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Abstract
Oroujeni, M. 2021. Radiolabelled affibody molecules for imaging EGFR expression in
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Medicine 1734. 69 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1170-8.

Affibody molecules are promising scaffold-based targeting proteins for radionuclide imaging
and cancer therapy. This thesis is based on 5 original research articles (Papers I-V), with
the primary focus being placed on the optimization of molecular design of EGFR-binding
affibody variants for high contrast imaging of epidermal growth factor receptor (EGFR)
expression in tumours. The goal of my studies was to investigate the effect of labelling
chemistry on the targeting properties of the anti-EGFR affibody molecule ZEGFR:2377 labelled
with technetium-99m (99mTc) for single-photon emission computed tomography (SPECT),
gallium-68 (68Ga), zirconium-89 (89Zr) and gallium-66 (66Ga) for positron-emission tomography
(PET) to select radiolabelled variants providing the best imaging contrast.

In Paper I, we showed the feasibility of stably labelling the anti-EGFR affibody molecule
ZEGFR:2377 with 99mTc using a peptide-based cysteine-containing chelator and evaluated the
imaging of EGFR expression in tumours using the [99mTc]Tc-ZEGFR:2377 affibody molecule.

In Paper II, the effect of the composition of cysteine-containing peptide-based chelators
on the biodistribution of 99mTc-labelled anti-EGFR affibody molecules was investigated. We
evaluated whether the use of glutamate-based chelators improved the imaging properties of
99mTc-labelled ZEGFR:2377.

In Paper III, the use of cyclic (FSC) versus noncyclic chelators (DFO) as bifunctional
chelators for radiolabelling the anti-EGFR affibody molecule ZEGFR:2377 with 89Zr was
investigated. The in vitro and in vivo properties of the resulting DFO- and FSC-ZEGFR:2377
molecules labelled with 89Zr were studied.

In Paper IV, the targeting properties of [68Ga]Ga-DFO-ZEGFR:2377 were evaluated and
compared directly with the properties of [89Zr]Zr-DFO-ZEGFR:2377 at 3 h after injection.

In Paper V, the targeting properties of [66Ga]Ga-DFO-ZEGFR:2377 were evaluated and
compared directly with the properties of [68Ga]Ga-DFO-ZEGFR:2377 and [89Zr]Zr-DFO-
ZEGFR:2377 at 3 and 24 h after injection, respectively.
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Introduction 

Epidermal growth factor receptor family (EGFR/ErbB) 
Several families of cell-surface receptors are often overexpressed in malignant 
tumours. Receptor tyrosine kinases (RTKs) comprise a superfamily of recep-
tors divided into 20 classes. RTKs regulate cell division, differentiation, mo-
tility and apoptosis. Aberrant expression of RTKs is one of the driving forces 
of malignancies. 

One of the most well-studied classes of RTKs is class I, the human epider-
mal growth factor receptor (EGFR or ErbB) family. In humans, the EGFR 
family includes four transmembrane receptor tyrosine kinases: EGFR 
(HER1), HER2, HER3, and HER4 (also known as ErbB1-4). These receptors 
consist of (i) a cysteine-rich, extracellular N-terminal ligand-binding domain 
and a dimerization arm, (ii) a hydrophobic transmembrane segment and (iii) 
an intracellular C-terminal tyrosine kinase domain with several phosphoryla-
tion sites (Figure 1). Since growth factor receptors of the EGFR family are 
similarly expressed at high levels in both primary tumours and disseminated 
tumour cells and metastases, they are suitable targets for targeted therapy 
(Roskoski et al. 2014). 

Members of ErbB family, except HER2, are activated by 11 known ligands 
(Figure 1), such as epidermal growth factor (EGF), transforming growth factor 
α (TGF-α), betacellulin, heparin-binding EGFR-like growth factor (HB-EGF), 
epiregulin and neuregulins (Hynes et al. 2005). Some ligands are receptor-
specific, while others can bind more than one receptor (Figure 1). The binding 
of ligands to the extracellular domain of ErbB receptors induces homo- or 
heterodimerization of receptors. Subsequently, activation of intracellular ty-
rosine kinases regulates their cellular effects, such as proliferation, apoptosis, 
migration and differentiation (Citri et al. 2006). Notably, HER2 has no known 
ligand, but is constantly in an activated state. The tyrosine kinase function of 
HER3 is severely compromised, and the signalling of this receptor depends 
on heterodimerization with other members of the ErbB family. 
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Figure 1. Schematic structure of the ErbB receptor family and its ligands. The recep-
tors consist of an extracellular domain (subdomains are denoted I-IV), a transmem-
brane domain, TM, and an intracellular tyrosine kinase domain, IC. The known lig-
ands of these receptors are epidermal growth factor (EGF), transforming growth fac-
tor-α (TGF-α), amphiregulin (AR), epigen (EPN), heparin-binding EGF-like growth 
factor (HB-EGF), betacellulin (BTC), epiregulin (EPR) and neuregulins (NRGs) 1-4. 

EGFR and EGFR targeting in cancer 
A major focus of this thesis is the targeting of the EGF receptor, which is 
therefore described here in more detail. 

EGFR is a 170-kDa polypeptide member of the ErbB family of transmem-
brane tyrosine kinases and was the first identified receptor within the ErbB 
family. EGFR was also the first receptor that showed evidence of a relation-
ship between receptor overexpression and cancer (Thompson et al. 1985). 

EGFR activation normally induces signalling, leading to cell proliferation, 
inhibition of apoptosis, and increased motility (Yarden et al. 2001). Preclinical 
data have shown that over 70% of malignant tumours exhibit abnormal ex-
pression of EGFR. EGFR is overexpressed in head and neck (80-100%), 
breast (14-91%), kidneys (50-90%), non-small-cell lung (40-80%), colon (25-
77%), ovary (35-70%), pancreas (30-50%), bladder (31-48%) and brain (40-
63%) cancers (Herbst et al. 2002). 

Overexpression of EGFR is also associated with resistance against chemo-
therapy, and radiotherapy and with a poor prognosis in many cancers, such as 
head and neck squamous cell carcinoma (HNSCC) (Ang et al. 2004), breast 
cancer (Tsutsui et al. 2002) and non-small-cell lung cancer (NSCLC) (Sel-
vaggi et al. 2004). Detection of EGFR expression levels in malignant tumours 
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can provide vital prognostic and predictive information, which influences the 
stratification of patients for different therapies. 

Prevention of EGFR signalling either by blocking the EGFR binding site 
on the extracellular domain (using monoclonal antibodies such as cetuximab 
and panitumumab) or by inhibiting intracellular tyrosine kinase activity (using 
tyrosine kinase inhibitors, TKIs, such as gefitinib and erlotinib) is considered 
a promising strategy for the treatment of EGFR-expressing tumours (Mendel-
sohn et al. 2006; Scaltriti et al. 2006). 

The analysis of biopsy samples is the common method for the measurement 
of EGFR expression levels in human tumours. This methodology is based on 
an invasive procedure, a limited number of samples can be taken from limited 
sites, and repeated biopsies are often avoided. Moreover, a risk of nonrepre-
sentative sampling exists due to heterogeneous expression, discordance of 
EGFR expression levels in primary tumours and corresponding metastases 
(Scartozzi et al. 2004), and changes in EGFR expression during therapy and/or 
during cancer progression (Selvaggi et al. 2004; Choong et al. 2007), which 
restrict the utility of biopsy data. 

Radionuclide molecular imaging 
Accurate noninvasive methods are under development for the detection of 
EGFR expression levels, such as radionuclide molecular imaging, to over-
come problems associated with biopsies. 

Molecular imaging has been defined as “the visualization, characterization, 
and measurement of biological processes at the molecular and cellular levels 
in humans and other living systemsˮ (Pomper et al. 2008). Molecular imaging 
typically includes two- or three-dimensional imaging and quantification over 
time. In brief, radionuclide molecular imaging techniques might help to avoid 
problems associated with biopsies (Mankoff et al. 2016). In contrast to biopsy, 
radionuclide imaging could avoid false-negative results associated with sam-
pling error and the heterogeneity of EGFR expression. This method can also 
provide overall insight into expression in all lesions in the body. 

Nuclear medicine imaging modalities, such as single-photon emission 
computed tomography (SPECT) and positron-emission tomography (PET), 
are widely used in preclinical and clinical applications. Unlike optical imag-
ing, radionuclide molecular imaging permits the visualization of tracer distri-
bution in the whole volume of the human body without a depth limitation. 
Several factors determine the suitability of each modality. 

PET imaging is based on the coincident detection of two antiparallel pho-
tons (each with an energy of 511 keV) formed during the annihilation of a 
positron, emitted by a positron-emitter radionuclide, and an electron. These 
two paired photons with high energy penetrate through the patient’s body and 
are registered by the detector ring around the patient. PET generally utilizes 
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cyclotron-produced short-lived positron-emitting radionuclides, such as 18F 
(T1/2=110 min), 11C (T1/2=20.4 min), 15O (T1/2=122 s), and 13N (T1/2=10 min). 
After recent granting marketing authorization to the 68Ge/68Ga generator, 68Ga 
(T1/2=68 min) is gaining broader applications as a suitable radionuclide in PET 
imaging (Tolmachev et al. 2010a). Since, the half-lives of the mentioned ra-
dionuclides are too short to trace the antibody distribution due to their slow 
blood clearance, long-lived positron emitters, such as 89Zr (T1/2=78.4 h), 124I 
(T1/2=4.17 d), 64Cu (T1/2=12.7 h) and 55Co (T1/2=17.5 h), have been developed. 
These emitters enable high-resolution PET imaging of monoclonal antibodies 
up to several days after injection. 

The SPECT modality is based on the detection of gamma rays irradiated 
from radionuclides decaying by electron capture or isomeric transition. 
SPECT utilizes gamma-emitting radioisotopes such as 99mTc (T1/2=6 h), 111In 
(T1/2=2.8 d), and 123I (T1/2=13.3 h). Rotation of the collimated detector(s) 
around the patient enables the acquisition of multiple 2D projections of radi-
oactivity distributed in the patient’s body. Finally, the 2D images are con-
verted into 3D images using a reconstruction program. 

PET has advantages over SPECT, such as being quantitative and providing 
better registration sensitivity and spatial resolution and greater accuracy of 
quantification of radioactivity concentrations in vivo than SPECT (Rahmim et 
al. 2008). These factors make this technique attractive for imaging with both 
small molecules and large biomolecules, such as antibodies and their frag-
ments. However, SPECT, with its lower cost and wide availability, serves as 
the front-line modality for clinical imaging.  

The combination of a molecular imaging modality with anatomical com-
puted tomography (CT) imaging provides anatomical landmarks for detecting 
biochemical changes. This combination (PET/CT and SPECT/CT) may accel-
erate the imaging process and reduce imaging expenses. Moreover, diagnos-
tics based on two different modalities may facilitate an accurate diagnosis by 
removing imaging and breathing artefacts. With the increasing availability of 
suitable tracers for PET and SPECT imaging at hospitals, radionuclide molec-
ular imaging is likely to be extensively used for the stratification of patients 
with different cancers and follow-up of treatment efficacy. For example, mo-
lecular imaging using prostate-specific membrane antigen (PSMA) ligands 
and somatostatin (SST) derivatives labelled with several radionuclides, e.g., 
99mTc or 68Ga, has been beneficial for the stratification of patients, develop-
ment of new therapeutic probes based on luthetium-177, and follow-up of 
treatment (Lütje1 et al. 2015; Xu et al 2015). 

  



 15

Tumour-targeting probes for molecular imaging 
For medical imaging applications, the desirable properties of a targeting agent 
are: 
- Reasonably high affinity to the molecular target (at least in the low nano-

molar range); 
- High selectivity of binding to the designated target; 
- Rapid localization in tumours; 
- Prompt elimination of the unbound targeting agent, preferably via the kid-

neys; 
- Minimum nonspecific accumulation in tissues that do not express the mo-

lecular target; 
- Robustness of labelling conditions and maintenance of binding capacity 

after labelling; and 
- Stability to proteases in the circulation. 

A molecule meeting these requirements would enable a high imaging contrast 
and shorten the time between tracer administration and examination. 

Various targeting probes have been evaluated for imaging, including pro-
teins such as monoclonal antibodies (mAbs), antibody fragments (e.g., Fab, 
F(ab’)2), peptides and scaffold proteins, such as affibody molecules (Freise et 
al. 2015; Garousi et al 2020). In the next sections, we will provide brief de-
scriptions of some of these tumour-targeting probes. 

Antibodies and their derivatives 
Among the various tumour-targeting probes, mAbs have been extensively 
used as targeting agents in cancer diagnosis and therapy. Antibodies are large 
(~150 kDa) full-size immunoglobulin proteins consisting of two identical 
heavy chains and light chains linked by disulfide bonds (Figure 2). 
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Figure 2. Graphical structure of an intact immunoglobulin G (IgG) antibody and an-
tibody fragments. Fab: antigen-binding fragment; Fv: variable fragment; Fc: crys-
tallizable fragment; scFv: single chain variable fragment; VH: variable region of 
heavy chain; VL: variable region of light chain. 

Monoclonal antibodies have advantageous features, such as good affinity and 
specificity for tumour receptors and biocompatibility in antitumour drug de-
velopment. Many antibodies to different targets are used in clinical therapy, 
such as trastuzumab, bevacizumab, cetuximab and ibritumomab tiuxetan (Li 
et al. 2012). 

The sensitivity of imaging using mAbs is limited by their long blood resi-
dence, which causes a high background and therefore a low signal-to-back-
ground ratio (Wu 2014, Freise et al. 2015). Clinical studies have indicated that 
the best imaging contrast is obtained 6-7 d after injection (Even et al. 2017). 
Moreover, these molecules have limited stability. Their activities depend on 
their intact spatial conformation, which is problematic for in vivo delivery sys-
tems and may result in substantial issues during their storage and transporta-
tion (Andreev et al. 2010; Zhang et al. 2012). Warming of antibodies above 
40°C is undesirable, which limits the selection of the labelling methodology. 
Additionally, tumour uptake of unspecific antibodies might be up to 50% of 
specific antibodies because of enhanced permeability and retention effects 
(Lub-de Hooge et al. 2004; Terwisscha van Scheltinga et al., 2017), which are 
associated with a risk of false-positive diagnoses (Ulaner et al. 2016). Overall, 
radiolabelled intact IgG might be instrumental for investigating the biodistri-
bution of targeted pharmaceutics during the development stage, but their use 
as companion diagnostics is probably not realistic. 

In brief, a reduction in the size of the targeting agents might improve ex-
travasation, increase tumour penetration, and accelerate blood clearance, 
thereby increasing tumour-to-background ratios and enabling a decrease in the 
time between the injection of the probe and imaging session (van Dijk et al. 
2013; van Dijk et al. 2016). Therefore, smaller targeting agents, such as the 
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Fab (ca. 55 kDa) or F(ab’)2 (ca. 110 kDa) fragments of mAbs with more fa-
vourable pharmacokinetic properties have been introduced to overcome the 
disadvantages of intact antibodies. Moreover, engineered small and stable 
mAb fragments, such as single chain variable fragments (scFv, ~25 kDa), sin-
gle-domain antibodies (sdAb, 12-15 kDa) and engineered scaffold proteins 
(ESPs), such as affibody molecules (6-7 kDa), have been introduced as new 
promising targeting probes (Garousi et al. 2020). Since the subject of this the-
sis is affibody molecules and their application in radionuclide imaging of 
EGFR-expressing tumours, the primary focus will be on affibody molecules. 

Affibody molecules 
At present, affibody molecules are probably the most well-studied ESP-based 
probes for radionuclide molecular imaging. Affibody molecules are small, ro-
bust, three-helix proteins based on the 58 amino acid scaffold derived from 
the B-domain in the immunoglobulin-binding region of staphylococcal pro-
tein A (Ståhl et al. 2017). Affibody molecules are produced by both chemical 
synthesis and recombinant production in E.coli. Randomization of 13 amino 
acid residues in helices one and two of affibody molecules (Nord et al. 1995; 
Nord et al. 1997) creates very large combinational libraries (up to 1011 mem-
bers) and permits the selection of proteins binding to desirable targets with 
high affinity and specificity (Figure 3). The presence of scaffolds ensures that 
the relative positions of binding amino acids are the same both in the selection 
system and in a free protein in solution. Therefore, very high affinities, reach-
ing several picomolar, are possible for affibody molecules. 

 
Figure 3. Schematic illustration of affibody molecule selection. Helices 1 and 2 are 
responsible for binding, and helix 3 has a stabilization character. (Reproduced with 
kind permission from Affibody AB). 
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These molecules have been used in more than 400 studies where binders to 
more than 40 proteins has been used for different purposes. Several types of 
affibody molecules have been selected that specifically and selectively image 
different cancer-related molecular targets (Table 1). 

Table 1. Some affibody molecules reported as imaging probes for several targets in 
the literature 

Target Target size 
(kDa) 

KD Refs 

Carbonic anhydrase IX 
(CAIX) 

42 1.2 nM (Garousi et al. 2016a) 

VEGF receptor 2 
(VEGFR-2) 

83 180 pM (Fleetwood et al. 2016) 

Insulin-like growth factor 
1 receptor (IGF-1R) 

103 2.3 nM (Li et al. 2010) 

IgA-specific affibody 
(ZIgA) 

7 0.9 μM (Eklund et al. 2002) 

Platelet-derived growth 
factor receptor β 
(PDGFR-β) 

58 0.4 nM (Lindborg et al. 2011) 

HER1 69 160 pM (Garousi et al. 2016b) 
HER2 70 20 pM (Orlova et al. 2006) 
HER3 69 8 pM (Rinne et al. 2019) 

Small size and high affinity of Affibody molecules are important precondi-
tions for a probe for high-contrast imaging (Zhang et al. 2016). Affibody mol-
ecules are highly water-soluble. An important feature of these molecules is 
rapid and high-fidelity refolding after denaturation (Arora et al. 2004). This 
property permits the use of harsh labelling conditions, such as high tempera-
tures up to 95°C (Ahlgren et al. 2009). These conditions enable the rapid la-
belling of affibody molecules with radiometals using macrocyclic chelators, 
which typically require heating (Price et al. 2014). Affibody molecules can 
also tolerate a broad range of pH values, from 3.5 (Honarvar et al. 2014) to 11 
(Tran et al. 2007), without losing their binding capacity during labelling. 
These molecules have been shown to bind to tumour-associated target proteins 
with high affinities, which is essential for high retention in tumours. Rapid 
tumour extravasation, efficient tumour penetration and fast blood clearance of 
unbound tracers are some of the most important advantages of affibody mol-
ecules over antibodies, which makes affibody molecules a promising targeting 
vector for both molecular imaging and therapeutic applications (Ståhl et al. 
2017). The pharmacokinetics of affibody molecules make them compatible 
with the use of both short-lived nuclides suitable for PET imaging, such as 
68Ga (Garousi et al. 2017; Altai et al. 2013), or relatively longer-lived nuclides, 
such as 99mTc, for SPECT imaging (Wållberg et al. 2011). 

The first clinical imaging procedure using an anti-HER2 affibody molecule 
site-specifically conjugated to DOTA (ABY-002) and labelled with 111In for 
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SPECT and 68Ga for PET was successfully performed on three patients with 
recurrent metastatic breast cancer (Baum et al. 2010). Further clinical studies 
have been performed using the second-generation affibody molecule ABY-
025, enabling the visualization of liver metastases and discrimination between 
HER2-positive and HER2-negative lesions (Sörensen et al. 2014; Sörensen et 
al. 2016). 

Radiolabelling of affibody molecules 
Proteins and peptides have been radiolabelled with several radionuclides, such 
as radiohalogens or radiometals, depending on which binding site/prosthetic 
group or chelator has been introduced in a construct for radionuclide binding. 
Several criteria must be considered when choosing a labelling method for mo-
lecular imaging with a radiotracer. For example, the stability of the halogen-
carbon bond or metal-chelator complex is one of the most important aspects 
in radiolabelling chemistry. Stable labelling reduces the release of free radio-
nuclide that could be distributed into nontarget organs and tissues, leading to 
low imaging contrast. 

The radiolabelling chemistry of affibody molecules for PET and SPECT 
imaging has been extensively studied (Orlova et al. 2007a; Tolmachev et al. 
2010b; Tolmachev et al. 2020). The most important finding of these studies is 
that a minor change in the labelling chemistry of the affibody construct may 
exert considerable effects on the binding affinity, cellular processing, reten-
tion of radiocatabolites and biodistribution properties of radiolabelled conju-
gates, such as blood clearance and hepatic and renal uptake (Tolmachev et al, 
2010b; Wållberg et al. 2011; Altai et al. 2012a). These effects are primarily 
attributed to binding interference, changes in hydrophilicity/lipophilicity, and 
the residualizing or nonresidualizing properties of labels and off-target inter-
actions of radiolabelled affibody molecules. 

The small number of amino acid residues in the scaffold enables the solid-
phase peptide synthesis of affibody molecules, which permits the conjugation 
of the chelator to the scaffold in a site-specific manner to produce a homoge-
nous product. An alternative is the incorporation of a single cysteine and the 
use of thiol-directed chemistry for the conjugation of chelators. In addition, a 
unique cysteine at the C-terminus might be used as a part of peptide-based 
chelators for labelling with 99mTc (Ahlgren et al. 2009; Wållberg et al. 2011; 
Altai et al. 2012a). Site-specific labelling can provide homogeneous conju-
gates with reproducible biodistribution properties, which enables the selection 
of an optimal imaging strategy. 
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Selection of suitable radionuclides for molecular 
imaging 
Radionuclide selection is as crucial as targeting agent selection. The radionu-
clide influences the retention of radioactivity after the internalization of the 
conjugate in both targeted tumours and normal tissues, such as the kidneys or 
liver. Physical decay characteristics (mode of decay and half-life), availability 
(cost, reliability, and scale) and radiolabelling chemistry (stability, simplicity, 
and pharmacokinetics) are important factors that should be considered when 
selecting a suitable radionuclide for diagnostic and therapeutic applications. 

An expanding number of radionuclides have been produced with various 
half-lives and emission profiles for diagnostic and therapeutic applications. 
Suitable radionuclides were primarily found among the metals and halogens, 
but there are some exceptions, such as 11C and 13N. Table 2 shows some com-
monly used radionuclides for PET and SPECT imaging. For example, radio-
metals that have been used for PET imaging are 68Ga, 89Zr, 64Cu, which pro-
vide sensitive and quantitative imaging. 99mTc is the most commonly used ra-
dionuclide for SPECT imaging. Additionally, the radionuclides 123I, 67Ga, and 
111In are used for labelling radiopharmaceuticals used in SPECT imaging 
(Price et al. 2014). Importantly, some elements have several radioactive iso-
topes that are used either for diagnostic or therapeutic applications. For exam-
ple, iodine has several radioactive isotopes, 119I to 135I, with different decay 
modes, which enables their use for imaging using SPECT (123I), PET (124I), 
targeted radionuclide therapy (131I) and brachytherapy (125I) (Wilbur 1992). 
 
Table 2. Some radionuclides commonly used for PET and SPECT imaging (Tolma-
chev et al. 2010a) 
Nuclide Half-Life Imaging modality Principal photon emissions, 

keV (abundance, %) 
Production 

99mTc 6.0 h SPECT 141 (90) Cyclotron 
68Ga 
64Cu 

68 min 
12.8 h 

PET 
PET 

511 (178), 1077 (3) 
511 (36), 1346 (0.5) 

Generator 
Cyclotron 

89Zr 78.4 h PET 511 (46), 909 (100) Cyclotron 
111In 2.8 d SPECT 171 (91), 245 (94) Cyclotron 
66Ga 9.5 h PET 511 (114), 834 (6), 1039 (38), 

2752 (23) 
Cyclotron 

123I 13.3 h SPECT 159 (84), 27 (71), 31 (16) Cyclotron 
124I 4.2 d PET 511 (46), 603 (61), 723 (10), 

1691 (10) 
Cyclotron 

67Ga 78 h SPECT 93 (39), 185 (21), 300 (17) Cyclotron 

This thesis is based on the application of four radionuclides for the radiolabel-
ling of anti-EGFR ZEGFR:2377 affibody molecules for imaging purposes: 
99mTc, 89Zr, 68Ga and 66Ga. Therefore, these radionuclides will be introduced 
very briefly below. 
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The generator-produced technetium-99m radionuclide (99mTc, T1/2=6 h, 
Eγ=140.5 keV) is the most commonly used radionuclide for SPECT imaging 
because of its favourable gamma radiation, which is optimal for gamma cam-
eras, half-life compatible with the rapid kinetics of radiopharmaceuticals, rel-
atively low cost, excellent availability, low electron emission, which permits 
the injection of high activities with a low dose burden to the patients, and well-
developed chemistry (Banerjee et al. 2005). Because of these properties, more 
than 80% of all radiopharmaceuticals used in clinical studies are based on 
99mTc. The use of 99mTc-labelled affibody molecules has been reported in a 
number of studies for the development of HER2 imaging probes (Tran et al. 
2007; Engfeldt et al. 2007; Ahlgren et al. 2009; Altai et al. 2012a). 

Gallium-68 (68Ga, T1/2=68 min, β+=90%, Emax=1900 keV) is a positron-
emitting radionuclide used for PET molecular imaging (Fani et al. 2008; Ve-
likyan et al. 2014). The easy access to generator-produced 68Ga without the 
need for in-house cyclotron production, straightforward labelling strategy and 
short half-life are the advantages of this radionuclide. Thus, interest in 68Ga-
labelled radiopharmaceuticals, especially those based on small peptides, in the 
field of radiopharmaceutical sciences has increased (Velikyan 2014; Velikyan 
2015). Moreover, the potential availability of 68Ge/68Ga generators might re-
duce costs and facilitate the production of PET tracers in clinics. The rapid 
kinetics of affibody molecules are compatible with the short half-life of 68Ga. 

Notably, the slower clearance of radiolabelled ZEGFR:2377 might render 
the use of short-lived positron-emitting nuclides, such as 18F (T1/2=109.8 min) 
and 68Ga, suboptimal. Therefore, the use of more long-lived positron emitters 
might be desirable to permit imaging the day after the injection, achieving 
higher contrast and sensitivity. Zirconium-89 (89Zr, T1/2=78.4 h, β+=23%, 
Emax=900 keV) is a positron emitter with a sufficiently long half-life that is 
commercially available. According to previous studies, the use of radiometal 
labels for ZEGFR affibody molecules provides better contrast than the use of 
radiohalogens (Tolmachev et al. 2009) as a label. Therefore, a long-lived pos-
itron-emitting radiometals, such as 89Zr, might be a better choice for labelling 
the ZEGFR:2377 affibody molecule to provide good contrast in PET imaging 
performed the day after the injection. 

Gallium-66 (66Ga, T1/2=9.49 h, β+=56.5%, EC=43.5%, Emax=4000 keV) is 
a radioisotope with a half-life suitable for imaging the day after the injection. 
This radionuclide can be produced by low-energy cyclotrons using a 
66Zn(p,n)66Ga nuclear reaction (Lewis et al. 2002). An additional potential ad-
vantage of 66Ga is the opportunity to use the labelling chemistry developed for 
68Ga. 
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Requirements for the radiolabelling of proteins and 
peptides 
Some general radiochemical requirements should be considered for the radio-
labelling of proteins and peptides, which are described below. 

 Radiochemical yield: Since the cost of radionuclide contributes to the 
total price of a targeting probe and the purity of the conjugate is very im-
portant, a high radiochemical yield is critical in radiolabelling targeting 
agents. 

 Specific activity: This factor depends on the application of radiolabelled 
conjugates. High specific activity is very important in radionuclide ther-
apy. In the case of imaging applications, an optimal specific activity is 
determined by the maximum permitted injected activity (which depends 
on the dosimetry of a radiopharmaceutical) and an optimal injected mass. 
The optimal injected mass depends on the affinity of a radiopharmaceuti-
cal for its target and on the expression of the target in tumours and normal 
tissues. Both preclinical (de Jong et al. 1999; Tolmachev et al. 2010c) and 
clinical studies (Divgi et al. 1991; Sörensen et al. 2016; Bragina et al. 
2020) have shown that an increased injected mass might be required when 
target expression in a tumour is high but the target is expressed in some 
normal tissues. 

 Stability and preserved specific targeting properties: The radiolabel-
ling method should provide a conjugate that is stable during storage, trans-
portation and in in vivo applications. The specificity of binding to a mo-
lecular target must be preserved. 

 Purity: Radiolabelling methods should provide high radiochemical purity 
(typically>95%). Moreover, radiolabelling and purification should be per-
formed easily and quickly to facilitate introduction into clinics. 

 Metal-chelator stability: Radiometals are conjugated to proteins and 
peptides via a bifunctional chelator (Price et al. 2014). The stability of the 
radiometal-chelator complex should be much higher than the stability of 
the complex between radiometal and blood plasma proteins. In addition 
to thermodynamic stability, kinetic inertness is another important factor 
to consider. A number of chelators meet these requirements, having both 
slow dissociation and association rates and forming complexes that are 
stable in vivo (Price et al. 2014). Macrocytic and acyclic chelators have 
been used to label proteins and peptides with different radionuclides, and 
can tolerate heating up to 95°C. For labelling proteins or peptides sensitive 
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to heating, such as mAbs, acyclic chelators might be preferred, but they 
are less inert and stable than macrocyclic chelators. 

Effect of labelling chemistry on the targeting properties 
of radiotracers 
Labelling influences not only the binding capacity of the probe to the target 
but also several other properties of targeting probes. One of the most common 
effects is on the cellular processing of radiolabelled probes and retention of 
radionuclides by cancer cells. 

Based on in vitro studies, a conjugate-target complex is often internalized 
after binding and transported to lysosomes. In lysosomes, proteins or peptides 
are degraded by proteolytic enzymes. The fate of radionuclides after the deg-
radation of the targeted proteins depends on the physicochemical properties 
of the obtained radiocatabolites (Mattes et al. 1994; Shih et al. 1994; Press et 
al. 1996). 

Lipophilic catabolites diffuse through cellular membranes and leak from 
the cells, as observed for typical catabolites of radiohalogenated conjugates. 
This type of label is called a nonresidualizing label (Tolmachev et al. 2003). 
Radiocatabolites of radiometal conjugates are bulky, hydrophilic and often 
charged compounds due to the presence of metal chelates. These radiocatab-
olites do not diffuse through the cellular membranes. Therefore, they remain 
in the intracellular space. They leave the cells by externalisation, which is 
slower than diffusion. This behaviour is called a residualizing property, which 
is common for radiometal conjugates (DeNardo et al. 2004). The use of resid-
ualizing labels increases the accumulation of targeting probes in the target site 
but also increases uptake in excretory organs (Delaloye et al. 1997; Meijs et 
al. 1997; Turner et al. 1998). Since affibody molecules usually have relatively 
slow internalization, the use of nonresidualizing labels enables the imaging of 
tumours, while low activity and retention are observed in normal organs (Ga-
rousi et al. 2016a). 

The retention of radionuclides in normal organs and tissues is affected by 
the labelling chemistry. Retention in kidneys is a spectacular example in the 
case of short peptides and proteins (molecular weights less than 60 kDa). 
Some pass through the glomerular membrane in the kidney and are excreted 
into urine (Behr et al. 1998). However, some of these molecules, such as af-
fibody molecules and antibody fragments, are reabsorbed in the proximal tu-
bules after glomerular filtration in kidneys through several scavenger recep-
tors or other different mechanisms (Gotthardt et al. 2007; Vegt et al. 2010). In 
the case of residualizing labels, this reabsorption results in a high level of renal 
uptake. However, the release of radiometabolites from nonresidualizing labels 
results in a rapid decrease in kidney-associated activity. 
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Labelling methods alter the binding affinity of targeting proteins and pep-
tides through either the distortion of the three-dimensional structure of a tar-
geting agent or chemical modification of amino acids, which are both critical 
for binding to the target. The structure of targeting agents might be affected 
by labelling conditions such as high temperature and pH, especially in the case 
of antibodies, which are sensitive to high temperature and pH, and their bind-
ing properties are subsequently diminished. This effect is more pronounced 
on short peptides, since the prosthetic group is always close to the binding site 
(Kennel et al. 2000). Moreover, different radionuclides conjugated via the 
same chelator affect the affinity of short peptides due to the modification of a 
complex structure (Antunes et al. 2007). 

Concerning affibody molecules, several studies have shown that labelling 
chemistry, including the use of different radionuclides and chelators, alters 
their physicochemical properties, such as overall charge and lipophilicity, and 
consequently, the affinity and biodistribution profile of radiolabelled conju-
gates (Engfeldt et al. 2007; Orlova 2007b; Rinne et al. 2019). These effects 
were observed when different chelators and even when the same chelator was 
used with different radionuclides for the labelling affibody molecules (Tolma-
chev et al. 2010d; Tolmachev et al. 2011; Malmberg et al. 2012; Altai et al. 
2012b). 

Altai et al. (Altai et al. 2013) documented the effects of nuclides and che-
lators on imaging using affibody molecules by performing a comparative eval-
uation of affibody molecules labelled with two different radionuclides, 68Ga 
and 111In, via two different chelators, DOTA and NODAGA. The tumour-to-
liver ratio was significantly higher for [68Ga]Ga-NODAGA-ZHER2:2395 
(8±2 vs. 5.0±0.3), offering the advantage of better liver metastasis visualiza-
tion. Thus, the effect of chelators on the biodistribution of affibody molecules 
depends on the radionuclides, and reoptimization of labelling chemistry is re-
quired when a radionuclide label is changed. 

As shown in previous studies, the thiol group of cysteine at the C-terminus 
of ZHER2 affibody molecules forms a N3S chelator together with amide ni-
trogens of adjacent amino acids, forming a stable complex with 99mTc 
(Ahlgren et al. 2009). Wållberg et al. (Wållberg et al. 2011) investigated the 
in vitro and in vivo properties of a series of GGXC (where X=G: glycine; S: 
serine; E: glutamic acid; or K: lysine and C: cysteine) peptide-based chelators 
at the C-terminus of ZHER2 affibody molecules labelled with 99mTc. The sub-
stitution of a single amino acid in the chelating sequence affected cellular pro-
cessing and the biodistribution properties of radiolabelled conjugates. Among 
several tested variants, affibody molecules containing the –GGGC N3S chela-
tor at the C-terminus ([99mTc]Tc-ZHER2:V2) with lower residualizing prop-
erties exhibited the lowest renal uptake (8.2±2.9%ID/g). Tumour uptake 
(22.6±4%ID/g) exceeded renal uptake. Significantly less activity accumulated 
in several other organs, resulting in high tumour-to-organ ratios for [99mTc]Tc-
ZHER2:V2. 
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Altai et al. (Altai et al. 2012a) evaluated the effect of the amino acid order 
in C-terminal cysteine-containing peptide-based chelators (–GXGC (where 
X=G, S, E or K)) on affibody molecules labelled with 99mTc and compared the 
in vitro and in vivo properties of these variants with their –GGXC counter-
parts. The uptake of 99mTc-labelled affibody molecules containing –GXGC as 
a binding site was quite similar in the majority of organs, except for the liver 
and kidneys (higher renal and hepatic uptake was observed for lysine-contain-
ing variants). This finding was similar to the biodistribution of the –GGXC-
containing counterparts. The difference in renal uptake for –GGXC variants 
containing amino acids with charged side chains and their –GXGC counter-
parts is most likely because of the different residualizing properties of radio-
catabolites. The positively charged lysine-containing variants showed the 
strongest residualizing effect. The use of lysine-containing chelators also re-
sulted in high hepatic uptake, probably due to interactions with scavenger re-
ceptors on hepatocytes. This effect was more pronounced for –GGKC-con-
taining conjugates than for –GKGC-containing conjugates. Therefore, a posi-
tively charged chelator should be avoided when labelling affibody molecules 
with 99mTc (Tran et al. 2008). 

Radionuclide molecular imaging of EGFR 
Accurate detection of cancer-associated molecular abnormalities in tumours 
may allow cancer treatment to become more personalized, as mentioned ear-
lier, and the detection of EGFR overexpression will provide important diag-
nostic information. Therefore, suitable targeting agents must be identified for 
imaging EGFR-expressing tumours. 

The accuracy of radionuclide imaging diagnostics of cancer is determined 
by the sensitivity and specificity of the procedure. Specificity is achieved 
when an imaging agent accumulates in a target but not in healthy tissues. Sen-
sitivity depends on imaging contrast and the ratio of activity concentrations in 
tumour and normal tissues. Both parameters depend on the expression level 
of a molecular target in tumour and normal tissues. Modification of several 
parameters, such as the size and affinity of the targeting probe, chemical na-
ture of the radionuclide, labelling procedure, specific activity, off-target inter-
actions, and nonspecific accumulation (e.g., EPR effect), potentially affect the 
sensitivity and specificity and provide an opportunity to further increase the 
imaging contrast. 

Radiolabelled anti-EGFR monoclonal antibodies (Sihver et al. 2014; Ga-
rousi et al. 2020) have been evaluated for imaging. Cetuximab (IMC-C225, 
Erbitux) and panitumumab (ABX-EGF, Vectibix) have been approved for 
routine clinical use (Calvo et al. 2005; Chua et al. 2006) and might be utilized 
as targeting vectors for imaging. The major issue with the use of mAbs for 
imaging is their slow clearance from blood, and a long time (6-7 d) is needed 



 26 

to obtain reasonable imaging contrast (Even et al. 2017). Fab and F (ab’)2 
fragments of anti-EGFR antibodies have been assessed as imaging probes (Xu 
et al. 2009; Wong et al. 2011; van Dijk et al. 2016). The results of their pre-
clinical evaluation revealed that these antibody fragments are more suitable 
for EGFR visualization due to their smaller size but display lower affinity than 
intact antibodies. Notably, a high tumour-to-blood ratio for mAb fragments is 
obtained 24 h after injection, while for mAbs, this high ratio is typically 
achieved 5-6 d after injection. 

An alternative to the use of antibodies as a targeting agent for radionuclide 
imaging is the use of the radiolabelled natural ligand of EGFR, epidermal 
growth factor (EGF), which displays high affinity for the receptor (Reilly et 
al. 2000; Velikyan et al. 2005; Vallis et al. 2014). This small (6.2 kDa) protein 
provided better imaging contrast than bulky mAbs, enabling imaging at a 
shorter time after injection. However, EGF derivatives showed a strong ago-
nistic action, leading to undesirable side effects (hypotension, nausea, and 
vomiting). 

An optimal targeting agent for EGFR imaging should therefore be as small 
as EGF but without agonistic properties. Engineered scaffold proteins, such 
as affibody molecules, are very promising targeting probes for in vivo radio-
nuclide molecular imaging. Affibody molecules are cleared more quickly 
from nontargeted organs and tissues than bulky immunoglobulins, resulting in 
a lower background. 

A common issue for all imaging probes used for EGFR imaging is the high 
expression of EGFR in hepatocytes, which may sequester the imaging probe 
in the liver and prevent or decrease its accumulation in tumours and lead to 
lower imaging contrast (Divgi et al. 1991). Fortunately, an increase in the in-
jected protein dose by adding a nonlabelled imaging probe enables EGFR sat-
uration in the liver without saturation of the receptor in the tumour for several 
classes of imaging agents (Divgi et al. 1991; Tolmachev et al. 2010c; Miao et 
al. 2012). 

The ZEGFR:955 affibody molecule is representative of first-generation 
anti-EGFR affibody molecules. Phage display technology was used to select 
the EGFR-binding parental affibody molecules with affinity ranging from 
130–185 nM (Friedman et al. 2007). The dimeric form of this molecule, (ZE-
GFR:955)2, binds to EGFR with an affinity of 50 nM, according to SPR meas-
urements. A cell-based assay using A431 cells showed an affinity of 1 nM. 
Nordberg et al. (Nordberg et al. 2008) evaluated the targeting properties of the 
dimeric form (ZEGFR:955)2 labelled with 111In and showed that tumour up-
take of [111In]In-(ZEGFR:955)2 in A431 xenografts was 3.8±1.4%ID/g at 4 h 
after injection. The tumour-to-blood ratio was approximately 9.1, which 
showed a better tumour-to-blood ratio than the radiolabelled EGF ligand (3.0) 
(Reilly et al. 2000) or antibody (1.5) (Perk et al. 2005). Therefore, this agent 
was considered a promising probe for imaging EGFR-expressing tumours. 
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However, the liver uptake of [111In]In-(ZEGFR:955)2 (16.5±2.2%ID/g) was 
considerably higher than the tumour uptake. 

Further development resulted in the second generation of monomeric af-
fibody molecules with high affinity for human EGFR (Friedman et al. 2008). 
ZEGFR:1907 affibody molecules are representative of a second generation of 
anti-EGFR affibody molecules, with an affinity that increased approximately 
30-fold compared to the affinity of the first generation (ZEGFR:955) (Fried-
man et al. 2007). Furthermore, monomeric ZEGFR:1907 labelled with 111In 
provided a tumour-to-blood ratio of 100 (24 h after injection) and superior 
visualization of EGFR expression in A431 xenografts compared with its di-
meric form (Tolmachev et al. 2009). ZEGFR:1907 showed cross-reactivity to 
murine EGFR, and thus the murine model is adequate for testing. 

This thesis is focused on the application of the third-generation affibody 
molecule ZEGFR:2377 for radionuclide imaging of EGFR-expressing tu-
mours. The scaffold of ZEGFR:2377 has been re-engineered to increase sta-
bility to deamidation during storage and to permit efficient production by pep-
tide synthesis. Additionally, the ZEGFR:2377 affibody molecule has approx-
imately equal affinity for both murine (0.8 nM) and human (0.9 nM) EGFR 
(Tolmachev et al. 2010c; Malmberg et al. 2011). This feature is important for 
the assessment of biodistribution using a murine model with human xeno-
grafts. The first study of a murine model injected with the labelled ZE-
GFR:2377 affibody molecule showed that [111In]In-DOTA-ZEGFR:2377 tar-
geted EGFR-expressing A431 xenografts with high specificity, which was 
confirmed by γ-camera imaging (Tolmachev et al. 2010c). 

An essential feature of the ZEGFR:2377 affibody molecule is its slow in-
ternalization after binding to EGFR. Along with clearance from blood, the 
concentration of ZEGFR:2377 in the extracellular space is reduced. This prop-
erty shifts the binding equilibrium, leading to a dissociation of the tracer from 
EGFR on cells and its re-entry to the blood circulation, which is particularly 
crucial for bulky liver. Therefore, the clearance of ZEGFR:2377 from blood 
is slower than affibody molecules binding to HER2. Nevertheless, radio-
labelled ZEGFR:2377 displayed reasonably rapid blood clearance in previous 
studies, resulting in reduced background activity on the day of injection or the 
next day (Tolmachev et al. 2010c). [111In]In-DOTA-ZEGFR:2377 had a sig-
nificantly higher tumour-to-blood ratio at 24 h after injection than 4 h after 
injection. However, the use of the radionuclide 111In requires SPECT for im-
aging. As PET imaging provides better sensitivity for diagnostics, the devel-
opment of affibody molecules containing desferrioxamine B (DFO) as a che-
lator for labelling with a positron-emitting nuclide, such as 89Zr, was consid-
ered desirable (Garousi et al. 2016b). The tumour uptake of [89Zr]Zr-DFO-
cetuximab (2.6±0.4%ID/g) at 48 h after injection, an optimal time point for 
imaging using radiolabelled monoclonal antibodies in a murine model, was 
the same as the uptake of [89Zr]Zr-DFO-ZEGFR:2377 (2.6±0.5%ID/g) at 24 
h after injection and was significantly lower than the uptake of [89Zr]Zr-DFO-
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ZEGFR:2377 at 3 h after injection (4.3±0.6%ID/g). [89Zr]Zr-DFO-ZE-
GFR:2377 provided significantly higher tumour-to-organ ratios at both time 
points (3 and 24 h p.i.) than 89Zr-labelled cetuximab in all organs, except the 
kidneys. Thus, an anti-EGFR tracer based on this affibody molecule provided 
better imaging contrast and therefore should provide higher sensitivity than 
cetuximab antibody-based probes. 

The increase in the tumour-to-blood ratio for [111In]In-DOTA-ZE-
GFR:2377 over time indicated that performing imaging the day after injection 
would provide better contrast. For this purpose, positron-emitting radionu-
clides with a half-life of 10–20 h would be optimal. In addition, a previous 
generation of anti-EGFR affibody molecules showed that residualizing radio-
metal labels provided appreciably better tumour retention of the radionuclide 
at 24 h after injection (Tolmachev et al. 2009). A possible label might be the 
nonconventional long-lived positron-emitting radiometal 55Co (T1/2=17.5 h, 
β+=76%, Emax=1498 keV). For convenience, the long-lived radioisotope 57Co 
(T1/2=271.8 d) was used to test targeted imaging EGFR expression in A341 
xenografts (Garousi et al. 2017). Compared with data from previous studies, 
[57Co]Co-DOTA-ZEGFR:2377 provided a higher tumour-to-liver ratio (~3 at 
both 3 and 24 h after injection) than [89Zr]Zr-DFO-cetuximab (<0.5 at 48 h 
after injection) (Garousi et al. 2016b) and [111In]In-DOTA-ZEGFR:2377 
(<0.5 at 4 and 24 h after injection) (Tolmachev et al. 2010c), [68Ga]Ga-DOTA-
ZEGFR:2377 (<0.5 at 3 h after injection) (Garousi et al. 2017) or [89Zr]Zr-
DFO-ZEGFR:2377 (<2 at 3 and 24 h after injection) (Garousi et al. 2016b). 
Radiocobalt-labelled DOTA-ZEGFR:2377 allowed the successful visualiza-
tion of EGFR in vivo in the prostate cancer pre-clinical model, despite its low 
EGFR expression (Mitran et al. 2019). 

The most important conclusion from these studies was that most likely two 
mechanisms of hepatic uptake of EGFR-targeting affibody molecules exist, 
one that is EGFR-dependent and one that is EGFR-independent. Hepatic up-
take due to natural EGFR expression in the liver (first mechanism) might be 
reduced by the coinjection of unlabelled affibody molecules. Available data 
indicate that the EGFR-independent mechanism is strongly influenced by sev-
eral factors, such as a combination of chelator and nuclide, overall charge and 
lipophilicity/hydrophilicity of radioconjugate and the local distribution of 
charge and “lipophilic patches”. Thus, determination of an optimal injected 
mass of affibody-based conjugates (to reduce hepatic uptake by an EGFR-
dependent mechanism) and identification of an optimal molecular design (to 
reduce EGFR-independent uptake) might enable the imaging of EGFR expres-
sion in hepatic metastases. Apparently, a reduction in hepatic uptake and 
hepatobiliary excretion would increase excretion via the kidneys. Because of 
the high reabsorption in proximal tubules, an increase in renal uptake would 
be observed. Importantly, the kidney is usually not the metastatic site for ma-
lignant tumours, while the liver is one of the metastatic organs. Therefore, 
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hepatic uptake should be reduced by shifting the excretion pathway from 
hepatobiliary to renal excretion. 
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Aims of this thesis 

The main goal of this thesis was to develop affibody-based imaging probes 
for SPECT and PET that provide high sensitivity and specificity for molecular 
imaging of EGFR-expressing tumours. We investigated the feasibility of us-
ing ZEGFR:2377 affibody molecules labelled with different radionuclides as 
imaging agents to achieve this goal. 

In particular, we seek to achieve the following goals: 

 To evaluate the feasibility of labelling anti-EGFR affibody molecules con-
taining peptide-based cysteine-containing chelators with 99mTc for SPECT 
imaging of EGFR-expressing tumours. 

 To investigate the effect of the composition of the N3S chelator of 
[99mTc]Tc-ZEGFR:2377 Affibody molecules containing peptide-based 
cysteine-containing chelator on the labelling, stability, biodistribution and 
targeting properties of 99mTc-labelled affibody molecules.  

 To perform a comparative evaluation of the use of cyclic (FSC) versus 
noncyclic chelators (DFO) as bifunctional chelators for radiolabelling ZE-
GFR:2377 affibody molecules with 89Zr. 

 To evaluate the targeting properties of [68Ga]Ga-DFO-ZEGFR:2377 and 
compare them directly with the properties of [89Zr]Zr-DFO-ZEGFR:2377 
at 3 h after injection. 

 To evaluate the targeting properties of DFO-ZEGFR:2377 labelled with 
66Ga and compare them directly with the properties of [68Ga]Ga-DFO-ZE-
GFR:2377 (Paper VI) and [89Zr]Zr-DFO-ZEGFR:2377 (Paper III) at 3 and 
24 h after injection, respectively. 
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Paper I 

Feasibility of imaging of epidermal growth factor recep-
tor expression with ZEGFR: 2377 affibody molecule la-
beled with 99mTc using a peptide-based cysteine-contain-
ing chelator 

Background and aims 
Previous study have shown that the thiol group of cysteine at the C-terminus 
of anti-HER2 ZHER2:2395 affibody molecules forms an N3S chelator to-
gether with three amide nitrogens of adjacent amino acids, forming a stable 
complex with 99mTc (Figure 4) (Ahlgren et al. 2009). This approach might also 
be considered for the anti-EGFR affibody molecule ZEGFR:2377. 

 
Figure 4. General structure of the N3S chelator formed by a C-terminal cysteine and 
adjacent amino acids. 

The use of an N3S cysteine-based chelator at the C-terminus provided appre-
ciably less release of 99mTc-pertechnetate in the circulation than the SN3 che-
lator at the N-terminus (Tran et al. 2007; Ahlgren et al. 2009; Tran et al. 2009). 
Moreover, an evaluation of peptide-based chelators positioned at the N-termi-
nus of affibody molecules showed that the composition of amino acids at the 
N-terminus was critical for the biodistribution profile in terms of hepatic up-
take. The use of amino acids with more hydrophilic characteristics at the N-
terminus of the chelator reduced hepatic uptake and shifted the excretion path-
way from hepatobiliary to renal excretion (Engfeldt et al. 2007; Tran et al. 
2007; Ekblad et al. 2008), whereas the composition of the C-terminus has been 
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shown to exert less of an effect on excretion (Ahlgren et al. 2008; Ahlgren et 
al. 2009). 

The use of an N3S cysteine-based chelator at the C-terminus excludes the 
chemical conjugation of a chelator to recombinantly produced affibody mole-
cules and streamlines the production process. The application of the same ap-
proach for labelling the ZEGFR:2377 affibody molecule would be desirable. 
However, the different compositions of the binding sites of ZEGFR:2377 
might result in clustering of amino acids with electron-donating side chains, 
thereby forming a “chelating pocket”. This chelating pocket would result in a 
loss of labelling site specificity and reduced label stability. Modification of 
the amino acid sequence of the affibody molecule was shown to create an al-
ternative binding site for 99mTc, producing lower stability of the complex 
(Lindberg et al. 2012). 

Since the amino acid composition of ZEGFR:2377 differs profoundly from 
the composition of ZHER2:2395, we had to consider the formation of an al-
ternative chelating site as well. The goal of this study was to evaluate the fea-
sibility of stably labelling ZHER2:2377 affibody molecules with 99mTc using 
a peptide-based cysteine-containing chelator for imaging EGFR-expressing 
tumours by SPECT. 

Methods 
The ZEGFR:2377 affibody molecule with the KVDC (K: lysine, V: valine, D: 
aspartic acid and C: cysteine) sequence of amino acids at the C-terminus was 
recombinantly produced, and its labelling with 99mTc was evaluated. The la-
belling efficiency, stability of the labelled compound and binding specificity 
to and internalization of [99mTc]Tc-ZEGFR:2377 by different EGFR-express-
ing cells (A431 and MDA468 cells with high EGFR expression and PC3 cells 
with low EGFR expression) were evaluated. The biodistribution of [99mTc]Tc-
ZEGFR:2377 was measured in BALB/C nu/nu mice bearing EGFR-express-
ing A431 xenografts at 3 and 24 h after injection. MicroSPECT/CT imaging 
of EGFR-expressing xenografts in BALB/C nu/nu mice was performed using 
[99mTc]Tc-ZEGFR:2377. 

Results and discussion 
Labelling was initially performed using a gluconate-containing kit without in-
termediate cysteine challenge before purification according to the protocol de-
scribed by Ahlgren et al. (Ahlgren et al. 2010). An in vitro stability test indi-
cated the release of more than 30% of 99mTc in PBS and upon challenge with 
a 300-fold molar excess of cysteine. This finding might indicate that some 
amino acids in ZEGFR:2377 form an additional chelating site, which com-
petes with the main binding site. The introduction of an intermediate cysteine 
challenge before final purification resulted in stable labelling after 4 h of in-
cubation under cysteine challenge (<8% release). The use of sodium ascorbate 
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exerted an appreciable effect on reducing 99mTc release, indicating that reoxi-
dation of technetium is another reason for 99mTc release (Table 3). 

Table 3. In vitro stability of the [99mTc]Tc-ZEGFR:2377 radioconjugate 

Affibody-bound radioactivity, % 

       No cysteine challenge before 
purification 

Cysteine challenge before 
purification 

Time, h PBS 300-fold cysteine 
excess 

PBS 300-fold cysteine 
excess 

Sodium ascorbate 

1 60.0±0.4 66±2 96±3 98±1 99.6±0.1 
2 60.7±0.4 65.3±0.1 95±4 96±2 99.4±0.2 
4 62.6±0.8 63±4 92±3 95.3±0.7 99±1 

In vitro studies revealed that the binding of [99mTc]Tc-ZEGFR:2377 to EGFR-
expressing cells was EGFR-specific and proportional to EGFR levels. The 
binding to EGFR was strong (KD=274±16 pM). The cellular processing of 
[99mTc]Tc-ZEGFR:2377 bound to A431 and MDA468 cells showed rapid 
binding and slow internalization of [99mTc]Tc-ZEGFR:2377, which is typical 
for affibody molecules, and less than 35% of total cell-bound radioactivity 
was internalized after a 24 h incubation. 

The biodistribution of [99mTc]Tc-ZEGFR:2377 showed a blood concentra-
tion of 2.03±0.08%ID/g at 3 h after injection, which suggests relatively rapid 
blood clearance. The tumour uptake was 3.6±1 and 2.5±0.4%ID/g at 3 and 24 
h after injection, respectively. The difference between tumour uptake values 
at 3 and 24 h was not significant (P=0.12). Tumour uptake exceeded uptake 
in other organs and tissues, except the liver, salivary glands and kidneys. A 
highly significant (P<0.01) decrease in uptake was observed in all other or-
gans and tissues at 24 h, resulting in an appreciable increase in tumour-to-
organ ratios at 24 h after injection compared to 3 h. The tumour-to-blood ratios 
were 1.8±0.4 and 8±3 at 3 and 24 h, respectively. Thus, the preferable time 
point for imaging would be 24 h after injection. MicroSPECT/CT clearly vis-
ualized the tumours at both time points of the study and the results were con-
sistent with the biodistribution results (Figure 5). Animal studies in BALB/C 
nu/nu mice bearing A431 xenografts suggested the EGFR-specific accumula-
tion of [99mTc]Tc-ZEGFR:2377 in tumours. 
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Figure 5. MicroSPECT/CT images of EGFR-expressing A431 xenografts in BALB/C 
nu/nu mice using [99mTc]Tc-ZEGFR:2377 at 3 and 24 h after injection. 

Conclusions 
A change in the binding site composition might affect the site specificity of 
affibody molecules labelled with 99mTc and the stability of the labelled conju-
gate. Therefore, translation of previous knowledge to new affibody molecules 
is possible, but the labelling conditions must be reoptimized. Sufficiently sta-
ble labelling of ZEGFR:2377 with 99mTc using peptide-based cysteine-con-
taining chelators is feasible but requires a prepurification cysteine challenge 
to remove loosely bound radionuclides. [99mTc]Tc-ZEGFR:2377 enabled im-
aging of EGFR-expressing xenografts at both 3 and 24 h after injection. 
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Paper II 

Influence of composition of cysteine-containing peptide-
based chelators on biodistribution of 99mTc-labeled anti-
EGFR affibody molecules 

Background and aims 
Previous studies using HER2-targeting affibody molecules reported effects of 
both the composition and the position of the N3S chelator on the label stability, 
biodistribution and targeting properties of 99mTc-labelled affibody molecules. 
For example, the residualizing properties of the 99mTc label, its retention in 
excretory organs and the predominant excretion pathway can be modulated 
(Wållberg et al. 2011; Altai et al. 2012a). 

An attractive approach would be to apply the same methodology to increase 
the imaging contrast of EGFR-targeted affibody molecules. Moreover, the 
translation of methodology for 99mTc labelling to new affibody molecules is 
theoretically possible (Mitran et al. 2015). The composition of amino acids in 
the binding site and in the scaffold of affibody molecules might exert a pro-
found effect on the site specificity of labelling, as well as on the stability of 
the label (Lindberg et al. 2012; Mitran et al. 2015). Therefore, reoptimization 
of labelling conditions is required to obtain the desired results. 

The use of a peptide-based cysteine-containing chelator for coupling 99mTc 
to an affibody molecule would provide two advantages. First, the chelating 
moiety would be incorporated during recombinant affibody production, and 
the conjugation of a chelator would not be required. Second, modification of 
the amino acid composition of such a chelator might enable the modulation of 
the biodistribution properties of the tracer. In Paper I, we showed that the ad-
dition of a cysteine to the C-terminus of the anti-EGFR affibody molecule 
ZEGFR:2377 forms a peptide-based cysteine-containing chelator suitable for 
labelling using 99mTc. That study documented the feasibility of imaging EGFR 
expression in tumours using affibody molecules labelled using the aforemen-
tioned methodology. However, further improvement in imaging contrast is 
desirable to enhance the sensitivity of imaging. 

The current study aimed to test the hypothesis that modification of peptide-
based cysteine-containing chelators improves the biodistribution and imaging 
properties of EGFR-targeting affibody molecules. Tran et al. (Tran et al. 2007) 
showed that peptide-based chelators containing glutamic acid were the most 
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stable chelators for labelling anti-HER2 affibody molecules with 99mTc. The 
goal of this study was to evaluate whether the use of cysteine-containing glu-
tamate-based chelators improves the imaging properties of 99mTc-labelled 
anti-EGFR affibody molecules. 

Methods 
A panel of anti-EGFR affibody molecules was recombinantly produced and 
contained the same amino acid sequence at the N-terminus (AEN–), as well 
as APKC, GGGC, GGEC, GEEC or EEEC (A: alanine, P: proline, K: lysine, 
G: glycine, E: glutamic acid and C: cysteine) peptide-based chelators at the C-
terminus. Radiolabelling with 99mTc was performed using two different proto-
cols (A: no intermediate cysteine challenge before purification and B: with the 
prepurification cysteine challenge). 

The in vitro stability of purified 99mTc-labelled affibody molecules was 
evaluated under four conditions: in PBS, in the presence of a 300-fold molar 
excess of cysteine (cysteine challenge after purification), in the presence of 
ascorbic acid and tin(II) chloride as antioxidant and reducing agents, respec-
tively, to prevent oxidation by the oxygen in air. 

The in vitro binding specificity and cell-associated binding activity of 
EGFR-expressing cells were evaluated. The kinetics of the binding of 99mTc-
labelled conjugates to and their dissociation from A431 cells were measured 
using a LigandTracer yellow instrument (Ridgeview Instruments AB, Vänge, 
Sweden). 

The biodistribution of [99mTc]Tc-ZEGFR:2377 conjugates was measured 
in BALB/C nu/nu mice bearing EGFR-expressing A431 xenografts at 6 and 
24 h after injection. The in vivo specificity of the radioconjugates was con-
firmed for the saturation of EGFR in xenografts using a large excess of the 
anti-EGFR antibody cetuximab. 

Whole-body microSPECT/CT was performed at 6 and 24 h after the injec-
tion of radiolabelled conjugates into mice bearing A431 xenografts. 

Results and discussion 
The results of radiolabelling of all variants with 99mTc without (Table 4, Pro-
tocol A) and with (Table 5, Protocol B) the prepurification cysteine challenge 
showed that the radiochemical yield decreased when the prepurification cys-
teine challenge was performed before purification. This result indicated a 
weaker binding site as an alternative chelating pocket that competes with the 
cysteine-containing binding site to form a weaker complex with 99mTc, and 
this weak complex was removed by cysteine challenge before purification. 
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Table 4. Radiolabelling of ZEGFR:2377 affibody molecules with 99mTc using Proto-
col A (no intermediate cysteine challenge before purification) 

Compound Labelling yield, % Isolated yield,% Radiochemical purity, % 
ZEGFR-APKC 98±1 52±2 100±0 
ZEGFR-GGGC 96±0 84±1 100±0 
ZEGFR-GGEC 99±0 77±1 99±0 
ZEGFR-GEEC 93±2 79±1 98±1 
ZEGFR-EEEC 73±6 64±1 95±1 

Table 5. Radiolabelling of ZEGFR:2377 affibody molecules with 99mTc using Proto-
col B (with prepurification cysteine challenge) 

Compound Labelling yield after cys-
teine challenge, % 

Isolated yield,% Radiochemical purity, % 

ZEGFR-APKC 16±1 15±2 98±1 

ZEGFR-GGGC 42±3 34±1 99±0 
ZEGFR-GGEC 84±4 68±3 100±0 
ZEGFR-GEEC 85±5 69±3 98 ±1 
ZEGFR-EEEC 55±8 51±6 96±2 

The results of the in vitro stability test indicated the rapid release of 99mTc not 
only under cysteine challenge but also during storage in PBS for all variants 
except ZEGFR-GEEC (shown for the EEEC variant in Figure 6, Protocol A). 
Interestingly, when sodium ascorbate was added to prevent reoxidation by air, 
the release of radioactivity decreased. A similar effect was observed when tin 
chloride was added as an antioxidant. Moreover, the stability results showed 
that the release of 99mTc was appreciably reduced when the prepurification 
cysteine challenge was performed to label all variants (shown for the EEEC 
variant in Figure 6, Protocol B). A possible explanation for the current results 
is that some side chains in affibody molecules form an alternative chelating 
pocket, and a portion of technetium is bound not only to a cysteine-containing 
chelator but also to this notably weaker binding site. Therefore, an intermedi-
ate cysteine challenge before purification (Protocol B) was introduced to re-
move loosely bound 99mTc and improve stability. 

Based on the labelling and stability results, the effect of amino acids with 
electron donating site chains in the chelator (glutamate-containing chelators) 
to form a more stable complex with 99mTc was obvious. The variant containing 
the GGGC chelator displayed unacceptably low stability and APKC showed 
low radiochemical yield and were excluded from further evaluation. There-
fore, we proceeded with in vitro and in vivo studies using ZEGFR:2377 af-
fibody molecules containing –GGEC, –GEEC and –EEEC as peptide-based 
cysteine-containing chelators. 
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Figure 6. In vitro stability of the ZEGFR:2377-containing EEEC chelator after label-
ling with 99mTc using protocols A and B: data present affibody-bound radioactivity 
after an incubation in PBS (red), PBS containing a 300-fold molar excess of cysteine 
(green), PBS containing sodium ascorbate (blue) and PBS containing tin(II) chloride 
(yellow). The data are presented as averages (n≥3) and SD. 

In vitro experiments demonstrated the EGFR-specific binding of all 99mTc-
labelled conjugates to EGFR-expressing cells, and the binding was propor-
tional to EGFR expression. 

The measurement of binding affinity using LigandTracer showed that the 
best fitting of binding kinetics of three labelled conjugates to A431 cells was 
achieved using a 1:2 model. The dissociation constants at equilibrium (KD) for 
the stronger interactions ranged from 66 to 334 pM. 

The processing of [99mTc]Tc-ZEGFR:2377 conjugates bound to A431 cells 
showed rapid binding and a relatively low internalized fraction of the conju-
gates. Less than 22% of total cell-bound radioactivity was internalized after a 
24 h incubation. 

An analysis of the biodistribution of all conjugates revealed that the accu-
mulation of [99mTc]Tc-ZEGFR:2377 conjugates in EGFR-expressing A431 
xenografts was EGFR-specific because it was significantly reduced by a pre-
injection of cetuximab. [99mTc]Tc-ZEGFR:2377-GGEC had the highest tu-
mour uptake value (5.3±1.4%ID/g) at 6 h after injection, which exceeded up-
take in other organs, except the liver and kidneys. A significant (P<0.05) de-
crease in uptake of the three variants was observed in almost all other organs 
and tissues at 24 h compared to 6 h, resulting in a profound increase in tumour-
to-organ ratios, except for the kidneys (Figure 7). [99mTc]Tc-ZEGFR-EEEC 
exhibited 3-fold higher tumour-to-blood and tumour-to-salivary gland ratios, 
2-fold higher tumour-to-lung and tumour-to-colon ratios and a 1.6-fold higher 
tumour-to-muscle ratio than [99mTc]Tc-ZEGFR:2377-KVDC. Additionally, 
this conjugate showed the highest tumour-to-blood ratio at 6 h (6.6±1.0) and 
24 h (26.9±5.3) after injection. In terms of the tumour-to-liver ratio, 
[99mTc]Tc-ZEGFR:2377-GEEC showed the highest values at both time points. 
Additionally, tumour-to-liver, tumour-to-lung, and tumour-to-muscle ratios 
increased ~ 2–4-fold 24 h after injection. 
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Figure 7. Tumour-to-organ ratio of [99mTc]Tc-ZEGFR:2377 conjugates in BALB/C 
nu/nu mice bearing EGFR-expressing A431 xenografts at 24 h after injection. The 
data are presented as the averages (n=4) and SD. 

MicroSPECT/CT images of mice bearing A431 xenografts after the injection 
of three variants were consistent with the results of biodistribution studies at 
both studied time points (Figure 8A-C). 

 
Figure 8. MicroSPECT/CT images of EGFR-expressing A431 xenografts in BALB/C 
nu/nu mice using (A) [99mTc]Tc-ZEGFR:2377-GGEC, (B) [99mTc]Tc-ZEGFR:2377-
GEEC and (C) [99mTc]Tc-ZEGFR:2377-EEEC at 24 h after injection. 

Conclusions 
The use of glutamate-containing chelators improves the stability of [99mTc]Tc-
ZEGFR:2377 conjugates. Furthermore, the composition of the chelator alters 
the biodistribution and consequently the imaging contrast of EGFR expression 
using affibody molecules. 
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Paper III 

Cyclic versus Non-cyclic Chelating Scaffold for 89Zr-la-
beled ZEGFR:2377 Affibody Bioconjugates Targeting 
Epidermal Growth Factor Receptor Overexpression 

Background and aims 
The radiolabelled  ZEGFR:2377 affibody molecule is slowly internalized after 
binding to EGFR-expressing cells, and the majority of the tracers therefore 
remains on the cell surface (Tolmachev et al. 2010c). Due to the reversible 
binding, normal EGFR-expressing tissues serve as depots, releasing dissoci-
ated radiolabelled ZEGFR:2377 affibody molecule back to the bloodstream, 
resulting in relatively slow clearance of the ZEGFR:2377 affibody molecule 
from blood. Therefore, an optimal imaging time for this affibody molecule is 
24 h after injection (Garousi et al. 2016b). 

Our previous study (Paper II) indicated that the imaging of EGFR-express-
ing tumours using the ZEGFR:2377 affibody molecule labelled with 99mTc at 
24 h after injection provides better imaging contrast. The use of PET as an 
imaging modality may further increase the sensitivity of imaging of EGFR 
expression. 89Zr is an emerging radionuclide for PET, especially for biomole-
cules with slow pharmacokinetics. Due to its longer half-life than 18F and 68Ga, 
imaging at late time points is feasible. The use of 89Zr-immuno-PET has been 
evaluated extensively in both preclinical and clinical studies (van de Watering 
et al. 2014). 

The coordination chemistry of Zr4+ in aqueous media has indicated that the 
use of an octadentate ligand for stable complexation of the radionuclide is 
preferable. Desferrioxamine B (DFO) (Figure 9B), a linear siderophore-based 
hexadentate biofunctional chelator, is not the best but is the most commonly 
used chelator for 89Zr-labelled radiopharmaceuticals in current studies 
(Heskamp et al. 2017). The unsaturated coordination of 89Zr is associated with 
the release of the radionuclide, leading to an increased radiation burden for 
patients due to the osteophilicity of the free 89Zr cation (Holland et al. 2010; 
Chang et al. 2013). Biological data suggest that the stability of the DFO-me-
diated 89Zr complex for antibodies is limited (Heskamp et al. 2017). Fusarinine 
C (FSC), a natural cyclic siderophore, has been suggested as a potential alter-
native bifunctional chelator for labelling proteins and peptides with 89Zr (Zhai 
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et al. 2015). The use of FSC might potentially improve the label stability be-
cause its cyclic structure exerts a preorganization effect (Figure 9A). 

 
Figure 9. Structures of maleimide-derivatized FSC (A) and DFO (B). 

The use of PET offers advantages of better resolution and a smaller influence 
of the partial volume effect on the imaging of small metastases. Currently, 89Zr 
is the only positron emitter with a sufficiently long half-life that is commer-
cially available worldwide. 

The goal of this study was to perform a head-to-head comparison of the use 
of cyclic (FSC) and acyclic chelators (DFO) as bifunctional chelators for ra-
diolabelling the anti-EGFR affibody molecule ZEGFR:2377 with 89Zr for the 
molecular imaging of EGFR-expressing tumours. 

Methods 
An affibody molecule bearing a single C-terminal  cysteine (ZEGFR:2377) 
was produced and conjugated to three-hydroxamate bifunctional chelators 
(FSC and DFO) via a maleimide-sulfhydryl cross-linking reaction to facilitate 
radiolabelling with 89Zr. 

Labelling of FSC-ZEGFR:2377 and DFO-ZEGFR:2377 affibody mole-
cules with 89Zr was performed at both room temperature (RT) and an elevated 
temperature (85°C). An assessment of the in vitro stability of FSC-ZE-
GFR:2377 and DFO-ZEGFR:2377 labelled with 89Zr at both room tempera-
ture and 85°C was performed in PBS and in the presence of excess EDTA. 
The in vitro binding specificity and cellular processing of [89Zr]Zr-FSC-ZE-
GFR:2377 and [89Zr]Zr-DFO-ZEGFR:2377 on EGFR-expressing cells (A431 
and MDA468 cells with high EGFR expression and DU145 cells with low 
EGFR expression) were evaluated. 

The biodistribution of [89Zr]Zr-FSC-ZEGFR:2377 and [89Zr]Zr-DFO-ZE-
GFR:2377 (radiolabelling at 85°C) was measured in female BALB/C nu/nu 
mice bearing EGFR-expressing A431 xenografts at 3 and 24 h after injection. 
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An in vivo binding specificity test was performed in BALB/C nu/nu mice bear-
ing A431 xenografts at 3 h after injection. Whole-body microPET-CT imaging 
was performed for both bioconjugates at 3 and 24 h after injection. 

Results and discussion 
Both DFO-ZEGFR:2377 and FSC-ZEGFR:2377 were successfully labelled 
with 89Zr at room temperature. However, radiochemical yields increased sub-
stantially at elevated temperature (>96% after 30 min incubation). [89Zr]Zr-
FSC-ZEGFR:2377 labelled at elevated temperature showed increased com-
plex stability in PBS and EDTA (<3% release). Corresponding studies with 
[89Zr]Zr-DFO-ZEGFR:2377 showed ~10% 89Zr release in PBS and ∼30% re-
lease in EDTA, without a major difference observed for the radiolabelling 
temperature. 

Both [89Zr]Zr-DFO-ZEGFR:2377 and [89Zr]Zr-FSC-ZEGFR:2377 conju-
gates displayed remarkable in vitro binding specificity to EGF receptors, very 
high picomolar affinity and slow cell line-dependent internalization. 

Pretreatment of the mice with cetuximab as a blocking agent resulted in a 
nonblocked-to-blocked tumour ratio of ∼12, revealing the high specificity of 
[89Zr]Zr-FSC-ZEGFR:2377 binding to EGFR-expressing malignant tissue 
(Figure 10). The in vivo specificity of [89Zr]Zr-DFO-ZEGFR:2377 has already 
been reported by Garousi et al. (Garousi et al. 2016b). 

 
Figure 10. In vivo specificity of [89Zr]Zr-FSC-ZEGFR:2377 in A431 xenograft tu-
mour-bearing BALB/C nu/nu mice 3 h after injection. Blocking was conducted by 
EGFR saturation with cetuximab one day before the experiment. Data are presented 
as mean±SD; n=4. Error bars might not be visible because they are smaller than the 
symbols. The asterisk (*) indicates a significant (P<5.5×10-5) difference. 

In the biodistribution measurement, both conjugates labelled at 85°C showed 
rapid blood clearance over time, resulting in lower blood levels than [89Zr]Zr-
DFO-ZEGFR:2377 labelled at room temperature. The tumour uptake of 
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[89Zr]Zr-FSC-ZEGFR:2377 was 1.5-fold higher than that of [89Zr]Zr-DFO-
ZEGFR:2377 labelled at 85°C and 2-fold higher than that of [89Zr]Zr-DFO-
ZEGFR:2377 labelled at room temperature at both 3 and 24 h after injection. 
However, the uptake of [89Zr]Zr-FSC-ZEGFR:2377 in normal tissues was also 
higher than the uptake of [89Zr]Zr-DFO-ZEGFR:2377 due to its slower blood 
clearance, indicating higher bioavailability of [89Zr]Zr-FSC-ZEGFR:2377. 
The liver uptake of [89Zr]Zr-FSC-ZEGFR:2377 was 2-fold higher than that of 
[89Zr]Zr-DFO-ZEGFR:2377. 

Both [89Zr]Zr-FSC-ZEGFR:2377 and [89Zr]Zr-DFO-ZEGFR:2377 labelled 
at 85°C showed higher tumour-to-organ ratios (Table 6) than [89Zr]Zr-DFO-
ZEGFR:2377 labelled at RT. In the case of labelling at 85°C, no significant 
difference in tumour-to-organ ratios was observed between [89Zr]Zr-FSC-ZE-
GFR:2377 and [89Zr]Zr-DFO-ZEGFR:2377, except that [89Zr]Zr-DFO-ZE-
GFR:2377 produced a 1.4-fold higher tumour-to-liver ratio. Apparently, the 
use of an elevated labelling temperature increases the in vivo stability of 89Zr-
labelled affibody molecules. 

Table 6. Tumour-to-organ ratio of [89Zr]Zr-FSC-ZEGFR:2377 and [89Zr]Zr-DFO-
ZEGFR:2377 in BALB/C nude mice bearing EGFR-expressing A431 tumour xeno-
grafts (mean±SD; n=4)a at 3 and 24 h after injection 

 
[89Zr]Zr-FSC-ZEGFR:2377 

(labelling at 85°C) 
[89Zr]Zr-DFO-ZEGFR:2377 

(labelling at 85°C) 
[89Zr]Zr-DFO-ZEGFR:2377 

(labelling at RT) 
Site      3 h         24 h        3 h        24 h         3 h                   24 h 
Blood 9.0±3.3§ 17.5±5.6§ 10.6±2.4# 13.7±2.0# 2.2±0.3 3.7±0.6 
Salivary gland 7.3±2.1§ 5.0±1.6 7.3±1.7# 5.1±1.6 4.4±0.8 3.2±0.5 
Lung 5.9±1.3§ 6.0±1.2§ 7.2±1.3# 5.7±1.4# 2.7±0.5 2.7±0.4 
Liver 1.3±0.4 0.9±0.2 1.9±0.3*,# 1.4±0.3*,# 1.1±0.2 1.0±0.1 
Spleen 5.6 ±1.2 3.8±0.4 6.6±0.6# 3.5±0.8 5.3±0.4 3.2±1.0 
Colon 6.4±1.3§ 4.5±1.2 5.4±1.1 4.2±1.2 3.9±0.9 3.1±1.2 
Kidney 0.03±0.006 0.02±0.00 0.02±0.003 0.01±0.00 0.02±0.003 0.01±0.00 
Muscle 27.9±4.9§ 21.9±2.2§ 28.4±4.7# 18.6±3.2# 13.6±1.3 10.3±1.2 
Bone 8.5±1.8§ 5.6±1.8§ 9.3±2.6# 3.6±1.3# 4.6±0.4 1.6±0.1 

a The statistical analysis was performed using Student’s t-test, with P values indicating a sig-
nificant (P<0.05) difference (*) between [89Zr]Zr-FSC-ZEGFR:2377 (85°C) and [89Zr]Zr-
DFO-ZEGFR:2377 (85°C), (§) between [89Zr]Zr-FSC-ZEGFR:2377 (85°C) and [89Zr]Zr-
DFO-ZEGFR:2377 (RT) and (#) between [89Zr]Zr-DFO-ZEGFR:2377 (85°C) and [89Zr]Zr-
DFO-ZEGFR:2377 (RT) at the corresponding time points. 

Compared to other anti-EGFR affibody tracers evaluated in the same mouse 
model, such as [18F]Al-NOTA-ZEGFR:1907 (Su et al. 2014), [18F]F-CBT-
ZEGFR:1907 (Su et al. 2014) and [18F]F-FBEM-Cys-ZEGFR:1907 (Miao et 
al. 2012), both [89Zr]Zr-DFO-ZEGFR:2377 and [89Zr]Zr -FSC-ZEGFR:2377 
showed an ∼5-fold higher tumour-to-blood ratio. Additionally, [89Zr]Zr-pani-
tumumab (Chang et al. 2013) and [89Zr]Zr-cetuximab (Aerts et al. 2008) in 
A431 xenografted mice showed ∼5-fold lower tumour-to-blood ratios after 
120 and 96 h, respectively. 
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MicroPET-CT imaging of [89Zr]Zr-FSC-ZEGFR:2377 and [89Zr]Zr-DFO-
ZEGFR:2377 indicated that both bioconjugates are very promising radiotrac-
ers for imaging EGFR-expressing tumours at 3 h, but imaging at 24 h would 
lead to improved imaging contrast (Figure 11A and B). [89Zr]Zr-FSC-ZE-
GFR:2377 showed increased tumour uptake, but the liver was also visualized, 
whereas [89Zr]Zr-DFO-ZEGFR:2377 showed lower liver accumulation and a 
higher tumour-to-liver ratio, consistent with the biodistribution results. 

 
Figure 11. MicroPET-CT images of EGFR expression in A431 xenograft tumour-
bearing BALB/C nu/nu mice using high-temperature radiolabelled [89Zr]Zr-FSC-ZE-
GFR:2377 (A) and [89Zr]Zr-DFO-ZEGFR:2377 (B) at 3 and 24 h after injection. 

Conclusions 
FSC is a suitable alternative to DFO for radiolabelling scaffold proteins with 
89Zr. Furthermore, our findings indicated that labelling of the DFO-ZE-
GFR:2377 affibody molecule at an elevated labelling temperatures reduces 
off-chelate binding, leading to enhanced image contrast. Conjugates labelled 
at an elevated temperature display satisfactory imaging contrast at 3 h after 
injection. 
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Paper IV 

Preclinical Evaluation of [68Ga]Ga-DFO-ZEGFR:2377: A 
Promising Affibody-Based Probe for Noninvasive PET 
Imaging of EGFR Expression in Tumours 

Background and aims 
[18F]FDG-PET is frequently used for oncology imaging. It provides only in-
formation about cellular glucose metabolism, and has been utilized to monitor 
therapy, but it is not informative in the detection of other molecular abnormal-
ities. Therefore, the development of new PET tracers that can provide quanti-
tative information about the expression of molecular targets is desirable. PET 
imaging using a HER2-targeting affibody molecule labelled with 68Ga has 
shown sufficient quantitative accuracy for the detection of HER2 expression 
in both preclinical and clinical studies (Kramer-Mareck et al. 2011; Sörensen 
et al. 2016). 

Off-target interactions may result in appreciable accumulation of probes in 
healthy tissues and reduce imaging contrast. The selection of an optimal com-
bination of a targeting protein with a radionuclide possessing suitable physical 
and chemical properties and a chelator or a linker for coupling of the radionu-
clide is critical to minimize off-target interactions and guarantee the best pos-
sible imaging contrast (Tolmachev et al. 2010b). 

ZEGFR:2377 affibody molecule labelled with 68Ga via a DOTA chelator 
([66Ga]Ga-DOTA-ZEGFR:2377) showed high liver uptake (6.2±0.3%ID/g) 
and relatively low tumour uptake (2.7±0.1%ID/g) (Garousi et al. 2017), re-
sulting in a low tumour-to-liver value (0.44±0.03) at 3 h after injection. In 
addition, the clearance of [68Ga]Ga-DOTA-ZEGFR:2377 from blood was 
slower than the clearance of 68Ga-labelled affibody molecules for imaging 
other molecular targets, such as anti-HER2 affibody molecules. This biodis-
tribution pattern is typical for derivatives of ZEGFR:2377. This work was 
dedicated to developing an optimal affibody-based probe for the visualization 
of one of the more challenging imaging targets, the epidermal growth factor 
receptor. 

Our previous study (Paper III) indicated that reasonably good contrast of 
imaging of EGFR expression in tumours is achievable at 3 h after injection if 
DFO-mediated labelling with the long-lived radionuclide 89Zr is performed at 
an elevated temperature. Several studies have shown that the DFO chelator is 
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suitable for labelling 68Ga with a high radiochemical yield (Vosjan et al. 2011; 
Tsionou et al. 2017). Since DFO contains three hydroxamate groups, which 
provide six oxygen donors for metal binding (Hider et al. 2010), this chelator 
is a good match for the Ga3+ cation, which is typically a hexacoordinated ra-
dionuclide. In addition, the use of Ga3+ instead of Zr4+ decreases the positive 
charge on the C-terminus of ZEGFR:2377, which is favourable for biodistri-
bution (Garousi et al 2016b). This approach provides an opportunity to use the 
generator-produced positron emitter 68Ga for labelling ZEGFR affibody mol-
ecules and utilize the advantages of PET for imaging. 

The main goal of this study was to evaluate the targeting properties of 
[68Ga]Ga-DFO-ZEGFR:2377 and compare them directly with the properties 
of [89Zr]Zr-DFO-ZEGFR:2377 (Paper III) at 3 h after injection. 

Methods 
The maleimido derivative of the DFO chelator was site-specifically coupled 
to the C-terminal cysteine of the anti-EGFR affibody molecule ZEGFR:2377 
(Figure 9B), and the DFO-ZEGFR:2377 conjugate was labelled with the gen-
erator-produced positron-emitting radionuclide 68Ga at both RT and an ele-
vated temperature. 

The stability, specificity of binding to EGFR-expressing cells, and pro-
cessing of [68Ga]Ga-DFO-ZEGFR:2377 labelled at both mentioned tempera-
tures by cancer cells (A431 and PC3) after binding were evaluated in vitro.  

In vivo studies were performed in nude mice bearing human EGFR-ex-
pressing A431 epidermoid cancer xenografts. The biodistribution of 
[68Ga]Ga-DFO-ZEGFR:2377 was directly compared with the biodistribution 
of [89Zr]Zr-DFO-ZEGFR:2377 at 3 h after injection. An in vivo binding spec-
ificity test was performed in nude mice bearing A431 xenografts at the same 
time point after injection. 

MicroPET/CT imaging of EGFR expression in A431 xenografts using 
[68Ga]Ga-DFO-ZEGFR:2377 and [89Zr]Zr-DFO-ZEGFR:2377 was per-
formed at 3 h after injection. 

Results and discussion 
The DFO-ZEGFR:2377 conjugate was efficiently and stably labelled with 
68Ga at 85°C (radiochemical yield=77±5%). Binding of [68Ga]Ga-DFO-ZE-
GFR:2377 to EGFR-expressing cells in vitro was receptor specific and pro-
portional to the EGFR expression level. A relatively slow internalization of 
[68Ga]Ga-DFO-ZEGFR:2377 was observed in a cellular processing test and 
was independent of the labelling temperature. 

Biodistribution studies revealed similarly low blood concentrations of 
[68Ga]Ga-DFO-ZEGFR:2377 and [89Zr]Zr-DFO-ZEGFR:2377 (1.4±0.3 and 
1.2±0.2%ID/g, respectively) at 3 h after injection, which suggests rapid blood 
clearance for both bioconjugates. Compared with [89Zr]Zr-DFO-ZE-
GFR:2377, [68Ga]Ga-DFO-ZEGFR:2377 showed significantly (P<0.01) 
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higher uptake in tumours and significantly (P<0.01) lower uptake in spleen 
and bone. This pattern resulted in significantly higher tumour-to-organ ratios; 
for example, the tumour-to-liver ratio for [68Ga]Ga-DFO-ZEGFR:2377 was 
2.2±0.8, which was significantly (P<0.05) higher than the value for [89Zr]Zr-
DFO-ZEGFR:2377 (1.1±0.2) (Figure 12). An in vivo saturation experiment 
showed the EGFR-specific accumulation of [68Ga]Ga-DFO-ZEGFR:2377 in 
A431 xenografts. 

 
Figure 12. Tumour-to-organ ratio for [68Ga]Ga-DFO-ZEGFR:2377 and [89Zr]Zr-
DFO-ZEGFR:2377 conjugates in BALB/C nu/nu mice bearing EGFR-expressing 
A431 xenografts at 3 h after injection. The data are presented as the averages (n=7) 
and SD. Asterisks (*) indicate significant (P<0.05) differences. 

MicroPET/CT imaging of [68Ga]Ga-DFO-ZEGFR:2377 confirmed its EGFR-
specific binding in vivo (Figure 13B). The imaging results for [68Ga]Ga-DFO-
ZEGFR:2377 and [89Zr]Zr-DFO-ZEGFR:2377 were consistent with the bio-
distribution results (Figure 13A and C). 
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Figure 13. MicroPET/CT images of EGFR expression in A431 xenografts using (A) 
[68Ga]Ga-DFO-ZEGFR:2377 and (C) [89Zr]Zr-DFO-ZEGFR:2377 at 3 h after injec-
tion. The mice were injected with 5 MBq (38 μg) of conjugates. Receptors were satu-
rated in one animal (panel B) by a subcutaneous injection of 10 mg of cetuximab 24 
h before the injection of [68Ga]Ga-DFO-ZEGFR:2377 to confirm the EGFR specific-
ity of [68Ga]Ga-DFO-ZEGFR:2377 accumulation in xenografts. 

Conclusions 
[68Ga]Ga-DFO-ZEGFR:2377 is a promising affibody-based tracer for imag-
ing EGFR expression in tumours. Our findings indicated that careful optimi-
zation of the molecular design, including determining the best combination of 
a radionuclide and chelator, enabled us to obtain a suitable probe, leading to 
better imaging contrast. 
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Paper V 

The Use of a Non-conventional Long-Lived Gallium radi-
oisotope 66Ga Improves Imaging Contrast of EGFR Ex-
pression in Malignant Tumours Using DFO-ZE-
GFR:2377 Affibody Molecule 

Background and aims 
Our previous study (Paper IV) reported the achievement of reasonably good 
imaging contrast of EGFR expression in tumours at 3 h after injection if the 
DFO-ZEGFR:2377 affibody molecule is labelled with 68Ga. Previous experi-
ence suggested that imaging at later time points might further increase the im-
aging contrast (Garousi et al. 2017). However, the short half-life of 68Ga does 
not permit imaging at 3-4 h postinjection without an appreciable increase in 
injected activity. The positron emitter 66Ga with an intermediate half-life 
(T1/2=9.49 h, β+=56.5%) was expected to have the same labelling chemistry as 
68Ga and enable imaging the day after injection, hopefully with higher con-
trast. The use of 66Ga has been reported for imaging tumour angiogenesis us-
ing monoclonal antibodies (Engle et al. 2012) and for imaging somatostatin 
receptor-positive tumours (Ugur et al. 2002). Recently, the first preclinical 
imaging of GRPR expression in prostate cancer using [66Ga]Ga-NOTA-
PEG2-RM26 was reported (Rinne et al. 2021). 

The main goal of this study was to evaluate the targeting properties of DFO-
ZEGFR:2377 labelled with 66Ga and compare them directly with the proper-
ties of [68Ga]Ga-DFO-ZEGFR:2377 (Paper VI) and [89Zr]Zr-DFO-ZE-
GFR:2377 (Garousi et al. 2016b; Paper III) at 3 and 24 h after injection, re-
spectively. 

Methods 
The maleimido derivative of the DFO chelator (Figure 9B) was site-specifi-
cally coupled to the C-terminal cysteine of the anti-EGFR affibody molecule 
ZEGFR:2377, and the DFO-ZEGFR:2377 conjugate was labelled with the cy-
clotron-produced, positron-emitting radionuclide 66Ga at 85°C. The stability, 
specificity of binding, and processing of [66Ga]Ga-DFO-ZEGFR:2377 by 
EGFR-expressing cells (A431 and PC3) after binding were evaluated in vitro. 

In vivo studies were performed in nude mice bearing EGFR-expressing 
A431 epidermoid cancer xenografts. The biodistribution of [66Ga]Ga-DFO-
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ZEGFR:2377 was measured at three time points (3, 6 and 24 h after injection) 
and directly compared with the biodistribution of [68Ga]Ga-DFO-ZE-
GFR:2377 and [89Zr]Zr-DFO-ZEGFR:2377 at 3 and 24 h after injection, re-
spectively. An in vivo specificity test of [66Ga]Ga-DFO-ZEGFR:2377 in mice 
bearing A431 xenografts was performed using saturation with cetuximab be-
fore injection of radiolabelled conjugate at 3 h after injection. 

MicroPET/MRI imaging of EGFR expression in A431 xenografts using 
[66Ga]Ga-DFO-ZEGFR:2377 was performed at 3, 6 and 24 h after injection. 

Results and discussion 
The DFO-ZEGFR:2377 affibody molecule was efficiently and stably labelled 
with 66Ga at 85°C (radiochemical yield=64.5±3.5%, isolated 
yield=61.5±0.7%). 

In vitro binding to EGFR-expressing cells was EGFR-specific and propor-
tional to the EGFR expression level. [66Ga]Ga-DFO-ZEGFR:2377 showed 
strong binding to EGFR that fit to a 1:2 interaction model (KD1=342±14 pM, 
KD2=29.2±0.2 nM). Slow internalization of [66Ga]Ga-DFO-ZEGFR:2377 was 
observed in a cellular processing assay.  

Biodistribution measurements of [66Ga]Ga-DFO-ZEGFR:2377 showed a 
noticeable clearance of radioactivity from blood and other organs and tissues 
over time. For example, a significant (P<0.05) reduction in radioactivity ac-
cumulation was observed in the blood, liver, spleen and kidneys at 24 h com-
pared to 3 h after injection. No significant difference in tumour uptake was 
observed at 3 h (6.5±1.3%ID/g) compared to 6 h (5.1±0.5%ID/g) after injec-
tion, but there was a significant (P<0.05) reduction in tumour uptake at 24 h 
(3.7±0.5%ID/g) compared to the uptake at 3 and 6 h after injection. The ten-
dency of a lower reduction in tumour uptake but faster clearance from blood 
and liver over time resulted in significantly higher tumour-to-blood and tu-
mour-to-liver ratios at 24 h (10.7±2.7 and 2.7±0.7, respectively) than at 3 h 
(4.2±0.6 and 1.4±0.3, respectively) and 6 h (4.2±0.6 and 1.5±0.3, respectively) 
(Table 7). Interestingly, a significant (P<0.05) decrease in renal uptake was 
observed over time (257±19 and 42±6%ID/g at 3 and 24 h after injection, re-
spectively). This result is unusual for radiometal-labelled affibody molecules. 
Such rapid clearance suggests that the residualizing properties of [66Ga]Ga-
DFO-label are not very strong. Higher tumour-to-blood and tumour-to-liver 
ratios resulted in higher imaging contrast at the late time point of 24 h com-
pared to early time points of 3 and 6 h after injection using [66Ga]Ga-DFO-
ZEGFR:2377, which was confirmed by microPET/MRI imaging (Figure 14A-
C). There was a tendency towards lower liver uptake with time, resulting in a 
higher tumour-to-liver ratio at the latest time point. The only normal organ 
with a high radioactivity accumulation was the kidneys. Otherwise, the uptake 
of radioactivity in the tumour appreciably exceeded uptake in any other nor-
mal organ, providing high image contrast of EGFR-expressing xenograft us-
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ing [66Ga]Ga-DFO-ZEGFR:2377. In vivo binding specificity test demon-
strated the EGFR-specific accumulation of [66Ga]Ga-DFO-ZEGFR:2377 in 
A431 xenografts (Figure 14D). 

Table 7. Tumour-to-organ ratio for [66Ga]Ga-DFO-ZEGFR:2377 in BALB/C nu/nu 
mice bearing A431 xenografts at 3, 6 and 24 h after injection. Data are reported as 
the percentages of administered activity (injected probe) per gram of tissue (%ID/g) 
after the intravenous injection of the probe. The data are presented as the averages 
(n=4) and SD. 

 Tumour-to-organ ratio 

Site 3 h 6 h 24 h 

Blood 4.2±0.6a 4.2±0.6b 10.7±2.7a,b 
Salivary gland 5.9±2.1 7.4±2.7 6.7±3.2 
Lung 4.2±1.0 5.1±0.4 5.9±3.1 
Liver 1.4±0.3a 1.5±0.3b 2.7±0.7a,b 
Spleen 5.0±0.3 8.2±3.1 9.4±5.4 
Colon 4.4±1.4 5.5±1.4 4.7±0.9 
Kidneys 0.025±0.005a 0.031±0.002b 0.088±0.014a,b 
Muscle 18±1 24±7 19±3 
Bone 10±5 6.2±1.7 4.6±1.7 

The statistical analysis was performed using Student’s t-test, with P values indicating signifi-
cant (P<0.05) differences abetween 3 and 24 h time points and bbetween the 6 and 24 h time 
points. 

 
Figure 14. MicroPET/MRI images of EGFR expression in A431 xenografts using 
[66Ga]Ga-DFO-ZEGFR:2377 at 3 h (A), 6 h (B), and 24 h (C) after injection. EGF 
receptors were saturated in one animal (Panel D) by a subcutaneous injection of 550 
mg/kg cetuximab 24 h before the injection of [66Ga]Ga-DFO-ZEGFR:2377, and im-
aging was performed at 3 h after tracer injection to confirm the in vivo specificity of 
[66Ga]Ga-DFO-ZEGFR:2377. Arrows indicate the tumours. 
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Figure 15A shows a comparison of the tumour-to-organ ratio between 
[66Ga]Ga-DFO-ZEGFR:2377 and [68Ga]Ga-DFO-ZEGFR:2377 at 24 and 3 h 
after injection. Significantly (P<0.05) higher tumour-to-blood (10.7±2.7 vs. 
2.7±0.2), tumour-to-liver (2.7±0.7 vs. 1.2±0.2) and tumour-to-kidney 
(0.088±0.014 vs. 0.021±0.001) ratios were observed for [66Ga]Ga-DFO-ZE-
GFR:2377 at 24 h compared with the values for [68Ga]Ga-DFO-ZEGFR:2377 
at 3 h after injection. 

Figure 15B shows the comparison of the tumour-to-organ ratio between 
[66Ga]Ga-DFO-ZEGFR:2377 and [89Zr]Zr-DFO-ZEGFR:2377 at 24 h after 
injection. [66Ga]Ga-DFO-ZEGFR:2377 displayed significantly (P<0.05) 
higher tumour-to-blood (10.7±2.7 vs. 5.9±1.3), tumour-to-liver (2.7±0.7 vs. 
0.9±0.2), tumour-to-kidney (0.088±0.014 vs. 0.009±0.002), tumour-to-mus-
cle (19±3 vs 10±1) and tumour-to-bone (4.6±1.7 vs. 2.0±0.3) ratios than 
[89Zr]Zr-DFO-ZEGFR:2377 at 24 h after injection. 

 
Figure 15. Comparison of tumour-to-organ ratio between (A) [66Ga]Ga-DFO-ZE-
GFR:2377 and [68Ga]Ga-DFO-ZEGFR:2377 conjugates 24 and 3 h after injection 
and between (B) [66Ga]Ga-DFO-ZEGFR:2377 and [89Zr]Zr-DFO-ZEGFR:2377 con-
jugates at 24 h after injection in BALB/C nu/nu mice bearing EGFR-expressing A431 
xenografts. 

The most essential achievement of the use of [66Ga]Ga-DFO-ZEGFR:2377 is 
the positive contrast to the liver, i.e., a tumour-to-liver ratio exceeding two 
(2.7±0.7) and higher tumour-to-blood ratio (10.7±2.7) at 24 h after injection 
than for 68Ga (2.7±0.2) and 89Zr (5.9±1.3) counterparts 3 and 24 h after injec-
tion, respectively. 66Ga is a more suitable radionuclide for imaging using 
DFO-ZEGFR:2377 than 89Zr at 24 h after injection. Therefore, by determining 
the optimal combination of radionuclide and chelator, we were able to obtain 
higher imaging contrast using [66Ga]Ga-DFO-ZEGFR:2377. 
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Conclusions 
The results of this comparative evaluation indicated that the use of the non-
conventional long-lived gallium radioisotope 66Ga improves PET imaging 
contrast. [66Ga]Ga-DFO-ZEGFR:2377 provides high contrast in preclinical 
imaging of EGFR-expressing tumours, thereby suggesting that it represents a 
promising candidate for clinical translation. Another lesson from this study is 
that the selection of a radionuclide with an optimal half-life and chemical 
properties appreciably improves the imaging properties of EGFR-targeting af-
fibody molecules. 
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Concluding remarks 

This thesis was dedicated to studying the structure-property relationship of 
anti-EGFR affibody molecules. The conjugation of different chelators (cyclic 
or noncyclic) and/or labelling with different radionuclides exert substantial 
effects on labelling efficiency, stability and the in vitro and in vivo properties 
of ZEGFR:2377. The findings of these studies are important for the develop-
ment of affibody molecules for clinical radionuclide molecular imaging in the 
future. 

The main findings of this thesis are listed below. 

 We showed that the translation of previous knowledge to new af-
fibody molecules is possible, but the labelling conditions must be re-
optimized. [99mTc]Tc-ZEGFR:2377 enabled imaging of EGFR-ex-
pressing xenografts at both early (3 h p.i.) and late (24 h p.i.) time 
points. 

 The effect of the composition of the N3S chelator at the C-terminus of 
ZEGFR:2377 affibody molecules on the label stability, biodistribu-
tion and targeting properties of 99mTc-labelled affibody molecules was 
confirmed. Moreover, the use of glutamate-containing peptide-based 
chelators improved the stability of [99mTc]Tc-ZEGFR:2377 conju-
gates and influenced their targeting properties. 

 We showed that the use of a cyclic chelator (FSC), rather than a 
noncyclic chelator (DFO), is a suitable alternative for radiolabelling 
scaffold proteins with 89Zr that overcomes the drawbacks associated 
with the use of a linear chelator in this case. Labelling of DFO-ZE-
GFR:2377 at higher temperature reduces off-chelate binding, leading 
to enhanced image contrast at 3 h after injection. 

 Our findings indicated that the replacement of 89Zr with 68Ga for radi-
olabelling DFO-ZEGFR:2377 resulted in increased imaging contrast. 
Therefore, an optimal combination of a radionuclide and chelator en-
ables us to obtain a suitable probe with higher imaging contrast. 
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 DFO-ZEGFR:2377 labelled with the nonconventional long-lived gal-
lium radioisotope 66Ga permitted imaging at 24 h after injection. This 
molecule provided a higher contrast in preclinical imaging of EGFR-
expressing tumours compared to imaging using [68Ga]Ga-DFO-ZE-
GFR:2377 at 3 h after injection and using [89Zr]Zr-DFO-ZE-
GFR:2377 24 h after injection. This property makes it a promising 
candidate for clinical translation. The combination of a radionuclide 
with an optimal half-life and chemical properties and a chelator ap-
preciably improves the imaging properties of EGFR-targeting af-
fibody molecules. 
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Future studies 

1. According to previous studies, anti-HER2 affibody molecules with 
affinity in the single digit nanomolar range “leak” from tumours 
with low target expression more rapidly than affibody molecules 
with subnanomolar affinity. At the same time, retention of anti-
HER2 affibody molecules with affinity in the single digit nanomolar 
range in tumours with high target expression is much better than in 
tumours with low expression (Tolmachev 2012). Washout of the 
anti-EGFR affibody with affinity of 2-8 nM might be quicker from 
liver, where EGFR expression is relatively low, than from tumours, 
where the expression is relatively high. An interesting approach 
would be to create a panel of anti-EGFR affibody molecules with 
different affinities, label them with 66Ga via DFO and study their 
washout from tumours and livers as a function of time. 

2. Niobium-90 (90Nb, T1/2=14.6 h, β+=53%) is a potentially suitable nu-
clide for PET imaging on the day after injection. 90Nb can be pro-
duced by 90Zr(p,n)90Nb using a low-energy cyclotron (Radchenko 
2016). Preliminary data suggest that DFO can be used to label pro-
teins with niobium isotopes (Radchenko 2016). A comparative in 
vivo evaluation of DFO-ZEGFR:2377 (or DFO-conjugated anti-
EGFR affibody molecules with lower affinity) labelled with 66Ga 
and radioniobium would be interesting. The goal of the study is to 
assess whether the use of 90Nb as a label would provide higher im-
aging contrast than the use of 66Ga. A long-lived 95Nb isotope 
(T1/2=35 d) could be used in that study as a convenient surrogate for 
90Nb. 

3. The long-lived positron-emitting copper isotope 64Cu (T1/2=12.7 h, 
β+=18%) has potential as a label for PET imaging (Wadas 2008; Fol-
lacchio 2018). Anti-HER2 affibody molecules labelled with 64Cu us-
ing a combination of CB-TE2A chelator and GEEE linker provide 
high-contrast imaging of HER2 expression in human xenografts 
(Tolmachev 2018). An attractive goal would be to evaluate this la-
belling chemistry for EGFR-targeting affibody molecules. 
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