanisms of action 

compared to gallium salts owing to its ligand binding and the possibility that the ligand itself 

change the metal’s mechanism of action.46,2 Although KP46’s exact mechanism of action is not 

fully understood, a considerable amount of literature reports insights into its cellular 

effects.108,232,239,259,260 

A detailed study has been conducted in vitro on multiple cancer cell lines to understand the KP46 

mechanism of action.232 The study showed that KP46 induced cytotoxicity in HCT-116 cells with 
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positive p53 gene expression (p53+/+) and in those with depleted p53 gene expression (p53-/-). 

However, IC50 was less in p53+/+ cells (4.4 µM) than p53-/- cells (7.78 µM) indicating that p53+/+ 

cancer cells are more susceptible to KP46. In addition, western blotting in MCF-7 cells (p53+/+) 

showed that p53 expression was significantly increased in cells treated with KP46 than control 

cells (no KP46 added). In the same study, the effect of KP46 on Ca2+ release in the cytoplasm was 

tested in MCF-7 cells (p53+/+) and non-small lung carcinoma (H1299) (p53-/-) after up to ten hours 

of incubation.232 Unlike H1299 cells, which showed gradual Ca2+ release over time, MCF-7 

showed the same gradual level of Ca2+ release, however, a significant burst was seen at 8 h post 

incubation. No Ca2+ release burst was seen when short-interfering RNA (siRNA), a p53 gene 

silencer, was used. Although Ca2+ release was not entirely dependent on p53 status in these cell 

lines, the Ca2+ burst release in MCF-7 might indicate a possible role of p53 in intracellular Ca2+ 

regulation. It should be remembered that Ca2+ release is one of the first steps in cell apoptosis.232,188 

Due to the general correlation between the induction of reactive oxygen species (ROS) and Ca2+ 

signalling, the effect of KP46 on cellular ROS was tested on MCF-7 (p53+/+) and H1299 (p53-/-) 

cell lines over 24 h. Interestingly, the increase of ROS profile followed the same pattern as Ca2+ 

release profile in both cell lines. However, using 8-(N,N-diethylamino)octyl-3,4,5-

trimethoxybenzoatel (TMB-8), a calcium antagonist, an inhibition of ROS induction was seen in 

MCF-7 cells indicating cellular apoptosis by Ca2+ release and activation of ROS.2,232,247,261 Another 

study confirmed that the apoptotic effect of KP46 on MCF-7 (p53+/+) cells is due to Ca2+ release 

by transient receptor potential cation channel (TRPC6). KP46 treated cells showed higher 

expression of TRPC6 than untreated cells. However, silencing the p53 gene with siRNA showed 

downregulation in TRPC6 confirming the possible role of p53 in Ca2+ and TRPC6 expression.259 

A study showed that, like gallium salts, KP46 induced the release of BAX and its translocation to 

mitochondria in HCT-116 (p53+/+) cells. However, unlike gallium salts, using a caspase 3 

inhibitor did not reduce the KP46 effect in non-small lung carcinoma (A427), indicating that the 

release of caspase 3 might not be one of the KP46 modes of action.239 Although protein protease 

caspase 3 might not be involved in the KP46 mechanism of action, calpain, a Ca2+ dependant 

protease protein, was found to be involved in the KP46 apoptotic mechanism. Adding a calpain 

inhibitor (PD150606) to A427 cells resulted in significantly reduced KP46 cytotoxicity.239,262 Due 

to the partial role of calpain in cell adhesion, the effect of KP46 in cellular adhesion was studied. 

Adding a calpain inhibitor showed a significant increase of cell adhesion by double compared to 

the control group (only KP46) in A427 cells.239  

It is confirmed from the previously mentioned results that KP46 influences the upregulation of 

p53. However, recent data revealed that iron deprivation can upregulate p53 as well.263,264 Hence, 

it was hypothesised that KP46 might upregulate p53 expression by causing cellular iron 

depletion.260 After two hours incubation of KP46, HCT-116 (p53+/+) cells showed 50% of the 

labile iron pool (LIP) of that in control cells (no KP46). In addition, LIP was measured 2 h after 
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adding ferric acetate in the presence and absence of KP46. In the absence of KP46, cells showed 

a more than two-fold higher level of LIP compared to cells exposed to KP46. The reduction of 

LIP in the presence of KP46 might be related to a possible transferrin binding competition and 

uptake by the transferrin mediated mechanism, which is counter to the hypothesis of KP46 cellular 

accumulation by non-transferrin mechanism.260 However, another possible explanation is that 

KP46 enters the cells by the non-transferrin mediated mechanism; once inside the cells, gallium 

is released and cells cannot sufficiently distinguish gallium from iron, leading to less transferrin 

receptor synthesis and consequently less iron uptake. However, more experimental studies are 

needed to understand KP46 cellular/intracellular trafficking and protein binding. Finally, a study 

suggested that like gallium salts, KP46 might interfere with cell cycle development. An in vitro 

study of KP46 on multiple human melanoma cell lines exhibited fewer cells in the G1 phase and 

more cells in the S phase compared to the control group. An increased number of cells in the S 

phase might indicate the effect of KP46 in DNA synthesis.108 

Overall, KP46 might be a potential anti-cancer drug. However, most of its protein binding and 

mechanism of action studies were done in vitro. As an orally administered drug, it is crucial to 

analyse the chemical form of KP46 in the gut, normal and cancer tissues in preclinical studies. 

Preclinical studies on KP46 protein binding after oral administration are lacking. Although a 

preclinical study provided some information regarding a possible hydrophobic interaction 

between KP46 and transferrin post oral administration, some of the study results were 

inconclusive and not representative of the whole samples.249 Hence, it is not logical to assume 

that KP46 survives the harsh conditions encountered during digestion, reaches the circulation and 

binds to protein as an intact form based on the previously reviewed in vitro and in vivo protein 

binding studies. In addition, all preclinical studies regarding KP46 that have been reviewed so far 

did not assess KP46 pharmacokinetics and gallium biodistribution in tumour and plasma, which 

might be important assuming that delivery of gallium to tumour cells might be the major 

component of the mode of action of KP46. More comprehensive preclinical studies could be 

carried out on animals bearing tumour xenografts to investigate KP46 gut absorption, 

biodistibution, and chemical form after oral administration. Gallium radioisotopes (67Ga and 68Ga) 

are suitable for radiolabelling the drug complex, and SPECT/CT and PET/CT can be used no-

invasively to image and facilitate this task.209  
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 A pilot study 

A pilot study has been conducted in our department by C. Imberti and J. Bartnicka (unpublished 

work), to study the biodistribution of KP46 in NSG mice bearing A375 human melanoma 

xenografts by using [68Ga]KP46 and [68Ga]Ga-acetate (control) after i.v. injection (Figure 3.2 and 

3.3). PET/CT images of [68Ga]Ga-acetate post i.v. injection showed visible tumour uptake, 

especially after one hour. In contrast, no visible tumour accumulation was observed during the 

four-hour PET/CT scan post i.v. injection of [68Ga]KP46 (Figure 3.2). Ex vivo biodistribution of 

[68Ga]Ga-acetate at four hours showed a significantly higher tumour uptake (6.1 ± 2.4%ID/g) 

compared to [68Ga]KP46 (2.6 ± 0.9%ID/g) (Figure 3.3). The previously reviewed preclinical and 

clinical studies in literature suggested that KP46 has anti-cancer activity, therefore KP46 or a 

metabolite of it is likely to be delivered to tumour to some extent. The negligible tumour uptake 

of 68Ga exhibited post i.v. injection of [68Ga]KP46 in the pilot study might be due the different 

route of administration used (i.v. in the pilot study vs. oral in the clinical trial). Another reason 

might be related to the quantitative difference between the low concentration of radioactive Ga 

administered and the large concentration of stable/therapeutic dose of Ga. It cannot be assumed 

that tumour accumulation of pico/nano gram quantities of 68Ga/67Ga administered would be 

similar to the large quantities of Ga3+ administered seeking a therapeutic effect. This chapter is 

dedicated to investigating the in vitro protein binding, cellular uptake and whole body trafficking 

of KP46 in a cancer model (in vitro and in vivo), with the aim  of evaluating the gut absorption, 

pharmacokinetics, and chemical form of KP46 after i.v. and oral administration of [68/67Ga]KP46 

as a tracer, or combined with a pharmacologically relevant dose of KP46.  
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Figure 3.2: Dynamic MIP PET/CT images of [68Ga]Ga-acetate (A), and [68Ga]KP46 (B) at different time points post 

i.v. injection. For each image panel, MIP’s are shown in the upper part of the image and transverse section images 

(axial) are showing in the lower part of the image. The white arrow represents the position of the tumour. Captured 

with permission from C. Imberti thesis (unpublished work).  
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Figure 3.3: Ex-vivo bio distribution of [68Ga]Ga-acetate and [68Ga]KP46 at 4 hours post i.v. injection. Values are 

expressed as mean ± SD (n=5). P values are defined as follows: * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = 

P ≤ 0.0001. Captured with permission from C. Imberti thesis (unpublished work).  
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 Aims 

The experimental aims of this chapter are: 

• Synthesis of KP46 by adopting the same method used in literature. 

• Radiolabel [68/67Ga]KP46 and assess the radiolabelling by iTLC and HPLC.  

• Study the protein speciation of [68/67Ga]KP46 and [68/67Ga]Ga-acetate (control) in vitro 

using size exclusion chromatography. 

• Investigate the cellular uptake mechanism of [68/67Ga]KP46 and [68/67Ga]Ga-acetate 

(control) in cultures using A375 human melanoma cell lines.  

• Evaluate the biodistribution of [68/67Ga]KP46 in animal models bearing A375 xenograft 

after i.v. injection 

• Evaluate the biodistribution of [68/67Ga]KP46 in animal models bearing A375 xenograft 

after oral administration as a tracer or combined with a pharmacologically relevant dose 

of KP46.  

• Study the chemical form of [68/67Ga]KP46 after oral administration in the gut and tissue 

samples by homogenisation and octanol extraction.  

• Measure stable gallium concentration in normal and tumour tissues using ICP-MS. 
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 Experimental  

3.6.1 Equipment and consumables  

All reagents and consumables were purchased from Fisher Scientific/Chemical, Crawford 

Scientific or Sigma Aldrich unless specified otherwise. Athymic nude nu/nu mice were purchased 

from Charles River UK Ltd. A375 human melanoma cell lines were purchased from the American 

Type Culture Collection (ATCC) and were then cultured and stocked in our department. 68Ga was 

obtained from a 68Ge/68Ga generator (Eckert & Ziegler) and eluted with 5 ml of 0.1 M ultrapure 

HCl and collected in 5 x 1 ml fractions. [67Ga]Ga-citrate was purchased from Mallinckrodt, The 

Netherlands. iTLC was carried out using Agilent’s silica gel impregnated glass microfiber strips 

(10 cm in length). iTLC strips were scanned by a LabLogic mini scan TLC reader with positron 

(β+) or gamma (γ) detectors for 68Ga and 67Ga, respectively, and analysed with Laura software or 

phosphor imager filmless autoradiography (Cyclone Plus). HPLC was implemented using an 

Agilent Eclipse XDB C18 5 μm 4.6 × 150 mm reversed phase (RP) column and Agilent 1200 

series HPLC with ultraviolet (UV) detection (220 nm) and radioactivity detection, using Gina 

Star TM software version 5.8. PET/CT and SPECT/CT images were acquired on a nanoScan® 

PET/CT and a nanoScan® SPECT/CT (Mediso Medical Imaging System, Budapest, Hungary). 

Images were analysed by VivoQuant software (version 1.23). Gamma counting was performed 

using an LKB Wallac 1282 Compugamma Gamma Counter. Mass spectrometry analysis was 

conducted at King’s College London using a Thermo Exactive HR mass spectrometer that used 

electrospray ionisation (ESI) and running Xcalibur version 2.2 software. Nuclear magnetic 

resonance (NMR) spectra were acquired on a Bruker Avance III HD NanoBay 400 MHz NMR 

spectrometer (AscendTM magnet) and analysed with Topspin software. ICP-MS analysis was 

conducted in the London Metallomics Facility at King’s College London using a PerkinElmer 

Flexar LC system linked to a PerkinElmer NexION 350D, with Syngistix version 1.0 and 

Chromera version 4.1.2 software. LC/MS was acquired through an Agilent Eclipse XDB C18 5 

μm 4.6 × 150 mm RP column on an Agilent liquid chromatograph (1200 Series) with UV 

detection at 254 nm, connected with Advion Expression LCMS mass spectrometer with 

electrospray ionisation source. Analysis was performed by Advion Mass Express software 

(version 6.4.16.1).  
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3.6.2 Synthesis and quality control of KP46 

The synthesis of KP46 was based on a previous method by Collery et al.236 In brief, 1.175 g (8 

mmol) of 8-hydroxyquinoline (dissolved in 10% acetic acid) was added to 0.559 g (2 mmol) of 

gallium (III) nitrate [Ga (NO3)3.H2O]. The mixture was heated under reflux to 80° C for one hour 

before being filtered and the residue washed with both hot and cold water and diethyl ether. The 

final compound was dried overnight at 100° C in a drying oven. The final yield of KP46 produced 

0.6232 g (1.2 mmol) of a bright yellow powder compound.  

3.6.3 Elemental analysis  

A 5 mg sample of KP46 and 8-hydroxyquinoline (control) was sent for elemental analysis to 

London Metropolitan University’s elemental analysis service for the determination of carbon, 

hydrogen, and nitrogen content in the samples. Measured analysis of 8-hydroxyquinoline (74.30 

%C, 4.85 %H, 9.75 %N) showed negligible deviation from theoretical analysis (74.47 %C, 4.86 

%H, 9.65 %N). However, measured analysis of KP46 (61.50 %C, 3.30 %H, 7.60 %N) showed a 

considerable deviation from theoretical analysis (64.56 %C, 3.61 %H, 8.38 %N).  

3.6.4 NMR analysis 

Five mg of KP46 and 8-hydroxyquinoline (control) was dissolved in 0.5 ml deuterated dimethyl 

sulfoxide (DMSO) and placed in NMR tubes (5 mm in diameter) for NMR analysis at a frequency 

of 400 MHz. 1H NMR of 8-hydroxyquinoline: (DMSO-d6 400 MHz) δ: 8.84 (dd, J = 4.1, 1.5 HZ, 

1H), 8.30 (dd, J = 8.3, 1.5 HZ, 1H), 7.52 (dd, J = 8.3, 4.1 HZ,  1H), 7.43 (t, J = 8.0 HZ,  1H), 7.38 

(dd, J = 8.1, 1.1 HZ,  1H), 7.11 (dd, J = 7.4, 1.2 HZ, 1H). 1H NMR of KP46; (DMSO-d6 400 MHz) 

δ: 8.71 (0.63 H), 8.57 (1H), 7.65 (0.68 H), 7.50 (1.67 H), 7.18 (1H), 6.88 (1H). In the KP46 

sample, three peaks were observed at 1.9 ppm, 2.5 ppm and 3.4 ppm, corresponding to acetic acid, 

DMSO-d6 and H2O, respectively.  

3.6.5 Mass spectrometry 

Five mg of KP46 was dissolved in 1 ml ethanol before being diluted 10 times with 0.1% formic 

acid in 50% methanol and was used for mass spectrometry. Mass spectrometry analysis of KP46 

showed a peak at 502.0677 m/z [M+H]+, corresponding to the desired compound (KP46, 

calculated: 502.4498 for C27H18GaN3O3 + H+). Mass spectrometry analysis of KP46 displayed the 

regular isotopic pattern of the natural gallium complex: 502.0677 m/z and 504.0667 m/z, 

correlating to MW [M+H]+ of 69Ga and 71Ga isotopes, respectively. Additional peaks at 503.071 

m/z and 505.0701 m/z correlated to 69Ga and 71Ga MW [M+H]+ incorporating one 13C, 

respectively.  
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3.6.6 LC/MS 

KP46 and 8-hydroxyquinoline (control) were dissolved in ethanol and diluted with water to bring 

the final concentration to 250/350 µM. Mobile phase: H2O (A) and acetonitrile (B). Gradient: 0–

2 minutes: 5% B, 2–17 minutes: 60% B, 17–18 minutes: 100% B, 18–24 minutes: 100% B, 24–

26 minutes: 5% B and 26–30 minutes: 5% B. LC/MS analysis of 8-hydroxyquinoline showed a 

single peak at 14:03 min:s, which corresponded to the ligand mass seen in the mass spectrometry 

analysis at 146 m/z [M+H]+. LC/MS analysis of KP46 showed one peak at 16:02 min:s, which 

gave a molecular ion in the mass spectrometry analysis at 501.75 and 503.77 m/z [M+H]+ (regular 

isotopic pattern of natural gallium, corresponding to KP46), and another peak at 14:04 min:s 

corresponded to the free ligand. 

3.6.7 Radiolabelling of [68Ga]KP46 

The 68Ga complex formation with 8-hydroxyquinoline was prepared according to a modified 

method used by Yano et al.265 In brief, 8-hydroxyquinoline was dissolved in ethanol (1 mg/ml).  

200 µl of the ligand solution was mixed with 200 µl of sodium acetate (0.5 M in sterile H2O, pH 

= 9) and 100 µl (8-10 MBq) of 68Ga from most radioactive fraction (see materials section for 68Ga 

elution method) to bring the final mixture to 2:2:1 v/v respectively (final mixture pH = 5.5/6). 

The final mixture comprised 2.76 mM 8-hydroxyquinoline and approximately 0.98 nM 68Ga (see 

the following section for calculation method) at the time of preparation. [68Ga]Ga-acetate 

(control) was prepared following the [68Ga]KP46 method (except that no ligand was added; the 

ligand solution was replaced with ethanol only). RCP was evaluated by iTLC after 10 minutes of 

incubation at room temperature (CHCl3:CH3OH, 95:5%, v/v) and showed a retention factor (Rf) 

of 1 for [68Ga]KP46. In comparison, a Rf of 0 was observed for [68Ga]Ga-acetate.  

3.6.8 Calculation method for 68Ga concentration 

68Ga concentration at the time of preparation was calculated following Brown et al.266 method. 

𝐷𝑒𝑐𝑎𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑑𝑖𝑠𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑎𝑡𝑜𝑚 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑)

= 𝐿𝑛 2/ ℎ𝑎𝑙𝑓 𝑙𝑖𝑓𝑒 𝑖𝑛 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 (4080 𝑠) = 1.7𝐸 − 04 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠

= 𝑑𝑒𝑠𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 (𝐵𝑞)  𝑎𝑡 𝑡ℎ𝑒 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑝𝑟𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛

/𝑑𝑒𝑐𝑎𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 = 1.0𝐸 + 07 𝐵𝑞 (10 𝑀𝐵𝑞)/1.7𝐸 − 04 = 5.89𝐸 + 10 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠/ 𝐴𝑣𝑎𝑔𝑎𝑑𝑟𝑜′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
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𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 = 5.89𝐸 + 10/ 6.023𝐸 + 23 = 9.77𝐸 − 14 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀) = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 (9.77𝐸 − 14)/ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑢𝑠𝑒𝑑 (0.0001 (100 µ𝑙))

= 9.77𝐸 − 10 𝑀(= 0.98 𝑛𝑀) 

3.6.9 Determination of the distribution/partition coefficients (logD and logP) of 

[68Ga]KP46 

Lipophilicity determination was performed using the shake flask method. Between 5–20 µl (0.3–

0.5 MBq) of [68Ga]KP46 and [68Ga]Ga-acetate mixtures (see section 3.6.7 for radiolabelling 

method) was added to a pre-equilibrated mixture of octanol/water (500 µl/500 µl [for logP 

measurement]) or octanol/PBS (500 µl/500 µl [for logD7.4 measurement]). Samples were vortexed 

for two minutes in a Multi Vortex Mixer V-32 (Grant Bio). From each layer, 200 µl was taken 

and analysed separately using a gamma counter.  

3.6.10 In vitro: [68/67Ga]KP46 binding to serum proteins 

Human apo-Tf (2 mg/ml) and HSA (50 mg/ml) (purchased from Sigma Aldrich) were dissolved 

in aqueous NaHCO3 (5 mM, pH = 8) and PBS (pH = 7.4), respectively. [68Ga]KP46 and [68Ga]Ga-

acetate were prepared following the methods described in section 3.6.7. One MBq (13–20 µl) of 

[68Ga]KP46 was either added to 1.2 ml of NaHCO3, containing apo-transferrin and apo-

transferrin-free NaHCO3 (control), or 1.5 ml PBS, containing HSA or HSA-free PBS (control), 

and was incubated for 60 minutes at 37° C (pH = 7-7.5). One MBq (20–25 µl) of [68Ga]Ga-acetate 

was used as a control to obtain standard elution profiles of 68Ga in buffers in both the presence 

and absence of the proteins. From both mixtures, 0.5 ml was loaded into PD MidiTrap G-25 tubes 

that were preconditioned with 8 ml of NaHCO3 (5 mM) (for apo-Tf binding) or PBS (for albumin 

binding). Radioactive fractions (0.5 ml) were measured by a Wallac gamma counter. The protein 

absorbance at 280 nm was measured using a nanodrop spectrophotometer. PD MidiTrap G-25 

tubes were counted by a gamma counter to determine how much radioactivity remained in the 

columns. Owing to the longer half-life of 67Ga (78.3 hours) compared to that of 68Ga (68 minutes), 

[67Ga]KP46 was radiolabelled following the radiolabelling methods for [68Ga]KP46 (see section 

3.6.7) (see the following section for 67Ga citrate to 67Ga chloride conversion method) to 

investigate [67Ga]KP46 protein speciation at longer time points. For [67Ga]KP46, only binding to 

apo-transferrin was performed following the method mentioned previously. However, the 

incubation of different periods (0, 1, 3, 5, 24 and 48 hours) was investigated. In addition, the 

elution profiles of [67Ga]KP46 in apo-transferrin-free NaHCO3 (control) were completed after 24 

and 48 hours of incubation.  
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3.6.11 67Ga citrate to 67Ga chloride conversion method 

67Ga was provided as [67Ga]Ga-citrate, usually 418-430 MBq in 5.5 ml at the time of receipt (76-

78 MBq/ml). 67Ga citrate was passed through a Sep-Pak plus light silica cartridge (part number 

WAT023537) at 1 ml/min to trap the radio-metal on the silica cartridge. The eluate was passed 

through again to capture 80% of the activity on the cartridge. The cartridge was washed twice 

with 5 ml of H2O, then eluted with 600 µl of 0.1 M HCl in 50 µl fractions. Fractions with the 

highest activity (fraction 4, 5, and 6) were used for experiments.  

3.6.12 Cellular uptake of [68Ga]KP46 

The uptake was evaluated by placing 0.5 ml of Dulbecco’s Modified Eagle Medium (DMEM) – 

low glucose media – (10% FBS, 5 ml of L-glutamine and 5 ml of penicillin and streptomycin) 

that contained 1 x 106 A375 (human melanoma) cells in suspension into 1.5 ml Eppendorf tubes. 

[68Ga]KP46 and [68Ga]Ga-acetate were radiolabelled using the method mentioned in section 3.6.7. 

10 MBq of each mixture was transferred to Eppendorf tubes and diluted with sodium acetate (0.5 

M in sterile H2O, pH = 9) to 1 ml to obtain the activity concentration of 100 kBq/10 µl, pH = 7. 

68Ga mixtures were tested for radiochemical purity by iTLC prior to the uptake studies. Ten µl of 

each mixture was added to cells/control (no cells to correct for non-specific binding to plastic) 

and incubated for 60 minutes (37o C and 5% CO2). Following incubation, samples were 

centrifuged (Sci Spin Mini) for three minutes at 1,500 RPM. Then, the supernatant was removed 

and transferred to another Eppendorf tube. Following the same centrifuging method, cell samples 

were washed twice with 0.5 ml PBS, and washes were added to the supernatant tubes. All samples 

were measured using a gamma counter. The average percentage uptake of [68Ga]KP46, [68Ga]Ga-

acetate, and corresponding controls was calculated by dividing the activity obtained for the 

pellet/control-containing tubes by the sum of activity for pellet/control, supernatant and washes 

tubes combined, then multiplying by 100. Control corrected was calculated by correcting the 

percentage cell uptake for corresponding control.  

In addition, to correct for the different volume between cell pellets and supernatant, ratio of 

intracellular (IC) and extracellular (EC) concentration of 68Ga was calculated for [68Ga]KP46 and 

[68Ga]Ga-acetate. IC (control corrected activity associated with the cell pellets) and EC 

(supernatant + washes) activity was divided by their volumes (2.804 µl and 1500 µl respectively). 

The volume of 1 x 106 A375 cells (2.804 µl) was calculated based on an estimated diameter of 

17.5 µm for a A375 cell from literature.267 The formula V=4/3 ∏ r3 (considering A375 cells as 

spheres) was used to find the volume of a A375 cell (2804.73 µm3 which corresponds to 2.804 

x10-6 µl).  
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3.6.13 Preparation and quality control of [68/67Ga]KP46 and KP46 for in vivo studies 

To obtain the highest radioactivity yield and purity, [68Ga]KP46 radiolabelling was modified 

slightly by using a Sep-Pak Light C-18 cartridge (part number WAT 023501). One ml of the 

highest 68Ga elution fraction was added to a mixture of 2 ml of freshly dissolved 8-

hydroxyquinoline in ethanol (1 mg/ml) and 1 ml of sodium acetate (0.5 M in sterile H2O, pH = 

9), final mixture pH = 5.5. For [67Ga]KP46 radiolabelling, after 67Ga citrate to 67Ga chloride 

conversion, 0.5 ml of 67Ga chloride was added to a mixture of 1 ml of freshly dissolved 8-

hydroxyquinoline in ethanol (1 mg/ml) and 0.5 ml sodium acetate (0.5 M in sterile H2O, pH = 9), 

final mixture pH = 5.5. The mixtures were diluted (1:2 v/v) with sterile water and loaded into a 

C-18 cartridge (preconditioned with 5 ml of water and 5 ml of ethanol). The C-18 cartridge was 

eluted with 500 µl of ethanol into 5 x 100 µl fractions. For RP-HPLC analysis, samples from the 

[67Ga]KP46 C-18 eluted fraction in ethanol (diluted 1:2 v/v with water, 20–30 µl, 2 MBq) and 

KP46 (preparation method detailed in LC/MS section 3.6.6) were used.  

Volumes of [68Ga]KP46 administered intravenously (10 ml/kg) (no preclinical study of 

[67Ga]KP46 was performed post i.v. injection) and [68/67Ga]KP46 administered orally (20 ml/kg) 

were based on the maximum administered volume allowed by the project licence. Mice were 

weighed before dose administration. As the lowest measured weight was 20 g, it was decided to 

base the dose volume calculation on this weight (200 µl for i.v. injection and 400 µl for oral 

administration). 10 µl of the [68Ga]KP46 C-18-eluted hottest fraction (10% ethanol – the 

maximum % allowed by the project registration licence) was added to 180 µl of PBS to bring the 

final volume to 200 µl for i.v. injection. The same method was used for the oral administration of 

[68Ga]KP46 as a tracer; however, 40 µl of the hottest fraction (10% of ethanol) was added to 360 

µl of PBS to bring the final volume to 400 µl. Unlike in the literature, where high volumes of 

dissolved KP46 in DMSO were used for preclinical studies,249,236 the co-administration of 

[68Ga]KP46 and KP46 for oral administration in this study was performed by adding 20 µl of 

KP46 dissolved in DMSO (20 mM) (only 5% DMSO of the final volume was allowed by the 

project licence) to 40 µl of [68Ga]KP46 from the hottest fraction (10% of ethanol). Due to the 

hydrophobic behaviour of KP46, 180 µl of polyethylene glycol (PEG) (0.4 g/ml in water) was 

added before diluting the sample further with water to avoid precipitation. Distilled water was 

added to bring the final volume to 400 µl. Oral administration of [67Ga]KP46 and KP46 was 

performed following the same dose preparation method as [68Ga]KP46 and KP46. However, for 

the orally administered [67Ga]KP46 used as a tracer without the bulk drug, DMSO (KP46-free), 

PEG and water were used as vehicles (instead of PBS). iTLC was performed (see section 3.6.7 

for iTLC method) after mixing [68/67Ga]KP46 and KP46 and adding the vehicle. iTLC strips were 

analysed by a LabLogic mini scan TLC reader for [68/67Ga]KP46 and by UV lamp (Analytik Jena, 

254/365 nm) for KP46.  
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3.6.14 In vivo studies 

All in vivo studies were completed in accordance with the project and personal licence that was 

approved by the British Home Office under regulations governing animal experimentation. All 

animal-bearing tumour xenograft studies were performed on female athymic nude mice after 

injecting them subcutaneously in the right shoulder with 2.5 x 106 A375 cells in 100 µl of PBS. 

Tumour growth was monitored regularly so as not to exceed the maximum volumetric size limit 

(1.2 cm3), as per the project and personal licence. All in vivo studies were conducted between 14- 

and 24-days post cell inoculation with a minimum and maximum tumour volume of 100 mm3 and 

580 mm3, respectively (Figure 3.4).  
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Figure 3.4: Tumour growth graph of A375 human melanoma cells in female athymic nude mice (2.5 x 106 cells). Data 

are reported as mean ± SD (n=24).  

3.6.15 Ex vivo biodistribution after intravenous injection of [68Ga]KP46 

With the aim of uniting the variables between intravenously and orally administered preclinical 

studies, mice bearing an A375 xenograft (n = 3) fasted for 12-14 hours before the start of the 

experiment. Mice were anaesthetised and then injected with [68Ga]KP46 (2.3–2.5 MBq) via their 

tail vein. Mice were kept under anaesthesia before they were culled at two hours post injection, 

and the organs were harvested, weighed and gamma counted. 

3.6.16 In vivo: Developing a method for oral administration of [68Ga]KP46 

The method for the oral administration of [68Ga]KP46 was based on two pilot studies that were 

performed to find the best (i.e. with transit through the gastrointestinal tract least affected by 

anaesthesia) method for obtaining maximum absorption of [68Ga]KP46 post oral administration. 

In the first pilot study, mice bearing a tumour xenograft (A375) were anaesthetised, orally 
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administered with [68Ga]KP46 (10 MBq) and PET scanned (no CT scan was performed) for four 

hours (n = 1), or orally administered with [68Ga]KP46 (1–2 MBq) and kept anaesthetised for four 

hours (n = 3), before being culled for organ harvesting and gamma counting. To enhance the 

gastrointestinal motility, in the second pilot study, healthy mice (n = 3) were anaesthetised, orally 

administered with [68Ga]KP46 (6–8.5 MBq) and allowed to recover for three hours before being 

re-anaesthetised and PET scanned for one hour. In both studies, mice fasted for no more than 18 

hours during the entire study.  

3.6.17 In vivo: Oral administration of [68Ga]KP46 in the presence and absence of a 

pharmacologically relevant dose of KP46 

Athymic nude nu/nu mice bearing an A375 xenograft were divided into two groups: A (n = 3) 

and B (n = 3). Mice in both groups fasted for no more than 18 hours over the entire study. 

Awake (non-anaesthetised) mice were orally administered with [68Ga]KP46 (5–13 MBq) (group 

A) or with [68Ga]KP46 and KP46 (5–8.5 MBq) (group B) (see section 3.6.13 for dose preparation) 

and kept fasting in a cage for three hours before being anaesthetised and PET/CT scanned 

dynamically for one hour. Mice in both groups were culled four hours post oral administration 

for organ harvesting and gamma counting. Blood, urine, stomach content, small intestine and 

large intestine content samples from the mice in group A were used for octanol extraction (shake 

flask method, Log Poctanol/water) to measure the lipophilicity of 68Ga in the samples. No octanol 

extraction was performed on the tumours due to the absence of tumour activity (due to decay) at 

the time of experiment. Blood samples were placed in a serum separator tube (Fisher Scientific 

Ltd VS367954) and centrifuged at 3,000 rpm for 10 minutes. Serum (200–300 µl) and urine 

samples (150–180 µl) from each mouse were directly and equally added to three different 

Eppendorf tubes containing a pre-equilibrated mixture of octanol (500 µl) and water (500 µl). 

Serum and urine samples were vortexed for two minutes by a Multi Vortex Mixer V-32 (Grant 

Bio). From each layer, 400 µl was transferred separately into Eppendorf tubes and analysed by a 

gamma counter. Stomach content (72–77 mg), small intestine content (35–88 mg) and large 

intestine content (86–100 mg) samples from each mouse were added equally to three different 

Eppendorf tubes containing a pre-equilibrated mixture of octanol (500 µl) and water (500 µl) 

before being vortexed for two minutes by a Multi Vortex Mixer V-32 (Grant Bio) and centrifuged 

at 10,000 rpm for 10 minutes at 4o C. From each layer, 430 µl was removed post centrifuging, 

transferred separately into Eppendorf tubes, and analysed by gamma counter. Precipitation 

remaining in Eppendorf tubes was also analysed by a gamma counter to measure the activity 

bound to samples. [68Ga]KP46 (see section 3.6.13 for radiolabelling method) and [68Ga]Ga-

acetate (see section 3.6.7 for radiolabelling method) log P values were measured on each 

experimental day as controls. To measure how much natural gallium was in the tissue samples 

using ICP-MS, samples were left to decay at –20° C, then liver, stomach, tumour, heart, small 

intestine, large intestine (after being sliced into small pieces), blood and urine from the mice in 
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group B were transferred to 15 ml metal-free centrifuge tubes (Elkay Laboratories, 2086-500). 

Metal-free HNO3 (68%) (Fisher Scientific, 10098862) was added to all samples (0.5–3 ml) in 

addition to two–four drops of 30% hydrogen peroxide (Sigma Aldrich H1009). Samples were 

digested for four days (and vortexed daily) before being centrifuged at 2,000 rpm for five minutes. 

At this point, only the small and large intestine samples had visible precipitation. Of the samples, 

0.5 ml was transferred into new 15 ml metal-free falcon tubes, diluted with distilled water to 5 ml 

(10 times dilution) and centrifuged at 2,000 rpm for five minutes. Aliquots (4 ml) of samples were 

transferred to new 15 ml metal-free tubes and sent for analysis. 

3.6.18 In vivo: Oral administration of [67Ga]KP46 in the presence and absence of a 

pharmacologically relevant dose of KP46 

Athymic nude nu/nu mice bearing an A375 xenograft were divided in two groups: A (n = 4) and 

B (n = 4). Mice in group A fasted for 11–14 hours, while the mice in group B fasted for 7–10 

hours prior to the experiment. Awake (non-anaesthetised) mice were orally administered with 

[67Ga]KP46 (2–11 MBq) (group A) or with [67Ga]KP46 and KP46 (1–11 MBq) (group B) (see 

section 3.6.13 for dose preparation) and remained fasting in a cage for three hours before being 

placed under anaesthesia and SPECT/CT scanned dynamically for one hour (first time point). 

Mice were allowed to eat after the first time point scan. Group A mice were re-scanned 24 hours 

post oral administration, followed by ex vivo biodistribution, organ harvesting and gamma 

counting. Blood, urine, tumours, stomach wall/content, small and large intestine wall/content and 

faeces samples from each mouse in group A were used for an octanol extraction study. Following 

the method mentioned in section 3.6.17, serum (30–120 µl) and urine samples (60–100 µl) from 

each mouse were directly and equally added to three different Eppendorf tubes that contained a 

pre-equilibrated mixture of octanol and water. However, the tumours, stomach wall/content, small 

and large intestine wall/content and faeces samples were homogenised by slicing into small 

pieces, adding 1–2 ml of EDTA-free RIPA lysis and an extraction buffer (Thermo scientific, 

89900) containing a freshly added EDTA-free Halt Protease and Phosphatase Inhibitor Cocktail 

(10–20 µl) (Thermo Scientific, 78441). Samples were homogenised by passing them through an 

18-gauge needle that was attached to a plastic syringe at least 10 times before repeating the same 

process with a 21-gauge needle until homogenates were achieved. Homogenates (supernatant) 

were removed by centrifugation at 10,000 rpm for 20 minutes at 4° C. Both supernatants and 

precipitation were analysed by a gamma counter to measure the activity of the supernatant and 

the activity bound to the samples. Equal volumes from each sample homogenate were added to 

three different Eppendorf tubes that contained a pre-equilibrated mixture of octanol and water. 

Samples were vortexed for two minutes before 200 µl was taken from each layer and transferred 

to separate Eppendorf tubes for gamma counting. Group B mice were re-scanned 24 and 48 hours 

post oral administration, which was followed by ex vivo biodistribution, organ harvesting and 

gamma counting. An octanol extraction study for group B tissue samples was only performed on 
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the liver, large intestine content and tumour following the exact method used on the mice in group 

A. Tissue samples from the mice in group B were left to decay at –20° C for further ICP-MS 

analysis. The liver, stomach, small intestine, large intestine, and tumour (after being sliced into 

small pieces), urine, blood, faeces, and heart samples were transferred to 15 ml metal-free 

centrifuge tubes (Elkay Laboratories, 2086-500). Samples were digested by adding optima grade 

concentrated HNO3 (67–68%, Fisher Scientific) (3–5 ml) and being left to stand at room 

temperature for 24 hours. Samples were transferred to acid-cleaned 7–15 ml PTFE microwave 

digestor vessels and placed in a Milestone UltraWAVE microwave digestion system, which was 

heated to 220° C over the course of a 15-minute period and was maintained at that temperature 

for a further 10 minutes to complete the digestion process. Sample aliquots of 0.5 ml were 

transferred to acid-cleaned trace metal grade HDPE centrifuge tubes (purchased from VWR) and 

diluted to 10 ml (factor of x20 dilution) using purified water from an Elga PureLab purification 

system and then analysed by ICP-MS. PET/CT images were used for the delineation of the region 

of interest (ROI) and quantification of distributed activity in selected organs. The time–activity 

curve was obtained from the generated ROI within the selected organs.  
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 Results 

3.7.1 Synthesis and quality control of KP46 

KP46 was synthesised by following a method reported by Colley et al.236 Table 3.1 represents the 

measured and theoretical elemental percentages in the 8-hydroxyquinoline and KP46 samples. 

Elemental analysis of 8-hydroxyquinoline showed negligible deviation from theoretical analysis. 

However, a measured analysis of KP46 showed a considerable deviation from theoretical 

analysis. The deficiency noticed in the percentage of nitrogen and carbon in the measured analysis 

is probably related to the presence of residual acetic acid from KP46 preparation related to 

increase oxygen percentage in the sample. Theoretical elemental percentages of KP46 combined 

with one mole of acetic acid showed similar elemental percentages to that of measured KP46 

sample (Table 3.1 bottom row). In addition, the presence of acetic acid was also observed later in 

NMR at 1.9 ppm (Figure 3.5 C), confirming the possibility of acetic acid impurities. Attempts at 

purification by crystallisation by vacuum sublimation and liquid diffusion were made but did not 

improve the elemental analysis results (data not shown).  

Sample %C %H %N %O %Ga 

8HQ (T) 74.47 4.86 9.65 11.02 N/A 

8HQ (M) 74.30 4.85 9.75 N/M N/A 

KP46 (T) 64.56 3.61 8.38 9.56 13.89 

KP46 (M) 61.50 3.30 7.60 N/M N/M 

KP46 + 

CH3COOH 

(T) 

61.95 3.94 7.47 14.23 12.41 

Table 3.1: CNM elemental analysis of KP46 and 8-hydroxyquinoline: a comparison between theoretical and measured 

analysis. 8HQ, 8-hydroxyquinoline: T, theoretical: M, measured: N/A, not applicable: N/M, not measured. 

3.7.2 NMR analysis 

Figure 3.5A represents the NMR spectrum of 8-hydroxyquinoline. The assessment seen in Figure 

3.5 A is consistent with previously assigned 8-hydroxyquinoline from literature.268 Figure 3.5 B 

represents the NMR spectrum of KP46 (see method section 3.6.4 for chemical shifts and 

integration) and shows the absence of free ligand in the sample. However, signals of not 

equivalent ligand protons were detected indicating the possible coexistent of KP46 structure 

isomers in the solution. The COSY spectrum of KP46 (Figure 3.6) is generally in agreement with 

the proposed assignment seen in figure 3.5 B.  
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Figure 3.5: 400 MHz 1H NMR spectra of 8-hydroxyquinoline (A) and KP46 (B and C).  

  

B)    KP46 1H NMR spectrum (6.9-8.9 ppm)  
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Figure 3.6: 400 MHz 1H COSY spectrum of KP46 demonstrates the coupling between the protons.  

3.7.3 Mass spectrometry 

Figure 3.7 represents the mass spectrum of KP46, showing a peak of 502.0677 m/z [M+H]+, 

which corresponds to the desired compound (KP46, calculated: 502.4498 for C27H18GaN3O3+ H+) 

(Figure 3.7 A). Figure 3.7 B represents the peak at 502.0677 m/z and shows the regular isotopic 

pattern of the natural gallium complex. Four additional peaks were observed (m/z) in the mass 

spectrum of KP46: 357.0148 [M]+, which corresponds to Ga3+ binding to two 8-

hydroxyquinolinate ligands (calculated: 357.2998 for C18H12GaN2O2), 733.0324 [M+H]+, which 

correlates to the mass of two Ga3+ binding to four 8-hydroxyquinolinate ligands and OH group 

(calculated: 732.6071 for C36H25Ga2N4O5 + H+), 761.0273 [M+H]+, which corresponds to the 

mass of two Ga3+ binding to four 8-hydroxyquinolinate ligands and formate group (CHO2) 

(calculated: 760.6167 for C37H25Ga2N4O6 + H+), and 860.0750 [M+H]+, which correlates to the 

mass of two Ga3+ binding to five 8-hydroxyquinolinate ligands (calculated: 859.7497 for 

C45H30Ga2N5O5 + H+). However, peaks assignments (except 502.0677) are suggestions and 

subject to confirmation based on the isotope distribution pattern. The presence of other species in 

the mass spectrometry may be instrumentally related to the compound dissociating in the gas 

phase. Mass spectrometry analysis of KP46 was performed previously by Groessl et al.,253 and 

the presence of a species at 357.1 m/z was also noticed in the sample. However, the highest m/z 

value included in the spectrum was 600 m/z. Hence, the presence or absence of another species 

at 733.0324, 761.0273, and 860.0750 m/z cannot be confirmed.253  
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3.7.4 LC/MS 

LC/MS presented 8-hydroxyquinoline with a single peak at 14:04 min:s and KP46 with two peaks, 

which corresponded to the desired compound (16:02 min:s) and excess-free ligand (14:04 min:s) 

(Figure 3.8). The presence of excess 8-hydroxyquinoline in the sample may be due to the 

dissociation of the compound under analytical conditions which was not seen in HPLC analysis 

of the same sample (HPLC results are presented in section 3.7.9). Although no acid was used in 

the mobile phase, residual acid in the LC/MS line might be present causing some level of 

dissociation.   
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Figure 3.7: High resolution mass spectrometry of KP46 from 200 to 2000 m/z (A), and 499 to 511 m/z (B). The peak 

at 502.0677 m/z represents KP46 and shows the regular isotopic patten of natural gallium complex. Peak at 357.0148 

m/z corresponds to Ga3+ binding to two 8-hydroxyquinolinate ions (calculated: 357.2998 for C18H12GaN2O2). Peak at 

733.0324 m/z correlates to the mass of two Ga3+ binding to four 8-hydroxyquinolinate ions and OH group (calculated: 

732.6071 for C36H25Ga2N4O5 + H+). Peak at 761.0273 m/z corresponds to the mass of two Ga3+ binding to four 8-

hydroxyquinolinate ions and CHO2 group (calculated: 760.6167 for C37H25Ga2N4O6 + H+). Peak at 860.0750 m/z 

represents the mass of two Ga3+ binding to five 8-hydroxyquinolinate ions (calculated: 859.7497 for C45H30Ga2N5O5 + 

H+). Peak’s assignments (except 502.0677) are suggestions and subject to confirmation based on the isotope distribution 

pattern.  
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Figure 3.8: LC/MS analysis of 8-hydroxyquinoline represents a single peak at 14:03 min:s (A) corresponds to the ligand 

mass seen (146 m/z [M+H]+) in panel B. LC/MS analysis of KP46 shows two peaks at 16:02 and 14.04 min:s (A) which 

correspond to KP46 mass (501.75 and 503.77 m/z [M+H]+, regular isotopic pattern of natural gallium) (C) and the free 

ligand mass (146 m/z [M+H]+) (D) respectively. H2O (A) and acetonitrile (B) were used as mobile phase. Gradient: 0-

2 minutes: 5% B, 2-17 minutes: 60% B, 17-18 minutes: 100% B, 18-24 minutes: 100% B, 24-26 minutes: 5% B, 26-

30 minutes: 5% B).   
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3.7.5 Radiolabelling of [68Ga]KP46 

Mixing 8-hydroxyquinoline with 68Ga chloride in an acetate buffer results in the efficient 

chelation of 68Ga to form a lipophilic complex with high RCP (98%), as determined by iTLC 

(CHCl3: CH3OH, 95:5%, v/v) with Rf = 1. Using the same iTLC conditions, [68Ga]Ga-acetate 

showed Rf = 0 (Figure 3.9).  
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Figure 3.9: Radioactivity distribution on silica gel impregnated glass microfiber strips using phosphor imager (A) and 

Lablogic mini scan TLC reader with β+ detection (B). [68Ga]KP46 moved to the solvent front with Rf=1 (A1 and C), 

while [68Ga]Ga-acetate stayed in the origin with Rf= 0 (A2 and B).  
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3.7.6 Determination of the distribution/partition coefficients (Log D/P)  

of [68Ga]KP46 

As expected, [68Ga]KP46 is highly lipophilic, with log D(octanol/PBS) and log P (octanol/water) values of 

1.9 ± 0.19 and 2.33 ± 0.28, respectively. [68Ga]Ga-acetate is highly hydrophilic due to the absence 

of a lipophilic chelating agent, with log D and log P values of –3 ± 0.3 and –3.2 ± 0.48, 

respectively (Figure 3.10). 

log P Log D log P Log D
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Figure 3.10: Log D (octanol/PBS) and log P (octanol/water) analysis of [68Ga]KP46 and [68Ga]Ga-acetate (control) using shake 

flask method. Results are reported as mean ± SD. 

3.7.7 In vitro: [68/67Ga]KP46 binding to serum proteins 

In vitro protein binding studies for [68/67Ga]KP46 and [68Ga]Ga-acetate were performed using PD 

MidiTrap G-25 tubes. Tubes were counted by gamma counter to measure activity and nanodrop 

spectrometer to measure protein absorbance. The nanodrop spectrometer showed that apo-Tf and 

HSA eluted at fractions 3, 4 (highest absorbance) and 5 (Figure 3.11 A and B). [68/67Ga]KP46 

showed a similar elution profile in the presence and absence of apo-Tf in NaHCO3 (Figure 3.12 

A and B), indicating the absence of trans-chelation to apo-Tf even after a 48-hour incubation. The 

elution was at fractions 18, 19 and 20 (13.6 ± 3.8%, 14.7 ± 3.8% and 12.3 ± 32.6% of activity, 

respectively), which corresponds to small molecular weight compounds. An increase in column 

residual activity was noticed with time. This might be related to the formation of insoluble gallium 

hydroxide with time (at pH <7.4, the prepared mixture pH) that were retained in the column. 

[68Ga]KP46 showed binding to HSA in fractions 3, 4 and 5 (~16% of total activity) (Figure 3.12 

C). The low efficiency of [68Ga]KP46 to bind to serum proteins is an indication of the stability of 

the compound. In contrast, in the presence of apo-Tf, [68Ga]Ga-acetate eluted in fractions 3, 4 and 

5, (24.1%, 69.65% and 5.2% of activity, respectively) (Figure 3.12 D), indicating the behaviour 

of a large molecule and suggesting a complete binding to apo-Tf. In the presence of HSA, 
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[68Ga]Ga-acetate showed less binding (< 50% in fractions 3, 4 and 5) compared to its binding to 

apo-Tf (Figure 3.12 E).  

 

 

 

Figure 3.11:  Elution profile of apo-Tf in NaHCO3 (A) and HSA in PBS (B). Absorbance of each fraction at 280 nm 

was measured using nanodrop spectrophotometer.  
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Figure 3.12: Elution profiles of [68/67Ga]KP46 in a NaHCO3 buffer in the presence (A) and absence (B) of apo-Tf at 

multiple time points and in PBS (C) in the presence and absence of HSA at one hour. Panel (D) represents the elution 

profiles of [68Ga]Ga-acetate in the NaHCO3 buffer in the presence and absence of apo-Tf. Panel (E) represents the 

elution profiles of [68Ga]Ga-acetate in PBS in the presence and absence of HSA at one hour. This study was performed 

using size exclusion chromatography in PD MidiTrap G-25 tubes. Activity of fractions was measured using a gamma 

counter.  
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3.7.8 Cellular uptake of [68Ga]KP46 

[68Ga]KP46 exhibited a significantly higher cellular uptake (3% ± 1%) and control corrected 

(specific binding) cellular uptake (2.55% ± 1%) than [68Ga]Ga-acetate (1.6% ± 0.9% and 1% ± 

0.08%, respectively) (p < 0.01) in A375 cells after one hour of incubation in DMEM media 

containing fetal bovine serum (FBS) (Figure 3.13 A). The IC/EC concentration ratio of 

[68Ga]KP46 was almost twice (14.14 ± 6.47) that of [68Ga]Ga-acetate (6.01 ± 3.76) (Figure 3.13 

B).  
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Figure 3.13: Cellular uptake, control corrected (cells – controls/no cells) (A) and ratio of IC/EC concentration (B) of 

[68Ga]KP46 and [68Ga]Ga-acetate in A375 cells after one hour of incubation in DMEM media containing FBS (n = 3, 

independent experiments). A significant difference between the study groups was noticed. Data are reported as mean 

± SD. A t-test was performed to evaluate the difference between [68Ga]KP46 and [68Ga]Ga-acetate in each group.  
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3.7.9 Preparation and quality control of [68/67Ga]KP46 and KP46 for in vivo studies 

Samples from the [67Ga]KP46 C-18 eluted fraction in ethanol (diluted 1:2 v/v with water, 20–30 

µl, 2 MBq) and KP46 (preparation method detailed in LC/MS section 3.6.6) were used for RP-

HPLC analysis. Both [67Ga]KP46 and KP46 presented a similar elution time (16:03–16:35 min:s) 

(Figure 3.14 A), which was consistent with LC/MS analysis results (Figure 3.8 A). The 30-second 

delay was due to the serial configuration between the UV and radiation detectors. HPLC analysis 

of KP46 sample showed a low abundant peak at 21:50 min:s which was also seen in the blank 

sample (Figure 3.14 B), indicating column related impurity. In addition, iTLC analysis confirmed 

HPLC results and showed that [67/68Ga]KP46 and KP46 had the same Rf (Figure 3.15).  
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Figure 3.14: HPLC analysis of [67Ga]KP46 and KP46 samples (A) shows two peaks at 16:03 and 16:35 min:s which 

correspond to KP46 and [67Ga]KP46 respectively. Panel A shows a low abundant peak at 21:50 min:s which was also 

seen in a blank (B). HPLC mobile phase used: H2O (A) and acetonitrile (B). Gradient: 0-2 minutes: 5% B, 2-17 minutes: 

60% B, 17-18 minutes: 100% B, 18-24 minutes: 100% B, 24-26 minutes: 5% B, 26-30 minutes: 5% B).  
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Figure 3.15: iTLC analysis of KP46 (dissolved in DMSO) mixed with ethanol solution of [67/68Ga]KP46 before (A-D) 

and after (E and F) diluting the sample with PEG and water (vehicle). iTLC strips were analysed by UV lamp (Analytik 

Jena, 254/365 nm) for KP46 (A, C, and E) and LabLogic mini scan TLC reader with β+ or γ detection for [68/67Ga]KP46 

(B, D, and F). iTLC analysis showed that KP46 and [67/68Ga]KP46 had the same Rf. Red arrows represent the solvent 

front while orange arrows represent the origin.  
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3.7.10 Ex vivo biodistribution after intravenous injection of [68Ga]KP46 

Mice were intravenously injected with [68Ga]KP46 and culled two hours post injection for organ 

harvesting and gamma counting. Consistent with the previous study conducted in our department 

(Figure 3.2 and 3.3), 31.4 ± 3.8%ID/g was seen in the liver two hours after the i.v. injection of 

[68Ga]KP46. Activity was observed in the kidneys (30%ID/g for both kidneys) and urine, 

indicating excretion through urinary system. Less activity was seen in the lungs, heart, and small 

intestine (14.3 ± 0.6, 12.6 ± 1.7 and 12 ± 2.6%ID/g, respectively), with minimal activity 

accumulating in the tumour (3.4 ± 0.4%ID/g) (Figure 3.16).  
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Figure 3.16: Ex vivo biodistribution of [68Ga]KP46 at two hours post i.v. tail injection. [68Ga]KP46 experienced hepatic 

and renal clearance. Minimal uptake was observed in tumours. Values are expressed as mean ± SD (n=3). 
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3.7.11 In vivo: Developing a method for the oral administration of [68Ga]KP46 

PET imaging from the first pilot study group revealed that most of the uptake was in the stomach, 

with minimal uptake in the small intestine. The ex vivo biodistribution data confirmed the PET 

image results and showed 324.4 ± 75.6 %ID/g in the stomach (77.6 ± 31.7 %ID), with less activity 

seen in the small intestine (33.4 ± 8.3%ID/g, 30.07 ± 9.8 %ID). Tumours could not be localised 

in the PET images due to the absence of a CT scan. However, from ex vivo biodistribution data, 

negligible activity was observed in the tumour (0.6 ± 0.3%ID/g) (Figure 3.17 A and C). The low 

absorption and low translocation from stomach to small intestine of [68Ga]KP46 indicates the 

negative effect of anaesthesia on bowel motility. However, following the addition of a three-hour 

recovery period prior to scanning, the PET images showed the most activity in the large intestine. 

Ex vivo data supported the PET scan results and showed less activity in the stomach (27.5 ± 

43.2%ID/g, 5.07 ± 7.88 %ID) and more activity in the large intestine (62.3 ± 35.4%ID/g, 50.09 ± 

19.6 %ID) compared to first group. More activity was also noticed in the blood, liver, and urine 

(Figure 3.17 B and D), indicating improved absorption. Due to the better bowel motility observed 

post three-hour recovery, it was decided that this method would be applied in further 

[68/67Ga]KP46 preclinical studies. 
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Figure 3.17: MIP PET image (A) and ex vivo bio distribution (C) conducted post 4 hours scan of mice being under 

anaesthesia (n=4) after oral administration of [68Ga]KP46. MIP PET image (B) and ex vivo bio distribution (D) 

conducted for 1-hour post 3 hours recovery (n=3) after oral administration of [68Ga]KP46. Ex vivo bio distribution 

values are expressed in mean ± SD. S: stomach and LI: large intestine.  
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3.7.12 In vivo: Oral administration of [68Ga]KP46 in the presence and absence of a 

pharmacologically relevant dose of KP46 

After the oral administration of [68Ga]KP46 as a tracer (see section 3.6.13 for dose preparation), 

PET/CT images showed that uptake was mostly seen in the large intestine (Figure 3.18 A). Ex 

vivo biodistribution results (Figure 3.18 B) supported these PET/CT results, showing the highest 

uptake in the large intestine (61.7 ± 21.5%ID/g), followed by the small intestine (12.8 ± 

4.1%ID/g) and stomach (11.1 ± 10%ID/g). Some uptake was observed in the blood, liver, and 

urine. Negligible activity was delivered to the tumour (0.8 ± 0.6%ID/g).  
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Figure 3.18: MIP whole-body PET/CT coronal image and ex vivo biodistribution of A375 xenograft animal model four 

hours after the oral administration of [68Ga]KP46 as a tracer (A and B). Ex vivo bio distribution values are expressed 

as mean ± SD (n=3). T: tumour, S: stomach and LI: large intestine.  
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To measure the lipophilicity of 68Ga in the tissues, octanol extraction was performed on tissue 

samples (Figure 3.19 A) post ex vivo biodistribution (see section 3.6.17 for octanol extraction 

method), and this showed 97.7% ± 1.2% of [68Ga]KP46 (control) due to its lipophilicity in the 

octanol phase, while 99.3% ± 0.7% of [68Ga]Ga-acetate (control) was observed in the water phase. 

68Ga in the serum and urine samples displayed hydrophilic behaviour, and almost all activity was 

seen in the water phase (98.6% ± 1.5% and 98.2% ± 1.7%, respectively). Most of the activity in 

the stomach (82.9% ± 10.7%), small intestine (80.7% ± 19.4%) and large intestine contents 

(83.7% ± 8.8%) was retained in the precipitate (Figure 3.19 B). However, post centrifugation, 

most of extracted activity from the precipitate (76.8% ± 8.7% for stomach, 95% ± 2.5% for small 

intestine and 95.5% ± 4.2% for large intestine) was seen in the aqueous phase (Figure 3.19 A), 

suggesting that activity was no longer in the form of [68Ga]KP46 in these tissues.  

 

Aqueous phase

0

50

100

150

Octanol extraction

%
 o

f 
a

c
ti

v
it

y

[
68

Ga] KP46 (control)

68
Ga acetate (control)

Serum

Urine

Stomach content

Small Intestine content

Large Intestine content

(A)

Precipitate

0

25

50

75

100

125

Stomach

Small Intestine

Large Intestine

%
 o

f 
a

c
ti

v
it

y

(B)

 

Figure 3.19: Panel A represents the percentage of activity in the aqueous phase in tissue samples post oral administration 

of [68Ga]KP46 using octanol extraction (shake flask method). Panel B represents the percentage of activity remained 

in the precipitate in stomach, small intestine and large intestine samples post centrifugation of the samples at 10,000 

rpm for 10 minutes (n=3). Values are expressed as mean ± SD.  
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In addition, after the oral administration of [68Ga]KP46 combined with KP46, the PET/CT images 

showed uptake mostly in the large intestine (Figure 3.20 A). Ex vivo biodistribution (Figure 3.20 

B) showed high activity in the large intestine (56.5 ± 21.4%ID/g), while the small intestine (18.4 

± 5%ID/g) and stomach (11.9 ± 8.1%ID/g) showed less activity. Negligible activity was delivered 

to the tumour (0.5 ± 0.3%ID/g). An ICP-MS measurement of 69Ga in the tissue samples (Figure 

3.20 C) was consistent with, and followed a similar biodistribution pattern to that of, the 68Ga 

trafficking results (Figure 3.20 B). 69Ga was seen mostly in the large intestine (23.7 ± 9.2%ID/g). 

Less 69Ga was observed in the small intestine (6.7 ± 1.0%ID/g) and stomach (6.3 ± 4.7%ID/g). A 

negligible amount of 69Ga was absorbed from the gut and delivered to the tumour (0.17 ± 

0.1%ID/g).   
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Figure 3.20: MIP whole-body PET/CT coronal image and ex vivo biodistribution of A375 xenograft animal model four 

hours after the oral administration of [68Ga]KP46 combined with KP46 (A and B). Panel C represents ICP-MS analysis 

of 69Ga in tissue samples post oral administration of [68Ga]KP46 combined with KP46. Ex vivo bio distribution values 

are expressed in mean ± SD (n=3). T: tumour, and LI: large intestine.  
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3.7.13 In vivo: Oral administration of [67Ga]KP46 in the presence and absence of a 

pharmacologically relevant dose of KP46 

67Ga was used (owing to its longer half-life) instead of 68Ga to study KP46 biodistribution in a 

prolonged study. After the oral administration of [67Ga]KP46 as a tracer (group A) or combined 

with KP46 (group B) (see section 3.6.13 for dose preparation), SPECT/CT images at the four-

hour time point showed most activity occurring in the large intestine, which was consistent with 

the previous [68Ga]KP46 study. However, uptake in the liver and heart was significantly higher 

in the presence of a pharmacological dose of KP46 (Figure 3.21 and figure 3.22), suggesting that 

adding a pharmacological dose of KP46 may increase [67Ga]KP46 absorption. At 24 hours, a 

SPECT/CT image of the mice in group A exhibited no uptake in any organ, indicating that almost 

all activity was excreted before the 24-hour time point (Figure 3.23). It is worth mentioning that 

the mice’s cage was monitored with a LB 124 scintillation monitor and exhibited approximately 

4,000 cps, indicating the presence of large amount of activity in the cage – probably in the faeces. 

However, metabolic cages were not used and, consequently, the accumulative %ID of the faeces 

were not calculated. For the mice in group B, SPECT/CT images at 24 hours showed significantly 

higher tissue uptake in the liver and tumour compared to that of the mice in group A, thus 

demonstrating the effects of a pharmacological dose of KP46 on delaying [67Ga]KP46 excretion 

and increasing absorption (Figure 3.22 and figure 3.23). Ex vivo biodistribution of group A mice 

at 24 hours confirmed the SPECT/CT results and showed that a considerable amount of activity 

was in faeces (3.0 ± 2.9 %ID/g) with minimal activity delivered to the tumour (0.3 ± 0.11%ID/g) 

(Figure 3.24). To measure the lipophilicity of 67Ga in tissues post oral administration of 

[67Ga]KP46 (group A), octanol extraction was done on tissue samples following the method 

described in section 3.6.18. Octanol extraction study showed that 20-35% of activity was 

extracted from stomach, small intestine, large intestine, and faeces samples after the 

homogenisation step indicating that large percentage of activity remained in the precipitate. 

Regarding tumour, 68% ± 31.8% of activity was extracted (Figure 3.25). The octanol extraction 

of homogenates in all tested tissue samples showed minimal activity in the organic phase 

(approximately < 5%) while most of the activity was seen in the aqueous phase (≥ 95%), 

demonstrating the hydrophilic behaviours of 67Ga in these tissue samples (Figure 3.26) and 

indicating that it is not in the form of [67Ga]KP46.   
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Figure 3.21: MIP whole body SPECT/CT coronoal image of A375 xenograft animal model at 4 hours post oral 

administration of [67Ga]KP46 as a tracer (L) or combined with KP46 (R). T; Tumour, L; liver, S; stomach, SI; small 

intestine, and LI; large intestine (n=4). 
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Figure 3.22: Region of interest (ROI) manually drawn on multiple tissue samples. Values are expressed in mean ± SD 

(n=4). P value; * (p< 0.05). Test used: one-way ANOVA, Tukey post-hoc test for multiple comparison analysis to 

evaluate the difference between [67Ga]KP46 and [67Ga]KP46 combined with KP46 groups at 4 and 24 hours.  
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Figure 3.23: MIP whole body SPECT/CT coronoal image of A375 xenograft animal model at 24 hours post oral 

administration of [67Ga]KP46 as a tracer (L) or combined with KP46 (R). T; Tumour, L; liver, S; stomach, SI; small 

intestine, and LI; large intestine (n=4). 
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Figure 3.24: Ex vivo biodistribution of A375 xenograft animal model at 24 hours after the oral administration of 

[67Ga]KP46 as a tracer. Ex vivo bio distribution values are expressed in mean ± SD (n=4). SI: small intestine, and LI: 

large intestine. 
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Figure 3.25: Percentage of activity in supernatant of multiple tissue samples post homogenisation using RIPA lysis 

buffer and Halt protease and phosphatase inhibitor cocktails and centrifugation at 10,000 rpm for 20 minutes. All data 

are represented as mean ± SD, n=4. S: stomach, SI: small intestine, and LI: large intestine. 
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Figure 3.26: Percentage of activity in the aqueous phase in tissues samples post oral administration of [68Ga]KP46 

using octanol extraction (shake flask method). S: stomach, SI: small intestine, and LI: large intestine. 
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At 48 hours, SPECT/CT images of mice in group B showed some uptake in tumour, liver, and 

bone (Figure 3.27 A and figure 3.22). The ex vivo biodistribution at 48 hours supported the 

SPECT/CT results and showed some uptake in faeces (5.1 %ID/g), bone (2.55 ± 1.82 %ID/g), 

liver (1.34 ± 1.01% ID/g), and tumour (1.57 ± 0.48 %ID/g) (Figure 3.27 B). Octanol extraction 

analysis after the homogenisation step showed 27% of activity was extracted from the large 

intestine content while 64% and 85% was extracted from liver and tumour samples, respectively 

(Figure 3.28 A). Octanol extraction of homogenates in all samples showed 99% of activity in the 

aqueous phase, indicating that activity in these samples was not in the form of [67Ga]KP46 (Figure 

3.28 B). The ICP-MS measurement of 69Ga in the tissue samples (Figure 3.29) was consistent and 

followed a similar biodistribution pattern to 67Ga trafficking results at 48 hours seen in figure 3. 

27 B. 69Ga was seen mostly in the faeces (4.39%ID/g). 69Ga was observed in liver, stomach, and 

small and large intestine with 0.39 ± 0.34%ID/g of 69Ga was absorbed from the gut and delivered 

to tumour.  
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Figure 3.27: MIP whole body SPECT/CT coronoal image and ex vivo biodistribution of A375 xenograft animal model 

at 48 hours post oral administration of [67Ga]KP46 combined with KP46 (A and B respectively). All data are 

represented as mean ± SD (n=4, except for faeces (n=1)). T: tumour, SI: small intestine, and LI: large intestine. 
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Figure 3.28: Panel A represents the percentage of activity in supernatant of multiple tissue samples after 

homogenisation using RIPA lysis buffer and Halt protease and phosphatase inhibitor cocktails and centrifugation at 

10,000 rpm for 20 minutes (n=1 for large intestine and tumour samples, n=2 for liver sample). Panel B represents the 

percentage of activity in the aqueous phase in tissue samples using octanol extraction (shake flask method). All data is 

represented as mean ± SD. LI: large intestine. 
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Figure 3.29: ICP-MS analysis of 69Ga in tissue samples post oral administration of [67Ga]KP46 combined with KP46 

at 48 hours. All data are represented as mean ± SD (n=4, except for faeces (n=1)). SI: small intestine and LI: large 

intestine. 
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 Discussion 

In this work, we investigated KP46 in vitro protein binding and trafficking in a cancer model (in 

vitro and in vivo) using [68/67Ga]KP46. Based on the chromatography methods used, radiolabelled 

[68/67Ga]KP46 exhibited similar chemical properties as stable KP46, with the exception of being 

radioactive. Thus, with no reason to contradict this, [68/67Ga]KP46 can be used in principle to 

study the delivery of gallium by KP46. Notably, the best way to synthesise radiolabelled bulk 

KP46 is probably by performing the entire synthesis in the presence of 67/68Ga; however, this 

method was not feasible as KP46 quality controls must be completed and cannot be performed on 

radioactive samples. However, radioisotopic compounds are usually used in very low 

concentrations compared to the corresponding stable pharmacological compounds; they can 

provide useful information owing to their radioactive property. This includes the ability to 

measure in vivo biodistribution, tissue accumulation and excretion and the use of dynamic/static 

images provided by SPECT/PET scanners.269  

3.8.1 Partition coefficient and protein binding studies of [68/67Ga]KP46 

For orally administered compounds, adequate penetration through the gastrointestinal tract is 

required.209 A compound’s ability to cross the gastrointestinal barrier is frequently predicted by 

octanol extraction (distribution/partition coefficient) to measure the lipophilicity of the 

compound.248,209 Lipophilic molecules can penetrate the lipid cellular membrane, including 

enterocytes. Accordingly, it is generally believed that lipophilicity is an essential characteristic of 

orally administered drugs as it means they can achieve good absorption,270 which affects their 

pharmacokinetics and trafficking in vivo. KP46 is a lipophilic bulk drug. KP46 lipophilicity was 

measured in literature (logP (octanol/water) = 0.88) by shake flask method.209
’
248 Although the log P 

study in the current study confirmed the lipophilicity of tracer [68Ga]KP46 with a log P value of 

2.33 ± 0.28, it showed a much higher value compared to measurement with bulk KP46. A possible 

reason for this is that, unlike bulk KP46, which has a 1:3 complex of Ga3+ with 8-

hydroxyquinoline, tracer [68Ga]KP46 possesses a large concentration of excess-free ligand (> 106 

fold) compared to 68Ga concentration. Hence, during octanol extraction, some dissociation of bulk 

KP46 may occur, causing free Ga3+ to be present in the aqueous phase. However, in the case of 

tracer [68Ga]KP46, the excess concentration of 8-hydroxyquinoline in the sample might minimise 

the dissociation by binding again to free 68Ga. This theory may also explain the difference in 

behaviour between bulk KP46 and tracer [68/67Ga]KP46 in binding to apo-Tf. In literature, bulk 

KP46 was found to bind to apo-Tf more favourably compared to binding to HSA.252,253,254 As 

mentioned in the introduction section, the mechanism of bulk KP46 binding to apo-Tf is rather 

controversial with one study producing evidence of the hydrophobic binding of bulk KP46 to apo-

Tf with no ligand release in vitro using XANES, and another study showing some ligand release 

using NMR and spectrofluorometric measurements, which is not surprising considering the high 
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affinity of transferrin to bind gallium.249,254 However, in the current study, using a G-50 gel 

filtration chromatography column and NaHCO3 buffer, tracer [68/67Ga]KP46 showed no trans-

chelation to apo-Tf at any time points, which indicates the stability of the compound. In agreement 

with the previously mentioned theory, even in the presence of apo-Tf, the excess concentration 

of 8-hydroxyquinoline in [68/67Ga]KP46 samples may compete with apo-Tf for 68/67Ga binding. In 

addition, tracer [68/67Ga]KP46 showed similar binding behaviours to HSA as bulk KP46. Both 

compounds expressed binding to HSA one hour after incubation.252,253 Based on the binding 

properties of HSA, including the variety of binding sites and hydrophobic interaction, it was 

suggested that bulk KP46 binds hydrophobically to HSA.254,255,256 Studies using NMR and 

XANES identify the hydrophobic binding mechanism of bulk KP46 to HSA in vitro.254,12 In the 

current study, tracer [68Ga]KP46 binding to HSA (~16% of total activity) is consistent with those 

of KP46 from literature studies. Hence, it is plausible to conclude that tracer [68Ga]KP46 might 

just as well bind to HSA hydrophobically. Unlike [68Ga]KP46, [68Ga]Ga-acetate showed complete 

binding to apo-Tf, indicating the behaviour of a large molecule. [68Ga]Ga-acetate can also bind to 

HSA but at lesser extent. The current results on [68Ga]Ga-acetate binding to apo-Tf and HSA 

confirm the previous literature studies on free radioisotopic gallium binding to apo-Tf more 

favourably than  albumin.64,83,271 

3.8.2 Cellular uptake study of [68/67Ga]KP46 

Cellular uptake of [68Ga]KP46 was evaluated in vitro in an A375 cell line, the xenograft of which 

was previously used for studying the biodistribution of [68Ga]KP46 post i.v. injection in our 

department by C. Imberti and J. Bartnicka (unpublished) (Figure 3.2 and Figure 3.3). A375 cell 

line was chosen in the current studies because it is known to express high levels of transferrin 

receptors and is consequently able to take up gallium by transferrin-mediated mechanisms.272 In 

addition, an A375 cell line was among other human melanoma cell lines that showed a lower 

IC50 of KP46 than that of gallium nitrate, indicating the susceptibility of melanoma cell lines to 

KP46 compared to gallium nitrate.108 [68Ga]Ga-acetate cellular uptake was assessed as a control 

in the same cell line. [68Ga]KP46 showed a significantly higher uptake (p < 0.01) compared to 

[68Ga]Ga-acetate, which could be attributed to the lipophilicity of [68Ga]KP46 and cell entry by 

passive diffusion. However, it does not bind to apo-transferrin or enter the cells by a transferrin-

dependant mechanism. In addition, although the presence of transferrin in a culture medium is 

known to show a relatively high cellular uptake of 67Ga citrate by transferrin-mediated 

mechanisms,61,273 the presence of FBS (containing transferrin) in the current study may actually 

compromise [68Ga]Ga-acetate uptake into A375 human cancer cells. Bovine transferrin has a 

similar affinity for gallium to human transferrin but does not bind efficiently to transferrin 

receptor in human cancer cells.274,275 Hence, [68Ga]Ga-acetate may bind to transferrin in the media 

without entering the cells, which can diminish the amount of activity entering the cells by a 
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transferrin-independent pathway. Another cellular uptake approach can be obtained using cell 

culture media supplemented with human serum. 

3.8.3 Ex vivo biodistribution post intravenous injection of [68Ga]KP46 

According to unpublished work by C. Imberti and J. Bartnicka, the preclinical study of [68Ga]Ga-

acetate post i.v. injection showed a visible tumour uptake in PET/CT images – especially after 

one hour. In contrast, no visible tumour accumulation was observed during the four-hour PET/CT 

scan post i.v. injection of [68Ga]KP46 (Figure 3.2). Ex vivo biodistribution of [68Ga]Ga-acetate at 

four hours presented a significantly higher tumour uptake (6.1 ± 2.4%ID/g) compared to 

[68Ga]KP46 (2.6 ± 0.9%ID/g) (Figure 3.3). In the current study, even when a different strain of 

mouse was used (athymic nude mice), ex vivo biodistribution showed similar tumour 

accumulation of [68Ga]KP46 at two hours post i.v. injection (3.4 ± 0.4%ID/g). In addition, the 

biodistribution of different tissues was also noticed between the two tracers. While [68Ga]Ga-

acetate showed the highest uptake in bone, [68Ga]KP46 accumulated in the liver (31.4 ± 

3.8%ID/g) and, interestingly, in the myocardium (12.6 ± 1.7%ID/g). A high myocardium 

accumulation of [68Ga]KP46 might be interesting for the design of new radioisotopes for 

myocardial imaging application. The difference in tumour uptake between the two tracers 

suggests different uptake mechanisms. [68Ga]Ga-acetate may bind to transferrin and be delivered 

to the tumour in the form of a Ga-Tf complex. However, when administered intravenously, 

[68Ga]KP46 is stable and does not release 68Ga to transferrin but rather, owing to its lipophilicity, 

accumulates in the liver.  

3.8.4 In vivo: Oral administration of [68Ga]KP46 in the presence and absence of a 

pharmacologically relevant dose of KP46 

Due to the lack of accumulation of [68Ga]KP46 in the tumour post i.v. injection, we decided to 

mimic the route of administration used in the clinical trial and investigate [68Ga]KP46 

pharmacokinetics post oral administration as well as investigate the effects of adding a 

pharmacological dose of KP46 to [68Ga]KP46 biodistribution. Orally administering [68Ga]KP46 

as a tracer showed a negligible amount of gallium being absorbed from the gut and delivered to 

tumour within four hours (Figure 3.18). Adding a therapeutic dose of KP46 showed no trafficking 

change during the same time frame (Figure 3.20). An ICP-MS measurement of 69Ga in tissue 

samples was consistent with 68Ga trafficking results. Octanol extraction showed that most of the 

activity in tissue samples was in a hydrophilic form (i.e. no longer in the form of [68Ga]KP46).  
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3.8.5 In vivo: Oral administration of [67Ga]KP46 in the presence and absence of a 

pharmacologically relevant dose of KP46 

Due to most of the activity remaining in the gut and the absence of tumour uptake during the short 

timescale investigated, it was decided that 67Ga should be used (owing to its longer half-life) to 

study KP46 biodistribution at later time points. The oral administration of [67Ga]KP46 as a tracer 

or combined with KP46 showed that most of the activity remained in the gut, with minimal tissue 

trafficking at four hours (consistently with the study of [68Ga]KP46) (Figure 3.21). However, at 

the 24-hour time point, the group administered with [67Ga]KP46 as a tracer showed no visible 

uptake in any organ in SPECT/CT images (Figure 3.23). Ex vivo biodistribution at 24 hours 

showed low uptake in tissues with 0.3 ± 0.11%ID/g of activity in tumour (Figure 3.24). The low 

uptake in tissues and tumour 24 hours after administration indicated that most of the activity had 

been excreted before the 24-hour timepoint, with no sufficient time for absorption. In fact, these 

results were consistent with a couple of preclinical studies that investigated the absorption of 

gallium from the bowel of rats after the oral administration of 67Ga citrate. These studies showed 

between 87%–100% of 67Ga excreted in the faeces at 72 hours post oral administration (see 

introduction section).190,191 In the current study, octanol extraction analysis of all tissue samples 

at 24 hours post [67Ga]KP46 administration as a tracer showed ≥ 95% of activity was no longer 

in the form of [67Ga]KP46.  

On the contrary, the presence of a therapeutic dose of KP46 delayed bowel excretion, which 

allowed more time for absorption at the 24-hour time point (Figure 3.22 and figure 3.23). The fact 

that the presence of a therapeutic dose of KP46 increases 67Ga absorption may be related to some 

level of alteration in gastric emptying and excretion rate, which allows more time for absorption. 

Although the presence of a therapeutic dose of KP46 increased gut absorption compared to the 

group of mice administered with tracer [67Ga]KP46, delivery to tissues was still low with 1.57  ± 

0.48%ID/g of activity in tumour at 48 hours, indicating that a large amount of activity was 

excreted before that time point. The measurement of 69Ga in the tissue samples at 48 hours was 

consistent with 67Ga trafficking results. Generally, the in vivo trafficking of tracer [67Ga]KP46 in 

the presence of bulk KP46 showed poor gut absorption similar to results obtained from literature 

on 67Ga citrate post oral admisntation,190,191 which raise a question on whether KP46 can enhance 

gallium gut absorption compared to gallium salts which it was developed to accomplish.  In 

addition, the current study results were also consistent with an early preclinical study in mice 

investigated gallium gut absorption post simultaneous single oral administration of bulk gallium 

chloride (100 nmol) and 0.037 MBq of 67Ga citrate. Using a large volume scintillation counter, 

0.3 ± 0.08 % of the original measured counts remained in mice five days after oral administration. 

However, the percentage of counts remained in mice at earlier time points or excreted in faeces 

were not reported in the study.276 From the literature and the current study, results suggest that  
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KP46 does not enhance gallium absorption compared to gallium salts after oral administration of 

a single dose. 

In addition, the low concentration of gallium in normal tissue in the current study is consistent 

with a previous preclinical study conducted by Collery et al.,236 who measured gallium 

concentration in healthy animal tissues. The study reported low gallium concentration in bone 

(7.02 ± 3.14 µg/g, 0.16 ± 0.07 % ID/g), liver (3.55 ± 2.10 µg/g, 0.08 ± 0.04 % ID/g), spleen (1.77 

± 1.45 µg/g, 0.04 ± 0.03% ID/g), and kidneys (1.81 ± 0.24 µg/g, 0.04 ± 0.005 % ID/g)– even after 

a daily oral administration of KP46 (62.5 mg/kg, 9 mg Ga/kg) over two weeks.236 In the current 

study, similar concentration in bone (2.5 ± 1.8 % ID/g), liver (1.3 ± 1.0 % ID/g), spleen (0.54 ± 

0.39 % ID/g), and kidneys (1.0 ± 0.55 % ID/g) were noticed post oral administration of 

[67Ga]KP46 combined with bulk KP46. However, gallium concentration in tumours post oral 

administration of KP46 as a single dose or in multiple doses was not studied in literature for 

comparison with the current study. In the KP46 clinical study, KP46 was administered over a 

prolonged period, which might be necessary to gain steady blood gallium concentration, 

progressive tumour accumulation and exposure to gallium and, consequently, improved cytotoxic 

effects.231 Hence, [67Ga]KP46 can be combined with KP46 to study the biodistribution of KP46 

in animal models bearing xenografts after prolonged daily oral administration. In addition, 

gallium might not be the only active component for KP46 cytotoxicity. 8-hydroxyquinoline has 

shown cytotoxic effect against multiple cancer cell lines,234,277 and can be investigated in the future 

as an active component for KP46 mode of action.  

In the current study, octanol extraction analysis showed that even after adding a therapeutic dose 

of KP46, activity in analysed tissue samples was in a hydrophilic form. Although all performed 

octanol extraction studies on tissue samples showed a high percentage of activity in the aqueous 

phase, it does not represent the whole sample, for some activity was still retained in precipitate. 

However, 68%–85% of activity was extracted from tumour samples and found in the aqueous 

phase. Hence, it is plausible to conclude that, unlike the i.v. injection of [68Ga]KP46, when 

[67Ga]KP46 is administered orally, 8-hydroxyquinoline releases gallium in the gut that then likely 

travels to the tumour as a Ga-Tf complex. We propose that if [67Ga]KP46 were to reach the tumour 

intact, it would be in a small concentration.  

 Summary and conclusion 

In this work, we used [68/67Ga]KP46 to study in vitro protein binding and trafficking of KP46 in a 

cancer model in vitro and in vivo post i.v. and oral administration. We have provided supporting 

evidence that [68/67Ga]KP46, unlike [68/67Ga]Ga-acetate, does not release gallium to transferrin in 

vitro and is therefore likely to be stable in blood, although it does exhibit some HSA binding 

(probably hydrophobic binding of the intact complex). Although studies from literature showed 
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that bulk KP46 binds to transferrin in vitro, the stability of tracer [68/67Ga]KP46 against binding 

to transferrin in vitro in the current study is probably due to the present of excess ligand in the 

sample competing with apo-Tf for 68/67Ga binding.  

[68Ga]KP46 showed a significantly higher in vitro uptake (p < 0.01) compared to [68Ga]Ga-

acetate, which could be attributed to the lipophilicity of [68Ga]KP46 and cell entry by passive 

diffusion. However, it does not bind to apo-transferrin or enter the cells by a transferrin-dependant 

mechanism. The difference in tumour uptake between [68Ga]KP46 and [68Ga]Ga-acetate post i.v. 

injection suggests the different uptake mechanism. While [68Ga]Ga-acetate is delivered to tumour 

as a transferrin complex, [68Ga]KP46 does not release 68Ga to transferrin, but rather, accumulated 

in liver owing to its lipophilicity.  

Most activity was retained in the gut with low activity delivered to the tumour after the oral 

administration of [68Ga]KP46, either as tracer or combined with KP46 at four hours (0.8± 0.6 and 

0.5 ± 0.3 %ID/g respectively). However, at 24 hours, a different biodistribution was observed 

between the group administered with [67Ga]KP46 as a tracer and the group administered with 

[67Ga]KP46 combined with KP46. While the former group showed low tissue uptake with 0.3 ± 

0.11 %ID/g in tumour, the latter showed delayed bowel excretion at 24 hours with 1.57 ± 

0.48%ID/g activity in tumour at 48 hours post administration. Although the presence of a 

therapeutic dose of KP46 increased gut absorption and tissue accumulation of activity compared 

to the group of mice administered with tracer [67Ga]KP46, 67Ga delivery to tissues and tumour 

was generally low. We conclude that a large amount of activity is excreted after oral dose of 

[67Ga]KP46 as a tracer or combined with KP46, indicating that KP46 does not enhance gallium 

gut absorption compared to gallium salts after a single dose. However, gallium tumour uptake 

and in vivo trafficking can be investigated in the future in animal model bearing xenograft post 

prolonged oral administration of [67Ga]KP46 combined with KP46. In addition, the delivery of 8-

hydroquinoline to tumour by KP46 could also be investigated in the future as an alternative 

hypothesis for KP46 mode of action.  

The octanol extraction results of the in vivo samples suggest that [68/67Ga]KP46 does not survive 

intact in the gut. However, since the octanol extraction does not represent all of the tumour 

samples, it is safe to say that if any [67Ga]KP46 were to reach the tumour intact, it would be in a 

small concentration. 
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4 8-hydroxyquinoline derivatives as ionophores for gallium-

68 cell delivery 

 Introduction 

Metal ions are essential for biological process and metal homeostasis.278 Indeed, the interaction 

with metal ions is important, since several diseases arise from the loss of metal balance, including 

abnormal absorption or metabolism.279 The biological activities of 8-hydroxyquinoline (8HQ, 

oxine)  and its derivatives are at least partly attributable to their ability to form complexes with 

metal ions in the body through chelation.278,280 For example, 8HQ can be used as a potent chelator 

for the treatment of metal related diseases by restoring the metal imbalance as observed in 

neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease, and multiple 

sclerosis.278,281  

In addition to their anti-neurodegenerative application, 8HQ and its derivatives have a 

pharmacological application as anti-cancer agents.235 A study investigating the anti-cancer 

activity of 8HQ showed 30% reduction in MCF-7 cell line proliferation at 5 µM concentration. 

In the same study, a dose of 20 mg/kg of intravenously injected 8HQ showed decrease in tumour 

growth in mice inoculated with MCF-7 or MDA-MB-435 (human breast cancer) xenograft 

compared to control groups; however, the difference was not significant. Nonetheless, co-

administration of 8HQ and 10 mg/kg paclitaxel (a chemotherapy drug) showed significantly less 

tumour volume compared to either 8HQ or paclitaxel alone.234 In another in vitro study, 8HQ was 

shown to inhibit DNA synthesis in a rat hepatoma cell line (A5-30D). At 48 hours, 8HQ was more 

effective at DNA synthesis inhibition (IC50 = 9.69 µM) than at 24 hours (IC50 = 20.88 µM).277 

The role of transition metal ions such as iron and copper in cancer cells has been described when 

they are chelated with 8HQ. For example, the cytotoxic effect of Fe(oxinate)3 complex has been 

previously observed in cultured lung cells, causing major cell growth inhibition (90% inhibition) 

and breakage of the DNA-strands compared to minor inhibition in cells treated with only 8HQ 

(15% inhibition).282 The cytotoxic effect of Cu(oxinate)2 was studied in vitro in HeLa and PC3 

(human prostatic adenocarcinoma). The IC50 of Cu(oxinate)2 was lower than that of the oxine 

ligand (13.5 c.f. 1.9 µM in Hela cells, and 8.6 c.f. 1.3 μM in PC3 cells).283 Therefore, it seems 

that the therapeutic and anticancer actions of 8HQ are significantly increased via its delivery into 

the body in the form of metal complexes.284  

5-chloro-8-hydroxy-7-iodoquinoline (CQ, Clioquinol), 5, 7-dichloro-8-quinolinol (Chloroxine), 

and 5-chloro-8-hydroxyquinoline (Cloxyquin) (Figure 4.1) are 8HQ derivatives that exhibited 

cytotoxicity in multiple cancer cell lines such as prostate, breast, bladder and cervical cell 

lines.283,285–287 However, like 8HQ , copper complexation with these ligands decreased their IC50 
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from 15.6-26.1 to 3.1-8.9 µM in Hela cells, and from 12.3-23.7 to 2.3-9.0 μM in PC3 cells, 

indicating that these cell lines were more susceptible to the therapeutic effect of 8HQ derivatives 

when they were delivered as metal complexes.283 Studies have showed that clioquinol can also 

act as ionophore for zinc,  inducing a cellular apoptotic effect.288,289,290 In vitro studies on A2780 

(human ovarian cancer) and DU145 (prostate cancer) cell lines exhibited significant increase in 

cell apoptosis and decrease in cell viability after Zn(oxinate)2 incubation compared to cells 

incubated with either ZnCl2 or clioquinol.289,290 

8-Hydroxy-5-nitroquinoline (Nitroquinoline) (Figure 4.1), another 8HQ derivative, was found to 

exert a similar anti-cancer effect to that of clioquinol in HuCCT1 and Huh28 (human hepatic 

cholangiocarcinoma) cells line. In HuCCT1 and Huh28 cells, nitroquinoline showed an IC50 of 

3.69 and 4.49 µM while clioquinol showed 2.84 and 4.69 µM, respectively.285 However, in Raji 

cells (human lymphoma), nitroquinoline showed a more potent anti-cancer effect with a 5 fold 

lower IC50 value than clioquinol. In fact, in the same cell line, nitroquinoline exerted the best 

anti-cancer activity compared to other 8HQ derivatives used including chloroxine, cloxyquin and 

8HQ.278,291 It is noteworthy that Cu(nitroquinolinate)2 (10 µM) and Zn(nitroquinolinate)2 (50 µM) 

had greater toxicity than nitroquinoline in Raji cells.291 Other cell lines such as A2780, DHL-4 

(human lymphoma), HL60 and Panc-1 (human pancreatic cancer) exhibited lower IC50 values 

for the metal complex zinc(nitroquinolinate)2 (1.15-5.22 µM) and Cu(nitroquinolinate)2 (0.07-

0.19 µM) compared to clioquinol metal complexes (2.07-8.60 and 0.69-7.5 µM respectively) 

indicating that a variety of cell lines are more susceptible to nitroquinoline complexes than 

clioquinol metal complexes.291  

Gallium shares multiple characteristics with iron that enables it to form complexes with iron-

binding proteins and ligands. Given the vital role of iron as an essential nutrient for the growth of 

cancer cells, the development of gallium compounds as anticancer agents seems to be of a clinical 

relevance (see chapter 3).6 As mentioned previously, the lipophilic complex Fe(oxinate)3 is 

capable of growth inhibition and breakage of the DNA-strands. Therefore, it is important to 

investigate the possible role of gallium complexes with such chelating agents.282  

67Ga has potential as anti-cancer agent due to its ability to emit Auger electrons. Auger electrons 

deposit their energy over a short distance (ca. 1 m). Hence it is crucial for 67Ga electrons to be 

in close proximity to the target to cause damage.14 Although 67Ga produces fewer auger electrons 

(average of 4.7) per decay compared to 111In (average of 14.7), the average energy release of 67Ga 

(6.3 keV) per decay is similar to that of 111In (6.8 keV). In fact, 67Ga is one of Auger electron 

emitters that produces the highest energy Auger electrons (7-9 keV) and longest range in water 

(up to 2.4 µm). 26,292  

Owing to the ability of 67Ga to emit Auger electrons, the potential of carrier free [67Ga]Ga-citrate 

was investigated previously, to a limited extent, as a radionuclide for therapeutic application. In 
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vitro studies on the therapeutic effect of [67Ga]Ga-citrate in human U937 lymphoma cells and 

myeloid leukemic blasts were promising and showed 36% growth inhibition post 3 days of 

incubation, and 20-51% clonogenic capacity after 3-4 days of incubation at doses between 0.75-

1.5 MBq/ml. However, low uptake values (1.7-1.8%) were noticed even after 72 hours of 

incubation.293,294 [67Ga]Ga-citrate might have some potential as a therapeutic radionuclide but 

with some limitations. 67Ga might not be substantially toxic unless its incorporated into cells. The 

oxine complexes of gallium radioisotopes can be used to incorporate 67Ga into cells and evaluate 

their radiobiological toxicity.  

An attempt was made to investigate the ability of 8HQ derivatives; oxine, 2-hydroxy-2,4,6-

cycloheptatrien-1-one (tropolone), and mercaptopyridine n-oxide (MPO) (Figure 4.1) to 

incorporate 67Ga into a MDA-MB-231 cell line and investigate its therapeutic effect as an Auger 

electron emitter radionuclide.26 Oxine showed superiority in incorporating 67Ga into cells (7.5 ± 

1.3% uptake) compared to tropolone and MPO (1% uptake) after 1 hour of incubation.26 [67Ga]Ga-

oxine showed similar cellular uptake in DU145 and HCC1954 (human breast cancer) cells to that 

in MDA-MB-231 cells. Due to the higher cellular uptake of [67Ga]Ga-oxine compared to its other 

derivatives, [67Ga]Ga-oxine was used for the rest of the cellular studies. For [67Ga]Ga-oxine, the 

percentage of cellular activity at 1 hour post incubation was set at 100% in previously mentioned 

cell lines and the percentage of retained activity in the cells was calculated for 72 hours. At 72 

hours, 38.8% ± 0.7% of activity remained in the cells.26 The viability assay after 72 hours of 

incubation of [67Ga]Ga-oxine in DU145 cells showed reduction in cell viability to 17.4 ± 6.6% 

(compared to 100% viability in untreated cell) at a concentration of 1.5 Bq/cell (occurred at 

incubation of 15 MBq/ml). For control studies, DU145 cells were either incubated with [67Ga]Ga-

citrate (15 MBq/ml, no significant cell uptake) or decayed [67Ga]Ga-oxine at concentration equal 

to decayed 20 MBq/ml. Both control groups showed 53% cell viability at 72 hours post 

incubation.26 Although [67Ga]Ga-citrate showed some level of toxicity without being significantly 

taken up by cells, high toxicity was induced only when 67Ga incorporated into the cells by using 

[67Ga]Ga-oxine.26 Hence, it was suggested that 67Ga originates high toxicity only if absorbed into 

cells.  In addition, the decayed oxine complex showed similar toxicity to the citrate complex 

which might be related to the toxicity of oxine or the presence of other metals from decayed 67Ga, 

i.e. zinc, that could have affected the viability.26 It is worth investigating 67Ga as a therapeutic 

radionuclide especially in the context with 8HQ as a carrying agent. Although tropolone and MPO 

was investigated and showed lower cellular uptake compared to oxine, further development of 

8HQ derivatives complexes of gallium radioisotopes may generate improved methods of 

controlled loading of cells with 67Ga for these purposes. 

In this chapter, we examine multiple conditions for radiolabelling 8HQ and its analogues with 

68Ga first, aiming to find the best chemical form to deliver 67Ga to cells and study its radiobiology. 

The following ligands were used for these purposes: oxine, tropolone, nitroquinoline, 8-
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mercaptoquinoline hydrochloride (thiooxine hydrochloride), Chloroxine, Cloxyquin, Clioquinol, 

2-hydroxyquinoline, 3-hydroxyisoquinoline, MPO (Figure 4.1). In addition, protein speciation 

studies of selected 68Ga-8HQ derivatives were performed in vitro aiming to investigate their 

possible cell uptake pathway.  

 

 

Figure 4.1: Chemical structure of 8HQ derivatives 
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 Experimental  

4.2.1 Equipment and consumables  

All reagents and consumables were purchased from Fisher Scientific/Chemicals and Sigma 

Aldrich unless specified otherwise. 68Ga was obtained from a 68Ge/68Ga generator (Eckert & 

Ziegler) and eluted with 5 ml of 0.1 M ultrapure HCl and collected in 5 x 1 ml fractions. Activity 

was measured using a Captintec, INC (CRC-25R) dose calibrator. The two highest 1 ml activity 

fractions were used to prepare all complexes. iTLC was carried out using Agilent’s silica gel 

impregnated glass microfiber strips (10 cm in length). iTLC strips were analysed with phosphor 

imager filmless autoradiography (Cyclone Plus). Gamma counting was performed using an LKB 

Wallac 1282 Compugamma Gamma Counter. A375 human melanoma cell lines were purchased 

from the American Type Culture Collection (ATCC), and then cultured and stocked in our 

department. 

4.2.2 Radiolabelling of 68Ga with 8HQ derivatives  

Two radiolabelling methods were performed to find the best suitable conditions for radiolabelling 

68Ga with different 8HQ derivatives.  

4.2.2.1 First radiolabelling method 

The first method that has been used for radiolabelling was adapted from J. Bartnicka, unpublished 

work. Oxine, tropolone, nitroquinoline, thiooxine hydrochloride, 2-hydroxyquinoline, and 3-

hydroxyisoquinoline were tested using this method. The ligands were dissolved in ethanol (0.5 

mg/ml). 200 µl of the ligand solutions were mixed with 100 µl of ammonium acetate (0.5 M 

ammonium acetate in sterile H2O, pH= 7.5) and 100 µl of 68Ga to bring the final mixture to 2:1:1 

volume ratio respectively (final mixture pH= 5.5). The solutions were heated in a heating block 

for 5 minutes at 50º C. [68Ga]Ga-acetate was used as a control and was prepared following the 

same method, but no ligand was added; the ligand solution was replaced with ethanol only. 3 µl 

was used for iTLC analysis. Mobile phase was chloroform (CHCl3): methanol (CH3OH) (95:5%, 

v/v). 

4.2.2.2 Second radiolabelling method 

This method was done to increase yield of [68Ga]Ga-thiooxine by increasing the concentration of 

the ligand and increasing the pH of the final complex. In addition, Oxine, tropolone, 

nitroquinoline, chloroxine, cloxyquin, clioquinol, and MPO were also radiolabelled with 68Ga 

using this method to compare the iTLC results of the first and seconds radiolabelling methods. 

All ligands were dissolved in ethanol (1 mg/ml). 200 µl of the ligand solutions were mixed with 

200 µl of sodium acetate (0.5 M sodium acetate in sterile H2O, pH=9) and 100 µl 68Ga to bring 
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the final mixture to 2:2:1 volume ratio respectively (final mixture pH= 6). Aqueous solution of 

sodium hydroxide (0.1 M, pH=13, 70 µl) was added to adjust the final solution to pH 7. The 

complexes were incubated at room temperature for 10 minutes. [68Ga]Ga-acetate was used as a 

control and was prepared following the same method, but no ligand was added; the ligand was 

replaced with ethanol only. 3 µl was used for iTLC analysis. Mobile phase was chloroform 

(CHCl3): methanol (CH3OH) (95:5%, v/v) for all 68Ga complexes, plus 50 µl of the freshly 

prepared ligand (1 mg/ml) for [68Ga]Ga-thiooxine only.  

4.2.3 Determination of distribution coefficient (Log D octanol/PBS) of 68Ga 8HQ 

derivatives complexes  

Lipophilicity determination was performed using shake flask method. [68Ga]Ga-acetate was 

utilised as a control.  All 68Ga complexes were prepared using the second radiolabelling method 

(see section 4.2.2.2). Log D of [68Ga]Ga-thiooxine was also measured using the first 

radiolabelling method (see section 4.2.2.1) to test if using the second radiolabelling method will 

increase the radiolabelling yield of [68Ga]Ga-thiooxine and consequently its apparent 

lipophilicity. Log D was measured by adding 20 µl of 68Ga complexes to pre-equilibrated mixture 

of octanol/PBS = 500 µl/500µl. The final solutions were mixed for 5 minutes by Multi Vortex 

Mixer V-32 (Grant bio). 200 µl were taken from each layer and placed separately in Eppendorf 

tubes. 

4.2.4 Cellular uptake studies  

4.2.4.1 Cell culturing  

A375 human melanoma cells were used in all in vitro studies. T-75 and T-150 flasks were used 

to grow the cells in Dulbecco's Modified Eagle Medium (DMEM) containing 50 ml of fetal bovine 

serum (FBS, 10% of the medium), 5 ml of L-glutamine and 5 ml of penicillin and streptomycin. 

After cells reached confluence, cell dissociation was attained by adding trypsin and incubation 

for 5 minutes in 37ºC under 5% CO2. DMEM medium with FBS serum was added to inactivate 

trypsin. Cell suspension was transferred to a 50 ml Falcon tube and centrifuged for 5 minutes at 

1300 RPM. The supernatant was removed, and relevant medium was added.   

4.2.4.2 Cellular uptake of [
68

Ga]Ga-oxine, [
68

Ga]Ga-thiooxine, and [
68

Ga]Ga-acetate in 

A375 cells in the presence of FBS in the media 

68Ga complexes were prepared following the second radiolabelling method (see section 4.2.2.2). 

Sodium hydroxide was not used to increase the pH of the solution, however, 10 MBq (50 to 70 

µl) of 68Ga complexes were then diluted with 0.5 M sodium acetate to 1 ml to obtain the activity 

of 100 kBq/ 10 µl, pH = 7. iTLC was used to test the radiochemical purity of 68Ga complexes 

before all in vitro studies.  Cell uptake study was done in suspension in 1.5 ml Eppendorf tubes 
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which contained one million cells in 0.5 of DMEM media. Three samples of cells (cell pellet) and 

controls (no cells to correct for non-specific uptake) were used for each complex. Samples were 

incubated in DMEM media containing FBS for 60 minutes in 37º C and 5% CO2. Following the 

incubation, samples were centrifuged (Sci Spin Mini) for 3 minutes at 1500 RPM, the supernatant 

was removed and transferred to another Eppendorf tube. Two 0.5 ml PBS washes were performed, 

and the washings added to the supernatant Eppendorf’s. The activity of tubes (cells/ control) was 

measured by Wallac gamma counter after removing the media, first wash and second wash. The 

average percentage uptake of 68Ga complexes and corresponding controls was calculated by 

dividing the activity obtained for pellet/control-containing tubes by the sum of activity for 

pellet/control, supernatant and washes tubes combined, then multiplying by 100. Control 

corrected was calculated by correcting the percentage of cell uptake for corresponding controls.  

4.2.4.3 Cellular uptake of [
68

Ga]Ga-thiooxine in A375 cells incubated with 0.9% saline 

Saline was used instead of full cell culture media to test if the presence of media can compromise 

[68Ga]Ga-thiooxine cellular uptake. Cell uptake and [68Ga]Ga-thiooxine preparation were 

performed using the same method discussed in section 4.2.4.2. However, 0.9% saline solution 

was used instead of media and PBS washes. Cells and control samples were incubated for 10, 30, 

60, and 90 minutes and the activity of tubes (cells/controls) were measured by Wallac gamma 

counter.  

4.2.4.4 Cellular uptake of 
68

Ga HQ derivatives in A375 cells incubated in the presence of 

human serum in media 

One million cells in 1 ml of media (DMEM media + 10% human serum, purchased from Sigma 

Aldrich, H4522) were put in 6-well plates one day before use. On the same day of the experiment, 

old media was removed and replaced with 1 ml fresh media.  68Ga complexes (oxine, thiooxine, 

tropolone, clioquinol, chloroxine, cloxyquin, nitroquinoline, and acetate) were prepared following 

the same method discussed in section 4.2.4.2. The experiment was done in triplicate for each 

complex. Cells and controls were incubated with 100 KBq/10 µl of 68Ga complexes in each well 

for 60 minutes. The supernatant was then removed and transferred to Eppendorf tubes. Wells 

were washed twice with PBS (0.5 ml each) and washings added to the supernatant Eppendorf 

tubes. 0.5 ml of trypsin was added to both cells and control wells (incubated for 5 minutes) then 

transferred to a new Eppendorf tube; 0.5 ml of PBS was used to wash the well plates after trypsin 

and then added to trypsin (with cells/ control) Eppendorf. Eppendorf tube activity was measured 

by Wallac gamma counter and the average percentage uptake of each complex was calculated as 

described in section 4.2.4.2.   
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4.2.5 Protein binding studies 

Size exclusion chromatography was done to study 68Ga complex binding to human apo-transferrin 

(purchased from Sigma Aldrich T1147).  68Ga complexes (oxine, thioooxine, nitroquinoline) were 

radiolabelled by mixing 1 MBq (13 to 20 µl) of 68Ga with the ligands (1mg/ml of ethanol) to 

achieve 1:2 volume ratio of 68Ga and the ligands. 600 µl of sodium bicarbonate in distilled water 

(NaHCO3, 5 mM, pH = 8) was used as a buffer and added to all 68Ga complexes. Post 10 minutes 

incubation at room temperature, 600 µl of NaHCO3 (control) or NaHCO3 containing apo-

transferrin (2 mg/ml) was added to each mixture. Final solution pH = 7-7.5. Complexes were 

incubated for 60 minutes then 0.5 ml of each sample (0.2 -0.5 MBq) was eluted from PD midiTrap 

G-25 tubes (equilibrated by 8 ml of NaHCO3) with NaHCO3 into 0.5 ml fractions and radioactivity 

of each fraction was measured using Wallac gamma counter. Uncomplexed 68Ga (control) was 

prepared following the same method (ligand solution was replaced with ethanol) in just NaHCO3 

and in apo-transferrin dissolved in NaHCO3 to obtain standard elution profiles of 68Ga in the 

buffer in the presence and absence of apo-transferrin. The protein absorbance at 280 nm was 

measured using a nanodrop spectrophotometer. 68Ga complexes were tested for radiochemical 

purity by iTLC before size exclusion studies.  
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 Results  

4.3.1 Radiolabelling of 68Ga with 8HQ derivatives 

Different radiolabelling methods were adopted to find the most suitable conditions for 

radiolabelling 68Ga with different complexes. Analyses of the first radiolabelling method are 

presented in Figure 4.2. [68Ga]Ga-tropolone (1), [68Ga]Ga-oxine (2), and [68Ga]Ga-nitroquinoline 

(6) moved to solvent front (Rf = 1), leaving no residual 68Ga in the solvent origin. On the other 

hand, no move to the solvent front was observed for either [68Ga]Ga-2-hydroxyquinoline (4) or 

[68Ga]Ga-3-hydroxy-isoquinoline (5). Their radioactivity remained at the origin (Rf  = 0) similar 

to [68Ga]Ga-acetate (3). [68Ga]Ga-thiooxine (7) showed a partial migration or smearing (Rf = 0 - 

0.3). 

 

 

Figure 4.2: Radioactivity distribution on silica gel impregnated glass microfiber strips (iTLC-SG) using phosphor 

imager. From left to right [68Ga]Ga-tropolone(1), [68Ga]Ga-oxine (2), [68Ga]Ga-acetate (control) (3), [68Ga]Ga-2-

hydroxyquinoline (4), [68Ga]Ga-3-hydroxyisoquinoline (5), [68Ga]Ga-nitroquinoline (6), and [68Ga]Ga-thiooxine (7), 

all samples were done in quadruplicates.   
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Figure 4.3 presents the results of the second radiolabelling method and figure 4.4 shows the 

comparative behaviours of [68Ga]Ga-thiooxine using the first versus second radiolabelling 

methods. Like the first method, results from the second method showed that  [68Ga]Ga-tropolone 

(1), [68Ga]Ga-oxine (2), and [68Ga]Ga-nitroquinoline (3) moved to solvent front (Rf=1), without 

residual 68Ga in the solvent origin. Similarly, halogenated derivatives of 8HQ including [68Ga]Ga-

chloroxine (5), [68Ga]Ga-cloxyquin (6), and [68Ga]Ga-clioquinol (7) moved to the solvent front. 

Regarding [68Ga]Ga-thiooxine (4), a short move from the solvent origin was observed (arrow 

figure 4.3), along with smearing from the stationary phase (Rf = 0.5) after using the second 

radiolabelling method (Figure 4.4, top-right panel, R). By adding 50 µl of thiooxine to the mobile 

phase, we observed an additional lift of the complex toward the solvent front as shown in figure 

4.3.B and figure 4.4 bottom panel: (Rf=0.6). [68Ga]Ga-MPO (8) remained in solvent origin (Rf = 

0) identical to [68Ga]Ga-acetate (control) (9), which indicated poor complexation.  

 

 

Figure 4.3: Panel A represents the radioactivity distribution on silica gel impregnated glass microfiber strips using 

Phosphor Imager. From left to right: [68Ga]Ga-tropolone (1), [68Ga]Ga-oxine (2), [68Ga]Ga- nitroquinoline (3), 

[68Ga]Ga-thiooxine (4), [68Ga]Ga-chloroxine (5), [68Ga]Ga-cloxyquin (6), [68Ga]Ga-clioquinol (7), [68Ga]Ga-MPO (8), 

[68Ga]Ga-acetate (control) (9). (B) Radioactivity distribution of [68Ga]Ga-thiooxine on silica gel impregnated glass 

microfiber strips using Phosphor Imager after adding 50 µl of the freshly dissolved thiooxine to the mobile phase. All 

samples were done in triplicates. 
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Figure 4.4: Radioactivity distribution analysed by Phosphor Imager of [68Ga]Ga-thiooxine using the first (top-left panel, 

L) and second (top right panel, R) radiolabelling methods, and after adding 50 µl of thiooxine to the mobile phase 

(bottom panel).   
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4.3.2 Determination of distribution coefficient (Log D octanol/PBS) of 68Ga 8HQ 

derivatives complexes  

Determination of distribution coefficient (octanol/PBS) showed that [68Ga]Ga-oxine (Log D ± 

SD=1.75±0.3) and tropolone (Log D ± SD = 1.67± 0.2) were highly lipophilic, which supports 

the iTLC results. By contrast with iTLC results, [68Ga]Ga-MPO was shown to be lipophilic (Log 

D ± SD = 1.4 ± 0.2). On the other hand, both [68Ga]Ga-2-hydroxyquinoline (Log D ± SD= -1±0.1) 

and [68Ga]Ga-3-hydroxyisoquinoline (Log D ± SD = -1 ± 0.2) were hydrophilic suggesting poor 

complexation; consequently, they were excluded from further experiments. Halogenated 

hydroxyquinoline derivatives and nitroquinoline showed lesser log D values compared to 

[68Ga]Ga-oxine and tropolone. [68Ga]Ga-thiooxine log D value increased from 0.5 ± 0.2 to 0.9 ± 

0.2 after increasing the concentration of the ligands in ethanol by two fold (Table 4.1).   

Table 4.1: Log D value of 68Ga chelators. values represent an average of three replicates and ± standard deviation 

68Ga HQ derivatives                        Log D (0.5 mg/ml)                Log D (1 mg/ml)  

Oxine  1.75 ± 0.34 

Tropolone  1.67 ± 0.2 

chloroxine 0.9 ± 0.2 

cloxyquin  1.3 ± 0.3 

clioquinol 1 ± 0.0 

MPO 1.4 ± 0.2 

Thiooxine                                              0.5 ± 0.2  0.9 ± 0.2 

Nitroquinoline  1.1 ± 0.06 

2-hydroxyquinolinee  -1 ± 0.1 

3-hydroxy-isoquinoline  -1 ± 0.2 

Acetate (control)  -2.7 ± 0.62 
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4.3.3 Cellular uptake of [68Ga]Ga-oxine, [68Ga]Ga-thiooxine, and [68Ga]Ga-acetate 

in A375 cells in the presence of FBS in the media 

Comparative analysis between the three complexes showed that thiooxine had the highest cellular 

uptake throughout all washes including after media removal, after first and second wash as 

demonstrated by table 4.2. Analysis of gallium uptake over the three phases showed uptake 

decreasing significantly after first PBS wash for all three ligands, while no difference in cellular 

uptake was noticed between the first and second wash (Figure 4.5). However, [68Ga]Ga-thiooxine 

was the most retained in cells after the second wash compared to [68Ga]Ga-oxine and [68Ga]Ga-

acetate.  Figure 4.6 represent gallium uptake between cells and controls (no cells) after the second 

wash versus control-corrected (cells – controls/no cells) values. Control-corrected uptake was 

calculated as the difference of activity in cells and in the corresponding control. The results show 

that control corrected values were not different from cell activity for both [68Ga]Ga-oxine and 

[68Ga]Ga-thiooxine, indicating minimal plastic binding occurred and activity accumulated in 

cells, whereas control value was high for [68Ga]Ga-acetate, indicating most activity bound to 

plastic and minimal amount incorporated into cells. 

 

Time 
Oxine Thiooxine Acetate 

p-value 
Mean SD Mean SD Mean SD 

After media 

removal  
3.61 0.48 6.30 0.79 2.45 0.28 <0.01* 

After first 

wash  
0.89 0.03 2.92 0.40 0.71 0.17 ≤0.001**  

After 

second 

wash  

0.68 0.15 2.86 0.64 0.46 0.19 ≤0.001** 

Table 4.2: Comparing percentage cellular uptake of 68Ga between oxine, thiooxine and acetate after media removal, 

first wash and second wash. Values are percentage uptake (mean and standard deviation). SD: Standard deviation. P 

value; * (p< 0.01), and ** (≤ 0.001).  P values represent the significant difference of [68Ga]Ga-thiooxine to [68Ga]Ga-

oxine and [68Ga]Ga-acetate after media removal, first wash, and second wash. Test used: One-way ANOVA + Tukey 

HSD.  
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Figure 4.5: Comparing 68Ga cellular uptake after removing the media, 1st, and 2nd PBS wash in oxine, thiooxine, and 

acetate. Cellular uptake study showed significant decrease in cells uptake after the first wash, while no significant 

difference was seen between the first and second wash for all three complexes. [68Ga]Ga-thiooxine showed the highest 

retention in cells throughout the washes. Bars represent mean ± standard deviation of percentage uptake. Test used: 

One-way ANOVA + Tukey HSD.  
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Figure 4.6: Effect of ligand on cellular uptake. Figure compares 68Ga uptake between cells and controls after the second 

wash versus control-corrected values (activity in cell – activity in control) in oxine, thiooxine, and acetate. [68Ga]Ga-

oxine and [68Ga]Ga-thiooxine showed no significant difference between cells and control corrected values. [68Ga]Ga-

acetate showed no significant difference between cells, control, and control corrected values. Test used: One-way 

ANOVA + Tukey HSD.     
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4.3.4 Cellular uptake of [68Ga]Ga-thiooxine in A375 cells incubated with 0.9% 

saline 

Due to its optimal uptake characteristics, [68Ga]Ga-thiooxine was selected for cellular uptake 

study using saline as an incubation media. Figure 4.7 shows that using saline for cell incubation 

is likely to increase [68Ga]Ga-thiooxine uptake; for example, after 60 minutes, mean ± SD 

percentage of [68Ga]Ga-thiooxine concentration in cells was 20.19 ± 3.17 (Figure 4.7), compared 

to 2.8 ± 0.6 measured after incubation in DMEM media (contain FBS) for a similar time (Figure 

4.6). However, no difference was observed in [68Ga]Ga-thiooxine uptake between cells and 

controls at any time of the incubation; this indicated that more activity bound to the plastic 

compared to previous study when DMEM media was used. [68Ga]Ga-thiooxine control corrected 

values were relatively similar whether incubated in DMEM media (2.50 ± 0.69) or saline (3.70 ± 

1.7) for 60 minutes. The higher plastic binding activity in saline compared to DMEM media 

condition might be related to the lipophilicity of the compound and its preference to adsorb to the 

plastic rather than stay in the aqueous saline solution (more details in the discussion section). This 

indicates that saline incubation is not efficient for [68Ga]Ga-thiooxine cellular uptake based on 

the high plastic binding activity noticed.  
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Figure 4.7: Evaluation of [68Ga]Ga-thiooxine cellular uptake in 0.9% saline over time. No significant difference was 

seen between cells and control values at all time points. Test used: One-way ANOVA + Tukey HSD.  
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4.3.5 Cellular uptake of 68Ga HQ derivatives in A375 cells incubated in the 

presence of human serum in media 

According to unpublished experimental data by F. Al-Salemee, an increase of [68Ga]Ga-acetate 

uptake in A375 melanoma cell line is observed in the presence of human serum compared to fetal 

bovine serum. Incubation with human serum in media was performed in the current study to 

investigate the uptake difference between 68Ga complexes. Figure 4.8 represents gallium uptake 

differences between cells and control for each 68Ga complex used in the presence of human serum. 

The results showed that cells and control values were significantly different in all 68Ga complexes 

indicating minimal plastic binding occurred and activity accumulated in cells. [68Ga]Ga-thiooxine 

showed the highest cellular uptake (23.2 ± 3.3 %) compared to other ligands used (Figure 4.8), 

while some similarities were evident between the other ligands (see appendix section for 

comparison of 68Ga cellular uptake using different ligands). [68Ga]Ga-oxine and [68Ga]Ga-

tropolone showed minimal cellular uptake compared to other ligands, 0.2 ± 0.02% and 3.9 ± 0.4% 

respectively. Consistent with the F. Al-Salemee study, [68Ga]Ga-acetate cellular uptake increased 

from 0.45 ±0.19 (in the presence of FBS in the media, Figure 4.6) to 11.2 ± 2.4 in the current 

experiment when human serum was used instead (Figure 4.8).   
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Figure 4.8: Gallium cellular uptake after incubation in DMEM media with human serum using different ligands. Bars 

are means ± standard deviation of percentage uptake in 106 cells. Values are percentage uptake (mean and standard 

deviation). The difference between cells and controls for all 68Ga complexes was significant (p<0.001), except for 

[68Ga]Ga-acetate (p<0.01). A t-test was performed to evaluate the difference between cells and control values for each 

68Ga complex.  

4.3.6 Protein binding studies 

Figure 4.9 represents the elution profile of apo-transferrin in sodium bicarbonate, showing that 

apo transferrin elution in bicarbonate occurs in fractions 3, 4 and 5. Elution profiles of unchelated 

68Ga and [68Ga]Ga-oxine in sodium bicarbonate, in the presence versus absence of apo transferrin 

are presented in figure 4.10 and 4.11, respectively. In the presence of apo transferrin, unchelated 

68Ga was eluted in fractions 3, 4, and 5, which corresponds to large MW compound, indicating 

binding to apo transferrin. In absence of apo transferrin, unchelated 68Ga eluted in middle fractions 

(fractions 7-11) (Figure 4.10).  By contrast, [68Ga]Ga-oxine showed a similar elution profile in 

both presence and absence of apo transferrin, indicating absence of binding of [68Ga]Ga-oxine to 

apo transferrin. [68Ga]Ga-oxine eluted in the latter fractions, corresponding to small MW 

compounds (Figure 4.11). Figure 4.12 represent the elution profile of [68Ga]Ga-thiooxine. 

[68Ga]Ga-thiooxine showed similar elution profiles in presence versus absence of apo transferrin. 

[68Ga]Ga-thiooxine eluted in fractions 3-5, behaving like a large MW compound, and in fractions 

13-15 fractions behaving like a small molecular compound (see discussion section). Similar to 

un-chelated 68Ga, [68Ga]Ga-nitroquinoline was eluted in fractions 3, 4 and 5 in presence of apo 

transferrin; thus corresponding to large MW compound and indicating effective binding to apo 

transferrin (Figure 4.13). 



 

162 

1 3 5 7 9 11 13 15 17 19 21 23

0.0

0.5

1.0

1.5

Apo-Tf in NaHCO3

Fraction number

A
b

s
o

rb
a

n
c

e
 a

t 
2

8
0

 n
m

 

Figure 4.9: Elution profile of apo transferrin in NaHCO3 measured using nanodrop spectrophotometer. 
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Figure 4.10: Elution profile of unchelated 68Ga in NaHCO3 in the presence and absence of apo transferrin using PD 

midiTrap G-25 tubes post 60 minutes of incubation.   
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Figure 4.11: Elution profile of [68Ga]Ga-oxine in NaHCO3 in the presence and absence of apo transferrin using PD 

midiTrap G-25 tubes post 60 minutes of incubation.  
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Figure 4.12: Elution profile of [68Ga]Ga-thiooxine in NaHCO3 in the presence and absence of apo transferrin using PD 

midiTrap G-25 tubes post 60 minutes of incubation.   
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Figure 4.13: Elution profile of [68Ga]Ga-nitroquinoline in NaHCO3 in the presence and absence of apo transferrin using 

PD midiTrap G-25 tubes post 60 minutes of incubation.  
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 Discussion  

Using the first radiolabelling method, [68Ga]Ga-2-hydroxyquinoline and [68Ga]Ga-3-

hydroxyisoquinoline showed the same iTLC results as [68Ga]Ga-acetate (Rf= 0). The log D values 

of [68Ga]Ga-2-hydroxyquinoline and [68Ga]Ga-3-hydroxyisoquinoline were -1.0 ± 0.1 and -1.0 ± 

0.2 respectively, suggesting poor complexation, that matching iTLC results. Hence, they were 

excluded from further experiment. These results were not surprising as these ligands (based on 

their chemical structure) were not expected to be suitable for chelation (Figure 4.1) and were used 

effectively as controls.   

Due to weak [68Ga]Ga-thiooxine formation when the first radiolabelling method was used, the 

thiooxine concentration in ethanol solution was increased from 0.5 mg/ml (first method) to 1 

mg/ml (second method) in order to maximise the radiochemical yield. Doubling the concentration 

of ligands showed the Rf value changing from 0.3 to 0.5. Further moving towards the solvent front 

was noticed by the addition of 50 µl of thiooxine to the mobile phase (Figure 4.4 top right panel, 

R, and bottom panel). This can be due to the instability of the [68G]Ga-thiooxine complex and 

dissociation of 68Ga from the ligand as it migrates up the strip and the ligand and metal is 

becoming separated. Adding extra ligand to the mobile phase results in more thiooxine being 

available to bind gallium and help move the complex further, indicating greater complexation of 

the complex. An increase in apparent log D value of [68G]Ga-thiooxine from 0.5 ± 0.2 to 0.9 ± 

0.2  after increasing the concentration of the ligands in ethanol by two fold is consistent with the 

greater complexation of the complex in iTLC.  For [68Ga]Ga-MPO, the log D value indicated that 

the complex is lipophilic, but iTLC results showed poor complexation. Due to the discrepancy 

between log D and iTLC results with no further experiment being performed to explain this 

discrepancy, [68Ga]Ga-MPO was excluded from cell uptake and protein binding studies. 

[68Ga]Ga-oxine, and [68Ga]Ga-tropolone showed higher apparent log D value compared to all 

other 68Ga complexes tested (Table 4.1). This could indicate higher stability of the first two with 

minimal free 68Ga available, while the latter complexes are less stable and consist of larger amount 

of free 68Ga. It was supported by cellular uptake study in the presence of human serum in the 

media, as [68Ga]Ga-oxine, and [68Ga]Ga-tropolone exhibited less cellular uptake in comparison 

to other ligands, indicating that [68Ga]Ga-oxine and [68Ga]Ga-tropolone might form more stable 

compounds compared to other 8HQ derivatives, and 68Ga might diffuse in cells but gets trapped 

to a lesser extend due to slower dissociation.26 While no protein binding studies were performed 

for [68Ga]Ga-tropolone, [68Ga]Ga-oxine showed no binding to human apo-transferrin using size 

exclusion chromatography, which is also an indication for the stability of the complex and cell 

uptake by passive diffusion. It does not bind to apo-transferrin or enter the cells by transferrin 

medicated mechanism.  
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Cellular uptake study in the presence of FBS in the media showed no significant difference 

between cells and control corrected (cells – controls/no cells) values for [68Ga]Ga-oxine and 

[68Ga]Ga-thiooxine indicating low plastic binding (low control values), and that cell uptake value 

represents activity incorporated into cells. However, plastic binding was high for [68Ga]Ga-acetate 

and the result showed no difference between cells and control, indicating poor cellular uptake 

occurred. These results are consistent with a literature study26 (see introduction section) that 

showed higher 67Ga cell incorporation and cytotoxic effect when oxine was used as a chelating 

agent compared to 67Ga citrate.26  

Incubation with saline increased the cellular uptake of [68Ga]Ga-thiooxine in comparison to 

DMEM media contain FBS. However, due to the high activity in control tubes in saline condition, 

control corrected samples in both conditions showed similar values. This indicates that in the 

presence of FBS, a large amount of [68Ga]Ga-thiooxine binds to serum proteins and gets removed 

with the supernatant, providing minimal plastic binding. However, in the absence of serum 

proteins (incubation in saline) the majority of activity bound to the plastic rather than remain in 

the aqueous saline solution (owing to [68Ga]Ga-thiooxine lipophilicity).295,296 In this specific 

setting, saline incubation is not efficient for cellular uptake due the difficulties to recognise the 

difference between cellular uptake and plastic binding activity rendering high cellular uptake of 

[68Ga]Ga-thiooxine potentially irrelevant. Using glass bottom wells instead of plastic could 

minimize the plastic binding.  

[68Ga]Ga-thiooxine exhibited the highest cellular uptake compared to all ligands in the presence 

of human serum in the media. In addition, cells incubated with [68Ga]Ga-thiooxine showed higher 

uptake in the presence of human serum (23.2 ± 3.3) compared to FBS (2.86 ± 0.64)  in the media, 

suggesting that [68Ga]Ga-thiooxine is possibly dissociated (at least at some level) and enters the 

cells by transferrin mediated mechanism. Bovine transferrin has a similar affinity to human 

transferrin for gallium, however, it doesn’t bind efficiently to TfR1 in human cancer cells.274,275 

Thus, in the presence of FBS, a large amount of 68Ga might binds to bovine transferrin in the 

media without entering the cells causing low cellular uptake value. However, in the presence of 

human serum, 68Ga binds to human apo-transferrin in the media and enters the cells by transferrin 

mediated mechanism.274,275 However, protein binding result of [68Ga]Ga-thiooxine using size 

exclusion chromatography did not confirm or reject binding of [68Ga]Ga-thiooxine to serum 

proteins. The experiment was only done using apo-transferrin in sodium bicarbonate solution, and 

the results exhibited similar elution profiles in the presence and absence of apo-transferrin. This 

experiment must be repeated using higher concentration of the ligand or else the addition of a 

small amount of surfactant to the mixture to increase the complex solubility.250 Thus, [68Ga]Ga-

thiooxine cellular uptake pathway cannot be explained due to the inconclusive results of 

[68Ga]Ga-thiooxine protein binding study and with no further research being undertaken. Like 

[68Ga]Ga-thiooxine, [68Ga]Ga-acetate had higher cellular uptake in the presence of  human serum 
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than bovine serum in the media, which also can be explained based on the low binding efficiency 

of bovine transferrin to TfR1 in human cancer cells.274,275 

[68Ga]Ga-nitroquinoline exhibited similar cellular uptake as [68Ga]Ga-acetate in human serum, 

along with complete binding to apo-transferrin by size exclusion chromatography. This suggest 

that the complex is not stable and 68Ga dissociates from the ligand, binds to apo-transferrin, and 

enter the cells by transferrin mediated mechanism. However, [68Ga]Ga-nitroquinoline is a 

lipophilic complex that showed good complexation by iTLC. Hence, binding to apo-transferrin 

might not occur at the same speed as [68Ga]Ga-acetate. In the current study, [68Ga]Ga-

nitroquinoline incubated with apo-transferrin for 60 minutes, and different incubation times might 

be required to test the duration need for transferrin binding. In addition, protein binding studies 

must be done to other 8HQ derivatives including tropolone, clioquinol, chloroxine, and cloxyquin 

to investigate their protein binding mechanism and cellular uptake pathway.  

As mentioned previously (see introduction section), [67Ga]Ga-oxine showed higher cellular 

uptake and cytotoxicity against DU145 cells compared to [67Ga]Ga-citrate, suggested that 67Ga 

might cause radiotoxicity only if absorbed into cells.26 Thus, developing 8HQ derivative 

complexes might generate better methods for delivering 67Ga in order to investigate the 

radiobiology of its therapeutic effect. From the current studies, results showed that [68Ga]Ga-

thiooxine has the highest cellular uptake compared to all other 68Ga complexes tested when 

incubated using DMEM media containing human serum, however more experiments are needed 

to understand its protein binding mechanism. Thiooxine could be a promising ligand to radiolabel 

67Ga, deliver it to cancer cells, and study its radiobiology as an Auger electron emitter. In addition, 

cellular efflux studies of [68Ga]Ga-thiooxine along with the other ligands are required to measure 

their cellular washout over time. The therapeutic potential of radionuclides is likely to be 

dependent on their distribution and accumulation in cancer cells.26,297 Thus, finding the best 

chemical form to deliver 67Ga into cells and be sustained for adequate time is desired for better 

cytotoxic effect, and radiobiological investigation.  
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 Summary and conclusion 

[68Ga]Ga-thiooxine exhibited unstable behaviours in iTLC results. However, the complexation 

was increased by doubling the concentration of the ligand. [68Ga]Ga-thiooxine showed high 

cellular uptake compared to other ligands in the presence of human serum in the media, however, 

its protein speciation study was inconclusive, and more experiments are needed for more 

understanding of the complex biological behaviour. [68Ga]Ga-oxine showed stability in iTLC 

results with no binding to apo-transferrin by size exclusion chromatography, indicating cellular 

uptake by non-transferrin pathway. [68Ga]Ga-nitroquinoline showed relatively high percentage of 

uptake, with complete binding to apo-transferrin as determined by size exclusion 

chromatography, indicating cellular uptake by transferrin mediated mechanism. However, protein 

binding studies at different time points are required to measure the time needed for [68Ga]Ga-

nitroquinoline to bind to transferrin. [68Ga]Ga-tropolone, -chloroxine, -cloxyquin, and -clioquinol 

protein binding studies should be performed to investigate their possible cellular uptake pathways. 

Further experiments including efflux studies of 68Ga-8HQ complexes can be performed to 

measure their cellular washout over time. Finally, selected 8HQ derivatives can be radiolabelled 

with 67Ga in the future and used to study the radiobiology of 67Ga as an Auger electron emitter 

radionuclide. Among tested 8HQ derivatives in the current study, thiooxine was the best chelator 

for delivering gallium into cells when incubated in DMEM media containing human serum.    
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5 Conclusion, challenges, and future work 

This chapter will explore some opportunities for future work on 68Ga/67Ga. Some of these 

opportunities are natural extensions of the work in this thesis, while others are recommendations 

for future work and challenges in the field in general.  

5.1 Introduction 

Over the past decades, Ga3+ applications in medicine have become significant due to its similarity, 

in some aspects, to Fe3+.2 The similarities between the two metals permit gallium to bind to iron-

binding proteins and biomolecules and be taken up by tumours and microorganisms as an iron 

analogue.3,5 However, gallium cannot be considered an ideal analogue for iron based on their 

differences in other aspects, such as the inability of Ga3+ to be reduced under physiological 

conditions to Ga2+ or be accumulated in hematopoietic tissues (like iron). In fact, studies have 

shown different cellular trafficking mechanisms and pharmacokinetics in vivo between the two 

metals.3,78 In addition, the differences between the two metals render gallium compounds to be of 

interest as potential therapeutic agents for disturbing the role of iron in cancer cells and bacteria.5 

The availability of gallium radioisotopes has facilitated the understanding of gallium cellular 

trafficking and biodistribution. It has also allowed the use of gallium as a partial iron analogue 

for imaging purposes. 

5.2 Un-chelated gallium radioisotopes 

Gallium radioisotopes (68Ga and 67Ga) play a significant role in modern medicine and are likely 

to gain more popularity in the next decade. The advantage of 68Ga over other PET radioisotopes 

is primarily based on 68Ga generator production from its long-lived mother radioisotope (t½ (68Ge) 

= 270.95 days).12 Generator-based production allows for the continued presence of radionuclide 

and onsite radiolabelling. However, some failings of the 68Ga generator include impurities in the 

elution that can reduce radiolabelling yields.1,30 On the contrary, 67Ga is a cyclotron produced 

radionuclide.10 67Ga (in citrate complex form) has been extensively studied and used clinically as 

a cancer (especially lymphoma) and infection imaging agent.5,94
’
95

’
96 The 67Ga citrate uptake 

mechanism is based on transchelation to transferrin (subsequent binding to sites with high 

transferrin receptor expression), lactoferrin (especially in neutrophil leukocytes), and 

macrophages, which can be observed in tumours, infections, and inflammation sites. Thus, 67Ga 

citrate has low specificity and cannot be considered as a specific imaging agent.9,95,96,132,133,134 

However, 67Ga citrate’s non-specific activity can be an advantage for localising possible causes 

of fever of unknown origin (FUO) due to the extensive disease spectrum causing FUO.96,142  
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5.3 Gallium labelled siderophores 

As mentioned previously, microorganisms can secrete siderophores and sequester gallium as 

gallium–siderophores complex. This permits the use of the radioactive gallium-siderophore 

complexes as specific infection imaging agents, unlike 67Ga citrate.98 Recent studies on 68Ga and 

67Ga radiolabelled with different siderophores showed promising results in vitro and in vivo, 

suggesting these compounds might have sensitivity and specificity as infection imaging agents 

and potential for clinical translation.97–103 Studies have shown the selectivity of different gallium 

siderophore complexes to individual pathogens. Thus, selecting the relevant siderophore before 

imaging might be a crucial step for a better diagnosis. Siderophore selectivity to specific 

pathogens is an advantage if bacterial species causing an infection are known. However, it can 

also be a limitation if bacterial species are unknown, leading to false-negative results. For 

example, 68/67Ga siderophores might not be the best approach for imaging patients with FUO.  

68Ga and 67Ga radiolabelled with DFO showed high specificity and sensitivity for imaging an 

animal model infected with P. aeruginosa and S. aureus99,100 and can be used to investigate animal 

models bearing infections with fungal and bacteria that utilise ferrioxamine. In the current study, 

we provided a simple radiosynthesis of [68Ga]Ga-DFO using GMP-grade reagents as a foundation 

for imaging graft infection in humans. To the best of our knowledge, no clinical studies have been 

conducted to investigate the sensitivity and specificity of 68/67Ga siderophores in imaging graft 

infection. In addition, studies that investigated the sensitivity and specificity of DFO radiolabelled 

with 68Ga and 67Ga used a relatively high pathogen burden (CFU > 108) in lung infection and 

myositis animal models.99,100 However, a graft can be infected with lower bacterial densities. For 

example, a preclinical study showed that the threshold for bacteria to cause graft infection in more 

than 50% of aortic grafts in canine models could be as low as 102 for P. aeruginosa.298 The rapid 

renal excretion of [68Ga]Ga-DFO might be a limitation in patients with a low-grade infection. 

However, the high selectivity of [68Ga]Ga-DFO to specific pathogens combined with its low 

background activity might render infection sites sufficient uptake compared to surrounding 

tissues. The ability of [68Ga]Ga-DFO in detecting graft infection cannot be predicted since no 

studies have been conducted to investigate that. However, this could be a step towards an early 

graft infection diagnosis that can reduce morbidity and mortality.  

5.4 Gallium as anti-cancer drugs 

KP46 is an anti-cancer drug developed based on the rationale of making a stable compound that 

can be absorbed efficiently from the gut. Consequently, it has better anti-cancer activity compared 

to orally administered gallium salts.4,108 Although KP46 showed some efficacy against renal cell 

carcinoma in phase I clinical trial, studies on its in vivo trafficking and tumour accumulation are 

lacking. In the current study, we investigated the in vivo behaviour of KP46 after oral 
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administration of [68/67Ga]KP46 as a tracer or combined with a pharmacologically relevant dose 

of KP46. We provided supporting evidence that the presence of a pharmacological dose of KP46 

increased gut absorption compared to orally administered [68/67Ga]KP46 as a tracer. However, 

delivery of gallium to tissues and tumour was still low. Based on studies from literature that 

showed poor gut absorption after oral administration of 67Ga citrate, even in the presence of a 

high dose of a single oral administration of gallium chloride,190,191,276 and the current study results, 

we concluded that KP46 does not enhance gut absorption compared to gallium salts after a single 

oral administration. However, the in vivo trafficking of KP46 using [68/67Ga]KP46 can be 

investigated in the future after prolonged oral administration to mimic the method used in the 

clinical trial. A prolonged period of time might be necessary for progressive tumour uptake and 

cytotoxicity.231  

We have also investigated the chemical form of [68/67Ga]KP46 in the gut and organs. We showed 

that the majority of activity is no longer in a form of [68/67Ga]KP46, indicating that KP46 does not 

survive the gut intact. Our studies show that KP46 is a poor vehicle for delivering gallium to 

tumours. However, due to the anti-cancer activity of 8-hydroxyquinoline in vitro,234,277 its 

contribution to the KP46 cytotoxic mode of action cannot be ignored. Nothing is known of the 

role of KP46 as a vehicle for delivery of 8-hydroxyquinoline to tumours in vivo or cancer cells in 

vitro. The in vivo trafficking of 8-hydroxyquinoline could be investigated in the future as an active 

component for the KP46 mode of action. For example, 8-hydroxyquinoline can be radiolabelled 

with carbon-11, and its trafficking and anti-cancer activity can be studied post oral administration 

and compared to KP46 in a head-to-head study.  

In addition to investigating KP46 activity against cancer, a preclinical study in hypercalcemia of 

malignancy rats model showed a decrease in blood calcium levels post oral administration of 24 

mg/kg of KP46 for ten days, indicating the possible effect of KP46 on blood calcium levels and 

suggesting that KP46 might share some of gallium nitrate mechanism of actions.238 However, 

more research could be carried out to investigate the ability of KP46 as a hypercalcemia treatment 

agent to overcome gallium nitrate (Ganite) renal toxicity post intravenous injection, especially in 

patients with impaired renal function.229  

5.5 67Ga as a potential therapeutic agent  

As mentioned previously, 67Ga emits Auger electrons (in addition to its gamma emissions) and is 

as a potential therapeutic radionuclide.26 The final chapter of this work was inspired by a previous 

study that showed the ability of 8-hydroxyquinoline to increase 67Ga cell incorporation and, 

consequently, the 67Ga therapeutic effect.26 We investigated multiple 8-hydroxyquinoline 

derivatives as a delivery vehicle for 68Ga into A375 cells. 68Ga showed the highest cellular 

incorporation when radiolabelled with thiooxine compared to other derivatives. However, further 
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cellular work and protein binding studies can be done to find the best chelator for delivering 67Ga 

into cells and studying its radiobiology. It should be noted that 8-hydroxyquinoline and its 

derivatives might not be the best chelators for delivering 67Ga into cells,26 and other chelators 

could be tested. The continuous development of gallium chelators might renew the 67Ga 

opportunity as a therapeutic radionuclide.  

In conclusion, this work explored gallium-essential applications of 67Ga and 68Ga in cancer 

therapeutics, infections, and cell biology. 67Ga and 68Ga (as radioactive isotopes) can provide 

quantitative information on certain pharmacological compounds stability, biodistribution, tissue 

accumulation, and route of excretion, via the use of imaging by SPECT and PET scanners. 

Studying KP46 with radioactive gallium, as described in this work, can be one of many ways to 

investigate gallium compounds as anti-cancer drugs. In addition, different siderophores can be 

radiolabelled with radioactive gallium as an iron analogue to image infection. [68Ga]Ga-DFO has 

a low regulatory barrier to clinical translation, and it can encourage the clinical translation of other 

68Ga siderophores complexes.  
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Appendix  

Table A1: Multiple comparison of 68Ga cellular uptake after incubation in human serum using different ligands (one-

way ANOVA followed by post hoc analysis) 

Group (i)  Group (j)  p-value 

                                                                                       Mean                 SE  

Oxine   

Thiooxine   -23.00  1.50  <0.001*  

Tropolone   -3.72  1.84  0.481  

Clioquinol   -11.94  1.84  <0.001*  

Chloroxine   -13.78  1.50  <0.001*  

Cloxyquin   -7.37  1.50  0.001*  

Nitroquinoline  -8.10  1.50  <0.001*  

Acetate   -10.97  1.84  <0.001*  

       Thiooxine   

 

 Acetate  12.03  1.84  <0.001*  

Tropolone   

Clioquinol   -8.22  2.12  0.011*  

Chloroxine   -10.05  1.84  <0.001*  

Cloxyquin  -3.64  1.84  0.509  

Nitroquinoline   -4.37  1.84  0.285  

Acetate   -7.24  2.12  0.034*  

Clioquinol   

Chloroxine  -1.84  1.84  0.971  

Cloxyquin 4.57  1.84  0.237  

Nitro  3.84  1.84  0.442  

  Acetate  0.97  2.12  1.000  

Chloroxine   

Cloxyquin 6.41  1.50  0.004*  

Nitroquinoline 5.68  1.50  0.013*  

Acetate  2.81  1.84  0.787  

Cloxyquin 
Nitroquinoline -0.73  1.50  1.000  

Acetate  -3.60  1.84  0.523  

Nitroquinoline Acetate  -2.87  1.84  0.768  

SE: Standard error of mean; * statistically significant result. Values are in percentages  

Tropolone  19.27  1.84  <0.001*  

Clioquinol  11.06  1.84  <0.001*  

Chloroxine  9.22  1.50  <0.001*  

Cloxyquin 15.63  1.50  <0.001*  

Nitroquinoline 14.90  1.50  <0.001*  

Difference (i-j) 


