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Abstract: Malignant melanoma is a major public health problem with an increasing incidence
and mortality in the Caucasian population due to its significant metastatic potential. The early
detection of this cancer type by imaging techniques like positron emission tomography acts as
an important contributor to the long-term survival. Based on literature data, the radio labelled
alpha-MSH analog NAPamide molecule is an appropriate diagnostic tool for the detection of
melanoma tumors. Inspired by these facts, a new radiotracer, the [**Cu]Cu-KFTG-NAPamide
has been synthesized to exploit the beneficial features of the positron emitter ®1Cu and the
melanoma specificity of the NAPamide molecule. In this work, we report a new member of the
CB-15aneNs ligand family (KFTG) as the chelator for ®*Cu(ll) complexation. On the basis of
the thorough physico-chemical characterization, the rigid [Cu(KFTG)]" complex exhibits fast
complex formation (t12=155 s at pH 5.0 and 25 °C) and high inertness (t12=2.0 h in 5.0 M HCI
at 50 °C) as well as moderate superoxide dismutase activity (ICs0=2.3 uM). Furthermore, the
[**Cu]Cu-KFTG-NAPamide possesses outstanding features in the diagnostics of B16-F10
melanoma tumors by PET imaging: (T/M(SUVSs) (in vivo): appr. 14, %ID/g: 7+1 and T/M (ex
vivo): 31524 at 180 min).
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1. Introduction

Among skin cancers melanoma malignum is the most aggressive malignancy with high
mortality rate and associated with high metastatic potential.(Ahmed et al., 2020) The metastatic
lesions in several organs (e.g. brain, liver, lung) largely reduce the chance of patient survival
and the five-year survival rate falls between 5-19 %.(Sandru et al., 2014) Due to its high
metastatic potential, the early diagnosis of small and distant metastases is crucial, thus, high-
resolution imaging techniques (e.g. Positron Emission Tomography (PET) or Magnetic
Resonance Imaging (MRI)) are frequently used to detect such metastases.(Mclvor et al., 2014;
Rodriguez Rivera et al., 2014)

In the last decade, several melanoma-specific radiolabeled molecules (e.g.
antibodies,(Thompson et al., 2014) a-MSH receptor (alpha-Melanocyte-Stimulating hormone)
ligands(Gao et al., 2016) and benzamide derivatives(Kim et al., 2012)) have been developed
for PET imaging of melanoma. In the field of nuclear medicine, the melanocortin-1 receptor
(MC1-R) - as a G-protein-coupled cell membrane receptor — is one of the most promising
targets due to its significant overexpression on the surface of melanoma metastases.(Chung et
al., 2012; Rosenkranz et al., 2013) Alpha melanocyte stimulating hormone (a-MSH) analogues,
e.g. NAPamide peptide, specifically bind to the MC1-R receptors. For in vivo preclinical PET
imaging several ®*Cu-,(Z. Cheng et al., 2007) %8Ga-, **Sc-,(Nagy et al., 2017) *®F-,(Ren et al.,
2009) Hin- and %MTc-labelled(Miao et al., 2007) NAPamide analogues are reported as
potential melanoma-specific radiopharmaceuticals.

Beyond the widely used %4Cu isotope, the diagnostic and therapeutic applications of
other copper isotopes have attracted considerable attention in nuclear medicine and
radiochemistry.(Dong et al., 2020) Among the Cu isotopes that are suitable for in vivo
molecular imaging applications (®°Cu (t12=23.7 min, %), :Cu (t12=3.33 h), ®2Cu (t12=9.67 min,
A4, and ®Cu (t12=12.70 h, * and ")), the cyclotron produced 5Cu with its long half-life and
advantageous physical parameters (8*: 1159 keV; y: 511 keV) is suitable for PET imaging of
slower processes, moreover, permits extended imaging and can also be transported (as it is
happening frequently with FDG (fluorodeoxyglucose)) to distant PET imaging clinical centers
where cyclotron is not available.(Boschi et al., 2018; Williams et al., 2005) In addition, its
production is less expensive than that of several positron emitters.

In the last decades, considerable effort has been devoted to design and synthesize

appropriate chelators which form highly stable and extremely inert complexes with Cu(ll).



These rigid and structurally constrained ligands are mostly the derivatives of 12-membered
cyclen  (1,4,7,10-tetraazacyclododecane) and  14-membered  cyclam  (1,4,8,11-
tetraazacyclotetradecane) macrocycles containing alkane-bridge (located between two
opposing nitrogen atoms) in their skeleton.(Weisman et al., 1996, 1990) This modification on
the ligand backbone resulted in extremely high inertness of the Cu(ll) complexes against H*-
or OH™ assisted dissociations.(Heroux et al., 2007; Hubin et al., 1998) Although, the inertness
of the cross-bridged Cu(ll) chelates is remarkable, their complexation reactions are immensely
slow in mild conditions, therefore, their synthesis frequently requires harsh circumstances (e.g.
organic solvents, high temperature, long reaction time etc.).(Hubin, 2003) Obviously, the high
thermodynamic stability and inertness, the fast complex formation(Ferdani et al., 2012) as well
as the resistance to reduction(Woodin et al., 2005) are all important parameters but the most
crucial point is to find the reasonable balance between these features for the widespread
application, especially in the work with short-lived radioisotopes. For the resolution of this
issue, the CB-15aneNs ligand family(Shircliff et al., 2020; Wallace et al., 1995) provides an
appropriate coordination environment for copper(ll). Based on our previous work,(Csupasz et
al., 2022) the Cu(Il) complexes of CB-15aneNs and its bifunctional derivative — pNO2Bn-CB-
15aneNs — designed for functionalization with biovectors (e.g. NAPamide), possess high
thermodynamic stability, fast complex formation reaction and appropriate inertness for
radiotheragnostic (combining therapeutics with diagnostics)(Jadvar et al., 2018) purposes. As
it was presented, the formation of [[®*Cu]Cu(pNO2Bn-CB-15aneNs)]?* complex was fast with
S1Cu(ll) isotope, showed successful (100%) labeling at 10 uM ligand concentration and
exhibited suitable serum stability for in vivo application as diagnostic agent.

Based on the promising results obtained for the [[**Cu]Cu(pNO2Bn-CB-15aneNs)]?*
complex,(Csupész et al., 2022) we aimed to synthetize novel radiopharmacon, [**Cu]Cu-
KFTG-NAPamide, that combines the advantageous properties of ®:Cu(ll) isotope (i.e. its easy
and inexpensive production in cyclotron from zinc, its good physical parameters such as decay
half-life, t12=3.3 hours) and the excellent melanoma specificity of the NAPamide protein. This
radioagent could provide a good alternative for rapid and inexpensive melanoma diagnostics in
several cases due to its high affinity to melanoma tumors.

Since, the reduction of the NO> group to the corresponding NH> function is not a trivial
task, a slight modification on the synthetic procedure was accomplished and instead of the para-
nitrobenzyl moiety, the para-methyl-benzoic acid has been used as a linker between the ligand
and the NAPamide protein yielding a new bifunctional chelator the pBna-CB-15aneNs (Scheme

1), hereinafter mentioned as KFTG ligand. The incorporation of the para-methyl-benzoic acid



into the ligand structure ensured the convenient conjugation through the formation of peptide
bond between the carboxylic moiety of the KFTG ligand and the NH2 group of the NAPamide.

Although this modification on the structure of the chelator is not expected to cause
significant deviation in the physico-chemical properties of the ligand and its Cu(ll) complex
(since, neither the para-nitrobenzyl, nor the para-methyl-benzoic acid moiety coordinate to the
Cu(ll) ion due to steric effect), the formation and dissociation rates of the [Cu(KFTG)]*
complex as well as its superoxide dismutase (SOD) activity were determined. The structure of
the complex has been examined by density functional theory method (DFT) and a thorough in
vivo investigation on B16-F10 melanoma tumor-bearing C57BL/6J mouse model was carried
out with the [*1Cu]Cu-KFTG-NAPamide as a potential diagnostic agent (time-dependent PET
imaging and quantitative image analysis, organ distribution, logP, serum stability). Since
[**Cu]-based radiopharmacones have not been investigated on B16-F10 melanoma model for
PET radioimaging so far, we demonstrate the advantages of the [**:Cu]Cu-KFTG-NAPamide
for such purposes.

N
NH N‘/\\ PNO,Bn-CB-15aneNs: R = ¥<\j>——1\702
N\H_,N\// pBna-CB-15aneNs (KFTG): R —¥©* COOH

Scheme 1. The structure of the bifunctional ligands based on CB-15aneNs platform.
2. Materials and methods

The highest analytical grade chemicals were used for the experiments without further
purification. Complexometric titrations were carried out with standardized Na;HEDTA
(HsEDTA: ethylenediaminetetraacetic acid) (Merck) solution in the presence of murexid
indicator to determine the concentration of the CuCl, (Merck) stock solution for analytical
measurements.

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. 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 (MS: mass spectrometry) grade acetonitrile (ACN) and



deionized water (Milli-Q, 18.2 MQ cm™*, 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 Csl scintillation detector. Semipreparative RP HPLC (RP: reversed phase) was
performed using a Luna C18 10 um (250 x 10 mm) column; solvent A: 0.1% HCOOH; solvent
B: ACN. Analytical HPLC was performed using a Luna C18 3 pum (150 x 4.6 mm) column,
solvent A: oxalic acid (c =0.01 M, pH = 3); solvent B: acetonitrile.

2.1 Synthesis of the ligands

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 microwave activation was accomplished by a CEM Microwave
Synthesis System (Discover-S #908860) including an Explorer 48 #909480 autosampler. 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 S3). 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 250%x21.20 mm 10 micron 00G-4324-P0 column and
Sigma-Aldrich CHROMASOLV® Plus solvents (Table S2). The NMR (nuclear magnetic
resonance) measurements were carried out with Bruker DRX 360 MHz and Bruker Avance |
400 MHz spectrometers using deuterated solvents. Mass spectra were recorded on a maxXis Il
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 products (KFTG and bis(Boc)-KFTG) was >98.0% determined by reverse-phase
HPLC with UV—Vis detection at 220 and 260 nm.
Tert-butyl-4-((4,7-di(tosyl)-1,4,7,10,13-pentaazabicyclo[8.5.2]heptadecan-13-yl)-

methyl)benzoate: 4,7-Di(tosyl)-1,4,7,10,13-pentaazabicyclo[8.5.2]heptadecane (1.0 g, 1.82
mmol, 1.0 eq.) was measured into a flask and dissolved in 100 mL dry acetonitrile. K.CO3z (500
mg, 3.64 mmol, 2.0 eq.) was suspended into the solution. The flask was connected to a
condenser and the mixture was heated to 60 °C. The tert-butyl-4-(bromomethyl)-benzoate
(0.495 g, 1.82 mmol, 1.0 eq.) was dissolved in 100 mL dry acetonitrile and introduced into a
dropping funnel which was connected to the flask. This mixture was added dropwise slowly to

the hot reaction mixture which was stirred for 2 days. (The reaction was followed by analytical



HPLC.) After completion of the reaction, the hot mixture was filtered through a G4 glass filter
and the solvent was removed from the filtrate under reduced pressure. The product was white
powder (749 mg, 56 % yield) and used in the subsequent step without further purification.

4-(1,4,7,10,13-pentaazabicyclo[8.5.2]heptadecan-13-yl)methyl)benzoic acid
(KFTG): Tert-butyl-4-((4,7-di(tosyl)-1,4,7,10,13-pentaazabicyclo[8.5.2] heptadecan-13-
yl)methyl)benzoate (400 mg, 0.54 mmol, 1.0 eq.) was dissolved in 2.00 mL concentrated
sulfuric acid. The reaction was performed in microwave reactor (120 °C, 15 W, 10 min.), and
after then it was cooled to near 0 °C. After pouring the cold mixture into 100 ml cold diethyl-
ether, a brown precipitate appeared. The acidic ether was decanted from the solid, which was
dissolved in 5 mL of distilled water after the decantation. The pH of this solution was adjusted
to near 4.0 and the product was purified by preparative HPLC, which was a yellow solid (105
mg, 52 % yield). *H-NMR (360 MHz, D20): § (ppm) 8.37 (2H, d, J=8.0 Hz, aromatics), 7.79
(2H, d, J=8.0 Hz, aromatics), 4.23 (2H, s, -CH-), 3.55 (4H, m, -CH-), 3.51-3.33 (8H, m, -
CHy-), 3.30-3.22 (10H, m, -CHy-) 3.19 (2H, m, -CH3-). *C-NMR (90 MHz, CDsCN ): § (ppm)
169.2 (1C, C=0), 141.9, 129.6 (2x1C, Cg-aromatics), 130.0, 129.8, (2x2C, aromatics), 58.0,
52.2,50.0, 48.0, 46.6, 42.9, 41.7 (1x1C + 6%2C, -CH>-). ESI-MS (electrospray ionization mass
spectrometry) (m/z, positive mode): [M+H]"caic.: 376.2707, [M+H]*found: 376.2706 (Figure S1-
S4).

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

yl)methyl)benzoic acid (bis(Boc)-KFTG): KFTG (140 mg, 0.373 mmol, 1.0 eq.) was
dissolved in 20.0 mL THF (tetrahydrofuran) and triethylamine (530 pl, 3.73 mmol, 10.0 eq.)
was added to this mixture. This mixture was cool down in an ice bath to near 0 °C and the
solution of di-tert-butyl dicarbonate (370 mg, 1.12 mmol, 3.0 eq) in THF (10 mL) was added
to the reaction, which was stirred overnight at room temperature. The pH of this solution was
adjusted to near 7 and the compound was purified by preparative HPLC method. The product
was a white solid (105 mg, 52 % yield). *H-NMR (400 MHz, D-O/CDsCN): & (ppm) 8.57 (2H,
d, J=8.2 Hz, aromatics), 8.00 (2H, d, J=8.2 Hz, aromatics), 4.48 (2H, s, -CH>-), 4.19-3.33 (24H,
m, -CH>-), 2.03 (18H, m, -CHs). *C-NMR (90 MHz, D;0): & (ppm) 168.7 (1C, C=0), 156.8
(2C, C=0), 140.5, 132.0 (2C, Cq aromatics), 130.5, 130,1, (2x2C, aromatics), 81.4, (2C, Cq, -
tBu), 58.3, 56.7, 51.3, 49.6, 47.3, 44.6, (1x1C + 6x2C, -CH>-); 27.9 (2x3C, —CHBa, -tBu). ESI-
MS (m/z, positive mode): [M+H]"cac.: 576.3756, [M+H] found: 576.3756 (Figure S5-S8).

2.2 Kinetic experiments



The formation rate of the [Cu(KFTG)]* complex was studied at 25 °C and 0.15 M NaCl ionic
strength in the presence of 10 times excess of ligand to ensure pseudo-first order conditions.
The absorbance change was monitored at 285 nm with a Cary 100 Bio UV-vis
spectrophotometer. The Cu(ll) concentrations in the reactions were 0.1 mM. The formation
reactions were carried out in the pH range 3.4-4.6 using DMP buffer (1,4-dimethylpiperazine,
pKa = 4.2) in 50 mM concentration.

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

concentration of the complex were 0.1 mM.

2.3 Plasma stability

50 uL sample of [*:Cu]Cu-KFTG-NAPamide was mixed with 500 pL human plasma and kept
at 37 °C for six hours. Samples were taken and separated on ITLC-SG (instant thin layer
chromatography - silica-gel) stripes, eluted with ammonium acetate — methanol 1:1.

2.4 DFT calculation

The geometry of the [Cu(KFTG)]" complex was optimized through the Gaussian 09 (Rev. E.01)
software package at DFT level of theory.(Frisch, M. J., 2009) The hybrid Becke three-parameter
B3P86 functional was used in this calculation.(Becke, 1993) The relativistic small-core ECPs
SDD and LANL2DZ with the corresponding valence basis sets were employed on the
copper(Il) and the triple-C def2-TZVP basis set for the main group elements.(Biihl and Kabrede,
2006; Dolg et al., 1987; Hay and Wadt, 1985) The effect of the solvent was take into account
adopting the Polarizable Continuum Model (PCM) for water.(Tomasi et al., 2005) 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. Cartesian coordinates of the copper(I1)
complex were generated by EsiGen(Rodriguez-Guerra Pedregal et al., 2018) software while

Chimera (1.15)(Pettersen et al., 2004) was used to visualize the complex.

2.5 Superoxide dismutase (SOD) activity measurement



The dismutation reaction between the superoxide anion and [Cu(KFTG)]® complex was
quantitatively studied using the xanthine / xanthine oxidase / NBT assay. The assay was carried
out in phosphate buffer (pH = 7.6; ¢ = 50 mM) containing 45 uM NBT and 200 pM xanthine.
The reaction was initiated by adding an appropriate amount of xanthine oxidase to set a ca.
0.020 min~! rate of absorbance increase at 560 nm. First, the reaction was monitored in a control
sample without the addition of the complex. In the test samples, the reaction was started, let to
run for 3 min, then the [Cu(KFTG)]* complex was added, and the system was monitored further
for 4 min. The original and the altered rates of the absorbance increase were estimated by fitting
the appropriate parts of the kinetic curves with linear (zeroth order rate) functions. The
calculations for estimating the inhibition parameters were performed using the conventional
method reported in the literature.(Zhou and Prognon, 2006) The SOD activity of the complex

is expressed in copper-concentration equivalent ICso values.

2.6 Labeling experiments, general procedures

Synthesis of KFTG-NAPamide. A solution of HBTU (7 mg, 0.018 mmol) in anhydrous DMF
(dimethylformamide) (1 mL), DIPEA (3 pL, 0.017 mmol) and a solution of bis(Boc)-KFTG (5
mg, 0.007 mmol) in anhydrous DMF (1 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 3 hours at RT (room
temperature) then the resin was washed with anhydrous DMF. The acidic hydrolysis was
performed in 95 % TFA (1 mL). After shaking for 6 hours the TFA was evaporated, and the
crude peptide derivative was purified by HPLC. For semipreparative RP-HPLC, a Luna C18(2)
100 A10 um (250 x 10 mm) column was eluted at a flow rate of 4 mL-min™* using the following
solvents: solvent A: 0.1% HCOOH solvent, B: 95% acetonitrile, 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:
C72H10sN21012, 728.9204 [M+H]?* and 486.2829 [M+H]**, Found: 728.9174 [M+H]*,
486.2832 [M+H]*".

2.7 Isotope production



%1Cu was produced from natural zinc foil (Sigma Aldrich, 99.999% purity, 10x10x0,1 mm size,
0.25 mm thickness) irradiated by 15.5 MeV proton beam (30 min., 20 pA) in a GE PETtrace
cyclotron. Typical %Cu activity after separation from gallium isotopes was 250-330 MBq. The
irradiated target material was dissolved in 2 mL of HNO3z (c = 7 M) and mixed with 5 mL of
ammonium formate solution (c = 2.5 M) to set the pH to 2. The solution was loaded to a small
CU resin column (6 x 9 mm). After washing with 10 mL water, the trapped activity was eluted
with 0.5 mL of 7 M HCI and evaporated to dryness. The %*Cu was dissolved in 0.01 M HCI or
HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH = 7).

2.8 [%'Cu]-labeling experiments

5 pL aliquots of solution containing 1 mg/mL KFTG-NAPamide was added to approximately
100 MBq ®'Cu in 50 pL 1 M HEPES buffer (pH = 7) and heated to 95 “C for 15 minutes in a
closed Eppendorf tube. The solution was diluted with 1 mL water, and loaded to a Waters light
C18 SPE cartridge. After washing with water, the labelled peptide was eluted with 500 pL
saline-ethanol 1:1 mixture. The solution was evaporated to near dryness with heating in nitrogen
stream and diluted with saline solution. Radiochemical purity was determined with radio-TLC
on ITLC stripes, eluted with ammonium acetate — methanol 1:1. The molar activity of the
labelled peptide was 52-58 MBg/nmol.

2.9 Determination of LogP

A sample of [**Cu]Cu-KFTG-NAPamide in HEPES buffer (pH = 7) was added to 0.5 mL water
and 0.5 mL octanol in an Eppendorf vial. The vial was vortexed for several minutes and left to
stand until phase separation. 50 pL aliquots were taken from the phases and counted with a

gamma counter.

2.10 In vitro cellular uptake and efflux studies

B16-F10 mouse and amelanotic A375 human melanoma cells (purchased from the American
Type Culture Collection (ATCC)) were grown as monolayer in Dulbecco’s Modified Eagle’s
medium (DMEM, GIBCO Life Technologies) supplemented with 10% Fetal Bovine Serum
(FBS, GIBCO Life technologies), 1% (v/v) MEM amino acid, vitamins and antibiotic-



antimicotic solution (Sigma-Aldrich). Cells were cultured under standard conditions at 5% COx,
and 37 °C.

For the in vitro experiments B16-F10 and A375 cells were trypsinized, washed and
resuspended in cell culture medium. Cells were aliquoted in test tubes at a cell concentration of
1x10° mI%, and incubated for 30, 60, 90 and 180 min after the addition of 0.37 MBq [**Cu]Cu-
KFTG-NAPamide at 37 °C; then samples were washed 3 times with ice-cold PBS and the
radioactivity uptake was measured with gamma counter (Hewlett Packard Cobra Il Autogama
Gamma Counter, USA). For the efflux studies melanoma cells were incubated in the presence
of [**Cu]Cu-KFTG-NAPamide (0.37 MBq at 37 °C) for 30, 60, 90 and 180 min. After the
incubation time cells were washed with PBS containing 1 mM glucose (gl-PBS) at room
temperature. Subsequent centrifugation the supernatant was removed and the cells were
resuspended in 2 ml gl-PBS and further incubated for 10 min at 37 °C without the radioligand.
The efflux was terminated by the addition of ice-cold PBS, cells were then washed twice with
ice cold PBS and the radioactivity was measured by using a calibrated gamma-counter (Hewlett
Packard Cobra Il Autogama Gamma Counter, USA). The uptake of [*:Cu]Cu-KFTG-
NAPamide was expressed as percentage of the total radioactivity of radiotracers added to the
cells (ID%/10°8 cells). Each experiment was performed in triplicate and the displayed data

represents the means of at least three independent experiments.

2.11 In vivo tumor model

C57BL/6J mice (12-week-old, female, n=30; Charles River Laboratories) were housed under
sterile conditions in IVVC cages (individually ventilated cage) at a temperature of 26+2 °C with
5510 % humidity and artificial lighting with a circadian cycle of 12 h. Semi-synthetic diet
(Akronom Ltd., Budapest, Hungary) and drinking water were available ad libitum to all the
animals. Laboratory animals were kept and treated in compliance with all applicable sections
of the Hungarian Laws and regulations of the European Union. For the induction of MC1-R
positive melanoma tumors C57BL/6J mice were injected with 1x10% B16-F10 tumor cells in
100 pL saline subcutaneously into the left shoulder area. In vivo and ex vivo experiments were

carried out 8+1 days after tumor cell inoculation at the tumor volume of 12010 mm?,

2.12 In vivo PET imaging



For in vivo imaging studies B16-F10 tumor-bearing mice were injected intravenously with
10.3+0.3 MBq of [**Cu]Cu-KFTG-NAPamide via the lateral tail vein, and dynamic PET scans
were performed under 1.5 % isoflurane (Forane, AbbVie) anesthesia (Tec3 Isoflurane
Vaporizer, Eickemeyer Veterinary Equipment, UK) using the preclinical MiniPET-II imaging
device (University of Debrecen, Faculty of Medicine, Department of Medical Imaging,
Division of Nuclear Medicine and Translational Imaging). Reconstructed images were analyzed
using the BrainCad image analysis software. Ellipsoidal 3-dimensional VVolumes of Interest
(VOIs) were manually drawn around the edge of the tissue or organ activity by visual
inspection. Radiotracer uptake was expressed in terms of standardized uptake values (SUVSs).
SUV was calculated as follows: SUV = [VOI activity (Bg/ml)]/[injected activity (Bg)/animal
weight (g)], assuming a density of 1 g/mL. Tumor-to-muscle (T/M) ratios were calculated from

the activity of tumor and background (muscle).

2.13 Ex vivo biodistribution studies

8+1 days after tumor cell inoculation B16-F10 tumor-bearing mice were injected intravenously
with 10.3+0.3 MBq of [*!Cu]Cu-KFTG-NAPamide, and after 30-, 60-, 90- and 180-min
incubation time mice were euthanized with 5% Forane. Tissue samples were taken from
selected organs and the weight, and the radioactivity of the samples were measured with
calibrated gamma counter (Hewlett Packard Cobra 1l Autogama Gamma Counter, USA) and
the uptake was expressed as %I1D/g tissue.

Statistical analysis. Significance was calculated by two-way ANOVA, Student’s t-test
(two-tailed) and Mann-Whitney U-test using the MedCalc 18.5 software package (MedCalc
Software, Mariakerke, Belgium). The significance level was set at p<0.05 unless otherwise
indicated. Data are presented as meanxSD of at least three independent experiments.

The ethical approval for animal experiments was given by Animal Welfare Committee
of University of Debrecen (16/2020/DEMAB). Study design and the animal experiments were
in accordance with the ARRIVE guideline.(Percie du Sert et al., 2020)

3. Results and Discussion
3.1 Synthesis of the ligands



The KFTG ligand has been synthesized according to the procedure published
previously(Csupasz et al., 2022) using tert-butyl-4-(bromomethyl)benzoate instead of 4-
nitrobenzyl bromide to settle the bifunctional character of the ligand. In order to avoid the
amidation of the secondary amine nitrogen atoms in the functionalization reaction carried out
with NAPamide, tert-butyloxycarbonyl protecting groups (Boc) were used. The detailed
characterization of the new ligands (Figure S1-S8 and Table S1-S3) and the synthetic
procedures are provided in the SI. The synthesis of KFTG-NAPamide (Figure S1) was
performed by standard amide conjugation, thus bis(Boc)-KFTG bifunctional chelator was
coupled via an active ester to the free amine group of the lysine unit of the resin-bound
NAPamid 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 (trifluoroacetic acid). The crude peptide with the KFTG moiety was purified by
semipreparative RP-HPLC. The chelator-conjugated NAPamide was identified by HRMS SI.

3.2 Formation and dissociation kinetic studies

The fast complexation of the short-lived radioisotopes is essential to minimalize radioactive
decay of the agents for preserving the diagnostic and therapeutic effects. As it was pointed out,
the chelation of the Cu(ll) by the rigidified tetraaza-macrocycles often requires high
temperature and organic solvents which is obviously time and resource consuming.

First, the formation of the [Cu(KFTG)]" complex was studied according to the method
published previously.(Csupasz et al., 2022) The complexation reactions were carried out in the
presence of ligand excess (x10) to ensure pseudo-first-order condition at 25 °C (Figure 1).
Under these conditions the rate of the complex formation can be given by the rate equation
d[CuL]¢/dt = kons[Cu(11)], where [CuL]: is the total concentration of the chelate.
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Figure 1. Plot of the first-order rate constants (kobs) as a function of [OH™] for the formation of
[Cu(KFTG)]" (0.15 M NacCl, 25 °C).

As presented in Figure 1, the rate constants (kons) Obtained at different pH values are directly
proportional to the increase of [OH] for the [Cu(KFTG)]" complex and the formation rate of
the complex exhibits second-order dependence on OH™ concentration. Thus, the pseudo-first-

order rate constants for the complex formation can be expressed as follow:
Kobs = ki[OH™] + ko[OH]? 1)

where ki and k> are the rate constants characterizing the transformation of the intermediate to
product assisted by the OH™. The mechanism of the reaction was not investigated in detail. The
fitting of the kobs rate constants to equation (1) yields ki=(1.2+0.1)x10%° M~'s and ko=
(3.3£0.5)x10% M2, For comparison, the ti> (ti2=In2/kcaic) of the formation reaction was
calculated to be 155 s at pH=5.0 which is similar to that obtained for the [Cu(pNO2Bn-CB-
15aneNs)]** complex, t12=133 s.(Csupasz et al., 2022) The results show that the KFTG ligand
forms Cu(ll) complex in less than 20 minutes (7 times t12) at pH 5.0 and 25 °C.

Since the dissociation of rigidified Cu(ll) complexes is extremely slow under mild
circumstances, their inertness is usually investigated in harsh conditions such as high acid
concentration and elevated temperature.(Shircliff et al., 2020) Detailed characterization of the
different dissociation pathways (e.g. proton- and metal-assisted dissociation) is challenging or
even impossible in these systems, therefore the dechelation reactions of the complexes are

monitored at high acid concentration (e.g. 5 M HCI) and elevated temperature (50 or 90 °C).



Since the high H* concentration ensures the pseudo-first order conditions for this reaction, the
obtained kobs Values can be handled as pseudo-first order rate constants and easily converted to
dissociation half-lives for comparison. The inertness of the [Cu(KFTG)]* complex has been
studied in 5.0 M HCI at 50 °C. The ti» value calculated for the dissociation of [Cu(KFTG)]*
found to be 2.0(1) hours which is in good agreement with that determined for the [Cu(pNO2Bn-
CB-15aneNs)]?* complex (2.3 hours).(Csupasz et al., 2022) The results indicate that the
alternation of the nitrobenzil moiety to benzoic acid does not lead to significant differences
either in the formation or in the dissociation features of the Cu(ll) complex. For the sake of
clarity, it should also be mentioned that the physico-chemical features of the chelators slightly
alter upon the functionalization, which means that these values determined for the [Cu(KFTG)]*
complex are only good approximations to describe the properties of the radiopharmacon.
However, the inertness of our complex is less than that of many cross-bridged Cu(ll)
complexes,(Anderson et al., 2008) the in vitro and in vivo experiments performed with
[**Cu(KFTG)]-NAPamide confirmed that the inertness of the agent is high enough for %*Cu-
based PET diagnostic applications (less than 4% dissociation in blood plasma at 37 °C during
6 hours, Figure S9).

3.3 DFT calculations and SOD activity

In order to explore the structure of the [Cu(KFTG)]" complex, DFT calculations were carried
out. According to the results obtained for the [Cu(pNO2Bn-CB-15aneNs)]?* complex, the ligand
coordinates to the copper(ll) via the 5 nitrogen donor atoms yielding a pentacoordinated
copper(Il) species. DFT optimized structure is shown in Figure 2 and the corresponding
Cartesian coordinates are reported in the SI (Table S4). An average equatorial bond length of
2.016 A and an apical of 2.315 A which is in good agreement with those obtained for the
[Cu(pNO2Bn-CB-15aneNs)]?* complex. The index of trigonality, z, was calculated to be 0.45
which implies that the coordination polyhedron falls into the geometry between the bipyramidal

and square-pyramidal structures.



Figure 2. DFT optimized structure of [Cu(KFTG)]* complex at B3P86 with def2-TZVP basis
set for main group elements and LANL2DZ for copper(1l). The PCM method was used to take
into account the effect of the solvent (water).

The in vivo stability of a Cu(lIl)-based agent depends not only on the resistance of the
chelate against the dissociation but also on the redox stability of the metal complex. The
reduction of the Cu(ll) to Cu(l) provokes the dissociation of the chelate (due to the different
coordination properties of the two ions), which leads to the loss of the diagnostic effect.
Interestingly, the reaction between reactive oxygen species (ROS) and Cu(ll) complexes could
induce the dechelation, since the reduction of the central metal ion occurs in the first step of the
metal assisted dismutation of superoxide radicals. If the intermediate complex is very labile as
it can be envisioned for the copper(l) complexes, the dissociation of that may overtake the
oxidation step promoting the liberation of the radioisotope.

For this reason, the antioxidant capability of the pristine [Cu(KFTG)]* complex was
tested via the xanthine/xanthine oxidase/NBT system. The inhibition percentage at each
concentration was calculated and the results are shown in the SI. The ICso value of the
[CU(KFTG)]" complex was found to be 2.3+0.3 uM at physiological pH, consequently, the
copper(Il) complex exhibits moderate SOD activity (Figure S10).

3.4 Labeling experiments



(KFTG)-NAPamide was quantitatively labelled in approximately 30 micromolar concentration
level with 8Cu in pH=7 HEPES buffer at 95 °C for 15 minutes. The labelled peptide was
purified with solid phase extraction and used in animal experiments. The octanol/water partition
coefficient was found to be —1.99, showing slightly lower hydrophilicity than the %8Ga or #4Sc
labelled DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid) analogs (-
3.5 and -3.3, respectively).(Z. Cheng et al., 2007) Plasma stability was determined in human
plasma. Radiochemical purity did not change significantly (less than 4% decrease) during two
half-lives (6 hours).

3.5 In vitro accumulation studies

The accumulation of [**Cu]Cu-KFTG-NAPamide in the MC1-R positive B16-F10 melanoma
cells were significantly higher (p<0.01) than in amelanotic A375 cells at each investigated time
point (Figure 3) confirming the receptor specificity of the [®*Cu]Cu-KFTG-NAPamide probe.
In the washout (efflux) investigations, melanoma cells were first loaded with [**Cu]Cu-KFTG-
NAPamide, and after the incubation time and washing rounds, B16-F10 and A375 cells were
incubated without radioactivity for additional 10 minutes. In efflux studies the MC1-R positive
B16-F10 cells showed significantly (p<0.01) higher [**Cu]Cu-KFTG-NAPamide content at
each time point than the receptor negative A375 cell line (Figure 3). No significant difference
(at p<0.05) was found between the baseline and the post-efflux radioactivity concentrations in

the examined cells (Figure 3).
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Figure 3. Assessment of cellular uptake and efflux studies of the MC1-R specific [**Cu]Cu-
KFTG-NAPamide. Comparative study of time dependent [*!Cu]Cu-KFTG-NAPamide
accumulation and washout (efflux) results of B16-F10 and A375 cells. Data shown as
mean+SD. [%'Cu]Cu-KFTG-NAPamide accumulation in 10° cells was expressed as the

percentage of the incubating dose (ID%).

3.6 In vivo tumor targeting experiments

The tumor targeting potential of [®!Cu]Cu-KFTG-NAPamide was assessed by in vivo
preclinical PET imaging and ex vivo biodistribution studies using MC1-R receptor positive
B16-F10 mouse melanoma tumor model. After the qualitative analysis of the decay-corrected
PET images we found that the tumor was well identifiable at each investigated time point
(Figure 4 “A™).
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Figure 4. In vivo PET imaging and quantitative image analysis of melanoma tumors using
[*Cu]Cu-labeled KFTG-NAPamide radiotracer. Representative transaxial (A) PET images of
B16-F10 melanoma tumor-bearing C57BL/6J mouse 30, 60, 90 and 180 min after the
intravenous injection of [*1Cu]Cu-KFTG-NAPamide. Quantitative SUV analysis of [*:Cu]Cu-
KFTG-NAPamide accumulation in experimental melanoma tumors (B, C). Decay-corrected
PET images and data were obtained 8+1 days after tumor cell inoculation. n=5 animals/time
point. Black arrows: B16-F10 tumors, red arrows: kidneys. SUV: standardized uptake value.

SUV values are presented as mean+£SD. T/M: tumor-to-muscle ratio.

The quantitative SUV analysis showed remarkable radiopharmaceutical accumulation
at 30 min post injection (SUVmean: 0.4+0.1; SUVmax: 0.6£0.1), which increased till 60 min
(SUVmean: 0.7+0.1; SUVmax: 1.3+0.1), then no further significant increase was observed at
90 min (SUVmean: 0.8£0.1; SUVmax: 1.3+0.2) and 180 min (SUVmean: 0.8+£0.2; SUVmax:
1.3+0.1) (Figure 4 “B”). However, a sharp rise in the tumor-to-background (muscle) ratio (T/M)
was observed as the accumulation of the [f'Cu]Cu-KFTG-NAPamide in the background
decreased significantly with time (Figure 4 “C”, the experimental data are shown in Table S5).
Previous in vitro and in vivo studies also reported that radiolabeled a-MSH analogs showed

high uptake in B16 melanoma cells and high accumulation in B16-F10 tumors due to the



significant MC1-R expression where the receptor binding capacity were calculated to be
approximately 22000 sites/cell.(Z. Cheng et al., 2007; Zhen Cheng et al., 2007; Tafreshi et al.,
2012) According to the previously described strong MC1-R positivity of B16-F10 tumors, we
also found that the subcutaneously transplanted B16-F10 tumors were clearly detectable with
excellent image contrast with high T/M ratios using the MC1-R specific [**Cu]Cu-KFTG-
NAPamide probe. This T/M ratio is higher than further [®®Ga]Ga-labeled o-melanocyte-
stimulating hormone employed for B16F10 melanoma model and [**Cu]Cu-NOTA-GGNle-
CycMSHhex(Zhang et al., 2017b) radiopharmacon tested on B16/F1 melanoma cells.(Guo and
Miao, 2012) However, the %ID/g uptake of the tumor is lower than those observed for these
radiopharmacons. However, it is important to highlight that the direct comparison between
these radiopharmacon candidates is not trivial since their building blocks and targets are

somewhat different.
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Figure 5. Ex vivo biodistribution data for [*1Cu]Cu-KFTG-NAPamide. Quantitative analysis of
ex vivo biodistribution data (n=3 animals/time point) 30, 60, 90 and 180 min after intravenous

injection of the radiotracer. %ID/g values are presented as meanSD.

Table 1. Ex vivo biodistribution data for [*:Cu]Cu-KFTG-NAPamide. Quantitative analysis of
ex vivo biodistribution data (n=5 animals/time point) 30, 60, 90 and 180 min after intravenous
injection of the radiotracer. %ID/g values are presented as mean=SD.
[*!Cu]Cu-KFTG-NAPamide
30min  60min 90 min 180 min

Tumor




B16-F10 5.2+20 7.6x1.7 7.4+18 7.3+1.0
B16-F10 T/M 6.1+1.1** 22+3** 52+10** 315+24**

For the determination of the biodistribution of [®*Cu]Cu-KFTG-NAPamide ex vivo
studies were performed at different time points (Figure 5). After the quantitative analysis of the
ex vivo %ID/g data we found that the uptake of [®Cu]Cu-KFTG-NAPamide in all healthy
organs decreased with time. According to the logP value (logP = -1.99), the kidneys and the
urine showed the highest radiotracer accumulation confirming that the complex is excreted from
the animal mainly through the urinary system. Relatively high liver accumulation
(approximately 6-9 %I1D/g) was observed at each investigated time point. Similar results were
found by Cheng and co-workers, where significant radioactivity uptake was also observed in
the liver than in the case of [®'Cu]Cu-KFTG-NAPamide. A reasonable explanation for this
phenomenon may be the ®1Cu releasing due to the decomposition and transchelation in the blood
and liver caused by the effect of peptidases.(Zhen Cheng et al., 2007)

The ex vivo %I1D/g data of the MC1-R positive B16-F10 tumors (Figure 5 and Table 1)
correlated well with the in vivo SUV analysis. Table 1 demonstrates that the uptake of [*Cu]Cu-
KFTG-NAPamide in the MC1-R receptor positive tumor reached the maximum at 60 min and
then no further increase was observed. The comparison of the in vivo and ex vivo uptake values
of the [*Cu]Cu-KFTG-NAPamide with previously investigated radiolabeled NAPamide
radiotracers leads to the conclusion that the [:Cu]Cu-KFTG-NAPamide yields approximately
3-5-fold higher accumulation in B16-F10 tumors than that of the %8Ga- and **Sc-labeled DOTA-
NAPamide derivatives after the same incubation time.(Nagy et al., 2017) Moreover,
approximately 1.5-fold higher %ID/g value was observed by using [**Cu]Cu-KFTG-NAPamide
(60 min %ID/g: 7.6+1.7) than that of [**Cu]Cu-KFTG-NAPamide after ex vivo tumor uptake
analysis (60 min %ID/g: 3.7+0.3).(Zhen Cheng et al., 2007; Zhang et al., 2017a)

4. Conclusion

As a result of this study, we propose the [**Cu]Cu-KFTG-NAPamide complex as the
first ®1Cu-based radiopharmaceutical in this field, for the non-invasive diagnosis of malignant
melanoma by the highly sensitive PET imaging. The physico-chemical characterization of the
pristine [Cu(KFTG)]* complex describes fast complex formation (less than 20 minutes at
pH=5.0 and 25 °C) and suitable high inertness (t12=2.0 hours at 50 °C in 5 M HCI) for the rigid
chelate. The DFT calculations predicted a pentacoordinated copper(ll) species possessing a



0.45 trigonality index, which means that the coordination polyhedron falls into the geometry
between the bipyramidal and square-pyramidal structures. Furthermore, the [Cu(KFTG)]*
chelate shows moderate SOD activity. In order to gain information on the plasma stability of
the [®'Cu]Cu-KFTG-NAPamide, the dechelation of the agent was studied in human plasma
resulted in less than 4% loss of activity during 6 hours. From the in vivo and ex vivo results one
can conclude that the [**Cu]Cu-KFTG-NAPamide radiotracer bounds to the MC1-R positive
experimental melanoma tumors with high affinity, which was confirmed by the SUV and %ID/g
values. In addition, due to the fast elimination from the background, and its excretion through
the kidneys, the [®*Cu]Cu-KFTG-NAPamide results in an excellent image contrast, which
greatly facilitates the evaluation of the PET images, thus the identification of MC1-R positive
tumors. To the best of our knowledge, [®*Cu]-based radiopharmachones have not been reported
so far, consequently we propose the [®!Cu]Cu-KFTG-NAPamide as the first [*:Cu]Cu
candidates for PET radioimaging studied on B16-F10 melanoma model with excellent

radiodiagnostic features.
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