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Abstract: Affibody molecules are small (58 amino acids) engineered scaffold proteins that can be
selected to bind to a large variety of proteins with a high affinity. Their small size and high affinity
make them attractive as targeting vectors for molecular imaging. High-affinity affibody binders have
been selected for several cancer-associated molecular targets. Preclinical studies have shown that
radiolabeled affibody molecules can provide highly specific and sensitive imaging on the day of
injection; however, for a few targets, imaging on the next day further increased the imaging sensitivity.
A phase I/II clinical trial showed that 68Ga-labeled affibody molecules permit an accurate and specific
measurement of HER2 expression in breast cancer metastases. This paper provides an overview of
the factors influencing the biodistribution and targeting properties of affibody molecules and the
chemistry of their labeling using positron emitters.
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1. Introduction

Radionuclide molecular imaging permitting non-invasive quantitative visualization of molecular
targets is an attractive alternative to biopsy-based methods for stratifying patients for targeted
therapies [1]. The use of positron emission tomography (PET) is a preferable method for molecular
imaging because it provides a better spatial resolution, registration efficiency, and accuracy of activity
quantification compared to single photon emission computed tomography (SPECT) [2].

Currently, the most common approach used to visualize molecular targets is immunoPET, which is
a methodology based on the labeling of therapeutic monoclonal antibodies with long-lived positron
emitting nuclides, including 64Cu (T 1

2
= 12.7 h), 89Zr (T 1

2
= 78.4 h), and 124I (T 1

2
= 100.2 h) [3,4].

The feasibility of such an approach has been demonstrated in a number of clinical studies [5–7].
Accumulated clinical experience has enabled the identification of several major issues in the routine
clinical use of full-length immunoglobulin G (IgG) as imaging probes; these issues include slow
extravasation and accumulation in tumors, slow clearance from blood and unspecific compartments,
and unspecific uptake in target-negative tumors due to the enhanced permeability and retention (EPR)
effect. To obtain an acceptable contrast and sensitivity, clinical imaging must be performed 4-7 days
after injection [5–7]. Nevertheless, the unspecific tumor accumulation of IgG is associated with a risk
of false-positive diagnostics [8]. Therefore, it is very likely that immunoPET will remain a valuable tool
for the development of antibody-based therapeutics, but the prospects of its translation into day-by-day
clinical practice are unclear.
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Empirical data suggest that a reduction in the size of targeting proteins permits the ability to
obtain a high imaging contrast earlier than several days after the injection [9]. Indeed, the use of
a single-domain antibody (sdAb) with a molecular weight of 12–15 kDa permits the development
of imaging probes with a tumor-to-blood ratio of 10–30 at 1 h after injection in murine models [10].
Mathematical modeling predicts that a further size reduction would enable an increase in tumor
accumulation if the affinity of imaging probes was high enough [11,12]. Thus far, the development of
high-affinity immunoglobulin-based targeting probes smaller than a sdAb remains very challenging.
Nevertheless, this is possible using engineered non-immunoglobulin scaffold proteins [13].

2. Engineered Scaffold Protein-Based Imaging Probes: Affibody Molecules

Antibodies spectacularly exemplify natural affinity proteins capable of specific binding to a large
variety of molecular motifs. Nevertheless, there is a broad repertoire of natural binding proteins,
which might be utilized to develop novel affinity ligands. The key feature of such binders is the
presence of a robust skeleton called a scaffold, which ensures the stable positioning of variable amino
acids and minimizes the entropy penalty. Large combinatorial libraries, created by the randomization
of variable amino acids, permit the selection of proteins binding with a high affinity and specificity to
desirable molecular structures. Such binders are called engineered scaffold proteins (ESPs). ESPs are
increasingly applied as a molecular recognition moiety for targeting therapeutics and are considered
a complement to or substitution of monoclonal antibodies. We recommend several excellent review
papers for a more detailed description of ESPs [14–17].

To the best of our knowledge, the first type of scaffold protein, which was evaluated in vivo for
radionuclide imaging, was that of affibody molecules [18,19]. Affibody molecules utilize a cysteine-free
three-helical scaffold (Figure 1) of a modified B-domain of protein A (58 amino acids, 7 kDa) [20].
A combinatorial library has been created by the randomization of thirteen amino acids located on
helices one and two and normally involved in the binding of the Fc domain of immunoglobulins.
Phage-display selection enables the generation of affibody molecules with affinities in the nanomolar
range [21]. Affinity maturation permits a further increase of the affinity from a few nM to a few pM.
High-affinity affibody binders have been selected for potential cancer-associated molecular targets such
as human epidermal growth factor receptor type 2 (HER2) [22], epidermal growth factor receptor (EGFR
or HER1) [23], human epidermal growth factor receptor type 3 (HER3) [24], insulin-like growth factor-1
receptor (IGF-1R) [25], platelet-derived growth factor receptor β (PDGFRβ) [26], vascular endothelial
growth factor receptor 2 (VEGFR2) [27], programmed death-ligand 1 (PD-L1) [28], and carbonic
anhydrase IX (CAIX) [29].
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Several features of affibody molecules make them potentially attractive as targeting vectors for
imaging probes:

• Their small size ensures rapid extravasation and diffusion in the extracellular space, providing
efficient localization in tumors. Unbound affibody molecules are rapidly excreted from blood via
glomerular filtration, and this reduces the background.

• Affibody molecules can be selected to have a high affinity and specificity to a desirable
molecular target. These Features Together Safeguard the Rapid Acquisition of a High Imaging Contrast
and Determine the High Sensitivity of Molecular Imaging

• Small proteins (less than 45 kDa) do not accumulate in tumors by the EPR effect [30].
This reduces the risk of false-positive diagnostics.

• Affibody molecules are proteolytically, chemically, and thermally stable and refold within
3 µs with a high fidelity after thermal or chemical denaturation [31]. This permits the use
of high temperatures (up to 90–95 ◦C), which enables rapid labeling using macrocyclic
chelators [32,33], a broad range of pH values (from 3.6 to 11.0) [32–35], and lipophilic organic
solvents for intermediate purifications [36], without losing specificity and affinity.

• Affibody molecules do not contain cysteines, and their folding is independent of disulphide
bridges. This allows the use of large amounts of oxidants (e.g., during electrophilic iodination)
or reductants (e.g., during labeling with 99mTc or 186/188Re), without the risk of denaturation.

Affibody molecules can be produced recombinantly in prokaryotic hosts or by peptide synthesis.
This makes their production appreciably more cost-efficient than the production of antibodies.
Affibody molecules can be labeled in a site-specific manner. With the use of peptide synthesis,
chelators, unnatural amino acids, prosthetic groups, or pharmacokinetic modifiers might be easily
introduced at the N-terminus [35–39]. The use of an orthogonal protection scheme permits the selective
deprotection of a preselected lysine and amino group-directed coupling of a chelator or prosthetic
group in any position of the scaffold [40,41]. Another approach is the incorporation of a unique cysteine
into a recombinantly produced protein and the use of thiol-specific chemistry for the conjugation of a
chelator or prosthetic group. The Use of Site-Specific Coupling/Labeling Provides a Homogenous Product
with a Reproducible Biodistribution and Targeting Properties.

The incorporation of a cysteine is also possible during peptide synthesis, which enables the
thiol-directed coupling of chelators [42]. In that case, the same tracer could be produced using both
recombinant production and peptide synthesis, but would have the same properties. To make affibody
molecules more suitable for peptide synthesis, the scaffold was redesigned [43]. β-Branched amino
acids (V, I, and T) and amino acids prone to side reactions during peptide synthesis (D, N, and H) were
replaced. This resulted in an increase in the peptide synthesis yield from 13% to 22%. Unexpectedly,
the melting point of the new scaffold increased by 12 ◦C. Despite the substitution of 11 water-exposed
amino acids, the pattern of biodistribution of the second generation of affibody molecules remained
the same [44,45].

3. Biodistribution and Targeting Features of Radiolabeled Affibody Molecules

The biodistribution and targeting patterns of radiolabeled affibody molecules are determined by
four major features:

• Small size;
• Slow internalization after specific binding to a molecular target;
• High reabsorption in proximal tubules;
• Elevated hepatic uptake and/or hepatobiliary exertion after modifications, increasing the overall

or local lipophilicity.
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The small size is essential for rapid extravasation and localization in tumors. Typically,
the maximum tumor uptake in murine models is reached within 30 min after injection [44,46].
Nevertheless, some time is required for clearance from blood and normal tissues to reach a good
imaging contrast. Usually, the unrestricted glomerular filtration of small affibody molecules results in
rapid blood clearance and provides excellent contrast within 2–4 h after injection. The only exception
is the case when there is a noticeable expression of molecular targets in normal tissues. In this case,
another phenomenon—slow internalization after binding to a molecular target—might play a critical
role. Slow internalization (less than 30% activity internalized by cancer cells within 24 h in vitro)
was found for monomeric forms of affibody molecules binding HER2 [47], EGFR [23], HER3 [24],
and CAIX [29]. EGFR is expressed by hepatocytes, and radiolabeled anti-EGFR affibody molecules
are actively taken up by the liver [23,48]. Due to the slow internalization, at least some radiolabeled
affibody molecules remain bound to receptors on hepatocyte membranes for a while and dissociate
when the blood concentration decreases due to clearance. Therefore, the liver acts as a depot, and the
blood clearance of anti-EGFR affibody molecules is slower than clearance of affibody molecules to
other targets [23,48–50]. An optimal imaging time might be 24 h after injection in this case. A similar
effect has been observed for HER3-targeting affibody molecules [51].

Another feature of affibody molecules is the very efficient reabsorption in the proximal
tubules of kidneys. This feature has been observed for all binders, independent of the molecular
target [23–27,29,37]. Therefore, it is reasonable to suppose that the reabsorption is determined by
the scaffold rather than by a binding site. Studies with megalin knock-out mice demonstrated
that megalin is not involved in the renal reabsorption of affibody molecules [52]. A recent study
showed that the use of lysine, gelofusine, diuretics mannitol and furosemide, and the organic anion
transporter blocker probenecid, is inefficient for the reduction in renal reabsorption of affibody
molecules [53]. The inhibition of ATP-mediated endocytosis by sodium maleate and fructose resulted
in an approximately two-fold decrease in the renal uptake of anti-HER2 affibody molecules [53]. In the
case of residualizing radiometal labels, the renal uptake of activity might exceed the tumor uptake by
10–20-fold [23–27,29,37]. Initially, there was concern that the high renal uptake of activity would lead
to reconstruction artefacts obscuring metastases in the lumbar area. However, clinical studies have
demonstrated that it is possible to visualize metastases not only in the lumbar vertebrae, but also in
adrenals, using radiometal-labeled affibody molecules [53,54]. Nevertheless, the high renal uptake
contributes to an absorbed dose burden to patients.

One possible solution for the issue of renal uptake is based on the slow internalization of affibody
molecules after binding to cancer cells. In this case, the use of residualizing labels has a moderate
contribution to an overall retention of activity in tumors. On the other hand, the internalization of
affibody molecules after renal reabsorption is rapid. This results in the fast transport of affibody
molecules to lysosomes of proximal tubules and a prompt release of radiometabolites from proximal
tubule cells. This phenomenon is typical for radiohalogen labels. The first experiments with affibody
molecules labeled using [125I]-4-iodobenzoate (Figure 2) already demonstrated that renal uptake is
reduced much more rapidly than tumor uptake, and a few hours after injection, tumor uptake exceeds
the radioactivity concentration in kidneys [22]. The release of activity from kidneys depends on
the radioiodine-bearing prosthetic group and the position of its coupling to an affibody molecule.
Therefore, the clearance of activity from kidneys is quicker when using 3-iodo-((4-hydroxyphenyl)
ethyl)maleimide [55] and 3-bromo-((4-hydroxyphenyl)ethyl)maleimide [18] (Figure 2) than using
4-iodobenzoate and 4-bromobenzoate. The use of iodophenetylmaleimide (Figure 2) as a precursor
resulted in an even more rapid clearance of activity from kidneys [55]. Similarly, low renal uptake was
associated with the use of non-residualizing radiofluorine labels N-2-(4-[18F]fluorobenzamido)ethyl]
maleimide ([18F]-FBEM) [56,57], [18F]-N-(4-fluorobenzylidene)oxime ([18F]-FBO) [38,46,58],
and [18F]-fluoro-phenyloxadiazole methylsulfone ([18F]-FPOS) [59] (Figure 3). In all cases, there
was only a minor decrease in tumor uptake in comparison with the use of residualizing labels. It is
important to recall that renal radiometabolites may be released into blood and, possibly, redistributed
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to other tissues, before excretion. This might result in decreased tumor-to-blood and tumor-to-organ
ratios due to elevated levels of blood-borne radioactivity [60].
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It should be noted that non-residualizing labels are often associated with lipophilic prosthetic
groups. In this case, the elevated hepatic uptake and/or hepatobiliary excretion of a tracer or its
radiometabolites might be expected. Our review [61] demonstrates this data for affibody molecules
labeled with single-photon emitters. The same effect was observed for an anti-HER2 affibody molecule
radiofluorinated at the C-terminus using several different methods [58]. In that case, labeling using
hydrophilic [18F]-AlF-NOTA was associated with a low level of hepatobiliary excretion. In the case
of [18F]-FBO labeling, 40–50% of the activity was found in the intestines and their contents. A quite
appreciable level of hepatobiliary excretion was also observed in the case of the labeling of affibody
molecules at the C-terminus using [18F]-FPOS [59]. Interestingly, we demonstrated that the use of a
negatively charged triglutamyl (EEE) linker enabled a substantial reduction in hepatobiliary excretion
when anti-HER2 affibody molecules were labeled using [18F]-FBO [38]. It is worth investigating if the
same effect takes place for affibody molecules with other specificities or labeled at different positions.
This issue is essential because an elevated hepatic uptake complicates the imaging of liver metastases,
which are frequent in different cancers [62]. A high level of hepatobiliary excretion is a problem for
imaging extrahepatic abdominal metastases.

4. Affinity and Dimerization

An important consequence of slow internalization means that tumor activity retention depends
on the slow dissociation of an affibody molecule from a target on a cancer cell surface. Therefore,
a sufficiently high affinity is a precondition for high-contrast imaging. To estimate the level of affinity,
which is required for successful imaging, a set of 111In-labeled affibody molecules was evaluated in
mice bearing xenografts with high (SKOV-3, 1.63 × 106 receptors per cell) and low (LS174T, 3.9 ×
104 receptors per cell) HER2 expression levels. Affibody molecules PEP05541 (KD = 116.7 ± 0.1 pM),
PEP05838 (KD = 157 ± 4 pM), and PEP07127 (KD = 3804 ± 178 pM) were evaluated [63]. It was shown
(Figure 4) that in tumors with a high expression level, the uptake 4 h after injection was independent of
affinity up to 4 nM. However, the tumor activity retention 24 h after injection was significantly better
for affibody molecules with an affinity of 110–160 pM.
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high (SKOV-3) and low (LS174T) human epidermal growth factor receptor type 2 (HER2) expression at
different time points. Asterisk (*) indicates significant (p < 0.05) difference. Data are taken from [63].

In the case of low expression levels, the high affinity affibody molecules provided a much higher
tumor uptake 4 h after injection, and the difference was even more pronounced at 24 h. Based on that
study, we can state that affinity in the single digit nanomolar range is sufficient for imaging targets with
a high expression level (over 106 target molecules per cell), but a subnanomolar affinity is desirable in
the case of lower expression (<105 target molecules per cell).

A high affinity of affibody molecules might be achieved by affinity maturation [22,64–66].
This process requires appreciable competence and might take some time. The use of dimerization might
be considered an attractive alternative to the affinity maturation. The avidity effect in this case might
provide up to an order of magnitude higher affinity [67,68]. Moreover, the feasibility of radionuclide
imaging using the dimeric form of affibody molecules has been demonstrated [18,19,69,70]. However,
the results of a direct comparison [22] have demonstrated that a radioiodinated dimeric form of the
anti-HER2 affibody molecule (ZHER2:4)2 (KD = 3 nM) does not provide higher tumor uptake than
its monomeric form ZHER2:4 (KD = 50 nM), despite the appreciably higher affinity of the dimer
(Figure 5A). At the same time, a high affinity monomeric form ZHER2:342 (KD = 0.029 nM) provided
an appreciably higher tumor uptake. However, further dimerization of ZHER2:342 resulted in a
decrease in tumor uptake [71]. A decrease in tumor uptake was observed for the dimeric form of
another clone of the anti-HER2 affibody molecule, ZHER2:477, which was labeled using [64Cu]-DOTA
(Figure 5B) [72] and [18F]-FBO [46]. In both of these cases, (ZHER2:477)2 had a higher affinity than
ZHER2:477. A similar effect was observed for the EGFR-binding affibody ZEGFR:1907 labeled with
125I and 111In [73].

The effect of dimerization might be explained by a decrease in the extravasation rate with an
increase in the size. Overall, it is apparent that an increase in the affinity of affibody molecules should
be pursued by affinity maturation and not dimerization.
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uptake in HER2-expressing xenografts in mice. Index 2 in designations (ZHER2:4)2 and (ZHER2:477)2

shows that these affibody constructs contain two monomeric units fused head-to-tail. Data are taken
from [22,72].

5. Injected Mass and Molar Activity

The imaging of HER2 is necessary for the discrimination of tumors with a 3+ (eligible for
trastuzumab or lapatinib treatment) from 2+ (not eligible for such treatment) level of expression [74].
However, breast cancer tumors with 2+ expression have a noticeable number of HER2 receptors on
their surface [75], and we have to be able to discriminate between tumors with high and low expression
levels. Experiments with mice bearing xenografts with high and low levels of HER2 demonstrated that
when an injected mass of anti-HER2 affibody molecules is low (0.1 µg (0.014 nmol)/mouse), the tumor
uptake is equally high for tumors with both expression levels (Figure 6) [76]. However, an increase in
the injected mass reduces the uptake in tumors with low expression, while the uptake reduction in
tumors with high expression is not dramatic. The results of this experiment have been confirmed in a
clinical study [54,77].
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Figure 6. Influence of the injected affibody mass on the uptake of the [111In]-In-DOTA-ZHER2:342
affibody molecule in tumor xenografts with high (SKOV-3) and low (LS174T) levels of HER2 expression.

The optimal injected mass is directly connected with the desirable molar activity of affibody-based
imaging probes for clinical translation. A clinical study concerning the imaging of HER2 using
68Ga-labeled ABY-025 affibody molecules demonstrated that an injected activity of 212 ± 46 MBq
permits a good imaging quality up to 4 h after injection [54] and is associated with an acceptable effective
dose (5–6.4 mSv) [77]. In that study, a molar activity of about 3.8 MBq/µmol (injected mass 56 µmol/427
mg) provided better discrimination between metastases with high and low HER2 expression than a
molar activity of 21 MBq/µmol (injected mass 10 µmol/78 mg). We suppose that a molar activity of
3–4 MBq/µmol is close to optimal for HER2 imaging using affibody molecules labeled with 68Ga and,
possibly, 18F.
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The imaging of HER2 is the simplest case, as the expression of this target in normal adult tissues
is low. Some other targets (e.g., EGFR, HER3, and IGF-1R) are appreciably expressed in normal tissues.
In particular, liver expression is troublesome, as it not only causes low contrast in the imaging of
frequently occurring hepatic metastases, but might also cause the sequestering of an imaging probe
and reduce its tumor uptake in clinics [78]. It has been demonstrated that it is possible to find an
optimal mass of unlabeled affibody molecules to be co-injected with a labeled probe, which blocks
receptors in liver and some other normal tissues, but does not reduce the tumor uptake. This has been
demonstrated for affibody molecules for the imaging of EGFR [23,57,73], HER3 [24], and IGF-1R [25].
Assuming the same scaling factor as for the imaging of HER2, the optimal injected mass would be
around 1.3, 0.065, and 0.035 mg, corresponding to molar activities of 1.4, 28, and 57 MBq/µmol for
68Ga-labeled EGFR, HER3, and IGF-1R, respectively. It has to be noted that the affibody molecules
that were used in these studies have an equal affinity to human and murine receptors. However,
the expression level of these receptors might be different in mice and humans. Therefore, our values
can only be considered as starting points in clinical dose-finding studies.

6. Labeling of Affibody Molecules with Positron-Emitting Radionuclides

Two positron emitting nuclides are the most interesting for the clinical translation of affibody
molecules: 18F (T 1

2
= 109.8 min) and 68Ga (T 1

2
= 67.6 min). The half-lives of both of these

nuclides are sufficient for imaging several hours after injection, and this is compatible with the rapid
pharmacokinetics of affibody molecules. Fluorine-18 is a favorite of the radiopharmaceutical industry,
since centers capable of the multicurie production of [18F]F− have been installed for manufacturing
[18F]-FDG, and delivery logistics have been established. Gallium-68 can be produced from a long-lived
68Ge/68Ga generator, even at PET centers without its own cyclotron. In addition, 68Ga can be produced
by cyclotrons using easy-to-operate liquid targets [79].

6.1. Fluorine-18

Despite great progress in radiofluorination, labeling of proteins and peptides remains challenging
due to the multistep synthesis of precursors and prosthetic groups, leading to low yields and/or a
limited stability of labels [80].

Kramer-Marek and co-workers have reported site-specific labeling of the anti-HER2 affibody
molecule ZHER2:342 with a C-terminal cysteine using N-(2-(4-[18F]-fluorobenzamido) ethyl) maleimide
([18F]FBEM) (Figure 3A) [56]. The multistep synthesis with intermediate HPLC purification resulted
in a radiochemical yield of 6.5 ± 2.2% after a 2-h long procedure. This tracer demonstrated an
excellent tumor-to-blood ratio (69 ± 27) 4 h post-injection (pi). The use of a non-residualizing label
resulted in a low retention of activity in the kidneys and liver (tumor-to-liver ratio of 18). However,
the tumor-to-bone ratio was moderate (5 ± 2.6), possibly due to the release of radiometabolites after
renal catabolism. The same methodology has been applied for labeling an anti-EGFR affibody molecule,
Cys-ZEGFR:1907, with an N-terminal cysteine [57]. The radiochemical yield remained rather low
(10%, decay-corrected) after a 3-h synthesis. Despite the use of a non-residualizing label, the high
liver uptake resulted in tumor-to-liver ratio of 1.25. It is possible that this is the result of an additional
lipophilicity on the N-terminus due to labeling.

A more efficient approach for the radiofluorination of peptides is based on the reaction
of 4-[18F]-fluorobenzaldehyde ([18F]-FBA) with an oxoamine, resulting in oxime formation [81].
The labeling of the affibody molecule ZHER2:477 or its dimer was performed by the maleimido-mediated
coupling of an oxoamine to the C-terminus, with a subsequent reaction with [18F]-FBA (Figure 3B) [46,82].
The overall yield can be estimated as 15–20% (decay-corrected). Further optimization of this approach
permitted labeling of the anti-HER2 affibody molecule ZHER2:2981-C (GE-226) with an overall
non-decay corrected yield of 30% using FASTlab [83,84].

Another efficient approach for improving the radiofluorination yield is based on the formation
of [18F]aluminium monofluoride ([18F]-AlF), with subsequent complexation by derivatives of
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the NOTA chelator [85]. To demonstrate the feasibility of the method for labeling affibody
molecules, the anti-HER2 affibody molecule ZHER2:2395-C was conjugated with a maleimido
derivative of NOTA (Figure 7A) at the C-terminus [36]. The chelation of [18F]AlF was performed
in acetate buffer at pH 4.0 and 90 ◦C for 15 min, with subsequent purification using an HLB
cartridge and buffer exchange using an NAP-5 size-exclusion column. The overall radiochemical
yield was 21 ± 6% after the 40-min procedure. The refolding capacity of affibody molecules
provided a preserved affinity after labeling in such harsh conditions. [18F]-AlF-NOTA-ZHER2:2395
demonstrated excellent tumor targeting 4 h pi (tumor-to-blood ratio of 145 ± 24), but the bone
uptake was twice as high as that of its 111In-labeled counterpart, which indicates a somewhat
lower chelate stability. This approach has been applied to label the HER2-binding affibody
molecules NOTA-CGGGRDN-ZHER2:234 [86], and NOTA-ZHER2:2891-C [58], PD-L1-binding
NOTA-ZPD-L1_1 [28], and EGFR-binding NOTA-ZEGFR:1907 [87] and NOTA-ZEGFR:03115 [88],
providing radiochemical yields in the range of 10–15% after a 40-min procedure.
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Figure 7. Macrocyclic chelators NOTA (A), NODAGA (B), DOTA (C), and DOTAGA (D) conjugated to
cysteine using maleimido derivatives.

A new acyclic chelator known as RESCA (Figure 8) has been developed for the [18F]-AlF-labeling
of heat-sensitive proteins at moderate temperatures [89]. The labeling of ZHER2:2891 (PEP04314)
with [18F]-AlF was performed at 37 ◦C for 15 min and resulted in a radiochemical yield of 20 ± 7%.
In rhesus monkeys, [18F]-AlF-RESCA-PEP04314 had a biodistribution similar to the biodistribution of
[18F]-AlF-NOTA-PEP04314, but with a somewhat elevated bone uptake, which might indicate a lower
label stability.
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Su and co-workers evaluated the thiol-directed labeling of ZEGFR:1907 affibody molecules with
C-terminal cysteine using 18F-labeled 2-cyanobenzothiazole ([18F]-F-CBT) (Figure 9) [87]. A two-step,
two-pot 120-min procedure resulted in a decay-corrected radiochemical yield of 41%. A direct
comparison of [18F]F-CBT-ZEGFR:1907 and [18F]AlF-NOTA-ZEGFR:1907 in mice bearing A431
xenografts demonstrated that both variants had a similar tumor uptake, but the renal uptake
of [18F]F-CBT-ZEGFR:1907 was 14-fold and hepatic uptake 4.3-fold lower than the uptake of
[18F]AlF-NOTA-ZEGFR:1907. This is characteristic of non-residualizing labels. However, the bone
uptake of [18F]-F-CBT-ZEGFR:1907 was 7.4-fold higher and exceeded the tumor uptake. In combination
with a very high level of hydrophilic radiometabolites in blood, this suggests that [18F]fluoride is
released from the [18F]F-CBT label, possibly during renal and hepatic catabolism. Therefore, this label
is not suitable for affibody molecules.
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Glaser and co-workers [58] performed a comparative evaluation of ZHER2:2891-C
affibody molecules labeled using [18F]AlF-NOTA, [18F]FBA, and the silicon-fluoride acceptor
[18F]p-(di-tert-butyl-fluorosilyl)benzaldehyde ([18F]-SiFA-A). [18F]-SiFA-labeling (Figure 10) was
performed according to the approach proposed by Schirrmacher and co-authors [90] and provided
an excellent yield of 38 ± 2%. However, the injection of [18F]-SiFA- ZHER2:2891-C resulted in a
substantial increase in the bone uptake with time, indicating a defluorination of the tracer. The use of a
non-residualizing [18F]FBA label provided a much lower renal uptake than that of [18F]AlF-NOTA,
but 40–50% of the activity was excreted via bile, which might complicate the detection of extrahepatic
abdominal metastases.
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C-terminal cysteine.

[18F]-FPOS (fluorophenyloxadiazole methylsulfone) (Figure 3C) can be obtained in a single step
within 10 min, with a yield of 27 ± 6% [59]. This precursor was site-specifically conjugated to cysteine
of ZHER2:2395-C with a yield of 40% [59]. [18F]-FPOS-ZHER2:2395-C was capable of the specific
visualization of HER2-expressing xenografts in mice, but high activity levels in the gall bladder and
intestines indicated a high degree of hepatobiliary excretion.

Overall, [18Al]-AlF-NOTA-, [18F]-FBA-, and [18F]-FPOS chemistry provide the fluorination of
affibody molecules with yields compatible with clinical translation. However, the use of [18F]-FBA
and [18F]-FPOS is associated with undesirable hepatobiliary excretion. It is worth evaluating if
the application of hydrophilic linkers (e.g., EEE) before the C-terminal cysteine can suppress this
excretion pathway.
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6.2. Gallium-68

The excellent refolding of affibody molecules after thermal denaturation permits efficient and
stable high-temperature labeling with 68Ga using macrocyclic chelators (Figures 7 and 11). The target
specificity is preserved in this case, as has been demonstrated by the labeling of the synthetic anti-HER2
ZHER2:342 affibody molecule with the DOTA chelator conjugated to an N-terminal amino group
(Figure 11C) [91]. Labeling at 90 ◦C resulted in a radiochemical yield of 98.6 ± 0.7% within 10 min.
Hydrophilicity of the chelator-metal complex was associated with suppressed hepatobiliary excretion,
but renal excretion was followed by nearly complete reabsorption and an efficient retention of activity
in the kidneys. This pattern is characteristic of nearly all radiometal-labeled affibody molecules.
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Figure 11. Macrocyclic chelators NOTA (A), NODAGA (B), DOTA (C), and DOTAGA (D) conjugated
to the amino group of synthetic affibody molecules.

The incorporation of a radiometal-chelator complex modifies the local charge and lipophilicity of
the surface of a protein. This can affect off-target interactions with normal tissues and binding to blood
proteins. It was shown for 111In- and 99mTc-labeled affibody molecules that different positions of a
chelator in the affibody scaffold have an apparent influence on the imaging contrast [40,41]. The effect
of a label position for the 68Ga-labeled variant was studied for the synthetic anti-HER2 ZHER2:S1
affibody molecule, which was conjugated with DOTA via an amine bond at the N-terminus (A1),
in the middle of helix 3 (K50), or at the C-terminus (K58) [92]. All variants had a similar affinity to
HER2 in the range of 75–95 pM. It was found that positioning of the label in the middle of helix 3
offered an appreciably worse contrast than that in other variants. For example, the tumor-to-blood
ratio was nearly three-fold lower. The majority of the tumor-to-organ ratios were equal to the other
two variants, but [68Ga]Ga-(DOTA-A1)-ZHER2:S1 provided a significantly higher tumor-to-lung ratio
than [68Ga]Ga-(DOTA-K58)-ZHER2:S1.

A comparative evaluation of the synthetic affibody 68Ga-labeled at the N-terminus using NOTA,
NODAGA, and DOTA (Figure 11A–C) showed that [68Ga]Ga-NODAGA-ZHER2:S1 had the highest
tumor-to-blood ratio (60 ± 10) at 2 h pi in comparison with both [68Ga]Ga-DOTA-ZHER2:S1 (28 ± 4)
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and [68Ga]Ga-NOTA-ZHER2:S1 (42 ± 11). The same variant had the highest tumor-to-liver ratio [33].
These data demonstrated that both the charge and structure of the chelator-radiometal complex
influence the biodistribution of the affibody molecule. To confirm this, the biodistribution of synthetic
ZHER2:2891 (with an optimized scaffold) labeled with 68Ga using DOTA (neutral complex) and
DOTAGA (single negative charge of the complex) (Figure 11D) was evaluated [93]. An increase in
the negative charge at the N-terminus of [68Ga]Ga-DOTAGA-ZHER2:2891 was associated with a two-
to three-fold increase in the tumor-to-blood, tumor-to-lung, tumor-to-liver, and tumor-to-bone ratios.
These (and a number of other) studies have demonstrated that the labeling strategy (i.e., selection of
an optimal position and structure of a label) has a strong influence on the contrast and thus on the
sensitivity of imaging using affibody molecules.

Site-specific labeling of a recombinantly produced ZHER2:2891-C (ABY-025) affibody molecule via
DOTA conjugated to a C-terminal cysteine (Figure 7C) enabled a yield of >90% after 15 min at 80 ◦C and
excellent targeting properties [45]. In a clinical phase I/II study, this tracer demonstrated high-contrast
imaging in HER2-expressing tumors and enabled the discrimination between breast cancer metastases
with high and low HER2 expression levels [54]. [68Ga]-Ga-ABY-025 can be automatically produced
on the Modular-Lab PharmTrace synthesis platform (Eckert & Ziegler), with a non-decay corrected
radiochemical yield of approximately 40% [94]. Conjugation of the maleimido derivative of DOTA
also permitted the rapid and efficient 68Ga-labeling of PDGFRβ-binding ZPDGFRβ:09591 and resulted
in a PET tracer providing a high imaging contrast 2 h pi [95]. Maleimido derivatives of the triaza
chelators NOTA and NODAGA (Figure 7A,B) were successfully used for 68Ga labeling of the anti-HER3
ZHER3:0689 affibody molecule [96,97]. It was found that the hepatic uptake and hepatobiliary excretion
decreased with an increase in the negative charge of the chelator-metal complex. Furthermore, this effect
was further enhanced by the placement of the HEHEHE sequence at the N-terminus.

The acyclic siderophore-derived chelator deferoxamine (DFO) is suitable for the labeling of proteins
with 68Ga [98]. Site-specific conjugation of a maleimido derivative of DFO (Figure 12) to a C-terminal
cysteine of ZEGFR:2377 permitted the stable 68Ga-labeling of this conjugate at both room temperature
and 85 ◦C [99]. An in vivo evaluation demonstrated that [68Ga]Ga-DFO-ZEGFR:2377 provided a higher
uptake in tumors and lower uptake in the liver compared with that using [68Ga]-DOTA-ZEGFR:2377
(Figure 13). This created preconditions for imaging frequently encountering hepatic metastases.
The results of this and other studies [100,101] indicate that there are two molecular mechanisms of the
hepatic uptake of anti-EGFR affibody molecules. One is dependent on EGFR expression by hepatocytes.
Another mechanism is dependent on the distribution of charge and lipophilicity at the C-terminus
of ZEGFR:2377 and its derivative ZEGFR:03115. Finding an optimal nuclide/chelator combination
permits a substantial reduction in the hepatic uptake of these affibody molecules.
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6.3. Long-Lived Positron Emitters

Clinical studies suggest that the affibody-based imaging of HER2 expression in disseminated
cancer 4 h pi permits better discrimination between tumors with high and low HER2 expression than
that at 2 h pi [54]. The half-life of 68Ga only permits this with a minimal margin. As noted above,
imaging at time points beyond 3-4 h might provide a better contrast for a number of targets with
expression in normal tissues. This rationalizes an exploration of long-lived positron emitters as labels
for affibody molecules.

Copper-64 (T 1
2

= 12.7 h, positron yield 17.8%) is an actively studied positron emitter because
of its facile production using low-energy cyclotrons, commercial availability, and potential for
theranostic applications [102]. One of the challenges in the application of radiocopper for imaging
is its redox instability in vivo, causing the reduction of Cu(II) to Cu(I), with the subsequent release
of the radionuclide from a DOTA complex and its accumulation in the liver [102,103]. In fact, all
attempts using DOTA for the labeling of affibody molecules with 64Cu resulted in at least a two- to
three-fold higher liver uptake of the conjugates in comparison with analogues labeled with 68Ga or
111In (e.g., compare data for hepatic uptake from [72] and [45], [104] and [101], [105] and [25], and [106]
and [92]).

Preclinical data for short peptides suggest that the use of derivatives of triaza chelators NOTA
and NODAGA provides more stable in vivo complexes with copper than DOTA, which is translated
into a noticeably lower hepatic uptake [107,108]. This motivated us to evaluate NOTA and NODAGA
for 64Cu-labeling of the synthetic ZHER2:S1 affibody molecule [109]. Surprisingly, the uptake of both
variants in the liver, lungs, spleen, stomach, and bone had a clear tendency to increase with time,
along with an unusually rapid decrease in the renal uptake. This phenomenon was attributed to the
release into the bloodstream and redistribution of renal radiometabolites. Apparently, this effect was
not noticed for other targeting peptide-based probes because of their low reabsorption in kidneys.
The use of a cross-bridged CB-TE2A chelator enabled us to solve the problem of the 64Cu-labeling of
affibody molecules [110]. It was found that the placement of a triglutamyl linker between CB-TE2A and
ZHER2:S1 is essential for suppressing the initial hepatic uptake. [64Cu]Cu-CB-GEEE-TE2A-ZHER2:S1
provided a tumor-to-blood ratio of 185 ± 66 and a tumor-to-liver ratio of 13 ± 4 at 6 h pi.

Scandium-44 (half-life = 3.97 h, positron yield 94.3%) is a positron emitter that offers a broader
imaging time window than that of 68Ga and can be produced using a low-energy cyclotron [111].
Although scandium and gallium are close chemical analogues, DOTA works better than NODAGA for
labeling with 44Sc [112]. Synthetic DOTA-ZHER2:2891 was labeled with 44Sc at pH 4.0–4.5 in 0.5 M
sodium acetate buffer for 30 min at 95 ◦C, with a yield of 98 ± 2% [113]. [44Sc]Sc-DOTA-ZHER2:2891
demonstrated a specific uptake in HER2-expressing tumors, and the tumor-to-blood ratio at 6 h pi
was 51 ± 8.

Zirconium-89 (T 1
2

= 3.3 days, positron yield 23.3%) is gaining increasing attention because it is
essentially the only positron emitter suitable for immunoPET with full-length immunoglobulins [102].
Its use for labeling of affibody molecules might make sense when an optimal time point for imaging is



Cancers 2020, 12, 651 14 of 21

the next day after injection, e.g., for EGFR-targeting affibody molecules. The use of the maleimido
derivative of the DFO chelator (Figure 12) permitted nearly quantitative labeling of DFO-ZEGFR:2377
affibody molecules with 89Zr after one hour at room temperature [114]. A similar radiochemical
yield was found for another anti-EGFR affibody clone, DFO-ZEGFR:03115 [88], and for the anti-HER3
variant DFO-ZHER3:8698 [115]. In a direct head-to-head comparison with [89Zr]-Zr-DFO-cetuximab,
[89Zr]-Zr-DFO-ZEGFR:2377 demonstrated higher tumor-to-organ ratios [114]. However, the uptake in
blood and bone was higher for [89Zr]-Zr-DFO-ZEGFR:2377 than for other EGFR-targeting affibody
molecules, and this might be associated with an instability of the complex in vivo. To provide a
higher label stability, another siderophore-based chelator, fusarinine C (FSC), was conjugated to
ZEGFR:2377 [100]. The labeling of FSC-ZEGFR:2377 with 89Zr (0.5 M HEPES, pH 7, 85 ◦C, 30 min)
resulted in a radiochemical yield of 97 ± 2%. Interestingly, the 89Zr-labeling of DFO-ZEGFR:2377
at 85 ◦C resulted in a conjugate with a lower uptake in the blood, liver, and bones than that of
[89Zr]Zr-DFO-ZEGFR:2377 labeled at room temperature, i.e., a higher labeling temperature improved
the stability of the [89Zr]Zr-DFO complex. The tumor-to-organ ratios for [89Zr]Zr-FSC-ZEGFR:2377 and
[89Zr]Zr-DFO-ZEGFR:2377 (labeled at 85 ◦C) were approximately equal, but [89Zr]Zr-DFO-ZEGFR:2377
provided a better tumor-to-liver ratio.

The half-life of 89Zr might be too long for imaging the next day. Cobalt-55 (T 1
2

= 17.5 h, positron
yield 76%) might be a better alternative from a dosimetry point of view. This radionuclide can be
produced using low-energy cyclotrons [116], and the broad availability of a long-lived surrogate
57Co (T 1

2
= 275 d) simplifies the preclinical development of 55Co-labeled probes [117]. It has been

demonstrated that NOTA- and DOTA-conjugated recombinant HER2-, EGFR-, and HER3-binding
affibody molecules can be quantitatively labeled with 55/57Co by heating at 60 ◦C in 0.2 M ammonium
acetate buffer at pH 5.5 for 30 min [51,101,118]. It was demonstrated that the tumor-to-blood and
tumor-to-lung ratios for [57Co]Co-NOTA-HEHEHE-ZHER3:06898 are 1.5-2-fold higher at 24 h than at
3 h, and this could improve the sensitivity of imaging [51]. [57Co]-Co-DOTA-ZEGFR:2377 provided
the best tumor-to-liver ratio among all tested affibody-based EGFR imaging probes [101] (Figure 13).

7. Conclusions

We believe that the following considerations should be taken into account for the preclinical and
clinical development of affibody-based imaging probes:

• Affinity should be in the low nanomolar range for targets with a high expression, and a
subnanomolar affinity is necessary in the case of low expression;

• A desirable affinity should be achieved by affinity maturation, not by dimerization;
• Meticulous dose-finding studies should be performed in the case of the physiological expression

of a target in normal tissues. Conventional microdosing studies might be misleading due to a
much higher normal tissue uptake when compared to imaging using optimal doses;

• The molecular design of affibody-based tracers should aim to minimize off-target interactions.
Labeling approaches resulting in an increased lipophilicity are undesirable, but their negative
effect might be compensated for by adding a negatively charged linker (e.g., a triglutamyl linker).

• The combination of a radiometal and chelator has an appreciable influence on off-target interactions
and thus on the imaging contrast. Several alternative approaches should be tested to select the
best one.

Funding: Preparation of this review and the APC was funded by the Ministry of Science and Higher Education of
the Russian Federation (grant 075-15-2019-1925).

Conflicts of Interest: V.T. and A.O. are minority shareholders (own stock) in Affibody AB. The funders had no
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript;
or in the decision to publish the results.



Cancers 2020, 12, 651 15 of 21

References

1. Tolmachev, V.; Stone-Elander, S.; Orlova, A. Radiolabelled receptor-tyrosine-kinase targeting drugs for
patient stratification and monitoring of therapy response: Prospects and pitfalls. Lancet Oncol. 2010, 11,
992–1000. [CrossRef]

2. Tolmachev, V.; Stone-Elander, S. Radiolabelled proteins for positron emission tomography: Pros and cons of
labelling methods. Biochim. Biophys. Acta 2010, 1800, 487–510. [CrossRef] [PubMed]

3. Lamberts, L.E.; Williams, S.P.; Terwisscha van Scheltinga, A.G.T.; Lub-de Hooge, M.N.; Schröder, C.P.;
Gietema, J.A.; Brouwers, A.H.; de Vries, E.G.E. Antibody positron emission tomography imaging in
anticancer drug development. J. Clin. Oncol. 2015, 33, 1491–1504. [CrossRef]

4. van Dongen, G.A.M.S.; Visser, G.W.M.; Lub-de Hooge, M.N.; de Vries, E.G.; Perk, L.R. Immuno-PET: A
navigator in monoclonal antibody development and applications. Oncologist 2007, 12, 1379–1389. [CrossRef]

5. Dijkers, E.C.; Oude Munnink, T.H.; Kosterink, J.G.; Brouwers, A.H.; Jager, P.L.; de Jong, J.R.; van Dongen, G.A.;
Schröder, C.P.; Lub-de Hooge, M.N.; de Vries, E.G. Biodistribution of 89Zr-trastuzumab and PET imaging of
HER2-positive lesions in patients with metastatic breast cancer. Clin. Pharmacol. Ther. 2010, 87, 586–592.
[CrossRef]

6. Bensch, F.; Brouwers, A.H.; Lub-de Hooge, M.N.; de Jong, J.R.; van der Vegt, B.; Sleijfer, S.; de Vries, E.G.E.;
Schröder, C.P. 89Zr-trastuzumab PET supports clinical decision making in breast cancer patients, when
HER2 status cannot be determined by standard work up. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 2300–2306.
[CrossRef]

7. Ulaner, G.A.; Lyashchenko, S.K.; Riedl, C.; Ruan, S.; Zanzonico, P.B.; Lake, D.; Jhaveri, K.; Zeglis, B.; Lewis, J.S.;
O’Donoghue, J.A. First-in-Human Human Epidermal Growth Factor Receptor 2-Targeted Imaging Using
89Zr-Pertuzumab PET/CT: Dosimetry and Clinical Application in Patients with Breast Cancer. J. Nucl. Med.
2018, 59, 900–906. [CrossRef]

8. Ulaner, G.A.; Hyman, D.M.; Ross, D.S.; Corben, A.; Chandarlapaty, S.; Goldfarb, S.; McArthur, H.; Erinjeri, J.P.;
Solomon, S.B.; Kolb, H.; et al. Detection of HER2-Positive Metastases in Patients with HER2-Negative
Primary Breast Cancer Using 89Zr-Trastuzumab PET/CT. J. Nucl. Med. 2016, 57, 1523–1528. [CrossRef]

9. Wu, A.M. Engineered antibodies for molecular imaging of cancer. Methods 2014, 65, 139–147. [CrossRef]
10. Debie, P.; Devoogdt, N.; Hernot, S. Targeted Nanobody-Based Molecular Tracers for Nuclear Imaging and

Image-Guided Surgery. Antibodies 2019, 8, 12. [CrossRef]
11. Zhang, L.; Bhatnagar, S.; Deschenes, E.; Thurber, G.M. Mechanistic and quantitative insight into cell surface

targeted molecular imaging agent design. Sci. Rep. 2016, 6, 25424. [CrossRef]
12. Schmidt, M.M.; Wittrup, K.D. A modeling analysis of the effects of molecular size and binding affinity on

tumor targeting. Mol. Cancer Ther. 2009, 8, 2861–2871. [CrossRef]
13. Krasniqi, A.; D’Huyvetter, M.; Devoogdt, N.; Frejd, F.Y.; Sörensen, J.; Orlova, A.; Keyaerts, M.; Tolmachev, V.

Same-Day Imaging Using Small Proteins: Clinical Experience and Translational Prospects in Oncology.
J. Nucl. Med. 2018, 59, 885–891. [CrossRef]

14. Gebauer, M.; Skerra, A. Engineered protein scaffolds as next-generation antibody therapeutics. Curr. Opin.
Chem. Biol. 2009, 13, 245–255. [CrossRef]

15. Löfblom, J.; Frejd, F.Y.; Ståhl, S. Non-immunoglobulin based protein scaffolds. Curr. Opin. Biotechnol. 2011,
22, 843–848. [CrossRef]

16. Jost, C.; Plückthun, A. Engineered proteins with desired specificity: DARPins, other alternative scaffolds and
bispecific IgGs. Curr. Opin. Struct. Biol. 2014, 27, 102–112. [CrossRef]

17. Simeon, R.; Chen, Z. In vitro-engineered non-antibody protein therapeutics. Protein Cell 2018, 9, 3–14.
[CrossRef]

18. Mume, E.; Orlova, A.; Larsson, B.; Nilsson, A.-S.; Nilsson, F.Y.; Sjöberg, S.; Tolmachev, V. Evaluation of
((4-hydroxyphenyl)ethyl)maleimide for site-specific radiobromination of anti-HER2 affibody. Bioconjug. Chem.
2005, 16, 1547–1555. [CrossRef]

19. Orlova, A.; Nilsson, F.Y.; Wikman, M.; Widström, C.; Ståhl, S.; Carlsson, J.; Tolmachev, V. Comparative in vivo
evaluation of technetium and iodine labels on an anti-HER2 affibody for single-photon imaging of HER2
expression in tumors. J. Nucl. Med. 2006, 47, 512–519.

http://dx.doi.org/10.1016/S1470-2045(10)70088-7
http://dx.doi.org/10.1016/j.bbagen.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20153401
http://dx.doi.org/10.1200/JCO.2014.57.8278
http://dx.doi.org/10.1634/theoncologist.12-12-1379
http://dx.doi.org/10.1038/clpt.2010.12
http://dx.doi.org/10.1007/s00259-018-4099-8
http://dx.doi.org/10.2967/jnumed.117.202010
http://dx.doi.org/10.2967/jnumed.115.172031
http://dx.doi.org/10.1016/j.ymeth.2013.09.015
http://dx.doi.org/10.3390/antib8010012
http://dx.doi.org/10.1038/srep25424
http://dx.doi.org/10.1158/1535-7163.MCT-09-0195
http://dx.doi.org/10.2967/jnumed.117.199901
http://dx.doi.org/10.1016/j.cbpa.2009.04.627
http://dx.doi.org/10.1016/j.copbio.2011.06.002
http://dx.doi.org/10.1016/j.sbi.2014.05.011
http://dx.doi.org/10.1007/s13238-017-0386-6
http://dx.doi.org/10.1021/bc050056o


Cancers 2020, 12, 651 16 of 21

20. Nord, K.; Gunneriusson, E.; Ringdahl, J.; Ståhl, S.; Uhlén, M.; Nygren, P.A. Binding proteins selected from
combinatorial libraries of an alpha-helical bacterial receptor domain. Nat. Biotechnol. 1997, 15, 772–777.
[CrossRef]

21. Wikman, M.; Steffen, A.-C.; Gunneriusson, E.; Tolmachev, V.; Adams, G.P.; Carlsson, J.; Ståhl, S. Selection and
characterization of HER2/neu-binding affibody ligands. Protein Eng. Des. Sel. 2004, 17, 455–462. [CrossRef]

22. Orlova, A.; Magnusson, M.; Eriksson, T.L.J.; Nilsson, M.; Larsson, B.; Höidén-Guthenberg, I.; Widström, C.;
Carlsson, J.; Tolmachev, V.; Ståhl, S.; et al. Tumor imaging using a picomolar affinity HER2 binding affibody
molecule. Cancer Res. 2006, 66, 4339–4348. [CrossRef]

23. Tolmachev, V.; Rosik, D.; Wållberg, H.; Sjöberg, A.; Sandström, M.; Hansson, M.; Wennborg, A.; Orlova, A.
Imaging of EGFR expression in murine xenografts using site-specifically labelled anti-EGFR 111In-DOTA-Z
EGFR:2377 Affibody molecule: Aspect of the injected tracer amount. Eur. J. Nucl. Med. Mol. Imaging 2010,
37, 613–622. [CrossRef]

24. Rosestedt, M.; Andersson, K.G.; Mitran, B.; Tolmachev, V.; Löfblom, J.; Orlova, A.; Ståhl, S. Affibody-mediated
PET imaging of HER3 expression in malignant tumours. Sci. Rep. 2015, 5, 15226. [CrossRef]

25. Tolmachev, V.; Malmberg, J.; Hofström, C.; Abrahmsén, L.; Bergman, T.; Sjöberg, A.; Sandström, M.;
Gräslund, T.; Orlova, A. Imaging of insulinlike growth factor type 1 receptor in prostate cancer xenografts
using the affibody molecule 111In-DOTA-ZIGF1R:4551. J. Nucl. Med. 2012, 53, 90–97. [CrossRef]

26. Tolmachev, V.; Varasteh, Z.; Honarvar, H.; Hosseinimehr, S.J.; Eriksson, O.; Jonasson, P.; Frejd, F.Y.;
Abrahmsen, L.; Orlova, A. Imaging of platelet-derived growth factor receptor β expression in glioblastoma
xenografts using affibody molecule 111In-DOTA-Z09591. J. Nucl. Med. 2014, 55, 294–300. [CrossRef]

27. Mitran, B.; Güler, R.; Roche, F.P.; Lindström, E.; Selvaraju, R.K.; Fleetwood, F.; Rinne, S.S.; Claesson-Welsh, L.;
Tolmachev, V.; Ståhl, S.; et al. Radionuclide imaging of VEGFR2 in glioma vasculature using biparatopic
affibody conjugate: Proof-of-principle in a murine model. Theranostics 2018, 8, 4462–4476. [CrossRef]

28. González Trotter, D.E.; Meng, X.; McQuade, P.; Rubins, D.; Klimas, M.; Zeng, Z.; Connolly, B.M.; Miller, P.J.;
O’Malley, S.S.; Lin, S.-A.; et al. In Vivo Imaging of the Programmed Death Ligand 1 by 18F PET. J. Nucl. Med.
2017, 58, 1852–1857. [CrossRef]

29. Garousi, J.; Huizing, F.J.; Vorobyeva, A.; Mitran, B.; Andersson, K.G.; Leitao, C.D.; Frejd, F.Y.; Löfblom, J.;
Bussink, J.; Orlova, A.; et al. Comparative evaluation of affibody- and antibody fragments-based CAIX
imaging probes in mice bearing renal cell carcinoma xenografts. Sci. Rep. 2019, 9, 14907. [CrossRef]

30. Wester, H.-J.; Kessler, H. Molecular targeting with peptides or peptide-polymer conjugates: Just a question
of size? J. Nucl. Med. 2005, 46, 1940–1945.

31. Arora, P.; Oas, T.G.; Myers, J.K. Fast and faster: A designed variant of the B-domain of protein A folds in 3
microsec. Protein Sci. 2004, 13, 847–853. [CrossRef]

32. Altai, M.; Strand, J.; Rosik, D.; Selvaraju, R.K.; Eriksson Karlström, A.; Orlova, A.; Tolmachev, V. Influence of
nuclides and chelators on imaging using affibody molecules: Comparative evaluation of recombinant
affibody molecules site-specifically labeled with 68Ga and 111In via maleimido derivatives of DOTA and
NODAGA. Bioconjug. Chem. 2013, 24, 1102–1109. [CrossRef]

33. Strand, J.; Honarvar, H.; Perols, A.; Orlova, A.; Selvaraju, R.K.; Karlström, A.E.; Tolmachev, V. Influence of
macrocyclic chelators on the targeting properties of (68)Ga-labeled synthetic affibody molecules: Comparison
with (111)In-labeled counterparts. PLoS ONE 2013, 8, e70028. [CrossRef]

34. Engfeldt, T.; Tran, T.; Orlova, A.; Widström, C.; Feldwisch, J.; Abrahmsen, L.; Wennborg, A.; Karlström, A.E.;
Tolmachev, V. 99mTc-chelator engineering to improve tumour targeting properties of a HER2-specific
Affibody molecule. Eur. J. Nucl. Med. Mol. Imaging 2007, 34, 1843–1853. [CrossRef]

35. Ekblad, T.; Tran, T.; Orlova, A.; Widström, C.; Feldwisch, J.; Abrahmsén, L.; Wennborg, A.; Karlström, A.E.;
Tolmachev, V. Development and preclinical characterisation of 99mTc-labelled Affibody molecules with
reduced renal uptake. Eur. J. Nucl. Med. Mol. Imaging 2008, 35, 2245–2255. [CrossRef]

36. Heskamp, S.; Laverman, P.; Rosik, D.; Boschetti, F.; van der Graaf, W.T.A.; Oyen, W.J.G.; van
Laarhoven, H.W.M.; Tolmachev, V.; Boerman, O.C. Imaging of human epidermal growth factor receptor
type 2 expression with 18F-labeled affibody molecule ZHER2:2395 in a mouse model for ovarian cancer.
J. Nucl. Med. 2012, 53, 146–153. [CrossRef]

37. Orlova, A.; Tolmachev, V.; Pehrson, R.; Lindborg, M.; Tran, T.; Sandström, M.; Nilsson, F.Y.; Wennborg, A.;
Abrahmsén, L.; Feldwisch, J. Synthetic affibody molecules: A novel class of affinity ligands for molecular
imaging of HER2-expressing malignant tumors. Cancer Res. 2007, 67, 2178–2186. [CrossRef]

http://dx.doi.org/10.1038/nbt0897-772
http://dx.doi.org/10.1093/protein/gzh053
http://dx.doi.org/10.1158/0008-5472.CAN-05-3521
http://dx.doi.org/10.1007/s00259-009-1283-x
http://dx.doi.org/10.1038/srep15226
http://dx.doi.org/10.2967/jnumed.111.090829
http://dx.doi.org/10.2967/jnumed.113.121814
http://dx.doi.org/10.7150/thno.24395
http://dx.doi.org/10.2967/jnumed.117.191718
http://dx.doi.org/10.1038/s41598-019-51445-w
http://dx.doi.org/10.1110/ps.03541304
http://dx.doi.org/10.1021/bc300678y
http://dx.doi.org/10.1371/journal.pone.0070028
http://dx.doi.org/10.1007/s00259-007-0474-6
http://dx.doi.org/10.1007/s00259-008-0845-7
http://dx.doi.org/10.2967/jnumed.111.093047
http://dx.doi.org/10.1158/0008-5472.CAN-06-2887


Cancers 2020, 12, 651 17 of 21

38. Rosik, D.; Thibblin, A.; Antoni, G.; Honarvar, H.; Strand, J.; Selvaraju, R.K.; Altai, M.; Orlova, A.;
Eriksson Karlström, A.; Tolmachev, V. Incorporation of a triglutamyl spacer improves the biodistribution
of synthetic affibody molecules radiofluorinated at the N-terminus via oxime formation with
(18)F-4-fluorobenzaldehyde. Bioconjug. Chem. 2014, 25, 82–92. [CrossRef]

39. Tolmachev, V.; Feldwisch, J.; Lindborg, M.; Baastrup, B.; Sandström, M.; Orlova, A. Influence of an aliphatic
linker between DOTA and synthetic Z(HER2:342) Affibody molecule on targeting properties of the (111)
In-labeled conjugate. Nucl. Med. Biol. 2011, 38, 697–706. [CrossRef]

40. Ekblad, T.; Orlova, A.; Feldwisch, J.; Wennborg, A.; Karlström, A.E.; Tolmachev, V. Positioning of
99mTc-chelators influences radiolabeling, stability and biodistribution of Affibody molecules. Bioorg. Med.
Chem. Lett. 2009, 19, 3912–3914. [CrossRef]

41. Perols, A.; Honarvar, H.; Strand, J.; Selvaraju, R.; Orlova, A.; Karlström, A.E.; Tolmachev, V. Influence of
DOTA chelator position on biodistribution and targeting properties of (111) In-labeled synthetic anti-HER2
affibody molecules. Bioconjug. Chem. 2012, 23, 1661–1670. [CrossRef]

42. Tran, T.A.; Rosik, D.; Abrahmsén, L.; Sandström, M.; Sjöberg, A.; Wållberg, H.; Ahlgren, S.; Orlova, A.;
Tolmachev, V. Design, synthesis and biological evaluation of a multifunctional HER2-specific Affibody
molecule for molecular imaging. Eur. J. Nucl. Med. Mol. Imaging 2009, 36, 1864–1873. [CrossRef] [PubMed]

43. Feldwisch, J.; Tolmachev, V.; Lendel, C.; Herne, N.; Sjöberg, A.; Larsson, B.; Rosik, D.; Lindqvist, E.; Fant, G.;
Höidén-Guthenberg, I.; et al. Design of an optimized scaffold for affibody molecules. J. Mol. Biol. 2010, 398,
232–247. [CrossRef] [PubMed]

44. Ahlgren, S.; Orlova, A.; Wållberg, H.; Hansson, M.; Sandström, M.; Lewsley, R.; Wennborg, A.; Abrahmsén, L.;
Tolmachev, V.; Feldwisch, J. Targeting of HER2-expressing tumors using 111In-ABY-025, a second-generation
affibody molecule with a fundamentally reengineered scaffold. J. Nucl. Med. 2010, 51, 1131–1138. [CrossRef]
[PubMed]

45. Kramer-Marek, G.; Shenoy, N.; Seidel, J.; Griffiths, G.L.; Choyke, P.; Capala, J. 68Ga-DOTA-affibody molecule
for in vivo assessment of HER2/neu expression with PET. Eur. J. Nucl. Med. Mol. Imaging 2011, 38, 1967–1976.
[CrossRef]

46. Cheng, Z.; De Jesus, O.P.; Namavari, M.; De, A.; Levi, J.; Webster, J.M.; Zhang, R.; Lee, B.; Syud, F.A.;
Gambhir, S.S. Small-animal PET imaging of human epidermal growth factor receptor type 2 expression with
site-specific 18F-labeled protein scaffold molecules. J. Nucl. Med. 2008, 49, 804–813. [CrossRef]

47. Wållberg, H.; Orlova, A. Slow internalization of anti-HER2 synthetic affibody monomer
111In-DOTA-ZHER2:342-pep2: Implications for development of labeled tracers. Cancer Biother. Radiopharm.
2008, 23, 435–442. [CrossRef]

48. Mitran, B.; Andersson, K.G.; Lindström, E.; Garousi, J.; Rosestedt, M.; Tolmachev, V.; Ståhl, S.; Orlova, A.;
Löfblom, J. Affibody-mediated imaging of EGFR expression in prostate cancer using radiocobalt-labeled
DOTA-ZEGFR:2377. Oncol. Rep. 2019, 41, 534–542. [CrossRef]

49. Andersson, K.G.; Oroujeni, M.; Garousi, J.; Mitran, B.; Ståhl, S.; Orlova, A.; Löfblom, J.; Tolmachev, V.
Feasibility of imaging of epidermal growth factor receptor expression with ZEGFR:2377 affibody molecule
labeled with 99mTc using a peptide-based cysteine-containing chelator. Int. J. Oncol. 2016, 49, 2285–2293.
[CrossRef]

50. Oroujeni, M.; Andersson, K.G.; Steinhardt, X.; Altai, M.; Orlova, A.; Mitran, B.; Vorobyeva, A.; Garousi, J.;
Tolmachev, V.; Löfblom, J. Influence of composition of cysteine-containing peptide-based chelators on
biodistribution of 99mTc-labeled anti-EGFR affibody molecules. Amino Acids 2018, 50, 981–994. [CrossRef]

51. Rosestedt, M.; Andersson, K.G.; Mitran, B.; Rinne, S.S.; Tolmachev, V.; Löfblom, J.; Orlova, A.; Ståhl, S.
Evaluation of a radiocobalt-labelled affibody molecule for imaging of human epidermal growth factor
receptor 3 expression. Int. J. Oncol. 2017, 51, 1765–1774. [CrossRef] [PubMed]

52. Altai, M.; Varasteh, Z.; Andersson, K.; Eek, A.; Boerman, O.; Orlova, A. In vivo and in vitro studies
on renal uptake of radiolabeled affibody molecules for imaging of HER2 expression in tumors.
Cancer Biother. Radiopharm. 2013, 28, 187–195. [CrossRef] [PubMed]

53. Sörensen, J.; Sandberg, D.; Sandström, M.; Wennborg, A.; Feldwisch, J.; Tolmachev, V.; Åström, G.;
Lubberink, M.; Garske-Román, U.; Carlsson, J.; et al. First-in-human molecular imaging of HER2 expression
in breast cancer metastases using the 111In-ABY-025 affibody molecule. J. Nucl. Med. 2014, 55, 730–735.
[CrossRef] [PubMed]

http://dx.doi.org/10.1021/bc400343r
http://dx.doi.org/10.1016/j.nucmedbio.2010.11.013
http://dx.doi.org/10.1016/j.bmcl.2009.03.083
http://dx.doi.org/10.1021/bc3002369
http://dx.doi.org/10.1007/s00259-009-1176-z
http://www.ncbi.nlm.nih.gov/pubmed/19504093
http://dx.doi.org/10.1016/j.jmb.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20226194
http://dx.doi.org/10.2967/jnumed.109.073346
http://www.ncbi.nlm.nih.gov/pubmed/20554729
http://dx.doi.org/10.1007/s00259-011-1810-4
http://dx.doi.org/10.2967/jnumed.107.047381
http://dx.doi.org/10.1089/cbr.2008.0464
http://dx.doi.org/10.3892/or.2018.6792
http://dx.doi.org/10.3892/ijo.2016.3721
http://dx.doi.org/10.1007/s00726-018-2571-1
http://dx.doi.org/10.3892/ijo.2017.4152
http://www.ncbi.nlm.nih.gov/pubmed/29039474
http://dx.doi.org/10.1089/cbr.2012.1304
http://www.ncbi.nlm.nih.gov/pubmed/23461385
http://dx.doi.org/10.2967/jnumed.113.131243
http://www.ncbi.nlm.nih.gov/pubmed/24665085


Cancers 2020, 12, 651 18 of 21

54. Sörensen, J.; Velikyan, I.; Sandberg, D.; Wennborg, A.; Feldwisch, J.; Tolmachev, V.; Orlova, A.; Sandström, M.;
Lubberink, M.; Olofsson, H.; et al. Measuring HER2-Receptor Expression In Metastatic Breast Cancer Using
[68Ga]ABY-025 Affibody PET/CT. Theranostics 2016, 6, 262–271. [CrossRef] [PubMed]

55. Strand, J.; Nordeman, P.; Honarvar, H.; Altai, M.; Orlova, A.; Larhed, M.; Tolmachev, V. Site-Specific
Radioiodination of HER2-Targeting Affibody Molecules using 4-Iodophenethylmaleimide Decreases Renal
Uptake of Radioactivity. ChemistryOpen 2015, 4, 174–182. [CrossRef] [PubMed]

56. Kramer-Marek, G.; Kiesewetter, D.O.; Martiniova, L.; Jagoda, E.; Lee, S.B.; Capala, J.
[18F]FBEM-Z(HER2:342)-Affibody molecule-a new molecular tracer for in vivo monitoring of HER2
expression by positron emission tomography. Eur. J. Nucl. Med. Mol. Imaging 2008, 35, 1008–1018.
[CrossRef]

57. Miao, Z.; Ren, G.; Liu, H.; Qi, S.; Wu, S.; Cheng, Z. PET of EGFR expression with an 18F-labeled affibody
molecule. J. Nucl. Med. 2012, 53, 1110–1118. [CrossRef]

58. Glaser, M.; Iveson, P.; Hoppmann, S.; Indrevoll, B.; Wilson, A.; Arukwe, J.; Danikas, A.; Bhalla, R.; Hiscock, D.
Three methods for 18F labeling of the HER2-binding affibody molecule Z(HER2:2891) including preclinical
assessment. J. Nucl. Med. 2013, 54, 1981–1988. [CrossRef]

59. Chiotellis, A.; Sladojevich, F.; Mu, L.; Müller Herde, A.; Valverde, I.E.; Tolmachev, V.; Schibli, R.;
Ametamey, S.M.; Mindt, T.L. Novel chemoselective (18)F-radiolabeling of thiol-containing biomolecules
under mild aqueous conditions. Chem. Commun. 2016, 52, 6083–6086. [CrossRef]

60. Malmberg, J.; Sandström, M.; Wester, K.; Tolmachev, V.; Orlova, A. Comparative biodistribution of imaging
agents for in vivo molecular profiling of disseminated prostate cancer in mice bearing prostate cancer
xenografts: Focus on 111In- and 125I-labeled anti-HER2 humanized monoclonal trastuzumab and ABY-025
affibody. Nucl. Med. Biol. 2011, 38, 1093–1102. [CrossRef]

61. Hosseinimehr, S.J.; Tolmachev, V.; Orlova, A. Liver uptake of radiolabeled targeting proteins and peptides:
Considerations for targeting peptide conjugate design. Drug Discov. Today 2012, 17, 1224–1232. [CrossRef]
[PubMed]

62. Hess, K.R.; Varadhachary, G.R.; Taylor, S.H.; Wei, W.; Raber, M.N.; Lenzi, R.; Abbruzzese, J.L. Metastatic
patterns in adenocarcinoma. Cancer 2006, 106, 1624–1633. [CrossRef] [PubMed]

63. Tolmachev, V.; Tran, T.A.; Rosik, D.; Sjöberg, A.; Abrahmsén, L.; Orlova, A. Tumor targeting using affibody
molecules: Interplay of affinity, target expression level, and binding site composition. J. Nucl. Med. 2012, 53,
953–960. [CrossRef] [PubMed]

64. Friedman, M.; Orlova, A.; Johansson, E.; Eriksson, T.L.J.; Höidén-Guthenberg, I.; Tolmachev, V.; Nilsson, F.Y.;
Ståhl, S. Directed evolution to low nanomolar affinity of a tumor-targeting epidermal growth factor
receptor-binding affibody molecule. J. Mol. Biol. 2008, 376, 1388–1402. [CrossRef] [PubMed]

65. Lindborg, M.; Cortez, E.; Höidén-Guthenberg, I.; Gunneriusson, E.; von Hage, E.; Syud, F.; Morrison, M.;
Abrahmsén, L.; Herne, N.; Pietras, K.; et al. Engineered high-affinity affibody molecules targeting
platelet-derived growth factor receptor β in vivo. J. Mol. Biol. 2011, 407, 298–315. [CrossRef]

66. Malm, M.; Kronqvist, N.; Lindberg, H.; Gudmundsdotter, L.; Bass, T.; Frejd, F.Y.; Höidén-Guthenberg, I.;
Varasteh, Z.; Orlova, A.; Tolmachev, V.; et al. Inhibiting HER3-mediated tumor cell growth with affibody
molecules engineered to low picomolar affinity by position-directed error-prone PCR-like diversification.
PLoS ONE 2013, 8, e62791. [CrossRef]

67. Friedman, M.; Nordberg, E.; Höidén-Guthenberg, I.; Brismar, H.; Adams, G.P.; Nilsson, F.Y.; Carlsson, J.;
Ståhl, S. Phage display selection of Affibody molecules with specific binding to the extracellular domain of
the epidermal growth factor receptor. Protein Eng. Des. Sel. 2007, 20, 189–199. [CrossRef]

68. Steffen, A.-C.; Wikman, M.; Tolmachev, V.; Adams, G.P.; Nilsson, F.Y.; Ståhl, S.; Carlsson, J. In vitro
characterization of a bivalent anti-HER-2 affibody with potential for radionuclide-based diagnostics.
Cancer Biother. Radiopharm. 2005, 20, 239–248. [CrossRef]

69. Steffen, A.-C.; Orlova, A.; Wikman, M.; Nilsson, F.Y.; Ståhl, S.; Adams, G.P.; Tolmachev, V.; Carlsson, J.
Affibody-mediated tumour targeting of HER-2 expressing xenografts in mice. Eur. J. Nucl. Med. Mol. Imaging
2006, 33, 631–638. [CrossRef]

70. Nordberg, E.; Orlova, A.; Friedman, M.; Tolmachev, V.; Ståhl, S.; Nilsson, F.Y.; Glimelius, B.; Carlsson, J.
In vivo and in vitro uptake of 111In, delivered with the affibody molecule (ZEGFR:955)2, in EGFR expressing
tumour cells. Oncol. Rep. 2008, 19, 853–857. [CrossRef]

http://dx.doi.org/10.7150/thno.13502
http://www.ncbi.nlm.nih.gov/pubmed/26877784
http://dx.doi.org/10.1002/open.201402097
http://www.ncbi.nlm.nih.gov/pubmed/25969816
http://dx.doi.org/10.1007/s00259-007-0658-0
http://dx.doi.org/10.2967/jnumed.111.100842
http://dx.doi.org/10.2967/jnumed.113.122465
http://dx.doi.org/10.1039/C6CC01982J
http://dx.doi.org/10.1016/j.nucmedbio.2011.04.005
http://dx.doi.org/10.1016/j.drudis.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/22781499
http://dx.doi.org/10.1002/cncr.21778
http://www.ncbi.nlm.nih.gov/pubmed/16518827
http://dx.doi.org/10.2967/jnumed.111.101527
http://www.ncbi.nlm.nih.gov/pubmed/22586147
http://dx.doi.org/10.1016/j.jmb.2007.12.060
http://www.ncbi.nlm.nih.gov/pubmed/18207161
http://dx.doi.org/10.1016/j.jmb.2011.01.033
http://dx.doi.org/10.1371/annotation/0d29f87c-8dfb-4694-abc7-7284a970910d
http://dx.doi.org/10.1093/protein/gzm011
http://dx.doi.org/10.1089/cbr.2005.20.239
http://dx.doi.org/10.1007/s00259-005-0012-3
http://dx.doi.org/10.3892/or.19.4.853


Cancers 2020, 12, 651 19 of 21

71. Tolmachev, V.; Mume, E.; Sjöberg, S.; Frejd, F.Y.; Orlova, A. Influence of valency and labelling chemistry on
in vivo targeting using radioiodinated HER2-binding Affibody molecules. Eur. J. Nucl. Med. Mol. Imaging
2009, 36, 692–701. [CrossRef] [PubMed]

72. Cheng, Z.; De Jesus, O.P.; Kramer, D.J.; De, A.; Webster, J.M.; Gheysens, O.; Levi, J.; Namavari, M.; Wang, S.;
Park, J.M.; et al. 64Cu-labeled affibody molecules for imaging of HER2 expressing tumors. Mol. Imaging Biol.
2010, 12, 316–324. [CrossRef] [PubMed]

73. Tolmachev, V.; Friedman, M.; Sandström, M.; Eriksson, T.L.J.; Rosik, D.; Hodik, M.; Ståhl, S.; Frejd, F.Y.;
Orlova, A. Affibody molecules for epidermal growth factor receptor targeting in vivo: Aspects of dimerization
and labeling chemistry. J. Nucl. Med. 2009, 50, 274–283. [CrossRef] [PubMed]

74. Wolff, A.C.; Hammond, M.E.H.; Hicks, D.G.; Dowsett, M.; McShane, L.M.; Allison, K.H.; Allred, D.C.;
Bartlett, J.M.S.; Bilous, M.; Fitzgibbons, P.; et al. Recommendations for human epidermal growth factor
receptor 2 testing in breast cancer: American Society of Clinical Oncology/College of American Pathologists
clinical practice guideline update. J. Clin. Oncol. 2013, 31, 3997–4013. [CrossRef]

75. Ross, J.S.; Fletcher, J.A.; Bloom, K.J.; Linette, G.P.; Stec, J.; Symmans, W.F.; Pusztai, L.; Hortobagyi, G.N.
Targeted therapy in breast cancer: The HER-2/neu gene and protein. Mol. Cell. Proteom. 2004, 3, 379–398.
[CrossRef]

76. Tolmachev, V.; Wållberg, H.; Sandström, M.; Hansson, M.; Wennborg, A.; Orlova, A. Optimal specific
radioactivity of anti-HER2 Affibody molecules enables discrimination between xenografts with high and
low HER2 expression levels. Eur. J. Nucl. Med. Mol. Imaging 2011, 38, 531–539. [CrossRef]

77. Sandström, M.; Lindskog, K.; Velikyan, I.; Wennborg, A.; Feldwisch, J.; Sandberg, D.; Tolmachev, V.; Orlova, A.;
Sörensen, J.; Carlsson, J.; et al. Biodistribution and Radiation Dosimetry of the Anti-HER2 Affibody Molecule
68Ga-ABY-025 in Breast Cancer Patients. J. Nucl. Med. 2016, 57, 867–871. [CrossRef]

78. Divgi, C.R.; Welt, S.; Kris, M.; Real, F.X.; Yeh, S.D.; Gralla, R.; Merchant, B.; Schweighart, S.; Unger, M.;
Larson, S.M. Phase I and imaging trial of indium 111-labeled anti-epidermal growth factor receptor
monoclonal antibody 225 in patients with squamous cell lung carcinoma. J. Natl. Cancer Inst. 1991, 83,
97–104. [CrossRef]

79. Pandey, M.K.; Byrne, J.F.; Schlasner, K.N.; Schmit, N.R.; DeGrado, T.R. Cyclotron production of 68Ga in a
liquid target: Effects of solution composition and irradiation parameters. Nucl. Med. Biol. 2019, 74–75, 49–55.
[CrossRef]

80. Richter, S.; Wuest, F. 18F-Labeled Peptides: The Future Is Bright. Molecules 2014, 19, 20536–20556. [CrossRef]
81. Poethko, T.; Schottelius, M.; Thumshirn, G.; Hersel, U.; Herz, M.; Henriksen, G.; Kessler, H.; Schwaiger, M.;

Wester, H.-J. Two-step methodology for high-yield routine radiohalogenation of peptides: (18)F-labeled RGD
and octreotide analogs. J. Nucl. Med. 2004, 45, 892–902. [PubMed]

82. Namavari, M.; Padilla De Jesus, O.; Cheng, Z.; De, A.; Kovacs, E.; Levi, J.; Zhang, R.; Hoerner, J.K.; Grade, H.;
Syud, F.A.; et al. Direct site-specific radiolabeling of an Affibody protein with 4-[18F]fluorobenzaldehyde via
oxime chemistry. Mol. Imaging Biol. 2008, 10, 177–181. [CrossRef] [PubMed]

83. Trousil, S.; Hoppmann, S.; Nguyen, Q.-D.; Kaliszczak, M.; Tomasi, G.; Iveson, P.; Hiscock, D.; Aboagye, E.O.
Positron emission tomography imaging with 18F-labeled ZHER2:2891 affibody for detection of HER2
expression and pharmacodynamic response to HER2-modulating therapies. Clin. Cancer Res. 2014, 20,
1632–1643. [CrossRef] [PubMed]

84. Iveson, P.B.; Glaser, M.; Indrevoll, B.; Shales, J.; Mantzilas, D.; Omtvedt, L.; Luthra, S.K.; Hiscock, D.; Grigg, J.
FASTlab Radiosynthesis of the 18 F-labelled HER2-binding Affibody molecule [18 F]GE-226. J. Label. Compd.
Radiopharm. 2019, 62, 925–932. [CrossRef]

85. McBride, W.J.; Sharkey, R.M.; Karacay, H.; D’Souza, C.A.; Rossi, E.A.; Laverman, P.; Chang, C.-H.;
Boerman, O.C.; Goldenberg, D.M. A novel method of 18F radiolabeling for PET. J. Nucl. Med. 2009,
50, 991–998. [CrossRef]

86. Xu, Y.; Bai, Z.; Huang, Q.; Pan, Y.; Pan, D.; Wang, L.; Yan, J.; Wang, X.; Yang, R.; Yang, M. PET of HER2
Expression with a Novel 18FAl Labeled Affibody. J. Cancer 2017, 8, 1170–1178. [CrossRef]

87. Su, X.; Cheng, K.; Jeon, J.; Shen, B.; Venturin, G.T.; Hu, X.; Rao, J.; Chin, F.T.; Wu, H.; Cheng, Z. Comparison of
two site-specifically (18)F-labeled affibodies for PET imaging of EGFR positive tumors. Mol. Pharm. 2014, 11,
3947–3956. [CrossRef]

http://dx.doi.org/10.1007/s00259-008-1003-y
http://www.ncbi.nlm.nih.gov/pubmed/19066886
http://dx.doi.org/10.1007/s11307-009-0256-6
http://www.ncbi.nlm.nih.gov/pubmed/19779897
http://dx.doi.org/10.2967/jnumed.108.055525
http://www.ncbi.nlm.nih.gov/pubmed/19164241
http://dx.doi.org/10.1200/JCO.2013.50.9984
http://dx.doi.org/10.1074/mcp.R400001-MCP200
http://dx.doi.org/10.1007/s00259-010-1646-3
http://dx.doi.org/10.2967/jnumed.115.169342
http://dx.doi.org/10.1093/jnci/83.2.97
http://dx.doi.org/10.1016/j.nucmedbio.2019.03.002
http://dx.doi.org/10.3390/molecules191220536
http://www.ncbi.nlm.nih.gov/pubmed/15136641
http://dx.doi.org/10.1007/s11307-008-0142-7
http://www.ncbi.nlm.nih.gov/pubmed/18481153
http://dx.doi.org/10.1158/1078-0432.CCR-13-2421
http://www.ncbi.nlm.nih.gov/pubmed/24493830
http://dx.doi.org/10.1002/jlcr.3789
http://dx.doi.org/10.2967/jnumed.108.060418
http://dx.doi.org/10.7150/jca.18070
http://dx.doi.org/10.1021/mp5003043


Cancers 2020, 12, 651 20 of 21

88. Burley, T.A.; Da Pieve, C.; Martins, C.D.; Ciobota, D.M.; Allott, L.; Oyen, W.J.G.; Harrington, K.J.; Smith, G.;
Kramer-Marek, G. Affibody-Based PET Imaging to Guide EGFR-Targeted Cancer Therapy in Head and Neck
Squamous Cell Cancer Models. J. Nucl. Med. 2019, 60, 353–361. [CrossRef]

89. Cleeren, F.; Lecina, J.; Ahamed, M.; Raes, G.; Devoogdt, N.; Caveliers, V.; McQuade, P.; Rubins, D.J.; Li, W.;
Verbruggen, A.; et al. Al18F-Labeling Of Heat-Sensitive Biomolecules for Positron Emission Tomography
Imaging. Theranostics 2017, 7, 2924–2939. [CrossRef]

90. Schirrmacher, E.; Wängler, B.; Cypryk, M.; Bradtmöller, G.; Schäfer, M.; Eisenhut, M.; Jurkschat, K.;
Schirrmacher, R. Synthesis of p-(di-tert-butyl[(18)F]fluorosilyl)benzaldehyde ([(18)F]SiFA-A) with high
specific activity by isotopic exchange: A convenient labeling synthon for the (18)F-labeling of N-amino-oxy
derivatized peptides. Bioconjug. Chem. 2007, 18, 2085–2089. [CrossRef]

91. Tolmachev, V.; Velikyan, I.; Sandström, M.; Orlova, A. A HER2-binding Affibody molecule labelled with
68Ga for PET imaging: Direct in vivo comparison with the 111In-labelled analogue. Eur. J. Nucl. Med.
Mol. Imaging 2010, 37, 1356–1367. [CrossRef] [PubMed]

92. Honarvar, H.; Strand, J.; Perols, A.; Orlova, A.; Selvaraju, R.K.; Eriksson Karlström, A.; Tolmachev, V.
Position for site-specific attachment of a DOTA chelator to synthetic affibody molecules has a different
influence on the targeting properties of 68Ga- compared to 111in-labeled conjugates. Mol. Imaging 2014, 13.
[CrossRef] [PubMed]

93. Westerlund, K.; Honarvar, H.; Norrström, E.; Strand, J.; Mitran, B.; Orlova, A.; Eriksson Karlström, A.;
Tolmachev, V. Increasing the Net Negative Charge by Replacement of DOTA Chelator with DOTAGA
Improves the Biodistribution of Radiolabeled Second-Generation Synthetic Affibody Molecules. Mol. Pharm.
2016, 13, 1668–1678. [CrossRef] [PubMed]

94. Velikyan, I.; Schweighöfer, P.; Feldwisch, J.; Seemann, J.; Frejd, F.Y.; Lindman, H.; Sörensen, J. Diagnostic
HER2-binding radiopharmaceutical, [68Ga]Ga-ABY-025, for routine clinical use in breast cancer patients.
Am. J. Nucl. Med. Mol. Imaging 2019, 9, 12–23.

95. Strand, J.; Varasteh, Z.; Eriksson, O.; Abrahmsen, L.; Orlova, A.; Tolmachev, V. Gallium-68-labeled affibody
molecule for PET imaging of PDGFRβ expression in vivo. Mol. Pharm. 2014, 11, 3957–3964. [CrossRef]

96. Rinne, S.S.; Dahlsson Leitao, C.; Gentry, J.; Mitran, B.; Abouzayed, A.; Tolmachev, V.; Ståhl, S.; Löfblom, J.;
Orlova, A. Increase in negative charge of 68Ga/chelator complex reduces unspecific hepatic uptake but does
not improve imaging properties of HER3-targeting affibody molecules. Sci. Rep. 2019, 9, 17710. [CrossRef]

97. Dahlsson Leitao, C.; Rinne, S.S.; Mitran, B.; Vorobyeva, A.; Andersson, K.G.; Tolmachev, V.; Ståhl, S.;
Löfblom, J.; Orlova, A. Molecular Design of HER3-Targeting Affibody Molecules: Influence of Chelator
and Presence of HEHEHE-Tag on Biodistribution of 68Ga-Labeled Tracers. Int. J. Mol. Sci. 2019, 20, 1080.
[CrossRef]

98. Vosjan, M.J.W.D.; Perk, L.R.; Roovers, R.C.; Visser, G.W.M.; Stigter-van Walsum, M.; van Bergen En
Henegouwen, P.M.P.; van Dongen, G.A.M.S. Facile labelling of an anti-epidermal growth factor receptor
Nanobody with 68Ga via a novel bifunctional desferal chelate for immuno-PET. Eur. J. Nucl. Med. Mol. Imaging
2011, 38, 753–763. [CrossRef]

99. Oroujeni, M.; Garousi, J.; Andersson, K.G.; Löfblom, J.; Mitran, B.; Orlova, A.; Tolmachev, V.
Preclinical Evaluation of [68Ga]Ga-DFO-ZEGFR:2377: A Promising Affibody-Based Probe for Noninvasive
PET Imaging of EGFR Expression in Tumors. Cells 2018, 7, 141. [CrossRef]

100. Summer, D.; Garousi, J.; Oroujeni, M.; Mitran, B.; Andersson, K.G.; Vorobyeva, A.; Löfblom, J.; Orlova, A.;
Tolmachev, V.; Decristoforo, C. Cyclic versus Noncyclic Chelating Scaffold for 89Zr-Labeled ZEGFR:2377
Affibody Bioconjugates Targeting Epidermal Growth Factor Receptor Overexpression. Mol. Pharm. 2018, 15,
175–185. [CrossRef]

101. Garousi, J.; Andersson, K.G.; Dam, J.H.; Olsen, B.B.; Mitran, B.; Orlova, A.; Buijs, J.; Ståhl, S.; Löfblom, J.;
Thisgaard, H.; et al. The use of radiocobalt as a label improves imaging of EGFR using DOTA-conjugated
Affibody molecule. Sci. Rep. 2017, 7, 5961. [CrossRef] [PubMed]

102. Brandt, M.; Cardinale, J.; Aulsebrook, M.L.; Gasser, G.; Mindt, T.L. An Overview of PET Radiochemistry,
Part 2: Radiometals. J. Nucl. Med. 2018, 59, 1500–1506. [CrossRef] [PubMed]

103. Shokeen, M.; Anderson, C.J. Molecular imaging of cancer with copper-64 radiopharmaceuticals and positron
emission tomography (PET). Acc. Chem. Res. 2009, 42, 832–841. [CrossRef]

http://dx.doi.org/10.2967/jnumed.118.216069
http://dx.doi.org/10.7150/thno.20094
http://dx.doi.org/10.1021/bc700195y
http://dx.doi.org/10.1007/s00259-009-1367-7
http://www.ncbi.nlm.nih.gov/pubmed/20130858
http://dx.doi.org/10.2310/7290.2014.00034
http://www.ncbi.nlm.nih.gov/pubmed/25249017
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00089
http://www.ncbi.nlm.nih.gov/pubmed/27010700
http://dx.doi.org/10.1021/mp500284t
http://dx.doi.org/10.1038/s41598-019-54149-3
http://dx.doi.org/10.3390/ijms20051080
http://dx.doi.org/10.1007/s00259-010-1700-1
http://dx.doi.org/10.3390/cells7090141
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00787
http://dx.doi.org/10.1038/s41598-017-05700-7
http://www.ncbi.nlm.nih.gov/pubmed/28729680
http://dx.doi.org/10.2967/jnumed.117.190801
http://www.ncbi.nlm.nih.gov/pubmed/29748237
http://dx.doi.org/10.1021/ar800255q


Cancers 2020, 12, 651 21 of 21

104. Zhao, P.; Yang, X.; Qi, S.; Liu, H.; Jiang, H.; Hoppmann, S.; Cao, Q.; Chua, M.-S.; So, S.K.; Cheng, Z.
Molecular imaging of hepatocellular carcinoma xenografts with epidermal growth factor receptor targeted
affibody probes. BioMed Res. Int. 2013, 2013, 759057. [CrossRef] [PubMed]

105. Su, X.; Cheng, K.; Liu, Y.; Hu, X.; Meng, S.; Cheng, Z. PET imaging of insulin-like growth factor type 1
receptor expression with a 64Cu-labeled Affibody molecule. Amino Acids 2015, 47, 1409–1419. [CrossRef]
[PubMed]

106. Qi, S.; Hoppmann, S.; Xu, Y.; Cheng, Z. PET Imaging of HER2-Positive Tumors with Cu-64-Labeled Affibody
Molecules. Mol. Imaging Biol. 2019, 21, 907–916. [CrossRef]

107. Prasanphanich, A.F.; Nanda, P.K.; Rold, T.L.; Ma, L.; Lewis, M.R.; Garrison, J.C.; Hoffman, T.J.; Sieckman, G.L.;
Figueroa, S.D.; Smith, C.J. [64Cu-NOTA-8-Aoc-BBN(7-14)NH2] targeting vector for positron-emission
tomography imaging of gastrin-releasing peptide receptor-expressing tissues. Proc. Natl. Acad. Sci. USA
2007, 104, 12462–12467. [CrossRef]

108. Gourni, E.; Mansi, R.; Jamous, M.; Waser, B.; Smerling, C.; Burian, A.; Buchegger, F.; Reubi, J.C.; Maecke, H.R.
N-terminal modifications improve the receptor affinity and pharmacokinetics of radiolabeled peptidic
gastrin-releasing peptide receptor antagonists: Examples of 68Ga- and 64Cu-labeled peptides for PET
imaging. J. Nucl. Med. 2014, 55, 1719–1725. [CrossRef]

109. Tolmachev, V.; Yim, C.-B.; Rajander, J.; Perols, A.; Karlström, A.E.; Haaparanta-Solin, M.; Grönroos, T.J.;
Solin, O.; Orlova, A. Comparative Evaluation of Anti-HER2 Affibody Molecules Labeled with 64Cu Using
NOTA and NODAGA. Contrast Media Mol. Imaging 2017, 2017, 8565802. [CrossRef]

110. Tolmachev, V.; Grönroos, T.J.; Yim, C.-B.; Garousi, J.; Yue, Y.; Grimm, S.; Rajander, J.; Perols, A.;
Haaparanta-Solin, M.; Solin, O.; et al. Molecular design of radiocopper-labelled Affibody molecules.
Sci. Rep. 2018, 8, 6542. [CrossRef]

111. Müller, C.; Bunka, M.; Reber, J.; Fischer, C.; Zhernosekov, K.; Türler, A.; Schibli, R. Promises of
cyclotron-produced 44Sc as a diagnostic match for trivalent β–emitters: In vitro and in vivo study of
a 44Sc-DOTA-folate conjugate. J. Nucl. Med. 2013, 54, 2168–2174. [CrossRef] [PubMed]

112. Domnanich, K.A.; Müller, C.; Farkas, R.; Schmid, R.M.; Ponsard, B.; Schibli, R.; Türler, A.; van der
Meulen, N.P. 44Sc for labeling of DOTA- and NODAGA-functionalized peptides: Preclinical in vitro and
in vivo investigations. EJNMMI Radiopharm. Chem. 2017, 1, 8. [CrossRef] [PubMed]

113. Honarvar, H.; Müller, C.; Cohrs, S.; Haller, S.; Westerlund, K.; Karlström, A.E.; van der Meulen, N.P.; Schibli, R.;
Tolmachev, V. Evaluation of the first 44Sc-labeled Affibody molecule for imaging of HER2-expressing tumors.
Nucl. Med. Biol. 2017, 45, 15–21. [CrossRef] [PubMed]

114. Garousi, J.; Andersson, K.G.; Mitran, B.; Pichl, M.-L.; Ståhl, S.; Orlova, A.; Löfblom, J.; Tolmachev, V.
PET imaging of epidermal growth factor receptor expression in tumours using 89Zr-labelled ZEGFR:2377
affibody molecules. Int. J. Oncol. 2016, 48, 1325–1332. [CrossRef] [PubMed]

115. Martins, C.D.; Da Pieve, C.; Burley, T.A.; Smith, R.; Ciobota, D.M.; Allott, L.; Harrington, K.J.; Oyen, W.J.G.;
Smith, G.; Kramer-Marek, G. HER3-Mediated Resistance to Hsp90 Inhibition Detected in Breast Cancer
Xenografts by Affibody-Based PET Imaging. Clin. Cancer Res. 2018, 24, 1853–1865. [CrossRef] [PubMed]

116. Valdovinos, H.F.; Hernandez, R.; Graves, S.; Ellison, P.A.; Barnhart, T.E.; Theuer, C.P.; Engle, J.W.; Cai, W.;
Nickles, R.J. Cyclotron production and radiochemical separation of 55Co and 58mCo from 54Fe, 58Ni and
57Fe targets. Appl. Radiat. Isot. 2017, 130, 90–101. [CrossRef]

117. Mitran, B.; Thisgaard, H.; Rinne, S.; Dam, J.H.; Azami, F.; Tolmachev, V.; Orlova, A.; Rosenström, U.
Selection of an optimal macrocyclic chelator improves the imaging of prostate cancer using cobalt-labeled
GRPR antagonist RM26. Sci. Rep. 2019, 9, 17086. [CrossRef]

118. Wållberg, H.; Ahlgren, S.; Widström, C.; Orlova, A. Evaluation of the radiocobalt-labeled
[MMA-DOTA-Cys61]-Z HER2:2395(-Cys) affibody molecule for targeting of HER2-expressing tumors.
Mol. Imaging Biol. 2010, 12, 54–62. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1155/2013/759057
http://www.ncbi.nlm.nih.gov/pubmed/23710458
http://dx.doi.org/10.1007/s00726-015-1975-4
http://www.ncbi.nlm.nih.gov/pubmed/25854877
http://dx.doi.org/10.1007/s11307-018-01310-5
http://dx.doi.org/10.1073/pnas.0705347104
http://dx.doi.org/10.2967/jnumed.114.141242
http://dx.doi.org/10.1155/2017/8565802
http://dx.doi.org/10.1038/s41598-018-24785-2
http://dx.doi.org/10.2967/jnumed.113.123810
http://www.ncbi.nlm.nih.gov/pubmed/24198390
http://dx.doi.org/10.1186/s41181-016-0013-5
http://www.ncbi.nlm.nih.gov/pubmed/29564385
http://dx.doi.org/10.1016/j.nucmedbio.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27837664
http://dx.doi.org/10.3892/ijo.2016.3369
http://www.ncbi.nlm.nih.gov/pubmed/26847636
http://dx.doi.org/10.1158/1078-0432.CCR-17-2754
http://www.ncbi.nlm.nih.gov/pubmed/29437790
http://dx.doi.org/10.1016/j.apradiso.2017.09.005
http://dx.doi.org/10.1038/s41598-019-52914-y
http://dx.doi.org/10.1007/s11307-009-0238-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Engineered Scaffold Protein-Based Imaging Probes: Affibody Molecules 
	Biodistribution and Targeting Features of Radiolabeled Affibody Molecules 
	Affinity and Dimerization 
	Injected Mass and Molar Activity 
	Labeling of Affibody Molecules with Positron-Emitting Radionuclides 
	Fluorine-18 
	Gallium-68 
	Long-Lived Positron Emitters 

	Conclusions 
	References

