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Abbreviations and acronyms 

BCM β Cell mass 
Biotin 4-[(3aS,4S,6aR)-2-Oxohexahydro-

1H-thieno[3,4-d]imidazol-4-
yl]butanoic acid 

[11C]DTBZ [11C]Dihydrotetrabenazine 
CRP C-Reactive protein 
DMF N,N-Dimethylformamide 
DMSO Dimethyl sulfoxide 
DOTA 2,2',2'',2'''-(1,4,7,10-

Tetraazacyclododecane-1,4,7,10-
tetrayl)tetraacetic acid 

DTPA 2,2',2'',2'''-
{[(Carboxy-
methyl)azanediyl]bis[(ethane-1,2-
diyl)nitrilo]}tetraacetic acid 

EDTA 2,2',2'',2'''-(Ethane-1,2-
diyldinitrilo)tetraacetic acid 

EOS End-of-synthesis 
[18F]FDG 2-[18F]Fluoro-2-deoxy-D-glucose  
F-SPE Fluorous solid-phase extraction 
Harmine 7-Methoxy-1-methyl-9H-β-carboline 
HEPES 2-[4-(2-Hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid 
HPLC High-performance liquid chroma- 

tography 
5-HT1A 5-Hydroxytryptamine-1A 
Kd Dissociation constant 
K 2.2.2 Kryptofix® 2.2.2 (4,7,13,16,21,24-

hexaoxa-1,10-
diazabicyclo[8.8.8]hexacosane) 

LC Liquid chromatography 
LC-MS Liquid chromatography mass  

spectrometry 
MAO-A Monoamine oxidase-A 
MCSs Multicellular spheroids 



 

MeCN Acetonitrile 
n.c.a. No carrier added 
NMR Nuclear magnetic resonance 
NOTA 2,2',2''-(1,4,7-Triazonane-1,4,7-

triyl)triacetic acid 
PEG Poly(ethylene glycol) 
PET Positron emission tomography 
RCY Radiochemical yield 
RGD Arginine(Arg)-glycine(Gly)-

Asp(aspartic acid) 
r.t. Room temperature 
scVEGF Single-chain vascular endothelial 

growth factor 
SPE Solid-phase extraction 
SRA Specific radioactivity 
t½ Half-life 
THF Tetrahydrofuran 
UV Ultraviolet 
VEGF Vascular endothelial growth factor 
VEGFR-2 Vascular endothelial growth factor

receptor 2 
VMAT2 Vesicular monoamine transporter 2 
WAY-100635 N-{2-[4-(2-

Methoxyphenyl)piperazin-1-
yl]ethyl}-N-pyridin-2-ylbenzamide 
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1 Introduction 

1.1 Positron emission tomography (PET) 
Positron emission tomography (PET) is a non-invasive in vivo imaging tech-
nique that allows the localization of a molecule labelled with positron-
emitting nuclides.1 PET is increasingly used as a diagnostic tool in major 
medical fields such as oncology, neurology and cardiology.2 Drug develop-
ment is another area where PET is also finding a growing interest, especially 
when the microdosing concept has been introduced.3 

Positron-emitting radionuclides are neutron-deficient and decay by emit-
ting a positron (β+) and a neutrino (νe). A positron is annihilated when it 
collides with its antiparticle, an electron. The annihilation generates two 
high-energy photons (511 keV) travelling along trajectories 180 ± 0.25° 
apart. Photons are registered as originating from the same decay event if they 
arrive simultaneously at two antipodal detectors in the circular PET scanner. 
The distribution of the radioactivity is then visualized and quantified using a 
computerized image-reconstructing algorithm. 

1.2 Aims of the thesis 
This work describes chemical and technological modifications that acceler-
ate the synthesis and purification of tracers containing short-lived radionu-
clides. It also details 18F- and 68Ga-labelled tracers with specific biological 
properties. The chemical modifications studied include the addition of per-
fluoro tags to control reactivity and facilitate purification, the exploration of 
chelators for 68Ga-labelling and the use of alkyl or PEG chains to influence 
the lipohilicity, and thereby the biological properties, of tracers. Technologi-
cal modifications like changing a reaction temperature or using microwave 
heating instead of a conventional heating block were made in order to obtain 
faster and cleaner reactions. 
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1.3 Properties and development of tracers 
The physical and chemical properties of radionuclides introduce certain de-
mands to the tracer development. When labelling of molecules with short-
lived radionuclides is performed, the label should be incorporated as late as 
possible in the synthesis.4,5,6 The physical half-life of the nuclide used must 
be appropriate to the biological half-life of the process being monitored.4 
The tracers should have high specificity for the target and minimal non-
specific binding to the surrounding tissues.6 Other aspects to be considered 
are metabolic stability7 and the position of the radionuclide in the mole-
cule,5,8 because radioactive metabolites having affinity for the same target 
cause unwanted interference. The lipophilicity of a tracer is important for its 
biological properties, such as degree of non-specific binding and ability to 
cross lipid membranes.9,10 

1.3.1 Specific radioactivity 
The theoretical SRA of some commonly used short-lived positron-emitting 
radionuclides is given in Table 1. 

Table 1. Properties of radionuclides used in PET.11 

Radionuclide t½ (min) Nuclear reac-
tion 

Theoretical 
SRAa 

(GBq/μmol) 

Emax (β+) 
(keV) 

11C 20.3 14N(p,α)11C 3.4 × 105 960 
13N 10.0 16O(p,α)13N 7.0 × 105 1190 
15O 2.1 14N(d,n)15O 3.4 × 106 1720 
18F 110 18O(p,n)18F 6.3 × 104 635 

60Cu 23.4 60Ni(p,n)60Cu 3.0 × 105 3920 
61Cu 199 61Ni(p,n)61Cu 3.5 × 104 1220 
62Cu 9.8 62Zn�62Cu 7.1 × 105 2910 
64Cu 768 64Ni(p,n)64Cu 9.1 × 103 655 
66Ga 570 63Cu(α,n)66Ga 1.2 × 104 4153 
68Ga 68 68Ge�68Ga 1 × 105 1900 
76Br 972 76Se(p,n)76Br 7.1 × 103 1310 

aCalculated by the formula A = ln2N/t½ (N = Avogadro’s number). 

SRA is defined as a ratio of the radioactivity (Bq) over the amount of the 
corresponding radionuclide (mole). The higher SRA, the less amount of the 
tracer can be used thus minimising the risk of perturbation of the investi-
gated biological system and saturation of the binding sites with non-labelled 
counterparts. In drug-distribution studies, or when using labelled endoge-
nous compounds that have a high occurrence in the system, the SRA might 
not be as important. The theoretical maximum SRA values of some positron 
emitters are shown in Table 1. Due to unavoidable isotopic dilution with the 
corresponding stable nuclide, which can originate from the cyclotron target, 
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solvents, chemicals and other sources, the SRA is reduced. Typical experi-
mental SRA values for 11C-, 18F- and 68Ga-labelled compounds are 10–200,6 
50–400,6 and 5–200 GBq/μmol, respectively.  

1.3.2 Time aspect in tracer production 
Due to the short physical half-lives of the radionuclides used in PET, time is 
an important parameter to consider. The synthesis, including subsequent 
purification, should be accomplished within 2–3 half-lives,6 so compromises 
between radionuclide half-life, reaction time and RCY are necessary. Syn-
thesis time must be minimized in order to maximize RCY and the SRA.6 
Microwave heating is one technique that has been applied in radiolabelling 
in order to shorten synthesis time.12 However, work-up procedures need to 
be simplified and sped up. HPLC can be used for most purifications, but 
faster purification procedures like SPE are desirable. In this work, F-SPE has 
been applied in 18F-fluorination to facilitate purification. 

1.3.3 Molecular design perspectives in tracer development 
In the search for site-specific tracers different approaches can be used in 
designing the molecules.  

The amino acid sequence in a peptide can be varied in order to optimize 
the affinity for its target. This was used in this work in some 68Ga-labelled 
peptides containing the Arg-Gly-Asp (RGD) motif (Paper V).  

One way to alter the lipophilicity of a small organic molecule, peptide or 
protein is to attach PEG chains of different length. This type of modification 
was used in the development of the 18F-labelled harmine (Paper II) and bio-
tin (Paper IV) analogues, as well as in the 68Ga-labelled biotin (Paper III), 
RGD (Paper V) and CRP binding (Paper VII) peptides and the scVEGF pro-
tein (Paper VI). 

The chelator used for the incorporation of 68Ga can be varied depending 
on the desired properties and mode of the labelling of the tracer. In this work 
the two chelators DOTA and NOTA were used. With NOTA the labelling 
can be performed at r.t.,13 which sometimes is preferable. The cavity of 
DOTA is also larger than that of NOTA, which results in a less stable Ga(III) 
complex.  

Another approach to modify the properties of a molecule which often is 
used in medicinal chemistry is the addition of a fluorine atom, which for 
example can have a positive effect on the metabolic stability of a molecule.14 
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1.4 Radiochemistry strategies 
1.4.1 Properties of 18F and 68Ga 
Fluorine is present in some biologically active structures, but can also be 
introduced into a molecule by replacement of another atom, such as hydro-
gen or oxygen.15 This is a strategy which often is used in medicinal chemis-
try.16 This type of substitution causes no major steric changes, but may af-
fect, for example, pKa, dipole moments, and reactivity.17 It can increase the 
lipophilicity of the compound, affect partitioning of drugs into membranes, 
and facilitate hydrophobic interactions with specific binding sites.14 Molecu-
lar conformation can also be affected because fluorine is strongly electro-
negative.18 Gallium is not present in small organic or biological macromole-
cules. Introducing gallium into a molecule mostly requires the addition of a 
chelator, like DOTA or NOTA, if the structure itself cannot act as a chelator. 

The half-life of cyclotron-produced 18F (110 min) allows more time for 
synthetic manipulations and biological studies.19  18F-Labelled compounds 
have been produced and transported to locations having PET-cameras but no 
tracer-production facilities. The 18F tracer [18F]FDG is the most common 
PET tracer.20 It is used for diagnostics in for example cardiology and oncol-
ogy.21 68Ga has a half-life of 68 min and is produced from a 68Ge/68Ga gen-
erator, and therefore cyclotron independent. The generator can be used sev-
eral times a day.  

18F has lower positron energy than 68Ga (Table 1), allowing higher resolu-
tion PET images. One disadvantage of 18F relative to 68Ga is the fact that the 
relatively long half-life precludes the performance of multiple sequential 
studies on a specific subject on the same day, if there is a need for repetitive 
studies.19 

1.4.2 Methods in 18F-labelling 
There are two main methods used for 18F-labelling: nucleophilic and electro-
philic substitution.22 Nucleophilic [18F]fluoride has the advantage of being 
produced in high yield and SRA. In electrophilic 18F-fluorination, [18F]F2 or 
secondary reagents, like CH3COO[18F], are used for the tracer synthesis.22  

[18F]F2 however, has low SRA due to the addition of carrier 
19F.22 Nucleophilic [18F]fluoride can be produced in a n.c.a. form. The 
[18F]fluoride is transferred from the aqueous to an organic phase. This is 
necessary because labelling reactions are generally performed in organic 
solvents, and are promoted by adding a phase-transfer catalyst such as a 
tetrabutylammonium salt, crown ether23 or cryptand. For example, in the 
mostly used [18F]FDG synthesis,24 the phase-transfer catalyst is K 2.2.2, and 
potassium ion acts as the counter ion. The resulting reactive complex [K/K 
2.2.2]+18F- acts as the fluorinating agent. Nucleophilic 18F-fluorination can be 
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performed in one or two steps. In the one-step procedure, which is more 
common, a leaving group such as a nitro, triflate, halide, tosyl or other group 
is replaced with [18F]fluoride.25 In the two-step procedure, a 18F-labelled 
intermediate is produced and then reacted with the substrate to form the de-
sired labelled compound.25 Generally, the one-step procedure has advantages 
like shorter time of synthesis and higher RCY and SRA.26 However, in some 
cases, it can be disadvantageous due to side reactions and the limited 
stability of the precursors. This thesis describes 18F-labelling by one-step 
nucleophilic fluorination approach. 

1.4.3 Methods in 68Ga-labelling 
68Ge/68Ga generators, based on a titanium or tin dioxide as the stationary 
phase, are commercially available. The radionuclide is obtained from the 
generator as Ga(III) cation in a hydrochloric acid solution. The 68Ga-
labelling can be chelator mediated or direct. In the former case the molecule 
of interest is first coupled to a chelator. In the latter case the molecule which 
is considered for the labelling can act as a ligand and complex the 68Ga 
cation itself, as for example some proteins like transferrin or lactoferrin. 
Open chain chelators such as for example EDTA,27,28 DTPA29,30,31 and their 
derivatives have been used in labelling with radiometals like 67/68Ga, 111In 
and 90Y, but most of the complexes were shown to be unstable both in vitro 
and in vivo.32,33 Macrocyclic chelators such as DOTA or NOTA34,35 which 
were used in this work, form stable complexes with slow dissociation.33 The 
most stable complexes are formed with a six-membered chelate ring,36 and 
have an octahedral geometry. 

The 68Ga(III) is eluted from the generator in a volume of 6 mL (typically) 
of hydrochloric acid. This gives a solution that has low SRA. Impurities like 
Al(III), In(III), Zn(II), Ti(IV), Fe(III) as well as the parent nuclide 68Ge(IV) 
are present in the eluate and may interfere with the labelling reaction. Frac-
tionation37,38 and preconcentration38,39,40 are two methods to reduce the eluate 
volume and decrease impurities.  In fractionation the part of the generator 
eluate which contains the about two thirds of the radioactivity (usually 1–1.5 
mL) is collected. Different methods for preconcentration are available using 
anion38,39,41 or cation40 exchange. 

Reducing the reaction volume also makes it possible to use smaller 
amount of the precursor to be labelled. Reducing the amount of the precursor 
was one approach to increase SRA in this work, but this may reduce the 
RCY, and there will then be free 68Ga(III) present. However, in some cases 
high SRA is crucial.42 

This thesis describes 68Ga-labelling of small organic molecules, peptides 
and a protein, using DOTA and NOTA chelators by both the fractionation 
and the preconcentration methods.  
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1.5 Tracer development technologies 
1.5.1 Microwave heating in labelling chemistry 
Microwave heating is used in labelling chemistry due to faster heating com-
pared to conventional heating,12,43 and there are indications that the reactions 
are cleaner.12 The energy is introduced remotely without direct contact be-
tween the heating source and sample, leading to a more uniform heating. 
This can give large differences in temperature-time profiles for the two heat-
ing modes (Figure 1). Higher rate of the cooling after the reaction and reac-
tion temperatures can also be achieved using microwave heating technol-
ogy.44 

Thus the microwave heating in a labelling reaction can increase the RCY, 
shorten the reaction time and generate fewer by-products, as well as increase 
the reproducibility.12 The heating technology has been used in labelling of 
small organic molecules as well as macromolecules with radionuclides like 
11C, 18F and 68Ga.12,38,45,46 

 

 
Figure 1. Temperature profiles in a tube heated with either microwave or conven-
tional heating.47 

1.5.2 Fast work-up technologies for higher specific radioactivity 
Scheme 1 shows the general principle of having a perfluoro leaving group 
attached to a molecule being replaced in a reaction with [18F]fluoride, which 
has been of interest in this work. In principle another radiolabelled precursor 
like the [125I]iodide or [11C]cyanide could be used. The leaving group is cho-
sen for specific properties that influence reactivity, i.e. its leaving-group 
ability, and facilitation of purification.  

Fluorous labelling strategies have previously been used in radiolabelling 
with 18F, in the synthesis of [18F]FDG,48  and with other radionuclides, such 
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as 35S,49 and 125I.50 Perfluoro chains with two-carbon spacers have also been 
used to reduce the reactivity of a leaving group.51 

 

 
Scheme 1. General reaction scheme where a perfluoro leaving group is replaced by 
18F yielding the labelled product.  

In this work perfluoro alkyl or -aryl groups as a part of a sulfonyl leaving 
group on a precursor were explored in 18F-labelling reactions (Paper I). The 
reactivity of the precursors and the utility of F-SPE52,53,54 were examined. 
The use of F-SPE as an example to separate the perfluoro precursor from the 
18F-labelled, non-perfluoro product was investigated. The technique is based 
on the interaction between a fluorous medium and a fluorous portion of a 
molecule.55 

Our initial results indicated that [18F]fluoride interacted with the perfluoro 
moiety and a study of [18F]/19F exchange in organofluorine compounds 
(Scheme 2) was thus performed (Paper VIII). 

 

R = aryl, alkyl

R-[18F]R-19F + [18F-]  + 19F-

 
Scheme 2. General 18/19F exchange reaction. 

1.6 Analytical techniques for purification and 
radiochemical characterization of tracers 
The analysis of radiolabelled compounds is usually performed by HPLC. 
Preliminary identification of the labelled compound is performed using co-
elution with the corresponding non-radioactive reference substance. This co-
elution is performed using an LC column connected in series with an UV 
and a radio detector. LC-MS can be used to determine the molecular mass of 
a labelled compound. The reference substances for the 18F- and 68Ga-labelled 

+

precursor  radiolabelled  
product 

18F- 
18F 

perfluoro 
leaving group 
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compounds used in this study were prepared using scaled-up versions of the 
syntheses used for the radiolabelling. References for the 18F-labelled com-
pounds were synthesized from the precursors by reaction with tetrabutylam-
monium fluoride, and characterized by 1H-, 13C- and 19F-NMR as well as 
LC-MS. Stable gallium isotope (69,71Ga) was introduced into the DOTA and 
NOTA conjugates using an aqueous solution of GaCl3. The synthesis was 
conducted using a mixture of 68Ga and 69,71Ga cations in order to follow the 
labelling reaction and provide identical labelling conditions. The molecular 
masses of the gallium references were determined by LC-MS. 71Ga-NMR 
has previously been used to study the stability of the complex between 
Ga(III) and a chelator.32,56 

Purification of radiolabelled compounds can be performed by using semi-
preparative LC or SPE. Purification by SPE is faster than semi-preparative 
LC, and is therefore preferable when it is compatible with the reaction condi-
tions and set-up. 

1.7 Tracer development: some applications 
In this work tracers labelled with 18F and 68Ga with possible application on 
various potential biological targets have been explored. The focus has how-
ever been on the development of strategies for tracers and there is still a sub-
stantial need of validation of the tracers for the selected targets. 

RGD peptides which differed in constitution (Paper V) and a scVEGF 
protein (Paper VI) where labelled with 68Ga to be used in imaging of angio-
genesis binding to the αvβ3 integrin and VEGFR-2 target receptors. A 68Ga-
labelled peptide with affinity for CRP was also prepared (Paper VII). Biotin 
analogues labelled with 18F and 68Ga were prepared and their binding to 
avidin characterized (Papers III and IV). The strong binding between biotin 
and avidin is to be used in imaging of islets of Langerhans. Harmine ana-
logues labelled with 18F were evaluated in respect to their binding to MAO-
A (Paper II). 

1.7.1 Angiogenesis 
Angiogenesis is the process by which new blood vessels are formed from 
pre-existing vessels.57 The molecular imaging of angiogenesis can be a tool 
for diagnosis, as well as for the planning and monitoring of therapy.58 Tu-
mour growth and metastasis are dependent on angiogenesis.57 A growing 
tumour needs a large supply of oxygen and nutrients, and thus initiates an-
giogenesis. Hypoxia (low oxygen levels) prompts the tumour and its sur-
rounding tissues to release signals that lead to the growth of new blood ves-
sels.57 The oxygen and nutrients that these new vessels supply allow the tu-
mour growth to continue. 
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A number of various RGD containing radiolabelled peptide analogues 
with affinity for the αvβ3 integrin receptors have previously been devel-
oped59,60 in order to distinguish neoangiogenic endothelial cells overexpress-
ing the integrin.61,62 Here several RGD peptides with various modifications 
and chelators were labelled with 68Ga (Paper V). 

VEGF is an important regulator of angiogenesis.57 Particularly its cognate 
receptor VEGFR-2 is an important regulator in angiogenic tumour ves-
sels.57,63 In this work, scVEGF containing a PEG linker and a DOTA or 
NOTA chelator was labelled with 68Ga and its biological function was as-
sessed in vitro (Paper VI). 

1.7.2 CRP binders in inflammation 
CRP is a protein that takes part in inflammation response. During inflamma-
tion and after tissue damage, the concentration of CRP in blood increases, 
and the detection of this increase is used for clinical purposes.64 The concept 
of having a small organic molecule linked to a polypeptide for binding to 
proteins has been described.65,66 Here, a 68Ga-labelled CRP binding polypep-
tide conjugate was developed and tested (Paper VII). A 42-residue peptide 
was modified with a phosphocholine group (Figure 2) with moderate affinity 
for CRP (Kd = 5 μM)67 to form a binder with low nM affinity. For labelling a 
PEG linker carrying a DOTA chelator was attached to the sulfhydryl group 
of a cystein residue. The phosphocholine group and the polypeptide scaffold 
both contribute to the binding to CRP, but without phosphocholine the affin-
ity is very low and not specific. The incorporation of an acetyl group instead 
of the phosphocholine was therefore used as a strategy to form a negative 
control, a binder that would not bind CRP specifically and with high affinity.  

 
Figure 2. A polypeptide binder for CRP. (Peptide sequence Ac-
NAADJEARIKHLRERJKARGPRDCAQJAEQLARAFERFARKG-NH2). X = 
phosphocholine derivative (PC6) or acetyl group. 

1.7.3 Imaging transplanted islets of Langerhans 
The transplantation of donor-pancreas-isolated islets into a patient with type 
I diabetes has been studied and may allow patients to become independent of 
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insulin.68 The efficiency of the procedure is however low, and islets from 
more than one pancreas are often needed to achieve independence from ex-
ternal insulin.68 Initial identification of graft rejection has been difficult, 
because of the lack of suitable monitoring tools.69 PET has shown potential 
to monitor islet mass and function.70 A PET tracer to be used for in vivo im-
aging of the fate of transplanted islets of Langerhans was therefore of inter-
est. 

 Tracers like [18F]FDG71,72 and [11C]DTBZ73 have previously been used. 
[11C]DTBZ targets the VMAT2, and has been used to quantify BCM.73 

18F-Labelled analogues of the MAO-A inhibitor harmine (Paper II) were 
investigated as tracers for islets in vitro, but gave unsatisfactory results. We 
therefore wanted to explore the well-known high affinity between biotin 
(Figure 3) and avidin (Kd ~1 fM) to find a suitable tracer for the quantifica-
tion of islets. The idea was to coat the islets with avidin and the radiolabelled 
biotin compound would then bind to the islets making the imaging possible. 
The avidin-biotin system has been used as a tool for various purposes,74 such 
as diagnosis,75 antibody-based pretargeting of cancer,76,77 and isolation using 
affinity chromatography.78 

H
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Figure 3. Structure of biotin. 

1.7.4 Pegylation for tuning biological properties of the tracers 
Pegylation is a chemical modification of a molecule made by adding PEG 
chains. PEG is a linear, flexible, uncharged polymer that is hydrophilic due 
to the formation of hydrogen bonds between its ether oxygens and water.79 
Pegylation has been investigated as a covalent modification to biological 
macromolecules and surfaces for pharmaceutical and biotechnology applica-
tions.80,81 PEG modifications to therapeutically useful proteins and peptides 
may improve in vivo stability, pharmacokinetic, immunogenic and antigenic 
properties, without inducing toxicity.80,82,83 The pegylation approach has also 
been applied to improve these properties in peptide radiopharmaceuti-
cals.82,84,85 

Varying the length of the PEG chain can provide an effective way to ad-
just lipophilicity, an important property, while still keeping the tracer mole-
cule relatively small.86 Shorter chains, e.g. di- and tri(ethylene glycol), can 
be used in fluorination.86,87 If a fluoroalkyl chain is used, it instead increases 
the lipophilicity.87 
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2 Results and discussion 

2.1 Perfluoro groups in nucleophilic 18F-fluorination 
(Paper I) 
The perfluoro concept was explored using [18F](fluoromethyl)benzene (7) as 
a model target compound. A perfluorinated group was included in the leav-
ing group of the substrate of nucleophilic 18F-fluorination to control reactiv-
ity and enable fast separation by F-SPE. 

In the first approach, perfluoroalkylsulfonyl groups were used as leaving 
groups, as in compounds 1 and 2 (Scheme 3). Perfluoroalkyl chains of two 
different lengths were used: -(CF2)7CF3 (1) and -(CF2)3CF3 (2). Neither 1 nor 
2 produced labelled product (7) upon reaction with [18F]fluoride. However, 
when 19F-fluoride ions were added as the tetrabutylammonium salt, which 
released free fluoride to react, a trace amount of the labelled product was 
obtained. This could indicate that the perfluoroalkyl part of the precursor 
interacts with the [18F]fluoride, preventing it from taking part in the substitu-
tion reaction. It has previously been observed that perfluoro chains can leach 
fluoride ions, so the 19F-fluoride likely comes from solvolysis, rather than 
18/19F exchange.88  

Our second approach used modified tosyl groups that had a perfluoroalkyl 
chain attached to a benzene ring (compounds 3 and 4). Phenyl groups have 
previously been used to isolate a perfluoroalkyl group from an active site.89 
Attempted 18F-fluorination of precursors 3 and 4 gave the same result that 
was obtained for compounds 1 and 2, and also in this case a trace amount of 
the target product 7 was obtained when 19F-fluoride ions were added. Several  
solvents like MeCN, DMSO, DMF and also dichloromethane, methanol and 
water as co-solvents were used. Different temperatures like 150 and 180 °C 
were explored but this had minor impact on the RCY. 

Thirdly, a perfluorinated benzene ring was used in the leaving group (5) 
in order to test if the interaction between the precursor and the [18F]fluoride 
ions could be avoided. The labelled product 7 was obtained in 32% analyti-
cal RCY. F-SPE purification of the reaction mixture increased the purity 
from 32 to 77%. This purity is not sufficient for use in a biological applica-
tion, but the result warrants further studies of the concept. 

Previously published labelling experiments using a sulfonyl leaving group 
containing a two-carbon spacer and then a perfluoro chain51 were repeated 
for comparison. The insertion of methylene groups can be used to isolate an 



 22 

active site from perfluoroalkyl groups, thereby tuning the reactivity. The 18F-
fluorination of 6 and 8 produced labelled compounds 7 and 9 in 10% and 
50% analytical RCY in single experiments, respectively (Scheme 4). This is 
compared to the previously published 88% RCY for 8.51 

1: R' = 2: R' = 3: R' = 
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F F
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FF

(CF2)7CF3 (CF2)3CF3 (CF2)7CF3
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O
O
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18F

1-6 7

i

 
Scheme 3. General reaction of perfluoro sulfonyl compound with [18F]fluoride to 
produce [18F](fluoromethyl)benzene (7). i): [K/K2.2.2.]+18F-, MeCN/DMF, 15 min, 
110–180 °C, 0–32% RCY. 

O S (CH2)2(CF2)5CF3

O

O

18F

8

i

9  
Scheme 4. 18F-Labelling of compound 8. i): [K/K2.2.2.]+18F-, MeCN, 15 min,       
110 °C, 50% RCY. 

2.2 Synthesis and in vitro evaluation of 18F-labelled 
harmine analogues (Paper II) 

We wanted to prepare 18F-labelled harmine analogues with high specific 
binding to MAO-A. 11C-Labelled harmine has shown high specific binding 
to MAO-A,90 and [11C]harmine has therefore been studied as a tracer for the 
characterization of neuroendocrine gastroenteropancreatic tumours.91 MAO 
is a membrane-bound mitochondrial enzyme that has two subtypes, MAO-A 
and -B.92,93 In these experiments, an 18F-label was incorporated at the end of 
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alkyl and di- and tri(ethylene glycol) side chains attached to the phenol 
group, creating analogues with a range of lipophilicities. Four 18F-labelled 
analogues, compounds 14–17 (Scheme 5) were synthesized and their poten-
tial as selective PET tracers for MAO-A was explored.  

2.2.1 18F-Labelling of harmine analogues 

The syntheses of the 18F-labelled compounds 14–17 from the corresponding 
tosyl or halide precursors 10–13 by one-step nucleophilic fluorination is 
shown in Scheme 5. The isolated labelled compounds 14–17 were obtained 
within 70 min from radionuclide production. The isolated RCYs and SRA 
are shown in Table 2. Compound 14 was prepared in the highest RCY, as the 
tosyl group is a better leaving group than the halides.94 
 

N
H
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R' N

H

NO
 R''

10: R=(CH2)2OTs

11: R=(CH2)3OTs

12: R=(CH2)2O(CH2)2Br

13: R=(CH2)2O(CH2)2O(CH2)2Cl 17: R1=(CH2)2O(CH2)2O(CH2)2
18F

16: R1=(CH2)2O(CH2)2
18F

15: R1=(CH2)3
18F

14: R1=(CH2)2
18F

i

 
Scheme 5. 18F-Labelling reaction to yield harmine analogues 14–17. i): 
[K/K2.2.2.]+18F-, DMF, 15 min, 150 °C, 10–23% RCY. 

Table 2. RCY and SRA of harmine analogues. 
Compound RCY (%)a,b SRA (GBq/μmol)a,c 

14 23 ± 3 (4) 605 ± 110 (4) 
15 10 ± 2 (2) 744 ± 30 (2) 
16 12 ± 3 (5) 508 ± 160 (5) 
17 14 ± 4 (4) 440 ± 100 (2) 

aThe number in parenthesis is the number of experiments. bIsolated decay-corrected radio-
chemical yield, calculated from the amount of radioactivity at the start of synthesis and radio-
activity of LC-purified product. cRatio of radioactivity to the amount of substance at end-of-
synthesis. 
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2.2.2 Biological experiments 

In vitro autoradiography experiments were carried out to investigate the 
binding properties of labelled compounds 14–17 to MAO-A in rat brain 
(Figure 4). All compounds showed some specific binding to the cerebral 
cortex and striatum. The compounds with 18F attached via an alkyl linker (14 
and 15) exhibited lower specific binding (48 ± 6 and 48 ± 8%) than com-
pounds 16 and 17 (89 ± 2 and 96 ± 1%) which have the 18F-label attached 
via a di- or tri(ethylene glycol) linker. For comparison, [11C]harmine has a 
specific binding of 78–86% to MAO-A.95 

 
Figure 4. Colour-coded images of total and non-specific binding of the four harmine 
analogues 14–17. Left column shows total binding, right column binding blocked 
with harmine. 
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The metabolic stabilities of the 18F-labelled harmine analogues 16 and 17 
were determined. The fraction of unmetabolized tracer in rat blood plasma 
was 26 and 52% five min after injection, and 4 and 12% after 30 min for 
compounds 16 and 17, respectively. These compounds were chosen because 
of their high specific binding and the relatively high stability of their precur-
sors compared to those of 14 and 15. 

The suitability of the harmine analogues for the study of transplanted is-
lets of Langerhans was investigated. Uptake and retention of the analogues 
in human islets was studied. A high retention (>120 min, half-life) is desir-
able for following the distribution and kinetics of transplanted islets for sev-
eral hours post-transplantation.  For all analogues, the intercellular tracer 
uptake was high, but blocking with harmine was small. The retention of the 
harmine analogues were in the range 68–80 min, and were therefore not 
further investigated in the labelling of islets. 

2.3 Tracers for imaging of islets of Langerhans, 
angiogenesis and CRP (Papers III-VII) 
2.3.1 68Ga-Labelling 
The DOTA and NOTA conjugates were labelled by the procedure shown in 
Scheme 6. A solution of 68Ga(III) in hydrochloric acid was eluted from the 
68Ge/68Ga generator system and used either directly or after preconcentration 
in the labelling. The pH of the reaction mixture was adjusted to 4.6–5 with 
HEPES buffer and sodium hydroxide. Labelling reactions were performed at 
r.t. or under conventional or microwave heating.  
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20: R' = biotin-NH-PEG3-

19: R' = biotin-NH-PEG2-

18: R' = biotin-NH-(CH2)5-

   

29: R' = negative control binder for CRP

28: R' = polypeptide binder for CRP

 
Scheme 6. 68Ga-Labelling of DOTA and NOTA conjugates. i): 68Ga(III) in 0.1 M 
HCl, HEPES, NaOH, pH 4.6-5. 

2.3.1.1 Selection of chelator, impact of temperature and heating mode 
Labelling kinetics at r.t. were studied for one of the DOTA compounds and 
both of the NOTA compounds. The compounds containing NOTA as the 
chelator (22 and 27) could be labelled at r.t. within 5 min, reaching >90% 
analytical RCY when using 1–5 nmol of the precursors (a reaction volume of 
200 μL was used throughout the synthesis). The advantage of using NOTA 
instead of DOTA as the chelator is that the labelling can easily be performed 
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at r.t., which can be necessary when using fragile molecules that are unstable 
at elevated temperatures.13 To achieve the same 90% analytical RCY of bio-
tin-DOTA compound (19) at r.t., the reaction time was extended to 90 min 
or more, using 10 nmol of the precursor. 

The rate of 68Ga incorporation at r.t. was studied as a function of time, us-
ing 1, 2 and 5 nmol of scVEGF-PEG-NOTA (27) (Figure 5). 
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Figure 5. Analytical RCY versus time at r.t. at different time points using 1, 2 and 5 
nmol of scVEGF-PEG-NOTA (27). Data are presented as mean ± SD (n = 3). The 
reaction volume was 200 μL. 

Performing the syntheses of the biotin-DOTA conjugates 18–20 (10 nmol) at 
90 °C gave analytical RCY of 90% within 5 or 2 min under conventional and 
microwave heating, respectively. This RCY could be reached using smaller 
amounts (0.5–1 nmol) of the RGD peptides (21, 23–25) and scVEGF-PEG-
DOTA and -NOTA (26–27). Varying the peptide structure of the RGD pep-
tides did not influence the RCY. The amount of precursors 26–27 used in the 
labelling synthesis could be reduced two and four times respectively by ap-
plying conventional or microwave heating (Figure 6). No major differences 
in RCY between the DOTA and NOTA conjugates 26–27 were observed for 
the conventional or microwave heating mode. In correspondence with pub-
lished data, 27 was chemically stable up to 90 °C.96 It should also be consid-
ered that heating can cause changes in the tertiary structure, and therefore the 
biological activity, of a protein. A larger amount (10 nmol) of the peptides 
28–29 for CRP binding was required for obtaining >90% RCY. 
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Figure 6. Analytical RCY as a function of scVEGF-PEG-DOTA (26) and -NOTA 
(27) amount, 90 ºC for 5 min in a heating block (con) and for 2 min under micro-
wave heating (micro). Data are presented as mean ± SD (n = 3). The reaction vol-
ume was 200 μL. 

For the comparison between conventional and microwave heating for pep-
tide 23, the 68Ga eluate was preconcentrated using sodium chloride replacing 
the previous used high concentration of hydrochloric acid with sodium chlo-
ride in order to create the 68GaCl4

- complex. The advantage of using this 
procedure is that there is no need for addition of buffer. A concentration of 2 
μM of the conjugate 23 was used. The reaction mixtures (500 μL each) were 
heated at 90 °C in a conventional heating block or GE-MW100 microwave 
cavity for 30–600 s (Figure 7). The analytical RCY increased faster up to 
approximately 240 s for the microwave heating, but thereafter the two curves 
came closer to each other. If the time for the labelling reaction can be short-
ened from 10 min to 30 s the SRA will be ~10% higher. One explanation for 
the faster reaction is that in the microwave reactor the reaction mixture 
reaches the target temperature in 10 s, whereas it takes approximately 70 s in 
the heating block. 

 



 29

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600
time [s]

R
ad

io
ch

em
ic

al
 y

ie
ld

 [%
]

con

micro

 
Figure 7. Analytical RCY as a function of time, 90 ºC for 0–600 s min in a heating 
block (con) and under microwave heating (GE-MW100 cavity) (micro) for com-
pound 23 (2 μM). Data are presented as mean ± SD (n = 7). The reaction volume 
was 500 μL. 

The labelling of 21 and 27 has also been performed on the FASTlab™ plat-
form (GE Healthcare), which is a platform to be developed as a commercial 
product. 

2.3.1.2 Competition with Ga(III) and Fe(III) in 68Ga-labelling 
The competition with Fe(III) or Ga(III) in the 68Ga-labelling reaction of 21 
was performed with addition of 0–10 nmol of Fe(III) or Ga(III) present as 
shown in Figure 8. Addition of twice the amount of the metal ions compared 
to the peptide had little influence on the analytical RCY. Adding five times 
more of the metals decreased the RCYs to 55% and 35% respectively for 
iron and gallium. Gallium has a higher incorporation rate into the DOTA 
cavity than iron at these concentrations, which has previously been de-
scribed. 42 

The anion exchange based preconcentration method38 used in this work 
does not remove Fe(III) from the 68Ga eluate. Development of a procedure 
for removing this contaminant would in the future be favourable for obtain-
ing high RCY and SRA values, because of the similarities between Ga(III) 
and Fe(III) in their complexation chemistry. 
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Figure 8. Analytical RCY of 21 (0.5 nmol) as a function of added amount of Fe(III) 
or Ga(III) (0–10 nmol), 90 ºC for 5 min in a heating block. Data are presented as 
mean ± SD (n = 3). The reaction volume was 200 μL. 
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2.3.1.3 Specific radioactivity and preconcentration 
Some examples of the influence of temperature, heating mode, and concen-
tration on the SRA values of compounds 19, 21, 27 and 28 are shown in 
Table 3. 

Table 3. Analytical RCY and SRA in 68Ga-labelling reactions.a 

Compoundb Heating 
modec 

Reaction 
time  
(min) 

Amount of 
precursor 

(nmol) 

RCYc  
(%) 

SRAd  
(GBq/μmol) 

19 (4) con 5 10 90 ± 5 9 ± 3 
21 (3) con 5 0.25 57 ± 7 114 
21 (3) con 5 0.5 92 ± 5 92 
21 (3) con 5 2.5 96 19 
21 (3) con 5 5 99 10 
27 (3) r.t. 5 1 73 ± 13 70 
27 (3) r.t. 25 1 87 ± 8 70 
27 (3) r.t. 50 1 93 ± 5 56 
27 (3) r.t. 5 2 85 ± 4 40 
27 (3) r.t. 25 2 93 ± 3 36 
27 (3) r.t. 5 5 92 ± 2 18 
27 (3) con 5 0.1 20 ± 5 260 
27 (3) con 5 0.5 75 ± 1 150 
27 (3) con 5 1 98 98 
27 (3) micro 2 0.1 28 ± 5 280 
27 (3) micro 2 0.25 70 ± 1 280 
27 (3) micro 2 0.5 97 194 
28 (8) con 10 10 85 ± 8 5 ± 2 

aStarting radioactivity 150 ± 50 MBq. bThe number in parentheses is the number of 
experiments. cr.t., conventional heating (con) or microwave heating (micro) at 90 °C, the 
reaction volume was 200 μL. cAnalytical radiochemical yield. dRatio of radioactivity to the 
amount of substance at end-of-synthesis. 
 

The SRA of the labelled biotin analogues 18–20 and scVEGF-PEG-NOTA 
(27) could be raised by approximately four and two times respectively by 
preconcentrating the 68Ga(III) using anion exchange.38 The eluted 6 mL of 
68Ga solution was reduced to 0.2 mL, which was applied directly in labelling 
reactions. 

2.3.2 Biotin analogues labelled with 18F and 68Ga 
The binding properties of the 18F-labelled biotin analogues (Paper IV) were 
investigated and compared to the 68Ga-labelled analogues (Paper III). 18F has 
a longer half-life than 68Ga, making 18F-labelled tracers eligible for transpor-
tation, but the longer half-life also precludes multiple sequential investiga-
tions on the same biological system on the same day. Higher SRA is easier 
to achieve with 18F than with 68Ga, because with 68Ga the limiting factor is 
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the maximum amount of the radioactivity from the generator. In this work, 
the SRA values obtained for the 18F-labelled analogues were approximately 
ten times higher than those for the 68Ga-labelled analogues. The starting 
radioactivity was ~150 MBq and ~2 GBq for 68Ga and 18F, respectively. In 
the biotin analogues, different linkers and side chains containing the label 
were used in order to obtain a set of compounds with a range of lipophilic-
ities. Alkyl and ethylene glycol segments were used. We wanted to make a 
radiolabelled biotin analogue that still had high affinity for avidin and was 
stable in vivo. Another approach that has been published is to use Al18F in 
labelling of conjugates97, which could be further developed to obtain high 
SRA tracers. 

2.3.2.1 18F-Labelling of biotin analogues (Paper IV) 
The syntheses of the 18F-fluorinated compounds 33–35 from the correspond-
ing mesyl compounds 30–32 are shown in Scheme 7. The compounds were 
labelled using a one-step nucleophilic substitution reaction. The isolated 
RCY for compounds 33–35 were in the range 10–35% and the SRA for 
compound 34 was 320 ± 60 GBq/μmol (n = 2). The synthesis of compound 
34 has previously been published.98 

Attempts were made to prepare the tosyl compounds. However, no prod-
uct was obtained in these reactions, possibly due to the lower reactivity of 
para-toluenesulfonyl chloride compared to methanesulfonyl chloride.99 To-
syl groups are preferred in substrates for nucleophilic fluorination because 
they are better leaving groups than mesyl groups and halides.94 
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Scheme 7. 18F-Labelling reaction to yield compounds 33–35. i): [K/K2.2.2.]+18F-, 
MeCN, 15 min, 110 °C, 10–35% RCY. 

2.3.3 Assessment of biological properties 
The biological properties of the tracers were assessed through in situ or in 
vitro measurements of their binding to the target in solution and in cell lines, 
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respectively. The stability of some of the tracers in human serum was also 
investigated. 

Binding of the radioactive and non-radioactive gallium- and fluorobiotin 
compounds to avidin was studied in situ and compared to the binding of 
native biotin (Papers III and IV). All compounds retained their capability to 
bind to avidin, as the binding has previously been shown to depend mainly 
on the heterocycle of biotin and not on the side chain.100 The highest binding 
was that of native biotin, and the non-radioactive compounds corresponding 
to 18–20 and 33–35 reached saturation at approximately 5–20% below bio-
tin. Within 5 min, 50–95% of the radiolabelled compounds 18–20 and 33–35 
were bound to avidin. Blocking experiments showed the binding to be site-
specific. Experiments were also performed with the NOTA analogue of 
compound 19, which had binding properties similar to the DOTA com-
pound. 

In the case of the 68Ga analogues, introduction of ethylene glycol chains 
decreased the binding to avidin, but it increased the binding ability in the 
18F-labelled compounds. Compound 20, which is the largest molecule used 
in this study, had the lowest binding.  

The enzyme biotinidase is an amidohydrolase, which has its highest spe-
cific activity in serum in animals.101 The major function of the enzyme is to 
recycle biotin from biocytin or biotinylated peptides.102 The stabilities of the 
three 68Ga-labelled compounds 18–20 in human serum were studied (Paper 
III). Approximately 20–30% of the tracers were intact after 120 min. Com-
pound 19 showed the highest stability. The complex between avidin and 
compound 19 was more stable, with over 80% of the complex intact after 
120 min. 

Based on these experiments, the binding properties and stability of com-
pound 19 make it the best choice among the 68Ga-labelled compounds for 
further studies. The stability of the 18F-labelled analogues has yet to be 
tested. 

The uptake of scVEGF-PEG-[68Ga]NOTA (27) in the 293/KDR cell line 
was measured as a function of time and concentration (Paper VI). This cell 
line has a high expression of VEGFR.63 The number of binding sites per cell 
was 0.12 million, which when compared to the reported number of binding 
sites per cell for 293/KDR (~1-2 million) suggest that the tracer interacts 
only with the outer layers of the MCSs. A Kd value of 35 nM was deter-
mined from binding saturation experiments. 

The affinity of the polypeptide binder 28 to CRP was ~6 nM, as shown by 
fluorescence titration, and the half-life, at 37 °C in human serum, over 24 h. 
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2.4 [18F]/19F Exchange in fluorine containing 
compounds (Paper VIII) 
The observation that [18F]fluoride interacted with perfluoro compounds (Pa-
per I), prompted us to investigate [18F]/19F exchange (Scheme 2). A series of 
fluorine-containing compounds (Figure 9) were investigated (Paper VIII), to 
learn more about their interactions with [18F]fluoride. The impact of sol-
vents, concentrations, conventional vs. microwave heating, the number of 
fluorine atoms in the molecule, and the presence of electron-withdrawing or 
-donating groups elsewhere in the molecule on the rate of the exchange reac-
tion, was examined. Compounds 39, 42, 43 and 46 have previously been 
labelled by the exchange method.103,104,105,106,107 
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2.4.1 Impact of solvents in [18F]/19F exchange 
Solutions of (pentafluorophenyl)(phenyl)methanone (36) were reacted with 
n.c.a. [18F]fluoride at r.t. for 15 min in different solvents or mixtures of sol-
vents. DMF, 1-n-butyl-3-methylimidazolium trifluoromethanesulfonate 
(ionic liquid), MeCN and DMSO were tested in the reactions. The exchange 
reactions in DMSO gave the highest analytical RCY. 

Studies have suggested DMSO as the solvent of choice in nucleophilic 
substitution reactions.108 It has favourable properties, like high boiling point, 
thermal stability109 and polarity. The major drawback of DMSO is the impact 
of water as an impurity decreasing the nucleophilic substitution rate, making 
it crucial to dry solvent, reagents and glassware carefully.110 

2.4.2 Impact of number of and position of fluorines 
The impact of number of fluorine atoms in the molecule and their position 
on RCY was explored using the fluorobenzophenones 36–41. The molecules 
containing more than one fluorine atom (i.e. compounds 36–38) could be 
labelled by the exchange reaction at r.t. The exchange rate increased with the 
number of fluorine atoms present in the molecule. Compound 36 was not 
stable to heating or water, which was used in HPLC purification, and one of 
its fluorine atoms was substituted by a hydroxyl group (the product was 
identified by GC-MS). 

Compounds 39–42, containing only one fluorine atom each, could be la-
belled under conventional heating at 150 ºC. The RCY for the monofluoro-
benzophenones decreased in the order 39>41>40. The results indicate that 
reactivity followed the order para>ortho>meta, consistent with the SNAr 
mechanism.111 

2.4.3 Exchange reactions on some fluoro benzenes 
The exchange method was further explored using various activated and de-
activated fluorobenzenes, compounds 43–51. The 18F-labelling syntheses 
were performed at various concentrations at r.t. in DMSO. Compounds 43, 
45, 46 and 51, which had electron-withdrawing groups, could be labelled at 
r.t. The exchange reaction did not occur with 44, which has no fluorine on 
the aromatic ring. When compound 45 was used as precursor in the 18F-
labelling reaction (7.5 mM), labelled compound 50 was obtained in 20 ± 1% 
(n = 2) analytical RCY, in addition to labelled 45 (36 ± 1%). Compound 50 
was identified using UV/radio co-elution in HPLC. This substitution reaction 
has also been published.112 

As expected, the reactions with compounds 47–50 did not result in radio-
labelled product, because they bore electron-donating substituents. Com-
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pound 51, however, was labelled with 16% analytical RCY in spite of the 
presence of an electron-donating group. 

SRA values were determined for two compounds, 38 and 43, and were 3 
± 1 GBq/μmol (n = 2) and 5 GBq/μmol (n = 1), respectively. These SRA 
values are two orders of magnitude lower than those obtained in other nu-
cleophilic 18F-fluorinations, but might be sufficient for use in a drug distribu-
tion study, where high SRA usually is not needed. 

2.4.4 Impact of temperature 
Attempts to label compounds 52–55 with [18F]fluoride at r.t. were not suc-
cessful. The analytical RCY of 52 and 53 increased up to 5% when the reac-
tion was performed under conventional heating for 15 min or microwave 
heating for 1–5 min at 150 °C. The labelling of 52 in MeCN under micro-
wave heating was also attempted, but no 18F incorporation was observed. 
Compounds 54 and 55 could not be labelled in either DMSO or MeCN. 

2.4.5 Examples of exchange labelling of biologically active 
compounds 
Compounds 56 and 57 (Figure 10), two analogues of WAY-100635, were 
labelled using the exchange strategy. WAY-100635 is a tracer that has been 
used for PET imaging of the 5-HT1A receptors in the human brain.113 Ana-
logues of this tracer labelled with 18F in different positions on the benzoyl 
moiety have previously been prepared114,115,116,117  by methods including the 
nucleophilic aromatic substitution of a nitro group with 18F.114,116 
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Figure 10. The two WAY-100635 analogues used in the exchange experiments. 

Compounds 56 (17.5 mM) and 57 (10.5 mM) were labelled with 
[18F]fluoride in DMF at 150 °C with 8 ± 1 and 35 ± 3% (n = 2) analytical 
RCY respectively. The SRA values were 0.01 and 0.58 GBq/μmol when 
starting with 1 GBq of [18F]fluoride. In the labelling of compound 57,  a 
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second radiolabelled product with lower lipophilicity was formed by substi-
tution of one fluorine atom with a hydroxyl group (identified by LC-MS) in 
20 ± 5% (n = 2) analytical RCY. Attempts to increase the SRA by increasing 
the amount of radioactivity or reducing the amount of precursor resulted in 
consumption of the precursor without formation of labelled product. When 
DMSO was used in place of DMF, a similar radiochemical was obtained. 
Lower RCYs (1%) were obtained when 56 and 57 were labelled using 15 
min of microwave heating in DMF (150 °C), MeCN (90 °C) or DMSO (150 
°C). 

2,5,6,7,8-Pentafluoro-3-methylnaphthoquinone (58, Figure 11) was also 
labelled. This compound is used to synthesize a fluorinated analogue of Cpd 
5, (2-(2-mercaptoethanol)-3-methyl-1,4-naphthoquinone), which semi-
empirical calculations have predicted  to be a cell-growth inhibitor.118 Com-
pound 58 could not be labelled by the exchange procedure in DMSO, even 
after heating at 150 ºC. However, when using 14 mM solution of precursor 
in MeCN/tert-butanol, the analytical RCY was 8% after 15 min at r.t. Reduc-
ing the concentration of 58 to 7.5 mM decreased the RCY to 4%.  

Yet another compound that was labelled was 1-(2,4-difluorophenyl)-3-(4-
fluorophenyl)propan-1-one (59), (Figure 11). 59 has inhibitory activity for 
human 11-β-hydroxysteroid dehydrogenase type 1 enzyme (11βHSD1),119 

and could be labelled in DMSO at 150 ºC. The SRA was 1 GBq/μmol (n = 
2) when using 14 mM of 59 and starting with 5.3 GBq of [18F]fluoride. 
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Figure 11. 2,5,6,7,8-Pentafluoro-3-methylnaphthoquinone (58) and 1-(2,4-
difluorophenyl)-3-(4-fluorophenyl)propan-1-one (59). 
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3 Conclusions 

• The utility of a perfluoro precursor in 18F-labelling was demon-
strated, aiming for a faster work-up technique. 
[18F](Fluoromethyl)benzene was obtained in 32% analytical RCY 
from the precursor benzyl pentafluorobenzenesulfonate, and its ra-
diochemical purity was raised to 77% using F-SPE. These results 
spark increased interest in using perfluoro compounds in labelling 
because they open up the possibility of an automatic system for la-
belling and fast separation. 

 
• In the search for faster technology, microwave heating was explored, 

in order to obtain high specific radioactivity. In the 68Ga-labelling of 
scVEGF, SRA values of ~300 GBq/μmol were obtained when mi-
crowave heating was applied. In the case of the 68Ga-labelling of a 
DOTA containing RGD peptide >60% analytical RCY was obtained 
within 30 s using microwave heating as compared to 240 s to obtain 
as high RCY with conventional heating.  

 
• Four 18F-labelled harmine analogues were synthesized by one-step 

nucleophilic 18F-fluorinations in isolated RCY up to 23%, with SRA 
values of 400–700 GBq/μmol. Two of them, having ethylene glycol 
side chains, showed high specific binding to MAO-A in in vitro 
autoradiography. Of the two analogues, the one with the longer eth-
ylene glycol chain showed the higher metabolic stability, and will be 
used in future studies.  

• Biotin analogues with various alkyl, ethylene glycol, DOTA and 
NOTA modifications were labelled with 18F and 68Ga. The analogues 
demonstrated high binding maintenance to avidin in situ. Introduc-
ing ethylene glycol chains decreased the specific binding of the 
68Ga-labelled analogues, but increased the binding of the 18F-labelled 
analogues.  

 
• Several RGD-containing peptides, which varied in constitution and a 

scVEGF protein were labelled with 68Ga. The labelled scVEGF 
maintained its functional activity in vitro. 
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• A polypeptide containing phosphocholine, and its negative control 
without the phosphocholine, were labelled with 68Ga, to be used in 
an in vivo inflammatory model. 

• [18F]/19F Exchange was investigated in organofluorine compounds. 
The impacts of solvent, substrate concentration, temperature, num-
ber of fluorine atoms in the substrate and their position as well as 
presence of electron-withdrawing or -donating groups were studied. 
The obtained SRA values (0.01–5 GBq/μmol) might be enough for 
use in, for example, drug distribution studies for drugs containing 
one or more fluorine atoms. 
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Summary in Swedish 

Positronemissionstomografi (PET) är en icke-invasiv avbildningsteknik där 
spårmolekyler försedda med positronemitterande nuklider används för dia-
gnostik av bl. a. cancer och neurologiska sjukdomar, t. ex. Alzheimers’ sjuk-
dom. Nukliden sänder ut positroner som när de kolliderar med sin antimate-
ria, elektronen, ger upphov till två anti-parallella gammafotoner som detekte-
ras i en PET-scanner. Dessa ”mätpunkter” rekonstrueras till en bild som 
visar var i kroppen spårmolekylerna anrikas. Detta underlättar exempelvis 
vid en operation av en cancertumör genom att tumören kan lokaliseras och 
information av funktionellt värde kan erhållas med förbättrad precision. 

Denna avhandling handlar om inmärkning av (små) organiska molekyler, 
peptider och ett protein med de positronemitterande isotoperna 18F och 68Ga. 
Dessa nuklider har sina för- och nackdelar. 18F har halveringstiden 110 min, 
vilken möjliggör transport av den märkta substansen till faciliteter som inne-
har en PET-kamera, men saknar en egen produktion av spårmolekyler. 
Många läkemedels- och andra biologiskt aktiva molekyler innehåller fluor-
atomer, men i de fall de saknas är det vanligt att till exempel väte eller sy-
reatomer ersätts med en fluoratom. Detta leder ofta till förändringar av mo-
lekylens kemiska och farmakologiska egenskaper, bl. a. på grund av fluor-
atomens höga elektronegativitet. Gallium är ett främmande grundämne för 
organiska molekyler. Inmärkning med 68Ga kräver en introduktion av en 
kelator som galliumjonen binder till, vilket också kan leda till förändrade 
egenskaper hos molekylen. Den stora fördelen med denna isotop är att den 
produceras från en generator som är enkel att hantera jämfört med 18F som 
produceras från en partikelaccelerator (cyklotron). Halveringstiden (68 min) 
är ofta tillräcklig för biologiska experiment. 

Ett av delmålen var att ta fram en metod där man, genom att utnyttja 
egenskaperna hos multi-fluorinerade (perfluorinerade) molekyler, kan på ett 
snabbt och enkelt sätt separera ett perfluorinerat startmaterial (prekursor) 
från en icke-perfluorinerad produkt genom fastfasextraktion. Detta uppnåd-
des genom att använda en prekursor innehållande en pentafluorinerad ben-
senring och en silikagel innehållande samma perfluorstruktur som fastfas. 
Utbytesreaktioner mellan [18F] och 19F i fluorinerade alkyl- och arylföre-
ningar studerades också för att påvisa eventuella oönskade inkorporeringar i 
de fluorinerade prekursorerna och undersöka om denna metod kan användas 
som inmärkningsmetod. [18F]/19F utbytesreaktioner är begränsade till de 
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användningsområden där det ej är nödvändigt med hög specifik radioaktivi-
tet (mängd radioaktivitet per mängd substans). 

Langerhanska öar, som isoleras från bukspottkörteln, transplanteras till 
levern hos patienter med Typ I Diabetes i syfte att göra dessa personer obe-
roende av yttre tillförsel av insulin. Spårmolekyler för att kunna märka öarna 
och följa dem i kroppen och därigenom undersöka utfallet av transplantatio-
nerna har varit en del av detta arbete. Analoger till monoaminoxidas-A 
hämmaren harmin märkta med 18F samt analoger av viaminet biotin märkta 
med 68Ga och 18F har utvecklats och kommer att vidare utvärderas för detta 
syfte. Harmin analogernas bindning till MAO-A har utvärderats in vitro. 

Peptider innehållande aminosyrasekvensen Arg-Gly-Asp (RGD) och pro-
teinet scVEGF har märkts med 68Ga för studier av deras affinitet till olika 
receptorer inblandade i angiogenes, dvs nybildning av blodkapillärer. En 
inflammationsmarkör som binder till c-reaktivt protein (CRP) har märkts 
med 68Ga.  
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