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ABSTRACT 

Metallic radionuclides, radiometals, have an important role in nuclear medicine. Their 

straightforward coordination radiochemistry allows for a large variety of applications. The 

similarities and differences between the radiometals can be utilised to expand the window of 

diagnostic imaging or transfer diagnostic methods from one imaging modality to another. 

Radiometals from the same or from different elements (both therapeutic and diagnostic) may 

be coordinated to similar probes, as a theranostic pair.     

Radionuclide-based molecular imaging is a non-invasive in vivo imaging technique that 

quantifies the concentrations of radioactive probes in biological processes occurring at cellular 

and subcellular levels in living organisms. The two major diagnostic in vivo imaging techniques 

used are Single-Photon Emission Computed Tomography (SPECT) and Positron Emission 

Tomography (PET). In this thesis, radiometal production using a cyclotron solid target system 

and some fundamental aspects of radiometal labelling are explored, using two of the most 

common positron-emitting radiometals, gallium-68 (68Ga) and zirconium-89 (89Zr). 

In paper I an albumin targeting Affibody molecule, ABY-028, was successfully developed, 
68Ga-labelled and in vivo evaluated using a small animal PET camera. We showed that the 

biodistribution was consistent with the binding of [68Ga]Ga-ABY-028 to plasma albumin. 

Uptake patterns differed between tumours at different stages and of different phenotypes. 

Tracer uptake responses to permeability-altering therapeutics and during cerebral infarction 

could be observed. This novel radiotracer is a promising tool for in vivo molecular imaging of 

variations and alterations of vascular permeability and has the potential to function as a baseline 

control of the non-specific uptake of other albumin-binding domain (ABD)-based diagnostic 

or therapeutic agents. In paper II cells were 89Zr-labelled, using two different metal complexes, 

with two distinctive labelling mechanisms, [89Zr]Zr-(oxine)4 and [89Zr]Zr-DFO-NCS. 

Synthesis protocols were successfully optimised to yield high radiochemical conversions of 

both 89Zr-complexes. Both radiotracers presented in this head-to-head study showed feasibility 

for universal radiolabellings of different cell types. The results suggested that [89Zr]Zr-(oxine)4 

is most likely superior. In papers III and IV methods to meet the generally increasing demand 

for 68Ga have been developed. In paper III a cyclotron-based solid target system was used for 

production and purification of the radionuclide. In paper IV a refinement method of the 

radionuclide’s quality (regarding content of competing metal ions) was developed for clinical 

applicability for use in radiolabelling of DOTA-based radiopharmaceuticals, [68Ga]Ga-

DOTATOC and [68Ga]Ga-FAPI-46. Compared to generator-derived 68Ga, we successfully 

produced 10 times more product of both the radiopharmaceuticals using our solid target 

cyclotron-produced 68Ga. 

The strategies and approaches investigated and developed in this thesis have potential for 

translation to more exotic radiometals in the future, to potentially expanding the palette of 

chemical properties that can be used in radiolabelling, as well as the decay characteristics and 

time-windows for imaging. The methods and techniques for radiometal labelling explored in 

this thesis might also be translated to other specific tissue targeting molecules or cells. 



SVENSK POPULÄRVETENSKAPLIG SAMMANFATTNING  

Utveckling av radiometallbaserade märkningstekniker och spårämnen för 

icke-invasiv molekylär avbildning 

Ett radiofarmakum är ett läkemedel som innehåller en radioaktiv komponent för medicinska 

ändamål. Läkemedlet består framför allt av två viktiga komponenter: En molekyl (spårämne) 

som bestämmer hur och var läkemedlet fördelar sig i kroppen och en radionuklid som avger 

den radioaktiva signalen eller den radioaktivt medicinska effekten. En radionuklid är en instabil 

atom som i sitt sönderfall, då den omvandlas till en stabilare form, avger strålning. Vid 

nuklearmedicinsk diagnostik registreras den radioaktiva signalen av speciellt anpassade 

kameror och omvandlas till bilder. Dess icke-invasiva natur betyder att inga fysiska ingrepp är 

nödvändiga (jämför t.ex. med vävnadsprov vid diagnostisk biopsi). Vid nuklearmedicinsk 

terapi avger istället läkemedlet lokal strålning till den vävnad som ska behandlas (t.ex. tumörer 

vid cancerbehandling).   

I den här avhandlingen har vi arbetat med metalliska radionuklider, s.k. radiometaller. De 

kemiska egenskaperna hos radiometaller lämpar sig väl för tillverkning av radiofarmaka som 

innehåller spårämnen av större molekylstorlek (t.ex peptider eller proteiner). Dessa spårämnen 

har förmågan att binda till specifika mål i kroppen. Målen kan bestå av någonting som specifikt 

finns uttryckt på en viss typ av tumörer eller vid andra medicinska tillstånd. Målet för själva 

radiofarmakat behöver inte vara sjukdomsspecifikt vid diagnostik, men ska möjliggöra 

avbildning av fysiologiska förändringar i kroppen. Fysiologiska förändringar kan t.ex. bestå av 

förändrat blodflöde eller ämnesomsättning. Radiofarmaka, eller radionukliden ensam, kan 

också användas för att märka och följa administrerade antikroppar eller celler i kroppen. 

Terapier med antikroppar eller celler är både dyra och kan ge biverkningar. Vid utveckling av 

nya terapier av detta slag, och för att kunna avgöra vilka patienter som kan hjälpas av sådan 

behandling, är därför den radionuklidbaserade avbildningstekniken en viktig del i 

utvärderingsprocessen.  

I det första ingående arbetet har ett albuminbindande spårämne, Affibodymolekylen ABY-

028, utvecklats och radiomärkts med radiometallen gallium-68 (68Ga). Dess bindning till 

albumin, ett protein rikligt förekommande i blodet, har sedan utvärderats i djurmodeller 

(gnagare). Vi kunde visa att distributionen av den radiomärkta [68Ga]Ga-ABY-028 

överensstämde med en bindning till albumin i blodet. Vi kunde också visa att [68Ga]Ga-ABY-

028 kan användas för att avbilda skillnader i genomsläpplighet av albumin mellan olika 

cancertyper och cancer i olika tillväxtfaser (stadier). Genomsläppligheten var förändringsbar 

med hjälp av kärlvidgande läkemedel. Förändringar av genomsläppligheten av albumin till 

hjärnan kunde också detekteras i en djurmodell av akut stroke. [68Ga]Ga-ABY-028 kan även 

användas som ett kontrollspårämne vid utveckling och validering av nya målsökande 

spårämnen som är kombinerade med den albuminbindande delen av ABY-028. I det andra 

ingående arbetet har celler radiomärkts med radiometallen zirkonium-89 (89Zr). Vi utvärderade 

och jämförde cellmärkningsmetoder med två olika metallkomplex, en där radionukliden fäster 



 

 

på utsidan av cellen ([89Zr]Zr-DFO-NCS) och en där radionukliden fångas inuti cellen 

([89Zr]Zr-(oxine)4). Vi förbättrade tillverkningsmetoderna för båda 89Zr-komplexen vad gäller 

effektivitet och stabilitet. Vi kunde också visa att dessa cellmärkningsmetoder kan användas 

universellt oberoende av celltyp. [89Zr]Zr-(oxine)4 var överlägsen [89Zr]Zr-DFO-NCS i 

hållbarhetstid, alltså från tillverkningstillfället till att cellerna kunde radiomärkas. [89Zr]Zr-

(oxine)4 hölls också kvar i cellerna under en längre tid, oberoende av celltyp, vilket är en stor 

fördel. Anledningen till att radiomärka celler är att vi ska kunna följa dem efter tillförsel i 

kroppen och med 89Zr under en lång tid. I det tredje och fjärde arbetet har vi utvecklat en 

alternativ tillverkningsmetod med en partikelaccelerator (cyklotron) och reningsmetod (med 

en automatiserad modul) av 68Ga, en radionuklid som har stor klinisk efterfrågan. Vi har sedan 

använt denna radionuklid för att tillverka kliniskt etablerade/lovande radiofarmaka som 

används vid cancerdiagnostik, [68Ga]Ga-DOTATOC och [68Ga]Ga-FAPI-46 – som 

utvärdering av dess användbarhet. Vi kunde med dessa sammankopplade arbeten visa på en 

överlägsen förbättring av mängden radiofarmaka (10 gånger mer) och deras hållbarhet när vi 

använde vårt cyklotronproducerade 68Ga, jämfört med det 68Ga som normalt sett utvinns från 

radionuklidgeneratorer. 

De metoder som undersökts och utvecklats i denna avhandling har stor potential till att kunna 

överföras till andra mer exotiska radiometaller, vilka ännu inte blivit lika etablerade som 68Ga 

och 89Zr. Ett större urval av radiometaller, med olika kemiska egenskaper, kan bidra till en 

utveckling av och mer varierad radiofarmakatillverkning. Olikheter i radiometallernas 

sönderfall kan också bidra till att tiden för avbildning i den nukleärmedicinska kameran kan 

anpassas efter det diagnostiska behovet i högre grad. Vi kan med vår cyklotronutrustning 

tillverka en rad olika radiometaller, för vilka metoder är under utveckling. De metoder som vi 

använt för radiomärkning i denna avhandling har stor potential att kunna överföras till 

andra/nya målsökande spårämnen och/eller till andra typer av celler.  
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1 INTRODUCTION 

Radionuclide-based molecular imaging is a non-invasive in vivo imaging technique that 

quantifies the concentrations of radioactive probes in biological processes occurring at cellular 

and subcellular levels in living organisms. The technique can be used to, for example, optimise 

drug therapy and image drug effects, to detect disease and to assess disease progression. The 

technique can be used to monitor the same individual over time [1]. Molecular imaging provides 

information that is beyond what is possible to detect from purely anatomic imaging (such as x-

ray or computed tomography (CT)) – it traces altered chemical processes and/or cellular 

alterations not yet visible to the eye [2,3].  

Because the radionuclide-based imaging technique tracks radionuclide-labelled molecules, 

radiopharmaceuticals/radiotracers, it is a true molecular imaging technique. In general, a 

radiopharmaceutical consists of two important components: the molecule that decides the 

pharmacokinetic and pharmacodynamic fate and the radionuclide responsible for the detectable 

signal [4].  

The interest in molecular imaging techniques is rapidly increasing, which means the research 

on and the development of new radiopharmaceuticals need to keep a similar pace [5]. An 

increasing demand for more specific targeting tracers is driven by research on the relationships 

between cell surface expressing proteins, disease progression and potential diagnostic 

strategies, especially in cancers [6]. 

Specific cancer-targeting therapeutics often involve larger molecules (e.g. polypeptides or 

proteins) or cells. These are often effective but can also be expensive and there are always 

potential risks from side effects. Molecular imaging can successfully stratify patients for these 

therapies, but careful considerations of the radionuclides and labelling methods are necessary. 

Metallic radionuclides, so-called radiometals, possess suitable characteristics for labelling 

these types of therapeutics, or molecules/tracers engineered for binding to the same target in 

tissue. Some fundamental aspects of radiometal labelling are explored in this thesis. In paper I 

one highly specific targeting polypeptide is radiolabelled using generator-derived gallium-68 

(68Ga), a relatively short-lived radiometal, and evaluated. In paper II cells are labelled, using 

two different techniques, with the cyclotron-produced and long-lived radiometal zirconium-89 

(89Zr), a more suitable choice for the in vivo tracking of cells over longer periods of time [7]. In 

papers III and IV methods to meet the generally increasing demand for 68Ga are investigated, 

by developing a cyclotron-based solid target production of the radionuclide (paper III) and 

refining its quality and validating its implementation in the radiolabelling of clinically relevant 

radiopharmaceuticals (paper IV).   

 

1.1 CANCER 

Cancer is the leading cause of death in economically developed countries. In the latest update 

of the Global Burden of Disease Study [8] an incidence of an estimated 23.6 million new cancer 
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cases were diagnosed in 2019 globally. This trend of constantly increased cancers is now most 

pronounced in the low-middle economically developed countries.  

Normally, cells of the body are well organised in cycles of growth and division. When damaged 

or old, they die and new cells take their place. Normal cells don’t invade beyond other types of 

cells, e.g. normal liver cells would not suddenly decide to start up a new liver organ in the area 

of the lung. In cancer cells this organisation is disrupted. 

Cancer is a collective name for diseases with the common characteristic of uncontrolled cell 

division, leading to abnormal growth and invasion of distant tissues. The disrupted 

organisation, contrary to the normal cell cycle homeostasis, is caused by inherited or acquired 

genetic mutations. The extent and patterns of mutations are unique for every cancer, but two 

fundamental traits must be acquired early in the cancerous process – the ability to proliferate 

without normal controlled stimuli and the ability to avoid antiproliferative signals [9].  

Cancers are not solely growths of individual proliferating cancer cells, but rather are much 

more complex compositions of these cells in their microenvironment. Hallmarks of cancers 

include sustaining proliferative signalling, evading growth suppressors, enabling replicative 

immortality, avoiding immune destruction, tumour promoting inflammation, activating 

invasion and metastasis, inducing angiogenesis, genome instability and mutation, resisting cell 

death and deregulation of cellular energetics [10]. 

Although every cancer is unique, some distinguishing characteristics are more common, but 

not entirely exclusive, among cancers originating from specific tissues. Examples of these 

characteristics, biomarkers, are elevated densities of human epidermal growth factor receptor 

type 2 (HER2) in many breast cancers (BC) [11], prostate specific membrane antigen (PSMA) 

receptors in prostate cancers (PC) [12] and somatostatin receptors (SSTR) of various subtypes 

in neuroendocrine tumours (NET) [13]. These morphological changes are the results of 

cancerous mutations promoting proliferation and growth. These differences compared to 

normal cells present opportunities for more specific targeted therapies, sparing surrounding 

healthy tissues. HER2 positive (HER2+) cancers have been treated successfully for many years 

with the monoclonal antibody (mAb) trastuzumab [14] and SSTR positive (SSTR+) cancers 

with octreotide [13]. To select patients more likely to respond to these targeted therapies it is 

important to investigate the density and distribution of receptors in each individual cancer 

patient, especially when metastasis is suspected or when the expression of biomarkers is found 

to be typically heterogeneous. These biomarkers can potentially also be utilised for targeted 

radiotherapeutics, as with the proposed beta-emitting (β-) lutetium-177 (177Lu) radiolabelled 

[177Lu]Lu-PSMA-617 in the treatment of PC [15] or [177Lu]Lu-DOTATATE/Luthathera (SSTR 

agonist) in the treatment of NET [16].   

Radionuclide-based molecular imaging to stratify patients for targeted cancer treatments is well 

accepted in NET using [68Ga]Ga-DOTATOC [17] and in PC using [68Ga]Ga-PSMA-11 [18]. 

Diagnostic radiopharmaceuticals imaging HER2+ BC are currently being investigated [11], of 

which [68Ga]Ga-ABY-025 is a promising candidate [19]. 
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Overall, the opportunities to investigate potential target specific therapeutic and diagnostic 

agents ranging from small molecules to polypeptides to cells in the fight against cancer are 

nearly endless. Radionuclide-based molecular imaging of biochemical processes or cell 

migration offers in vivo visualisation and quantification capabilities that are unique compared 

to anatomic imaging or traditional biochemical sampling. Radiometals possess characteristics 

suitable for labelling these targeting agents, which makes research in this area timely and 

potentially very valuable.  

 

1.2 THE IMAGING SYSTEMS  

The two major diagnostic in vivo radionuclide-based molecular imaging techniques used are 

Single-Photon Emission Computed Tomography (SPECT) and Positron Emission 

Tomography (PET) [20,21]. These imaging techniques are briefly described below. 

1.2.1 Single-Photon Emission Computed Tomography 

In SPECT the single gamma () photons emitted during the radioactive decay of the 

administered radionuclide are detected by scintillator crystals that are rotated around the 

subject, collimated, and spatially localised. See Figure 1. The different radionuclides emit 

single photons of different energies, which are distinguished by the SPECT/gamma camera [2]. 

This imaging technique was not utilised in the work of this thesis, but it has played a large role 

in routine clinical nuclear medicine imaging. Much of its success lies in the widespread access 

to the easily handled generator-derived single-photon emitting radionuclide technetium-99m 

(99mTc) and the wide range of its one-step kit-based labelling procedures available. These 

radiolabelled compounds are widely used clinically for e.g. perfusion and skeletal imaging and 

less often for the more specific targeting diagnostic approaches such as those used with PET 

radiopharmaceuticals [22]. 

 

Figure 1. Schematic illustration of SPECT. 
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1.2.2 Positron Emission Tomography 

In PET large numbers of scintillator crystals with photomultiplier tubes are arranged around 

the subject to detect the coincident 511 keV photons emitted during the decay of the 

administered radionuclide. In the decay process a positron (+) is emitted from the nucleus. See 

Figure 2.  

 

Figure 2. Schematic illustration of PET. 

 

The positron travels up to a few millimetres before colliding with an electron (e-) and is 

annihilated. Two gamma photons are then emitted in opposite directions and are co-registered 

by two detectors in the camera (coincidence detection). The distance the positron travels before 

annihilation depends on both the energy of the positron and the density of the tissue. A high 

energy positron will travel a longer distance before annihilation and will thereby reduce the 

spatial resolution [23]. See Figure 3. In clinical use, PET is more sensitive and has better 

resolution and quantifying capability than SPECT [2,24]. The differences in spatial resolution 

for the different radionuclides may not critically affect the image quality in the large subjects 

in clinical studies, but in preclinical studies with small animals resolution losses may determine 

whether or not the PET radionuclide can be used for imaging [25].    

 

Figure 3. Graphic illustration 

of the relationship between the 

energy of the positron-emitting 

radionuclide and the PET 

image spatial resolution. 
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1.2.3 Multimodality imaging 

Combining two or more imaging modalities in a single investigation can increase as well as 

improve the information obtained. Both PET and SPECT collect molecular information by 

tracking the gamma photons emitted in the decay of radioactive molecules but lack anatomical 

information. The combination of PET with CT is standard in oncological imaging today, with 

anatomical guidance by CT facilitating and improving the diagnostic interpretation of the PET 

images [26]. Similar improvements have been gained by combining SPECT with CT. 

Multimodality imaging of PET or SPECT together with magnetic resonance imaging (MRI) is 

also used clinically, although not to the same extent as with CT. The PET/MRI or SPECT/MRI 

multimodality imaging combinations are mostly used when the diagnostic questions concern 

soft tissues, as CT gives very little soft tissue information [27]. MRI is currently primarily used 

for the same purpose, for anatomical guidance, but has additional potential utilisations. MRI is 

a molecular imaging technique that quantifies magnetic/polarised molecules in vivo, e.g. the 

water molecules that are rich in soft tissues. This capability may be exploited for developing 

multimodality probes for PET/MRI or SPECT/MRI to enable the simultaneous imaging of 

multiple biochemical processes in vivo [28].  

1.2.4 Phosphor imaging 

In phosphor imaging (PI) a plate consisting of a thin layer of phosphor crystals is exposed to 

radioactivity, causing ions in the crystals to oxidise. The electrons released from the oxidation 

of ions are stored in the phosphor crystal layer in proportion to the radioactivity exposed to the 

plate. After exposure the plate is scanned with a phosphor imager where a laser releases the 

electrons, reducing the ions back to their original state. In this reduction light is released and 

detected, creating an image of areas dense in radioactivity [29,30].  

Any radioactive material may be scanned using a phosphor imager to visualise the distribution 

of radioactivity. The technique is often used in combination with preclinical small animal 

imaging for ex vivo confirmation of radiotracer/radiopharmaceutical uptake in tissue. This 

confirmation is especially important for small regions that require higher spatial resolution or 

for regions surrounded by tissues with large radioactivity uptake causing a spill over effect in 

the images [29]. See example in Figure 4. PI was used in paper I of this thesis to estimate the 

equilibrium binding constant (Kd) of [68Ga]Ga-ABY-028 and for ex vivo confirmation of 

uptake in rat brain. 

 

 



 

6 

 

Figure 4. Imaging of rat brain after injection of 68Ga-labelled radiotracer using two different 

imaging modalities, A = PET, in vivo, B = PI, section ex vivo. Images from author’s own 

unpublished data. 

 

1.3 THE RADIONUCLIDE 

The radionuclide part of a radiopharmaceutical imparts its mechanism of action through its 

decay [31]. A radionuclide’s decay chain may consist of a single emission route or a mixture of 

radiation generating emission routes [32].  

When the radiopharmaceutical is used as a therapeutic agent (i.e. radionuclide therapy) the 

radiation consists primarily of particle emissions, as alpha or beta particles or Auger electrons 

[33]. When the radiopharmaceutical is used in diagnostic non-invasive molecular imaging, 

gamma photons are released in the radionuclide’s decay chain. The energy of the photons needs 

to be high enough to penetrate the object, but low enough and suitable for collimation and 

detection by the imaging equipment.[31]  

1.3.1 Common in vivo imaging radionuclides  

The radionuclides most commonly used in SPECT are the halogen iodine-123 (123I) and the 

metals 99mTc and indium-111 (111In). The most commonly used PET radionuclides are the non-

metals fluorine-18 (18F), carbon-11 (11C), nitrogen-13 (13N), oxygen-15 (15O) and the metal 
68Ga. See Table 1.  

Table 1. The most commonly used radionuclides in SPECT and PET. The photons from PET 

radionuclides detected in PET imaging all have an energy of 511 keV. 

 

SPECT t1/2

Energy 

(keV)
PET t1/2

111
In 2.8 days 173/247 18

F 109.8 min

123
I 0.6 days 159 68

Ga 67.8 min

99m
Tc 6.0 hours 140 11

C 20.4 min

13
N 10.0 min

15
O 2.0 min
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1.3.2 Radiometals  

Radiometals have distinctive chemical properties whose similarities and differences can be 

exploited to label different tracer molecules and to adjust the time windows during which 

processes can be imaged with nuclear medicine techniques. Among the radiometals suitable 

for diagnostic imaging (e.g. positron-emitting 64Cu, 68Ga, 89Zr and gamma-emitting 111In and 
99mTc), the differences in their decay routes and half-lives decide which imaging technique to 

use (i.e. PET or SPECT) and the time windows during which a given biochemical process can 

be followed in vivo. Optimal conditions are achieved in diagnostic molecular imaging when 

the half-life of the radionuclide is just long enough to follow the investigated biochemical 

process, but short enough to avoid unnecessary radiation burden [34].  

In this thesis the radiometals 68Ga and 89Zr were explored. These radiometals were chosen 

because their positron-emitting capabilities allowed PET imaging and because their different 

half-lives are suitable for the respective applications.  

1.3.2.1 Gallium-68 (68Ga) 

68Ga has a half-life of 67.7 minutes and decays 89% by positron emission and 11% by electron 

capture (EC). The radionuclide has a relatively high positron energy (mean β+ energy 836.0 

keV, maximum β+ energy 1899.1 keV) [35]. In aqueous solutions gallium is found in the Ga(III) 

form and is not further reduced or oxidised in physiological conditions. According to the 

principle hard and soft (Lewis) acids and bases (HSAB) classification, gallium is a hard acid 

and coordinates most preferably with hard bases, such as O and N, often forming a six-

coordinate octahedral geometry with the chelating ligand. In the pH range that is relevant for 

radiolabelling biomolecules (pH 3-7) gallium forms an insoluble hydroxide (Ga(OH)3), the 

colloidal form of the metal. To circumvent colloidal formation, weak acids (e.g. acetate, citrate 

or oxalate) are often used in 68Ga-labelling to create coordinations with the metal that are strong 

enough for this purpose, but weak enough to not interfere with the metal’s subsequent 

coordination in the radiopharmaceutical complex [3,36,37].  

68Ga has been used in nuclear medicine for many years, even before 99mTc 

radiopharmaceuticals and 2-deoxy-2-[18F]fluoro-D-glucose (2-[18F]FDG) became standards in 

the clinical setting. As the handling of the first germanium-68(68Ge)/68Ga generators (described 

in more detail in section 1.4.1) was at that time cumbersome and not suitable for easy 

radiolabelling, the radionuclide was set aside in favour of others, such as 99mTc and 18F [38]. 

With the introduction of more easily-handled generators [39] the interest for 68Ga increased 

again, especially since the development of chemistry suitable for the target specific 68Ga-

labelled radiopharmaceuticals. Today 68Ga is involved in the most publications and clinical 

trials, compared to all positron-emitting radiometals [40]. Only a few years ago 68Ga would not 

have made the list of radionuclides “commonly” used in PET, which indicates its rapid increase 

in popularity. 
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1.3.2.2 Zirconium-89 (89Zr) 

89Zr has a half-life of 78.4 hours and decays 23% by positron emission and 77% by EC. The 

radionuclide has a relatively low positron energy (mean β+ energy 395.0 keV), which results 

in a high image spatial resolution (compared to 68Ga) [41]. The large proportion of the EC decay 

route to 89mY results in a 909.9 keV gamma decay to stable 89Y, which must be considered 

carefully in patient dosimetry calculations and in effective doses absorbed by personnel [42]. 

Zirconium has several oxidation states, but is found preferably in its Zr(IV) form in solution. 

According to the HSAB classification zirconium is an extremely hard acid and coordinates 

most preferably with hard bases such as O, but also with N, and has the ability to form an eight-

coordinate geometry with the chelating ligand [43]. 

Due to the radionuclide’s suitable chemical properties, 78.4 hour half-life and low energy 

photons yielding PET images of high spatial resolution, 89Zr has become widely used for 

imaging vectors with extended biological distribution patterns, such as antibodies [44]. In 

clinical studies 89Zr is of emerging interest for tracking cells using PET imaging for studies of 

distribution patterns and homing related to cell therapies [45]. For example, a clinical study 

imaging autologous leukocytes and their capability to penetrate the brain was initiated, using 

[89Zr]Zr-(oxine)4 for in vitro cell labelling [46].   

1.3.2.3 Other positron-emitting radionuclides 

Another prominent PET radiometal is copper-64 (64Cu), with a half-life of 12.7 hours, making 

it a suitable candidate for labelling molecules with intermediate in vivo distributions. The low 

β+ energy of 64Cu will give high spatial resolution and there is also an interest in the additional 

Auger electrons emitted in its decay, which suggest this radionuclide as a true theranostic [47]. 

Copper is redox-inert in physiological conditions, which is a problem for chelations to 

pharmaceutical ligands and can potentially cause decomplexation in vivo. However, the most 

studied 64Cu-complex, [64Cu]Cu-ATSM, successfully utilises this property for imaging 

hypoxic tumours [48]. 

The short-lived (t1/2 1.3 minutes) radiometal rubidium-82 (82Rb) has been used in cardiac 

perfusion studies for many years [49], but is too short-lived for more complex 

radiopharmaceutical productions. Other radiometals, e.g. cobalt-55 (55Co), copper-62 (62Cu), 

manganese-52 (52Mn), scandium-44 (44Sc), titanium-45 (45Ti), and yttrium-86 (86Y) are 

promising, which are referred to as “exotic” radiometals later in the concluding remarks and 

future perspectives section of this thesis. 

 

1.4 GENERATOR-DERIVED RADIONUCLIDES  

One of the central pillars in nuclear medicine is the access to suitable radionuclides. 

Radionuclide generators have been especially important for hospitals without an on-site 

cyclotron, but also for increasing the radionuclides available at hospitals with an on-site 

cyclotron. In a radionuclide generator system, the (often more long-lived) parent radionuclide 
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is loaded on a column matrix where, in its decay route, a daughter radionuclide is produced. 

The daughter radionuclide is then separated from its parent for use in nuclear medicine 

diagnostic or therapeutic applications. The most commonly used radionuclide in nuclear 

medicine worldwide, 99mTc, is derived from molybdenum-99 (99Mo) generators [50]. 99mTc is 

widely used in SPECT and, to make this convenient generator technique accessible to PET, a 

variety of possible parent/daughter pairs are suggested [51]. The currently most commonly used 

of these are the strontium-82 (82Sr)/82Rb [49] and the 68Ge/68Ga generators [52]. With a half-life 

of 67.7 minutes 68Ga is well suited for labelling peptides with fast to intermediate 

pharmacokinetics. The 68Ge/68Ga generator was used in paper I. 

1.4.1 The 68Ge/68Ga generator 

The first 68Ge/68Ga generators were cumbersome, suffered from unacceptable levels of 68Ge 

breakthrough (half-life 271 days) or gave 68Ga-complexes that had to be modified before 

radiolabelling could be performed. The 68Ge/68Ga generators of today are much convenient 

[52]. Thanks to the development of generators based on 68Ge adsorbed on a titanium oxide 

(TiO2) solid phase column with ionic 68Ga eluted in weak hydrochloric acid (0.1 N HCl), 

radiolabelling chemistry became manageable and 68Ge breakthrough was minimised [51,52]. 

See Figure 5. 

 

 

 

 

 

 

Figure 5. Schematic illustration of a 

modern 68Ge/68Ga generator. 

 

 

1.5 CYCLOTRON PRODUCTION OF RADIONUCLIDES 

1.5.1 The cyclotron 

The charged particles accelerated in a so-called medical cyclotron situated in hospitals today 

are typically negative ions made from either hydrogen or deuterium gas. The charged particles 

are extracted from the ion source, placed in the centre of the cyclotron, by a radio frequency 

(RF) system, and enter inside one of the two metal electrodes. The two D-shaped metal 

electrodes are called “dees”, referring historically to their original shape. The dees are placed 
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between the poles of an electromagnet, which generates a static magnetic field. The magnetic 

field (B) bends the charged (q) particles in a circular path at a velocity (v) with radius (r). The 

cyclotron angular frequency 𝜔=qB/m can be derived from the fact that the magnetic Lorentz 

force (Fm=qvB) will be equal to the centripetal force (Fc=mv2/r). Since 𝜔 is not dependent on 

the radial position the revolution time, T=2πm/qB, will be constant. By feeding an alternating 

voltage, with the same frequency as the cyclotron frequency, to the dees it is therefore possible 

to accelerate the particles in the electric field created between the dees over and over again 

since the phase of the alternating voltage will be the same at each passage. Every time the 

particle passes the gap between the dees their kinetic energy and their radial position increases. 

This results in a spiral trajectory from the ion source out to the periphery of the magnet. 

When the charged particles reach the periphery of the magnet, they pass a foil that strips off 

electrons from the particles, changing their charge from negative to positive. Therefore, the 

magnetic bending force applied to the charged particles will switch directions 180 degrees and 

now instead bend them out from the cyclotron magnet. In this way the beam can be extracted 

from the cyclotron and directed to different target stations. The target can be a gas, a liquid, a 

suspension, or a solid material. A useful nuclear reaction for medical cyclotrons is the p,n-

reaction, in which the target material is bombarded with protons and a neutron is removed. A 

new unstable proton rich radionuclide often useful for PET is created [53]. See Figure 6. The 

most commonly used non-metallic PET radionuclides (18F, 11C, 15O and 13N) are produced by 

irradiating gas or liquid targets [54].  

 

 

 

Figure 6. Particle bombardment of target 

material in the cyclotron (a = accelerated 

particle, X = target atom, Y = new unstable 

element, and b = reaction product) 

 

1.5.2 Cyclotron production of radiometals 

Many radiometals can be obtained by irradiating solid or liquid targets using medical 

cyclotrons. A liquid target has the advantage that the radiometal will already be in solution at 

the end of bombardment (EOB), facilitating the transfer to the subsequent separation and 

radiopharmaceutical production unit. A solid target has a main advantage of giving higher 

yields, due to the much higher concentration of the target material [55]. See Table 2. 
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Table 2. A brief comparison of advantages and disadvantages of the liquid and solid target 

systems, exemplified with 68Ga. 

 

1.5.2.1 Liquid target production of radiometals 

The simplicity in loading and unloading a solution to and from a target body makes the liquid 

target radiometal production approach attractive. There are, however, some parameters that 

require consideration. First of all, the target is loaded in a solution. This means there can be 

limitations due to solubility, which is also the limiting factor for production output. Challenges 

due to high pressures in the target body have also been reported. These are interpreted to be 

caused by rapid gas evolution due to the radiolysis of water and depend on the metal and salt 

chosen (e.g. MxNOx or MxClx) [56,57].  

1.5.2.2 Solid target production of radiometals 

Using solid targets enables a maximum density of the target material compared to liquid targets, 

which results in a much higher radioactivity output. See Table 3 for examples of radiometals 

possible to produce using the solid target system and the cyclotron at the Karolinska University 

Hospital (Comecer EDS/PTS and GE Healthcare, PETtrace 800). The metal to be irradiated 

can be prepared in different ways : electroplated to a metal disc [58-60], pressed into a coin [61], 

fused into a coin [62], sputtered to a backing material [63] or shaped as a foil [64]. The solid 

material is then placed in a holder (shuttle) and transferred to the target body for subsequent 

irradiation. To fully utilise the high activity output from a solid target system, it is essential to 

automate this transfer to minimise dose exposure [55]. At the Karolinska University Hospital a 

pneumatic transfer system is used for transferring the shuttle back and forth between the target 

body and the dissolution station. 
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Table 3. Examples of radiometals that can possibly be produced using the solid target system 

at the Karolinska University Hospital. 

 

 

1.5.2.3 Common production requirements 

Solid and liquid target systems differ in many aspects. However, the end product and goal are 

essentially the same – the production of a radionuclidic- and chemically pure radiometal.  

The radionuclidic purity (RNP) (see definition in Equation 1) is dependent on the isotopic 

purity of the target material, but may also depend on the proton energy with which the target is 

irradiated. For example, in an International Atomic Energy Agency (IAEA) summary 

regarding the cross-section cyclotron production dependency of 68Ga [55], it is described that a 

proton energy above 12.2 MeV produces long-lived 67Ga through the 68Zn(p,2n)67Ga reaction. 

See Figure 7. Even when an energy lower than 12.2 MeV is chosen 67Ga will still be produced 

through the 67Zn(p,n)67Ga reaction, due to the 67Zn impurity in the enriched 68Zn. For the 

production of 89Zr, impurities of other isotopes of yttrium are not problematic, since the natural 

abundance of 89Y is 100%. However, the proton energy for the 89Y(p,n)89Zr reaction does have 

to be considered, since 89Y(p,2n)88Zr will occur at energies above 13.1 MeV [64,65].  

 

RNPa = Aa/(Aa+Ab+Ac+Ad…) 

Equation 1. The definition of radionuclidic purity (RNP), where RNPa = the radionuclidic 

purity of radioisotope a, Aa = radioactivity associated with radioisotope a, Ab+Ac+Ad… = 

total radioactivity from all radioisotopes co-produced with a. 

 

  PET Radiometal   Half-life   Cyclotron production route

  68
Ga   67.7 min   68

Zn(p,n)
68

Ga

  45
Ti   3.1 hours   45

Sc(p,n)
45

Ti

  64
Cu   12.7 hours   64

Ni(p,n)
64

Cu

  55
Co   17.5 hours   58

Ni(p,α)
55

Co or 
54

Fe(d,n)
55

Co

  89
Zr   3.3 days   89

Y(p,n)
89

Zr or 
89

Y(d,2n)
89

Zr
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Figure 7. Recommended cross-sections for the 68Zn(p,n)68Ga and 68Zn(p,2n)67Ga proton 

energy dependent reactions [66]. 

To obtain a radiometal solution that is useful for radiolabelling it is crucial to reduce the 

competing radioactive as well as non-radioactive metal ions. Competing metal ions are those 

that will challenge the radionuclide for the intended labelling site on the radiopharmaceutical. 

These competing metal ions often originate from the irradiated target material, from poorly 

cleaned tubes or from chemicals used in the production/separation process. To reduce these 

contaminants, ultra pure chemicals and separation methods are used. Historically, different 

liquid-liquid extraction separations were used [64]. Today ion exchange solid-phase separation 

methods that separate ions of different elements by charges are most often used [58,64,67,68], 

which greatly simplifies automation.  

1.5.3 Apparent molar activity 

Molar activity (Am) and specific activity (As) are values calculated from the amount of the 

radionuclide and all other isotopes from the same element present in the labelled 

radiopharmaceutical compound. Am and As are values often used in the radiochemistry of, for 

example, 18F or 11C, because they will tell us how many non-radioactive atoms that the 

radioactive atoms have to compete with in the radiolabelling [69]. In radiometal chemistry, there 

is a need to also consider other metal ions that are also capable of binding to the 

radiopharmaceutical. A better value to use in radiometal chemistry is therefore the apparent 

molar activity (AMA), a value that is calculated through experimental titrations (which were 

performed in paper III and IV). This value tells us something about the amount of competing 

metal ions present and also about the possibility for the radiometal ion to label a 

radiopharmaceutical or chelator [55]. The chelator is described in section 1.6.3. 
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1.6 RADIOLABELLING STRATEGIES WITH RADIOMETALS  

There are a number of parameters to consider regarding the choice of radionuclide when 

planning a radiolabelling strategy for a certain molecule. Availability of the radionuclide is 

obviously of great importance, as are its physical, radiochemical and/or radiopharmacological 

characteristics [4].  

The most widely used PET radionuclides are the non-metals 18F and 11C, with half-lives of 

109.8 and 20.3 minutes respectively. These radionuclides have the ability to form covalent 

bounds to carbon atoms, which means they can be incorporated into molecules (e.g. 

endogenous molecules or pharmaceuticals) without, or by very little, changing the molecules’ 

structure. Small molecules require this type of radiolabelling [34]. A well-known example is 

the glucose analogue 2-[18F]FDG. 

Radiolabelling strategies with 18F and 11C most often require high temperatures and harsh 

chemical environments that are not suitable for larger biomolecules (e.g. polypeptides, single-

chain variable fragments (scFv) or antibodies). To avoid degradation of larger molecules in the 

radiolabelling process, using a radiometal together with a chelator coupled to the molecule is 

often a favourable strategy [34,70]. See Figure 8.  

 

Figure 8. Illustration of a typical radiometal labelled tracer containing the targeting 

biomolecule, a linker, a chelator and the complexed radiometal. 

 

As mentioned previously, radiometals have distinctive chemical properties whose similarities 

and differences can be exploited to label potential tracer molecules. Some factors that need to 

be considered in radiometal radiolabelling are discussed briefly below.  

1.6.1 Reaction solution 

The pre-formulation solution of the radiometal must be suited for the intended radiolabelling 

procedure. When introduced to the reaction vial containing the precursor/ligand and buffer 

solution, the radiometal may be in its ionic form (e.g. [68Ga]GaCl3, [
89Zr]ZrCl4) or complexed 

(e.g. [89Zr]Zr-(oxalate)4). When choosing the ionic formulation, it is important to consider the 

risk of colloid formation, while it is crucial for complex formulations that the stability constant 

is not higher than for the complex/chelation in the subsequent radiolabelling, the 
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radiopharmaceutical production [3,71]. Re-formulation of the radionuclide is sometimes also 

used to decrease the reaction volume (i.e. increase the concentration and thereby the reaction 

speed), to gain better control of the reaction solution (i.e. pH-value), to minimise manual 

adjustments (i.e. saving time, less dose exposure to the operator) [71-73]. 

Typical buffers used in radiometal labelling commonly consist of sodium acetate (NaOAc) or 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). Depending on the choice of 

radiometal and chelating ligand, different pH values and temperatures are used [34,74]. 

Additions of ethanol (EtOH) and ascorbic acid are sometimes also included in the reaction 

solution. EtOH is used to break the hydration shell around the radiometal cation to facilitate 

the radiometal-ligand formation and/or to prevent radiolysis [75]. Ascorbic acid is used as a 

buffering agent and/or to prevent radiolysis [76,77]. However, the use of ascorbic acid when 

labelling with 89Zr and 64Cu should be carefully considered, due to the possibility of reducing 

the radiometals and causing demetallation of the radiopharmaceutical complex [78,79]. 

1.6.2 Post-labelling purification and product formulation 

Purification of the radiolabelled product is needed when the radiometal-ligand complexation 

reaction is not complete or fully satisfying, and/or it contains high degree of impurities. Free 

radiometal ions will likely distribute in vivo differently than the radiopharmaceutical and will 

cause elevated image background uptake (see Figure 9). Smaller molecules or peptides are 

often purified using reversed solid-phase extraction (SPE) columns, such as C18 SepPak or 

Oasis HLB [80,81], while size exclusion columns, for example gel filtration columns, are used 

to purify radiometal-complexes with larger molecules (e.g. antibodies). Sometimes excess 

chelator is added before the post-purification step to more effectively remove unreacted or 

unspecifically coordinated radiometal ions [34]. The use of post-labelling purification also 

provides an opportunity for formulation exchange in the final product, which is sometimes 

necessary before administration.    

Figure 9. Small animal PET images illustrating different distribution patterns of an injected 
68Ga-labelled peptide, when (A) post-labelling purification was excluded and (B) when post-

labelling purification was included. All other factors (collection time, injected radioactivity, 

colour scale, etc.) are equalised between the images. Images from the author’s own 

unpublished data. 
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1.6.3 Chelating ligands 

Radiometal-based radiochemistry relies on coordination chemistry in which a molecule 

(ligand) donates unshared electrons to a metal ion, i.e. inorganic chemistry. The simplest ligand 

shares only one pair of electrons and, therefore, forms only one bond to one metal ion. 

However, many molecules have several unshared pairs of electrons. If they have geometries 

that permit several pairs of electrons to be donated from different atoms within that molecule 

to the same metal ion, it is classified as a potential chelating ligand – a so-called chelator [82]. 

In a chelator-metal ion complex the metal ion is centrally situated, sharing electrons with 

multiple atoms within the chelator [40,83].  

Chelators commonly used in radiopharmaceuticals are usually bifunctional, i.e., in addition to 

their metal-binding properties, they also have the ability to covalently bind to an appropriate 

functional group on targeting vectors, molecules such as peptides, nucleotides, antibodies and 

nanoparticles [84]. Common bonds with chelators are an amide bond between a free carboxylic 

acid on the chelator and a primary amine on a polypeptide and a thiourea bond between an 

isothiocyanate (NCS) on the chelator and a primary amine on the polypeptide. These 

approaches have been used extensively in experimental studies [85,86] as well as in clinical 

applications [87,88] In 2016 Spang et al [89] predicted a future for kit-based applications of these 

strategies for labelling clinically-used 68Ga-labelled radiopharmaceuticals, an approach that is 

very successful today [90,91].  

Bifunctional chelators can generally be divided into two groups: macrocyclic and acyclic. 

Macrocyclic bifunctional chelators are geometrically pre-arranged for their metal ion binding 

formation, while acyclic bifunctional chelators must undergo a geometrical change when 

binding to the metal ion. These characteristics make the macrocyclic chelators generally more 

inert and less flexible with regard to the metal ion size and binding angles. Thus, when the bond 

between the macrocyclic chelator-metal ion is formed, the complex is generally more stable 

than that of an acyclic chelator-metal ion complex [84].  

Some of the most widely used macrocyclic chelators are 1,4,7,10-tetraazacyclododecane-

1,4,7,10-acetic acid (DOTA) and 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA). Some 

of the most widely used acyclic chelators are diethylenetriaminepentaacetic acid (DTPA), 

ethylenediaminetetraacetic acid (EDTA), N,N-bis(2-hydroxybenzyl)ethylenediamine-N,N-

diacetic acid (HBED) and deferoxamine (DFO) [67,92,93].  

In this thesis the coordinations of the chelator complexes [68Ga]Ga-DOTA, [68Ga]Ga-NOTA, 

[68Ga]Ga-HBED and [89Zr]Zr-DFO-NCS are exploited (see Figure 10), as well as the 

coordination between 89Zr and 8-hydroxyquinoline (oxine) (see Figure 11). The strategy of 

using bifunctional chelators is often considered metal-nonessential, which means the 

radiopharmaceutical, or its distribution pattern in vivo, will not be very affected by the choice 

of radiometal. The final structure of complexes coordinating multiple ligands depends on the 

charge of the radiometal. This may cause a larger variation in distribution patterns in vivo 

depending on choice of radiometal, which means the radiopharmaceutical can be considered 
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metal-essential [70] (see Figure 11). Although using a bifunctional chelator to label targeting 

molecules is regarded as a metal-nonessential strategy, differences in the pharmacokinetics and 

risks of decomplexation in vivo may, in individual cases, change it to a metal-essential strategy 

[93].  

 

 

Figure 10. Bifunctional complexes of [68Ga]Ga-mal-DOTA and [89Zr]Zr-DFO-NCS utilised 

in papers I and II, respectively, of this thesis. The complex [68Ga]Ga-DOTA was utilised in 

papers III and IV and [68Ga]Ga-NOTA and [68Ga]Ga-HBED and bifunctional (bf) 

[68Ga]Ga-DOTA in paper IV. The chelator shares its electrons with the metal ion, creating 

coordinated bonds.  

 

 

Figure 11. Complexes of [89Zr]Zr-(oxine)4, [
111In]In-(oxine)3, [

68Ga]Ga-(oxine)3 and         

[64Cu]Cu-(oxine)2. 
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Several factors affect the formation of a stable chelator-metal ion complex. Temperature, time 

and pH are parameters that must be considered when optimising the radiolabelling process [94]. 

Other factors such as binding angles, size and steric hindrances or protonation/hydrolysation 

of the chelator/metal ion at different pHs may affect the complexation [95]. Not to be forgotten 

and of crucial importance is the presence of competing metal ions. Incomplete removal of 

competing metal ions (e.g. Fe(III) or Zn(II))  in the radiometal production step or introduced 

in the radiopharmaceutical labelling step (e.g. from poorly cleaned lines or chemicals) will 

decrease the radiochemical yield (RCY) [96].  

When synthesising a new radiometal-based radiopharmaceutical it is important to choose a 

suitable chelator for the molecule (e.g. biomolecule, pharmaceutical). If the molecule has a 

slow pharmacokinetics, a radiometal with long half-life is usually preferred. Often acyclic 

chelators will complex a metal ion more rapidly, which makes them more suitable for labellings 

with a shorter half-life radiometal for molecules with fast pharmacokinetics. However, it should 

be considered that chelators with rapid metal ion complexation will most likely also be less 

stable, which can lead to more rapid decomplexation in vivo [40].  

If the molecule of interest is heat-sensitive, the chelator must be able to conjugate with both 

the molecule and the radiometal ion at low temperatures. One such example is the choice of 

DFO for labelling proteins with 89Zr. The chelator DOTA has been shown to form more stable 

complexes with 89Zr and thus less decomplexation occurs than with DFO in vivo [97]. However, 

DOTA is seldom used for protein labelling since efficient chelation requires heating at 

temperatures high enough to destroy many protein structures [41].  

 

1.7 TARGETING MOLECULES AND TRACER DEVELOPMENT  

In the field of radionuclide-based molecular imaging, there is a range of different targeting 

molecules, from small-sized < 0.5 kDa to full-length mAbs of 150 kDa or even larger constructs 

such as liposomes and nanoparticles. The pharmacokinetics and the optimal time to the peak 

tissue accumulation depend on many parameters, particularly on the size of the targeting 

molecules [98]. It is therefore important to match the physical half-life of the radionuclide with 

the pharmacokinetics of the targeting molecules (see Figure 12). The use of non-standard PET 

radionuclides [99] is becoming more interesting, particularly for larger molecules. In general, 

the larger the molecule the slower the pharmacokinetics/-dynamics (the biological half-life).  
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Figure 12. Illustration showing examples of different targeting peptides and proteins, their 

relation between molecular weight and general pharmacokinetics, and the match with a 

suitable imaging radionuclide with regard to its physical half-life. 

 

Although the pharmacodynamic fate of the large antibody extends its circulatory half-life, the 

tumour/target-to-plasma uptake ratio (tumour-to-background uptake ratio in molecular 

imaging) is not necessarily improved by using a large molecule, since the smaller peptide has 

a faster uptake in the tumour/targeted tissue. This phenomenon was investigated in a 

comparison of the full size antibody and antibody fragments of different sizes, down to scFv, 

for which a U-formed relationship between molecular size and the tumour-to-serum uptake 

ratio was proposed [100].  

The actual half-life of a radiopharmaceutical, the effective half-life, is determined by the 

biological half-life of the vector molecule and the physical half-life of the radionuclide. See 

Equation 2. 

 

Equation 2. The effective half-life (t1/2e) as 

determined by the biological half-life of the 

vector molecule (t1/2b) and the physical 

half-life of the radionuclide (t1/2p). 

 

The effective half-life is when 50% of the radioactivity has left the biological system (the 

subject’s body in in vivo studies). The t1/2e is always shorter than the shorter of the vector 

molecule’s t1/2b and the radionuclide’s t1/2p [101]. This illustrates the importance of matching 

these two parameters, both for dose exposure reasons (valid for both diagnostic and therapeutic 
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radiopharmaceuticals) and for not interfering with the possibility to detect the intended 

diagnostic target.  

1.7.1 Proteins 

In the search for specific targeting molecules for use in radionuclide-based molecular imaging, 

the endogenous antibodies, such as immunoglobulin G (IgG), are an obvious starting point. 

These proteins are made in nature for targeting specific biological processes. The mAbs are 

genetically modified and antigen/target specific selected antibodies. Because of their 

specificity mAbs have become extremely interesting for the treatment of numerous diseases, 

especially cancers [44]. To select patients more likely to respond to these treatments it is 

important to investigate the density and distribution of antigens/targets (e.g. cancer specific 

expressed receptors) in each individual cancer patient. Stratifying patients using radiolabelled 

mAbs can also spare non-responding patients unnecessary treatments and related adverse 

events. Proteins, e.g antibodies, are large molecules with slow pharmacokinetics, which makes 

radiolabelling with 89Zr suitable for PET imaging. Most often the chelator DFO is chosen 

because of its capability to complex the radiometal under mild, room temperature conditions, 

which is necessary to avoid destruction of the large molecule’s structure [102]. The approach to 

stratify patients has already been investigated in clinical trials, e.g. 89Zr-labelled atezolizumab 

(an anti-programmed death ligand-1 (PD-L1) mAb) [103] and in 89Zr-labelled trastuzumab (an 

anti-HER2 mAb) [104]. Smaller fragments of antibodies or antibody mimetics, with the 

antigen/targeting site remaining, have also been investigated.  

Peptides are structurally similar to proteins but are much shorter. In the diagnostic setting, a 

smaller molecule would be favourable due to its more rapid pharmacokinetics, enabling 

imaging one to a couple of hours after injection instead of after days. An example of this 

approach is the targeted imaging of HER2 with the diagnostic Affibody molecule ABY-025 to 

predict the feasibility of antibody HER2+ breast cancer treatment [105]. 

1.7.2 Affibody molecules  

Affibody molecules are engineered polypeptides that are selected for their high affinity binding 

to different targets in vivo. This type of peptide originates from the B-domain in the IgG-

binding region of staphylococcal protein A, a 58 amino acid 3-helix folded peptide. Amino 

acids in the original Fc binding site on helix one and two are altered to gain affinity to, in 

principle, any biological target protein. Since Affibody molecules are small, and usually 

expected to display rapid pharmacokinetics, radiolabelling with 68Ga or 18F is suitable for PET 

imaging. Since these polypeptides generally tolerate higher temperatures there are a number of 

chelators that can be used for 68Ga-labelling, including the heat requiring chelator DOTA. The 

chelator is usually conjugated to a single cysteine in the peptide sequence [106]. Affibody 

molecules have been engineered against several biological targets, such as the most prominent 

ones targeting HER2 [19,107], human epidermal growth factor receptor 3 (HER3), epidermal 

growth factor receptor (EGFR) and insulin-like growth factor 1 receptor (IGF-1R) [108], all 

with high affinities. 
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1.7.3 Smaller peptides 

DOTATOC (DOTA-D-Phe1-Tyr3-octreotide, also edotreotide) is an octreotide derivative, 

which consists of an 8 amino acid peptide linked to the chelator DOTA. See Figure 13. 

DOTATOC is an agonist that binds to SSTR, especially type 2, on the cell membrane of NET. 

[68Ga]Ga-DOTATOC was first described and proposed as a promising SSTR 

radiopharmaceutical in 2001 [109]. Today [68Ga]Ga-DOTATOC is a clinically approved 68Ga-

labelled radiopharmaceutical [17].  

 

 

Figure 13. Structure of [68Ga]Ga-DOTATOC with the SSTR binding site. 

 

Following in the footsteps of [68Ga]Ga-DOTATOC, HBED-chelated [68Ga]Ga-PSMA-11, has 

become a widely used diagnostic tool for imaging prostate-specific membrane antigen (PSMA) 

positive tumours [81] and is also approved for clinical use in many countries [110]. PSMA 

expression is found in almost all PCs, with levels increasing with the cancer aggressiveness. 

To enable PET imaging of PC in earlier stages when PSMA levels are low, a gastrin releasing 

peptide receptor antagonist has been suggested, e.g. the bombesin analogue DOTA or NOTA-

chelated [68Ga]Ga-RM26 [111,112]. [68Ga]Ga-PSMA-11 and [68Ga]Ga-RM26 have been 

observed to show inverse accumulations during PC progression, which doesn’t favour one or 

the other but rather makes them complementary [111].  

The growing awareness that cancer should not be considered as solely the growth of individual 

proliferating cancer cells but rather a much complex composition including the cells and their 

microenvironment, has led to an interest in developing radiopharmaceuticals targeting the 

fibroblast activating protein (FAP) [113,114]. Among other stromal cells co-existing in tumours, 

such as vascular and immune cells, fibroblasts represent a significant mass of the tumour 

microenvironment. FAP-inhibitors radiolabelled with 68Ga or 18F have been suggested as 

promising imaging candidates [115].  
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1.8 THERANOSTICS 

Theranostics link diagnostics to therapeutics, with the aim of refining personalised health care. 

For radiopharmaceuticals alone to fulfil the theranostic definition, the same molecule is 

labelled with either a diagnostic or a therapeutic radionuclide. The diagnostic 

radiopharmaceutical can then be used to predict the feasibility of the suggested radionuclide 

therapy or immunotherapy and/or to evaluate treatment effects [32].   

A number of radiometals have more than one isotope suitable for molecular imaging and/or 

peptide receptor radionuclide therapy (e.g. 60/61/62/64Cu, 66/67/68Ga, 86/90Y). Isotopes of the same 

element possess the same charge and chemical properties, which means they will show the 

same behaviour in labelling procedures and the radiopharmaceutical will have the same 

distribution patterns in vivo [84]. To create a true theranostic pair, a suitable diagnostic isotope 

and a suitable therapeutic isotope of the same element would be used. One such example is the 

use of the positron-emitting 86Y and the beta-emitting 90Y [116]. In this case an exact prediction 

about the biodistribution of the therapeutic could be translated from that of the diagnostic. A 

good radiodiagnostic match is important, since 90Y doesn’t itself emit externally detectable 

radiation in its decay. Another widely used therapeutic radionuclide, the beta-emitting 177Lu, 

also emits gamma photons. Dose calculations could thus be made from the therapeutic 

treatment itself [117]. However, it would not be feasible or, for that matter ethical for dose 

exposure reasons, to use 177Lu as a diagnostic agent [118]. Instead, the positron-emitting 68Ga 

can be used as a corresponding diagnostic radionuclide. One such example is the successfully 

used theranostic pair [68Ga]Ga-DOTATATE and [177Lu]Lu-DOTATATE [119]. Even the not 

as obvious pair [68Ga]Ga-DOTATOC and [177Lu]Lu-DOTATATE are generally accepted as 

theranostics [17]. Also, switching from the beta-emitting radionuclide to a high energy alpha-

emitting radionuclide, e.g. using the corresponding theranostic pair [68Ga]Ga-DOTATOC and 

[actinium-225]([225Ac])Ac-DOTATOC, has shown promising results in ongoing studies [120].   

The combination of a diagnostic and a therapeutic agent, the concept of theranostics, does not 

necessarily have to be limited to radiopharmaceuticals alone. Theranostic pairs can consist of 

e.g. a therapeutic antibody or cell in combination with a corresponding diagnostic 

radiopharmaceutical [118]. The approach to stratify patients for treatment (earlier described in 

1.7.1) can be considered for a theranostic pair, e.g. diagnostic 89Zr-labelled 

atezolizumab/treatment with atezolizumab [103] and in 89Zr-labelled trastuzumab/treatment 

with trastuzumab [104].  

 

1.9 CELL RADIOLABELLING 

Cell radiolabelling is not new in the field of radionuclide-based nuclear imaging, and over the 

years it has been applied to many types of cells. The most commonly used is the radiolabelling 

of leukocytes (WBCs) with 99mTc or 111In to investigate the presence of infection or 

inflammation [121,122]. Also radiolabelling of erythrocytes (RBCs) with 99mTc has been 

performed for many years for cardiovascular imaging, blood-pool imaging, as denatured for 
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splenic function imaging [123-125] or gastrointestinal bleeding [126]. Blood-cell radiolabelling 

is commonly used in clinical nuclear medicine. These routine investigations of diagnostic 

blood-cell distributions are relatively fast and have established protocols and guidelines 

regarding the handling and radiolabelling of the cells [122,127]. 

Like antibody immunotherapy, cell-based immunotherapy is an emerging field of interest in 

oncology. The fundamental purpose of immunotherapy is to modify and enhance the host 

immune system to infiltrate the cancer microenvironment and to recognise specific cancer 

associated antigens, with the end goal to fight cancer cells. Normally, the recognition and 

elimination of cancer cells are dealt with by the host immune system itself, but in the cancer 

patient some of these functions are deficient or lost [128]. The development of new anti-cancer 

cell therapy approaches is steadily in progress, including research on T cells and how they 

interact with other immune cells, such as natural killer (NK) cells, dendritic cells (DCs), and 

macrophages in the tumour development. Interest in using stem cells for therapy has also 

increased. To gain more knowledge about the migration and homing, the overall behaviour of 

the cells after injection/transplantation, it is of importance to find methods to track the cells in 

vivo and over time [129,130]. 

1.9.1 Direct cell labelling 

In contrast to radiopharmaceuticals injected to track biological targets or processes in vivo, 

direct in vitro cell radiolabelling does not have to be cell/target specific, since the cells can be 

separated during the labelling procedure. An important criterion, though, is that the 

radioactivity be fixed inside/to the cells for a sufficient time to allow for imaging, i.e. a 

“trapping” mechanism must exist.  

The method often used to radiolabel RBCs is based on “pretinning” the cells to trap the 

radioactivity intracellularly by the reduction by tin of 99mTc, from the negatively charged 

pertechnetate (Tc7+O4
-) to the positively charged and metal-complex coordination capable Tc4+ 

[123]. In this radiolabelling method Tc4+ coordinates to the β-globin chains of haemoglobin 

inside the RBCs. The “pretinning” and radiolabelling procedures with RBCs have been 

performed both in vivo and in vitro, with the latter method shown to be more successful for 

imaging quality [125]. 

Leukocytes (WBCs) possess no haemoglobin, which is also true for all cells except the RBCs. 

For this reason, the radiolabelling method described above cannot be used. Other methods have 

therefore been developed and used to radiolabel WBCs as well as a variety of other cells.  

Cell labellings often use [99mTc]Tc-hexamethylpropyleneamine oxime ([99mTc]Tc-HMPAO) 

(see structure in Figure 14) or [111In]In-(oxine)3 (see structure in Figure 11) for gamma/SPECT 

imaging. Since these compounds are small and highly lipophilic, they should passively diffuse 

through the cell membrane.  
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Figure 14. The small lipophilic complex, [99mTc]Tc-HMPAO. 

 

The cell trapping mechanism for [99mTc]Tc-HMPAO is suggested to depend on the reduction 

of the radiopharmaceutical to a more hydrophilic form, which prevents it from passively 

diffusing back to the extracellular compartment. A reducing agent such as glutathione, which 

is found in high concentrations intracellularly but in low concentrations extracellularly, is 

suggested to be responsible for this action [131].  

The cell trapping mechanism for [111In]In-(oxine)3 is due to the low coordination stability 

constant between the three oxine ligands and the 111In3+ metal ion, compared to intracellular 

components that can coordinate the metal ion with higher stability constants. In this exchange 

reaction the lipophilic oxine ligands are passively diffused through the cell membrane to the 

extracellular compartment, while the radioactivity (111In) is trapped intracellularly [122].  

The use of small lipophilic compounds when radiolabelling is not selective for a certain type 

of cell and can therefore be applied in the radiolabelling of any type of cell. Both WBCs and 

RBCs, as well as a wide variety of other cells, have been radiolabelled with e.g. [111In]In-

(oxine)3 [132] as well as its PET counterparts [68Ga]Ga-(oxine)3 [132,133], [64Cu]Cu-(oxine)2 and 

[89Zr]Zr-(oxine)4 [132]. The final structure of these complexes depends on the charge of the 

radiometal, which means the radiopharmaceutical can be considered metal-essential (see 

Figure 11).  

Also 2-[18F]FDG has been used to radiolabel cells for PET imaging [134]. It is taken up by the 

GLUT transporter. Its widely known cell trapping mechanism functions as the cell 

radiolabelling function [135].  

A third alternative to the passive diffusion and transporter mediated uptake mechanisms is the 

binding of the radionuclide-carrying complexes to the cell membrane surface. This method 

utilises (as in e.g. [89Zr]Zr-DFO-NCS [7]) the complex capacity to bind to free amines on cell 

surface proteins. This alternative method is suggested to be more robust than the other two 

direct labelling techniques, circumventing the risk of leakage from cells often seen in 

intracellular direct radiolabelling [7,130].  
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In paper II two different in vitro cell radiolabelling techniques were explored, passive diffusion 

through the cell membrane using [89Zr]Zr-(oxine)4 and binding to the cell membrane using 

[89Zr]Zr-DFO-NCS. See Figure 15. 

 

 

Figure 15. In vitro cell labelling techniques explored in paper II. 

 

1.9.2 Indirect cell labelling 

Indirect cell labelling is based on the incorporation of so-called reporter genes into the cells’ 

deoxyribonucleic acid (DNA). These genes are transcribed to proteins (such as enzymes, 

receptors, or transporters), which in turn can be targeted by a radiopharmaceutical compound. 

The indirect targeting approach means the cells are labelled in situ after administration [130].  

Using this technique, it is not necessary to use a long-lived radionuclide when long-term 

tracking of cells is desired, as the patient/animal can be re-examined with a new 

radiopharmaceutical administration at certain time points after administration of the cells. This 

is true if a radiopharmaceutical with fast pharmacokinetics (e.g. small molecule, peptide) is 

used, while a radiopharmaceutical with slow pharmacokinetics would still require a long-lived 

radionuclide.     

The most frequently used reporter gene in radionuclide-based cell tracking imaging is the 

herpes virus type 1 thymidine kinase (HSV1-tk), in situ radiolabelled with 9-[4-[18F]fluoro-3-

(hydroxymethyl)butyl]guanine ([18F]FHBG) [136]. Reporter genes transcribing receptors such 

as PSMA and SSTR2 have also been suggested [136,137], potentially as in situ targets for the 

commonly used radiopharmaceuticals [68Ga]Ga-PSMA/[18F]PSMA and [68Ga]Ga-

DOTATOC, respectively.  
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1.10 EVALUATION OF THE RADIOLABELLED TRACER 

In the process of evaluating a new radiopharmaceutical there are an array of assays to be 

performed for predicting and determining its possible future success as a radionuclide-based 

molecular imaging tool. Each step in the process needs to be evaluated carefully to justify 

further progression. Assuming the chemical characteristics of the molecule (i.e. precursor 

compound) and its binding capacity to a biological target have been calculated, the next steps 

involve confirmation using in vitro and in vivo assays. In other words, each 

radiopharmaceutical must be evaluated to confirm its actual pharmacokinetics and 

pharmacodynamics [93,138]. 

1.10.1 In vitro assays 

Evaluation of the radiopharmaceutical’s/radiotracer’s capacity to bind to its intended target is 

first performed using in vitro assays. These assays can consist of either an immobilised target 

on enzyme-linked immunosorbent assay (ELISA) plates [139], cell cultures expressing the 

target or on tissue sections.  

In these assays it is confirmed whether or not the radiotracer is capable of binding to its intended 

target. These assays lack information about the radiotracer’s capability to cross biological 

barriers, e.g. the blood-brain barrier (BBB) or barriers as a result of the tumour 

microenvironment in solid tumours. To better mimic the latter, three-dimensional (3D) cell 

culture systems have been developed [140].  

In paper I ELISA plates were coated with the biological target and incubated with the 

radiotracer. The plates were subsequently exposed to phosphor crystal plates and scanned using 

a phosphor imager to estimate the equilibrium binding constant (Kd), the binding capacity, of 

the radiotracer.  

In paper II cell cultures were radiolabelled using the two different radiotracers to evaluate the 

binding/uptake capacity and the efflux over time. The possible effects of radiolabellings on the 

phenotypes of the cells were examined by flow cytometry.   

1.10.2 In vivo evaluations 

The second step in the evaluation of the radiopharmaceutical’s/radiotracer’s capacity to reach 

and bind to its intended target is performed in suitable animal models. These models are 

designed to mimic human conditions and diseases to enable the study of human biology and 

genetics and for the preclinical evaluation of pharmaceuticals (including 

radiopharmaceuticals). Cancer models have been generated from graft transplantations (e.g. 

xenografts) or by genetic engineering. Other types of models have been generated by viral, 

chemical or physical induction [141]. 

In addition to target binding, information regarding biodistribution, pharmacokinetics, 

pharmacodynamics and dosimetry is obtained in the animal experiments. Radionuclide-based 

molecular imaging is an excellent example of a technique that implements the principle of 

humane experimental study design. This principle emphasises the importance of animal 
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welfare and reducing the number of animals used in experiments to a minimum, which can be 

achieved by the replacement to non-sentient alternatives and/or the refinement of the study 

design, the 3 Rs [142]. The non-invasive nature of the imaging procedure and the microdosing 

of the radiopharmaceutical are well in line with the 3 Rs principles, generating tremendous 

amounts of quantitative data using a low number of animals.     

In paper I of this thesis different animal cancer/naïve models and a physical induction model 

were used to evaluate the investigated radiotracers’ in vivo behaviour, using a small animal 

PET camera. Ethical permits were followed during all experiments in this study. For animal 

health and well being, the Karolinska Institutet’s guidelines for animal handling and monitoring 

were followed.   

 

1.11 CLINICAL TRANSLATION ASPECTS OF RADIOPHARMACEUTICALS 

As indicated by its name, a preclinical study aims to prepare/determine feasibility for a possible 

clinical trial. The study often includes investigations of safety (e.g. toxicology and dosimetry) 

and biology (e.g. pharmacokinetics and targeting capability) of the radiopharmaceutical 

compound. When the developed and preclinically evaluated radiopharmaceutical is to be 

translated from the preclinical stage to a clinical trial, there are many aspects to be considered. 

The productions of radiopharmaceuticals for human use are regulated by directives, 

regulations, and rules [143]. These describe how good manufacturing practice (GMP) and good 

laboratory practice (GLP) are to be implemented in the production of the radiopharmaceutical 

production. More precisely, there are descriptions of how the documentation and responsibility 

systems within the small-scale radiopharmacy are to be conducted, as well as the handling of 

materials, staff education, environmental, validation, preparation/synthesis and quality control 

requirements.  

A radiopharmaceutical included in a clinical trial is considered an Investigational Medical 

Product (IMP) and is described in the clinical trial all-inclusive documentation, the 

Investigational Medical Product Dossier (IMPD). The rigorous documentation and validation 

requirements to the IMP can be a decisive hurdle, which has been reflected in the decreasing 

numbers of clinical trial applications in the past years [144,145]. With the updated guidelines on 

good radiopharmacy practice (cGRPP), an adaptation to the small-scale 

preparations/productions of radiopharmaceuticals has been implemented [143], with the aim of 

reducing this hurdle and harmonising interpretations of the directives, regulations, and rules 

among the European Union countries [143,145]. 
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2 AIMS OF THIS THESIS 

The overall aim of this thesis is to develop radiometal-based labelling techniques and tracers 

for non-invasive molecular imaging. 

 

Specific aims include:  

• To develop and evaluate a 68Ga-labelled polypeptide for non-invasive in vivo molecular 

imaging of albumin distribution. 

 

• To optimise the cyclotron production of 68Ga using a solid target on a cyclotron and  

 

• To evaluate the usefulness of cyclotron-produced 68Ga for labelling clinically relevant 

tracers. 

 

• To develop long-lived 89Zr-based tracers for cell labelling.  
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3 METHODS, RESULTS AND DISCUSSIONS 

3.1 RADIOLABELLING AND IN VIVO EVALUATION OF [68Ga]Ga-ABY-028 
(PAPER I) 

In paper I an albumin-binding probe was developed and evaluated. 68Ga was obtained from 

commercially available 68Ge/68Ga generators (IGG-100 or GalliaPharm, Eckert & Ziegler). 

Using this readily available route to the radiometal, the study focused on concentrating the 

generator eluate (see Figure 17) to achieve successful labelling of a medium-sized polypeptide 

and evaluating the radiolabelled product’s in vivo imaging behaviour. The radiolabelled 

polypeptide was the Affibody molecule [68Ga]Ga-ABY-028. The overall hypothesis for the 

PET applications was that albumin-binding [68Ga]Ga-ABY-028 can be used to trace the 

distribution of albumin in vivo. Sub-hypotheses formed were that the albumin-bound tracer can 

be used to differentiate vascular properties and to characterise tissue permeability, also with a 

potential for its use as baseline for the uptake of albumin binding domain (ABD)-based 

macromolecular diagnostics and therapeutics. 

The Affibody molecule was produced by solid phase peptide synthesis and coupled to the 

chelator 1,4,7,10-tetraazacyclododecane-1,4,7-tris-acetic acid-10-maleimidoethylacetamide 

(mal-DOTA). Site-specific direction of the radiolabelling was achieved by coupling the mal-

DOTA chelator through a thiol in the single cysteine of the Affibody molecule. See Figure 16. 

 

 

Figure 16. ABY-028 with the chelator mal-DOTA coupled through a thiol in the single 

cysteine of the Affibody molecule. 

 

The 68Ga-eluate was concentrated using the Chromafix 30-PS-HCO3/HCl [146], Bond Elut-

SCX/NaCl [147] and fractionation [148] (also see Figure 17) methods. The first two methods 

yielded lower amounts of isolated 68Ga or it was obtained in a medium incompatible with the 

polypeptide, respectively. Fractionated 68Ga-eluate was adjusted to pH 4.0 by using NaOAc 

buffer. Ethanol was added to the reaction solution to minimise radiolysis. The 68Ga solution 

was then transferred to a vial containing freeze-dried ABY-028 and heated to accomplish the 

radiolabelling. EDTA was used to chelate unreacted/unspecifically bound 68Ga. The crude 
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product was purified using a solid phase extraction (SPE) column, resulting in a final product 

with a RCY of ~80% and with a radiochemical purity (RCP) of ~95%. 

 

 

Figure 17. A fractionated generator elution method was used to concentrate the 68Ga-eluate 

used for labelling of ABY-028 in paper I. Approximately 70% of the total radioactivity was 

collected in 1 mL of eluate. 

 

Immobilised human serum albumin (HSA) on ELISA plates, analysed by PI, was used to 

investigate if the albumin binding capability of ABY-028 was retained after 68Ga-labelling. 

Different concentrations of [68Ga]Ga-ABY-028 (with or without blocking with unlabelled 

ABY-028) were utilised to study the specificity to HSA. Results showed a specific binding to 

HSA of 3.4 ± 0.1 nM, indicating the albumin binding capacity was retained after radiolabelling. 

The radioactivity distribution patterns, after intravenous (i.v.) injection of [68Ga]Ga-ABY-028, 

were analysed in healthy rodents using a small animal PET camera (microPET Focus 120®, 

Siemens/CTI Concorde MicroSystems) which was used for all in vivo studies. The 

radioactivity distributions in both rats and mice were consistent with the expected rapid and 

persistent binding of [68Ga]Ga-ABY-028 to plasma albumin. Most radioactivity was in the 

circulatory system during the PET scans, with the highest levels in the heart and the major 

vessels. Radioactivity in blood-rich organs (e.g. liver and spleen), a gradual transport of 

radioactivity to muscle tissue, and an increased concentration in the urinary bladder were 

observed over time. The radiotracer’s behaviour was subsequently studied in several animal 

models of cancer.  

Xenograft models of human epidermoid carcinoma (A431) and human squamous carcinoma 

of the hypopharynx (FaDu) in NIH-Foxn1mu rats were compared. A higher uptake of the 

radiotracer was observed in FaDu than A431 at early time points, but with a gradual decrease 
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in differences at later times. At 60 min after injection uptake was still 2.5-3 times higher in the 

FaDu xenografts.  

To investigate if the [68Ga]Ga-ABY-028 uptake in tumour could be manipulated, vasodilating 

nitroglycerin (NG) ointment was applied cutaneously over the A431 xenografts 1 hour after 

the tracer administration. After an additional hour from the application of the NG the tumour 

radioactivity levels began increasing more rapidly. However, the levels in the A431 xenografts 

during the entire 180 min scan never reached those in the FaDu xenografts. 

A dual radiotracer ([68Ga]Ga-ABY-028 and 2-[18F]FDG) study was performed in a MMTV-

PyMT transgenic mouse model. A tendency to an inverse relationship between the uptake of 

the two radiotracers was seen in the early PET scan, i.e. the permeability to the albumin-bound 

[68Ga]Ga-ABY-028 was higher in several lower metabolic parts of the tumour revealed by the 

2-[18F]FDG uptake.  

To investigate further if the [68Ga]Ga-ABY-028 radiotracer could be used for visualisation of 

permeability alterations over time in a tumour, a NIH-Foxn1mu rat with two FaDu xenografts 

were studied and also compared with 2-[18F]FDG. See Figure 18. The inverse relationship 

between the radiotracers’ uptakes was most pronounced in the larger tumour. Overall, uptake 

patterns of albumin-[68Ga]Ga-ABY-028 were more heterogenous at early and later times than 

of 2-[18F]FDG, though the differences were less marked at later times.  

 

Figure 18. Images showing summarised radiotracer uptake during a 195 min PET scan in a 

NIH-Foxn1mu rat with two FaDu xenografts. Left: albumin-bound [68Ga]Ga-ABY-028 

distribution in the circulatory system and in the permeable tumours. Right: 2-[18F]FDG 

uptake in the heart and in the high metabolic tumours. 

 

To investigate if the albumin-bound [68Ga]Ga-ABY-028 could be used to visualise increased 

vascular permeability in cerebral lesions, with an additional question of whether predictions 

about the uptake of ABD-bound therapeutics might be possible, a model of induced cortical 

infarction was used [149]. Increased uptake of the albumin-bound [68Ga]Ga-ABY-028 was 
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observed in the areas of the cerebral infarct, which was also confirmed ex vivo by PI of brain 

sections. Uptake of the radiotracer in brain was not observed in any of the other animals in 

paper I. 

In this study we successfully labelled the mal-DOTA conjugated ABY-028 with 68Ga. We 

showed that the biodistribution of the radiotracer was consistent with the expected rapid and 

persistent binding of [68Ga]Ga-ABY-028 to plasma albumin. Uptake patterns in tumours 

differed at early and later imaging times (indicating the importance of the time window during 

which the scan is performed) and between tumours at different developmental stages as well 

as between tumours of different phenotypes (indicative of the importance of the time window 

for performing the study in dynamic pathological processes). Tracer uptake responses to 

permeability-altering therapeutic intervention and during the acute phase after cerebral 

infarction could be observed, for which the dynamic PET imaging capability was important. In 

summary, this novel radiotracer, the albumin-binding [68Ga]Ga-ABY-028, is a promising tool 

for in vivo  molecular imaging of variations and alterations of vascular permeability. The 

radiotracer has a potential to function as a baseline control of the non-specific uptake of other 

ABD-based diagnostic or therapeutic agents. The mal-DOTA chelator used here in the 

labelling by 68Ga is also a suitable chelator for e.g. the more long-lived radiometal 89Zr if studies 

at later windows of observation are desired. 

 

3.2 89Zr-LABELLING OF CELLS (PAPER II) 

The interest in using cells for therapy has increased. To gain more knowledge about the cells’ 

migration and homing, their overall behaviour after injection/transplantation, it is important to 

develop methods to track the cells in vivo and over time [129,130]. In paper II cyclotron-

produced 89Zr was used, two 89Zr-complexes, [89Zr]Zr-(oxine)4 and [89Zr]Zr-DFO-NCS were 

optimised and subsequently used in a head-to-head comparisons of their cell labelling 

capabilities.   

The two radiolabelled complexes deliver the positron-emitting radionuclide, 89Zr, to the cell in 

two mechanistically different ways. See Figure 15. [89Zr]Zr-(oxine)4 forms a lipophilic 

complex capable of passively diffusing through the cell membrane. The coordination stability 

constant between the four oxine ligands and the 89Zr4+ metal ion is lower than that of the 

intracellular components that can coordinate the metal ion. Thus, the complex dissociates 

intracellularly. In this exchange reaction the lipophilic oxine ligands passively diffuse through 

the cell membrane to the extracellular compartment, while the radioactivity (89Zr) is trapped 

intracellularly [45]. The [89Zr]Zr-DFO-NCS complex consists of the chelator DFO, which 

coordinates to the radiometal. It is also equipped with a NCS group, which can bind to free 

amines on cell membrane proteins [7]. 
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Radiolabelling optimisations  

89Zr was obtained either via an external vendor (PerkinElmer) or produced in-house on a 

solid-target medical cyclotron (Comecer/GE Healthcare, PETtrace 800) and used in its 

[89Zr]Zr-(oxalate)4 form without further modification for the radiosyntheses. 

Synthesis protocols were optimised to yield [89Zr]Zr-(oxine)4 and [89Zr]Zr-DFO-NCS with 

high radiochemical conversions (RCC) of 98.4% and 98.0%, respectively. See Table 4. The 

optimisations included choice of buffers, temperatures and concentrations. See Figure 19. 

Possible toxic effects of oxine and DFO-NCS on the cells were evaluated and the 

radiosynthesis protocols were adjusted accordingly.   

With such high RCCs a final purification process could be excluded, which saved time and 

unnecessary radiation doses to the operator. The RCCs were consequently the same as the final 

radiochemical purities (RCPs) of the 89Zr-complexes used for the subsequent cell labelling 

procedures. 

 

 

 

Figure 19. Radiosyntheses of (A) [89Zr]Zr-(oxine)4 and (B) [89Zr]Zr-DFO-NCS in paper II. 
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The 89Zr-complexes were evaluated with respect to their cell labelling efficiencies (CLE) and 

cell retention capabilities in three different cell types: human Decidual Stromal Cells (hDSCs), 

rat bone marrow derived Macrophages (rMac), and human Peripheral Blood Mononuclear 

Cells (hPBMCs). These cells were selected because of their structural differences, which 

allowed us to study the theoretically possible universality of labelling strategies using these 
89Zr-complexes. The interest in using these types of cells in cell tracking studies is well 

documented [129,130]. 

The shelf-lives of the 89Zr-complexes for i.e. how long in advance the radiosyntheses could be 

performed before cell labellings were investigated. For [89Zr]Zr-(oxine)4 no change in CLE 

was observed during the entire 7 days of testing. For [89Zr]Zr-DFO-NCS a distinct drop in CLE 

was observed already 1 – 1.5 hours after radiosynthesis. The distinct drop in shelf-life for 

[89Zr]Zr-DFO-NCS is suggested to likely depend on hydrolysation of the NCS group over time. 

When performing the cell labelling directly after the radiosyntheses no significant differences 

in CLE between the labelling methodologies or between the cell types were observed. See 

Table 4.  

 

Table 4. Results from the syntheses and cell labelling efficiencies (initial and over time), of 

[89Zr]Zr-(oxine)4 and [89Zr]Zr-DFO-NCS. 

 

 

One important reason for using 89Zr in cell labelling is that the relatively long half-life of the 

radionuclide allows in vivo cell tracking during 2 – 3 weeks [7]. For that reason, the stability of 

the 89Zr-complexes and their intracellular retentions capability were evaluated at early (24 h) 

and late (7 days) times. For [89Zr]Zr-(oxine)4 no significant differences between the cell types 

were observed regarding retention capability during the 7 days of measurement. The loss of 

retention was minimal between early and late times when radiolabelling with [89Zr]Zr-(oxine)4. 

For [89Zr]Zr-DFO-NCS the retention differed between the cell types at both the early and the 

late measurements and loss of retention over time were seen in two cell types, rMacs and 

hPBMCs.  

 

 

 

[
89

Zr]Zr-(oxine)4 (n = 15) [
89

Zr]Zr-DFO-NCS (n = 13)

RCC/RCP (%) 98.4 ± 1.3 98 ± 0.6

CLE (%) 60.9 ± 4.2 69.7 ± 8.0

CLE Stability time ≤ 7 days ≤ 1.5 hours
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Functional evaluation 

Several functional assays were performed on the cells in order to investigate possible effects 

the radiolabelling might have on the cells as compared to unlabelled cells. These parameters 

include cell viability, cell proliferation rate, phenotype and/or phagocytosis 

The cell proliferation rate and viability for the radiolabelled and non-radiolabelled cells were 

compared. No significant differences were observed for any of the cell types, independent of 

the labelling method. Assessment of whether the phenotype of the hDSCs was sustained after 

radiolabelling by antigen expression using flow cytometry showed that cell type specific 

antigens were sustained but with a slightly altered composition. Functional control of the rMacs 

between radiolabelled or unradiolabelled cells compared by phagocytic function using flow 

cytometry showed a small but significant decrease for the radiolabelled cells. Both phenotype 

and phagocytic function results were independent of radiolabelling method.  

We optimised the radiosynthesis of both [89Zr]Zr-(oxine)4 and [89Zr]Zr-DFO-NCS with similar 

results regarding RCC and CLE. A very important optimisation of the [89Zr]Zr-(oxine)4 

synthesis was the avoidance of the cumbersome liquid-liquid extraction methods previously 

described [150]. The method used here is more in line with the preparation of the in-human-use 

approved [111In]In-(oxine)3 [122] from the radiopharmacy’s point of view, which may simplify 

the translation to [89Zr]Zr-(oxine)4 in many ways.  

Both cell radiolabelling methods presented in our study indicate relatively universal in vitro 

radiolabellings of different cell types, with [89Zr]Zr-(oxine)4 being superior. Differences in 

retention of the radiolabel when [89Zr]Zr-DFO-NCS was used are suggested to likely depend 

on the cell type specific expression levels of proteins containing amine groups on the cell 

membranes, as well as other cell specific characteristics.  

This head-to-head comparison reveals the advantages and disadvantages of cell labelling 

methods using [89Zr]Zr-(oxine)4 and [89Zr]Zr-DFO-NCS. The radiosynthesis of [89Zr]Zr-DFO-

NCS is somewhat faster, but [89Zr]Zr-(oxine)4 had a significantly longer shelf-life. [89Zr]Zr-

(oxine)4 also showed to be a more universal cell labelling approach, with less discrimination 

between the cell types regarding the retention capacity. 

 

3.3 CYCLOTRON PRODUCTION AND PURIFICATION OF 68Ga (PAPER III) 

In paper III an automated cyclotron production method and a purification method for clinically 

useful 68Ga were developed. With the increasing demand for 68Ga for clinical use and the 

relatively low amounts that can currently be eluted from commercial 68Ge/68Ga generators there 

is a need to develop alternative production routes for the radiometal. With the solid-target 

cyclotron production route large amounts of 68Ga may be produced.  

Enriched zinc-68 (68Zn) foils were transferred using a Comecer EDS system to the irradiation 

station Comecer PTS and irradiated using a GE Healthcare (PETtrace 800) cyclotron. To 
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reduce the amount of unwanted and long-lived 67Ga in the product, a degradation foil was used 

to decrease the energy of the bombarding protons. After 68 min bombardment with 25 µA 

protons, 68Ga, produced through the 68Zn(p,n)68Ga reaction, was 31 ± 1 GBq, as measured in 

the foil and calculated to EOB. 

After the irradiation, the foil was automatically transferred to the dissolution station (Comecer 

EDS) and subsequently the dissolved foil/metal solution was transferred to the cassette-based 

purification module (Comecer Taddeo PRF). The solution was purified using anion exchange 

Uranium and TEtraValents Actinides (UTEVA) resins. Different concentrations of HCl were 

used to optimise the retention of the 68Ga and remove unwanted chelating competitive metal 

ions. A last wash solution of 2.5 N HCl was included in the final protocol to remove most of 

the zinc (Zn) and iron (Fe) ions. See Figure 20 and 21. A decay-corrected recovery of 76 ± 8% 

of the 68Ga produced in the foil could be obtained in the final solution. 

 

 

Figure 20. Target set-up for the production of 68Ga in paper III (and IV) including: (a) 

enriched 68Zn foil and shuttle (b) transfer system between hot cell and cyclotron (c) lid for the 

returning shuttle for transfer of dissolution acids (d) solid target irradiation station mounted 

on the cyclotron. Figure from paper III. 
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Figure 21. The cassette set-up used in the final protocol for purifying the solid target 

cyclotron-produced 68Ga. Figure from paper III. 

 

RNP analysed by gamma-spectroscopy (Canberra), was 99.98%. Contents of two other 

radioactive Ga-isotopes, gallium-66 (66Ga) and 67Ga, were well below the limits required in the 

European Pharmacopoeia (Eur Pharm) Monograph for accelerator-produced 68Ga [151]: 

0.010% and 0.015% respectively. The half-life of the product was measured to 67.8 minutes 

using a dose calibrator (Capintec). Metal analysis by Inductively Coupled Plasma-Mass 

Spectrometry (ICP-MS) showed values for e.g. Zn and Fe of 0.0053 µg/GBq and 0.011 µg/GBq 

at EOB, respectively. The Am and As were calculated from the sum of Ga ions measured by 

ICP-MS plus the 68Ga obtained in the production, divided by radioactivity obtained in the 

product. Am and As were estimated to be 102,310 GBq/µmol and 1502 GBq/µmol at EOB, 

respectively, close to the maximum theoretical values. The apparent molar activity (AMA) was 

estimated by titrations with the chelator DOTA, showing a value of 86 ± 22 GBq/µmol at EOB. 

The values of Am, As, AMA, and metal (Zn and Fe) to activity ratios were compared to 68Ga 

eluates derived from a 68Ge/68Ga-generator (GalliaPharm, Eckert & Ziegler). Compared to the 

generator-derived 68Ga, the Zn to radioactivity ratio and AMA showed a clear improvement 

but could not be statistically established due to the small sample quantity.  

Compared to 68Ga derived from generators or produced by liquid targets, the solid-target 

approach has the advantage of significantly higher yields [55]. In this study we simplified the 

handling of the solid-target preparation by using enriched 68Zn foils and utilised the UTEVA 

resin to separate the desired 68Ga from other metal ions at optimised concentrations of HCl.   

The values of RNP, Zn and Fe corresponded to a shelf-life of the product of 7.7, 12.0 and 6.4 

hours from EOB, respectively, with respect to the 66Ga and 67Ga longer half-lives and the metal 

to activity limits stated in the Eur Pharm Monograph [151]. This made the Fe impurity the 

limiting factor for the shelf-life of the product.  
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When considering producing a radionuclide for radiopharmaceutical preparations by a new 

route, the quality of the obtained radionuclide must be advantageous compared to what is 

already available. In this case, extra effort is required to produce 68Ga using the cyclotron solid-

target system instead of obtaining it from a generator. The AMA estimated in paper III, 

indicates that radiopharmaceuticals using the DOTA chelator could be produced in higher 

activities than with generator-derived 68Ga without changing other parameters, such as amounts 

of the precursor in the synthesis. Amounts of the precursor could be increased so that similar 

radiosynthesis yields could be achieved, an approach previously reported [59,152] and a tactic 

commonly used to increase yields in radiochemistry. This is however problematic when the 

radiopharmaceutical is regulatorily mass limited for injection, e.g. for [68Ga]Ga-DOTATOC 

[153].   

 

3.4 REFINEMENT OF CYCLOTRON-PRODUCED 68Ga PURIFICATION AND ITS 
IMPLEMENTATION IN RADIOPHARMACEUTICAL PRODUCTIONS (PAPER 
IV) 

In paper IV the aim was to improve the production of and implement the cyclotron-produced 
68Ga eluate for GMP-compliant radiolabelling of clinically relevant DOTA-based 

radiopharmaceuticals. We aimed for high synthesis out-put, by means of a high radiolabelling 

yield.  

In the initial attempt to produce [68Ga]Ga-DOTATOC using the 68Ga from paper III and 40 µg 

edotreotide precursor, a yield of ~25% (~2.5 GBq non-corrected product) was obtained. This 

was, to our knowledge, an improvement compared to previous reports [59,152]. However, with 

losses of 75% radioactivity, further improvements were desired. 

These losses are most likely due to a possible Fe impurity in the production/separation process 

that was the a limiting factor regarding the shelf-life and especially that the Fe(III) ion is a 

tough competitor to the Ga(III) ion in the complexation chemistry. Therefore, we developed a 

refinement of the purification method of the cyclotron solid target produced 68Ga in paper III. 

The refinement consisted of adding ascorbate to the dilution and wash solutions of the 

purification. The ascorbate reduces Fe(III) to Fe(II) while Ga(III) is not reduced to Ga(II). 

Fe(II) was found to have a lower retention to the UTEVA resin and is thereby washed away in 

the purification process. Ga(III) is retained on the UTEVA. The last step in the purification 

elutes the Ga(III) to collection, now with decreased amounts of competing Fe. Before 

implementing this strategy, the hypothesis was confirmed using stable trivalent isotopes, 

showing a statistically significant decrease in Fe impurity in the 68Ga product when ascorbate 

was added in the dilution and wash solutions of the purification process. A confirmation of the 

decrease in amount of Fe was performed by comparing the 68Ga cyclotron eluates produced 

with and without ascorbate. The final eluates were analysed by ICP-MS and the result showed 

that the Fe content was substantially lowered by the ascorbate treatment in the purification step. 
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Titrations performed showed a clear improvement when ascorbate was added to the 

purification process. See Figure 22. The chelators NOTA and HBED were also included in this 

study. AMA values for the chelators DOTA, NOTA and HBED were estimated to be 491 ± 204 

GBq/µmol, 993 ± 405 GBq/µmol, and 4480 ± 3060 GBq/µmol, respectively. 

 

 

Figure 22. Comparison between titrations with or without ascorbate added in the 68Ga 

purification process. Figure modified from paper IV. 

 

With the ascorbate added in the purification of the solid-target cyclotron-produced 68Ga, the 

next step was to use it in radiopharmaceutical productions. The same radiosynthesis methods 

were used as previously used at the Karolinska University Hospital with generator-derived 68Ga 

for [68Ga]Ga-DOTATOC and for the FAP inhibitor (FAPI), [68Ga]Ga-FAPI-46, without 

modifications. The syntheses were performed on an Eckert & Ziegler ModularLab synthesis 

unit. See results in Table 5. 

 

Table 5. Comparison between syntheses of [68Ga]Ga-FAPI-46 and [68Ga]Ga-DOTATOC 

made from either generator-derived or solid-target cyclotron-produced 68Ga in paper IV. 

 

Generator     

(n = 4)

Cyclotron     

(n = 3)

Generator    

(n = 86)

Cyclotron    

(n = 3)

Peptide precursor mass (µg) 50 50 40 40

Product activity (GBq) 0.6 ± 0.1 5.6 ± 0.3 0.6 ± 0.2 6.1 ± 1.0

RCY non-corrected (%) 58 ± 3 57 ± 2 61 ± 8 64 ± 4

AMA (GBq/µmol) 10 ± 2 98.8 ± 5.1 21.7 ± 5.6 215.1 ± 36.6

[
68

Ga]Ga-FAPI-46 [
68

Ga]Ga-DOTATOC



 

42 

The products met all specifications according to GMP and the relevant Eur Pharm Monographs 

[151,153] and were stable at least 5 hours after end of synthesis. Stability was analysed with 

respect to RNP, metal (Zn and Fe) to radioactivity ratios, precursor amount per patient dose 

and RCP. 

Lowering the amount of Fe(III) is crucial for high radiolabelling yields, because Fe(III) will 

out-compete Ga(III) in the labelling, and this is due to its high log stability constant (log KML) 

with, for example, the DOTA chelator [154]. 

We also wanted to use as little mass of precursor as possible in the syntheses in order to obtain 

a high AMA. We used the same amount of precursor as for generator-derived 68Ga, and found 

that we could produce ~10 times more [68Ga]Ga-DOTATOC and [68Ga]Ga-FAPI-46 using our 

solid-target cyclotron-produced 68Ga. 

In conclusion we produced about 6 GBq radiopharmaceutical product from a starting activity 

of 10 GBq. This means around 20 patient doses instead of the 2 typically obtained when using 

a 68Ge/68Ga-generator. Titrations with NOTA and HBED chelators indicate an even larger 

benefit from the ascorbate addition. 
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4 CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES 

In this thesis two positron-emitting radiometals have been produced by several routes and their 

distinctive characteristics and labelling behaviours have been exploited in radiochemistry and 

radionuclide-based molecular imaging studies.  

In paper I generator-derived 68Ga was used to radiolabel an albumin targeting Affibody 

molecule. [68Ga]Ga-ABY-028 was evaluated regarding its potential as an in situ albumin 

targeting probe. The albumin targeting capability was confirmed by in vitro binding studies 

and in vivo by studies of biodistribution using a small animal PET camera. We propose this 

novel radiotracer is an excellent tool for studies of vascular permeability to albumin and 

similarly sized molecules and potentially as a baseline control for non-specific uptake of other 

ABD-based diagnostic or therapeutic agents. The latter would be highly interesting for 

evaluations of specific targeting, since uptake of the radiolabelled ABD itself, i.e. [68Ga]Ga-

ABY-028, in various tumours was clearly shown in present study. For potential future clinical 

studies, an automated radiolabelling method should be developed to meet the regulatory quality 

requirements for GMP-production.  

In paper II cyclotron-produced 89Zr was used, the radiosyntheses of two different 89Zr-

complexes, [89Zr]Zr-(oxine)4 and [89Zr]Zr-DFO-NCS, were optimised and they were compared 

in a head-to-head cell labelling study. The optimisations resulted in relatively easy 

radiosynthesis protocols that avoid cumbersome purification steps with minimal radioactive 

exposure for the operator. Radiolabelling of different cells types showed that both 89Zr-

complexes have potential uses for clinical applications, with [89Zr]Zr-(oxine)4 preferred due to 

its longer shelf-life (between radiosynthesis and use in cell labelling) and its non-discriminating 

retention between the cell types. The [89Zr]Zr-DFO-NCS approach is still of interest due to the 

ease of its cell labelling, but improved storage conditions are needed, preventing the fast 

hydrolysation of the NCS group that likely limits its shelf-life.   

In paper III, a cyclotron solid target production and purification method was developed to 

meet the generally increasing demand for 68Ga. In paper IV, the purification method was 

refined to effectively remove the chelating competitive Fe(III). The cyclotron-produced 

radionuclide obtained was subsequently validated by its use in the labelling of clinically 

relevant radiopharmaceuticals. With these two studies we have made the use of cyclotron solid 

target produced 68Ga feasible for labelling DOTA-based radiotracers, with yields and AMA 

values superior to those using generator-derived 68Ga. To translate the solid target produced 

radionuclide to clinical radiopharmaceutical productions some regulatory hurdles must be 

overcome since the radionuclide is currently affected by the fact 68Ge/68Ga generators are 

themselves registered as radiopharmaceuticals. The cyclotron solid target produced 68Ga 

should have a bright future for PET facilities with an in-house cyclotron, once it can be included 

in clinical production settings.  
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The strategy of coordinating radiometals to biomolecules that bind to specific targets is of 

increasing interest in the field of molecular imaging as well as for its possible theranostic 

applications. In this thesis labelling with two of the most common positron-emitting 

radiometals, 68Ga and 89Zr, was explored. The choices of radionuclides were made with regards 

to their suitable half-lives, but also because of their availability. The strategies and approaches 

examined here have potential for translation to more exotic radiometals in the future, to 

potentially expand the palette of chemical properties that can be used in radiolabelling, as well 

as the decay characteristics and time-windows for imaging. Since the cyclotron solid target 

approach allows for production of a wide variety of radiometals and methods and techniques 

for radiometal labelling explored in this thesis allows for translation to other specific tissue 

targeting molecules or cells, this journey has just begun.   
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