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Abstract
Strand, J. 2015. Affibody Molecules for PET Imaging. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1125. 70 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-554-9299-1.

Optimization of Affibody molecules would allow for high contrast imaging of cancer associated
surface receptors using molecular imaging. The primary aim of the thesis was to develop
Affibody-based PET imaging agents to provide the highest possible sensitivity of RTK detection
in vivo. The thesis evaluates the effect of radiolabelling chemistry on biodistribution and
targeting properties of Affibody molecules directed against HER2 and PDGFRβ. The thesis is
based on five published papers (I-V).

Paper I. The targeting properties of maleimido derivatives of DOTA and NODAGA for site-
specific labelling of a recombinant HER2-binding Affibody molecule radiolabelled with 68Ga
were compared in vivo. Favourable in vivo properties were seen for the Affibody molecule with
the combination of 68Ga with NODAGA.

Paper II. The aim was to compare the biodistribution of 68Ga- and 111In-labelled HER2-
targeting Affibody molecules containing DOTA, NOTA and NODAGA at the N-terminus. This
paper also demonstrated favourable in vivo properties for Affibody molecules in combination
with 68Ga and NODAGA placed on the N-terminus.

Paper III.  The influence of chelator positioning on the synthetic anti-HER2 affibody
molecule labelled with 68Ga was investigated. The chelator DOTA was conjugated either at
the N-terminus, the middle of helix-3 or at the C-terminus of the Affibody molecules. The N-
terminus placement provided the highest tumour uptake and tumour-to-organ ratios.

Paper IV. The aim of this study was to evaluate if the 68Ga labelled PDGFRβ-targeting
Affibody would provide an imaging agent suitable for PDGFRβ visualization using PET. The
68Ga labelled conjugate provided high-contrast imaging of PDGFRβ-expressing tumours in vivo
using microPET as early as 2h after injection.

Paper V. This paper investigated if the replacement of IHPEM with IPEM as a
linker molecule for radioiodination of Affibody molecules would reduce renal retention of
radioactivity. Results showed that the use of the more lipophilic linker IPEM reduced the renal
radioactivity retention for radioiodinated Affibody molecules.

In conclusion, this thesis clearly demonstrates that the labelling strategy is of great importance
with a substantial influence on the targeting properties of Affibody molecules and should be
taken under serious considerations when developing new imaging agents.
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Cancer 

Cancer constitutes a group of approximately 200 different types of diseases, 
all with different molecular mechanisms. Nonetheless, there are certain 
common characteristics for all types of cancer, such as sustained prolifera-
tive signalling, evasion of growth suppression, resistance to apoptosis, in-
duced angiogenesis and activation of invasion and metastasis. These hall-
marks of cancer are reviewed in detail by Hanahan et al. (2011). 

Cancer is associated with genomic instability, which may transform nor-
mal genes (proto-oncogenes) that promote cell growth and survival into tu-
mour-inducing genes (oncogenes). The causes of transformation include, for 
example, a deletion or point mutation in a coding sequence, chromosomal 
rearrangement or gene amplification. Gene amplification results in the over-
expression of certain types of cell-surface proteins, e.g., receptor tyrosine 
kinases (RTK), G-protein coupled receptors or cell adhesion molecules. 
Many of these cell-surface proteins serve as targets for anti-cancer drugs.  

However, these targets are not expressed on all malignant cells. In fact, 
there is great phenotypic variability among malignant cells within the same 
tumour (intra-tumour heterogeneity), as well as between a primary tumour 
and metastatic sites (inter-tumour heterogeneity). Furthermore, patients with 
the same type of cancer do not always express the same type of phenotypic 
features, resulting in inter-tumour heterogeneity among patients  (Figure 1) 
(Marusyk & Almendro, 2012).  

Tumour heterogeneity requires that one must tailor treatment to each in-
dividual patient to get an effective treatment response and to avoid unneces-
sary treatments, this necessitates detection of targets (e.g., RTK) for each 
individual patient. 
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Figure 1. Different types of tumour heterogeneity 1. Inter-tumour heterogeneity 
(between patients) 2. Inter-tumour heterogeneity (between primary and metastatic 
sites) 3. Intra-tumour heterogeneity (within tumours)  

RTK 
Receptor tyrosine kinases comprise a family of receptors with twenty sub-
families, e.g., class I (the Human epidermal growth factor receptor family), 
class II (the Insulin receptor family) and class III (the Platelet-derived 
growth factor receptor family). An RTK typically consists of an extracellular 
domain for ligand binding, a hydrophobic transmembrane domain, and a 
cytosolic domain for signalling (the kinase domain). Normally, ligand bind-
ing to an RTK induces receptor activation, followed by the activation of 
downstream signalling pathways. Signalling from RTKs promotes cell sur-
vival, proliferation, motility, angiogenesis and differentiation. (Lemmon & 
Schlessinger, 2010)  

 
 

In this thesis, agents for imaging two RTK targets human epidermal growth 
factor receptor 2 (HER2), and platelet-derived growth factor receptor β 
(PDGFRβ), were investigated.  
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HER2 
There are four members of the HER family: HER1, HER2, HER3 and 
HER4. Interestingly, in contrast to its sister receptors, HER2 do not bind to 
any known ligand; instead, HER2 forms heterodimers with ligand-bound 
HER1, HER3 or HER4. Subsequent activation of intracellular tyrosine ki-
nases initiates downstream singling pathways (regulating proliferation, apop-
tosis, migration and differentiation).  

The gene coding for HER2 can convert into an oncogene via gene ampli-
fication, resulting in the overexpression of HER2 on the cell membrane 
(Yarden, 2001). HER2 gene amplification is observed in 20-30 % of breast 
cancers (Yarden, 2001) 2-76 % of epithelial ovarian cancers (Serrano-
Olvera, Dueñas-González, Gallardo-Rincón, Candelaria, Garza-Salazar, 
2006), 0-30 % of colorectal cancers (NathansonCulliford,Shia, Chen, 
D'Alessio, Zeng, 2003), 8 % of prostate cancers  (Edwards, Mukher-
jee, Munro, Wells,  Almushatat, 2004) and 2-23 % of non-small cell lung 
cancers (Swanton, Futreal, Eisen, 2006).  

Because HER2 overexpression is relatively particular to tumours, specific 
HER2 targeting agents such as antibodies (trastuzumab, pertuzumab) or ty-
rosine kinase inhibitors (TKIs) (lapatinib) are suitable cancer therapies. TKIs 
act intracellularly by blocking intracellular receptor tyrosine kinase sites. In 
contrast, monoclonal antibodies act extracellularly by initiating antibody-
dependent cellular cytotoxicity and antibody-dependent complement toxici-
ty, blocking receptor dimerization and the forced internalization of HER2 
(Arteaga, Sliwkowski, Osborne, Perez, Puglisi, Gianni 2011). The anti-
tumour action of antibodies might be further improved by the conjugation of 
cytotoxic drugs or radionuclides (Wu & Senter, 2005; Arteaga  et. al 2011). 

Because only tumours with HER2 overexpression may respond to HER2 
targeting therapies, measurement of the HER2 expression level is required 
for optimal treatment planning, so-called personalized therapy. Indeed, the 
benefit associated with HER2 measurement has led the American Society of 
Clinical Oncology to issue the recommendation that HER2 expression 
should be evaluated in patients with invasive breast cancer (Wolff et al. 
2013).   
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PDGFRβ 
The platelet-derived growth factor receptor (PDGFR) family consists of two 
transmembrane tyrosine kinase receptors: PDGFRα and PDGFRβ. Ligand 
binding triggers receptor dimerization and downstream signalling, resulting 
in cell migration, survival and proliferation (Heldin & Westermark 1990). In 
contrast to HER2, PDGFRβ is expressed at a certain levels in normal tissues 
(Heldin & Westermark 1990).  

The PDGFR family is associated with cancer development, e.g., through 
overexpression of the receptors. PDGFRβ overexpression has been found in 
prostate cancer, breast cancer and non-small cell lung cancer (Heldin, 2013). 
Moreover, PDFGRβ mRNA expression has been demonstrated to predict 
prostate cancer recurrence (Singh et al, 2002). Recently, Hanahan et al. 
(2011) have suggested that the “tumour microenvironment” which includes 
stromal cells, e.g., fibroblasts and pericytes, contribute to the acquisition of 
the cancer hallmarks. Interestingly, the presence of tumour stroma cells ex-
pressing PDGFRβ has been shown to correlate with a poor prognosis in 
breast and prostate cancer (Paulsson et al, 2009; Hägglöf, Hammarsten, 
Josefsson, 2010). It has also been demonstrated that inhibiting PDGF recep-
tors on fibroblasts causes a reversible reduction of the interstitial fluid pres-
sure (IFP) of tumours. Importantly, PDGFR inhibition resulted in improved 
tumour uptake of a tumour-targeting antibody, presumably due to reduced 
IFP (Östman & Heldin, 2007). 

These data indicate that targeting PDGFRβ may prolong the survival of 
cancer patients, consequently several monoclonal antibodies and TKI-
targeting PDGFRβ are currently under investigation as potential targeting 
drugs for cancer therapy (Ogawa et al 2010; Shen et al. 2009; Stacchiotti et 
al. 2012).  

There are also several other pathological conditions involving the expres-
sion of PDGFRβ, such as atherosclerosis and various fibrotic diseases 
(Heldin, 2014).  

 
 
In conclusion, PDGFRβ and HER2 are promising targets for several 

treatments, and detection of HER2 and PDGFRβ could aid in diagnosis and 
identification of patients who would most likely benefit from treatment and in 
the monitoring of treatment response.   
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Investigation and diagnosis of cancer 
Cell/tissue sampling 
Tissue sampling (histology) or cell sampling (cytology) are the current cor-
nerstones of cancer diagnosis. A tissue sample or biopsy can be extracted via 
open surgery, transcutaneously or endoscopically, and cell sampling is 
achieved through transcutaneous needle aspiration.  

However, cell or tissue sampling is invasive, with risk of severe adverse 
events such as sepsis, bleeding or tissue damage. Furthermore, there is also a 
risk of missing the tumour tissue during biopsy sampling due to tumour in-
accessibility, e.g., when biopsying prostate cancer in the prostate gland.   

Another shortcoming of tissue and cell sampling methods is that only few 
samples with small volumes can be collected from limited number of sites, 
which is associated with the risk of retrieving a sample that does not repre-
sent the entire tumour due to intra-tumour expression heterogeneity 
(Marusyk et al, 2012; Choong et al. 2007). 

After tissue sampling, the following methods are usually performed on the 
tissue sample:  

1. Histochemistry (characterization of morphology) 
2. Immunohistochemistry (detection of specific proteins) 
3. Molecular pathology (gene analysis) 

 
The morphology of a tissue sample is obtained through histological staining 
(histochemistry). When assessing morphology, particular features are of 
interest, such as tumour invasiveness, infiltration into surrounding tissue, 
cell atypia, cell proliferation, necrosis and cell differentiation. These proper-
ties grade the malignancy of the tumour and are associated with tumour 
growth.   

Immunohistochemistry (IHC) is based on the visualization of specific an-
tibody-antigen interactions. The more antigen present, the stronger the stain-
ing in the sample, and a subjective interpretation of protein expression can 
be made (Laudadio, Quigley, Tubbs, Wolff, 2007). IHC provides infor-
mation about tumour origin (e.g., the presence of PSA), tumour type (e.g., 
the presence of p63), tumour classification (e.g., the presence CD3) or treat-
ment prediction (e.g., the presence HER2). IHC is the most important prima-
ry technique applied to determine RTK status, especially HER2 expression.  

The advantages of this technique are its fast and easy performance and 
relatively low cost. Regardless, differences in antigen recovery, tissue pro-
cessing, result interpretation and methodology are all associated with its 
reduced reliability (Press et al, 2005; Dei Tos & Ellis 2005; Laudadio et al, 
2007; Rhodes et al. 2002) 
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According to DAKO guidelines, the amount of HER2 staining is usually 
scored as follows (dako.com, 2015): 

•  0  (negative) 
•  1+ (negative, a faint perceptible membrane signal) 
•  2+ (weak positive, weak intensity in more than 10 % of the tu-

mour cells) 
• 3+  (strong positive, strong positive membrane staining in more 

than 10 % of tumour cells).  
 

If a tissue sample is scored 3+, the patient will be recommended for 
trastuzumab therapy. Further analysis is required for patients with a 2+ score 
(Wolff, et al 2013). 

Additional analysis usually includes molecular pathology, e.g., fluores-
cent in situ hybridization (FISH) (Wolff, et al 2013), which provides infor-
mation about gene amplification, deletion or translocation. Unfortunately, 
florescence fades over time, limiting the shelf life of slides. Moreover, the 
cost is higher than for IHC, and FISH requires more cumbersome laboratory 
procedures. 

Other promising molecular pathology techniques include chromogenic in 
situ hybridization (CISH), silver in situ hybridization (SISH) and multiplex 
ligation-dependent probe amplification (MLPA) (Moelans, de Weger, Van 
der Wall, van Diest, 2011). 

Cancer staging 
Based on the results of tissue sample analysis, the primary tumour is classi-
fied according to origin, features, malignancy and invasiveness. If the tu-
mour proves to be malignant and invasive, haematogenic and lymphogenic 
spread to other organs/tissues is investigated via dissection of adjacent 
lymph nodes and imaging techniques (CT/MRI/molecular imaging).  

The results from tissue sample analysis and imaging are then compiled in-
to a tumour staging system, the TNM system. The system describes tumour 
invasiveness to surrounding tissue (T), spread to lymph nodes (N), and dis-
tant metastases (M). Although the TNM stage indicates prognosis and directs 
initial treatment (Burke & Henson, 1993), it provides no information regard-
ing the expression of cancer-related molecular aberrations (e.g., RTKs) in 
distant metastases. 
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Treatment response monitoring 
Repetitive biopsy sampling is not suitable for routine treatment response 
monitoring. Instead, morphological imaging (CT or MRI) and the use of 
Response Evaluation Criteria in Solid Tumours (RECIST) are currently used 
to monitor response to treatment.  

RECIST is based on one-dimensional lesion measurement criteria: first, 
the longest diameter (LD) of each target lesion on an CT is measured, and 
then the sum of the longest diameters (SLDs) is calculated for all selected 
tumours. There should be a minimum of 30 % decrease in the SLD for a 
partial response (PR) (Eisenhauer et al. 2009).  

However, morphological imaging and RECIST are not optimal for re-
sponse monitoring, as many anti-RTK medicines are rather cytostatic than 
cytotoxic and stabilization of the disease might prolong survival but does not 
result in tumour shrinkage (Contractor & Aboagye, 2009). Additionally, 
therapy response might be associated with cell necrosis, and CT cannot dis-
tinguish between necrotic and physiologically active tissues 
(Bodei, Sundin, Kidd, Prasad, Modlin, 2015). 

In response to therapy, biochemical changes at a cellular level precede 
anatomical changes. Therefore, imaging of a cancer-related aberrations such 
as receptor overexpression (e.g., HER2, PDGFRβ) is highly desirable as an 
alternative to morphological imaging for therapy response monitoring.  

 

In conclusion, adding information about receptor expression in tumours via 
a non-invasive method to existing methods for patient stratification (biopsy 
analysis) and therapy response monitoring could improve therapy personal-
ization (Figure 2). 
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Figure 2. A flow chart of the steps included in the investigation, diagnosis and 
treatment of cancer and those steps where radionuclide molecular imaging could 
add information.   
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Radionuclide molecular imaging 
Radionuclide molecular imaging is based on the detection of imaging probes 
labelled with positron- or gamma-emitting radionuclides.  

There are mainly three clinical radionuclide imaging modalities: planar 
scintillation camera imaging, single-photon emission tomography (SPECT) 
and positron emission tomography (PET). Some main properties of PET and 
SPECT imaging are given in Table 1.  

Table 1. PET and SPECT camera properties 

Modality 
Spatial 

resolution  
(mm) 

Sensitivity 
Quantification 

 capability 
Availability Cost 

PET 4-8 pmol Straightforward + High 

SPECT 7-15 nmol Cumbersome ++ Medium 

Planar scintillation camera imaging 
Planar scintillation camera imaging relies on the detection of emitted pho-
tons, mostly with energies in the range of 50-400 keV, with detection by a 
large NaI(Tl) crystal. To localize the distribution of activity, a parallel-hole 
collimator is usually placed in front of the detector; in preclinical imaging, 
pinhole collimators are used to achieve a better spatial resolution. Detection 
is governed by the system’s spatial, energy and time resolution. The spatial 
resolution is determined by the collimator design: large holes will give high 
sensitivity but low spatial resolution, whereas small long holes will give a 
better spatial resolution but with low sensitivity (Strand et al. 2013). 

Quantification in planar scintillation camera imaging is problematic due 
to an absence of information on the activity depth and thickness and there-
fore has limited possibility for accurate attenuation correction. Additionally, 
because of the 2-D technique, overlapping of organs and tissues will hamper 
quantification. 

SPECT 
By rotating single or multiple scintillation camera-heads around the patient, 
a number of projections are recorded, and tomographic information can be 
obtained. By using dedicated reconstruction programs, 3D-activity distribu-
tion can be obtained. Compared to planar imaging, much better image con-
trast is obtained, and activity quantification is possible. Similar to planar 
imaging, the choice of collimator governs the sensitivity and spatial resolu-
tion. Quantification can be performed when using attenuation and scatter 
corrections, and the accuracy can be on the order of 10-20 % 
(Sjögreen, Ljungberg, Strand, 1996) (Rahmim & Zaidi, 2008). 
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Figure 3. Illustration of positron 
emission and positron-electron 
annihilation. 

Some common radionuclides used in planar and SPECT imaging are giv-
en in Table 2. All of them decay with the emission of photons with energies 
that are suitable for detection with collimated cameras. 

PET 
PET imaging relies on the following tech-
nique: a positron-emitting radionuclide 
emits a positron during β+ decay. The 
positron travels a short distance in tissue (a 
few millimetres) and undergoes multiple 
collisions with electrons in the medium, 
losing energy, and finally annihilates with 
an electron. This results in two high-
energy photons (511 keV) emitted in near-
ly opposite directions (Figure 3). The pho-
tons can be simultaneously detected (coin-
cidence detection) by opposite detector 
pairs in a PET camera. 

The distance from the emission point to 
the annihilation point depends on the medium’s stopping power, i.e., the 
density of the medium and the positron’s kinetic energy. Radionuclides that 
emit positrons with lower kinetic energy will generate better spatial resolu-
tion due to their shorter range.  

PET cameras are built with ring geometry, meaning that the detectors 
completely encircle the patient. Multiple rings are used, which enhances the 
field of view. Because no collimators are used, the sensitivity is much higher 
for PET than for SPECT imaging (2-3 orders of magnitude) (Tolmachev & 
Stone-Elander, 2010; Frey, Humm,  Ljungberg, 2011).  

The most commonly used short-lived positron-emitting radionuclides for 
PET imaging are 18F, 15O, 13N and 11C; among these, 18F is by far the most 
utilized. The production, radiochemistry and synthesis of 11C, 18F, 15O and 
13N radiopharmaceuticals require a cyclotron in a radiation-shielded facility 
and a radiopharmaceutical laboratory, which are associated with high costs. 
Furthermore, radionuclides with very short half-lives such as 11O and 13N 
also require that the PET camera is located nearby. 18F, in contrast, can be 
transported to a PET centre located within several hundred kilometres from 
the cyclotron. 

Conversely, 68Ga, which is a relatively recent addition to the short-lived 
PET radionuclides, is generator produced, and the availability of a generator 
in the clinic might reduce costs and facilitate the preparation of PET tracers 
(Velikyan, 2013). 

In Table 2, some of the available radionuclides for PET imaging are pre-
sented. 
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Table 2. An overview of selected radionuclides used for radionuclide molec-
ular imaging today. (National nuclear data centre, 2015) 

 

  

Nuclide Half-life Imaging modality Production Emission  

11C 20 min PET Cyclotron β+ 98 % 

13N 10 min PET Cyclotron   β+ 100 % 

68Ga 67.6 min PET Generator β+ 89 % 

18F 109.8 min PET Cyclotron β+ 97 % 

44Sc 3.97 h PET Generator β+ 94% 

64Cu 12.7 h PET Cyclotron β+ 18 % 

86Y 14.7 h PET Cyclotron β+ 33 % 

76Br 16.2 h PET Cyclotron β+ 54 % 

55Co 17.5 h PET Cyclotron β+ 76 % 
89Zr 78.4 h PET Cyclotron β+ 23 % 

124I 4.17 d PET Cyclotron β+ 23 % 

99mTc 6 h SPECT Generator 140 keV γ 89 % 

123I 13.2 h SPECT Cyclotron 159 keV γ 83 % 

111In 2.8 d  SPECT Cyclotron 
171 keV  γ 90.6 % 
245 keV  γ 94.1 % 
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Imaging agents 
The concept of molecular imaging relies on the highly specific molecular 
recognition of expressed gene products, e.g., cell-surface receptors, by imag-
ing agents. Efficient tumour imaging requires the unusual expression of 
these target molecules by tumours and their absence or low expression in 
normal tissues. Examples of imaging agents are antibodies, receptor ligands, 
peptides, small molecules, and affinity proteins. In addition to a target-
recognizing moiety, an imaging agent should carry a suitable radionuclide, 
and the half-life of the attached radionuclide should be compatible with the 
biological half-life of the imaging agent (Lundqvist &  Tolmachev 2002).  

18F-FDG 
The most frequently used imaging agent for PET in clinics is 18F-2-fluoro-2-
deoxyglucose (18F-FDG), a glucose analogue taken up by cells in proportion 
to their rate of glucose metabolism (Podoloff et al. 2009). As tumour cells 
often have upregulated glucose metabolism, the uptake of 18F-FDG by tu-
mours is higher than that of normal tissues and organs.  

In oncology, 18F-FDG PET-imaging is very helpful in diagnosis, staging, 
treatment monitoring and treatment planning (Hillner et al. 2008; Podoloff et 
al. 2009). However, false-positive outcomes due to high glucose uptake can 
arise from high muscle activity, trauma, infection, inflammatory diseases, 
and benign tumours.  

Although 18F-FDG enables the localization of tumours and/or metastases, 
it does not provide information concerning the expression of molecular tar-
gets, which is essential for both patient stratification for targeted therapies 
and the monitoring of response to such therapy.   
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Protein-based imaging agents 
Transmembrane receptor overexpression on malignant cells enables the use 
of protein-based imaging agents, e.g., antibodies, antibody fragment, natural 
proteinaceous ligands or scaffold protein-based binders (Altai, Orlo-
va, Tolmachev, 2014). 

Antibodies and antibody fragments 
Radiolabelled monoclonal antibodies (Figure 4), mAbs (approximately 150 
kDa), have long been considered as potent imaging agents due to their excel-
lent targeting capability. Additionally, when using existing therapeutic anti-
bodies as imaging agents, availability, easy production and already well-
established safety are ensured. However, not all properties are desirable, the 
large size of antibodies contributes to a long circulation time in the blood-
stream, and the physical half-life of conventional PET radionuclides is not 
compatible with the long circulation time of full-length mAbs (Wu & Olaf-
sen, 2010). Therefore, there has been a recent increasing interest in the pro-
duction of more long-lived positron-emitting radionuclides, such as 64Cu, 
86Y, 76Br, 55Co, 89Zr and 124I (Pagani, Stone-Elander, Larsson, 1997). In par-
ticular, positron emitters with longer physical half-lives such as 124I and 89Zr 
are suitable for the labelling of intact mAbs. Preclinical studies of the 89Zr 
labelled anti-HER2 monoclonal antibody trastuzumab (Dijkers et al. 2005), 
anti-VEGFR bevacizumab (Nagengast et al. 2007) and anti-EGFR cetuxi-
mab (Aerts er al. 2009) have demonstrated their specific tumour accumula-
tion and imaging feasibility. However, due to the slow clearance of mAbs, 
sufficiently high tumour-to-non-tumour ratios were obtained only a few days 
after injection.  

Another factor limiting the use of monoclonal antibodies as imaging 
agents is a high non-specific accumulation in a non-target expressing tumour 
as a result of the highly permeable vasculature of tumours. This phenomenon 
is called the enhanced permeability and retention (EPR) effect, which is typ-
ical for all agents with a size greater than 45 kDa (Wester & Kessler, 2005; 
Heskamp, van Laarhoven, van der Graaf, Oyen,  Boerman, 2014). 

In order to circumvent some of the limitations associated with antibodies, 
modifications was made to reduce their molecular size. Smaller antibody 
fragments such as (Fab’)2 (120 kDa) and Fab (55 kDa) (Figure 4) were 
generated by proteolytic digestion (Olafsen & Wu 2010). As a result, both 
the rate of extravasation and diffusion was improved. Moreover, an excess of 
unbound imaging agents is relatively rapidly cleared via the kidneys. These 
two factors provide high imaging contrast compared to intact antibodies, and 
the imaging can typically be performed on the day after injection (Olafsen el 
al. 2010).  
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Positron-emitting radionuclides with medium half-lives (10-20 h) are 
more appropriate for labelling (Fab’)2 (T1/2β ≈ 12 h) and Fab (T1/2β ≈ 1.5 h).  
Potentially suitable nuclides include 64Cu, 55Co, 76Br and 86Y.  

Although the size of fragments has been appreciably reduced compared to 
intact mAbs, unspecific uptake remains a problem for (Fab’)2 and Fab frag-
ments due to the EPR effect.  

The use of gene engineering has allowed the generation of even smaller 
antibody fragments, such as single-chain variable fragment (scFv) (25 kDa), 
nanobodies (15 kDa), diabodies (55 kDa) and minibodies (80 kDa) (Figure 
4) (Olafsen et al. 2010). 

ScFv (T1/2β ≈ 0.5-2 h) demonstrates extremely rapid clearance and elimi-
nation from normal tissues compared to intact antibodies, F(ab´)2 and Fab 
fragments. However, as a result of this rapid clearance rate, only low radio-
activity levels in the tumour were achieved. This can be attributed to a mis-
match in the clearance rate and tumour extraversion rate (Wittrup, Thurber, 
Schmidt, 2012), which will be explained in more detail below.  

Both diabodies (T1/2β ≈ 3-7 h) and minibodies (T1/2β ≈ 6-11 h) exhibit 
longer circulation time in the blood compared to ScFv. Due to their bivalen-
cy, their affinity and therefore tumour accumulation are significantly im-
proved. However, unspecific uptake due to the EPR effect remains an issue 
for these agents (Olafsen et al. 2010). 

The smallest and a very promising fragment is the nanobody, which is 
derived from a single-chain camelid antibody. Nanobodies have higher affin-
ity (nanomolar range) compared to antibody fragments (Vaneycken et al. 
2011), and the rapid clearance of nanobodies permits the labelling of very 
short-lived radionuclides, such as 44Sc, 18F, and 68Ga. 

Natural peptide ligands 
Attractive features of a number of natural peptide ligands include a small 
size, low immunogenicity, affinities in the low nanomolar or subnanomolar 
ranges and rapid clearance from blood (Okarvi, 2004). These properties are 
advantageous when developing an imaging agent.  

Consequently, a number of natural peptide ligands for the imaging of ty-
rosine kinases receptors has been investigated, including PDGFRβ (Kastin, 
Akerstrom, Hackler, Pan, 2003), EGFR (Orlova et al, 2000; Reilly et al 
2000) VEGFR (Cai et al. 2006) and IGF-1R (Sun et al, 1997; Sun et al. 
2000; Cornelissen, McLarty, Kersemans, Reilly, 2008).  

However, there is a limited range of natural peptide ligands to choose 
from, for example, there is no known ligand for HER2, and therefore imag-
ing of some important targets using natural peptide ligands is impossible. 
Other disadvantages of natural peptides include low in vivo stability due to 
enzyme degradation (Kastin et al. 2003), binding to plasma proteins (Sun et 
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al. 2000) and agonistic action upon binding to target receptors, which might 
restricts the amount of the injected protein dose.  

Engineered scaffold protein-based binders 
Alternatives to tracers based on natural ligands, antibodies and antibody 
fragments are those based on engineered scaffold proteins. In general, scaf-
fold proteins are based on a robust framework of constant amino acids used 
to maintain the tertiary structure, with a number of surface-exposed residues 
that have been randomized to produce a large library of binders (Nygren & 
Skerra 2004). The use of molecular display techniques (e.g., phage display) 
enables the selection of proteins that bind with high affinity and specificity 
to desirable molecular targets (Nygren et al. 2004; Binz, Amstutz, Plückthun 
2005). Some characteristic features of scaffold proteins include high solu-
bility in water, thermodynamic and chemical stability, single-polypeptide 
chain format, bacterial expression enabling inexpensive production and often 
the absence of disulphide bonds (Nuttall & Walsh 2008).  

Several scaffold-based proteins have demonstrated an appreciable poten-
tial to serve as imaging probes, e.g., Affibody molecules, knottins, DARpins, 
anticalin, and adnectins (Miao, Levim, Chengm, 2011). In this thesis, Af-
fibody molecules as imaging probes were investigated and is further de-
scribed. 

Affibody molecules 
Affibody molecules are small robust affinity ligands derived from the B-
domain of the immunoglobulin-binding region of staphylococcal protein A. 
The cysteine free B-domain protein is folded into a three-helix bundle struc-
ture containing 58 amino acids (6-7 kDa)  (Löfblom, Feldwisch, Tolmachev, 
Carlsson, Ståhl, Frejd, 2010). Their small size and high affinity (in low na-
nomolar or sub-nanomolar range) make them good candidates for molecular 
imaging probes, providing high contrast images only a few hours after injec-
tion (Ahlgren & Tolmachev, 2010). Preclinical studies have shown that Af-
fibody molecules provide much higher contrast than radiolabelled mAbs or 
their proteolytic fragments.  

Affibody molecules may be selected using several systems, e.g., by phage 
display or staphylococcal display. Selection using phage display utilizes 
phagemid vectors containing the Affibody gene, and the vector can carry 
useful modifications such as a unique cysteine tag for site-specific labelling. 
Large-scale production is possible using recombinant techniques (Nygren et 
al, 2004). The relatively small number of amino acids in the Affibody scaf-
fold also enables production by solid-phase peptide synthesis (SPPS), which 
allows the direct conjugation of a chelator of choice to the scaffold in a site-
specific manner, providing a homogenous product. 
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Affibody molecules have been generated against several RTKs, such as 
HER2 (Orlova et al, 2006), EGFR (Tolmachev et al, 2009), insulin-like 
growth factor 1-receptor (IGF-1R) (Orlova et al 2013), PDGFRβ (Tolma-
chev et al, 2014), carbonic anhydrase IX (CAIX) (Hononovar et al. 2015) 
and HER3 (Orlova et al. 2014), all with subnanomolar affinities.  

As potential PET imaging agents for RTK visualization, Affibody mole-
cules labelled with positron-emitting radionuclides are promising imaging 
candidates.  

 
Figure 4. Schematic overview and properties of some targeting agents 
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Factors affecting imaging sensitivity and specificity 
The accuracy of radionuclide molecular imaging depends on the sensitivity 
and specificity with which the imaging probe shows its target. Specificity is 
achieved when the imaging agent dose not accumulate in healthy tissues and 
the sensitivity depends on the imaging contrast. Some factors that influence 
sensitivity and specificity are size, affinity, radionuclide and labelling pro-
cedure, localization of the antigen (extra or intracellular), the EPR effect, 
off-target interactions, specific activity and expression level of the target 
in normal tissue. Highlighted features above may be altered when develop-
ing an imaging agent (Heskamp et al. 2014, Tolmachev et al. 2012). 

Size and Affinity  
Schmidt et al. (2009), used theoretical analysis to predict tumour uptake in 
relation to size and affinity. Their model showed that tracers with the small-
est and largest molecular masses exhibited the highest tumour uptake, 
whereas tracers with intermediate mass (25-60 kDa) displayed the lowest 
tumour uptake. Although tracers with intermediate masses, e.g., antibody 
fragments, scFv and diabodies, might provide advantageous extravasation 
and intratumoral penetration characteristics, their rapid renal filtration results 
in excessively fast clearance from the circulation, which hampers efficient 
tumour localization. Decreasing the size further would not increase the renal 
excretion but would increase the extravasation rate and therefore tumour 
localization. Sufficient tumour localization despite rapid clearance has been 
observed for small scaffold-based imaging agents (Zahnd et al. 2010; 
Ahlgren et al 2010 b).  

Furthermore, Schmid et al. (2009) suggested that small targets need to 
have high affinity, in the subnanomolar range, for efficient tumour targeting. 
Hence, improving affinity improves tumour uptake directly. The results of 
theoretic calculations are consistent with in vivo data (Orlova et al. 2006); 
however, experiments have shown that affinity in the single-digit nanomolar 
range is sufficient for Affibody molecules with a high target expression level 
(>106 receptors per cell), as more targets are available to rebind because they 
have penetrated the tumour more deeply. At moderate expression levels 
(several tens of thousands receptors per cell), a subnanomolar affinity is 
desirable because there is less chance for the low-affinity conjugate to rebind 
(Tolmachev et al. 2012). 
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Labelling procedures  
Radiolabelling with trivalent radiometals 
Metals do not form stable covalent bond with organic substances; therefore 
labelling proteins with radiometals, e.g., 111In, 68Ga or 86Y, requires a chela-
tor. Macrocyclic chelators can be covalently conjugated to targeting vectors, 
e.g., peptides, antibodies, or scaffold-based proteins, using a number of bio-
conjugation techniques, reviewed thoroughly by Price et al. 2014.  

In this thesis, two techniques for site-specific chelator conjugation to Af-
fibody molecules were used: 

 
• Introduction of a single cysteine into recombinantly produced Af-

fibody molecules enables thiol-direct chemistry (thioether bond 
formation between a maleimide and thiol), which permits the site-
specific conjugation of a chelator containing a maleimide.  

 
• Direct site-specific incorporation of the carboxy group of a chela-

tor via an amide bond to an amino group of the N-terminus or a 
lysine side-chain during the synthesis of Affibody molecules.  

The thermodynamic stability and kinetic inertness of radiometal-chelator 
complexes are very important parameters influencing the in vivo stability of 
the labels. Several macrocyclic chelators are currently in use for the labelling 
of peptides with radiometals, in this thesis the flowing three chelators was 
used for labelling: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 
(DOTA), 1,4,7-triazacyclononane-N,N′,N′′triacetic acid (NOTA) and 1-(1,3-
carboxypropyl)-4,7 carboxymethyl-1,4,7 triazacyclononane (NODAGA).  

DOTA is one of the most commonly used chelators for the stable label-
ling of proteins (De Leon-Rodríguez & Kovacs, 2008; Price et al. 2014). In 
the case of Affibody molecules, DOTA has been used for labelling with 
111In, 57Co, 68Ga and 64Cu (Ahlgren et al 2010 a; Kramer-Marek et al. 2011; 
Wållberg et al 2010, Cheng et al. 2010). However, DOTA is not always the 
chelator of choice. For example, DOTA is a suboptimal chelator for copper 
isotopes due to in vivo instability. On the other hand, NOTA, which has a 
smaller central cavity than DOTA, has been shown to provide a more stable 
complex with 68Ga, 111In and 64Cu than DOTA (Clarke & Martell, 1991; 
Clarke & Martell, 1992; Price et al. 2014). NODAGA is similar to NOTA 
but contains an extra carboxyl group that can be used for conjugation to a 
peptide while leaving the three carboxylic groups available for the formation 
of a stable and neutral complex with trivalent metals. Interestingly, substitu-
tion of DOTA by NODAGA resulted in more rapid blood clearance of radi-
oactivity for 68Ga-labelled RGD peptides, enabling higher tumour-to-organ 
ratios (Knetsch et al. 2011). 
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Due to differences in structure, complexes of various macrocyclic chela-
tors with trivalent metals have different charges. For example, NODAGA 
and DOTA will form a complex with trivalent metals with a neutral net 
charge and NOTA with a positive net charge when conjugated to a target-
ing peptide via one of the carboxyl groups. This indicates that the use of 
different chelators for labelling the same targeting protein or peptide can 
modify the charge distribution of the targeting molecule. 

Furthermore, the chemical properties of radiometals influence the proper-
ties of their complexes with these chelators. Although radiometals such as 
In3+ and Ga3+ are trivalent metals, they differ substantially in their ionic radii 
and have different coordination numbers. Hence, there are appreciable dif-
ferences in the structure of their complexes with DOTA and NOTA (Broan, 
Cox, Craig, Kataky, Parker, 1991). One could speculate that NODAGA 
would form a similar complex as NOTA. This might influence the interac-
tions of a targeting peptide with its molecular target as well as off-target 
interactions, e.g., strength of binding to blood proteins.  

The use of an optimal chelator makes it possible to modify and improve 
the biodistribution and targeting properties of targeted peptides (Knetsch et 
al. 2011; Altai et al. 2012; Malmberg et al. 2012). As has been shown for 
99mTc-labelled synthetic Affibody molecules, selection of an optimal chelator 
enables both the stable attachment of the radionuclide and significantly im-
proves the imaging contrast (Engfeldt et al. 2007; Ekblad et. al 2008; Tran et 
al. 2008).  

Radiohalogenation  
Halogens, such as iodine or bromine, can be attached to proteins or peptides 
directly or indirectly by using a precursor molecule.  

The most straightforward labelling procedure for iodine is direct label-
ling, which is usually performed by attaching the label to a tyrosine residue 
(Wilbur et al 1992). However, the direct radiolabelling of anti-HER2 Af-
fibody molecules with 125I resulted in an appreciable reduction in binding to 
HER2-expressing cells, most likely due to the labelling of a tyrosine located 
in the binding site (Steffen et al. 2005).  

Conversely, indirect labelling using a prosthetic group N-succinimidyl pa-
ra-iodobenzoate (SPIB) reacting with the amino group of lysines at the N-
terminus of Affibody molecules preserved specific binding to the RTK (Or-
lova et al. 2006). Although specific binding was achieved, indirect 125I label-
ling to Affibody molecules using SPIB was not quite reproducible, possibly 
due to non-site-specific labelling. This was solved by incorporating a unique 
cysteine into the Affibody molecule, which enabled the site-specific cou-
pling of a linker molecule using thiol-directed chemistry. Affibody mole-
cules have also been site-specific labelled with radiohalogens using an aro-
matic moiety, HPEM, as an intermediate linker molecule. Direct head-to-
head comparison of 125I-HPEM- and125I-PIB-labelled Affibody molecules 
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revealed a fourfold reduction of renal uptake for 125I-HPEM but the same 
level of tumour uptake as the 125I-PIB-labelled Affibody molecule (Mume et 
al. 2005). These results demonstrate that the position of the label on the Af-
fibody molecule can substantially affect retention in normal tissue, especial-
ly kidney retention. The exact mechanism of this is not quite clear, and un-
derstanding the internalization, degradation and excretion process of radio-
labelled Affibody molecule is desirable.  

Role of radiocatabolites 
If the binding of a radio-conjugate to an RTK triggers receptor internaliza-
tion, ligand-bound RTKs cluster on the cell membrane and are pinched off as 
intracellular vesicles. The vesicles fuse with early endosomes, and the cargo 
is either recycled or processed into late endosomes. The late endosomes then 
fuse with lysosomes, and the radio-conjugate is proteolytically degraded.  

Depending on the physiochemical property of the radiolabel, the radio-
catabolites can either diffuse through the cell membrane (non-residualizing) 
or remain trapped in the cell (residualizing). Radiocatabolites with non-
residualizing properties are small, hydrophobic, uncharged or non-polar and 
typically labelled with 11C, 125I, 67Br and 18F. Residualizing radiocatabolites 
are typically conjugates labelled with transitional metals, e.g., 111In, 68Ga, 
86Y or 89Zr (Tolmachev, Stone-Elander, Orlova 2010). 

In the case of imaging agents that undergo rapid internalization after bind-
ing, e.g., natural peptide ligands, labelling with radiometals permits the high 
intracellular accumulation of radioactivity. This would allow for imaging at 
later time points because the radiocatabolites are “trapped” inside the cell. 
With time, blood retention will clear and result in higher tumour-to-blood 
ratios. However, this entrapment might also contribute to high retention of 
radioactivity in normal organs, such as excretory organs.  

With regard to Affibody molecules, the slow internalization of receptor-
bound Affibody molecules by cancer cells (approximately 30 % after 24 
hours for HER2 targeting) and their high affinity (Wållberg & Orlova, 2008) 
make the residualizing properties of radiocatabolites not critical for the ac-
cumulation of high radioactivity in tumours. The residualizing properties of 
radiocatabolites can instead result in high renal radioactivity retention be-
cause Affibody molecules are mainly filtered through the Bowman’s cap-
sules in the glomeruli and thereafter undergo nearly total reabsorption in 
tubule cells. High renal radioactivity retention has been shown for several 
Affibody molecules labelled with radiometals (Orlova et al. 2013; Perols et 
al 2012, Malmberg et al 2012).  

Understanding the mechanism by which renal tubular cells internalize Af-
fibody molecules would enable the development of substances that could 
block kidney uptake. For numerous small radiolabelled peptides, the mega-
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lin\cubilin system is involved in the kidney reabsorption process (Verel, 
Visser, van Dongen, 2005; Verroust & Christensen, 2002; Vegt et al. 2011). 
To investigate whether this mechanism is also involved in the kidney reab-
sorption of Affibody molecules, 111In labelled anti-HER2 Affibody mole-
cules were injected into a murine model with megalin knockout. Compara-
tive micro-SPECT imaging between the megalin-deficient and wild-type 
mice injected with 111In-DOTA-ZHER2:2395 showed no significant difference in 
renal radioactivity uptake. This demonstrates that the megalin system is not 
responsible for Affibody molecule reabsorption by the kidney (Altai, Va-
rasteh, Andersson, Eek, Boerman, Orlova 2013).  

One solution to reduce kidney radioactivity retention is to label Affibody 
molecules with radiohalogens. A head-to-head comparison of 111In labelled 
EGFR-targeting Affibody molecule (ZEGFR:1907) and 125I labelled ZEGFR:1907 

demonstrated a 21-fold lower radioactivity retention in the kidney for the 125I 
labelled conjugate 4 hours after injection (Tolmachev et al. 2009). This is 
most likely due to the non-residualizing property of the radiocatabolite. 
However, 111In-ZEGFR:1907 provided a higher tumour-to-blood ratio. 

 
 
In conclusion, the mechanism of Affibody molecule renal uptake is not yet 
well understood and requires further investigation. There is currently no 
efficient way to block kidney uptake of Affibody molecules, as there is for 
somatostatin analogues or other short peptides. The most efficient way to 
reduce kidney radioactivity retention is by altering the labelling chemistry 
(chelator properties, linker-molecules, radionuclides). Even subtle changes 
in the labelling chemistry can substantially reduce kidney retention (Wåll-
berg et al 2011; Altai et al. 2014). 
  



 32 

Aim of the thesis work 

The primary aim of the studies in the present thesis was to develop Af-
fibody-based PET imaging agents to provide the highest possible sensitivity 
of RTK detection in vivo. To reach this goal, imaging probes with the high-
est tumour-to-organ ratios (contrast) are required.  

The thesis evaluates the effect of radiolabelling chemistry on the biodis-
tribution and targeting properties of Affibody molecules for imaging of 
HER2 and PDGFRβ to identify a labelling strategy providing the highest 
contrast.  
Papers I, II, and III investigate the impact of 

• chelators (DOTA, NOTA, NODAGA) 
• radionuclides (68Ga and 111In)  
• chelator positioning (C-terminus, middle of helix-3 or N-terminus) 

on the biodistribution profile of labelled HER2-targeting Affibody mole-
cules. 
Paper IV evaluates the targeting properties of a PDGFRβ-targeting Af-
fibody molecule labelled with 111In or 68Ga. 
Paper V investigates whether the use of 3-iodophenetylmaleimide (IPEM) 
as a linker molecule compared to the use of IHPEM as a linker molecule 
would further reduce the renal retention of the radionuclide after the injec-
tion of radioiodinated HER2-targeting Affibody molecules. 
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Methodology  

In this thesis, three different cell lines were used to evaluate the receptor-
mediated binding of Affibody molecules (Table 3). 

Table 3. Properties of the cell lines used in this thesis (Tolmchev et al. 2012; Malm-
berg et al. 2012; Tolmachev et al. 2014).  

Cell line Target Expression/cell Origin 

SKOV-3 HER2 1.6×106 ovarian cancer 

DU145 HER2 5×104 prostate cancer 

U-87 PDGFRβ 3.6×104 glioma 

 
Half maximal inhibitory concentration IC50 
Evaluation of affinity is important when developing a new radiopharmaceu-
tical for imaging. As stated earlier, high affinity is essential to obtain high 
tumour-to-organ ratios for radiolabelled HER2-targeting Affibody molecules 
(Orlova et al. 2006).  

Affinity can be measured using either saturation assays, which directly 
measure ligand-receptor binding, or signalling assays, which measure down-
stream signalling pathways (Hulme & Trevethick, 2010). Receptor-ligand 
binding can also be monitored in real time using LigandTracer (Björke & 
Andersson, 2006). In paper IV, Affinity was measured using a saturation 
assay (half maximal inhibitory concentration, IC50) 

In this assay, a PDGFRβ-targeting Affibody molecule was labelled with 
either stable natGa or natIn (the competitor). A series of increasing concentra-
tions of the competitor were added to cell samples containing a constant 
concentration of 111In-labelled PDGFRβ-targeting Affibody molecule in the 
medium. The IC50 value corresponds to the concentration of competitor that 
is needed to inhibit 50 % of the 111In-labelled PDGFRβ-targeting Affibody; a 
lower IC50 value corresponds to higher affinity.  
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Binding specificity to TKR  
To assess the binding specificity of radiolabelled Affibody molecules to the 
targeted RTK in vitro, an excess of unlabelled Affibody molecule was added 
to saturate the receptors 5 minutes before the addition of the labelled com-
pound. After incubation, the medium was collected, and the cells were de-
tached with trypsin-ethylenediaminetetraacetic acid and collected. The sam-
ple containing the culture medium and the cell sample was measured using a 
gamma counter. The radioactivity associated with the pre-saturated cell 
dishes was compared with non-saturated cells dishes to evaluate the binding 
specificity.  

Cellular processing 
When developing radiopharmaceuticals, both for diagnostic and for thera-
peutic purposes, it is important to understand the cellular internalization 
process of the radiolabelled compound. In the present thesis, the following 
internalization assay validated by Wållberg et al (2008) was used to discrim-
inate between internalized and membrane-bound Affibody molecules: 
 

1. The labelled compound was added to several Petri dishes contain-
ing approximately 106 cells/dish and incubated at 37°C.  

2. At predetermined time points, the medium from 3 dishes was col-
lected. 

3. The 3 dishes were washed with ice-cold medium then treated with 
0.2 M glycine buffer containing 4 M urea, pH 2.5. This buffer dis-
rupts Affibody-RTK binding and releases the membrane-bound 
Affibody into solution. The added glycine buffer was collected, 
with the samples representing the membrane-bound Affibody 
molecules.  

4. The remaining cell-associated radioactivity (considered as inter-
nalized) was removed by treating the cells with 1 M of NaOH for 
30 minutes at 37°C.  

5. The samples containing membrane-bound Affibody molecules and 
internalized Affibody molecules were measured using a gamma 
counter. 
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Dual isotope technique 
In the present thesis, a dual isotope technique was used to investigate and 
compare the biodistribution profile of 68Ga- and 111In-labelled HER2- or 
PDGFRβ-targeting Affibody molecules in vivo. This approach also keeps 
the number of animals to a minimum and improves the statistical power. 

In short, 68Ga- and 111In-labelled conjugates containing the same chelators 
and having the same chelator position were injected into the same mice. 
Directly after dissection of the organs, a large energy window covering both 
the gamma emission from 111In and the 511 keV annihilation photons from 
68Ga was applied using a gamma counter, and the counts for each sample and 
three standards of injected activity were measured. A second measurement 
was performed after the complete decay of 68Ga (approximately after 17 h), 
with the same energy setting. Based on the results from the second meas-
urement, which was considered as the 111In-labelled Affibody molecule up-
take values, the percent of injected activity per gram of tissue (%IA/g) was 
calculated. For the gastrointestinal tract and the remaining carcass, %IA per 
whole sample was calculated. Subsequently, indium count rates was correct-
ed for decay and subtracted from count rate obtained during first measure-
ment. The resulting values represented the radioactivity of 68Ga in each or-
gan.  
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Results 

Paper I 

Influence of nuclides and chelators on imaging using Affibody 
molecules: comparative evaluation of recombinant Affibody molecules 
site-specifically labelled with ⁶⁸Ga and ¹¹¹In via maleimido derivatives of 
DOTA and NODAGA. 

Background and aim 
The influence of two different chelators, DOTA and NODAGA (Figure 5) 
conjugated to the C-terminus of the HER2 targeting Affibody molecule 
(ZHER2:2395) labelled with 111In was investigated previously (Altai et al, 2012). 
The best imaging properties were observed for the NODAGA-conjugated 
variant. The results indicated that selecting an optimal chelator (NODAGA) 
for specific radionuclide labelling can substantially improve the biodistribu-
tion properties. Labelling with a positron-emitting radionuclide would fur-
ther increase HER2 imaging sensitivity using PET.  

The aim of paper I was to select an optimal chelator for site-specific la-
belling at the C-terminus of recombinantly produced anti-HER2 Affibody 
molecules with 68Ga and to compare the biodistribution properties of the 
68Ga-labelled conjugates with their 111In-labelled counterparts. 

 
Figure 5. Structures of maleimidomonoamido derivatives of DOTA (A) and 
NODAGA (B) conjugated to the C-terminal cysteine of an Affibody molecule. 
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Method 
A recombinantly produced HER2-targeting Affibody molecule (ZHER2:2395) 
containing a C-terminal cysteine was site-specifically conjugated to the ma-
leimido derivatives of the macrocyclic chelators DOTA and NODAGA. 
Labelling of the conjugates with 68Ga and 111In was evaluated.  

Binding specificity and cellular processing were investigated using the 
HER2-expressing cells lines DU145 and SKOV3.  

The biodistribution and targeting properties of 68Ga-NODAGA-ZHER2:2395, 
68Ga-DOTA-ZHER2:2395, 

111In-NODAGA-ZHER2:2395 and 
111In-DOTA-ZHER2:2395  

in BALB/C nu/nu mice bearing SKOV-3 xenografts were evaluated in a 
comparative study at 1 and 2 h after injection. 

Results 
The labelling yield of both the 68Ga and 111In conjugates (DOTA-ZHER2:2395 

and NODAGA-ZHER2:2395) exceeded 95 %. EDTA challenge demonstrated 
the stable binding of the radionuclides to all the conjugates. 

There was significantly lower (p<0.001) cell binding of all conjugates af-
ter adding an excess of unlabelled HER2-targeting Affibody molecules. This 
indicates the retention of binding specificity for HER2 receptors in vitro. 
The internalization rate of both conjugates was slow. However, there were 
some differences: in the DU145 cell line, 21±4 % of the radioactivity was 
internalized at 3 h for 68Ga-DOTA-ZHER2:2395, whereas the equivalent value 
for 68Ga-NODAGA-ZHER2:2395 was only 10±3 %. The results from the 
SKOV3 cell lines showed similar internalization rates for both of the 68Ga 
labelled conjugates.  

All conjugates demonstrated highly specific tumour uptake in vivo. The 
tumour uptake for all conjugates was similar, except for 111In-NODAGA-
ZHER2:2395, which exhibited approximately 50 % lower tumour uptake at both 
time points.  

An influence of the differences in radionuclide on the biodistribution pat-
tern was clearly observed (Table 4). There was higher uptake in the liver and 
spleen for the 68Ga-labelled conjugates than for the 111In-labelled conjugates, 
indicating that different radionuclides influence the biodistribution profile of 
HER2-targeting Affibody molecules.  

A differences between the chelators was also observed. The uptake of 
68Ga-NODAGA-ZHER2:2395 at 2 h p.i. was significantly lower in the liver and 
spleen compared to 68Ga-DOTA-ZHER2:2395.  

At 2 h after injection, there were significantly higher tumour-to-liver (8 ± 
2 vs. 5.0 ± 0.3) and tumour-to-spleen (18 ± 4 vs. 13 ± 1) ratios for 68Ga-
NODAGA-ZHER2:2395 compared to 68Ga-DOTA-ZHER2:2395 (Figure 6). For the 
111In-labeld conjugates, the difference between 111In-NODAGA-ZHER2:2395 

and 111In-DOTA-ZHER2:2395 was much more pronounced, with 111In-DOTA-
ZHER2:2395 providing a significantly higher overall tumour-to-organ ratio.  
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The overall highest tumour-to-organ ratios were obtained for the 111In-
DOTA-ZHER2:2395 and 68Ga-NODAGA-ZHER2:2395 conjugates. 

HER2 expression was visualized with all four conjugates at 1 h after in-
jection in mice bearing SKOV3 xenografts.  

 
Table 4. Comparative biodistribution of NODAGA-ZHER2:2395 and DOTA-ZHER2:2395 

labelled with gallium-68 and indium-111 after intravenous injection in female 
BALB/C nu/nu mice bearing SKOV-3 xenografts. Data are presented as an average 
% IA/g and standard deviation for four mice. 
 

Uptake, 1 h pi 

conjugate 
68Ga-
NODAGA-
ZHER2:2395 

111In-
NODAGA- 

ZHER2:2395

68Ga-
DOTA- 

ZHER2:2395

111In-
DOTA-
ZHER2:2395 

blood 1.8±0.2a 1.2±0.2 1.2±0.1c 1.2±0.1 
lung 2.9±0.2 a 2.0±0.1 2.1±0.2c 2.8±1.2 
liver 2.5±0.1a 1.52±0.08 d 3.2±0.4 1.8±0.1b 
spleen 1.6±0.3a 1.0±0.2 1.8±0.3 1.1±0.2b 
kidney 310±5a 122±1d 280±19 284±22 
tumour 15±8a 7.2±3.2d 15±2 17±2
muscle 0.4±0.3a 0.33±0.04 0.35±0.06 0.37±0.07 
bone 1.6±0.3 1.5±0.1d 0.8±0.1c 0.72±0.09 
GI tract* 1.4±0.1 1.3±0.3 1.2±0.1 1.6±0.4 
carcass* 12±3a 12±4 8.8±0.4 13±4

Uptake, 2 h pi 
blood 0.5±0.1 0.3±0.1 0.42±0.07 0.35±0.04 
lung 1.0±0.3 0.7±0.1 d 0.85±0.09 0.84±0.05 
liver 2.0±0.3a 1.2±0.2d 3.1±0.1c 1.65±0.05b 
spleen 0.9±0.1 0.6±0.1 1.2±0.2c 0.60±0.03b 
kidney 297±33a 118±13d 303±28 313±26 
tumour 16±3a 8±2d 15±1 17±2
muscle 0.14±0.03 0.12±0.09 0.17±0.03 0.18±0.06 
bone 0.5±0.1 0.7±0.5 0.6±0.2 0.4±0.1 
GI tract * 0.7±0.2 0.6±0.1 d 0.72±0.05 0.8±0.1 
carcass* 5±1 4.4±0.2 d 4.6±0.5 6±1b

*Data for the gastrointestinal (GI) tract and carcass are presented as %IA per whole sample. 
a Significant difference (p<0.05) between 68Ga-NODAGA-Z2395 and 111In-NODAGA-Z2395 
b Significant difference (p<0.05) between 68Ga-DOTA-Z2395 and 111In-DOTA-Z2395 
c Significant difference (p <0.05) between 68Ga-NODAGA-Z2395 and 68Ga-DOTA-Z2395  
d Significant difference (p<0.05) between 111In-NODAGA-Z2395and 111In-DOTA-Z2395
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Figure 6. Comparison of tumour-to-organ ratios at 1 and 2 h p.i. for 68Ga-
DOTA-ZHER2:2395 and 111In-DOTA-ZHER2:2395 and 68Ga-NODAGA-ZHER2: 2395 and 
111In-NODAGA-ZHER2:2395 in BALB/C nu/nu mice bearing SKOV-3xenografts. 
Data are presented as an average and standard deviation for four mice. 
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Paper II 

Influence of macrocyclic chelators on the targeting properties of 68Ga-
labeled synthetic Affibody molecules: comparison with 111In-labeled 
counterparts. 

Background and aim 
Chemical peptide synthesis has a number of advantages over recombinant 
production, e.g., the site-specific incorporation of chelators and prosthetic 
groups, use of unnatural amino acids, and incorporation of pharmacokinetic 
modifiers. In addition, peptides with a length of up to 50 amino acids can be 
synthesized in high yield.  

The aim of paper II was to evaluate the biodistribution profiles of syn-
thetically produced Affibody molecules labelled with 68Ga and 111In using 
either DOTA, NOTA or NODAGA chelators (Figure 7) at the N-terminus 
and to compare their targeting properties.  

 
Figure 7. Metal complexes of the chelators 1,4,7-triazacyclononane-1,4,7-triacetic 
acid (NOTA),  1,4,7,10-tetraazacylododecane-1,4,7,10-tetraacetic acid (DOTA), and 
1-(1,3-carboxypropyl)-1,4,7-triazacyclononane-4.7-diacetic acid (NODAGA) conju-
gated to the N-terminal amino group via amide bonds.  
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Method 
A synthetic HER2-targeting Affibody molecule (ZHER2:S1) was synthesized, 
and the chelators, DOTA, NOTA and NODAGA were manually conjugated 
to the N-terminus via an amide bond.  

The conjugates were labelled with 68Ga and 111In, and stability testing was 
performed using an EDTA challenge. In vitro binding specificity and cellular 
processing assays were performed using HER2-expressing SKOV-3 cells. 
The biodistribution properties of the 111In- and 68Ga-labelled conjugates were 
compared in BALB/C nu/nu mice bearing SKOV-3 xenografts at 2 h after 
injection. 

Results 
Labelling with 68Ga provided a high yield, 87-95 % (decay corrected) after 
15 min at 95°C. A purity of over 97 % was obtained after purification using 
a NAP-5 column for all three conjugates. 68Ga was stable under EDTA chal-
lenge. Preserved binding specificity to HER2-expressing cells was demon-
strated, and a slow internalization rate and similar cellular processing pat-
terns for all three 68Ga-labelled conjugates were observed.  

An in vivo saturation experiment demonstrated the HER2-specific accu-
mulation of all conjugates. At 2 h after injection, there was a significantly 
higher tumour uptake of 68Ga-DOTA-ZHER2:2395 (18 ± 0.7 %IA/g) than both 
68Ga-NODAGA-ZHER2:S1 (16 ± 0.7 %IA/g) and 68Ga-NOTA-ZHER2:S1 (13 ± 3 
%IA/g). A difference in the tumour uptake of the 111In-labelled counterparts 
was also observed; however, the difference was more pronounced compared 
with the 68Ga-labelled conjugates. It is notable that the 111In-labelled NOTA 
conjugate showed significantly higher liver uptake compared to the other 
conjugates. 

Among the 68Ga-labeled variants, 68Ga-NODAGA-ZHER2:S1 had the highest 
tumour-to-blood (60±10), tumour-to-liver (7±2), and tumour-to-spleen 
(36±10) ratios (Table 5).  

Imaging HER2-expressing tumours using PET was performed at two 
hours after injecting 68Ga-NODAGA-ZHER2:S1 in mice bearing SKOV-3 xen-
ografts.  
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Table 5. Tumour-to-organ ratios at 2 h after injection for NODAGA-ZHER2:S1, NOTA-
ZHER2:S1 and DOTA-ZHER2:S1 in BALB/C nu/nu mice bearing SKOV-3 xenografts. Data 
are presented as an average and standard deviation for four mice.  

 DOTA-ZHER2:S1 NOTA-ZHER2:S1
 NODAGA-ZHER2:S1

 

 68Ga 111In 68Ga 111In 68Ga 111In 
Blood 28±4 44±3a 42±11 13±4b 60±10f 31±4c 
Lung 25±4 22±5a 26±9 8±5b 31±12 15±1c 
Liver 5.5±0.6d 7.4± 0.7a 3.4±0.6e 1.2±0.2b 7±2 5±2c 
Spleen 12±2 16.4± 3.7a 19±6e 7±2b 36±10f 15±4c 
Kidney 0.1±0.0d 0.07±0.01a 0.04±0.10e 0.04±0.01b 0.06±0.01 0.05±0.00c 
Muscle 297±109d 98±32 80±15 58±22b 100±25f 161±58 
Bone 255±185 25±3a 25±4 13± 2b 35±9 72±57 
       

asignificant difference (p<0.05) between 68Ga-DOTA-ZHER2:S1 and 111In-DOTA-ZHER2:S1 
bsignificant difference (p<0.05) between 68Ga-NOTA-ZHER2:S1 and 111In-NOTA-ZHER2:S1 
csignificant difference (p<0.05) between 68Ga-NODAGA-ZHER2:S1 and 111In-NODAGA-ZHER2:S1  
dsignificant difference (p<0.05) between 68Ga-DOTA-ZHER2:S1 and 68Ga-NOTA-ZHER2:S1 
esignificant difference (p<0.05) between 68Ga-NOTA-ZHER2:S1 and 68Ga-NODAGA-ZHER2:S1 
fsignificant difference (p<0.05) between 68Ga-NODAGA-ZHER2:S1 and 68Ga-DOTA-ZHER2:S1 
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Paper III 
Position for site-specific attachment of a DOTA chelator to synthetic 
affibody molecules has a different influence on the targeting properties 
of 68Ga- compared to 111In-labeled conjugates. 

Background and aim 
In papers I and II, the same chelators were placed either at the C- or N-
terminus of different variants of HER2-targeting Affibody molecules. How-
ever, because the Affibody molecules differ in sequence and production, the 
influence of the chelator position was difficult to compare. In addition, dif-
ferent chelator conjugation methods were used in these two studies.  

Previously, the influence on biodistribution of different positioning of the 
DOTA chelator on an anti-HER2 (ZHER2:342) Affibody molecule (N-terminus, 
the middle of helix 3 or C-terminus) (Figure 8) was investigated when la-
belled with 111In (Perols et al 2012). In the present study, the same conju-
gates were labelled with the positron-emitting radionuclide 68Ga.  

The aim of the current study was to evaluate the influence of the position 
of the macrocyclic chelator DOTA on the biodistribution of Affibody mole-
cules labelled with 68Ga. 111In-labelled variants were used as comparators. 

 
Figure 8. Positioning of DOTA on the investigated variants of Affibody molecules. 
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Method 
DOTA was conjugated via amide bonds to the N-terminus (A1), the middle 
of helix 3 (K50) or the C-terminus (K58) of synthetic ZHER2:S1. The conjugates 
were labelled with 68Ga or 111In and incubated with an excess of EDTA for 1 
hour to evaluate the stability of 68Ga labelling. The in vitro binding specifici-
ty and cellular processing were examined using HER2-expressing SKOV-3 
cells. The tumour-targeting properties of 111In- and 68Ga-labelled conjugates 
were compared in NMRI nu/nu mice bearing SKOV-3 xenografts at 2 hours 
after injection. 

Results 
The radiochemical yield of 68Ga labelling was in the range of 65-95 %. After 
purification using a NAP-5 column, the radiochemical purity exceeded 96 % 
for all of the 68Ga-labelled conjugates. The conjugates demonstrated high 
labelling stability after EDTA challenge.  

The in vitro binding specificity test of the 68Ga-labelled conjugates to 
HER2-expressing SKOV-3 cells demonstrated preserved binding to HER2 
receptors. Cellular processing of the 68Ga-labelled variants demonstrated 
similar profiles, with slow internalization (approximately 10 % after 2 h 
incubation).  

The tumour uptake of the 68Ga- and 111In-labelled conjugates in SKOV-3 
xenografts was significantly (p< 0.001) reduced after the pre-injection of 
unlabelled HER2-targeting Affibody molecules, indicating specific HER2 
binding.  

The tumour uptake of the 68Ga-labelled conjugates (12.5±1.4, 10.0±1.4, 
12.7±1.6 %ID/g, for DOTA-A1-ZHER2:S1, DOTA-K50-ZHER2:S1, and DOTA-
K58-ZHER2:S1, respectively) did not differ substantially. However, the 111In-
labelled counterpart showed 20-30 % higher tumour uptake (p<0.05 in a 
paired t-test) (Table 6). 

There was a clear influence of the chelator position on the biodistribution 
profile. For example, 68Ga- DOTA-K50-ZHER2:S1 displayed significantly high-
er uptake in the blood, liver, spleen, muscle, and bone but lower uptake in 
the kidneys compared to 68Ga-DOTA-A1-ZHER2:S1, and 68Ga-DOTA-K58-
ZHER2:S1.  

An influence of the radionuclide was also observed. The 111In-labelled 
conjugates, DOTA-A1-ZHER2:S1 and DOTA-K50-ZHER2:S1, provided, for exam-
ple, a two- to fourfold higher tumour-to-blood ratio than the 68Ga-labelled 
counterparts.  

The best imaging properties among the 68Ga-labelled conjugates was 
demonstrated for 68Ga-DOTA-A1-ZHER2:S1. As expected, high-contrast imag-
es of 68Ga-DOTA-A1-ZHER2:S1 were acquired in SKOV-3 xenograft-bearing 
mice at 1 h and 2 h after intravenous injection.  
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Table 6. Comparison of tumour-to-organ ratios of 68Ga- and 111In-labeled Affibody 
molecules in NMRI nu/nu mice bearing SKOV3 xenografts at 2 h after intravenous 
injection.  

 
DOTA-A1- 

ZHER2:S1

DOTA-K50- 
ZHER2:S1

DOTA-K58- 
ZHER2:S1

 68Ga 111In 68Ga 111In 68Ga 111In
Blood 39±12a 83±21f 14±4g 62±19 41±26 63±32
Lung 45±5a 35±8 21.2±3g 31±4e 26±7b 22±4d

Liver 7±2a 13±2f 4±1g 10±1 10±3h 7±4
Spleen 42±12a 47±9 16±6c,g 39±6e 42±7h 26±7d

Kidney 194±42a 139±35 85±4.7g 136±16 114±24 117±24 

Muscle 94±42a 76±22 25±4c,g  53±10 57±23 50 ±10 

       

Data are presented as an average % ID/g value for 4 animals ± standard deviation.  

a Significant difference (p<0.05) between 68Ga-DOTA-A1-ZHER2:S1 and 68Ga-DOTA-K50-

ZHER2:S1; 

b Significant difference (p<0.05) between 68Ga-DOTA-A1-ZHER2:S1 and 68Ga-DOTA-K58-

ZHER2:S1; 

c Significant difference (p<0.05) between 68Ga-DOTA-K50-ZHER2:S1 and 68Ga-DOTA-K58-

ZHER2:S1; 

d Significant difference (p<0.05) between 111In-DOTA- A1-ZHER2:S1, and 111In-DOTA-K58-

ZHER2:S1; 

e Significant difference (p<0.05) between 111In-DOTA-K58-ZHER2:S1 and 111In-DOTA-K50-

ZHER2:S1; 

f Significant difference (p<0.05) between 111In-DOTA-A1-ZHER2:S1 and 68Ga-DOTA-A1-

ZHER2:S1; 

g Significant difference (p<0.05) between 111In-DOTA-K50-ZHER2:S1 and 68Ga-DOTA-K50-

ZHER2:S1; 

h Significant difference (p<0.05) between 111In-DOTA-K58-ZHER2:S1 and 68Ga-DOTA-K58-

ZHER2:S1; 

There was no significant difference between 111In-DOTA-A1-ZHER2:S1 and 111In-DOTA-K50-

ZHER2:S1; 

 

 

  



 46 

Discussion and conclusion for papers I, II and III 
The results from papers I, II and II demonstrated that both the chemical na-
ture of the radionuclide, the structure and composition of the chelator and the 
positioning of the chelator can influence the targeting properties of HER2-
targeting Affibody molecules.  

In paper I, NODAGA was found to be a superior chelator for 68Ga in the 
case of C-terminal placement and maleimido-mediated thiol-directed conju-
gation chemistry. For the 111In-labelled conjugate, the DOTA chelator pro-
vided the overall highest tumour-to-organ ratios.  

In paper II, NODAGA conjugated to the N-terminus via an amide bond 
also provided a superior targeting property compared to the other chelators 
for the 68Ga-labelled conjugates. For example, 68Ga-NODAGA-ZHER2:S1 pro-
vided a twofold higher tumour-to-liver ratio than 68Ga-NOTA-ZHER2:S1. The 
high liver uptake of 68Ga-NOTA-ZHER2:S1 can possibly be explained by the 
positive charge formed by complexation of three-valent metals with NOTA. 
A localized positive charge at the N-terminus of Affibody molecules was 
found to increase the liver uptake of a 99mTc-labelled HER2-targeting Af-
fibody molecule (Hovström et al 2013). Such unfavourable high liver uptake 
might prevent the imaging of liver metastases using the NOTA conjugate.  

Furthermore, the influence of chelators was also proven to depend on the 
chemical nature of the radionuclide used as the label. A clear influence of 
the radionuclide on biodistribution and targeting was observed in all three 
studies. Interestingly, the difference was smaller for 68Ga than 111In for dif-
ferent chelators.  

The differences between the biodistribution properties in papers I and II 
suggest that chelator positioning on an Affibody molecule (N- or C-
terminus) influences the biodistribution properties, possibly due to a co-
operative effect between the chelator and the surrounding amino acids.  

Because the Affibody molecules in papers I and II differed in sequence 
and production, it was difficult to decide which chelator position (C- or N-
terminal) provides the highest contrast. In addition, different chelator conju-
gation methods were used in papers I and II. In paper I, a C-terminal cyste-
ine was engineered into the HER2-targeting Affibody molecules, and the 
maleimido derivate of DOTA was conjugated through thiol-direct chemistry. 
In paper II, the chelators were conjugated to the N-terminus via an amide 
bond during peptide synthesis. Therefore, the influence of the position of the 
macrocyclic chelator DOTA on the biodistribution of HER2 Affibody mole-
cules labelled with 68Ga or 111In was further evaluated. 

The results from paper III also demonstrated that the position of the 
DOTA chelator can influence the targeting properties of HER2-targeting 
Affibody molecules when labelled with 68Ga. N-terminal placement of the 
DOTA chelator provided the best tumour-to-organ ratios for the 68Ga-labeled 
synthetic Affibody molecules, and the results from the biodistribution study 
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of 68Ga-DOTA-A1-ZHER2:S1 and 111In-DOTA-A1-ZHER2:S1 were in agreement 
with the results from paper II. Both studies showed more rapid clearance of 
111In from blood, higher uptake of 111In in the tumour, lung and bone and 
higher uptake of 68Ga in the liver.  

 
The results obtained from papers I, II and III can be explained as follows: 
• Different chelator structures result in different local charge distribution 

when complexed with metals, which translates into different features of 
off-target interactions and affects biodistribution.  

• The local distribution of charge in indium and gallium complexes is 
different, even when complexed with the same chelator, which might in-
fluence off-target interactions and uptake in normal organs.  

• Chelator positioning on an Affibody molecule influences biodistribution 
properties, possibly due to a co-operative effect between the chelator and 
the surrounding amino acids. 
 

 
In conclusion, placement of a chelator in the middle of helix 3 provides the 
lowest tumour uptake and the lowest imaging contrast. Increased negative 
charge at the N-terminus of an Affibody molecule is favourable for increas-
ing contrast. NODAGA seems to be the best chelator for 68Ga-labelling of 
Affibody molecules for the series of DOTA-, NOTA- and NODAGA- chela-
tors. 
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Paper IV 
A gallium-68-labeled Affibody molecule for PET imaging of PDGFRβ 
expression in vivo 

Background and aim 
Previously, our group showed the feasibility of imaging PDGFRβ-expressing 
xenografts in mice using an 111In-labelled PDGFRβ-targeting Affibody mol-
ecule (Z09591). The study demonstrated a significant increase in tumour–to-
organ ratios between 1 and 2 h after injection but very little increase in tu-
mour-to-organ ratios between at 2 and 4 hours. The optimal imaging time 
would therefore be between 2 and 4 hours (Tolmachev et al, 2014), which 
permits the use of short-lived PET radionuclides such as 68Ga, as a label, 
providing enhanced sensitivity compared to SPECT.  

The aim of this study was to evaluate whether 68Ga-DOTA- Z09591 (Figure 
9) is a suitable imaging agent for PDGFRβ visualization using PET.  

 
Figure 9. Schematic structure of the 68Ga- DOTA- Z09591 conjugate
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Method 
DOTA was site-specifically conjugated to the C-terminus of a PDGFRβ-
binding Affibody molecule and labelled with either 68Ga or 111In. The conju-
gate was incubated with an excess of EDTA to evaluate the labelling stabil-
ity. The binding specificity and cellular processing of 68Ga-PDGFRβ was 
evaluated using PDGFRβ-expressing U-87 cells. The binding strength of the 
two conjugates was compared by measurement of the half-maximum inhibi-
tion concentration (IC50). 

The biodistribution profiles for 68Ga-labeled DOTA-conjugated Z09591 
were compared with 111In-labeled variants in mice bearing PDGFRβ-
expressing U-87 MG glioblastoma xenografts at 1 and 2 h post-injection. 

Results 
Labelling with 68Ga provided an average radiochemical yield of 92.3± 0.6 %. 
After purification, the radiochemical purity was 99.4±0.3 %. A challenge 
with a 500-fold molar excess of EDTA during 4 h demonstrated high stabil-
ity of the label (95.3 ±0.7 %).  

The binding of 68Ga-DOTA-Z09591 to PDGFRβ-expressing U-87 MG gli-
oma cells was significantly (p<0.001) reduced by adding a large excess of 
non-labelled Affibody molecules. This indicated that the binding was recep-
tor mediated.  

The internalization of 68Ga-DOTA-Z09591 by PDGFRβ-expressing U-87 
MG glioma cells was slow, but increased with time (26±1 % of total cell-
bound activity after 3 h of incubation). The IC50 value of 68Ga-DOTA-Z09591 
(6.6 ± 1.4 nM) was somewhat higher than that of 111In-DOTA- Z09591 (1.4 ± 
1.2 nM). 

In mice bearing U-87 xenografts, the tumour uptake of 68Ga-DOTA-Z09591 
was significantly (p<0.0005) decreased by pre-injection of non-labelled 
PDGFRβ-targeting Affibody molecules, indicating PDGFRβ-mediated in 
vivo targeting. Additionally, significantly lower uptake was observed in a 
number of normal tissues (lung, liver, spleen, and muscle) after blocking the 
receptors. 

111In-DOTA-Z09591 demonstrated somewhat faster blood clearance than 
68Ga-DOTA-Z09591, and blood retention was significantly (p<0.05 in the 
paired t-test) lower for 111In-DOTA-Z09591 compared to 68Ga-DOTA-Z09591 at 
both time points (0.6±0.3 %IA/g vs 0.8±0.3 %IA/g and 0.23± 0.03%IA/g vs 
0.46±0.06 %IA/g, respectively). 

The tumour-to-organ ratios had similar values for both variants. However, 
a paired t-test suggested significantly higher values for 111In-DOTA- Z09591 
than 68Ga-DOTA- Z09591 for tumour-to-liver (4.3±1.2 vs. 4.0±1.3) ratios at 
one hour after injection.  

At two hours after injection, the 111In-labelled conjugate showed signifi-
cantly higher tumour-to-blood (18.4±8.3 vs. 8.0±3.1), tumour-to-lung (5±1 
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vs. 4±1.), tumour-to-liver (6±3 vs. 5±2) and tumour-to-spleen (2.8±0.9 vs. 
2.5±0.8) ratios than the 68Ga-labelled conjugate (Figure 10). As early as two 
hours after injection of 68Ga-DOTA-Z09591, the PDGFRβ-expressing xeno-
grafts were visualized using microPET. 

Discussion and conclusions 
Despite ubiquitous expression of PDGFRβ in normal tissue, 68Ga-DOTA-
Z09591 showed a capacity for the specific imaging of PDGFRβ expression in 
tumours. At 2 h after injection, the tumour-to-blood ratio (8.0±3.1) was at 
the same level, as can be attained by good antibody imaging of a highly ex-
pressed target at several days after injection. The only organ with higher 
uptake than the PDGFRβ-expressing tumours was the kidney, which is typi-
cal for radiometal-labelled Affibody molecules. As pre-saturation of recep-
tors did not cause a reduction in kidney uptake, target-specific binding in the 
kidneys can be excluded. Decreased uptake after presaturation was observed 
for the tumour, lung, liver, spleen, and muscle, indicating the expression of 
PDGFRβ in these organs and tissue.  

The influence of a radionuclide on the biodistribution of anti-PDGFRβ 
Affibody molecules was similar to the influence on the biodistribution of 
anti-HER2 counterparts. The 111In-DOTA-Z09591 conjugate demonstrated 
faster blood clearance than the 68Ga-DOTA-Z09591 conjugate. This might 
mean that the entire scaffold, not only a binding site, is essential for the bio-
distribution profile of an Affibody molecule-chelator-radionuclide combina-
tion. In this case, enhancing the biodistribution of one Affibody molecule 
might improve the biodistribution of another. For example, it is likely that 
the use of NODAGA instead of DOTA as a chelator would improve the bio-
distribution of 68Ga-labelled anti-PDGFRβ Affibody molecules.     

 
 
In conclusion, the results from this study demonstrate that 68Ga-DOTA-

Z09591 is a suitable agent for imaging of PDGFR-expressing xenografts in 
vivo using PET due to its rapid and specific targeting of PDGFRβ. As early 
as two hours after injection of 68Ga-DOTA-Z09591, PDGFRβ expressing xen-
ografts were visualized using microPET. It is possible that further optimiza-
tion of the labelling chemistry, e.g., the use of NODAGA instead of DOTA as 
a chelator, would further improve the imaging contrast.  

 

  



 51

 
Figure 10. Comparison of tumour-to-organ ratios at one and two hours p.i for 68Ga-
DOTA-Z09195 and 111In-DOTA-Z09195 in BALB/C nu/nu mice bearing U-87 MG 
xenografts. Data are presented as the mean ± SD for 4 mice. *significant difference 
(p<0.05) between 68Ga-DOTA-Z09591 and 111In-DOTA-Z09591  
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Paper V 
Site-specific radioiodination of HER2-targeting Affibody molecules 
using 4-iodophenetylmaleimide decreases the renal uptake of 
radioactivity. 

Background and aim 
In papers I-IV, 68Ga- and 111In-labelled HER2- and PDGFRβ-targeting Af-
fibody molecules demonstrated high tumour-to-organ ratios. However, a 
remaining challenge for radiometal labelling is the high reabsorption by the 
kidneys. This is might be associated with high kidney radioactivity retention 
and low contrast imaging in the lumbar region. One approach to overcome 
this issue is based on the fact that the internalization of Affibody molecules 
by cancer cells is slow. The accumulation of radioactivity in tumours due to 
the residualizing properties of radiocatabolites is not critical; instead, the 
non-residualizing properties of a radiocatabolite would facilitate excretion 
and reduce renal retention.  

In a previous study, the use of radioiodinated 3-iodo-((4-
hydroxyphenyl)ethyl)maleimide (I-HPEM) for the site-specific labelling of 
cysteine-containing Affibody molecules provided lower radioactivity reten-
tion in the kidneys compared with the use of N-succinimidyl-4-iodobenzoate 
(Mume et al 2005). The exact mechanism of the decrease in kidney uptake is 
not entirely clear. Presumably, exoproteases in the tubular cells are involved 
in the cleavage of Affibody molecules, and a label at the C-terminus is 
cleaved more rapidly. We hypothesized that the use of a more lipophilic 
linker than HPEM for the terminal labelling of Affibody molecules might 
result in more “leaky” lipophilic radiocatabolites, which could be utilized for 
the labelling of Affibody molecules with, e.g., 124I, for PET imaging. 

The aim was to test the hypothesis that a more lipophilic linker for radio-
halogens confers lower renal retention of radioactivity after Affibody mole-
cule injection. For this purpose, we compared the biodistribution of Affibody 
molecules labelled using 125I-IPEM with its 125I-IHPEM-labeled counterpart. 
The structure of IPEM and IHPEM are given in Figure 11.  

 
Figure 11. Structures of 125I-3-iodo-((4-hydroxyphenyl)ethyl)maleimide (I-HPEM) 
(A) and 125I-4-iodophenetylmaleimide (IPEM) (B) conjugated to an Affibody mole-
cule via a C-terminal cysteine. 
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Methods  
The labelling of IPEM with 125I and coupling of 125I-IPEM to pre-reduced 
HER2-targeting (ZHER2:2395) Affibody molecule was optimized. To ensure 
that the radioiodine was stably attached to the Affibody molecule, a sample 
of the conjugate was incubated in 2 M sodium iodide, 30 % ethanol and PBS 
as a control. The specificity of binding and the cellular processing of 125I-
IPEM-ZHER2:2395 and 125I-IHPEM-ZHER2:2395 were compared in vitro using 
HER2-expressing SKOV-3 cells. The biodistribution properties of 125I-
IPEM-ZHER2:2395 and 125I-IHPEM-ZHER2:2395 were compared in normal MRI 
mice at 1, 4 and 24 h after injection. 

Results 
The labelling with IPEM with 125I provided a radiochemical yield of 73±3 %. 
After conjugation of 125I-IPEM to ZHER2:2395 at the Affibody:IPEM molar 
ration of 2:1, the overall yield of radioiodination was 43±4 %. The different 
stability tests demonstrated stable labelling.  

The specificity test demonstrated significantly (p<0.00005 ) reduced bind-
ing of  125I-IPEM-ZHER2:2395  to HER2-expressing cells, which demonstrated 
binding specificity. Cellular processing of 125I-IPEM-ZHER2:2395 showed more 
rapid excretion of the radiocatabolites than did the cellular processing of 125I-
IHPEM-ZHER2:2395.   

At 1 and 4 h after injection, there was significantly lower kidney retention 
of 125I-IPEM-ZHER2:2395

 (24±2 and 5.7±0.3 %IA/g) compared to 125I-IHPEM-
ZHER2:2395 (50±8 and 12±2 %IA/g) (Figure 12). However, 125I-IPEM-
ZHER2:2395 exhibited higher uptake in the liver at 1 h pi (4.1±0.7 %IA/g) com-
pared to 125I-IHPEM-ZHER2:2395 (2.7±0.1 %IA/g) (Table 7). In organs express-
ing the Na/I symporter (stomach and salivary gland), radioactivity uptake 
was significantly (p<0.05) lower at least one time point for 125I-IPEM-
ZHER2:2395. Blood retention was significantly higher for 125I-IPEM-ZHER2:2395

 

(2.8±0.4, 0.81±0.06 and 0.38±0.003 %IA/g) than 125I-IHPEM-ZHER2:2395 
(2.2±0.2, 0.56±0.04 and 0.12±0.07 %IA/g) at all time points. 

Discussion and conclusion 
The results confirmed our main hypothesis: the use of a more lipophilic link-
er reduces the renal radioactivity retention of radioiodinated Affibody mole-
cules. The cellular processing showed that the maximum cell-associated 
activity was reached earlier for 125I-IPEM-ZHER2:2395 than 125I-IHPEM-
ZHER2:2395 (4 h vs. 8 h), suggesting that 125I-IPEM results in more lipophilic 
radiocatabolites that leak rapidly from the cell. A more rapid diffusion of 
more lipophilic radiocatabolites through lysosomal and cellular membranes 
can also explain why the renal radioactivity was two times lower for 125I-
IPEM-ZHER2:2395 than 125I-IHPEM-ZHER2:2395 at 1 h and 4 h after injection. 
Unfortunately, the higher overall lipophilicity of 125I-IPEM-ZHER2:2395 result-
ed in a higher liver uptake. This is in agreement with the previous data show-
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ing that the modification of Affibody molecules with lipophilic pendant 
groups is associated with a higher level of hepatic uptake and/or hepatobili-
ary excretion (Hoffström et al. 2013). However, the difference disappeared 
at later time points. Interestingly, the blood radioactivity concentration was 
1.5-fold higher for 125I-IPEM-ZHER2:2395 compared to 125I-IHPEM-ZHER2:2395. 
This could possibly be explained by the escape of the radiocatabolites from 
the kidney into the blood stream. 

 
 
In conclusion, the use of labels providing more lipophilic catabolites 

might allow for decreased renal retention of radiohalogens. However, fur-
ther studies are required to solve the problems associated with the use of 
lipophilic prosthetic groups, e.g., elevated hepatic uptake and blood-borne 
radioactivity.    
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Table 7. Comparison of the biodistribution of 125I-IPEM-ZHER2:2395 and 125I-IHPEM-
ZHER2:2395 in NMRI mice. Uptake is expressed as %IA/g, and presented as the mean ± 
S.D. for four mice. Data from the gastrointestinal (GI) tract with content and car-
cass are presented as % of injected radioactivity per the entire sample. 

 1 h 4 h 24 h 

 IPEM IPEM IPEM IHPEM IPEM IHPEM 

Blood 2.8±0.4[a] 2.2±0.2 0.81±0.06[a] 0.56±0.04 0.38±0.03 [a] 0.12±0.07 

Lung 2.8±0.5 2.6±0.3 0.57±0.04 0.54±0.06 0.13±0.01[a] 0.07±0.01 

Liver 4.1±0.7[a] 2.7±0.1 1.4±0.1 1.4±0.3 0.18±0.06[a] 0.07±0.02 

Spleen 1.0±0.2 0.9±0.1 0.34±0.04 0.29±0.05 0.12±0.01[a] 0.04±0.03 

Stomach 1.1±0.1[a] 2.1±0.4 0.40±0.05[a] 2±1 0.05±00.01 0.07±0.03 

Kidney 24±2[a] 50±9 5.7±0.3[a] 12±2 0.90±0.09 [a] 0.6±0.3 

Salivary 
gland 

1.0±0.2 1.2±0.6 0.34±0.06[a] 1.6±0.3 0.026±0.008 0.040±0.003 

Muscle 0.6±0.1 1.1±0.9 0.11±0.01 0.12±0.04 0.012±0.003 0.010±0.002 

GI tract 9±1[a] 12±1 9.8±0.9[a] 18±3 0.18±0.04 0.32±0.09 

Carcass 14±2 14±1 3.1±0.3 3.8±1.0 0.57±0.09 1.18±0.66 

[a]Significant (p<0.05) difference between 125I-IPEM-ZHER2:2395 and 125I-IHPEM-ZHER2:2395 at 

the same time point. 

 
Figure 12. Comparison of the renal retention of radioactivity after injection of 125I-
IPEM-ZHER2:2395 and 125I-IHPEM-ZHER2:2395 into NMRI mice. Uptake is expressed as 
%IA/g, and presented as the mean ± S.D. for four mice  
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Concluding remarks 

The results in the present thesis has demonstrated the feasibility of PET im-
aging of HER2- and PDGFRβ-expressing tumours in vivo using Affibody 
molecules. Furthermore, this thesis has also demonstrated that the in vivo 
biodistribution properties of Affibody molecules depend on the selected 
chelator, linker molecule, radionuclide and chelator position in the Affibody 
molecule. This information is essential for the further development of Af-
fibody molecules for radionuclide molecular imaging of other molecular 
targets (e.g., IGF-1R, CAIX and HER3). The information could also be 
equally useful when developing other targeting probes.  
 
The major findings from this thesis are as follows: 
 

• A clear influence of a radionuclide on biodistribution and target-
ing was observed. Consequently, 111In-labelled Affibody mole-
cules cannot be used to predict the in vivo properties of their 68Ga-
labelled analogues.  

• The difference in biodistribution properties for the different chela-
tors for HER2-targeting Affibody molecules was smaller for 68Ga 
than for 111In.   

• The substitution of DOTA with NODAGA was found to provide 
superior imaging properties for 68Ga-labelled recombinant HER2-
targeting Affibody molecules (ZHER2:2395) in the case of C-terminal 
placement of the label. For 111In-labelled conjugates, the DOTA 
chelator provided the overall highest tumour-to-organ ratios. This 
indicates that the choice of chelator can have a significant influ-
ence on the biodistribution of Affibody molecules. 

• NODAGA was also found to provide higher tumour-to-organ rati-
os compared to DOTA and NOTA for synthetically produced 
68Ga-labelled HER2-targeting Affibody molecules when placed at 
the N-terminus. The NOTA conjugate labelled with both 111In and 
68Ga showed unfavourable high liver uptake, a problem for tu-
mour imaging because the liver is a major organ for tumour me-
tastasis. 

• Chelator positioning of Affibody molecules (N-terminus, middle 
of helix 3 or C-terminus) influences biodistribution properties. Po-
sitioning of the DOTA chelator at the N-terminus provided the 
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best tumour-to-organ ratios for 68Ga-labeled synthetic HER2-
targeting Affibody molecules. 

• Efficient and stable labelling of the PDGFRβ-binding Affibody 
molecule with 68Ga was demonstrated. Rapid and specific target-
ing of PDGFRβ-expressing U-87 MG xenografts in immunodefi-
cient mice using 68Ga-DOTA-Z09591 was shown.  

• PET imaging using a 68Ga-labelled PDGFRβ-targeting Affibody 
molecule provided a high-contrast image of a PDGFRβ-
expressing xenograft in vivo.  

• Affibody molecules should provide a useful clinical tool for imag-
ing of PDGFRβ expression in various pathologic conditions.  

• Using a lipophilic linker for radioiodination reduces renal radioac-
tivity retention of Affibody molecules. However, further studies 
are required to solve the problems associated with the use of lipo-
philic prosthetic groups, e.g., elevated hepatic uptake and blood-
borne radioactivity.   
 

 
In conclusion, this thesis clearly demonstrates that the labelling strategy is 
of outmost importance, has substantial influence on the targeting properties 
of Affibody molecules and should be taken under serious considerations 
when developing new imaging agents.  
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Ongoing and future studies 

Previously, a negatively charged amino acid tag placed at the N-terminus of 
a HER2-targeting Affibody molecule labelled with 99mTc provided the low-
est non-specific accumulation of radioactivity in vivo in comparison to dif-
ferent positions and charges of the tag (Hofström et al, 2013). Based on these 
results, I hypothesized that modifications leading to increase of negative 
charge at the N-terminus may further improve the biodistribution profile of 
Affibody molecules. To test this hypothesis, we considered a macrocyclic 
chelator that forms a negative net charge with trivalent metals, i.e., DO-
TA(GA). We planned a study where DOTA(GA) is coupled to the N-
terminus of a HER2-targeting Affibody molecule (ZHER2:2891) with the aim of 
comparing the influence of chelators on properties of 68Ga-labelled Affibody 
molecules with their influence on the properties of 111In-labelled counterparts 
(111In-DOTA(GA)-ZHER2:2891 and 111In-DOTA-ZHER2:2891). Our preliminary 
data confirmed this hypothesis, e.g., noticeable decrease of hepatic uptake. 
Another approach would be to use divalent metals, e.g. 55Co as the label, in 
combination with DOTA, NODAGA and DOTA(GA). 68Ga, which has the 
same complex structure but carries an extra positive charge can be used for 
comparison. One could also consider the use of a negatively charged linker, 
e.g., oligoglutamate, for this purpose.  The biodistribution of a series of 
NODAGA- or DOTA-conjugated 68Ga-labeled derivatives containing one, 
two or three glutamate between a chelator and an Affibody molecule should 
be compared. These studies might further improve the contrast of imaging 
using Affibody molecules.  

Papers I, II and III demonstrated that the influence of the radionuclide 
on the biodistribution and targeting properties of anti-HER2 Affibody mole-
cules depends on the chelator used for labelling, as well as on the position of 
the chelator. This creates a pre-condition for further optimization of the tar-
geting properties of PDGFRβ-targeting Affibody molecules by selection of 
an optimal chelator. I propose to perform an in vivo comparison of anti-
PDGFRβ Affibody molecules labelled with 68Ga at the C-terminus using 
maleimido derivatives of DOTA and NODAGA.  

In a recent clinical study, a HER2-targeting Affibody molecule 
(ABY025) was labelled with 68Ga for PET imaging and injected into eleven 
patients with known metastatic breast cancer. PET imaging was performed, 
and the results demonstrated a decrease in activity over time in most normal 
organs, with the best contrast provided at 4 hours after injection (Sörensen 
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2014). However, 68Ga is not optimal for imaging at late time points due its 
short half-life. This enables the use of a long-lived PET radionuclide such as 
64Cu, 76Br, 124I, 89Zr, 44Sc or 86Y (Pagani et al, 1997). In particular, 44Sc 
would be of interest due to its 3.97 hour half-life and its high positron yield 
of 94.27 % (Roesch F et al. 2012). The labelling procedure would be similar 
to that of 68Ga, though I could speculate that because 44Sc has a smaller radi-
us, NOTA or NODAGA as a chelator would confer better biodistribution 
properties.  

 
 
 The clinical implementation is that utilizing Affibody molecule imaging 

agents optimized according to the findings of this thesis would facilitate the 
goal of improving the personalization of therapy. 
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