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Abstract: Non-invasive radionuclide imaging of human epidermal growth factor receptor type 2 

(HER2) expression in breast, gastroesophageal and ovarian cancers may stratify patients for treat-

ment using HER2-targeted therapeutics. Designed ankyrin repeat proteins (DARPins) are a prom-

ising type of targeting probes for radionuclide imaging. In clinical studies, the DARPin 

[99mTc]Tc-(HE)3-G3, labeled using a peptide-based chelator His-Glu-His-Glu-His-Glu ((HE)3), pro-

vided clear imaging of HER2 expressing breast cancer 2-4 h after injection. The goal of this study 

was to evaluate if the use of cysteine-containing peptide-based chelators Glu-Glu-Glu-Cys (E3C), 

Gly-Gly-Gly-Cys (G3C), and Gly-Gly-Gly-Ser-Cys connected via a (Gly-Gly-Gly-Ser)3-linker (des-

ignated as G3-(G3S)3C) would further improve the contrast of imaging using 99mTc-labeled deriva-

tives of G3. The labeling of the new variants of G3 provided a radiochemical yield over 95%. La-

beled G3 variants bound specifically to human HER2-expressing cancer cell lines with affinity in the 

range 1.9-5 nM. Biodistribution of [99mTc]Tc-G3-G3C, [99mTc]Tc-G3-(G3S)3C, and [99mTc]Tc-G3-E3C in 

mice was compared with the biodistribution of [99mTc]Tc-(HE)3-G3. It was found that the novel 

variants provide specific accumulation in HER2-expressing human xenografts and enable discrim-

ination between tumors with high and low HER2 expression. However, [99mTc]Tc-(HE)3-G3 pro-

vided better contrast between tumors and the most frequent metastatic sites of HER2-expressing 

cancers and is therefore more suitable for clinical applications. 
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1. Introduction 

Oncogenesis and progression of many carcinomas is tightly associated with over-

expression of some tyrosine kinase receptors. A spectacular example of such kinases is 

human epidermal growth factor receptor type 2 (HER2), which plays a critical role as a 

driving oncoprotein in many malignancies [1]. This receptor is overexpressed in many 
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cases of, for example, breast, esophagus, gastroesophageal, ovarian and some other can-

cers. Therapeutics, whose action is dependent on specific recognition of HER2, include 

monoclonal antibodies, antibody-drug conjugates and tyrosine kinase inhibitors. These 

therapeutics are routinely used for therapy of breast [2] and gastroesophageal [3] carci-

nomas. HER2-targeted therapeutics are also under clinical evaluation for treatment of 

ovarian [4], non-small cell lung [5], uterine [6] and urothelial [7] cancers. Accurate de-

termination of the level of HER2 expression in tumors is a precondition for routine use 

and further development of such therapies. In the case of insufficiently high target ex-

pression, an antitumor effect could not be expected but patients would be exposed to the 

risk of side effects, especially when targeted drugs and toxins are used. The major chal-

lenge with the use of HER2-targeting therapeutics is the heterogeneity of HER2 expres-

sion in malignant tumors. The routine method for determination of HER2 expression is 

based on biopsies [8, 9]. However, biopsy sampling is complicated when multiple me-

tastases are presented due to the invasiveness of this procedure. The biopsy-based 

methodology is also suboptimal for detection of alteration of the HER2 expression level, 

which can happen in over 20% of all cases after neoadjuvant therapy [10]. To overcome 

the problem with the invasiveness of biopsies, in vivo radionuclide molecular imaging of 

HER2 expression has been proposed [11-13]. A comparison of preclinical [14] and some 

clinical [13] data concerning different types of probes for molecular visualization of 

HER2 (antibodies, antibody fragments, scaffold proteins, rationally designed peptides, 

aptamers) suggests that the most promising types of probes are the engineered scaffold 

proteins. Compared to other targeting agents, scaffold proteins offer shorter time be-

tween injection and imaging of HER2. Furthermore, they provide higher imaging con-

trast than e.g., labeled antibodies, which creates a potential for a higher sensitivity of 

imaging diagnostics. 

Designed Ankyrin Repeat Proteins are engineered affinity proteins based on a scaf-

fold developed by Prof. Plückthun and co-workers [15]. A typical DARPin monomer has 

a molecular weight of either 14 or 18 kDa. The small size of DARPins is an advantage in 

development of imaging probes because it facilitates their localization in tumors. An-

other important feature of DARPins is their stability in a broad range of pH and temper-

atures, permitting an ample choice of labeling techniques. Selection of DARPins, which 

bind with strong affinity and high specificity to different proteins, is possible using ri-

bosome display, phage display, and yeast display techniques [15]. DARPins with high 

affinity to HER2 were selected using ribosome display and demonstrated an apparent 

potential for tumor targeting [16-18]. The feasibility of radionuclide imaging of HER2 

expression in human tumor xenografts in mice using DARPins labeled with 111In and 

125I has been demonstrated by Goldstein and co-workers [19]. Further investigations 

demonstrated that the DARPin G3 is the best variant for the development of agents for 

radionuclide imaging [20]. 

Radionuclide molecular imaging can be performed using two different methods, 

single photon computed tomography (SPECT) or positron emission tomography (PET). 

Both methods provide a 3D-reconstruction of activity in vivo, but differ in the basic 

physics of image acquisition. This requires the use of different nuclides. Generally, PET 

provides better resolution, sensitivity and accuracy of measurement of activity, but is 

appreciably more expensive. Accordingly, PET facilities are relatively abundant and 

available in Western Europe and Northern America. Many countries in Asia, Africa and 

Southern America have access mainly to SPECT. Thus, development of imaging agents 

for SPECT might facilitate implementation of personalized treatment of HER2-positive 

cancer in a bigger part of the world. These considerations prompted us to develop 

DARPin-based probes for SPECT imaging.  

The most frequently used radionuclide for SPECT imaging is 99mTc [21]. This radi-

onuclide has a favorable emission profile providing a good spatial resolution and low 

absorbed dose to patients. A half-life of 6 h permits imaging acquisition up to 24 h post 

injection. 99mTc is produced from generators containing 99Mo (half-life 65.9 h), which 

might be delivered to distant hospitals and provide 99mTc up to 2 weeks. Thus, 99mTc is an 
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attractive label for SPECT-based radionuclide imaging. An interesting feature of 99mTc is 

that it can be conjugated to proteins and peptides using peptide-based chelators, where 

amide nitrogens and/or functional groups from side chains of certain amino acids act as 

donor atoms. Such chelators might be incorporated into targeting proteins by genetic 

engineering. The targeting proteins might be produced in a single biotechnological pro-

cess, without the need to conjugate a chelator and perform an additional purification 

steps. This would simplify and make the whole production process cheaper. 

The initial development of 99mTc-labeled DARPin-based imaging probes was based 

on the use of technetium tricarbonyl ([99mTc]Tc(CO)3+) core in combination with hexahis-

tidine-containing peptide-based chelators (histidine tags or His6-tags) [20, 22]. An attrac-

tive feature of this approach is that the histidine tags can be used not only for stable la-

beling of proteins with technetium but also for their purification using immobilized 

metal-ion affinity chromatography after recombinant production [23]. While these tracers 

demonstrated a good visualization of HER2-expressing xenografts, they had exceedingly 

high accumulation in liver. During our work with other scaffold proteins, Affibody 

molecules, we found that a substitution of every second histidine in the His6-tag by glu-

tamate resulted in a (HE)3-tag. It also permits stable labeling using a 99mTc(CO)3 core, but 

provides appreciably lower hepatic uptake [24]. Evaluation of this tag demonstrated that 

positioning at the N-terminus of the HER2-tageting DARPin G3 resulted in three-fold 

reduction of hepatic uptake, compared to the uptake of other His6-tag-containing vari-

ants [25]. This variant, designated as [99mTc]Tc-(HE)3-G3 (Figure 1), was evaluated in a 

Phase I clinical trial [26]. The clinical data demonstrated that the injections of 

[99mTc]Tc-(HE)3-G3 were safe and provided low dose burden on the patients. Imaging 

using [99mTc]Tc-(HE)3-G3 permitted discrimination between HER2-positive and 

HER2-negative breast cancer tumors. 

 

 

Figure 1. Schematic drawings of (A) complex of [99mTc]Tc(CO)3+ with (HE)3-tag and (B) its position 

at N-terminus of the DARPin G3. 

A possible disadvantage of [99mTc]Tc-(HE)3-G3 for clinical translation is the use of 

two-step labeling procedure, which includes conversion of [99mTc]Tc-pertechnetate into 

the [99mTc]Tc(CO)3+-core and then a conjugation of [99mTc]Tc(CO)3+ to the targeting DAR-

Pin. Another issue is the necessity to purify the labeled [99mTc]Tc-(HE)3-G3 from the re-

action mixture components by size-exclusion chromatography. Apparently, develop-

ment of a single-step labeling procedure, which would not require purification, would 

make the labeling more robust and streamline a clinical implementation [21]. Experience 

in labeling of affibody molecules and ADAPTs suggest that such a protocol might be 

achieved by the use of a cysteine-containing peptide-based chelator placed on the 

C-terminus of a scaffold protein [27-29]. In this case, an SN3 chelator is formed by the 

thiol group of cysteine and amide nitrogens of amino acids placed at the N-terminus 

(Figure 2). Importantly, the selection of amino acids in such chelators influence the in-

tracellular retention of 99mTc after internalization of the targeting protein by cells in tu-

mors and in normal tissue. The use of charged amino acids, e.g. glutamate or lysine, re-

sults in so-called residualizing labels, i.e. providing a strong intracellular retention of ac-

tivity [27]. They enable an improved intracellular retention of activity by cancer cells but 
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also increase the retention by kidneys in the case of renal re-absorption. In addition, an 

incorporation of glutamates reduced the hepatic uptake of affibody molecules, but this 

effect should be weighed against increased retention of intracellular activity in liver. 

Glycine- and serine-containing variants are non-residualizing, i.e. they diffuse from cells 

after proteolytic degradation of the targeting proteins in the lysosomal compartments. 

This permits to reduce the renal and hepatic retention of 99mTc. Thus, a selection of an 

optimal cysteine-containing peptide-based chelator may provide the highest possible 

uptake of activity in tumors and the lowest possible uptake in normal tissues, i.e. im-

prove the contrast of imaging. The problem is that in vivo interactions of any targeting 

protein are difficult to predict. Therefore, in vivo studies concerning the influence of 

chelators on the biodistribution are necessary to select the best chelator. 

To evaluate the impact of different chelators on the biodistribution of 99mTc-labeled 

DARPins, we created a small library, which included a variant containing a 

Glu-Glu-Glu-Cys chelator providing a residualizing label (designated as G3-E3C), a var-

iant containing Gly-Gly-Gly-Cys chelator providing a non-residualizing label (desig-

nated as G3-G3C), and a variant with a Gly-Gly-Gly-Ser-Cys chelator connected with the 

C-terminus of G3 via a -(Gly-Gly-Gly-Ser)-linker (designated as G3-(G3S)3C) (Figure 2).  

The goal of the study was to compare the affinity, cellular processing, biodistribu-

tion and in vivo targeting properties of these variants among each other and with the best 

previous variant, [99mTc]Tc-(HE)3-G3.  

 

Figure 2. Schematic drawings of oxotechnetium complexes with chelating moieties of (A) G3-G3C, 

(B) G3-E3C, (C) G3-(G3S)3C and (D) their position at the C-terminus of the DARPin G3. 

2. Results 

2.1. Protein production and characterization  

Three new DARPin G3 variants having amino acid-containing sequences G3C, E3C, 

(G3S)3C at the C-terminus were efficiently produced using E. coli and purified. The au-

thenticity and purity of the DARPin G3 variants were confirmed using LC-MS. The pu-

rity of the proteins was close to 100%. The results of the mass spectroscopy analysis are 

presented in Figure 2 and Table 1. Deconvolution of the mass spectroscopy data showed 

that the proteins were primarily present in a dimeric form (Figure 3). The molecular 

weights of the corresponding monomers are in agreement with the calculated values 

with an accuracy better than 0.5 Da (Table 1). 
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Figure 3. Deconvolution of mass spectra of A. G3-G3C; B. G3-E3C; C. G3-(G3S)3C.  

Table 1. Results of the LC-MS analysis of non-labeled DARPin G3 variants having the amino ac-

id-containing chelating sequences G3C, E3C, and (G3S)3C at the C-terminus. 

Construct Mwcalc (Da) Mwobs (Da) 

G3-G3C 13529.3 27057.3 (dimer) 

13 529.7 (monomer) 

G3-(G3S)3C 14075.6 28149.8 (dimer) 

14075.9 (monomer) 

G3-E3C 13745.5 27489.4 (dimer) 

13 745.7 (monomer) 

 

2.2. Radiolabeling 

Initially, the 99mTc-labeling of the new variants (G3-G3C, G3-E3C and G3-(G3S)3C) 

was performed without pre-reduction of spontaneously formed intermolecular disulfide 

bonds between cysteines. The radiochemical yield was 30-80% and, after purification 

using a NAP-5 column, the radiochemical purity was 80-90%. When the DARPins were 

reduced before labeling with dithiothreitol, the radiochemical yield was 97-99%. The ra-

diochemical purity was close to 100% after purification (Table 2). For the variants G3-G3C 

and G3-(G3S)3C, an incubation time of no more than 30 min was required to obtain the 

maximum yield. A somewhat longer time, 60 min, was required to obtain the maximum 

radionuclide incorporation into G3-E3C. The radiochemical yield after 30 min was only 

about 80%. 
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Table 2. Radiochemical yield, isolated yield, radiochemical purity and maximum specific activity 

of 99mTc-labeled G3 variants. Experiments were performed in duplicates. *Radiochemical yield is 

based on iTLC analysis of the labeled constructs before purification. Isolated yield is defined as a 

percentage of activity in the high molecular weight fraction after purification in activity in the re-

action vial before purification. 

 Variant  Radiochemical 

yield, %* 

Isolated 

yield, %* 

Radiochemical 

purity, % 

Maximum specific 

activity, 

MBq/μg  

[99mTc]Tc-G3-G3C 98 ± 1 85 ± 2 100 ± 0 5.1 

[99mTc]Tc-G3-(G3S)3C 98 ± 1 87 ± 2 100 ± 0 4.8 

[99mTc]Tc-G3-E3C 98 ± 1 82 ± 2 100 ± 0 4.5 

[99mTc]Tc-(HE)3-G3 75 ± 2 62 ± 3 98 ± 1 4.8 

 

The results of the in vitro stability test demonstrated high stability of all variants 

during storage in PBS. The radiochemical purity was ≥ 97% after 6 h incubation. How-

ever, the radiochemical purity was reduced to 92-95% after 2-4 h incubation in PBS on 

several occasions. This indicated that a re-oxidation of 99mTc might play a role in its re-

lease. To avoid this, we added 20 µg/mL tin (II) chloride as an antioxidant to the purifi-

cation buffer. The release of 99mTc did not occur in this case (radiochemical purity ≥ 98%, 6 

h). Tin (II) chloride was henceforth included in the formulation of 99mTc-labeled 

G3-variants for in vivo studies. 

2.3. In vitro studies 

The blocking of the receptors by adding a large excess of non-labeled DARPin-G3 

significantly decreased the binding of the radiolabeled DARPin-G3 variants to cell lines 

with high HER2 expression (SKOV-3 and SK-BR-3, p ˂ 0.001) (Figure 4). The level of 

binding to SKOV-3 and SK-BR-3 was significantly (p ˂ 0.05) higher than the level of 

binding to PC-3 cells. These data suggest that the binding of all variants of labeled 

DARPin G3 to living HER2-expressing cells was receptor mediated. 
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Figure 4. Binding specificity of radiolabeled G3 variants to HER2-expressing SK-BR-3, SKOV-3 and 

PC-3 cells in vitro. A: [99mTc]Tc-G3-G3C, B: [99mTc]Tc-G3-(G3S)3C, C: [99mTc]Tc-G3-E3C; D: 

[99mTc]Tc-(HE)3-G3. For blocking, a 100-fold molar excess of non-labeled G3 was added to the 

blocked groups. The final concentration of radiolabeled compounds was 1 nM. The data are pre-

sented as the mean from three samples ± SD. 

The validation of the internalization test for the new variants of 99mTc-labeled 

DARPins showed that less than 5% of the activity was associated with cells after 2 h in-

cubation on ice and subsequent acid wash. Since the internalization is energy-driven, it 

cannot take place on ice. Thus, the accuracy of the method is around 5%. The results of 

the internalization assays are presented in Figure 5. The common feature of all tested 

variants was the relatively low amount of internalized activity. However, the pattern was 

somewhat different. In the case of the [99mTc]Tc-G3-G3C and [99mTc]Tc-G3-(G3S)3C, the 

amount of internalized activity reached a plateau by 6 h after incubation start. At the 

same time, the total cell-associated activity reached a maximum by 4-6 h and declined 

thereafter. In the case of glutamate-containing chelators, i.e. [99mTc]Tc-G3-E3C and 

[99mTc]Tc-(HE)3-G3,  the internalized activity was increasing continuously and there was 

no pronounced decrease of the cell-associated activity during the incubation. 

The results of a saturation assay are presented in Figure 5 and Table 3. A saturable 

character of binding of [99mTc]Tc-labeled G3 variants to HER2-overexpressing SKOV-3 

cells was clearly observed (Figure 6). Fitting the saturation binding curves for four 

[99mTc]Tc-labeled G3 variants showed that the KD for binding to HER2 on SKOV-3 cells 

had a value in the range between 1.9 and 5.0 nM. The [99mTc]Tc-(HE)3-G3 variant had 

significantly (p ˂ 0.05) stronger affinity (lower KD) than the other variants (Table 3). The 

number of binding sites (Bmax) was determined to be 1.03-1.59 × 106 receptor sites per cell.  
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Figure 5. Cellular processing of radiolabeled G3 variants by HER2-expressing SKOV-3 cells in vitro. 

A: [99mTc]Tc-G3-G3C, B: [99mTc]Tc-G3-(G3S)3C, C: [99mTc]Tc- G3-E3C; D: [99mTc]Tc-(HE)3-G3. The data 

are presented as the average of three samples ± SD. Some error bars are not seen because they are 

smaller than point symbols. 

 

Figure 6. Determination of equilibrium dissociation constants (KD) of radiolabeled G3 variants by 

HER2-expressing SKOV-3 cells in vitro. A: [99mTc]Tc-G3-G3C, B: [99mTc]Tc-G3-(G3S)3C, C: 

[99mTc]Tc-G3-E3C; D: [99mTc]Tc-(HE)3-G3. The data are presented as the measurements from three 

samples for each concentration. For some concentrations the point are overlapping. 

 

 

Table 3. Direct (saturation) receptor-binding curve for the binding of [99mTc]Tc-labeled G3 to 

SKOV-3 cells. The KD and Bmax values derived from the specific binding curves. 
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   [99mTc]Tc-G3-G3C [99mTc]Tc-G3-(G3S)3C [99mTc]Tc-G3-E3C [99mTc]Tc-(HE)3-G3 

KD, 

nmol 

3.3 ± 0.5 4.1 ± 0.6 5.0 ± 0.9 1.9 ± 0.2 

Bmax, 

receptors/cell 

1.59 ± 0.07× 106 1.49 ± 0.01× 106 1.03 ± 0.06× 106 1.22 ± 0.03× 106 

 

2.4. In vivo studies 

Initially, the biodistribution of the G3 variants, labeled with 99mTc, was evaluated in 

a single batch of CD1 mice at 4 h after injection (Figure 7). A common feature of all var-

iants was a low retention of activity in blood, muscles and bones. Apparently, the excre-

tion via bile played a minor role, as the activity in the gastrointestinal tract with content 

was low. Low level of activity accumulation in stomach and salivary glands suggest that 

there was no release of [99mTc]Tc-pertechnetate, i.e. that all labels were stable in vivo. The 

use of different peptide-based chelators had a very strong influence on accumulation in 

kidneys, liver and spleen. The [99mTc]Tc-(HE)3-G3 variant had the highest retention of ac-

tivity in kidneys. The uptake of [99mTc]Tc-G3-E3C in kidneys was 2.4–fold lower than the 

uptake of [99mTc]Tc-(HE)3-G3, but still much higher than the uptake of [99mTc]Tc-G3-G3C 

and [99mTc]Tc-G3-(G3S)3C. The GGGC-containing variant provided significantly (p < 0.05) 

lower uptake in kidneys than any of the other variants. The hepatic uptake of 

[99mTc]Tc-G3-E3C (18.8 ± 4.2 %ID/g) was the highest, and the uptake of [99mTc]Tc-(HE)3-G3 

(2.4 ± 0.3 %ID/g) was the lowest. The hepatic uptakes of [99mTc]Tc-G3-G3C and 

[99mTc]Tc-G3-(G3S)3C had intermediate values, and there was no significant difference 

between liver uptakes of these constructs. Additionally, the [99mTc]Tc-(HE)3-G3 variant 

had the lowest uptake in lungs, spleen and bone (p < 0.05). Taking into account the un-

favorably high hepatic uptake, the [99mTc]Tc-G3-E3C variant was excluded from further in 

vivo evaluations.  

A comparison of [99mTc]Tc-G3-G3C, [99mTc]Tc-G3-(G3S)3C and [99mTc]Tc-(HE)3-G3 

uptake in SKOV-3 xenografts with high HER2 expression and PC-3 with low HER2 ex-

pression is presented in Figure 8. The uptake in SKOV-3 xenografts was significantly (p < 

0.005, one-way ANOVA) higher than in PC-3 xenografts (Figure 8). This shows that the 

level of the uptake correlates with the HER2 expression level for all variants. The uptake 

of the [99mTc]Tc-G3-G3C variant in SKOV-3 xenografts was significantly (p < 0.05, one-way 

ANOVA) lower than the uptake of the [99mTc]Tc-(HE)3-G3 variant. The uptakes of 

[99mTc]Tc-G3-G3C and [99mTc]Tc-G3-(G3S)3C did not differ significantly (p > 0.05, one-way 

ANOVA) in SKOV-3 xenografts at 4 h after injection.  
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Figure 7. Comparative biodistribution of 99mTc-labeled G3 variants 4 h post-injection (p.i.) in CD1 

mice. Data are presented as mean %ID/g ± SD for four mice. Data for the rest of the GI tract with 

contents and the rest of the body are presented as %ID per whole sample. 

 

Figure 8. Uptake of [99mTc]Tc-G3-G3C (A), [99mTc]Tc-G3-(G3S)3C (B) and [99mTc]Tc-(HE)3-G3 (C) in 

SKOV-3 (high HER2 expression) and PC-3 (low HER2 expression) xenografts in Nu/j mice 4 h p.i. 

Data are presented as mean %ID/g ± SD for four mice. 

A side-by-side comparison of the biodistribution of [99mTc]Tc-G3-G3C, 

[99mTc]Tc-G3-(G3S)3C and [99mTc]Tc-(HE)3-G3 in Nu/j mice bearing SKOV-3 xenografts is 

shown in Figure 9. The pattern of biodistribution of the labeled proteins was similar to 

their pattern of biodistribution in CD1 mice. There was a significant difference between 

the uptakes of these variants in several normal tissues. All variants demonstrated pre-

dominantly renal clearance. As expected, [99mTc]Tc-(HE)3-G3 demonstrated high reten-

tion of activity in kidneys (163 ± 19%ID/g in Nu/j mice bearing SKOV-3 xenografts). The 

uptake of [99mTc]Tc-(HE)3-G3 in liver and spleen was significantly (p < 0.05, one-way 

ANOVA) lower than the uptake of constructs with cysteine-containing chelators. The 

hepatic uptakes of [99mTc]Tc-G3-G3C and [99mTc]Tc-G3-(G3S)3C had intermediate values, 
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and there was no significant difference between liver uptakes of these constructs. Addi-

tionally, the [99mTc]Tc-(HE)3-G3 variant had the lowest uptake in lungs, spleen and bone 

(p < 0.05, one-way ANOVA).  

 

Figure 9. Comparative biodistribution of [99mTc]Tc-G3-G3C, [99mTc]Tc-G3-(G3S)3C and 

[99mTc]Tc-(HE)3-G3 at 4 h post-injection (p.i.) in Nu/j mice bearing HER2-expressing SKOV-3 xeno-

grafts. Data are presented as mean %ID/g ± SD for four mice. Data for the rest of the GI tract with 

contents and rest of the body are presented as %ID per whole sample. Asterisks marks significant 

difference (p < 0.05, one-way ANOVA). 

The tumor-to-organ ratios for [99mTc]Tc-G3-G3C, [99mTc]Tc-G3-(G3S)3C and 

[99mTc]Tc-(HE)3-G3 at 4 h post-injection in Nu/j mice bearing SKOV-3 xenografts are 

shown in Figure 10. In direct comparison, [99mTc]Tc-(HE)3-G3 provided significantly (p < 

0.05, one-way ANOVA) higher tumor-to-liver, tumor-to-spleen, tumor-to-lung, and tu-

mor-to-muscle ratios than both variants containing cysteine. Conversely, the tu-

mor-to-kidney ratio was much worse for the (HE)3-tag-containing variant.  

The results of the experimental gamma-camera imaging (Figure 11) were in agree-

ment with the biodistribution data. SKOV-3 xenografts were clearly visualized by all 
99mTc-labeled DARPins. All radiolabeled G3 variants provided clear discrimination be-

tween SKOV-3 xenografts with high HER2 expression and PC-3 xenografts with low 

HER2 expression. The activity uptake in SKOV-3 xenografts was clearly higher. The renal 

activity uptake was noticeably higher for [99mTc]Tc-(HE)3-G3 compared with the two 

other variants, but its hepatic uptake was lower.  
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Figure 10. Tumor-to-organ ratios of [99mTc]Tc-G3-G3C, [99mTc]Tc-G3-(G3S)3C and [99mTc]Tc-(HE)3-G3 

4 h post-injection (p.i.) in Nu/j mice bearing HER2-expressing SKOV-3 xenografts. Data are pre-

sented as mean %ID/g ± SD for four mice. Asterisk marks significant difference (p < 0.05, one-way 

ANOVA). 

 

Figure 11. Gamma-camera imaging of HER2 expression in Nu/J mice bearing SKOV-3 and PC-3 

xenografts using of [99mTc]Tc-G3-G3C, [99mTc]Tc-G3-(G3S)3C and [99mTc]Tc-(HE)3-G3 4 h pi. (10 μg, 8 

MBq). L - liver, K - kidneys, T - tumor. Contours were derived from a digital photograph and su-

perimposed over the images to facilitate interpretation. 

3. Discussion 

Scaffold protein-based probes for radionuclide imaging offer clear advantages in 

timing of diagnostics and imaging contrast compared to probes based on full-length 

monoclonal antibodies. However, the radiolabeled antibodies were investigated during 

last fifty years. The factors influencing imaging using scaffold proteins are much less 

studied. Moreover, the scaffolds are very different in structure and composition, and 

knowledge concerning one scaffold might not be directly translated to another. A careful 

validation is required to decide if an approach, which provides good imaging with one 

scaffold can be applied for another. This study was dedicated to evaluation of the use of 

peptide-based cysteine-containing chelators for labeling of DARPin-based probes with 
99mTc. 

Our initial attempts to label novel variants were performed without pre-reduction of 

spontaneously formed intermolecular disulfide bonds between cysteines. We considered 

that this might be possible because of a strongly reducing environment during labeling. 

However, these attempts resulted in low radiochemical yield. Moreover, the labeling 

stability was low and a label apparently dissociated during purification using 
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size-exclusion chromatography, which resulted in an insufficient radiochemical purity of 

the labeled probes. This might indicate that the reduced technetium was bound without 

involvement of the thiol group of cysteine. Therefore, we performed a pre-reduction of 

spontaneously formed intermolecular disulfide bonds, which should ensure availability 

of thiols for chelate formation. This protocol provided an excellent yield (over 95 %) and 

very good stability (Table 2). Binding of all novel variants to HER2-expressing human 

cancer cells was saturable and dependent on the HER2 expression level (Figure 4), which 

indicated that the binding was HER2-specific. The affinity of the new variants was in the 

single-digit nanomolar range (Figure 6, Table 3), which is sufficient for imaging of mo-

lecular targets with high expression, such as HER2 [33]. The pattern of cellular retention 

of activity during processing of the new DARPin variants after binding to cancer cells 

differed (Figure 5). A common trait was a low level of internalized activity. However, the 

cell-bound activity of [99mTc]Tc-G3-G3C and [99mTc]Tc-G3-(G3S)3C reached a maximum 

after 4-6 h and then declined. Such pattern is characteristic for non-residualizing labels, 

when labels from internalized and degraded proteins diffuse from cells. The pattern of 

[99mTc]Tc-G3-E3C was similar to the pattern of [99mTc]Tc-(HE)3-G3, i.e. slow but continu-

ous increase of internalized activity and a quite constant level of overall cell-bound ac-

tivity after 6 h. Such behavior is typical for slowly internalized proteins with residualiz-

ing labels. Still, the release of activity of [99mTc]Tc-G3-G3C and [99mTc]Tc-G3-(G3S)3C from 

cancer cells was slow because of slow internalization, and one could expect a minor effect 

in activity accumulation in tumors in vivo within 2-4 h after injection, i.e. a clinically 

relevant imaging time.  

The biodistribution measurements in normal mice (Figure 7) demonstrated a high 

renal retention of activity in the case of [99mTc]Tc-G3-E3C and [99mTc]Tc-(HE)3-G3. Such 

biodistribution profile is consistent with earlier finding for DARPins with residualizing 

labels in preclinical [20, 22, 25] and clinical [26] studies. Apparently, DARPins are rapidly 

internalized after renal reabsorption and the residualizing character of a label ensures its 

long retention in kidneys. Application of commonly used methods for blocking of renal 

reabsorption of radiolabeled proteins and peptides (injection of cationic amino acids or 

Gelofusine) was unsuccessful in the case of labeled DARPins [34]. The renal activity was 

much lower in the case of [99mTc]Tc-G3-G3C and [99mTc]Tc-G3-(G3S)3C. Most likely, this is 

the result of rapid internalization after reabsorption and release of radiocatabolites of 

non-residualizing labels. These results are in a good agreement with a low renal retention 

of activity in the case of DARPins labeled with non-residualizing radioiodine [20, 22, 31, 

35]. It has to be noted that although high renal reabsorption and retention of an imaging 

probe is not desirable, a high renal uptake does not prevent detection of bone metastases 

in the lumbar area using affibody molecules [36]. Much more troublesome was the very 

high liver uptake of [99mTc]Tc-G3-E3C. Radionuclide molecular imaging is, first and 

foremost, meant for target imaging in metastases. Obviously, a tracer has to provide a 

high contrast between tumors and organs, where metastases are frequently formed. In 

the case of HER2-expressing cancer, the most frequent metastatic sites are bone, liver, 

lung for breast cancer [37], liver, peritoneum, lung, and bone for esophageal and gastric 

cancer [38, 39], liver, lung and peritoneum for ovarian cancer [40]. Thus, a low uptake in 

gastrointestinal tract, liver, bone and lung is critical for agents for imaging of HER2 and 

[99mTc]Tc-G3-E3C does not meet this requirement. Generally speaking, an incorporation 

of negatively charged amino acids reduce hepatic uptake of radiolabeled scaffold pro-

teins. For example, a (HE)3-tag reduced the hepatic uptake of 99mTc-labeled HER2 and 

EpCAM-targeted DARPins in comparison with hexahistidine-containing counterparts 

when placed on the N-terminus [25, 35]. This is in agreement with the data for the DAR-

Pin G3 labeled with 111In at C-terminus using a DOTA chelator [19]. Adding a (HE)3-tag at 

the N-terminus of such a construct reduced the hepatic uptake of G3 in comparison with 

H6-tagged and untagged variants. Interestingly, increasing the negative charge of the 

N-terminus also reduced the hepatic uptake of radiolabeled affibody molecules [41]. It is 

quite likely that exceeding positive charge locally at the N-terminus of G3 is critical for its 

hepatic uptake, and it cannot be compensated by adding negatively charged glutamates 
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at the C-terminus. One possible solution would be to place a cysteine-containing chelator 

at the C-terminus for labeling and a (HE)3-tag at the N-terminus for modification of bio-

distribution. Such an approach was tested for affibody molecules labeled using ox-

otechnetium [42]. It appeared that a part of the label was unstably attached to the 

(HE)3-tag, i.e. the site-specificity of labeling was lost. It is unlikely that such approach 

would work for DARPins. The data for high hepatic uptake prompted us to exclude 

[99mTc]Tc-G3-E3C from evaluation in tumor-bearing mice. Most likely, the high hepatic 

uptake takes place also for [99mTc]Tc-G3-G3C and [99mTc]Tc-G3-(G3S)3C, but in these cases 
99mTc is rapidly released from liver, in the same ways as from kidneys. Thus, the biodis-

tribution of G3C and (G3S)3C-containing variants was favorable for HER2-imaging 

probes. Biodistribution of these variants was compared with the biodistribution of 

[99mTc]Tc-(HE)3-G3 in immunodeficient mice bearing human HER2-expressing tumor 

xenografts.  

In mice with human xenografts, all tested variants demonstrated tumor uptake, 

which was dependent on the HER2 expression level (Figure 8), which indicates HER2 

specific targeting in vivo. Uptake of [99mTc]Tc-(HE)3-G3 in HER2-positive SKOV3 xeno-

grafts was significantly higher (p < 0.05, one-way ANOVA) than the uptake of 

[99mTc]Tc-G3-G3C. This might be explained by a combination of the residualizing behav-

ior of the [99mTc]Tc-(HE)3-label ensuring better retention and higher affinity of 

[99mTc]Tc-(HE)3-G3 compared to the affinity of [99mTc]Tc-G3-G3C. Uptake in normal or-

gans (Figure 9) was in a good agreement with the data for normal mice (Figure 7). As 

pointed out above, metastases of HER2-expressing cancers are most frequent in the gas-

trointestinal tract, liver, bone and lung. To provide a high imaging sensitivity, the radi-

oactivity concentration ratios between the tumor and these organs should be as high as 

possible. [99mTc]Tc-(HE)3-G3 provides significantly (p < 0.05, one-way ANOVA) higher 

values of tumor-to-organ ratios for lung and liver than both cysteine-containing variants 

and higher values for bone than [99mTc]Tc-G3-G3C (Figure 9). Thus, [99mTc]Tc-(HE)3-G3 is 

the best variant for clinical translation.  

4. Materials and Methods 

2.1. General materials and instruments  

The molecular weight of the DARPins was measured by liquid chromatog-

raphy-electrospray ionization-mass spectrometry (LC-ESI-MS) on a 6520 Accurate 

Q-TOF LC/MS (Agilent). The CRS (Center for Radiopharmaceutical Sciences) kits for 

production of tricarbonyl technetium were purchased from the Center for Radiophar-

maceutical Sciences (PSI, Villigen, Switzerland; contact e-mail: crs-kit@psi.ch). Instant 

thin-layer chromatography (iTLC) analysis was performed using iTLC silica gel chro-

matography paper strips (Aglient Technologies, Inc. Folsom, USA). The radioactivity 

distribution along iTLC strips was measured using an iTLC-scanner miniGITA Single 

(Elysia Raytest, Germany). Radioactivity was measured using an automated gam-

ma-spectrometer with an NaI(TI) detector Wizard 1480 (Pelkin Elmer, USA). For formu-

lation of the injection solution for the in vivo experiments, the radioactivity was meas-

ured using a dose calibrator (RIS 1A, Amplituda, Russia) equipped with an ionization 

chamber. The technetium-99m pertechnetate, [99mTc]TcO4, was obtained from a commer-

cial 99Mo/99mTc generator GT-4K (FSUE “Karpov Institute of Physical Chemistry”, Ob-

ninsk, Russia). The human cancer cell lines SKOV-3 (primary human ovarian carcinoma), 

SK-BR-3 (human breast adenocarcinoma) expressing HER2 receptors, as well as 

HER2-low expressing PC-3 (human prostate adenocarcinoma) cell line were purchased 

from the American Type Culture Collection (ATCC). The cells were cultured in Roswell 

Park Memorial Institute (RPMI) medium supplemented with 10% fetal bovine serum 

(FBS), 2 mM L-glutamine, 100 IU/mL penicillin, and 100 µg/mL streptomycin, in a hu-

midified incubator with 5% CO2 at 37 °C. The in vitro experiments were performed using 

35-mm Petri dishes (Nunclon Delta Surface, ThermoFisher Scientific, Roskilde, Den-

mark).  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2022                   doi:10.20944/preprints202210.0050.v1

mailto:crs-kit@psi.ch
https://doi.org/10.20944/preprints202210.0050.v1


 

 

Unpaired 2-tailed t-tests or ANOVA test with Bonferroni’s post-hoc analysis were 

used to determine significant differences (p < 0.05). Statistical analysis was carried out 

using Prism (version 9.0.0 for Windows; GraphPad Software, La Jolla, CA, USA).  

2.2. Protein production and characterization  

The DARPin G3 gene nucleotide sequence was deduced from a DARPin G3 amino 

acid sequence deposited in PDB (accession number PDB: 2JAB) taking into account the 

codon usage in highly expressed Escherichia coli genes with the help of the freely distrib-

uted program DNABuilder 

(http://www.innovationsinmedicine.org/software/DNABuilder/). The gene was assem-

bled by PCR from chemically synthesized oligonucleotides of 50 bp in length having 

partially complementary sequences.  

The proteins G3-G3C, G3-(G3S)3C and G3-E3C were produced in Escherichia coli 

BL21(DE3) (Novagen-EMD Millipore, Madison, WI 53719, USA) as the C-terminal ex-

tensions of the small ubiquitin related modifier SUMO [30] essentially in the same way as 

described in [31].  

The amino acid sequence for G3-G3C was DLGKKLLEAARAGQDDEVRILMANG- 

ADVNAKDEYGLPLYLATAHGHLEIVEVLLNGADVNAVDAIGFT-

PLHLAAFIGHLEIAEVLLKHGADVNAQDKFGKTAFDISIGNGNED-

LAEILQKLNGGGGC. The calculated molecular weight is 13529.3 Da. 

The amino acid sequence for G3-E3C was DLGKKLLEAARAGQDDEVRILMANG- 

ADVNAKDEYGLPLYLATAHGHLEIVEVLLKNGADVNAVDAIGFT-

PLHLAAFIGHLEIAEVLLKHGADVNAQDKFGKTAFDISIGNGNED-

LAEILQKLNGEEEC.  

The calculated molecular weight is 13745.5 Da.  

The amino acid sequence for G3-(G3S)3C was DLGKKLLEAARAGQDDEVRILMANG- 

ADVNAKDEYGLPLYLATAHGHLEIVEVLLNGADVNAVDAIGFT-

PLHLAAFIGHLEIAEVLLKHGADVNAQDKFGKTAFDISIGNGNED-

LAEILQKLNGGGSGGGSGGGSC.  

The calculated molecular weight is 14075.8 Da 

The amino acid sequence for (HE)3-G3 was MRGSHEHEHEGSDLGKKLLEAARA- 

GQDDEVRILMANGADVNAKDEYGLTPLYLATAHGHLEIVEVLLKNGADVNAV-

DAIGFTPLHLAAFIGHLEIAEVLLKHGADVNAQDKFGKTAFDISIGNGNED-

LAEILQKLN.  

Expression, isolation and purification of (HE)3-G3 was performed according to the 

methodology described earlier [20]. Protein concentrations were determined by UV 

spectroscopy using ε280 = 2980 M−1 cm−1 for all proteins. To confirm purity and authentic-

ity of the novel DARPin G3 variants, they were analyzed by liquid chromatog-

raphy-electrospray ionization-mass spectrometry (LC-ESI-MS) using a 6520 Accurate 

Q-TOF LC/MS instrument (Agilent, Santa Clara, CA, USA). 

2.3. Radiolabeling  

Site-specific radiolabeling of the three new variants with [99mTc][Tc=O]+ using the 

C-terminal amino-acid based cysteine-containing chelators was performed similarly to 

methodology described earlier by Oroujeni et al. [29]. A freeze-dried labeling kit con-

taining 75 mg of tin (II) chloride dihydrate (Fluka Chemika, Switzerland), 5 mg of glu-

conic acid sodium salt (Celsus Laboratories, Belgium) and 100 µg of EDTA (Sig-

ma-Aldrich, Germany) was prepared for the labeling.  

In a general labeling procedure, one freeze-dried kit was reconstituted in 100 µL 

PBS, mixed with 75 µg of the DARPin G3 in PBS (100 µl) and 100 µl of generator eluate 

containing 99mTc-pertechnetate (150-300 MBq) was added. The mixture was incubated at 

60 °C for 30 min (variants G3-G3C and G3-(G3S)3C) or 60 min (variant G3-E3C). After in-

cubation, radiolabeled DARPins were isolated using size-exclusion chromatography on 

disposable NAP-5 columns, pre-equilibrated and eluted with PBS containing 20 µg/mL of 
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tin (II) chloride dihydrate. Radio-iTLC analysis of [99mTc]Tc-labeled proteins was per-

formed in PBS. In this system, the 99mTc-radiolabeled DARPin-G3 and the re-

duced-hydrolyzed technetium (RHT) remained at the application point, and all forms of 

free radionuclides (including [99mTc]TcO4− [99mTc]Tc-gluconic acid) migrated with the 

solvent front.  

The initial experiments were performed without pre-reduction of the DARPins. 

Due to low yield in this case, further labeling experiments included pre-reduction of 

spontaneously formed intermolecular disulfide bonds for all new variants. A solution of 

DTT (150-fold molar excess, 15 mg/mL in degassed 0.01 M PBS, pH 7.4) was mixed with a 

DARPin (500 µg, 2 mg/ml in 0.02 M PBS, pH 7.4) to obtain a final DTT concentration 18 

mM. The mixture was incubated at 40 °C for 60 min. Purification of reduced DARPin-G3 

was performed using a NAP-5 column equilibrated and eluted with PBS. The concentra-

tion of the purified protein in fractions was measured using a NanoDrop OneC (Thermo 

scientific, USA). Thereafter, the reduced DARPin-G3 was divided in aliquots, 75 µg in 

100 µl PBS each and stored at -20 °C before labeling.  

To evaluate stability, solutions of the 99mTc-radiolabeled DARPin-G3 (20 µL, 1.5 µg) 

were incubated in PBS (80 µL) for 1, 2 and 4 h at 37 °C. The test was performed in du-

plicates. 

Site-specific radiolabeling of (HE)3-G3 using [99mTc][Tc(CO)3]+ (tricarbonyl techne-

tium) via the N-terminal amino acid sequence (HE)3 was adapted and performed as de-

scribed earlier by Vorobyeva et al. [25]. Briefly, the [99mTc]TcO4-, eluate in 1000 μL of 0.9% 

NaCl (2-4 GBq) was added to a CRS kit vial, followed by incubation at 100 °C for 30 min 

to generate the [99mTc]Tc(CO)3]+ precursor and was allowed to cool at room temperature 

for 10 min. Then, 100 μL [99mTc]Tc(CO)3+ from the CRS reaction mixture (100-200 MBq) 

was added to 40 μg (2.75 nmol) of (HE)3-G3 in 9 μL of PBS followed by addition of 100 μL 

0.1 M HCl to pH 7.5-8. The reaction mixture was incubated for 60 min at 60 °C. After in-

cubation, a 1000-fold molar excess of histidine (2.75 μmol, 425 μg, 21.5 μL of 20 mg/mL in 

PBS) was added to the mixture and further incubated for 15 min at 60 °C. Radiolabeled 

(HE)3-G3 was purified using NAP-5 columns (Cytiva, Amersham, UK) pre-equilibrated 

and eluted with PBS. Radiochemical yield and purity were measured using radio-iTLC in 

PBS. The radiolabeled (HE)3-G3 and RHT colloid remained at the application point, while 

[99mTc]TcO4−, [[99mTc]Tc(CO)3]+, and its complex with histidine migrated with the solvent 

front. 

2.4. In vitro studies 

Binding specificity of all variants of 99mTc-labeled DARPin-G3 molecules was tested 

using cell lines with three different levels of HER2 expression (the ovarian cancer cell line 

SKOV-3 and the breast cancer cell line SK-BR-3 with high expression level, and the 

prostate cancer cell line PC-3 with low expression) according to a previously described 

method [32]. Cells were seeded in 6-well plates at a density of 6 x 105 cells per dish one 

day before the experiment. Two sets of dishes were used per each cell line. A 100-fold 

excess of unlabeled DARPin-G3 protein (500 µL) was added to the control group of cells 

(3 dishes) to saturate HER2 receptors 30 min before addition of the labeled compound. To 

the other three dishes, an equal volume of complete media was added. Thereafter, a so-

lution of 99mTc-labeled DARPins was added to each dish to reach a concentration of 1 nM. 

The dishes were incubated for 1 h at 37 °C. After incubation, the medium was collected, 

the cells were washed with PBS, and these solutions were pooled. The cells were then 

detached by trypsinization and collected. The dishes were washed with PBS and the so-

lutions were added to the cell suspensions. The activity in the fractions containing me-

dium or cells was measured using a gamma-spectrometer and the percentage 

cell-associated activity was calculated. The experiments were performed in triplicates.  

Cellular processing and internalization of all variants of 99mTc-labeled DARPin G3 

were evaluated using SKOV-3 cells. The cells (3 dishes per time point, 106 cells per dish) 

were continuously incubated with 1 nM 99mTc-labeled proteins at 37 °C. During the incu-
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bation, the internalized fraction was determined periodically by an acid wash method 

previously described for affibody molecules by Wållberg and Orlova [32]. The mem-

brane-associated DARPins were removed from the cells by treatment with a 4 M urea 

solution in a 0.2 M glycine buffer, pH 2.0, for 5 min on ice. The solution was collected and 

its activity was measured. The cell debris containing the internalized conjugates were 

detached by treatment with 1 M NaOH for 30 min at 37 °C. The radioactivity in the frac-

tions was measured, and the percentage of total cell-associated, membrane-associated and 

internalized radioactivity was calculated. To validate this protocol for new variants of the 
99mTc-labeled DARPin G3, the cells were incubated on ice (when no internalization should 

take place) for 2 h with labeled DARPins molecules and then the internalization meas-

urement was performed as described above.  

Equilibrium dissociation constants (KD) were determined using a saturation assay. 

A set of four cell culture dishes with SKOV-3 cells was prepared for each concentration of 

the tested protein. Three dishes were used to determine a specific binding and one cell 

culture dish was used for determination of nonspecific binding by receptor blocking. The 

cells were seeded one day before the experiment. Immediately before measurements, the 

medium was discarded and the cells were washed with PBS. Eight labeled protein con-

centrations (ranging from 0.22 to 40 nM) were prepared. Each control dish was 

pre-saturated with non-labeled protein with a concentration of 2000 nM, 500 µL. Only 

media with serum (the same volume) was added to other dishes of the set, and the cells 

were incubated in a humidified incubator (5% CO2, 37 °C) for 30 min. The required con-

centration of a labeled DARPin was added to each set of cells (4 °C, 500 µL per dish) and 

the cells were incubated at 4 °C for 4 h. The medium was discarded, the cells were 

washed with PBS (×5) before a trypsin–EDTA solution (500 µL per dish) was added, and 

cells were additionally incubated for 10 min. Detached cells were diluted with 500 µL of 

complete medium, re-suspended and transferred to fraction tubes. A 50 µL sample was 

taken from each tube for cell counting. The radioactivity of the cells and the labeled pro-

tein standards were measured using an automated gamma counter. The real added ra-

diolabeled protein concentrations were calculated for each data point using the highest 

concentration. Then cell-associated radioactivity as pmol/105 cells for every sample was 

calculated. Bmax (maximum number of binding sites per cell) and KD were calculated us-

ing Prism 9 for Windows (GraphPad Sofware, San Diego, CA, USA). 

2.6. Animal studies 

To evaluate the biodistribution of the 99mTc-labeled DARPin-G3 variants, 16 female 

CD1 mice were divided into four groups, four animals each. The average animal weight 

was 29.2 ± 2.3 g. The mice were intravenously (i.v.) injected with 5 µg (60 kBq) of 

[99mTc]Tc-G3-G3C, [99mTc]Tc-G3-(G3S)3C, [99mTc]Tc-G3-E3C or [99mTc]Tc-(HE)3-G3 in 100 µL 

PBS with 1% BSA containing 10 µg/mL of tin (II) chloride dihydrate. Anaesthetized mice 

were sacrificed by cervical dislocation. The blood, other organs and tissues of interest 

were collected and weighed and the activity was measured using an automated gam-

ma-counter. The activity uptake was calculated as the percentage of injected dose per 

gram of sample (%ID/g). 

To evaluate the targeting properties, the biodistribution of 99mTc-labeled DARPins 

(variants G3-G3C, G3-(G3S)3C) and (HE)3-G3) was directly compared in a single batch of 

Nu/j mice bearing SKOV-3 xenografts with high HER2 expression. To evaluate if the 

tumor uptake was dependent on HER2 expression level, the uptake of these DARPins 

was also measured in PC-3 xenografts with low HER2 expression. Female Nu/j mice were 

subcutaneously implanted with 107 SKOV-3 or the same amount of PC-3 cells in 100 μL 

media. The experiments were performed four weeks after SKOV-3 cell implantation and 

two weeks after PC-3 cell implantation. The average animal weight at the time of the 

experiment was 24.8 ± 1.9 g. The average tumor weight was 0.5 ± 0.2 and 0.05 ± 0.02 g for 

SKOV-3 and PC-3 xenografts, respectively. A group of four mice was used for each con-

struct. The mice were injected with 10 µg of 99mTc-labeled DARPin-G3 (60 kBq, 100 µL in 
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PBS with 1% BSA containing 10 µg/mL of tin (II) chloride dihydrate) into the tail vein. 

The biodistribution of 99mTc-labeled DARPin-G3 was measured 4 h after injection. The 

measurement of biodistribution in tumor-bearing mice was performed in the same way 

as in CD1 mice (see above). 

Imaging of mice bearing SKOV-3 and PC-3 xenografts were performed using a 

Siemens E.Cam 180 scanner equipped with a high-resolution low-energy collimator 

(Siemens, Germany). For imaging of HER2 expression, mice were injected with 

[99mTc]Tc-(HE)3-G3 (10 μg, 8.2 MBq), [99mTc]Tc-G3-G3C (10 μg, 8.2 MBq) or 

[99mTc]Tc-G3-(G3S)3C (10 μg, 8.4 MBq). At 4 h pi, anesthetized mice were sacrificed by 

cervical dislocation and placed on the collimator of the gamma camera. Images were 

acquired for 30 min and stored in a 1024 × 256 pixel matrix. Animal contours were de-

rived from digital photographs and were superimposed over the gamma-camera image 

to simplify interpretation. 

5. Conclusions 

The use of cysteine-containing peptide based chelators enables stable labeling of the 

DARPin G3 with 99mTc. The labeled conjugates demonstrated a specific and high affinity 

binding to HER2-expressing human cancer cells in vitro and specific accumulation in 

HER2-expressing xenografts in vivo. However, [99mTc]Tc-(HE)3-G3 provides better con-

trast between tumors and most frequent metastatic sites of major HER2-expressing can-

cers and is therefore more suitable for clinical applications. 

Author Contributions: Conceptualization, V.T. and S.D.; methodology, S.D., V.T., M.B., and M.L.; 

formal analysis, M.L., J.Z., E.P., E.B., Y.S., M.T., F.Y., A.S., E.K., and A.V.; investigation, M.L., E.P., 

E.B., Y.S., M.T., F.Y., R.Z., A.S., E.K., A.V., J.G., T.G., S.D., and V.T.; resources, M.L., and V.T.; data 

curation, S.D., V.T., A.V., R.Z., M.B., and M.L.; writing—original draft preparation, M.L., E.P., E.B., 

Y.S., M.T., F.Y., R.Z., A.S., E.K., A.V., J.G., T.G., S. D., and V.T; writing—review and editing, M.L., 

A.V., V.T., and E.P.; supervision, M.L., V.T., M.B., S.D., and A.V.; project administration, M.L., and 

S.D.; funding acquisition, M.L., M.B., S.D., and V.T. All authors have read and agreed to the pub-

lished version of the manuscript. 

Funding: This research was supported by TPU development program Priority 2030 (Priori-

ty-2030-NIP/IS-003-0000-2022) and grants from Swedish Research Council (VR 2019-00994) and 

Swedish Cancer Society (20 0181 P).    

Institutional Review Board Statement: All applicable international and national guidelines of 

Russian Federation for the care and the use of the animals were followed during planning and ex-

ecution of animal experiments. The animal study protocol was approved by the Ethics Committee 

of Siberian State Medical University, Tomsk, Russia (protocol code 7715, 20190826).  

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data generated during the current study are available from the 

corresponding author upon reasonable request. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the man-

uscript; or in the decision to publish the results 

References 

 

1. Yan, M.; Parker, B. A.; Schwab, R.; Kurzrock, R., HER2 aberrations in cancer: implications for therapy. Cancer treatment reviews 

2014, 40, (6), 770-80. http://DOI:10.1016/j.ctrv.2014.02.008. 

2. Giordano, S. H.; Temin, S.; Chandarlapaty, S.; Crews, J. R.; Esteva, F. J.; Kirshner, J. J.; Krop, I. E.; Levinson, J.; Lin, N. U.; Modi, 

S.; Patt, D. A.; Perlmutter, J.; Ramakrishna, N.; Winer, E. P.; Davidson, N. E., Systemic Therapy for Patients With Advanced 

Human Epidermal Growth Factor Receptor 2-Positive Breast Cancer: ASCO Clinical Practice Guideline Update. Journal of 

clinical oncology : official journal of the American Society of Clinical Oncology 2018, 36, (26), 2736-2740. 

http://DOI:10.1200/jco.2018.79.2697. 

3. Al-Batran, S. E.; Moorahrend, E.; Maintz, C.; Goetze, T. O.; Hempel, D.; Thuss-Patience, P.; Gaillard, V. E.; Hegewisch-Becker, 

S., Clinical Practice Observation of Trastuzumab in Patients with Human Epidermal Growth Receptor 2-Positive Metastatic 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2022                   doi:10.20944/preprints202210.0050.v1

http://DOI:10.1016/j.ctrv.2014.02.008
http://DOI:10.1200/jco.2018.79.2697
https://doi.org/10.20944/preprints202210.0050.v1


 

 

Adenocarcinoma of the Stomach or Gastroesophageal Junction. Oncologist 2020, 25, (8), e1181-e1187. 

http://DOI:10.1634/theoncologist.2020-0109. 

4. Lorusso, D.; Hilpert, F.; González Martin, A.; Rau, J.; Ottevanger, P.; Greimel, E.; Lück, H. J.; Selle, F.; Colombo, N.; Kroep, J. R.; 

Mirza, M. R.; Berger, R.; Pardo, B.; Grischke, E. M.; Berton-Rigaud, D.; Martinez-Garcia, J.; Vergote, I.; Redondo, A.; Cardona, 

A.; Bastière-Truchot, L.; du Bois, A.; Kurzeder, C., Patient-reported outcomes and final overall survival results from the ran-

domized phase 3 PENELOPE trial evaluating pertuzumab in low tumor human epidermal growth factor receptor 3 (HER3) 

mRNA-expressing platinum-resistant ovarian cancer. International journal of gynecological cancer : official journal of the Interna-

tional Gynecological Cancer Society 2019, 29, (7), 1141-1147. http://DOI:10.1136/ijgc-2019-000370. 

5. Li, B. T.; Smit, E. F.; Goto, Y.; Nakagawa, K.; Udagawa, H.; Mazières, J.; Nagasaka, M.; Bazhenova, L.; Saltos, A. N.; Felip, E.; 

Pacheco, J. M.; Pérol, M.; Paz-Ares, L.; Saxena, K.; Shiga, R.; Cheng, Y.; Acharyya, S.; Vitazka, P.; Shahidi, J.; Planchard, D.; 

Jänne, P. A., Trastuzumab Deruxtecan in HER2-Mutant Non-Small-Cell Lung Cancer. The New England journal of medicine 2022, 

386, (3), 241-251. http://DOI:10.1056/NEJMoa2112431. 

6. Tymon-Rosario, J.; Siegel, E. R.; Bellone, S.; Harold, J.; Adjei, N.; Zeybek, B.; Mauricio, D.; Altwerger, G.; Menderes, G.; Ratner, 

E.; Clark, M.; Andikyan, V.; Huang, G. S.; Azodi, M.; Schwartz, P. E.; Fader, A. N.; Santin, A. D., Trastuzumab tolerability in the 

treatment of advanced (stage III-IV) or recurrent uterine serous carcinomas that overexpress HER2/neu. Gynecologic oncology 

2021, 163, (1), 93-99. http://DOI:10.1016/j.ygyno.2021.07.033. 

7. Sheng, X.; Yan, X.; Wang, L.; Shi, Y.; Yao, X.; Luo, H.; Shi, B.; Liu, J.; He, Z.; Yu, G.; Ying, J.; Han, W.; Hu, C.; Ling, Y.; Chi, Z.; 

Cui, C.; Si, L.; Fang, J.; Zhou, A.; Guo, J., Open-label, Multicenter, Phase II Study of RC48-ADC, a HER2-Targeting Anti-

body-Drug Conjugate, in Patients with Locally Advanced or Metastatic Urothelial Carcinoma. Clinical cancer research : an official 

journal of the American Association for Cancer Research 2021, 27, (1), 43-51. http://DOI:10.1158/1078-0432.ccr-20-2488. 

8. Wolff, A. C.; Hammond, M. E. H.; Allison, K. H.; Harvey, B. E.; Mangu, P. B.; Bartlett, J. M. S.; Bilous, M.; Ellis, I. O.; Fitzgib-

bons, P.; Hanna, W.; Jenkins, R. B.; Press, M. F.; Spears, P. A.; Vance, G. H.; Viale, G.; McShane, L. M.; Dowsett, M., Human 

Epidermal Growth Factor Receptor 2 Testing in Breast Cancer: American Society of Clinical Oncology/College of American 

Pathologists Clinical Practice Guideline Focused Update. Archives of pathology & laboratory medicine 2018, 142, (11), 1364-1382. 

http://DOI:10.5858/arpa.2018-0902-SA. 

9. Bartley, A. N.; Washington, M. K.; Colasacco, C.; Ventura, C. B.; Ismaila, N.; Benson, A. B., 3rd; Carrato, A.; Gulley, M. L. ; Jain, 

D.; Kakar, S.; Mackay, H. J.; Streutker, C.; Tang, L.; Troxell, M.; Ajani, J. A., HER2 Testing and Clinical Decision Making in 

Gastroesophageal Adenocarcinoma: Guideline From the College of American Pathologists, American Society for Clinical Pa-

thology, and the American Society of Clinical Oncology. Journal of clinical oncology : official journal of the American Society of 

Clinical Oncology 2017, 35, (4), 446-464. http://DOI:10.1200/jco.2016.69.4836. 

10. Niikura, N.; Tomotaki, A.; Miyata, H.; Iwamoto, T.; Kawai, M.; Anan, K.; Hayashi, N.; Aogi, K.; Ishida, T.; Masuoka, H.; Iijima, 

K.; Masuda, S.; Tsugawa, K.; Kinoshita, T.; Nakamura, S.; Tokuda, Y., Changes in tumor expression of HER2 and hormone 

receptors status after neoadjuvant chemotherapy in 21,755 patients from the Japanese breast cancer registry. Annals of oncology : 

official journal of the European Society for Medical Oncology 2016, 27, (3), 480-7. http://DOI:10.1093/annonc/mdv611. 

11. Gebhart, G.; Lamberts, L. E.; Wimana, Z.; Garcia, C.; Emonts, P.; Ameye, L.; Stroobants, S.; Huizing, M.; Aftimos, P.; Tol, J .; 

Oyen, W. J.; Vugts, D. J.; Hoekstra, O. S.; Schröder, C. P.; Menke-van der Houven van Oordt, C. W.; Guiot, T.; Brouwers, A. H.; 

Awada, A.; de Vries, E. G.; Flamen, P., Molecular imaging as a tool to investigate heterogeneity of advanced HER2-positive 

breast cancer and to predict patient outcome under trastuzumab emtansine (T-DM1): the ZEPHIR trial. Annals of oncology : of-

ficial journal of the European Society for Medical Oncology 2016, 27, (4), 619-24. http://DOI:10.1093/annonc/mdv577. 

12. Mankoff, D. A.; Edmonds, C. E.; Farwell, M. D.; Pryma, D. A., Development of Companion Diagnostics. Seminars in nuclear 

medicine 2016, 46, (1), 47-56. http://DOI:10.1053/j.semnuclmed.2015.09.002. 

13. Tolmachev, V.; Orlova, A.; Sörensen, J., The emerging role of radionuclide molecular imaging of HER2 expression in breast 

cancer. Seminars in cancer biology 2021, 72, 185-197. http://DOI:10.1016/j.semcancer.2020.10.005. 

14. Garousi, J.; Orlova, A.; Frejd, F. Y.; Tolmachev, V., Imaging using radiolabelled targeted proteins: radioimmunodetection and 

beyond. EJNMMI Radiopharmacy and Chemistry 2020, 5, (1), 16. http://DOI:10.1186/s41181-020-00094-w. 

15. Plückthun, A., Designed ankyrin repeat proteins (DARPins): binding proteins for research, diagnostics, and therapy. Annual 

review of pharmacology and toxicology 2015, 55, 489-511. http://DOI:10.1146/annurev-pharmtox-010611-134654. 

16. Zahnd, C.; Pecorari, F.; Straumann, N.; Wyler, E.; Plückthun, A., Selection and characterization of Her2 binding-designed 

ankyrin repeat proteins. The Journal of biological chemistry 2006, 281, (46), 35167-75. http://DOI:10.1074/jbc.M602547200. 

17. Zahnd, C.; Wyler, E.; Schwenk, J. M.; Steiner, D.; Lawrence, M. C.; McKern, N. M.; Pecorari, F.; Ward, C. W.; Joos, T. O.; 

Plückthun, A., A designed ankyrin repeat protein evolved to picomolar affinity to Her2. J Mol Biol 2007, 369, (4), 1015-1028. 

http://DOI:10.1016/j.jmb.2007.03.028. 

18. Zahnd, C.; Kawe, M.; Stumpp, M. T.; de Pasquale, C.; Tamaskovic, R.; Nagy-Davidescu, G.; Dreier, B.; Schibli, R.; Binz, H. K.; 

Waibel, R.; Plückthun, A., Efficient tumor targeting with high-affinity designed ankyrin repeat proteins: effects of affinity and 

molecular size. Cancer research 2010, 70, (4), 1595-605. http://DOI:10.1158/0008-5472.can-09-2724. 

19. Goldstein, R.; Sosabowski, J.; Livanos, M.; Leyton, J.; Vigor, K.; Bhavsar, G.; Nagy-Davidescu, G.; Rashid, M.; Miranda, E.; 

Yeung, J.; Tolner, B.; Plückthun, A.; Mather, S.; Meyer, T.; Chester, K., Development of the designed ankyrin repeat protein 

(DARPin) G3 for HER2 molecular imaging. European journal of nuclear medicine and molecular imaging 2015, 42, (2), 288-301. 

http://DOI:10.1007/s00259-014-2940-2. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2022                   doi:10.20944/preprints202210.0050.v1

http://DOI:10.1634/theoncologist.2020-0109
http://DOI:10.1136/ijgc-2019-000370
http://DOI:10.1056/NEJMoa2112431
http://DOI:10.1016/j.ygyno.2021.07.033
http://DOI:10.1158/1078-0432.ccr-20-2488
http://DOI:10.5858/arpa.2018-0902-SA
http://DOI:10.1200/jco.2016.69.4836
http://DOI:10.1093/annonc/mdv611
http://DOI:10.1093/annonc/mdv577
http://DOI:10.1053/j.semnuclmed.2015.09.002
http://DOI:10.1016/j.semcancer.2020.10.005
http://DOI:10.1186/s41181-020-00094-w
http://DOI:10.1146/annurev-pharmtox-010611-134654
http://DOI:10.1074/jbc.M602547200
http://DOI:10.1016/j.jmb.2007.03.028
http://DOI:10.1158/0008-5472.can-09-2724
http://DOI:10.1007/s00259-014-2940-2
https://doi.org/10.20944/preprints202210.0050.v1


 

 

20. Deyev, S.; Vorobyeva, A.; Schulga, A.; Proshkina, G.; Güler, R.; Löfblom, J.; Mitran, B.; Garousi, J.; Altai, M.; Buijs, J.; Chernov, 

V.; Orlova, A.; Tolmachev, V., Comparative Evaluation of Two DARPin Variants: Effect of Affinity, Size, and Label on Tumor 

Targeting Properties. Molecular pharmaceutics 2019, 16, (3), 995-1008. http://DOI:10.1021/acs.molpharmaceut.8b00922. 

21. Liu, S.; Chakraborty, S., 99mTc-centered one-pot synthesis for preparation of 99mTc radiotracers. Dalton transactions (Cam-

bridge, England : 2003) 2011, 40, (23), 6077-86. http://DOI:10.1039/c0dt01462a. 

22. Vorobyeva, A.; Bragina, O.; Altai, M.; Mitran, B.; Orlova, A.; Shulga, A.; Proshkina, G.; Chernov, V.; Tolmachev, V.; Deyev, S., 

Comparative Evaluation of Radioiodine and Technetium-Labeled DARPin 9_29 for Radionuclide Molecular Imaging of HER2 

Expression in Malignant Tumors. Contrast media & molecular imaging 2018, 2018, 6930425. http://DOI:10.1155/2018/6930425. 

23. Waibel, R.; Alberto, R.; Willuda, J.; Finnern, R.; Schibli, R.; Stichelberger, A.; Egli, A.; Abram, U.; Mach, J. P.; Plückthun, A.; 

Schubiger, P. A., Stable one-step technetium-99m labeling of His-tagged recombinant proteins with a novel Tc(I)-carbonyl 

complex. Nature biotechnology 1999, 17, (9), 897-901. http://DOI:10.1038/12890. 

24. Tolmachev, V.; Hofström, C.; Malmberg, J.; Ahlgren, S.; Hosseinimehr, S. J.; Sandström, M.; Abrahmsén, L.; Orlova, A.; 

Gräslund, T., HEHEHE-tagged affibody molecule may be purified by IMAC, is conveniently labeled with [99(m)Tc(CO)3](+), 

and shows improved biodistribution with reduced hepatic radioactivity accumulation. Bioconjug Chem 2010, 21, (11), 2013-2022. 

http://DOI:10.1021/bc1002357. 

25. Vorobyeva, A.; Schulga, A.; Konovalova, E.; Güler, R.; Löfblom, J.; Sandström, M.; Garousi, J.; Chernov, V.; Bragina, O.; Orlova, 

A.; Tolmachev, V.; Deyev, S. M., Optimal composition and position of histidine-containing tags improves biodistribution of 

(99m)Tc-labeled DARPin G3. Scientific reports 2019, 9, (1), 9405. http://DOI:10.1038/s41598-019-45795-8. 

26. Bragina, O.; Chernov, V.; Schulga, A.; Konovalova, E.; Garbukov, E.; Vorobyeva, A.; Orlova, A.; Tashireva, L.; Sörensen, J.; 

Zelchan, R.; Medvedeva, A.; Deyev, S.; Tolmachev, V., Phase I Trial of (99m)Tc-(HE)(3)-G3, a DARPin-Based Probe for Imaging 

of HER2 Expression in Breast Cancer. Journal of nuclear medicine : official publication, Society of Nuclear Medicine 2022, 63, (4), 

528-535. http://DOI:10.2967/jnumed.121.262542. 

27. Wållberg, H.; Orlova, A.; Altai, M.; Hosseinimehr, S. J.; Widström, C.; Malmberg, J.; Ståhl, S.; Tolmachev, V., Molecular design 

and optimization of 99mTc-labeled recombinant affibody molecules improves their biodistribution and imaging properties. 

Journal of nuclear medicine : official publication, Society of Nuclear Medicine 2011, 52, (3), 461-9. 

http://DOI:10.2967/jnumed.110.083592. 

28. Garousi, J.; Lindbo, S.; Mitran, B.; Buijs, J.; Vorobyeva, A.; Orlova, A.; Tolmachev, V.; Hober, S., Comparative evaluation of 

tumor targeting using the anti-HER2 ADAPT scaffold protein labeled at the C-terminus with indium-111 or technetium-99m. 

Scientific reports 2017, 7, (1), 14780. http://DOI:10.1038/s41598-017-15366-w. 

29. Oroujeni, M.; Rinne, S. S.; Vorobyeva, A.; Loftenius, A.; Feldwisch, J.; Jonasson, P.; Chernov, V.; Orlova, A.; Frejd, F. Y.; Tol-

machev, V., Preclinical Evaluation of (99m)Tc-ZHER2:41071, a Second-Generation Affibody-Based HER2-Visualizing Imaging 

Probe with a Low Renal Uptake. International journal of molecular sciences 2021, 22, (5). http://DOI:10.3390/ijms22052770. 

30. Malakhov, M. P.; Mattern, M. R.; Malakhova, O. A.; Drinker, M.; Weeks, S. D.; Butt, T. R., SUMO fusions and SUMO-specific 

protease for efficient expression and purification of proteins. Journal of structural and functional genomics 2004, 5, (1-2), 75-86. 

http://DOI:10.1023/b:jsfg.0000029237.70316.52. 

31. Vorobyeva, A.; Sсhulga, A.; Konovalova, E.; Güler, R.; Mitran, B.; Garousi, J.; Rinne, S.; Löfblom, J.; Orlova, A.; Deyev, S.; 

Tolmachev, V., Comparison of tumor targeting properties of directly and indirectly radioiodinated designed ankyrin repeat 

protein (DARPin) G3 variants for molecular imaging of HER2. International journal of oncology 2019, 54, (4), 1209-1220. 

http://DOI:10.3892/ijo.2019.4712. 

32. Wållberg, H.; Orlova, A., Slow internalization of anti-HER2 synthetic affibody monomer 111In-DOTA-ZHER2:342-pep2: im-

plications for development of labeled tracers. Cancer biotherapy & radiopharmaceuticals 2008, 23, (4), 435-42. 

http://DOI:10.1089/cbr.2008.0464. 

33. Tolmachev, V.; Tran, T. A.; Rosik, D.; Sjöberg, A.; Abrahmsén, L.; Orlova, A., Tumor targeting using affibody molecules: in-

terplay of affinity, target expression level, and binding site composition. Journal of nuclear medicine : official publication, Society of 

Nuclear Medicine 2012, 53, (6), 953-60. http://DOI:10.2967/jnumed.111.101527. 

34. Altai, M.; Garousi, J.; Rinne, S. S.; Schulga, A.; Deyev, S.; Vorobyeva, A., On the prevention of kidney uptake of radiolabeled 

DARPins. EJNMMI Research 2020, 10, (1), 7. http://DOI:10.1186/s13550-020-0599-1. 

35. Deyev, S. M.; Vorobyeva, A.; Schulga, A.; Abouzayed, A.; Günther, T.; Garousi, J.; Konovalova, E.; Ding, H.; Gräslund, T.; 

Orlova, A.; Tolmachev, V., Effect of a radiolabel biochemical nature on tumor-targeting properties of EpCAM-binding engi-

neered scaffold protein DARPin Ec1. International journal of biological macromolecules 2020, 145, 216-225. 

http://DOI:10.1016/j.ijbiomac.2019.12.147. 

36. Sörensen, J.; Velikyan, I.; Sandberg, D.; Wennborg, A.; Feldwisch, J.; Tolmachev, V.; Orlova, A.; Sandström, M.; Lubberink, M.; 

Olofsson, H.; Carlsson, J.; Lindman, H., Measuring HER2-Receptor Expression In Metastatic Breast Cancer Using 

[68Ga]ABY-025 Affibody PET/CT. Theranostics 2016, 6, (2), 262-71. http://DOI:10.7150/thno.13502. 

37. Press, D. J.; Miller, M. E.; Liederbach, E.; Yao, K.; Huo, D., De novo metastasis in breast cancer: occurrence and overall survival 

stratified by molecular subtype. Clinical & experimental metastasis 2017, 34, (8), 457-465. http://DOI:10.1007/s10585-017-9871-9. 

38. Riihimäki, M.; Hemminki, A.; Sundquist, K.; Sundquist, J.; Hemminki, K., Metastatic spread in patients with gastric cancer. 

Oncotarget 2016, 7, (32), 52307-52316. http://DOI:10.18632/oncotarget.10740. 

39. Verstegen, M. H.; Harker, M.; van de Water, C.; van Dieren, J.; Hugen, N.; Nagtegaal, I. D.; Rosman, C.; van der Post, R. S., 

Metastatic pattern in esophageal and gastric cancer: Influenced by site and histology. World journal of gastroenterology 2020, 26, 

(39), 6037-6046. http://DOI:10.3748/wjg.v26.i39.6037. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2022                   doi:10.20944/preprints202210.0050.v1

http://DOI:10.1021/acs.molpharmaceut.8b00922
http://DOI:10.1039/c0dt01462a
http://DOI:10.1155/2018/6930425
http://DOI:10.1038/12890
http://DOI:10.1021/bc1002357
http://DOI:10.1038/s41598-019-45795-8
http://DOI:10.2967/jnumed.121.262542
http://DOI:10.2967/jnumed.110.083592
http://DOI:10.1038/s41598-017-15366-w
http://DOI:10.3390/ijms22052770
http://DOI:10.1023/b:jsfg.0000029237.70316.52
http://DOI:10.3892/ijo.2019.4712
http://DOI:10.1089/cbr.2008.0464
http://DOI:10.2967/jnumed.111.101527
http://DOI:10.1186/s13550-020-0599-1
http://DOI:10.1016/j.ijbiomac.2019.12.147
http://DOI:10.7150/thno.13502
http://DOI:10.1007/s10585-017-9871-9
http://DOI:10.18632/oncotarget.10740
http://DOI:10.3748/wjg.v26.i39.6037
https://doi.org/10.20944/preprints202210.0050.v1


 

 

40. Riihimäki, M.; Thomsen, H.; Sundquist, K.; Sundquist, J.; Hemminki, K., Clinical landscape of cancer metastases. Cancer medi-

cine 2018, 7, (11), 5534-5542. http://DOI:10.1002/cam4.1697. 

41. Westerlund, K.; Honarvar, H.; Norrström, E.; Strand, J.; Mitran, B.; Orlova, A.; Eriksson Karlström, A.; Tolmachev, V., In-

creasing the Net Negative Charge by Replacement of DOTA Chelator with DOTAGA Improves the Biodistribution of Radio-

labeled Second-Generation Synthetic Affibody Molecules. Molecular pharmaceutics 2016, 13, (5), 1668-78. 

http://DOI:10.1021/acs.molpharmaceut.6b00089. 

42. Lindberg, H.; Hofström, C.; Altai, M.; Honorvar, H.; Wållberg, H.; Orlova, A.; Ståhl, S.; Gräslund, T.; Tolmachev, V., Evaluation 

of a HER2-targeting affibody molecule combining an N-terminal HEHEHE-tag with a GGGC chelator for 99mTc-labelling at the 

C terminus. Tumour biology : the journal of the International Society for Oncodevelopmental Biology and Medicine 2012, 33, (3), 641-51. 

http://DOI:10.1007/s13277-011-0305-z. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2022                   doi:10.20944/preprints202210.0050.v1

http://DOI:10.1002/cam4.1697
http://DOI:10.1021/acs.molpharmaceut.6b00089
http://DOI:10.1007/s13277-011-0305-z
https://doi.org/10.20944/preprints202210.0050.v1

