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Abstract 
 Until the recent years, substances containing radioactive 61Cu were strongly considered 

as potential positron emitting radiopharmaceuticals to be used in PET applications, however 

due to its suitably long half-life, generator independent and cost-effective production, those 

seem to be economically viable for human imaging. Since, the malignant melanoma is a major 

public health problem, its early diagnosis is a crucial contributor to the long-term survival, 

which can be achieved by radio labelled alpha-melanocyte-stimulating hormone analog 

NAPamide derivatives. Here, we report on the physico-chemical features of a new CB-

15aneN5-based Cu(II) complex ([Cu(KFTGdiac)]–) and the ex vivo and in vivo characterization 

of its NAPamide conjugate. The rigid chelate possesses prompt complex formation and suitable 

inertness (t1/2 = 18.4 min in 5.0 M HCl at 50 °C) as well as excellent features in the diagnostics 
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of B16-F10 melanoma tumors (T/M(SUVs) (in vivo): 12.7, %ID/g: 6.6 ± 0.3, T/M (ex vivo): 

22). 

 

1. Introduction 
Considering the rising pervasiveness of malignant melanoma (MM) and its strong 

propensity to metastasize, timely disease diagnostics is emerging as a central issue in current 

health sciences.1 To this end, the interest in the development of target specific imaging probes 

is steadily increasing. In nuclear medical settings, a diverse array of radiolabelled MM-targeting 

vectors including melanin-associated benzamide compounds (BZA), monoclonal antibodies 

(MoAb) and nanoparticles has been constructed for the positron emission tomography (PET) 

and single-photon emission computed tomography (SPECT)-based identification of primary 

MM and related metastases.2–7 

Seven-pass transmembrane G-protein coupled melanocortin-1 receptor (MC1-R) is a 

central biomarker of MM abundantly expressed on the surface of the majority of melanoma 

tumor cells.8–10 Upon being stimulated by α-melanocyte-stimulating hormone (α-MSH/(Ac-

SYSMEHFRWGKPV-NH2), MC1-R activates downstream signalling pathways of 

pigmentation, melanin synthesis and cell proliferation.2,11 Hence, given the overexpression of 

MC1-R on MM, α-MSH and its analogues seem to be strong applicants for the development of 

MM selective peptide radiopharmaceuticals. Earlier preclinical findings capitalize on the 

relevance of radiolabelled α-MSH analogue NAPamide as attractive ligands for the peptide-

based molecular imaging of MM.12–14 

Beyond the most frequently applied NAPamide molecule however, other α-MSH analogues 

including HOLDamide, FOLDamide, and MARSamide have also been recently established as 

valuable tools in MC1-R positive (MC1-R pos.) experimental MM imaging.15 

To date, a wide variety of radiometals were used and proved to be feasible in the 

radiolabelling of NAPamide derivatives for MC1-R expressing melanoma tumor imaging 

including Copper-64 (64Cu), Gallium-68 (68Ga), Fluorine-18 (18F), Indium-111 (111In), 

Scandium-44 (44Sc) and Technetium-99 m (99 mTc).12–14,16 More recently, increasing attention 

has been placed upon the use of Copper-61 (61Cu) for PET diagnostic applications.17 Due to its 

suitably long half-life (t1/2 : 3.32 hours) and generator independent production, the application 

of 61Cu (β+ emission: 1159 keV, 61% β+, Emax = 1.216 MeV, γ emission: 511 keV) seems to be 

economically viable for PET imaging purposes.18,19 Moreover, the favourable physicochemical 

properties along with the long-lived nature of 61Cu, allows for the covering of extended imaging 
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periods and for the seamless adjustment of the radionuclide to molecules with longer 

pharmacokinetics. In a practical sense - given the long decay half-life - the radioisotope or the 
61Cu-labbelled radiopharmaceuticals can be easily shipped for PET imaging studies to remote 

facilities without on-site cyclotron.20,21 The features mentioned above collectively make 61Cu 

an excellent candidate for PET applications. Besides the radiometal, however, the choice of the 

most appropriate chelator is also of utmost importance to optimize the pharmacokinetics and 

the imaging characteristics of the radiotracers. In our previous study chelator KFTG (4-

(1,4,7,10,13-pentaazabicyclo[8.5.2]heptadecan-13-ylmethyl)benzoic acid) - belonging to the 

CB-15aneN5 (1,4,7,10,13-pentaazabicyclo[8.5.2]heptadecane) ligand family - was constructed 

for complexation with 61Cu(II), and displayed excellent complex formation capability (t1/2 = 

155 s at pH 5.0 and 25 °C), outstanding physicochemical inertness (t1/2 = 2.0 h in 5.0 M HCl at 

50 °C) and moderate superoxide dismutase activity (IC50 = 2.3 μM) based on the 

xanthine/xanthine oxidase/NBT assay.17 Furthermore, the results of the microPET acquisition 

and the post imaging biodistribution render [61Cu]Cu-KFTG-NAPamide meaningful 

attractiveness for the imaging of MC1-R overexpressing melanoma tumors. 

Initiated by these prior observations, we intended to assess the influence of the addition 

of two acetate (-CH2-COOH) groups to KFTG on the radiochemical synthesis, physicochemical 

properties, and the in vivo behaviour of this new chelator (KFTG-diac (2,2'-(13-(4-

carboxybenzyl)-1,4,7,10,13-pentaazabicyclo[8.5.2]heptadecane-4,7-diyl)diacetic acid), 

Scheme 1.). Thus, in this study we present the synthesis of the KFTGdiac, the formation and 

dissociation kinetic features of its Cu(II) complex, the structural features of the chelate, the 

conjugation of the ligand to NAPamide molecule and the radiolabelling of the KFTGdiac-

NAPamide conjugate with 61Cu. In addition, we report preliminary results on the in vitro 

biological properties, the in vivo tumor-homing potential and imaging behaviour of the newly 

introduced [61Cu]Cu-KFTGdiac-NAPamide formulation applying MC1-R pos. B16F10 

melanoma cell lines, and corresponding C57BL/6 tumor-bearing mice. 
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Scheme 1. The structure of the KFTGdiac-NAPamide conjugate. 

 

2. Results and discussion 
 

2.1. Synthesis of the ligand 

The KFTG ligand was synthesized according to the procedure published previously by 

Kálmán-Szabó and her coworkers.17 The incorporation of the acetate pendants has been carried 

out by using tert-butyl bromoacetate in ACN (acetonitrile). In the alkylation reaction K2CO3 

was used as a base to eliminate the HBr by-product. Majority of the bis(tBu)-KFTGdiac ((4-

((4,7-bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10,13-pentaazabicyclo[8.5.2]heptadecan-13-

yl)methyl)benzoic acid)) was directly used for biological investigation, while the remained part 

was deprotected and investigated in kinetic and structural studies. Detailed characterization of 

the new ligands (Figure S1-S8) is provided in the SI. The synthesis of KFTG‑NAPamide was 

performed by standard amide conjugation, thus bis(tBu)-KFTGdiac bifunctional chelator was 

coupled via an active ester to the free amine group of the lysine unit of the resin-bound 

NAPamide peptide using HBTU (hexafluorophosphate benzotriazole tetramethyl uronium) and 

DIPEA (N,N-diisopropylethylamine) activation strategy. Then, the obtained resin-bound 

peptide derivative was deprotected and cleaved from the resin with acidic hydrolysis using 95% 

TFA (trifluoracetic acid). The crude peptide with the KFTG moiety was purified by 

semipreparative RP-HPLC (reversed-phase high pressure liquid chromatography). The 

chelator-conjugated NAPamide was identified by HRMS (high-resolution mass spectrometry). 

 

2.2. Kinetic investigations 

In order to preserve the diagnostic and therapeutic effects of the radiopharmaceuticals, 

the fast complexation of the short-lived radioisotopes is essential to minimize radioactive decay. 
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In most cases, the chelation of the Cu(II) by the rigidified tetraaza-macrocycles requires high 

temperature and organic solvents which are obviously time and resource consuming.22 To the 

best of our knowledge, only the phosphonate derivatives of the cross-bridged tetraaza-

tetraazacyclotetradecane, CB-TE2P ((1,4,8,11-tetraazabicyclo[6.6.2]hexadecane-4,11-

diylbis(methylene))diphosphonic acid) and CB-TE1A1P (2-(11-(phosphonomethyl)-1,4,8,11-

tetraazabicyclo[6.6.2]hexadecan-4-yl)acetic acid), form complexes with Cu(II) ion readily at 

room temperature. 

For this reason, the formation of the [Cu(KFTGdiac)]– complex was studied according 

to the method published by our group previously.17,23 The complex formation reaction was 

followed in the presence of ligand excess (×10) to ensure pseudo-first-order condition at 25 °C 

in the pH range 3.0 – 4.4 (Figure 1). In these reactions the rate of the complex formation can be 

described by the rate equation d[CuL]t/dt = kobs[Cu(II)], where [CuL]t is the total concentration 

of the chelate. 

 

 
Figure 1. Plot of the first-order rate constants (kobs) as a function of [OH–] for the 

formation of [Cu(KFTGdiac)]– complex (0.15 M NaCl, 25 °C). 

 

As shown in Figure 1, the kobs values obtained at different pH values are directly 

proportional to the increase of [OH–] and the rate of complex formation also exhibits second-

order dependence on OH– concentration. This observation suggests that the rate constants 

obtained can be expressed as follow: 

 

kobs = k1[OH–] + k2[OH–]2     (1) 
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where k1 and k2 are the rate constants characterizing the transformation of the 

intermediate to product assisted by the OH–. Fitting of the pseudo-first rate constants to equation 

(1) delivered values (4.3 ± 0.8)×107 M–1s–1 and (6.2 ± 1.3)×1017 M–2s–1 for k1 and k2, 

respectively. For better comparison, the half-life (t1/2 = ln2/kcalc) of the complex formation was 

calculated to be 1.1 s at pH = 5.0 which is two orders of magnitude lower than that was obtained 

for the [Cu(pNO2Bn-CB-15aneN5)]2+ (t1/2 = 133 s)23 and [Cu(KFTG)]– (t1/2 = 155 s)17 

complexes. The results show that the KFTGdiac ligand forms complex with Cu(II) ion in less 

than 8 sec (circa 7 times t1/2) at pH 5.0 and 25 °C. This outstanding behaviour can be explained 

by considering the formation of a stable intermediate in which the acetate pendants act as 

anchoring groups. This promotes the binding of nitrogen donor atom(s) of the ligand backbone 

to copper(II) allowing the easier and faster formation of the “in-cage” complex. The formation 

of the complex was confirmed by MS (mass spectrometry) measurement (Figure S9). 

As it is known, the dechelation process of rigidified Cu(II) complexes is extremely slow 

under mild conditions, their inertness is usually investigated under harsh circumstances such as 

high acid concentration and temperature.24 Due to the extremely slow dissociation of the 

complexes, the detailed investigation of the dissociation pathways such as proton- and metal-

assisted dechelation is not possible under physiological conditions. For this reason, the inertness 

of the complexes frequently studied at high acid concentration (e.g. 5 M HCl) and elevated 

temperature (50 or 90 °C). Since the high H+ concentration ensures the pseudo-first order 

conditions the kobs values are pseudo-first order rate constants, which can be easily converted 

to dissociation half-lives for comparative purposes. The inertness of the [Cu(KFTGdiac)]– was 

investigated in 5.0 M HCl at 50 °C. The calculated t1/2 value (18.4 ± 0.2 min) was found to be 

more or less the seventh of those obtained for the [Cu(KFTG)]– (2.0 h)17 and [Cu(pNO2Bn-CB-

15aneN5)]2+ (2.3 h)23 complexes. It is worth mentioning that the half-life of the dechelation 

would be 880 years at physiological pH by assuming that further dissociation pathways or 

enzymatic cleavage processes are not operative. The high inertness is also confirmed by the fact 

that, we did not observed any release of 61Cu from the [61Cu(KFTGdiac)]-NAPamide tracer in 

human plasma at 37 °C during 5 hours (vide infra). 

The results indicate that the incorporation of the acetate pendants (functional group 

bearing dissociable H+ ion) promotes the proton transfer to the N-donor atoms of the 

macrocycle from the pendant, which leads to the liberation of the Cu(II) ion. For the sake of 

clarity, the features of the complex determined in aqueous solution are only good 

approximations to describe the properties of the [61Cu(KFTGdiac)]-NAPamide 

radiopharmacon. Although the inertness of [Cu(KFTGdiac)]– is lower than that of many cross-



7 
 

bridged Cu(II) complexes,25 biological experiments performed with this agent candidate prove 

that the inertness is high enough for PET diagnostic applications. 

The SOD activity of the [Cu(KFTGdiac)]– complex was tested by using the indirect 

xanthine/xanthine oxidase/NBT assay. The measured inhibition values as a function of the 

concentration of [Cu(KFTGdiac)]– complex are shown in Figure S10. The results clearly show 

that the [Cu(KFTGdiac)]– complex does not significantly catalyse the decomposition of 

superoxide anion in the investigated concentration range, thus the determination of IC50 value 

is not feasible. 

 

2.3. EPR measurements and DFT calculation 

EPR (electron paramagnetic resonance) spectroscopy and DFT (density-functional 

theory) calculations were carried out to study the coordination mode of the [Cu(KFTGdiac)]– 

complex. pH dependent EPR spectra recorded in the Cu(II)/ KFTGdiac system are registered 

at 77 K and the spectra are shown in Figure 2. The frozen solution EPR spectra can be fitted 

well by considering the formation of two copper(II) complexes (component 1 and component 

2). The ratio of these species does not change by increasing the pH, therefore coordination 

isomers are present in the studied pH range. Simulation of the spectra revealed that component 

1 is only a minor species and the large gz value is consistent with the weaker ligand field around 

the copper(II) center (Table S3). In this case, the binding of 3 nitrogen atoms is expected in the 

equatorial plane of copper(II) and the complex features elongated octahedral coordination 

polyhedron. For component 2, the gz and Az values are different from those obtained for 

[Cu(CB-15aneN5)]2+ and [Cu(pNO2Bn-CB-15aneN5)]2+ complexes.23,24 In these complexes, 

copper(II) coordinates to the ligand via 5 nitrogen donor atoms leading to the formation of 

square-pyramidal coordination polyhedron. Moreover, spin-Hamiltonian parameters of 

[Cu(Cyclen)] (cyclen: 1,4,7,10-tetraazacyclododecane) also differ from those of 

[Cu(KFTGdiac)]– complex,26 thus it is excluded that only 4 nitrogen donor atoms are involved 

in the coordination of copper(II). This leads us to the conclusion that the KFTGdiac ligand binds 

copper(II) via 4 nitrogen donor atoms and the carboxylate pendant arm(s) may also contribute 

to the metal binding. However, the binding of the carboxylate pendant does not occur in a 

regular (90°) arrangement to copper(II). Thus, significant rhombic distortion was observed 

resulting in large gz and small Az values. The geometry of the coordination isomers was further 

studied by DFT calculations.  
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Figure 2. Left panel: pH dependent EPR spectra recorded in the Cu(II) / KFTGdiac 

system at 77 K, cCu(II) = 1.71 mM; Right panel: Experimental (black) and simulated (red) EPR 

spectrum recorded at pH 7.0. The spectrum was fitted with component 1 in 15 % and component 

2 with 85 %. 

 

For Component 1, DFT predicted the binding of three nitrogen atoms of the 

macrocylcle, moreover, the equatorial sphere of the copper(II) is completed by the binding of 

carboxylate pendant arm (Figure 3). Cartesian coordinates and the corresponding bond lengths 

are summarized in the SI (Table S4, S5). The calculated EPR parameters are in reasonable 

agreement with those obtained by the simulation (Table S3). For component 2, it is important 

to note, that geometry optimization of this complex is not feasible when both carboxylate arms 

coordinate to copper(II). Thus, we expect the binding of an exclusive carboxylate arm. DFT 

optimized structure is shown in Figure 3 and the corresponding Cartesian coordinates and bond 

lengths are reported in Table S4 and S6. DFT calculation revealed indeed a distorted square-

pyramidal coordination geometry in which the equatorial plane of copper(II) is accommodated 

by the 4 nitrogen donor atoms with the average bond length of 2.018 Å and the apical position 

is completed by the binding of carboxylate arm with the bond length of 2.398 Å. Furthermore, 

the bond angle of the COO– – Cu(II) – Neq was found to be 75.7° which deviation from the 

regular 90° may result in significant rhombicity in the EPR parameters. The calculated EPR 

parameters also confirm the structure of the complex (Table S3). 
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Figure 3. DFT optimized structures of Component 1 (left) and Component 2 (right) formed 

in the in the Cu(II)/ KFTGdiac system. Hydrogen atoms are omitted for clarity. 

 

2.4. In vitro cell experiments 

The receptor binding specificity of [61Cu]Cu-KFTGdiac-NAPamide to MC1-R was 

investigated in vitro by comparing its uptake in receptor expressing B16F10 melanoma cells 

(unblocked) and α-MSH pretreated counterparts (blocked). The in vitro data indicated notably 

higher [61Cu]Cu-KFTGdiac-NAPamide accumulation in the unblocked B16F10 melanoma 

cells compared to the receptor-blocked ones at all investigated time points (p < 0.01), that 

confirmed the receptor affinity of the radiolabelled probe (Figure 4). In a like manner, the uptake 

of [61Cu]Cu-KFTG-NAPamide in receptor pos. B16F10 cells was more increased than in 

amelanotic A375 cells, that implied that the change of the chelator from KFTG to KFTGdiac 

did not alter the MC1-R binding potential of the radiopharmaceutical.17 Similarly, former in 

vitro studies presenting higher 68Ga/44Sc-labelled NAPamide accretion in MC1-R 

overexpressing B16F10 melanoma cells compared to the receptor negative A375 cell line, also 

verified the MC1-R specificity of the α-MSH analogue.12 

To further verify the receptor binding specificity and the stability of [61Cu]Cu-

KFTGdiac-NAPamide, washout (efflux) investigations were conducted, during which the 

B16F10 cells were subjected to [61Cu]Cu-KFTGdiac-NAPamide-based treatment and washing 

rounds, that was followed by a ten-minute-long incubation without radioactivity. In accordance 

with reports on [61Cu]Cu-KFTG-NAPamide,17 no significant difference (p < 0.05) was found 

between the baseline and the post-efflux radioactivity accumulation of the cells (Figure 4), 

therefore we can conclude that the radiolabelled NAPamide derivative not only shows target 

selectivity to the melanoma cells, but it also has stable binding, which is of paramount 
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importance for PET imaging purposes. Nevertheless, with the progress of time a continuous 

decrease in the radiopharmaceutical accumulation was observed with respective baseline ID% 

(ID: injected dose) values being 1.14 ± 0.14, 0.98 ± 0.15, 0.75 ± 0.14 and 0.68 ± 0.20 at the 30-

, 60-, 90- and 180-min time point (Figure 4). Although, this may indicate the feasibility of the 

probe for early imaging, in order to cover extended imaging periods, further structural or 

chemical modifications need to be considered.  

 

 
Figure 4. Assessment of time dependent in vitro cellular uptake, efflux and blocking studies of 

the MC1-R specific [61Cu]Cu-KFTGdiac-NAPamide using receptor pos. B16F10 cells. Data 

shown as mean ± SD (SD: standard deviation). [61Cu]Cu-KFTGdiac-NAPamide accumulation 

in 106 cells was expressed as the percentage of the incubating dose (ID%). Significance level: 

p ≤ 0.01 (**). 

 

2.5. In vivo miniPET imaging  

Using melanoma tumor model, in vivo preclinical PET imaging was accomplished to 

determine the MC1-R pos. tumor targeting capability and the organ uptake of [61Cu]Cu-

KFTGdiac-NAPamide. Given that mouse-derived B16F10 melanoma tumor cells exhibit more 

than 20,000 MC1-R, experimental B16F10 melanoma models are well-suited for the 

characterisation of the in vivo imaging behaviour of MC1-R targeting diagnostic probes.14 

The radiopharmaceutical uptake of the B16F10 tumors on [61Cu]Cu-KFTGdiac-

NAPamide PET is demonstrated in Figure 5. Analysing the decay-corrected PET scans, the 

B16F10 tumors could be well delineated from the background at all investigated time points 
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that confirmed the MC1-R pos. tumor targeting potential of the newly constructed PET probe 

(Figure 5, Panel A, red arrows). 

 
Figure 5. In vivo [61Cu]Cu-labeled KFTGdiac-NAPamide miniPET imaging and quantitative 

image analysis of MC1-R pos. B16F10 melanoma tumors. Static transaxial and coronal (Panel 

A) PET imaging of B16F10 melanoma tumors 30, 60, 90 and 180 min post injection of 

[61Cu]Cu-KFTGdiac-NAPamide. Representative transaxial PET images of α-MSH blocked 

(see Materials and Methods section) MC1-R pos. B16F10 tumors in C57BL/6 mouse (Panel 

B). Quantitative SUV (standardized uptake value) analysis of [61Cu]Cu-KFTGdiac-NAPamide 

accumulation in experimental melanoma tumors (Panel C and D). The decay-corrected PET 

images and data were obtained 9 ± 1 days after tumor cell inoculation. n = 5 animals/time point. 

Red arrows: B16F10 tumors. SUV values are presented as mean ± SD. Significance level 

between the baseline and the blocked data: p ≤ 0.01 (**). 
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Previous preliminary screening of 61Cu-labelled NAPamide radiotracer with the same 

chelator lacking in the acetate groups ([61Cu]Cu-KFTG-NAPamide) also showed outstanding 

MC1-R pos. tumor-homing ability.17 Hence, it seems that the modification of the chemical 

structure of chelator KFTG (the addition of extra acetate groups) has no significant effect on 

the MC1-R binding ability of the radiotracer. Furthermore, consistent with our findings, higher 

uptake of radiolabelled α-MSH analogues was reported in receptor expressing experimental 

B16F10 tumors than in A375 tumors with negligible MC1-R presence.27–29 Accordingly, 

NAPamide compounds labelled with 64Cu, - 18F, - 44Sc, - and 68Ga also showed selective MC1-

R binding affinity and tumor-homing.12,14,16,30 Besides NAPamide containing radiotracers, 

radiolabelled α-MSH analogue HOLDamide seemed to be a strong applicant for MC1-R pos. 

tumor imaging as well.30 

The lack of radiotracer uptake during the blocking experiments further strengthened the 

target specificity of [61Cu]Cu-KFTGdiac-NAPamide (Figure 5, Panel B, red arrows).  

The quantitative assessment of [61Cu]Cu-KFTGdiac-NAPamide is presented in Figure 

4, Panel C and D. The SUVmean of the tumor on the static images were 2.03 ± 0.24, 1.75 ± 0.17, 

1.71 ± 0.12 and 1.41 ± 0.14 at the 30th, 60th, 90th and 180th minute time points; respectively, 

while the SUVmax values were as follows at the same measurement times: 2.54 ± 0.31, 2.34 ± 

0.16, 2.24 ± 0.15 and 1.85 ± 0.19. In line with the visual analysis, the tumor uptake of the 

radioactivity gradually declined from the 30th minute post-injection (SUVmean: 2.03 ± 0.24; 

SUVmax: 2.54 ± 0.31) until the end of the examination (SUVmean at the 180th minute time point: 

SUVmax: 1.41 ± 0.14; 1.85 ± 0.19). Conversely, in the study of Kálmán-Szabó et al., the tumor 

accumulation of [61Cu]Cu-KFTG-NAPamide significantly increased from 30-60 min post 

injection, then at later time points no remarkable change could be identified (SUVmean: 0.4 ± 

0.1; 0.7 ± 0.1; 0.8 ± 0.1; 0.8 ± 0.2; and SUVmax: 0.6 ± 0.1; 1.3 ± 0.1; 1.3 ± 0.2; 1.3 ± 0.1 at 30, 

60, 90, and 180 min post injection; respectively.17 Although not yet fully elaborated, we 

hypothesize that the addition of the acetate group to the chelator could be responsible for the 

difference between the uptake kinetics of the two probes. Despite the fact using both KFTG and 

KFTGdiac-based radiopharmaceuticals, the B16F10 tumors could be definitely identified, 

approximately 2 times higher SUVmax values were measured with the [61Cu]Cu-KFTGdiac-

NAPamide compound.17 

In contrast to the unblocked tumors, significantly lower SUV values were registered in 

case of the α-MSH blocked tumors (p ≤ 0.01) at all time points that also indicated the receptor 

specificity of the [61Cu]Cu-KFTGdiac-NAPamide probe (Figure 5, Panel C). Corresponding to 

our observation, Nagy et al. recorded 10-to-15 times lower [44Sc]Sc-DOTA-NAPamide and 
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[68Ga]Ga-DOTA-NAPamide uptake in the α-MSH pretreated B16F10-carrying mice compared 

to the unblocked animal cohort.12 

In addition, a sharp rise in the tumor-to-muscle (T/M) ratio was detected over time that 

was due to the wash-out of the radiopharmaceutical from the non-target tissues/organs (Figure 

5, Panel D), and this corresponded to the findings on [61Cu]Cu-KFTG-NAPamide.17 Compared 

to [61Cu]Cu-KFTG-NAPamide, however, the tumor-to-non target ratios observed for [61Cu]Cu-

KFTGdiac-NAPamide radiotracer were lower – except for the value measured at the 30 min 

time point - that could be due to the chemical differences between the two tracers (T/M 

SUVmean/SUVmax for [61Cu]Cu-KFTG-NAPamide: 1.77 ± 0.59 / 2.02 ± 0.23; 6.13 ± 1.15 / 5.61 

± 0.98; 10.17 ± 1.89 / 9.95 ± 1.57; 15.12 ± 1.99 / 13.52 ± 2.08 at 30, 60, 90 and 180 min post 

injection; respectively and T/M SUVmean/SUVmax 3.13 ± 1.05 / 2.92 ± 0.35; 5.84 ± 1.24 / 5.09 

± 0.68; 9.50 ± 1.27 / 7.98 ± 1.09; 12.96 ± 1.35 / 10.65 ± 1.24 for [61Cu]Cu-KFTGdiac-

NAPamide at 30, 60, 90 and 180 min post injection, respectively.17 The quantitative PET 

parameters are summarized in Table 1.  

 

Table 1. In vivo accumulation of [61Cu]Cu-KFTGdiac-NAPamide in subcutaneously growing 

B16F10 tumors at 30, 60, 90 and 180 min post injection and 9 ± 1 days after tumor induction. 

Significance level between blocked and non-blocked tumors: p ≤ 0.01 (**). 200 µg α-MSH was 

used for blocking.  

B16F10 tumor 
[61Cu]Cu-KFTGdiac-NAPamide 

30 min 60 min 90 min 180 min 

SUVmean 2.03 ± 0.24 1.75 ± 0.17 1.71 ± 0.12 1.41 ± 0.14 

SUVmax 2.54 ± 0.31 2.34 ± 0.16 2.24 ± 0.15 1.85 ± 0.19 

SUVmean blocked 0.41 ± 0.12** 0.28 ± 0.09** 0.26 ± 0.04** 0.24 ± 0.09** 

SUVmax blocked 0.55 ± 0.11** 0.47 ± 0.08** 0.45 ± 0.11** 0.37 ± 0.09** 

T/M (SUVmean) 3.13 ± 1.05 5.84 ± 1.24 9.50 ± 1.27 12.69 ± 1.35 

T/M (SUVmax) 2.92 ± 0.35 5.09 ± 0.68 7.98 ± 1.09 10.65 ± 1.24 

T/M (SUVmean) blocked 1.02 ± 0.12** 1.11 ± 0.21** 1.09 ± 0.08** 1.21 ± 0.14** 

T/M (SUVmax) blocked 1.12 ± 0.10** 1.09 ± 0.14** 1.23 ± 0.20** 1.35 ± 0.13** 

 

2.6. Post imaging organ distribution studies  

The biodistribution of [61Cu]Cu-KFTGdiac-NAPamide is shown in Figure 6 and Table 

2. To obtain information on the pharmacokinetics and organ uptake of [61Cu]Cu-KFTGdiac-

NAPamide, ex vivo biodistribution studies were carried out in B16F10 xenotransplanted 

C57BL/6 mice 30, 60, 90 and 180 min after the intravenous administration of the radiotracer. 
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After dissection, the accumulated activities of the extracted organs and tissues were assessed 

by a gamma counter.  

Based on the ex vivo data, the radiopharmaceutical uptake of the brain, lung, stomach, 

pancreas, salivary glands, bone, muscle and fat tissue remained at minimal level throughout the 

whole examination. Impeding the entrance of the probe to the central nervous system, the 

physiological barrier function of the blood-brain barrier may be responsible for the negligible 

cerebral activity. We suppose that factors in association with the radiotracer metabolism may 

suggest some explanation for the faint activity of the pancreas and the stomach. Investigating 

the uptake profile of 44Sc and 68Ga-labelled NAPamide compounds in healthy C57BL/6 mice, 

Nagy and colleagues reported discrete cerebral, muscular and pulmonary radioactivity, and this 

was consistent with the current findings.12 Identically, [213Bi]Bi-DOTA-NAPamide also 

exhibited faint accumulation 90 min post tracer application in the stomach, lungs and in the 

muscle tissue of mice with B16F10 melanoma tumors.30 

As demonstrated by Figure 6, [61Cu]Cu-KFTGdiac-NAPamide displayed relatively 

higher blood retention with %ID/g values of 1.48 ± 0.44, 1.05 ± 0.22, 0.78 ± 0.21, and 0.44 ± 

0.15, 30, 60, 90 and 180 min post-injection; respectively. Similarly, other blood pool organs 

such as the heart and the spleen also showed moderate tracer accretion ranging from 0.46 ± 0.15 

to 1.00 ± 0.34 %ID/g (Table 2). We suppose the role of the lienal reticuloendothelial cells (RES) 

behind the elevated uptake of the spleen. In line with our results, Kálmán-Szabó and Képes et 

al. registered moderate 213Bi-labelled DOTA-NAPamide accumulation in the spleen, however, 

the cardiac and the blood pool radioactivity was rather insignificant in their study.15 

Discrepancies between previous reports and the current research could be attributed to the 

physicochemical properties of the radiometals (213Bi and 61Cu) or the chemical structure of the 

applied chelator (DOTA and KFTGdiac).  

The highest residence time was found in the liver, the kidneys, the small and the large 

intestines, the gall bladder and the B16F10 tumors (Figure 6 and Table 2). The increased 

hepatic, intestinal and renal uptake indicated that the metabolites of the radiotracer were 

eliminated both via the urinary and the gastrointestinal (GIT) system, that was in accordance 

with the logP value (logP: -1.43). Similarly, prior findings on a NAPamide molecule labelled 

with Lutetium-177 ([177Lu]Lu-DOTA-IPB-NAPamide) also underpinned the role of both the 

renal and GIT system in probe clearance.31 In addition, the activity of the RES cells as well as 

various metabolism-related factors could also be accountable for the experienced outstanding 

[61Cu]Cu-KFTGdiac-NAPamide uptake of the liver (5.04 ± 0.41, 6.71 ± 0.34, 4.03 ± 0.41 and 

3.58 ± 0.44 at 30, 60, 90 and 180 minutes after the injection, respectively). The meaningful 
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kidney and GIT accumulation coupled with faint blood activities from the early time points and 

high tracer concentration in the urine evidenced the rapid clearance of [61Cu]Cu-KFTGdiac-

NAPamide.  

In accordance with our results, other NAPamide-based compounds radiolabelled with 

Bismuth-205/206 ([205/206Bi]Bi-DOTA-IPB-NAPamide)31 or Fluorine-18 ([18F]F-FB-

NAPamide)14 also exhibited elevated hepatic accumulation and related hepatobiliary way of 

excretion. Moreover, investigating the imaging behaviour of another MC1-R specific 

radiopharmaceutical - [213Bi]Bi-DOTA-FOLDamide - Kálmán-Szabó and co-workers reported 

meaningful liver uptake, that also correlated with the present findings.15 On the contrary, the 

negative logP values (-1.99) of [61Cu]Cu-KFTG-NAPamide, however, indicated that the 

clearance of the tracer occurred exclusively through the renal system.17 Comparing the partition 

coefficients of the KFTG (logP: -1.99) and KFTGdiac-chelated (logP: -1.43) molecules, 

[61Cu]Cu-KFTGdiac-NAPamide was less hydrophilic, that could explain the reason behind why 

we experienced gastrointestinal elimination besides urinary excretion. Moreover, high renal and 

bladder uptake of NAPamide molecules labelled with 68Ga or 44Sc also underpinned the unique 

role of the kidneys in tracer elimination.12,30.  

In line with the in vivo data, the high [61Cu]Cu-KFTGdiac-NAPamide retention in the 

B16F10 tumors further verified the MC1-R pos. tumor-homing ability of the probe. While the 

tumor accumulation of the KFTGdiac-based radiotracer ([61Cu]Cu-KFTGdiac-NAPamide) 

reached the maximum already 30 min post tracer administration (6.64 ± 0.34 %ID/g), the 

highest %ID/g values for [61Cu]Cu-KFTG-NAPamide (7.6 ± 1.7 %ID/g)17 could be observed 

at the 2nd measurement point, 60 min post injection (Figure 6, Table 2). On the contrary, the 

blocked B16F10 tumors barely showed any radioactivity (Table 2), that also corresponded to 

the in vivo findings. Although the tumor uptake decreased gradually over the examination 

period with 6.64 ± 0.34, 4.21 ± 0.50, 2.88 ± 0.27 and 1.76 ± 0.31 %ID/g present in the neoplastic 

lesions at 30, 60, 90 and 180 min post injection, relatively higher tumor accumulation in 

comparison with the background tissues/organs even at later time points led to improved tumor-

to-off-target ratios. The higher the T/M ratios are, the better the image contrast is, that ensures 

the accurate delineation of the pathological lesions from the healthy tissues (T/M ratios: 22.1, 

18.3, 18, 17.6 at 30, 60, 90 and 180 min, respectively). The fact that the complex reaches high 

T/M ratio after 30 minutes, which is slightly reduced in 2 h time window, shows that, the 

examination time can be reduced significantly with the use of [61Cu]Cu-KFTGdiac-NAPamide 

tracer, which is advantageous for clinical use. Furthermore, by analyzing the results of previous 

ex vivo studies, it can be concluded that although the accumulation of [61Cu]Cu-KFTGdiac-
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NAPamide in B16F10 experimental tumors is somewhat lower than the uptake of [61Cu]Cu-

KFTG-NAPamide after 30 or 60 min incubation time,17 this %ID/g value is still higher than 

that of 64Cu-, 68Ga- and 44Sc-labeled DOTA-NAPamide probes,12,16,32 furthermore our 

radiotracer reaches high T/M ratio 30 min after the i.v. administration. 

Finally, presumably due to the differences between the chemical structures of the KFTG 

and KFTGdiac containing radiotracers, a gradual decline of [61Cu]Cu-KFTG-NAPamide 

uptake was observed for all investigated healthy organs from 30-180 min post tracer application 

.17 The major characteristics of [61Cu]Cu-KFTG-NAPamide and [61Cu]Cu-KFTGdiac-

NAPamide are summarized in Table 3. 

 

 
Figure 6. Organ/Tissue uptake of [61Cu]Cu-KFTGdiac-NAPamide. Figure 6 presents the organ 

distribution of 10.24 ± 1.09 MBq of [61Cu]Cu-KFTGdiac-NAPamide in B16F10 melanoma 

tumor-bearing C57BL/6 mice. The ex vivo uptake pattern was investigated after dissection, 30, 

60, 90 and 180 min post intravenous injection of the radiotracer. (n = 5 animals/time point) 

%ID/g values are presented as mean ± SD. 
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Table 2. Quantitative analysis of organ/tissue uptake of [61Cu]Cu-KFTGdiac-NAPamide. Table 2 exhibits the uptake values (expressed in %ID/g) 

of the B16F10 melanoma tumors and other assessed tissues/organs. The ex vivo accumulation values were measured after dissection and 30, 60, 

90 and 180 min post intravenous injection of the radiotracer. (n = 5 animals/time point) %ID/g values are presented as mean ± SD.  

 30 min 60 min 90 min 180 min 

Organ %ID/g %ID/g (T/organ) %ID/g %ID/g (T/organ) %ID/g %ID/g (T/organ) %ID/g %ID/g (T/organ) 

blood 1.48 ± 0.44 4.49 ± 0.61 1.05 ± 0.22 4.00 ± 0.58 0.78 ± 0.21 3.69 ± 0.87 0.44 ± 0.15 3.96 ± 1.06 

liver 5.04 ± 0.41 1.32 ± 0.12 6.71 ± 0.34 0.63 ± 0.11 4.03 ± 0.41 0.71 ± 0.21 3.58 ± 0.44 0.49 ± 0.07 

spleen 0.98 ± 0.27 6.79 ± 1.31 1.00 ± 0.34 4.19 ± 0.99 0.94 ± 0.31 3.05 ± 0.83 0.97 ± 0.31 1.81 ± 0.36 

kidney 6.96 ± 0.62 0.95 ± 0.14 6.39 ± 0.56 0.66 ± 0.10 4.40 ± 0.60 0.65 ± 0.11 3.49 ± 0.52 0.50 ± 0.07 

small intestine 4.02 ± 0.61 1.65 ± 0.37 4.57 ± 0.62 0.92 ± 0.27 2.68 ± 0.61 1.07 ± 0.12 2.21 ± 0.58 0.80 ± 0.19 

large intestine 4.22 ± 0.56 1.57 ± 0.17 7.46 ± 0.46 0.56 ± 0.16 2.85 ± 0.41 1.01 ± 0.12 2.87 ± 0.28 0.61 ± 0.10 

stomach 0.57 ± 0.08 11.65 ± 2.49 0.45 ± 0.07 9.36 ± 1.37 0.16 ± 0.09 18.00 ± 2.39 0.10 ± 0.04 17.60 ± 2.37 

muscle 0.30 ± 0.07 22.21 ± 3.74 0.23 ± 0.09 18.16 ± 2.87 0.16 ± 0.09 17.59 ± 3.06 0.10 ± 0.09 18.27 ± 3.06 

fat 0.44 ± 0.10 15.14 ± 3.41 0.44 ± 0.18 9.63 ± 2.08 0.29 ± 0.12 9.91 ± 1.44 0.12 ± 0.12 15.28 ± 2.33 

lung 0.24 ± 0.07 27.67 ± 4.84 0.12 ± 0.04 35.08 ± 6.70 0.09 ± 0.06 32.00 ± 4.93 0.07 ± 0.04 25.14 ± 4.20 

heart 0.86 ± 0.16 7.69 ± 1.34 0.91 ± 0.37 4.61 ± 0.99 0.50 ± 0.15 5.72 ± 1.07 0.46 ± 0.15 3.80 ± 0.96 

brain 0.10 ± 0.02 65.28 ± 12.09 0.15 ± 0.04 28.94 ± 4.06 0.07 ± 0.02 43.92 ± 7.55 0.06 ± 0.02 27.67 ± 5.04 

bone (femur) 0.42 ± 0.11 15.91±3.67 0.41 ± 0.10 10.21 ± 1.31 0.23 ± 0.09 12.37 ± 2.47 0.26 ± 0.09 6.67 ± 1.31 

salivary glands 0.45 ± 0.10 14.76±2.48 0.34 ± 0.21 12.38 ± 2.07 0.22 ± 0.10 13.09 ± 2.63 0.18 ± 0.08 9.78 ± 1.46 

gall bladder 3.72 ± 0.50 1.78 ± 0.38 6.73 ± 0.49 0.63 ± 0.11 3.51 ± 0.61 0.82 ± 0.21 2.93 ± 0.38 0.60 ± 0.11 

pancreas 0.65 ± 0.12 10.23 ± 1.81 0.67 ± 0.15 6.26 ± 1.07 0.38 ± 0.14 7.57 ± 1.08 0.33 ± 0.14 5.28 ± 0.99 

B16-F10 tumor 6.64 ± 0.34 - 4.21 ± 0.50 - 2.88 ± 0.27 - 1.76 ± 0.31 - 

B16-F10 tumor (blocked) 1.11 ± 0.13** - 0.72 ± 0.11** - 0.47 ± 0.09** - 0.25 ± 0.07** - 
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Although the above-detailed results may lay the groundwork for the future in vivo application 

of [61Cu]Cu-KFTGdiac-NAPamide, ex vivo measurements conducted at more time points could 

grant more profound information on tracer kinetics and uptake pattern.33 

 

Table 3. Comparison of the most important physico-chemical and imaging characteristics of 

[61Cu]Cu-KFTGdiac-NAPamide and [61Cu]Cu-KFTG-NAPamide  

 [Cu(KFTGdiac)]– [Cu(KFTG)]+ 

t1/2,form (s) 1.1 155 

t1/2,diss (h) 0.31 2.0 

IC50 (μM) – 2.3 

plasma stability at 37 °C intact (5 h) >96% (6 h) 

 [61Cu]Cu-KFTGdiac-
NAPamide [61Cu]Cu-KFTG-NAPamide 

logP value -1.43 -1.99 

hydrophilicity less hydrophilic hydrophilic 

way of excretion urinary and gastrointestinal 
system urinary system 

cell line MC1-R positive B16F10 

in vitro behaviour excellent binding ability 

imaging modality miniPET 

in vivo imaging 
characteristic outstanding tumor-targeting potential 

detected cancerous lesion MC1-R overexpressing B16F10 melanoma 

tumor uptake 

gradual decline (30-to-180 
min), two times higher 
SUVmax compared to 

[61Cu]Cu-KFTG-NAPamide 

significant increase (30-to-60 
min), then a plateau (until 180 

min) 

T/M ratios sharp rise over time sharp rise over time, higher 
than the KFTGdiac conjugate 

organs with the highest ex 
vivo uptake 

kidneys, liver, small and large 
intestines, gall bladder kidneys 

ex vivo tumor 
accumulation 

excellent, max. 30 min. post 
injection 

excellent, max. 60 min. post 
injection 

ex vivo uptake tendency variable gradual decline over time (30-
to-180 min) 
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3. Conclusions 
The outcomes of this study shows that, we were able to further improve the outstanding 

features of the earlier introduced [61Cu]Cu-KFTG-NAPamide PET tracer by incorporating two 

acetate pendants into the chelator structure. Structural studies on the pristine [Cu(KFTGdiac)]– 

complex confirmed that one of the acetate pendants coordinates to copper(II) in apical position 

and the equatorial plane is accommodated by the nitrogen donor atoms of the macrocyclic 

cavity. The physico-chemical characterization of the complex exhibits fast complex formation 

reaction (less than 8 seconds at pH = 5.0 and 25 °C) and suitable inertness (t1/2 = 18.4 min at 50 

°C in 5 M HCl). Furthermore, the dissociation of the [61Cu]Cu-KFTGdiac-NAPamide tracer 

was investigated in human plasma resulted no loss of activity during 5 hours. 

Additionally, the [61Cu]Cu-KFTGdiac-NAPamide presented excellent MC1-R binding 

capability as well as favourable T/M ratios, suggesting outstanding imaging performance and 

suitable tracer kinetics for further in vivo applications. The most important physico-chemicals 

and imaging features are summarized in Table 3. Taken together, our findings capitalize on the 

relevance of this radiopharmaceutical as an attractive MM PET diagnostic probe for future 

progression from bench to bedside. 

 

4. Materials and Methods 
The highest analytical grade chemicals were applied without further purification. The 

concentration of the CuCl2 (Merck) solution was determined by means of complexometric 

titrations in which standardized Na2H2EDTA (H4EDTA: ethylenediaminetetraacetic acid) 

(Merck) solution was used in the presence of murexid indicator. 

Resin-bound NAPamide [Ac-Nle-Asp(tBu)-His(Trt)-(D-Phe)-Arg(Pbf)-Trp(Boc)-Gly-

Lys-(Rink Amide MBHA resin)] was purchased from CASLO ApS (Lyngby, Denmark). All 

other reagents were purchased from Sigma-Aldrich. The mass spectra were recorded on a 

Waters Acquity UPLC Iclass system (Waters, Milford, MA, USA). For the HPLC (high pressure 

liquid chromatography) system, HPLC-MS grade ACN and deionized water (Milli-Q, 18.2 MΩ 

cm−1, Merck, Kenilworth, NJ, USA) were used. Semipreparative RP-HPLC and analytical 

radio-HPLC were conducted using a Waters LC Module 1 HPLC and a Waters 2695 Alliance 

HPLC system connected to a UV detector and the ATOMKI 120 CsI scintillation detector. 

Semipreparative RP HPLC was performed using a Luna C18 10 µm (250 × 10 mm) column; 

solvent A: TFA (c = 0.01 M, pH = 3); solvent B: 95% ACN. Analytical HPLC was performed 

using a Luna C18 3 µm (150 × 4.6 mm) column, solvent A: TFA; solvent B: 95% ACN.  
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4.1. Synthesis of the ligand 

Commercial reagents/solvents purchased from Sigma-Aldrich (St. Louis, MO, USA), 

Merck KGaA (Darmstadt, Germany) and Tokyo Chemical Industry (Tokyo, Japan) were used 

without further purification. 

The synthetic reactions were followed by using a Waters Alliance 2690 HPLC unit 

equipped with Waters 996 PDA detector, and a Phenomenex C18(2) 150*4.6 mm 3 micron 

column (Table S1 and S2). The preparative HPLC separations were carried out with a YL9100 

HPLC system (Korea) equipped with YL9101S degasser, YL9110S pump, YL9120S UV/VIS 

detector, Phenomenex Luna Prep C18(2) 100A 250x21.20 mm 10 micron 00G-4324-P0 column 

and Sigma-Aldrich CHROMASOLV® Plus solvents. The NMR (nuclear magnetic resonance) 

measurements were carried out with Bruker Avance II 500 MHz and Bruker Avance Neo 700 

MHz spectrometers using deuterated solvents. Heteronuclear 1H-13C HSQC and HMBC 

experiments were carried out on Bruker Avance Neo 700 MHz spectrometer. Mass spectra were 

recorded on a maXis II UHR ESI-QTOF MS Bruker instrument in the Laboratory of 

Instrumental Analysis, Department of Inorganic and Analytical Chemistry at the University of 

Debrecen. The purity of the final product (KFTGdiac) was >98.0% determined by reverse-

phase HPLC with UV−Vis detection at 220 and 260 nm (for more details, see SI). All 

compounds are >95% pure by HPLC analysis. 

 

4.2. Kinetic experiments 

 The complex formation of the [Cu(KFTGdiac)]– was investigated at 25 °C in the presence 

of 0.15 M NaCl ionic strength. The ligand was used in 10 times excess (0.1 mM) to ensure 

pseudo-first order conditions. The absorbance change was monitored at 310 nm with a Cary 

100 Bio UV-vis spectrophotometer. The reactions were carried out in the pH range 3.0 – 4.4 

using DMP buffer (1,4-dimethylpiperazine, pKa = 4.2) in 50 mM concentration. 

 The inertness of the complexes was investigated in 5.0 M HCl at 50 °C. The absorbance 

change was monitored at 310 nm with a Cary 100 Bio UV-vis spectrophotometer. The 

concentration of the complex was 0.1 mM. 

 

4.3. SOD activity measurements 

The decomposition of the superoxide anion radical (O2
●–) was studied through a 

xanthine/xanthine oxidase system. This system produces constantly O2
●– which reduces the 

para-nitro blue tetrazonium chloride (NBT) leading to the formation of formazan with 
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characteristic molar absorptivity at 560 nm. When the [Cu(KFTGdiac)]– complex is added to 

this system, the complex prevents the reduction of NBT by O2
●– which consumption can easily 

be followed by UV-VIS spectroscopy. The assay was carried out in phosphate buffer (pH = 7.7, 

c = 0.05 M) containing NBT (5x10–5 M) and xanthine (2x10–4 M). The reaction was initiated 

by adding an appropriate amount of xanthine oxidase in order to reach the change in absorbance 

around ΔA560nm = 0.020-0.030 min–1. The reaction was monitored for 480 s; in the first part of 

the experiment, the blank sample (without any complex) was monitored for 3-4 min, then the 

[Cu(KFTGdiac)]– complex was added to the sample and the absorbance was monitored for 

another 4 min. The obtained absorbance-time data were fitted with linear lines, then the SOD-

activity was expressed by the IC50 values. 

 

4.4. EPR measurements and DFT calculation 

The X-Band CW-EPR spectrum of the [Cu(KFTGdiac)]– was registered using a Bruker 

EleXSys E500 spectrometer (microwave frequency 9.4 GHz, microwave power 13 mW, 

modulation amplitude 5 G, modulation frequency 100 kHz). Frozen solution EPR spectrum was 

recorded using quartz EPR tube which was submerged in liquid nitrogen at 77 K. 0.2 mL 

aliquots of the sample were introduced into the quartz EPR tube and 0.05 mL of methanol was 

added to prevent the crystallization of water. The frozen solution EPR spectrum was simulated 

using the “epr” software designated by Rockenbauer and Korecz.34 The anisotropic spectrum 

was analysed individually by considering axial g- and A-tensor (ICu = 3/2). Since a natural 

CuCl2 was used for the measurements, the spectrum was calculated as the sum of the spectra of 
63Cu and 65Cu weighted by their natural abundances.  

The geometry of the [Cu(KFTGdiac)]– complexes were optimized through the Gaussian 

09 (Rev. E.01)35 software package at DFT level of theory. The hybrid Becke three-parameter 

B3P86 functional was used in this calculation.36 The relativistic small-core ECPs SDD and 

LANL2DZ with the corresponding valence basis sets were employed on the copper(II) and the 

triple-ζ def2-TZVP basis set for the main group elements.37–39 The effect of the solvent was 

taken into account adopting the Polarizable Continuum Model (PCM)40 for water. Single point 

calculations were carried out for the ground state geometry at the same level of theory which 

represented true minima on the potential energy surface. The ORCA program (v5.0.3)41 was 

used to calculate the g and A tensor for copper(II) coupling. In case of copper(II) couplings, the 

B3LYP functional with the atom-pairwise dispersion correction including the Becke-Johnson 

damping scheme (B3LYP D3BJ)42,43 was combined with the core-property basis set (CP(PPP)) 

for copper(II) and the EPR-III for nitrogen atoms.44 The calculations of g tensor was carried out 
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according to the methods published earlier.45 Briefly, the double hybrid PBE0-DH functional46 

was used and the calculation included relativistic corrections using the ZORA 

approximation47,48 with the def2-TZVPP basis set for copper(II) and def2-TZVP for further 

elements. 

 

4.5. Isotope production 

220-300 MBq 61Cu was produced from 0.25 mm thick natural zinc foil (Sigma Aldrich, 

99.999%) irradiated by 15.5 MeV proton beam (30 min., 20 μA) in a GE PETtrace cyclotron. 

The irradiated zinc foil was dissolved in 2 mL 7 M nitric acid and mixed with 5.4 mL 2.5 M 

ammonium formate solution. The 61Cu was trapped on a short Cu resin cartridge, while the 

contaminating gallium isotopes (66-67Ga) were not retained and rinsed off the resin with 10 

mL 0.01 M HCl. The retained activity was eluted with 0.5 mL 7 M HCl and evaporated to 

dryness with nitrogen stream in a heating block. The 61Cu was redissolved in 100 μL 0.01 M 

HCl. 

 

4.6. Labeling, general procedures 

Synthesis of KFTGdiac-NAPamide. A solution of HBTU (7 mg, 0.018 mmol) in 

anhydrous DMF (dimethylformamide) (2 mL), DIPEA (N,N-diisopropylethylamine, 3 µL, 

0.017 mmol) and a solution of bis(tBu)-KFTGdiac (5 mg, 0.007 mmol) in anhydrous DMF (2 

mL) were added to the protected, resin-bounded NAPamide [Ac-Nle-Asp(tBu)-His(Trt)-(D-

Phe)-Arg(Pbf)-Trp(Boc)-Gly-Lys-(Rink Amide MBHA resin)] (30 mg, 0.0045 mmol). The 

mixture was shaken for 6 hours at RT (room temperature) then the resin was washed with 

anhydrous DMF. The acidic hydrolysis was performed in 95 % TFA (2 mL). After shaking for 

4 hours the TFA was evaporated, and the crude peptide derivative was purified by HPLC. For 

semipreparative RP-HPLC, a Luna C18(2) 100 Å10 µm (250 × 10 mm) column was eluted at 

a flow rate of 4 mL∙min–1 using the following solvents: solvent A: 0.1% HCOOH solvent, B: 

95% ACN, gradient: 0 min: 100% A, 2 min: 100% A, 32 min: 100% B, 40 min 100% B. The 

product was collected between 15 and 16 min. After lyophilization, KFTG-NAPamide was 

obtained as a white powder (1.3 mg, yield: 20 %). HRMS ESI (electrospray ionization high-

resolution mass spectrometry) calc. for: C76H109N21O16, 786.9259 [M+H]2+ and 524.9532 

[M+H]3+, found: 786.9244 [M+H]2+ and 524.9560 [M+H]3+. 

The 61Cu solution was mixed with 100 μL pH = 5, 1 M HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) buffer and 10 μL 1 mg/ml peptide solution was added. The 

mixture was heated for 10 min in a 95 °C heating block. Reaction was monitored with radio-
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TLC on ITLC-SG (instant thin layer chromatography medium - silica gel) sheets, eluted with 

ammonium-acetate methanol 1:1. The reaction mixture was diluted with water and loaded to a 

Waters Light C18 cartridge. After rinsing with water, the product was eluted with 0.6 mL 

ethanol. The solution was evaporated to complete dryness and redissolved in 100 μL saline.  

 

4.7. Determination of logP  

A sample of KFTGdiac-NAPamide in pH = 7 HEPES  buffer was added to 0.5 mL water 

and 0.5 mL octanol. The liquids were mixed thoroughly with vortex mixer for several minutes 

and left to stand. After phase separation 10 μL samples were taken from both phases and 

counted with a gamma counter. The octanol/water partition coefficient was found to be –1.43. 

 

4.8. Stability 

Plasma stability was determined in human plasma at 37 °C. Significant changes in the 

radiochemical purity were not observed during the 5 h experiment. The values obtained are 

scattered within the margin of errors. 

 

4.9. Cell lines 

The MC1-R pos. murine B16F10 melanoma cell line was purchased from the American 

Type Culture Collection (CRL-6475™, ATCC, Virginia, USA). B16F10 cell line was cultured 

in Dulbecco's Modified Eagle's medium (DMEM, Merck Life Science Ltd., Budapest, 

Hungary) supplemented with 1% (v/v) MEM Non Essential Amino Acid solution (Merck Life 

Science Ltd., Budapest, Hungary), 1% MEM Vitamins solution (Merck Life Science Ltd., 

Budapest, Hungary), 10% Fetal Bovine Serum (FBS, GIBCO Life technologies) and 1% 

Antibiotic and Antimicotic solution (Merck Life Science Ltd., Budapest, Hungary). Cell 

culturing occurred at 37 °C in a humidified 5% CO2 atmosphere. To accomplish in vitro 

experiments and tumor induction the cells were used at 85% confluence. Trypan blue exclusion 

test was applied for the assessment of the viability of the cells that was always higher than 90%.  

 

4.10. In vitro Cellular Uptake and Blocking Studies 

To carry out cell uptake and blocking studies, B16F10 cells were aliquoted in plastic 

test tubes at a cell concentration of 1×106 mL−1. Then, 0.37 MBq of [61Cu]Cu-KFTGdiac-

NAPamide was added to each tube, and the tubes were incubated for 30, 60, 90 and 180 minutes 

at 37 °C. After incubation, ice-cold PBS (phosphate-buffered saline) was used for the washing 

of the samples, which was followed by radioactivity determination applying a calibrated gamma 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nonessential-amino-acid
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/antibiotics
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counter (Perkin-Elmer Packard 406 Cobra, Waltham, MA, USA). For the determination of the 

cellular efflux of [61Cu]Cu-KFTGdiac-NAPamide, B16F10 cells were first incubated in the 

presence of the radiotracer (at 37 °C for 30, 60, 90 and 180 min) and then washed with gl-PBS 

(glucose - phosphate-buffered saline) at room temperature. The supernatant was removed by 

centrifugation and melanoma cells were resuspended in 2 mL 37 °C gl-PBS and further 

incubated for 10 min at 37 °C. The efflux was terminated by ice-cold PBS. After the washing 

step (twice with ice cold PBS), the radioactivity of the pellet was measured by using a gamma-

counter. 

In blocking experiments B16F10 cells were co-incubated with 5 µM of α-MSH ([Nle4, 

D-Phe7]-α-MSH, Sigma-Aldrich) as a blocking ligand and 0.37 MBq of [61Cu]Cu-KFTGdiac-

NAPamide. 

The decay-corrected radiotracer uptake was presented as counts/(min∗(106 cells)) 

(cpm). We displayed [61Cu]Cu-KFTGdiac-NAPamide uptake as the percentage of the total 

radioactivity of the radiotracer added to the cells (%ID/106 cells). All experiments were 

conducted in triplicate. 

 

4.11. Animal Housing 

Twelve-week-old C57BL/6 male mice (Charles River; Animalab Ltd., Budapest, 

Hungary; n = 40) kept under standard laboratory conditions were enrolled in the present 

experiment. The mice were housed in Individually Ventilated Cages (IVC) in a temperature (26 

± 2 °C)-, and humidity (55 ± 10%)-controlled room with a 12-hour light/12-hour dark schedule. 

Sterile semi-synthetic diet (Akronom Ltd., Budapest, Hungary) and water were administered 

ad libitum for all study mice. All procedures were complied with all applicable sections of the 

Hungarian Laws as well as the directions and regulations of the European Union. The 

permission of the Ethics Committee for Animal Experimentation of the University of Debrecen 

(ethical permission number: 16/2020/DEMÁB) was granted for the accomplishment of the 

present research. The fulfilment of the 3R policy was among our priorities throughout the whole 

procedure.  

 

4.12. In vivo Tumor Models 

 For the induction of MC1-R pos. melanoma tumors, C57BL/6 mice were 

subcutaneously inoculated in the left shoulder area with 4x106 B16F10 cultured murine 

melanoma cells in 120 μL saline (n = 40). Throughout tumor generation isoflurane-assisted 

anaesthesia was applied (3% isoflurane (Forane, AbbVie, Chicago, IL, USA), 0.4 L/min O2, and 
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1.4 L/min N2O). 9 ± 1 days after tumor induction, the tumors had grown to an average volume 

of 200 ± 10 mm3, and the mice were subjected to in vivo microPET imaging and ex vivo organ 

distribution studies.  

 

4.13. In Vivo Positron Emission Tomography Imaging 

 The subcutaneously generated tumors were allowed to grow for approximately 10 days 

to reach the tumor volume of approximately 200 ± 10 mm3 for microPET imaging. 9 ± 1 days 

post tumor generation, B16F10 tumor-bearing mice (n = 20) were intravenously administered 

with 10.24 ± 1.09 MBq of [61Cu]Cu-KFTGdiac-NAPamide through the lateral tail vein and 

dynamic PET examinations were performed under isoflurane-induced anaesthesia (3% 

isoflurane (Forane), AbbVie, Budapest, Hungary; OGYI-T-1414/01) using a preclinical 

MiniPET-II small animal PET device (Division of Nuclear Medicine and Translational Imaging, 

Department of Medical Imaging, Faculty of Medicine, University of Debrecen). 

 

4.14. PET Data Assessment  

For PET image reconstruction, three-dimensional ordered-subsets expectation-

maximization algorithm (3D-OSEM) was used. PET data assessment was performed with the 

application of the BrainCAD image analysis software. Three-dimensional ellipsoidal volume 

of interests (VOIs) was carefully delineated around the edge of the radioactivity of selected 

organs on the coronal PET images to determine their radiotracer concentration. The average 

signal levels in the VOIs were expressed in standardized uptake values (SUVs), including 

SUVmean and SUVmax. SUV (g/mL) was calculated based on the following formula:  

 

SUV = [VOI activity (Bq/ml)]/[injected activity (Bq)/animal weight (g)]      (2) 

 

The average radioactivity of the VOI is indicated by SUVmean, while the SUVmax value 

reflects the highest tracer concentration within that volume. Tumor-to-muscle (T/M SUVmean 

and T/M SUVmax) ratios were also registered from the activity of the tumors and the background 

(muscle). 

 

4.15. Ex Vivo Biodistribution Studies 

To assess the radiotracer uptake pattern of the tumor-bearing and healthy control mice, 

ex vivo biodistribution experiments were conducted. For post imaging biodistribution studies, 

10.24 ± 1.09 MBq of [61Cu]Cu-KFTGdiac-NAPamide was injected intravenously into the 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/isoflurane
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lateral tail vein of both B16F10 transplanted and healthy control mice. The experimental small 

animals were sacrificed 30, - 60, - 90, - and 180 minutes after tracer administration. Major 

organs/tissues including the heart, lung, salivary glands, liver, spleen, gall bladder, pancreas, 

stomach, intestines, kidneys, brain, bone (femur), urine, blood, muscle, fat tissue and the tumors 

were harvested, weighed wet and measured for radioactivity by γ-counting (Perkin-Elmer 

Packard 406 Cobra, Waltham, MA, USA). The radioactivity was decay corrected to the time of 

injection and the biodistribution results were obtained as %ID/g (n = 5/group). 

 

4.16. Blocking experiments 

 To verify the MC1-R selectivity of the newly constructed probe, the receptor expressing 

B16F10 xenograft models were co-injected with approximately 10 MBq of [61Cu]Cu-

KFTGdiac-NAPamide and 200 µg α-MSH in 100 µL saline (as a blockade, approx. 350-fold of 

the 61Cu-labelled peptides). After the co-administration of the radiopharmaceutical and the α-

MSH, in vivo miniPET acquisition and ex vivo uptake studies were carried out with the 

enrolment of 40 animals (20 and 20 for in vivo and ex vivo blocking experiments; respectively). 

Data was collected and analyzed using the same methods as described above. 

 

4.17. Statistical Analyses 

 We accomplished the statistical analyses with the application of MedCalc 18.5 

commercial software package (MedCalc 18.5, MedCalc Software, Mariakerke, Belgium). Two-

tailed t-tests, two-way ANOVA or Mann-Whitney U-test were used for the determination of 

statistical differences. The results are shown as the mean ± SD. Changes with p < 0.05 were 

significant, unless otherwise indicated. 
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