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Abstract

Affibody molecules have lately shown great potential as tools for in vivo molecular imaging. These 
small, 3-helical bundles, with their highly stable protein scaffold, are well suited for the often harsh 
conditions of radiolabeling. Their small size allows for rapid clearance from the blood circulation 
which permits the collection of images already within hours after injection. This thesis includes 
four papers aimed at engineering different variants of a HER2-binding Affibody molecule to enable 
effective and flexible radiolabeling and enhancing the molecular imaging in terms of imaging 
contrast and resolution.

In paper I an Affibody molecule was engineered to function as a multifunctional platform for site-
specific labeling with different nuclides for radionuclide imaging. This was done using only natural 
amino acids, thereby allowing for both synthetic and recombinant production. By grafting the 
amino acid sequence -GSECG to the C-terminal of our model-protein, a HER2-binding Affibody 
molecule, we enabled site specific labeling with both trivalent radiometals and with 99mTc. Maleim-
ide-DOTA was conjugated to the cysteine residue for labeling with 111In, while the peptide sequence 
was able to chelate 99mTc directly. This approach can also be used for site-specific labeling with other 
probes available for thiol-chemistry, and is applicable also to other protein scaffolds. 

In paper II we investigated the impact of size and affinity of radiolabeled Affibody molecules on 
tumor targeting and image contrast. Two HER2-targeting Affibody molecules, a two-helix (~5 kDa) 
and a three-helix (~7 kDa) counterpart, were synthetically produced, labeled with 111In via chelation 
by DOTA and directly compared in terms of biodistribution and targeting properties. Results 
showed that the smaller variant can provide higher contrast images, at the cost of lower tumor 
uptake, in high-expressing HER2-tumors. However, neither the tumor uptake nor the contrast 
of the two-helix variant is sufficient to compete with the three-helix molecule in tumors with low 
expression of HER2.

In paper III and IV we were aiming to find methods to improve the labeling of Affibody molecules 
with 18F for PET imaging. Current methods are either complex, time-consuming or generate heavily 
lipophilic conjugates. This results in low yields of radiolabeled tracer, low specific activity left for 
imaging, undesirable biodistribution or a combination thereof. In paper III we demonstrate a swift 
and efficient 2-step, 1-pot method for labeling HER2-binding Affibody molecules by the formation 
of aluminum 18F-fluoride (Al18F) and its chelation by NOTA, all in 30 min. The results show that 
the 18F-NOTA-approach is a very promising method of labeling Affibody molecules with 18F and 
further investigation of this scheme is highly motivated. In the last paper we pursued the possibility 
of decreasing the high kidney retention that is common among small radiotracers with residual-
izing radiometabolites. In this work 18F-4-fluorobenzaldehyde (FBA) was conjugated to a synthetic 
HER2-targeting Affibody molecule via oxime ligation. However, to avoid elevated liver retention, 
as seen in previous studies with this kind of label, a hydrophilic triglutamyl spacer between the 
aminooxy moiety and the N-terminal was introduced. A comparison of the two constructs (with 
and without the triglutamyl spacer) showed a clear reduction of retention in both kidney and liver in 
NMRI mice at 2 h p.i. when the spacer was included. In the light of these promising results, further 
studies including tumor-bearing mice, are in preparation.  

Keywords: Affibody molecule, AC/DC, radionuclide molecular imaging, HER2, SPECT, PET, 
biodistribution, peptide synthesis, radiolabeling
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1 MoleCular iMaging

Molecular imaging is an effective and non-invasive way to study biological 
processes in living subjects, e.g. abnormal growth, enhanced activity/metabo-
lism, inf lammation or tissue damage/cell death. This information can in turn 
be used to diagnose a patient, follow disease progression during treatment or to 
personalize the treatment of one specif ic individual [1, 2].

As the name “Molecular Imaging” implies, the aim is to visualize molecular 
structures. Furthermore, the molecules should preferably be imaged within their 
native context, i.e. inside the living organism, and are thus inaccessible by con-
ventional imaging techniques such as cameras or microscopes that rely on visible 
light.

The solution to this problem is to image the molecules indirectly e.g. by attaching 
some source of radiation that you can detect to the targeted molecule and then 
acquire an image of the signal distribution. For the radiation source to specif i-
cally accumulate at the molecular target of interest and not in the surroundings, 
a targeting molecule is usually needed. The targeting molecule, also called a 
tracer, is normally f irst labeled with the radiation source and then allowed to 
f ind and interact with the target. The excess of non-attached tracer is washed 
away – in vivo this is done by the blood circulation and/or lymphatic drainage 
with subsequent excretion via kidney and/or liver.  The signal is collected by a 
camera, designed to detect the particular emitted radiation. The aim with this 
kind of imaging is to get as high signal as possible from the targeted area and 
as low signal as possible from the non-targeted surroundings, i.e. to get as high 
contrast as possible [3].

An important class of molecular targets for molecular imaging is cancer-associat-
ed molecular structures. Since cancer cells are the body’s own cells that are mal-
functional in different ways it is not trivial how to distinguish them from normal, 
healthy cells and thereby administer an effective targeted therapy. If identif ied, 
unique molecular structures on the cancer cells can be targeted and imaged, 
thereby aiding in the diagnosis of the patient. The same molecular structures 
or related signaling pathways can then be targeted for therapy. By employing 
targeted therapy the exposure of healthy non-targeted cells to the therapeutic 
drugs and toxins is minimized, lowering the side effects for the patient and 
facilitating a more eff icient therapy. An illustration on the principles of in vivo 
molecular imaging can be seen in Figure 1.

1.1 Her2 as a target

The molecular target discussed in this thesis is the HER2/ErbB-2 receptor. 
HER2, together with the rest of the ErbB-family of tyrosine kinase receptors, 
was implicated in cancer already in the 1980’s [4, 5]. Today, HER2 is a well-
established oncoprotein, related to several types of cancer, e.g. breast, lung, 
pancreas and colon [6]. The HER2 receptor does not have any known ligand 
but it is constantly active and can dimerize with any other member of the ErbB-
family, including itself. Dimerization is necessary for signaling initiation [7]. 
Today, the use of trastuzumab is a well-established antibody therapy for patients 
with advanced relapsed breast cancers that overexpress HER2 [8, 9]. However, 
choosing patients that would benef it from this therapy is not straightforward 
[10, 11]. To determine the HER2 expression in patients, immunohistochemis-
try (IHC) and f luorescence in situ hybridization (FISH) are used. Both these 
methods require biopsies of the tumor. Because of intra- and interlesion hetero-
geneity of HER2 expression, errors in the detection are not uncommon. Also, the 
HER2 expression might change during the course of the disease. Furthermore, 

Cancer 
diagnosed

Targeting agent
administered

Accumulation
at target

Tumor localized
and classified 

Image produced

Figure 1: Schematic description of the process of tumor targeting and imaging. 
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the invasiveness of biopsies prevent their multiple and frequent use. Therefore 
a good molecular imaging agent with the ability to detect and to some extent 
quantify the HER2 overexpression would be most useful.

In the following chapters, I will give a brief description of how molecular imaging 
can be performed, the different radiation sources used and how the targeting 
molecule can be designed, produced and conjugated with a label. Table 1 shows a 
comparison of some of the different techniques currently used.

Table 1: Properties of the imaging modalities described in this work. (Modified from [12–
14].)

ModalIty radIatIon
PenetratIon 
[mm]

sensItIvIty  
[mol/l]

resolutIon 
[mm] cost

QuantIfIcatIon 
caPabIlIty

CT Ionizing No limit N/A 0.05 $$ N/A

MRI Non-
ionizing No limit 10-3 - 10-5 0.01-0.1* $$$ Medium

PET Ionizing No limit 10-11 - 10-12 1-10* $$$ High

SPECT Ionizing No limit 10-10 - 10-11 0.5-15* $$ Medium-high

Fluorescence Non-
ionizing 1-20 10-9 - 10-11 1 $ Low-medium

Biolumines-
cence

Non-
ionizing 1-10 10-13 - 10-16 0.3-10 $$ Low-medium

* Lower ranges are for small animal imaging.

1.2 optiCal iMaging

Optical imaging utilizes emitted photons with wavelengths in or close to the 
visual light spectrum, i.e. ~400-790 nm in wavelength as illustrated in Figure 2. 
One advantage of using optical imaging is that there is no exposure to ionizing 
radiation, as is the case for radionuclide-based imaging. Optical imaging is an 
excellent technique for imaging of cells, thin tissue slices or small animals, e.g. 
mice. However, when the object of interest increases in size, the signal gets 
scattered, absorbed and loses resolution due to the high interaction of the visible 
light and the tissue. Typically, visible light can penetrate a distance of 1-2 cm of 
tissue before the signal gets too distorted to generate good image quality [15]. 
There are mainly two optical methods used in molecular imaging: biolumines-
cence and f luorescence. The process by which the emitted light is produced is 
similar for the two methods, but they differ in the process by which the energy 

needed is delivered.

1.2.1 BioluMinesCenCe

Bioluminescence is a subcategory of chemiluminescence, however, in biolumi-
nescence the light-generating reactions occur inside an organism. Here, light 
is produced by a chemical reaction between a substrate called luciferin and an 
enzyme called luciferase. Luciferase will oxidize the luciferin and in the process 
excite an electron on the luciferin molecule. When this electron returns back to 
its normal state, light is emitted. By coupling the enzyme to a tracer that will 
bind to a target of interest, then adding the substrate, luciferin, light will be 
emitted at the target molecule. An advantage with this technique (compared to 
the other techniques described here) is that a continuous and steady signal can 
be sustained as long as more substrate is available [16, 17]. When performing 
imaging in vivo, the substrate is normally injected, but in other systems, where 
the luciferase gene itself is incorporated into the host DNA, e.g. by viral vectors, 
the substrate can be co-produced in the same cells expressing the luciferase, 
providing an autonomous bioluminescent expression [18].

104 108 1012 1015 1016 1018 1020

103 10-2 10-5 10-6 10-8 10-10 10-12

Radio Microwave Infrared
Visible
light Ultraviolet X-Ray Gamma Ray

Wavelength
(m)

Frequency
(Hz)

Nuclear spin Molecular
rotation

Bond
Streching

Ionizing radiation

e-

izingi gg rradiationdi ti

-e-e

Electro magneticradiation

Figure 2: Schematic illustration of the electromagnetic spectrum. Also, how the different 
energies of radiation affect molecules. 
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1.2.2 FluoresCenCe 

Fluorescence differs from luminescence in the way by which the light-emitting 
electrons get excited. Instead of a chemical process as in the case of lumines-
cence, in f luorescence imaging the electrons get excited by another light source, 
often a laser. The light is absorbed by the f luorescent probe and an electron is 
excited. As in the former case, when the electron relaxes to its ground state, a 
photon is emitted. Due to energy losses the light absorbed and the light emitted 
are not of the same wavelength. One drawback with using f luorescence imaging 
in larger samples is the relatively high background due to autof luorescence from 
surrounding tissue [2]. There are many different f luorescent probes with various 
relaxation wavelengths. However, in order to increase the penetration depth of 
the emitted light, probes emitting infrared or near infrared light are often used 
[19–21]. 

1.3 MagnetiC resonanCe iMaging (Mri)

MRI is an implementation of NMR (Nuclear Magnetic Resonance) for molecular 
imaging. As for some of the optical imaging techniques, in NMR you f irst have to 
apply a source of energy to “disturb the balance of the atoms”. When the balance 
is restored, photons are emitted and can be detected. Normally, in the clinic, this 
modality is used to image the subject’s own molecules, i.e. the hydrogen atoms 
in the water molecules, which are abundant in the body. It can also be used with 
targeting molecules coupled to contrast-enhancing agents like superparamagnet-
ic iron oxide (SPIO) particles [22, 23].

A powerful external magnetic f ield is applied in order to align the magnetic 
nuclear spin of hydrogen atoms in the subject being imaged. A short burst of, 
right-tuned, radio frequency (RF) pulse can f lip the spin. As the spin f lips back, 
an RF-signal is sent back from the nuclei. By repeated RF bursts an image can 
be accumulated from the echo of the hydrogen atoms. Different concentrations 
of hydrogen atoms, i.e. varying amounts of water in different tissues, create a 
contrast in the image. A resolution of 0.1 mm or better is possible with today’s 
techniques [24]. 

MRI is best used when imaging soft tissue like brain, muscle, heart, etc., where 
there is a lot of water and hydrogen atoms that can be imaged. Although this 
technique is truly exceptional in for instance anatomical imaging it has a large 

drawback, namely its very low sensitivity. Only about 0.001% of the potential 
nuclei are in fact detected. Consequently, you need a large amount of hydrogens 
in your sample or the time that it takes to acquire an image will be very long. 
In 2003, Paul Lauterbur and Sir Peter Mansf ield were awarded the Nobel Prize 
in Physiology or Medicine for their discoveries concerning magnetic resonance 
imaging.

1.4 CoMputed toMogr apHy (Ct)

CT, also known as X-ray computed tomography, is a technique where 3D X-ray 
images can be produced from a large amount of 2D images taken from a camera 
rotating around the subject. Digital geometry processing is used to reconstruct a 
3D model that can then be rotated and viewed from all angles. The two modali-
ties SPECT and PET that are used in radionuclide-based imaging are nowadays 
often combined with CT to form the fusion systems PET-CT and SPECT-CT, in 
order to get a high resolution anatomical localization [25]. 

1.5 radionuClide Based iMaging

At much shorter wavelengths and higher energies in the electromagnetic spectrum, 
one f inds the gamma (γ) rays at frequencies of around 1021 Hz and wavelengths 
of about 10-13 m. In radionuclide-based imaging the source of the signal comes 
from the nucleus of an unstable atom (radionuclide). As the unstable nuclide 
decays, the composition and energy of its nucleus is changed and it is usually 
transformed into a new nuclide, which in turn may or may not be unstable. In 
some cases though, as with metastable isotopes, the decay will not result in a 
transmutation into a new element but the nuclei energy state will change. In the 
different processes of decay, a large amount of energy is released. Depending on 
the radionuclide, some or all of the energy may be released as a gamma photon 
that can be detected by a gamma camera. It is important to note that the decay 
for each atom is completely random and impossible to predict. There is however 
a probability that the atom will decay within a certain amount of time, i.e. a 
decay constant, which is specif ic for each isotope. The time after which half of 
the atoms have decayed is called the half-life of the radionuclide. This is a very 
important factor to consider when choosing an appropriate radionuclide for an 
imaging agent. Since the decay starts as soon as the isotope is created there is 
only a certain amount of time from the creation of the radionuclide to the acqui-
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sition of the signal before the activity falls below the limit needed to generate a 
high quality image. The half-lives of useful isotopes for imaging span from about 
2 minutes (i.e. 15O) to more than 4 days (i.e. 124I). Some commonly used radionu-
clides for molecular imaging are listed in Table 2.

Table 2: Example of commonly used radionuclides and their nuclear properties. 
(Modified from [13])

nuclIde Half-lIfe
IMagIng 
ModalIty

PosItron e
Max 

[MeV]
Most abundant gaMMa 
[keV (abundance)]

99mTc 6.01 h SPECT - 140.5 (89%)
123I 13.27 h SPECT - 159.0 (83%)
111In 2.8 days SPECT - 171.3 (90%). 245.4 (94%) 
11C 20.33 min PET 0.96
68Ga 67.6 min PET 1.9
18F 109.8 min PET 0.635
61Cu 3.33 h PET 1.22
66Ga 9.49 h PET 4.15
64Cu 12.7 h PET 0.657
86Y 14.7 h PET 4.16
76Br 16.2 h PET 3.98
55Co 17.5 h PET 2.52
89Zr 78.4 h PET 0.897
124I 4.17 days PET 2.1

1.5.1 single pHoton eMission CoMputed toMogr apHy (speCt)

The most commonly used modality for radionuclide-based imaging is SPECT. 
In Sweden, all of the largest hospitals have clinical SPECT facilities, whereas 
only a few of the bigger cities have a clinical PET facility (the PET modality is 
discussed later in the text). Today, SPECT is used in many different applications 
in the clinic (e.g. imaging of cancers, atherosclerosis, thrombosis, neurological 
disorders and infections) [25]. As the name suggests, in SPECT, a single gamma 
photon from one decay event is registered. When SPECT radionuclides decay, 
all or part of the energy released in the event is emitted as a gamma photon. 
Depending on the radionuclide, emission of different types and energies are 
produced (Table 2). Typically in SPECT, nuclides emitting gamma quanta with 

energies of 90-300 keV are used [13]. For example, the most common isotope 
used in SPECT imaging is technetium-99m (99mTc). About 88% of the emission 
from the decay of 99mTc is in the form of gamma radiation (99mTc → 99Tc + γ) 
where the photons can have one of two possible energies, 140.5 keV (98.6%) or 
142.6 keV (1.4%). The remaining 12% of the emission is released as high energy 
electrons due to “internal photoeffect” (99mTc → 99Tc + e-). However, for imaging 
purposes, only the gamma photons, which we can detect with the camera, are of 
interest. The electrons, in this case, will only travel a small distance and deposit 
energy into the surroundings and contribute to the total dose for patient. The 
high energy gamma photons on the other hand will pass through the patient 
and can be detected outside of the body by the camera. The gamma camera or 
scintillation camera is mainly built up by three components (not counting all the 
essential electronics); collimator, scintillation crystals and the photomultiplier 
tubes. 

1.5.1.1 tHe gaMMa CaMer a

One of the challenges with the technique of imaging by detecting single gamma 
photons is that it is not possible to determine from which direction a photon 
hitting the detector came from. There is always background radiation that can 
interfere with the real source of interest. Photons can interact with the surround-
ing atoms and be scattered in a process called the Compton Effect. In order to 
be able to determine the point of origin of the photons detected by the camera, 
a perforated, thick (about 2-8 cm) lead shield (the collimator) is placed in front 
of the detector as seen in Figure 3. Typically, holes in the collimator are directed 
towards the target so that only photons on a straight path from the target can 
pass through. Unfortunately, this will allow less than 1% of the emitted photons 
to f ind their way to the detector, resulting in an overall sensitivity of about 0.01% 
[26]. Also, some photons hitting the collimator do f ind their way to the detector 
but might be def lected on the way or coming in from a direction other than the 
focus point of the camera (i.e. pass through the collimator walls), contributing to 
most of the degradation of the SPECT image. 

As the photon enters the camera it hits the scintillation crystal, most commonly 
consisting of sodium iodide, doped with thallium [NaI(Tl)]. The photon will 
transfer some of its energy to the iodide, which will emit a valence electron. 
Upon de-excitement a f lash of visible light is emitted – approximately one light 
photon per 30 eV is produced. The very weak light pulse is transformed into 
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an electric signal and amplif ied in the photomultiplier tube. The signal is then 
passed along to yet another amplif ier and further processing. Finally an image 
can be put together by a computer and signal processing software.

To produce 3D images, a SPECT camera can be rotated around the subject and/
or consist of multiple camera heads in order to collect signals from different 
angles. 

Collimator

Scintillation
crystal

Photomultiplier
tubes

Electronic signal to computer for image construction

Figure 3: Schematic representation of a gamma camera. 

1.5.2 positron eMission toMogr apHy (pet)

An alternative to SPECT, the PET technology, is now on the rise. Developed in 
the 1950’s this modality is in many ways superior to SPECT (e.g. has higher sen-
sitivity and enhanced quantif ication possibilities) but due to its dependence on 
short-lived isotopes and expensive hardware it has yet a long way to go in terms 
of availability in hospitals around the world compared to SPECT [26]. The PET 
modality allows for three-dimensional visualization of the distribution of radio-
activity utilizing positron-emitting radionuclides.

With PET we are moving further into the mysteries of quantum physics. As 
noted in the name, the emission is not a photon, but a positron (β+). A positron 
is the antiparticle of an electron, i.e. antimatter. Positron emitters for PET have 
to be produced using a particle accelerator, i.e. a cyclotron [27]. As the unstable 
nuclei decompose, positrons are created and released. The positron travels a short 
distance until it collides with its antiparticle, the electron, and annihilate with 
the release of energy in the form of two gamma photons.

Depending on the radionuclide, the expelled positron will have different 
maximum kinetic energy which in turn determines the maximum distance it 
will travel in the tissue before f inally annihilating upon the encounter with an 

electron. As an example, the most frequently used PET-isotope, f luorine-18 (18F) 
decays by emitting a positron with a maximum kinetic energy (Emax) of 0.635 
MeV which will travel a maximum of 2.3 mm in the tissue before annihilating. 
See Table 2 for some of the currently used positron emitters. 

At the annihilation a total energy of 1.022 MeV is released in the form of two 
511 keV gamma photons, regardless of the nuclide. The two photons travel in 
opposite directions, nearly at 180 degrees from each other, and can be detected 
with similar cameras as used with SPECT. However, there is one signif icant dif-
ference in the detector design. With PET, a collimator is not needed. Instead the 
PET camera can detect the source of annihilation by simultaneously detecting 
the two photons at opposite sides of the subject and calculating the most probable 
path and thereby the point of origin, a method known as coincidence detection 
[28].

1.5.2.1 tHe pet CaMer a

The PET camera is designed as a ring of multiple detectors, see Figure 4, with 
the imaged object placed in the middle. Since two identical photons are emitted 
at the same time, an event is only registered when two 511 keV photons are 
detected at opposite sides of the ring at the same time. All other events, e.g. 
stray photons, background radiation, etc., are ignored – hence, no collimator is 

Subject

Nucleus

Positron
Electron

Detector

Detector

Annihilation gamma
511 keV

Signal to computer for
image construction

Detector ring

Figure 4: Schematic representation of the setup and function of the PET camera.
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needed, allowing for a higher sensitivity as compared to SPECT. The spatial reso-
lution of the image will now mostly depend on the size of the detector and the 
distance the positron traveled before annihilation, i.e. the energy of the positron, 
which in turn is determined by the radionuclide used. However, random coinci-
dences do occur and add to the background noise in PET images.

1.5.3 pet vs. speCt

It seems that the PET camera in most aspects is superior to the SPECT modality. 
It has about 100 fold higher sensitivity and about 2-3 fold better spatial reso-
lution in clinical settings – also the quantif ication ability is more enhanced. 
However, sensitivity and resolution are not the only factors that matter when 
planning an imaging study. The availability of PET is considerably lower as 
compared to SPECT. Modern PET is a relatively new technology and a much 
more expensive set of equipment is needed, whereas SPECT cameras are present 
in almost every bigger hospital in the Western world. Also, the resolution and 
sensitivity of SPECT are suff icient for many applications.

Aside from the equipment, you need to think about the production of the tracer 
itself. SPECT nuclides are often more long-lived than the PET counterpart, i.e. 
allowing for more time to carry out the chemistry to produce the tracer and 
to acquire the image. Also the chemistry of radiolabeling with 18F, the most 
common and attractive PET nuclide, is all but straightforward. Nevertheless, 
PET has a high potential for the future, which motivates the continued the work 
on developing and improving methods for labeling of PET tracers. 

2 radiolaBeling

When doing molecular imaging with a radiotracer it is important to remember 
that the images produced are not of the targeting agent per se, but rather of the 
radionuclide attached to it. Therefore it is of extreme importance that the radi-
olabeling produces a stable conjugate where the radionuclide is stably attached 
to the targeting molecule. Also, equally important, that the produced imaging 
agent does not contain any free radionuclide that could spread into the surround-
ings and accumulate in non-target areas, or simply raise the background signal in 
general, leading to a low-contrast image.

Another aspect to consider when developing protein-based imaging agents is 
at what position on the tracer the labeling is performed. If the radionuclide is 
attached randomly on the tracer there is a risk that the labeling might occur 
in, or near, the binding site, thereby compromising the binding to the target 
molecule. This will in turn lead to weaker signal in the targeted area and likewise 
produce an image with suboptimal contrast. Therefore it is always better to have 
full control over the labeling and direct it to a specif ic site on the protein [13].

Finally, the label itself could potentially alter the characteristics of the tracer, es-
pecially for small targeting proteins, e.g. Aff ibody molecules. The label can alter 
the charge and lipophilicity of the whole or parts of the molecule and thereby 
alter its biodistribution and clearance pathway. If the tracer becomes too lipo-
philic the excretion pathway could be altered from urinary, where it exits the cir-
culation primary via the kidneys, to hepatic where the pathway is mainly altered 
to pass through the liver and exit the circulation into the intestine and stool. 
This will produce images with a high signal from the liver and intestine area 
which is quite undef ined and irregular and also heavily limiting the possibility to 
image, not uncommon, liver metastases. The kidneys on the other hand are very 
well-def ined, an uncommon place for metastases and distinct from many areas of 
interest to image [29–31].

2.1 radionuClides For iMaging

Suitable radionuclides are found primarily among the metals and the halogen 
elements in the periodic table, but there are some exceptions like 11C and 13N [32, 
33], etc. However, their half-lives are quite short, 20 and 10 min respectively, and 
therefore there is very little time to synthesize the tracer. 11C has a limited use in 
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targeted imaging whereas 13N is mainly used as a gas or in the form of ammonia 
in lung perfusion or blood f low studies, respectively [3].

2.1.1 radioMetals

Transition radiometals are attractive candidates for radiolabeling due to the rela-
tively facile chemistry of chelation. These metals, e.g. indium-111 (111In) and 
cobolt-57 (57Co) for SPECT and gallium-68 (68Ga) and cobolt-55 (55Co) for PET, 
can be chelated by bifunctional organic ligands where one part chelates the metal 
and another functional group can be conjugated to the targeting molecule. The 
process of chelation creates multiple non-covalent bonds that hold the metal in 
place with high thermodynamic stability and/or kinetic inertness. The chelator 
typically contains several electron donors like oxygen, nitrogen or sulfur that con-
tribute to the bonding of the central metal atom. However, the chelating agents 
do not distinguish between the radiometals that we want to load them with and 
free metal impurities, e.g. commonly appearing iron (Fe3+). Therefore caution 
has to be taken not to have metal contamination in the buffers when working 
with chelators. Although 111In sits very f irmly in DOTA (1,4,7,10-tetraazacy-
clododecan-1-yl)acetic acid), a well-established chelator for indium [34, 35], 
the contaminant can be present in several thousand times of excess which will 
make chelation of indium highly unlikely. With a contaminant-free medium the 
labeling is often quite straightforward. The radiometal is added to the chela-
tor-conjugated peptide and heat is applied (mainly for macrocyclic chelators) 
– after an incubation period the metal should be f irmly attached to the peptide. 
However, the heat treatment, usually >50º C, is not suitable for all proteins, 
where improper refolding after denaturation is an issue. In Figure 5, the different 
chelators, used in the work presented is this thesis, are shown.

teCHnetiuM-99m

99mTc is by far the most commonly used isotope for SPECT imaging. It is consid-
ered to have ideal physical characteristics such as almost pure gamma radiation 
with an appropriate energy for gamma cameras (~140 keV) and a convenient 
half-life of 6 h. Technetium, with the atomic number 43, is the lightest element 
in the periodic table without any stable isotopes1. 99mTc is the decay product of 
molybdenum-99 (99Mo) and can be very cheaply and easily produced using the 
99Mo/99mTc generator, which also makes the nuclide very convenient to transport 
from the production facilities to the SPECT centers where it will be used [36]. 
When eluted from the generator, 99mTc is in the form of pertechnetate 99mTcO4

-, 
with the oxidation state +7. For labeling, the pertechnetate f irst has to be reduced 
– this is predominantly done with stannous chloride (SnCl2), although other 
reducing agents have been used. Technetium can be chelated by many different 
chelators with varying stability. A particularly stable class of chelators for the 
technetium (+5) is composed of three nitrogen atoms from a peptide backbone 
and a sulfur moiety, from e.g. a cysteine residue or a mercaptoacetyl moiety. This 
type of chelator can be designed as N3S or SN3 [37–39]. Today, 99mTc is used in 
many different kinds of imaging, e.g. lung perfusion, heart perfusion, kidney 
perfusion or tumor imaging [40–43].

2.1.2 Fluorine-18

If 99mTc is the king of SPECT, then 18F is the dominator of PET. It has a very 
high probability of positron decay, almost 97%. The remaining 3% of the decay 
is in the form of electron capture. It has one of the lowest Emax (0.635 MeV) 
amongst the PET nuclides and thereby a very short positron range in tissue (max 
2.3 mm). Among the positron emitters it has a quite long half-life of almost 110 
min which allows for transport for a couple of hours from the PET production 
centers. Today it is mostly produced as f luoride (18F-) through the process of 
proton bombardment of oxygen-18 (18O) in water causing a (p, n)- or “knock-out” 
reaction. The most common use of 18F is to couple it to a glucose to form [18F]
f luorodeoxyglucose ([18F]FDG) [44]. ([18F]FDG)-PET is used to visualize areas 
of high metabolism in vivo as the sugar is taken up by highly active cells. The 
sugar is trapped intracellularly since it cannot be further metabolized due to 
the substitution of the hydroxyl group in position 2 by f luorine. An increased 

1. Although the most long lived isotope of technetium, technetium-98 (98Tc) has a half-life of 4.2 million years.
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amount of the FDG accumulates and can then be imaged by the PET camera, 
often combined with a CT, as mentioned earlier. As tumors, active parts of the 
brain, and inf lammations normally have an increased metabolism, they can be 
visualized by a higher signal than the surrounding tissue. 

Although 18F is widely used, the radiochemistry is all but simple. The conditions 
needed for labeling are often not compatible with proteins and peptides, which 
often are the objects for labeling when considering targeted radioimaging. Since 
[18F]FDG is so widely used, dedicated synthesizers have been developed to facili-
tate fast, eff icient and reproducible synthesis of this compound [45]. However, 
when labeling proteins, the f luorine is often f irst coupled to a small organic 
group, i.e. a prosthetic group, and then this labeled prosthetic group is conju-
gated to the protein. This approach results in many synthesis steps, with decreas-
ing yield for each step and prolonged synthesis time. Today much research is 
focusing on new and improved prosthetic groups and their synthesis to facilitate 
higher yields in a shorter amount of time [27, 46, 47].

In summary, when deciding on a strategy for targeted molecular imaging, using 
proteins or peptides as tracers, the radiolabeling is a central determining factor. 
If your radionuclide of choice has a short half-life, the labeling chemistry must 
be very swift and eff icient in order to maintain enough activity for the imaging 
experiment. Fast and eff icient chemistry often involves harsh labeling conditions 
in terms of temperature and pH which in turn sets high demands on the protein 
being labeled. For a homogeneous and well-def ined f inal product, it is preferable 
to perform the labeling site-specif ically. To prepare the protein for site-specif ic 
labeling, unique amino acids with selective chemical reactivity can be incorpo-
rated recombinantly [35, 48, 49]. Alternatively, by employing synthetic produc-
tion of the peptide, chelators or other functionalized groups can be introduced at 
any position during the synthesis [50, 51]. This may not only allow site-specif ic 
labeling, but also enable new labeling chemistries that are not possible with only 
natural amino acids.

3 solid pHase peptide syntHesis – spps
Peptide or protein synthesis is the step-wise process of coupling the carboxyl group 
of one amino acid to the amine of another, thereby building a peptide chain one 
amino acid at a time. This is a convenient way to produce peptides and proteins 
since at each step you can make a decision to stop, repeat the last step, change 
an amino acid, use an unnatural amino acid or simply choose to incorporate 
another building block in the peptide chain. However, a small error in each step 
will rapidly accumulate and dramatically decrease the yield of the f inal product. 
Therefore, a reaction yield of 99% or more in each step is typically needed to 
eff iciently produce proteins longer than 40-50 amino acids. In chemistry one 
often employs an excess of one reactant in order to drive a reaction to comple-
tion. In 1963 Merrif ield suggested a new way to achieve this, namely to anchor 
the C-terminal of the growing peptide chain on a solid but porous support [52]. 
This method allowed using an excess of reagents to be added followed by an easy 
removal of the reagents, preparing the peptide chain for the next reaction. In 
addition, this strategy greatly reduced the problems during synthesis associated 
with poor solubility of the protected peptide chain. For this achievement he was 
later awarded the Nobel Prize in Chemistry. 

The basic principle for solid phase peptide synthesis (SPPS) is illustrated in Box 
1. In short, the carboxyl group of the f irst (C-terminal) amino acid is coupled 
to the solid support (also called a resin) via a linker. The amino group of each 
amino acid is protected in order to avoid the free amino acids to react with each 
other. The amino protecting group is cleaved off under basic conditions. The 
next amino acid is now ready to be coupled to the previous one. Coupling is done 
by activating the carboxylic group with an electron-withdrawing group in order 
to starve the carbon atom of electrons, which will make the carbon of the car-
boxylic group more attractive for a nucleophilic attack by the amino group in the 
previously coupled amino acid. Now, the amino protection of the second amino 
acid can be removed. This process is repeated for each amino acid in the synthesis 
until the polypeptide chain is complete. Some amino acids (i.e. Arg, Asn, Asp, 
Cys, Gln, Glu, His, Lys, Ser, Thr, Trp, Tyr) also have reactive side chains that 
need protection. These are protected for the entire duration of the synthesis 
and are only cleaved off at the end of the synthesis, together with the release of 
the peptide from the resin. Different types of side chains (i.e. alcohols, amines, 
phenol, guanidine, thiol, carboxyls and the imidazole) require different types 
of protecting groups. In the Merrif ield method, or Boc chemistry, the cleavage 
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of the different protecting groups and the release from the resin is achieved by 
gradients of acidity, with the f inal cleavage from the solid support only possible 
by extremely strong and toxic acids such as hydrof luoric acid (HF). To get milder 
reaction conditions, Carpino and Han suggested the use of another temporary 
protecting group for the amines, the 9-f luorenylmethoxycarbonyl (Fmoc) group, 
in 1972 [53].
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3.1 FMoC CHeMistry

The Fmoc chemistry is the most commonly used method for SPPS today. By using 
the base-labile Fmoc group as protection for the amino groups, more acid-labile 
(compared to Boc-chemistry) protecting groups can be used for the amino acid 
side chains, and also the linker anchoring the peptide chain to the solid support 
can be made more acid labile. This orthogonal strategy allows for weaker acids 
to be used in the f inal cleavage. With this approach the Fmoc protected a-amino 
group is usually deprotected using a 20% piperidine solution. The side chains that 
now can be protected with e.g. tert-butyl-derivatives (tBu or tBoc) or trityl-based 
groups are along with the resin linkers easily cleaved off by trif luoroacetic acid 
(TFA). Another useful property of the Fmoc group is the fact that it absorbs UV 
light. This enables monitoring of the amount of Fmoc that is cleaved off in each 
deprotection step. If adequate deprotection is not achieved in the f irst attempt 
the process can be repeated with fresh reagents before moving on to the coupling 
reaction. The orthogonality of the Fmoc strategy can be further expanded to 
include the side chain protecting groups. Specif ic amino acids can be protected 
by unique protecting groups which can be removed selectively, thereby exposing a 
single functional site for further modif ication [54, 55].  As an example, the meth-
yltrityl group (Mtt) can be used to protect the side chain amino group of lysine. 
The Mtt group can later be removed with as little as 1% TFA in DCM, leaving 
the rest of the “normal” protecting groups intact. For orthogonal protection of 
carboxylic acids, hydroxyls, or amino groups, an allyl-based protecting group can 
also be used. The allyl-based protection is then removed by palladium catalysis.

3.2 MiCrowave assistanCe

As with many chemical reactions the synthesis process can be accelerated by 
raising the temperature of the reaction. However, heating the reaction vessel 
on a plate or using an oil bath is not a viable option. This simply takes too long 
and creates temperature gradients in the reaction mixture which would lead to 
unwanted side reactions. A better option is to use microwave energy to heat the 
reaction [56]. The microwaves interact with ions and molecules with inherent 
dipolar momentum. The constantly changing electric f ield produced by the elec-
tromagnetic wave agitates the molecules, as they try to align themselves with 
the f ield. However, when the molecules align themselves in one direction, the 
f ield has already changed, resulting in a constant and rapid movement of the 
molecules, which in turn results in heat. This process, in contrast to convention-

al heating, is almost instantaneous throughout the whole sample and the heating 
is very rapid. The microwaves can be applied during deprotection, coupling and 
f inal cleavage. Although this helps in reducing the time for many reactions, 
as with conventional heating, this also leads to an increase in side reactions. 
However, by optimizing the applied power and temperature and by using the 
right reagents, most of the side reactions can be kept to a minimum [57].

SPPS clearly is an attractive method for generating high quality peptides and 
proteins. It allows for fast production of many different analogs for evaluation, 
including the use of unnatural amino acids, alternative building blocks and 
on-resin conjugation. It also produces a product free from host cell proteins, 
toxins and viruses that often need to be removed when using a recombinant pro-
duction method for in vivo studies. However the method is not without problems 
– the biggest problems of course being the side reactions and the relatively low 
yields. Furthermore, the peptide has to be purif ied from a complex crude mixture, 
which typically requires reversed phase high performance liquid chromatography 
(RP-HPLC). In RP-HPLC, highly f lammable and toxic buffers are used, which 
can be problematic when scaling up the process. The large amount of organic 
solvents used in the synthesis and the following purif ication is also neither easily 
handled, cost eff icient nor environmentally friendly. 
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4 protein-Based aFFinity reagents

In order to achieve high contrast images in targeted molecular imaging, the 
targeting agent should have suff iciently high aff inity and high specif icity for 
the target molecule [58]. To further enhance the contrast of the image the tracer 
should exhibit rapid clearance from the blood and the rest of the non-targeted 
tissue. Rapid clearance is achieved with small tracers (with a molecular weight 
below the glomerular f iltration cutoff, approximately 60 kDa) as they often are 
eff iciently f iltered in the glomeruli and exit the circulation via the kidney and 
into the urine. Also, the small size allows for a more rapid extravasation and 
diffusion into the extracellular space. However, with rapid clearance from the 
circulation the tracer has little time to f ind and bind to its target. Therefore, a 
small targeting agent needs to have a very high aff inity to its target in order to 
accumulate in suff icient amount to provide a good signal. As a targeting agent 
different types of ligands can be used – the natural ligand of the target, antibod-
ies, or a novel aff inity protein, preferably derived from one of the existing pro-
tein-based scaffolds. Some common, non-immunoglobulin, alternative scaffolds 
are listed in Table 3.

In recent years, a large number of different aff inity reagents have been developed. 
The most obvious choice has been the use of monoclonal immunoglobulins (Ig), 
i.e. antibodies, and fragments thereof [59, 60]. However, lately the development 
of non-immunoglobulin, protein-based scaffolds has been used with great success 
[61]. These so-called “scaffold” proteins originate from various structural classes 
with mainly one feature in common; a highly stable core structure which allows 
for grafting or otherwise incorporating aff inity functions without compromis-
ing the integrity of the “framework”. The “framework” refers to the 3-dimen-
sional structure of the protein which is highly dependent on the amino acid 
sequence and the surrounding environment of the protein. Although antibodies 
and their derivatives usually are highly tolerant towards sequence variations in 
their binding sites they are relatively sensitive to harsh environments in terms 
of extremes in buffers, pH and temperature. Also, in the world of molecular 
imaging, as mentioned earlier, size matters. In reference to this, alternative non-
immunoglobulin based protein scaffolds have the potential to far surpass anti-
bodies as aff inity reagents in various applications. 

Table 3: Examples of common, non-immunoglobulin, protein scaffolds.

naMe lengtH [aa] MW [kDa] dIsulfIde 
stabIlIzed

randoMIzed 
structure

structure

Affibody 58 7 No Helices 3-helix bundle
Anticalin 170 20 Yes Loops ß-barrel
Knottins 30 3 Yes Loops Cysteine knot
DARPin 67 + n x 33 14 + n x 3 No Helices & loops Ankyrin repeat
Fn3 (Adnectins) 94 10 No Loops ß-sandwich

4.1 size Matters

How does the size of the tracer molecule impact the tumor targeting and thereby 
image quality? Tumor uptake is dependent on many parameters including plasma 
clearance rate, permeability across the tumor capillary wall, diffusion within 
the tumor interstitium and available volume fraction in the tumor [62–64]. 
However, how these parameters interact and produce a f inal result is not elemen-
tary. Schmidt and Wittrup have done a fantastic work in trying to simulate and 
predict tumor uptake with respect to these parameters [58]. Although computer 
simulations of this kind do not in any way replace in vivo experiments, Schmidt 
and Wittrup’s data show a good overall conformity when compared with existing 
in vivo data. Their model shows that small (<10 kDa) and large (>100 kDa) 
tracers exhibit the highest tumor uptake, whereas intermediate size results in an 
uptake minimum, as shown in Figure 6. They also show that small tracers need 
to have a high aff inity toward the target in order to get a high retention in the 
tumor, whereas large enough molecules (~50 nm range) like liposomes and na-
noparticles exhibit little or no increase in tumor uptake with targeting, but are 
taken up and accumulate in the tumor nonspecif ically. 
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Figure 6: Graph of tumor uptake vs. 
molecular weight. The gray area represents 
computer simulation of tumor uptake as a 
function of effective molecular weight and 
experimental data from various HER2-
targeting experiments from the literature 
is plotted as black dots. The colored line 
marks the molecular weight of monomeric 
Affibody molecules. Simulated and experi-
mental data are in very good agreement. 
The graph is reconstructed and modified 
from Schmidt and Wittrup [58].
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4.2 antiBodies

Antibodies are the natural aff inity ligands of the human body. The terms 
antibody and immunoglobulin (Ig) are often used interchangeably and are con-
sidered synonyms in this text. They are large Y-shaped proteins produced by 
the body’s B-cells. Secreted antibodies circulate in the blood and are part of the 
humoral immune system. Their role in the immune system is to identify and 
bind to all possible antigens and thereby either neutralize a toxin, mark a cell or 
foreign object for elimination, or help to dispose of debris and other antigens. 
[65]
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Figure 7: Schematic illustration of the IgG molecule and some of its derivatives. The ap-
proximate size of each molecule is indicated below. 

The most abundant isotype of immunoglobulins in humans is the IgG molecule. 
This fairly large protein (~150 kDa) is composed of four subdomains, two 
identical light (L) chains and two identical heavy (H) chains. One light chain 
and one heavy chain are held together by a disulf ide bridge and several non-cova-
lent interactions. This heterodimer comes together with its identical counterpart 
by disulf ide bridges and non-covalent interactions between the H-chains to form 
the homodimer known as an IgG molecule, as seen in Figure 7. Both H- and 
L-chains consist of a constant (CH and CL) and a variable (VH and VL) domain. 
The constant part of an antibody, especially the Fc-region, makes up the effector 
function and communication with the rest of the immune system. The Fc-region 
is identical in different molecules within a class but differs between the classes 
and subclasses, e.g. IgA, IgM, IgG1, IgG2. There is a small number of variants of 
the constant regions that constitute the different classes. The variable domains 
of the IgG however are unique to each molecule and its clones. At the tip of each 
chain there are three loops called complementarity determining regions (CDRs). 
These are highly variable regions, both in the sequence and in the length of the 

loops. The CDRs of both the V H and V L make up the binding area toward the 
antigen. Since the two H-chains and L-chains are identical, one IgG has two 
identical binding sites and the potential to bind two antigen molecules at the 
same time. [65]

To generate an antibody towards a specif ic target the most straightforward 
method is to immunize an animal with the target in question and then isolate a 
pool of polyclonal antibodies from its serum. However, this method produces a 
heterogeneous product that will potentially differ for each batch produced [66], 
which might be problematic from a clinical viewpoint. Monoclonal antibodies 
(mAbs), that are well def ined and renewable, are typically produced by hybridoma 
technology or recombinant production [67, 68]. It is not always desirable to use 
the antibody in its natural form, as the effector function of the Fc-region or the 
large size of the protein might be undesirable for the particular application. With 
the development of recombinant or enzymatic methods it is possible to produce 
antibody fragments of different sizes and properties [69, 70], as seen in Figure 7.

4.2.1 iMaging appliCations

Antibodies and their derivatives are widely and successfully used in most areas 
where aff inity reagents are needed. For molecular imaging, however, full-sized 
antibodies are generally considered too big. The size of the protein and the effects 
of the Fc-region lead to a long circulation time in the blood [70]. Still, some 
mAbs are used in the clinic as tracers for tumor imaging, e.g. [99mTc]Arcitumom-
ab (CEA-Scan®) and [111In]Capromab pendetide (ProstaScint®) [71, 72]. In an 
effort to minimize the size of the antibody, the single domain antibody (sdAbs) 
fragment (12-15 kDa) has been developed [73]. Normally a single domain is 
unstable and has very poor solubility but during recent years naturally occurring 
antibodies consisting of only the heavy chains have been found in some animals 
belonging to the families of camels and sharks [74]. These f indings have helped 
in the successful development of the sdAbs. Although the size has been reduced 
tenfold there is still the task of labeling the tracer. Many labeling methods require 
quite harsh conditions which normally are not suited for most proteins, including 
immunoglobulins and derivatives thereof. The high temperatures and extreme 
pH often needed for the reaction simply denature the proteins and irreversibly 
destroy their 3D structure and binding capacity.
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4.3 aFFiBody MoleCules

One of the previously mentioned alternative scaffolds to antibodies is the Aff ibody 
technology. Aff ibody molecules originate from the staphylococcal protein A 
where the 58 amino acid B-domain was selectively mutated in order to achieve 
higher chemical stability [75]. The resulting protein was called the Z-domain. 
By further engineering of the Z-domain combinatorial protein libraries were 
produced, from which binders to virtually any protein target could be selected 
[76, 77].

The Aff ibody molecule is a small three helical bundle protein. Of the three 
helices normally only two (helix 1 and helix 2) participate in the actual binding 
to the target – the third helix though is needed for stability.

Synthetic combinatorial libraries are produced by randomizing 13 surface-ex-
posed amino acid positions in helices 1 and 2. To screen for binders in these 
libraries, in vitro selection systems like phage display or bacterial display are 
usually employed, which also enable the selection of high aff inity binders 
through the process of aff inity maturation. The selected Aff ibody molecule can 
then be produced in Escherichia coli (E. coli) in high yields [78]. Furthermore, 

because of their small size and rapid folding [79], Aff ibody molecules can be 
produced by chemical peptide synthesis in high yields [80]. Although the size of 
an Aff ibody molecule is much smaller than an antibody, as seen in Figure 8, the 
surface area available for binding is approximately the same [81, 82]. However, 
since the binding surface of the Aff ibody molecule is more f lat compared to the 
CDR-loops of the antibody the preferred binding epitopes might differ.

Aff ibody molecules are naturally cysteine-free but because of the high robustness 
of the Z-domain, modif ications to the amino acid sequence and/or further con-
jugations are highly acceptable. Recently an extensive redesign of the Aff ibody 
scaffold was undertaken in order to improve stability, peptide synthesis and 
increase hydrophilicity. The result “The new Aff ibody” has about 40% of its 
amino acids substituted compared to the original Z-domain [83]. Over the years 
a large number of applications and different binders have been developed that 
utilize the Aff ibody technology [84]. The most studied of the Aff ibody binders 
is the ZHER2:342 Aff ibody molecule and its derivatives. In fact, this binder is a set 
of binders, developed and improved over the years. To better understand the 
sequence evolution and relationship of the different binders mentioned in this 
thesis please see Box 2 – showing an alignment of the amino acid sequences and 
the differences between the constructs.

~110 Å

~150 Å

~30 Å

~30 Å

~16 Å

~150 kDa ~7 kDa

Figure 8: Size comparison between an Affibody molecule (PDB ID: 2KZJ) [81] and an 
antibody (PDB ID: 1IGT) [86]. 
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4.3.1 iMaging appliCations

For molecular imaging applications, at present, Aff ibody molecules might be 
considered the perfect candidate.

From a production point of view, the expression in E. coli allows for cost eff icient 
recombinant production at high yields. The small size enables synthetic produc-
tion which gives the opportunity to try different mutant iterations within a short 
amount of time.

From a radiolabeling point of view, the high structural and chemical stability 
and rapid refolding allows for effective site-specif ic conjugation of chelators and 
prosthetic groups. Also, the conjugations and labeling reactions can be performed 
at chemically harsh conditions and elevated temperatures, often required for a 
rapid and eff icient results [85].

From an imaging point of view, the small size and the ability to generate high 
aff inity binders allow for high contrast images due to the rapid clearance from 
blood and non-targeted tissue and relatively high uptake at the target site – also 
the robustness of the scaffold allows for a high degree of manipulation of the 
amino acid sequence in order to modulate the excretion path from the body.

ZHER2:342
ZHER2:2395
PEP9239
PEP5352 / 5541
PEP4313

- VDNKFNKEMR NAYWEIALLP NLNNQQKRAF IRSLYDDPSQ SANLLAEAKK LNDAQAPK
  
- AE-------- ---------- --T------- ---------- ---------- --------VDC
 
- V--X------ -R---A--DP ---------K ---I----X
    
- AEA-YA---- ---------- --T------- --K------- -SE--S---- ---S-GSECG
- AEA-YA---- ---------- --T------- --K------- -SE--S---- ---S----

10 6050403020

AMINO ACID SEQUENCE ALIGNMENT

PAPER

PEP5352

PEP5541 Helix 1 Helix 2 Helix 3

Helix 1 Helix 2 Helix 3

I

ABY-002
(ZHER2:342)

PEP9239

Helix 1 Helix 2 Helix 3

Helix 1 Helix 2

X
X

I I

ZHER2:2395 Helix 1 Helix 2 Helix 3
I I I

PEP4313

E3PEP4313 Helix 1 Helix 2 Helix 3E-E-E

F
Helix 1 Helix 2 Helix 3

F

IV

SCHEMATIC ILLUSTRATION

-  DOTA

X -   Homocysteine

-  NOTA

F
-   4- f luorobenzyl id ine-oxime 

SEQUENCE ALIGNMENT:
-  ZHER2:342 is used as a reference throughout the comparison
- Dashes indicate no di fference from the reference
- Red let ters represent the diversi f ied amino acid posi t ions
- Boxes indicate approximate posi t ion of  hel ices
- X corresponds to homocysteine

SCHEMATIC ILLUSTRATION:
-  Matching color of  hel ices indicate ident ical  pr imary sequence
  between di fferent constructs (not wi th in a molecule).

V-D-C

Box 2: Amino acid sequence alignment and schematic illustration of the Affibody molecules 
used in this thesis. 
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5 aiM oF tHe tHesis 
The overall aim with this thesis was to f ind different ways of optimizing the 
Aff ibody molecule as an imaging agent for radionuclide imaging. The Aff ibody 
technology has already been shown to be very well suited for this task, mainly 
due to the molecule’s small size, robust structure and the ability to generate high-
aff inity binders to many relevant targets [84, 87]. However, in order to be truly 
exceptional and make it all the way to the clinic for routine use, further optimi-
zation is needed. Besides specif ic and eff icient targeting, most importantly the 
labeling has to be swift and straightforward. Also, preferably the same molecule 
should be able to be labeled with different radionuclides. 

In the four papers presented in this thesis, the f irst two papers focus on improve-
ments to the framework of the molecule in order to facilitate production capa-
bilities and create better images, but also to make the molecule more versatile, 
allowing for a wider range of radionuclides to be attached. The last two papers 
focus on developing new and improved ways of labeling the Aff ibody molecule 
with 18F. This is done in order to position the scaffold in the frontlines of 
tracers suitable for the fast growing area of PET imaging. In all papers Aff ibody 
molecules binding HER2 have been evaluated in vivo using murine models. Mice 
with HER2-expressing xenografts were used as a tumor model.

5.1 design, syntHesis and BiologiCal evaluation oF a 
MultiFunCtional Her2-speCiFiC aFFiBody MoleCule For 
MoleCular iMaging. (paper i)

In this paper we aimed to develop a multifunctional platform for site-specif ic 
labeling of Aff ibody molecules with different nuclides for radionuclide imaging. 
The goal was to design and produce an Aff ibody molecule that would be suitable 
both for labeling with trivalent radiometals and with 99mTc. Another requirement 
was to allow for both recombinant and synthetic production. This excluded the 
use of unnatural amino acids. As a model, a HER2-binding Aff ibody molecule 
was used. 

Previous studies on labeling of Aff ibody molecules with 99mTc employed mer-
captoacetyl-containing peptide based chelators at the N-terminus [29–31, 38, 88]. 
These studies provided an important insight into how the amino acid composition 
of the chelator inf luences the biodistribution prof ile and the excretion pathway 
of 99mTc-labeled Aff ibody molecules. It was shown that the use of maESE [31] and 
maSKS [88] provided low retention of 99mTc in kidneys. However, a serious limi-
tation to this approach was that it could only be applied to synthetic Aff ibody 
molecules, which limited the production alternatives. It was further shown that 
the use of cysteine-containing peptide-based chelators at the N-terminus [89] 
produced 99mTc-labeled Aff ibody molecules capable of specif ic targeting in vivo. 
However, such conjugates demonstrated elevated uptake in salivary glands and 
stomach, presumably due to insuff icient stability of the chelator because of sub-
optimal complex geometry. On the other hand, the use of the cysteine-containing 
peptide based chelator –VDC on the C-terminus provided stable labeling with 
99mTc [39]. However, the use of –VDC resulted in high retention of radioactivity 
in the kidneys. 

In the light of the previous studies, an N3S peptide chelator with the sequence 
Ser-Glu-Cys (SEC) was placed at the C-terminus, f lanked by Gly at both sides. 
The –SEC chelator is a C-terminal “mirror” of the N-terminal maESE- chelator, 
and we hypothesized that this would reduce renal retention of 99mTc in a similar 
way. This construct allowed for eff icient and stable chelation of 99mTc at the same 
time as providing a cysteine residue that can be used for maleimide conjugation 
of a DOTA to accommodate for the chelation of trivalent metals. Also, by only 
using natural amino acids, recombinant or synthetic production is possible.

In this study, the Aff ibody construct PEP05352 was produced by microwave-
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assisted SPPS and successfully labeled with 99mTc. The DOTA conjugated variant 
of the same peptide was named PEP05541 and labeled with 111In. The binding 
kinetics were analyzed using a Biacore instrument and the K D shown to be 74 
pM and 84 pM for PEP05352 and PEP05541, respectively. The difference in 
aff inity is within the error of the method. The biodistribution in normal mice 
showed very low uptake in non-targeted tissue, suggesting a stable chelation in 
both cases. In addition, there was an impressive reduction of renal uptake from 
191 to 48 %IA/g compared to previous data with 99mTc-labed Aff ibody molecules 
[39]. 111In-PEP05541 showed a renal uptake of 209 %IA/g which is not surpris-
ing considering the residualizing nature of the 111In-DOTA label. Both variants 
showed HER2-specif ic binding in nude mice bearing LS174T xenografts. 99mTc-
PEP05352 showed a tumor uptake of 6.3 %IA/g whereas 111In-PEP05541 had an 
uptake of 8.2 %IA/g. This small difference did however not affect the tumor-to-
blood ratio, which was approximately 30 for both candidates at 4 h p.i. 

In this paper we show that by adding the -GSECG sequence to the C-terminal 
of an Aff ibody molecule, we create a highly versatile platform for radionuclide 
molecular imaging. The tracer can be labeled with 99mTc, the most common and 
widely used SPECT radionuclide but also, through the cysteine residue and con-
jugation to other chelators, trivalent radiometals (e.g. indium, gallium, cobalt, 
and yttrium) are available for labeling. In addition the system can be used for 
site-specif ic labeling with other probes available for thiol-chemistry, e.g. f luo-
rophores and cell toxins. The platform is compatible with both synthetic and 
recombinant production of the Aff ibody molecules, providing f lexibility in the 
selection of manufacturing method. Also, this approach is not necessarily re-
stricted only to Aff ibody molecules. This approach might be useful for other 
scaffolds as well, as demonstrated for octreotide- or RGD-based imaging [90, 91].

5.2 direCt CoMparison oF 111in-laBelled two-Helix and 
tHree-Helix aFFiBody MoleCules For in vivo MoleCular 
iMaging. (paper ii)

In this work we further pursued the potential optimization of the Aff ibody 
framework – this time, an investigation into the role of tracer size and aff inity 
on tumor targeting and image contrast.

Previously, the use of radiolabeled ZHER2:342 derivatives for radionuclide molecular 
imaging of HER2-expressing tumors had demonstrated excellent results in both 
preclinical [92] and clinical [93] settings. In efforts to increase the sensitivity 
of the Aff ibody-based imaging, further size reduction of the Aff ibody molecule 
by removing the third a-helix was recently accomplished by Webster et al. [94], 
based on earlier work by Braisted and Wells [95]. The concept was that the 
smaller size would increase imaging contrast by better tumor penetration and a 
more rapid clearance from blood circulation and non-targeted areas. However, 
removing the third helix causes severe instability in the Aff ibody scaffold and 
multiple mutations are needed in order to counteract this. Also, in this version 
two homocysteines were introduced to form an intramolecular S-S-bridge to 
further increase stability. Still the aff inity was reduced to a KD of 4.8 nM as 
compared to 78 pM for the original three-helix variant. Comparing the published 
data with similar studies on a full-length, three-helix Aff ibody molecule [96] 
suggested that the truncated variant had signif icantly lower tumor uptake 2 h 
after injection, 12.4±3.8 %ID/g and 4.12±0.83 %ID/g, respectively. However, 
comparing biodistribution data, published by other groups, is not reliable, as 
the data might be affected by differences in mice strains, cell-lines transformed 
during multiple passages and experimental techniques at different research sites. 
A direct comparison of the two variants in the same study, using the same batch 
of tumor-bearing mice, would provide much more reliable comparative informa-
tion.  

In this study the goal was to perform a direct comparison of the two synthetic 
variants; the two-helix variant, here denoted PEP09239, and the full-length 
ABY-002 (DOTA-ZHER2:342) in terms of biodistribution and targeting prop-
erties. This was done in a murine model with two different xenografts, with 
both high (SKOV-3) and low (LS174T) HER2 expression. Radiolabeling was 
done with 111In. As described earlier, PEP09239 was shown to have a greatly 
reduced aff inity, with a KD of 2 nM according to our measurements. According 
to the circular dichroism (CD) measurements, the helicity was also somewhat 
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reduced. The melting point could not be determined, as the melting curve did 
not show any distinct transition. 111In-PEP09239 showed specif ic HER2 binding 
in blocking studies. The animal studies showed a more rapid clearance from 
the blood for 111In-PEP09239.  In xenografts with high HER2 expression, 111In-
ABY-002 showed a signif icantly higher tumor uptake than 111In-PEP09239. The 
tumor-to-blood ratio was higher for 111In-PEP09239 at 4 h after injection, while 
there was no signif icant difference in other tumor-to-organ ratios. However, the 
tumor uptake of 111In-ABY-002 was eightfold higher than that of 111In-PEP09239 
in xenografts with low expression. The tumor-to-blood ratios were equal while 
the other tumor-to-organ ratios were higher for the three-helix variant.

To conclude, two-helix Aff ibody molecules can provide a higher imaging contrast, 
at the cost of lower uptake in tumors with high expression of HER2. However, 
for tumors with low expression, both tumor uptake and tumor-to-organ ratios 
are substantially lower for the two-helix variant, compared to the original three-
helix Aff ibody molecule.

5.3 iMaging oF HuMan epiderMal growtH FaCtor 
reCeptor type 2 expression witH 18F-laBeled aFFiBody 
MoleCule zHer2:2395 in a Mouse Model For ovarian 
CanCer. (paper iii)

In the following studies, the focus was changed from scaffold improvements 
to conjugation and radiolabeling development. Because of the higher sensitiv-
ity and better quantification accuracy of PET compared with SPECT, imaging 
of HER2 expression may be improved. Using 18F as the positron-emitter would 
also improve image quality due to its low positron energies. However, radiola-
beling with 18F is not a straightforward feat. Kramer-Marek et al . have conju-
gated ZHER2:342 with [N-2-(4-18F-fluorobenzamido)ethyl] maleimide (18F-FBEM) 
[97] and successfully visualized  HER2-expressing tumors. However these kind 
of labeling reactions, including the preparation of the prosthetic group, are not 
straightforward and/or require a lot of time with concerns regarding the short 
half-life of the radionuclide. 

In this study we focus on a new method recently described for labeling NOTA-
conjugated peptides with 18F [98, 99]. This method utilizes the formation of 
aluminum 18F-fluoride (Al18F) and its chelation by NOTA. With this method, the 
number of steps and the time for radiolabeling can be reduced, resulting in more 
activity left for imaging. The aim of the present study was to determine whether 
the 18F-labeled Affibody molecule ZHER2:2395 is a suitable imaging agent for HER2 
expression in mice with SKOV-3 xenografts. NOTA-conjugated ZHER2:2395 was 
radiolabeled with Al18F and compared with 111In- and 68Ga-labeled ZHER2:2395. 

The radiolabeling yield for 18F, 68Ga, and 111In was 21.0%, 84.6%, and 94.0%, 
respectively. No release of free Al18F could be detected after incubation in human 
or mouse serum at 37º C for 4 h, indicating excellent stability. Biodistribution 
studies showed a tumor uptake, 1 h after injection, of 4.4 %ID/g for 18F-NOTA-
ZHER2:2395 , compared to 5.6 %ID/g and 7.1 %ID/g for 68Ga- and 111In-NOTA-
ZHER2:2395, respectively. All constructs showed rapid clearance from the blood 
circulation and non-targeted organs, resulting in tumor-to-blood ratios of 7.4, 
8.0 and 4.8 for 18F- , 68Ga- and 111In-NOTA-ZHER2:2395, respectively. The images 
produced by both PET/CT and SPECT/CT clearly visualized HER2-expressing 
xenografts, with high contrast to normal tissues. Also, high stability of the Al18F-
NOTA complex in vivo was indicated by the fact that PET/CT did not reveal any 
bone uptake.
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In conclusion, all three radiolabeled Affibody molecules were able to target and 
visualize HER2-expressing tumors. However, the use of positron-emitting ra-
dionuclides, e.g. 18F and 68Ga, is preferred over 111In due to the higher sensitivity 
and better quantification accuracy of PET as compared with SPECT. As a PET 
radionuclide, 18F is more desirable than 68Ga because of its longer half-life (110 
vs. 68 min) and shorter positron range (2.3 mm vs. 8.9 mm in water), which will 
improve image quality. Although other methods of labeling proteins and peptides 
with 18F exist, they often require synthesis times of several hours, whereas we 
were able to radiolabel Affibody molecules with 18F within 30 min using a 2-step, 
1-pot reaction.

This study showed that 18F-NOTA-ZHER2:2395 is a promising new imaging agent 
for HER2 expression in tumors, although further research is needed to determine 
whether this technique can be used for patient selection for HER2-targeted 
therapy.

5.4 inCorporation oF a triglutaMyl spaCer iMproves 
tHe BiodistriBution oF a syntHetiC aFFiBody MoleCule 
radioFluorinated at tHe n-terMinus via oxiMe ForMation 
witH 18F-4-FluoroBenzaldeHyde. (paper iv)

In the previous paper we demonstrated a swift and elegant way of labeling 
Aff ibody molecules with 18F. However, as is common with small tracers and re-
sidualizing radiometabolites, we observed high kidney uptake. Since the PET 
modality, and especially the favorable properties of the positron emitter 18F, is a 
good way of increasing the sensitivity of radionuclide imaging, we continued our 
work with optimizing the Aff ibody molecule for 18F-labeling.

In this paper we wanted to label the Aff ibody molecule using 18F-4-f luorobenzal-
dehyde (FBA) via an oxime formation. The use of FBA to label Aff ibody molecules 
has successfully been shown before [100–102]. However, in all previous cases 
there was a problem with elevated liver uptake which might prevent imaging of 
liver metastases in clinic. Considering that liver metastases are quite common for 
many cancers, this could pose a serious problem [103]. The elevated liver uptake 
is however not a property of the Aff ibody molecule per se but a consequence of 
the labeling method and the following increase in lipophilicity of the entire 
construct. The same Aff ibody molecules labeled with other methods have shown 
considerably lower liver uptake [96, 97, 104]. Previous attempts of suppressing a 
high liver uptake by incorporation of glutamyl residues and thereby lowering the 
lipophilicity have proven successful [30, 105]. Could this approach also be used 
in conjunction with 18F-FBA?

In this work we hypothesized that incorporation of a hydrophilic triglutamyl 
spacer between the aminooxy moiety and the N-terminus of a synthetic Aff ibody 
molecule would decrease the hepatic uptake of 18F-FBO-labeled Aff ibody 
molecules.

Two variants of the Aff ibody molecule ZHER2:342 were synthetically produced: 
OA-PEP4313, where aminooxyacetic acid was conjugated directly to the N-
terminal alanine, and OA-E3-PEP4313, where a triglutamyl spacer was intro-
duced between the aminooxy moiety and the N-terminus. The two molecules 
were synthesized using microwave-assisted solid phase peptide synthesis (SPPS). 
A 0.1 mmol batch was synthesized up to the f irst amino acid of PEP4313 (A1). 
Thereafter, the batch was split into two equal parts for the completion of the two 
different molecules. At this stage, the E3-linker and the f inal, protected, ami-
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nooxyacetic acid (Bis-Boc-aminooxyacetic acid) (BB-AOA) were attached using 
manual peptide synthesis. Both variants and their N-(4-f luorobenzylidine)-ox-
ime derivatives were characterized by biophysical methods. The biodistribution 
of the radiof luorinated variants was evaluated in normal mice to evaluate the 
inf luence of the triglutamyl spacer on hepatic uptake.

Both FB-PEP4313 and FB-E3-PEP4313 retained capacity to bind to HER2 with 
very high aff inity, 50 pM and 180 pM, respectively. The presence of the E3-linker 
did not interfere with the refolding of FB-E3-PEP4313, as shown by circular 
dichroism (CD) measurements before and after heating to 90 ºC. The biodistri-
bution experiment confirmed our hypothesis concerning the liver uptake. The 
uptake of 18F-FB-E3-PEP4313 in liver (1.9±0.1 %ID/g) was nearly threefold (p 
<0.05) lower than that of 18F-FB-PEP4313, 2 h p.i. Interestingly however, there 
was no signif icant difference in the radioactivity in the gastrointestinal tract, 
which means that the presence of the spacer did not inf luence hepatobiliary 
excretion of radioactivity. The spacer did however inf luence the renal uptake. 
Although renal uptake was considerably lower for both molecules (≤7 %ID/g) 
compared with residualizing radiometal labels (e.g. 68Ga-DOTA or 111In-DOTA, 
usually >200 %ID/g), 18F-FB-E3-PEP4313 showed a kidney uptake of 2.8±0.3 
%ID/g, which is more than a twofold reduction compared to 18F-FB-PEP4313. 
Hypothetically, the triglutamyl spacer might interfere with the processing of the 
protein in the proximal tubuli or aid in enzymatic cleavage of hydrophobic 18F-
bearing catabolites from the Aff ibody molecule [106]. 

In conclusion, the introduction of a triglutamyl linker between the N-(4-
f luorobenzylidine)-oxime and the N-terminus of the Aff ibody molecule provided 
a conjugate with high (low picomolar) aff inity. In mice, both hepatic and renal 
uptake of 18F-FB-E3-PEP4313 was reduced in comparison with 18F-FB-PEP4313. 
With the encouraging biodistribution properties of 18F-FB-E3-PEP4313, further 
studies in tumor-bearing mice, are justif ied. 

6 ConClusions

I believe that, in these four papers, we have demonstrated the great robustness 
and high versatility of the Aff ibody molecule. It has previously been shown that 
it is possible to produce binders towards a large set of targets, e.g. HER2, EGFR, 
insulin, amyloid β-peptide and TNF-a, [77, 107–109]. With our Aff ibody 
variants, targeting HER2, we have added multifunctional features to the binder 
that enable a wide variety of radionuclides to be used for molecular imaging. 
We also enabled the possibility to produce the targeting proteins using both 
peptide synthesis and recombinant production (Paper I). In Paper II we show the 
remarkable strength of the scaffold by being able to retain binding and speci-
f icity towards the target despite removing as much as one third of the amino 
acids in the protein. However, the study also shows that the smaller size and 
lower aff inity greatly compromise the ability to image low-expressing tumors. 
Finally, in the last two papers, we show two eff icient methods for 18F-labeling 
of Aff ibody molecules allowing for PET imaging. The f irst method (Paper III), 
employing AlF-chemistry, could be especially useful for fast internalizing surface 
proteins as targets, due to the residualizing radiometabolites. The second method 
(Paper IV), giving non-residualizing  radiometabolites, resulted in a remarkable 
decrease in kidney uptake while keeping the hepatic uptake at low levels, with the 
added triglutamyl linker. This work should provide important data and experi-
ence in the pursuit of a highly potent radioimaging agent, which is not limited to 
imaging of HER2, but could prove to be useful in the development of tracers to 
other targets and even using other protein scaffolds.
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varit underbara att jobba med. 

Camilla, Ullis, Basia och resten av skvallertanterna. Ni har varit helt underbara. 
Hur skulle man klarat sig utan er?!

Tack Calle och Erik för alla LAN! Hur kan någon gå igenom en hel doktorsutbild-
ning utan att viga några helger per år till meningslöst gejmande, ehh… kompiler-
ing av Linux-kärnor och Southpark-tittande medans man trycker i sig burkvis med 
Jolt-Cola, pizza och chips!? Det är för mig ett mysterium. Även om det på sistone 
har blivit mer kvällar än helger, antagligen pga. att vissa gått och växt upp och 
skaffat barn o sånt tjafs ;-) Tack Marica och Kattis för att ni har delat med er i 
alla fall! :-)
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Rockberg, du har varit grym att ha med sig på resan. Först smugglar du in mig 
i ert fina rum så jag slipper rookie-rummet, Henrik var visst inte helt nöjd. Sen 
har det bra varit geniala idéer och upptåg hela vägen. Glömmer aldrig när vi helt 
spontant hamnade i Globen med Mange (tack för det Mange!) och varsitt all-
access-pass i handen – 3:ne killar och 13000 tjejer! Jo man tackar!

Slutligen, alla andra på plan 3. Tack för ni har gjort min doktorandtid här ytterst 
trevlig.

Andreas Hamström, var har du hållit hus… i hela mitt liv? Oxelösund är inte så 
lång bort. Faktum är att du är nog den bästa vän jag har. När man ”kommer hem” 
så behöver man aldrig ha några planer, man kommer bara över och så kan va sig 
själv en stund :-) Kommer alltid minnas somrarna med moppe, inlines och beach-
volleyboll! Sen stack jag till storstan. Men man känner sig alltid välkommen hem 
till dig och Maria och det är jag otroligt tacksam för!

Mamma, Pappa och syster Kattis. Tack för att ni alltid har varit där och stöttat. 
Mamma, jag har aldrig varit hungrig eller utan mat i frysen. Pappa, du har alltid 
sett till att jag anstränger mig till det yttersta. Kattis, du finns alltid där när man 
behöver prata eller bara sätta dit onda p-bolag i rätten :-)

Helena, tack för att du inte gav upp! Tack för att du orkar stå ut med mig och tar 
hand om mig! Och jag hoppas att du kommer stå ut med mig en lång, lååång tid 
framöver. Jag hade nog inte fixat det här utan dig. Du är det bästa som har hänt 
mig och jag Älskar dig mest av allt!

...jo det var en sak till...

Jag skulle även vilja tacka kvalitetsorkestern AC/DC för att ha bidragit med in-
spiration, glädje och ork under hela denna tid. Ja, jag vet vad folk kommer säga, 
typ Peter Järver, – De har gjort 14 skivor som låter precis likadant. Men det 
är fel. De har gjort 15 skivor som låter likadant! Och de låter jävligt bra! ;-) 
Men jag gillar dig ändå Peter.
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