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ARTICLE INFO ABSTRACT
Keywords: Melanocortin-1 receptor (MC1-R) targeting alpha-melanocyte stimulating hormone-analogue («-MSH) bio-
Alpha-melanocyte stimulating hormone- molecules labelled with a-emitting radiometal seem to be valuable in the targeted radionuclide therapy of MC1-R

analogue (a-MSH analogue)
Bismuth-213
[*Bi]Bi-DOTA-HOLDamide

positive melanoma malignum (MM). Herein is reported the anti-tumor in vivo therapeutic evaluation of MC1-R-
affine [*'°Bi]Bi-DOTA-NAPamide and HOLDamide treatment in MC1-R positive B16-F10 melanoma tumor-
[213Bi]Bi-DOTA-NAPamide bearing C57BL/6J mice. On the 6th, 8th and 10th days post tumor cell inoculation; the treated groups of
Melanocortin-1 receptor (MC1-R) mice were intravenously injected with approximately 5 MBq of both amide derivatives. Beyond body weight and
Melanoma malignum (MM) tumor volume assessment, [°®Ga]Ga-DOTA-HOLDamide and NAPamide-based PET/MRI scans, and ex vivo bio-
Radionuclide therapy distribution studies were executed 30,- and 90 min postinjection. In the PET/MRI imaging studies the B16-F10
tumors were clearly visualized with both %Ga-labelled tracers, however, significantly lower tumor-to-muscle (T/
M) ratios were observed by using [®®Ga]Ga-DOTA-HOLDamide. After alpha-radiotherapy treatment the tumor
size of the control group was larger relative to both treated cohorts, while the smallest tumor volumes were
observed in the NAPamide-treated subclass on the 10th day. Relatively higher [?'°Bi]Bi-DOTA-NAPamide
accumulation in the B16-F10 tumors (%ID/g: 2.71 + 0.15) with discrete background activity led to excellent T/
M ratios, particularly 90 min postinjection. Overall, the therapeutic application of receptor selective [21*Bi]Bi-
DOTA-NAPamide seems to be feasible in MC1-R positive MM management.

1. Introduction clinical levels (Kratochwil et al., 2014; Norenberg et al., 2006; Poty
et al., 2018; Sgouros et al., 2020).

Targeted radionuclide therapy (TRNT) has been demonstrated as an High linear energy transfer (LET: ~100 keV/pm) along with the short

effective anti-tumor treatment. Application of cancer therapy with alpha pathway of the alpha particles within the tissue (40-80 pm, approxi-

emitter radionuclides displays excellent efficacy both at preclinical and mately 2-10 cell diameter) make bismuth-213 (3*3Bi; t; » = 45.6 min)
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an exquisite candidate for targeted alpha therapy (TAT) (Ahenkorah
et al., 2021; Dekempeneer et al., 2020; Morgenstern et al., 2018; Wild
et al.,, 2011). These physical properties ensure irreversible, selective
antitumor effect without untoward toxicity on intact tissues (Ahenkorah
et al., 2021; Dekempeneer et al., 2016). Its easy accessibility from
actinium-225/bismuth-213 (**°Ac/?'%Bi) generator system purveys a
clear added value for the radiometal (Morgenstern et al., 2012). Beyond
therapeutic applications, due to the accompanying gamma (y) radiation,
213B; is well-suited for diagnostics purposes, which makes the radio-
metal a promising theranostic agent (Ahenkorah et al., 2021; Castillo
et al., 2022; Barca et al., 2021).

Experiments with radiotracers targeting receptors expressed in tu-
mors represent a bridge between translational discoveries and their
clinical integration both in diagnostic and therapeutic scenarios. Either
a-melanocyte-stimulating hormone (a-MSH) analogue NAPamide (Ac-
Nle-Asp-His-d-Phe-Arg-Trp-Gly-Lys-NH2) or its DOTA (1,4,7,10-tetraa-
zacyclododecane-1,4,7,10-tetraacetic acid) conjugated (DOTA-NAPa-
mide) derivative labelled with radioisotopes were confirmed as valuable
molecular probes in the imaging of melanocortin-1 receptor (MC1-R)
positive malignant melanoma (MM) (Brzoska et al., 2008; Nagy et al.,
2017; von Hacht et al., 2019). Nagy et al. confirmed the diagnostic
feasibility of scandium-44 (**Sc)-labelled DOTA-NAPamide in B16-F10
melanoma cells and tumor-bearing C57BL/6J mice (Nagy et al.,
2017). The tumor targeting ability of NAPamide linked to gallium-68
(®8Ga) or indium-111 (*''In) was also reported at preclinical level
(Cheng et al., 2002; Froidevaux et al., 2004).

Beyond imaging purposes, radiolabelled molecules targeting MM,
including MC1-R, would represent useful tools in current melanoma
treatment. An earlier study confirmed the therapeutic adequacy of
9.2.27 melanoma antibody labelled with a-emitting >'®Bi-, and positron
emitter terbium-152 (152Tb) in the treatment of micrometastatic MM
(Abbas et al., 2000). Investigating the in vivo anti-tumor efficacy of
another 2'®Bi-labelled melanoma monoclonal antibody (a-immuno-
conjugate/2'3BiAIC) in melanoma xenografts of nude mice, revealed a
noteworthy tumor growth inhibition and regression upon the intrale-
sional administration of 12.5-200 microCi of 2!3BiAIC (Allen et al.,
2001). In addition, 22Ac-DOTA-MC1-R ligand (***Ac-DOTA-MC1RL)
proved to be highly valuable in lengthening the lifespan and deceler-
ating both the tumor and metastases formation of MC1-R positive
human uveal melanoma tumor-bearing (MEL270) mice (Tafreshi et al.,
2019).

As battling against MM and pertinent metastases represents one of
the major challenges in todays’ science, receptor-specific imaging ra-
diopharmaceuticals with the replacement of the diagnostic radiometal
with its therapeutic sister seem to be promising in personalized thera-
nostic cancer treatment (Filippi et al., 2020; Gladfelter et al., 2017;
Marin et al., 2020; Sadler et al., 2022). Considering the favourable
physical characteristics of 2'°Bi, it may be an ideal candidate for
theranostic applications.

Our research group previously reported the radiolabelling methods,
the ex vivo biodistribution, dosimetry and melanoma targeting potential
of the newly synthesized 2!®Bi-labelled DOTA-conjugated MC1-R-affine
a-MSH analogues: NAPamide, and — HOLDamide (Kalman-Szabo et al.,
2023). Driven by these prior research findings, herein is reported the
assessment of the therapeutic effectiveness of 213pj labelled, MC1-R
specific, a-MSH analogue NAP, - and HOLDamide in established MCR-
1 positive B16-F10 tumor-bearing preclinical model systems. Prior to
the treatment, positron emission tomography/magnetic resonance im-
aging (PET/MRI) applying [°8Ga]Ga-DOTA-NAPamide and [®®Ga]Ga-
DOTA-HOLDamide was performed to verify the presence of the tumors.

2. Materials and methods
2.1. Peptide synthesis

We purchased DOTA-HOLDamide from Caslo (Kongens Lyngby,
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Denmark) in a form of resin-bound peptide (DOTA(tBu)s-Gly-pY-OBzl-
Nle-Asp(OtBu)-His(Trt)-(D-Phe)-Arg(Pbf)-Trp(Boc)-(Rink Amide MBHA
resin, 1562 g/mol), while DOTA-NAPamide (NH;-Lys(DOTA)-Gly-Trp-
Arg-DPhe-His-Asp-Nle-Ac, Mw: 1485.7 g/mol) was synthetized in
continuous flow.

The resin bound DOTA-HOLDamide was assembled by the utilization
of Fmoc-amino acids with the utilization of DIC/HOBt coupling agents.
The Fmoc deprotection was carried out using 20% piperidin solution.

The DOTA-NAPamide peptide was synthetized on solid support in
continuous flow on a Tentagel R RAM resin (0.20 mmol g~ 1) on a 0.03
mmol scale with 0.045 mmol Fmoc-protected amino acid and 0.045
mmol HATU as coupling reagent dissolved in 1 mL N, N’-dime-
thylformamide (DMF) (Mandity et al., 2014; Mandity et al., 2016). The
coupling reactions were carried out at the reaction conditions as follows,
60 bar pressure, 70 °C temperature, 0.15 mL min~! flow rate. For
deprotection 1 mL of 2% DBU 2% piperidine PC solution has been used.
Between two chemical steps DMF was used for washing for 5 min with
0.15 mL min ! flow rate. The residence time at this flow rate was 5 min,
with a 125*4 mm column dimension.

Peptides were cleaved from the resin with the cleavage cocktail as
follows: trifluoroacetic/water/pr-dithiothreitol/triisopropylsilane
(90:5:2.5:2.5). The purification was carried out by RP-HPLC, using a
Phenomenex Luna C18 100 A 10 pm column (10 mm x 250 mm). The
HPLC apparatus was made by JASCO. The solvent system used was as
follows: eluent A — 0.1% TFA in water; eluent B — 0.1% TFA in 80%
acetonitrile in water; a linear gradient was used for 60 min starting form
20% B finished at 50% B, at a flow rate of 4.0 mL min ', with detection
at 206 nm. The purities of the fractions were determined by analytical
RP-HPLC using a JASCO HPLC system with a Phenomenex Luna
C18100A5 pm column (4.6 mm x 250 mm) and the pure fractions were
pooled and lyophilized. The purified peptides were characterized by
mass spectrometer (MS), using a Bruker HCT II ETD MS equipped with
an Agilent 1200 HPLC system.

The purified peptides were used for labelling chemistry. The scheme
of the peptide synthesis is presented in Supplementary Material Fig. S1.
DOTA-NAPamide and DOTA-HOLDamide were identified on a BEH C18
1.7 ym 2.1 x 50 mm column using Waters Acquity I-Class UPLC liquid
chromatography system with PDA detector coupled to a Xevo G2 QT of
MS. The results of the mass spectrometry can be seen in Supplementary
Material Fig. S2.

2.2. Radiochemistry

2.2.1. Synthesis of [°®Ga]Ga-DOTA-NAPamide and [**Ga]Ga-DOTA-
HOLDamide

Five mL 0.05 M ultra-pure HCl was used for the elution of the
Germanium-68/Gallium-68 (68Ge/68Ga) generator. Incubation of a
mixture of %Ga-solution (375 L, 80-130 MBq), NH4OAc buffer (120 pL,
0.5 M, pH = 4) and stock solution of DOTA-NAPamide and DOTA-
HOLDamide (5 pL, 1 mg/mL, 0.673 M) was carried out for 15 min at
95 °C. Following the transport of the solution to the Strata-X cartridge
containing 1 mL 96% EtOH, 5 mL HyO and 1 mL 0.25 M pH = 4 NH40Ac,
the buffer was removed with 1 mL H5O. Then, the solution was eluated
using EtOH (300 pL 96%). Followed by evaporation under Ny flow at
95 °C, the dry product was taken up utilizing PBS (200 pL). Waters
Acquity BEH C18 column (1.7 pm, 3 x 50 mm) was applied for the radio-
HPLC-based measurement of the radiochemical purity (RCP) of the
product. Fig. 1. represents the chemical structure of the labelled
compounds.

2.2.2. Synthesis ['°Bi]Bi-DOTA-NAPamide and [?*°Bi]Bi-DOTA-
HOLDamide

As we described earlier in our previous study, 2!>Bi was eluted from
an Actinum-225/Bismuth-213 (*?°Ac/?'%Bi) generator (Kalman-Szabo
et al., 2023). Stock solutions (1 mg/mL) were produced from the DOTA-
conjugated amide derivatives. DOTA-NAPamide and DOTA-HOLDamide
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Fig. 1. The chemical structure of the radiolabelled peptides.

o

solutions of 5 uL (3.4 and 3.2, nmol peptide; respectively) were mixed
with 600 pL 2'3Bi corresponding to 95 + 20 MBgq, 135 pL 2 M TRIS buffer
(0.34 M) and 50 pL 20% ascorbic acid (72 mM) at pH level of 8.7. The
mixture of 20 pL of 2!3Bi, 30-35 ymol sodium citrate and the stock so-
lutions of the DOTA-conjugated peptides (approximately 10 nmol
DOTA-NAPamide or DOTA-HOLDamide) was used for LogP measure-
ments and serum stability determination. Following the incubation (5
min at 95 °C) and cooling, the mixture was transferred to Solid Phase
Extraction (SPE) cartridge (Oasis HLB 1 cc (30 mg) Extraction Cartridge;
Waters). After dropwise elution and evaporation, the labelled product
was dissolved in PBS. Instant Thin Layer Chromatography impregnated
with silica gel (iTLC-SG; Varian) was used for the identification of RCP
by radio-TLC (Kalman-Szabo et al., 2023). The chemical structure of the
labelled amide derivatives is presented in Fig. 1.

2.3. LogP measurements

A mixture containing 10 pL of approximately 5 MBq of [®3Ga]Ga-
DOTA-NAPamide or [68Ga] Ga-DOTA-HOLDamide solution, 500 pL of 1-
octanol and 490 pL of water was shaken (600 rpm) and centrifugated
(6000 rpm) for 10 and 5 min; respectively. The supernatant was
collected and diluted with water from both samples. Gamma counter
was applied for the determination of the radioactivity of the fractions.
The measurements were accomplished three times in case of both the
NAPamide and the HOLDamide derivatives. In case of the 2'*Bi-conju-
gated peptides, the mixture of 10 pL of the 2!®Bi-conjugated DOTA-
NAPamide aqueous peptide in PBS solution, 0.49 mL water and 0.5
mL 1-octanol was shaken for 20-30 min, and post centrifugation, sam-
ples of 100 pL were taken from each layer for radioactivity determina-
tion performed with a calibrated gamma counter (Perkin-Elmer Packard
Cobra, Waltham, MA, USA) (Kalman-Szabé et al., 2023).

2.4. Serum stability measurements

To determine serum stability 10 pL of [®8GalGa-DOTA-NAPamide or
[®8Ga]Ga-DOTA-HOLDamide or 2!°Bi-conjugated NAPamide or 2!%Bi-
conjugated HOLDamide solution was mixed with the solution of 90 pL of
mouse plasma, Na,EDTA (0.01 M) and oxalic acid (0.01 M). Radio-HPLC
was applied to analyse the samples at the starting point and 30, — 60, -
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and 120 min thereafter.
2.5. Cell culturing

B16-F10 cells (mouse melanoma, RCB Cat# RCB2630, RRID:
CVCL_0159) were purchased from American Type Culture Collection
(CRL-6475™, ATCC, Virginia, USA). Cell culturing was accomplished in
GlutaMAX™ Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco™,
Beijing, China) supplemented with antimycotic (1% (vol/vol); Gibco™),
and antibiotic solution (1% (vol/vol); Gibco™) as well as heat-
inactivated fetal bovine serum (FBS, 10% (vol/vol); Gibco™). Mini-
mum Essential Medium (MEM) non-essential amino acid solution (1%
(vol/vol); Gibco™) and MEM vitamin solution (1% (vol/vol); Gibco™)
were added to the medium of the B16-F10 cell culture. With the appli-
cation of T75 flasks (Sarstedt Ltd., Budapest, Hungary) tumor cells were
cultured in cell culture incubator ESCO CCL-170B-8 (37 °C, 5% COx,
95% humidity). Tumor cell inoculation occurred following five pas-
sages. Trypan blue exclusion test was applied for cell viability
verification.

2.6. Animal housing

Twelve-week-old C57BL/6J mice (n = 50) were purchased from
Charles River Laboratories (Animalab Ltd., Budapest, Hungary). The
experimental small animals were kept under standard conditions in
Individually Ventilated Cages (IVC) with regulated ambient temperature
of 24 £ 2 °C and at relative humidity of 55 + 10%. Conventional
circadian 12-hour light/dark cycle (7:00p.m. to 7:00 a.m.) was ensured.
All animals were provided ad libitum with sterile semi-synthetic diet
(Akronom Ltd., Budapest, Hungary) and sterile drinking water. All
procedures complied with all applicable sections of the Hungarian Laws
and the directions and regulations of the European Union and had the
permission of the Ethics Committee for Animal Experimentation of the
University of Debrecen (ethical permission number: 16,/2020/ DEMAB).
All efforts were made to fulfil the requirements of 3R policy.

2.7. B16-F10 tumor generation

A dedicated small animal anaesthesia device (Tec3 Isoflurane
Vaporizer, Eickemeyer Veterinary Equipment, Luton, UK) utilizing 3%
isoflurane (Forane, AbbVie, Chicago, IL, USA), 0.4 L/min Oy, and 1.4 L/
min NoO was employed to anaesthetize the mice to generate the
experimental tumors. 2x10°/100 uL B16-F10 (mouse melanoma) cells in
120 pL of sterile saline were injected subcutaneously (s.c.) into the
shaved left shoulder area of the C57BL/6J mice. The tumor size was
calculated using the following formula: (largest diameter x small-
est diameter?)/2. Calliper measurements were used for the assessment
of tumor growth. In vivo PET/MRI imaging and ex vivo experiments were
conducted 10 + 1 days post tumor cell transplantation at a tumor vol-
ume of approximately 200 + 10 mm®>. We used cells after similar pas-
sage numbers for the tumor induction of the small animals involved in
both imaging and therapeutic studies.

The subsequent criteria were used for mice euthanization: tumor
burden greater or equal to 10% of the animal’s normal body weight,
tumor exceeding 1.5 cm in size in any directions, diminishing scores of
animal’s body condition, tumor preventing ambulation or ability to
reach food or water, severely ulcerated or abscessed tumor, or a tumor
causing significant pain and distress.

2.8. Cancer treatment studies

Six days after the tumor cell implantation the B16-F10 tumor-
bearing mice — with an average tumor volume of 5 mm? - were randomly
categorized into three different subgroups: untreated (control, n = 5),
[*'3Bi]Bi-DOTA-NAPamide (n = 9) treated and [*'*Bi]Bi-DOTA-HOL-
Damide (n = 6) treated groups. On the 6th, 8th and 10th days post tumor
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cell inoculation, the experimental mice of the NAPamide and HOLDa-
mide treated subcategories were intravenously (iv.) treated with
approximately 5, - and 5 MBq of [2!°Bi]Bi-DOTA-NAPamide (0.43 +
0.17 nmol/injection) and [2**Bi]Bi-DOTA-HOLDamide (0.34 =+ 0.10
nmol/injection); respectively. The control animals were iv. injected
with 150 pL saline solution.

2.9. In vivo small animal PET/MRI imaging

To verify the presence of the B16-F10 tumors in vivo static small
animal PET/MRI examinations were conducted 10 + 1 days following
the tumor cell inoculation. Scans were acquired on nanoScan PET/MRI
(Mediso Ltd., Budapest, Hungary). Sixty minutes after the intravenous
(i.v.) injection of the mice with approximately 10 MBq [°®Ga]Ga-DOTA-
HOLDamide (approximately 2.3 nmol/ injection) or [68Ga]Ga-DOTA-
NAPamide (approximately 0.5 nmol/injection); we subjected the
experimental animals to static T1 PET/MRI acquisition (20 min acqui-
sition time/bed position) applying a preclinical PET/MRI system
(nanoScan PET/MRI 1 T, Mediso Ltd., Budapest, Hungary). Isoflurane
(AbbVie, Budapest, Hungary; OGYI-T-1414/01) induced anaesthesia
was executed with a dedicated small animal anaesthesia device (Tec3
Isoflurane Vaporizer, Eickemeyer Veterinary Equipment, Luton, UK)
during the whole examination. Following a 3D ordered-subsets-expect-
ation-maximization line-of-response (OSEM-LOR) image reconstruc-
tion, with the help of the BrainCAD image analysis software, volume of
interests (VOIs) were manually placed around the tumor and the
following examined organs and tissues: brain, lung, stomach, kidney,
heart, liver, intestines, fat tissue, and muscle. As part of PET data
analysis standardized uptake values (SUV) including SUVpea, and
SUVnax were registered. SUV (g/mL) referring to the radiopharmaceu-
tical concentration within the VOI is calculated with the help of the
injected dose and the weight of the animal as follows:

SUV = [VOI activity (Bq/mL)]/[injected activity (Bq)/animal-
weight (g)].

SUVean and SUVy,. indicate the average activity concentration of
the VOI and the voxel with the most elevated tracer activity within the
VOI; respectively. Tumor-to-background/muscle (T/M) ratios were also
determined based on the radioactivity of the tumor and the background
muscle.

2.10. Ex vivo organ distribution studies

With the application of 5% Forane the treated B16-F10 tumor-
bearing mice were euthanized 30, - and 90 min postinjection of [2!>Bi]
Bi-DOTA-HOLDamide and [?!°Bi]Bi-DOTA-NAPamide. For euthanasia
we applied the currently valid general guidelines for rodents in experi-
mental tumor studies. Following dissection and weight measurements,
the radioactivity of the tumors and various organs and tissues was
determined with a calibrated gamma counter (Hewlett Packard Cobra II
Autogama Gamma Counter, Waltham, MA, USA). The accumulation of
[2!%Bi]Bi-DOTA-HOLDamide and [2!°Bi]Bi-DOTA-NAPamide was pre-
sented as the mean values of the percent administered dose per gram (%
ID/g) tissue.

2.11. Statistical analyses

For the accomplishment of statistical analyses MedCalc 18.5 com-
mercial software package (MedCalc 18.5, MedCalc Software, Maria-
kerke, Belgium) was utilized. Student’s t-test (two-tailed), two-way
ANOVA, and Mann-Whitney U test were applied to determine the level
of significance. Figures are demonstrated as mean + SD of at least three
independent experiments. Changes with p < 0.05 were considered to be
significant, unless otherwise indicated.
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3. Results and discussion
3.1. Chemistry

3.1.1. Characterization of [68Ga]Ga—DOTA—NAPamide and [68Ga]Ga—
DOTA-HOLDamide

Specific activity was attained in case of both [®8GalGa-DOTA-
NAPamide (19-23 GBg/pmol) and [®®Ga]Ga-DOTA-HOLDamide (4.34
GBq/pmol). Regarding the %®Ga-labelled NAPamide molecule, RCP
exceeding 99% was registered, while as for the %Ga-labelled HOLDa-
mide compound 86% and 99% were detected after the labelling reaction
and the SPE purification; respectively. These results support successful
radiolabelling that makes examinations at cellular and tissue level as
well as in vivo possible. The decay corrected radiochemical yield (RCY)
was detected to be between 80 and 86% for the 58Ga-labelled NAPamide
compound, whereas it was 65% for [°®Ga]Ga-DOTA-HOLDamide. The
retention time measured in case of [°8Ga]Ga-DOTA-NAPamide and
[68Ga]Ga-DOTA-HOLDarnide were 1.829 and 1.825 min; respectively
with the HPLC method (as seen in Supplementary Material Fig. $3.).

The octanol/water partition coefficients were —3.50 and —2.5 for
[%®Ga]Ga-DOTA-NAPamide, and for [®®Ga]Ga-DOTA-HOLDamide;
respectively. Based on the hydrophilic nature of the tracers, elimination
occurs via the kidneys. The stability determination showed that [68Ga]
Ga-DOTA-NAPamide suffered a 6.0%, a 2.5% and a 0.8% ®8Ga loss in the
mouse plasma, in NapEDTA and in oxalic acid solution. These stability
measurements verify that both assessed probes remain stable when used
in vivo. The detailed radiochemical data are summarized in Supple-
mentary Material Table S1.

3.1.2. Characterization of [2°Bi]Bi-DOTA-NAPamide and [?*3Bi]Bi-
DOTA-HOLDamide

[*'*Bi]Bi-DOTA-NAPamide and [*'*Bi]Bi-DOTA-HOLDamide were
produced with high specific activity (13 GBg/pmol for the NAPamide
and the HOLDamide derivative). The RCP was always higher than 99%
in case of both radiotracers. Therefore, we managed to attain the
effective radiolabelling of both amide derivatives with RCP over 99%
and with a remarkable specific activity. This is highly satisfactory for the
accomplishment of both in vitro and in vivo investigations. The decay
corrected RCY was 70 + 16% for [!°Bi]Bi-DOTA-NAPamide and 62 +
7% for [>'°Bi]Bi-DOTA-HOLDamide. TLC measurements showed that
the 2!3Bi-labelled peptides remain at start point (Rf = 0.0), while
uncomplexed 213Bi moves with the eluent (Rf=0.6-0.7) (as presented in
Supplementary Material Fig. $4.).

Based on stability investigations [?*3Bi]Bi-DOTA-NAPamide and
[213Bi]Bi-DOTA-HOLDamide suffered 2'°Bi loss to an extent of 3.5% and
1.4%; respectively. Serum stability measurements confirm that the
investigated compounds remain stable during in vivo application. The
LogP values for [?!°Bi]Bi-DOTA-NAPamide and [?'®Bi]Bi-DOTA-HOL-
Damide were —3.15 and —2.19; respectively. These results indicate the
hydrophilic character of both imaging probes. Moreover, the 2!°Bi-
labelled NAPamide derivative was detected to be more hydrophilic in
comparison with the 2'3Bi-appended HOLDamide molecule. These ob-
servations were in line with our previous results, where the LogP values
of the cyclotron produced 2°%/2%6Bj-conjugated DOTA-NAPamide and
DOTA-HOLDamide were investigated (Kalman-Szabo et al., 2023). Ac-
cording to the LogP results we suppose urinary way of excretion.
Table S2. in the Supplementary Material displays the radiochemical
data of the 2!Bi-labelled compounds.

3.2. In vivo PET/MRI imaging of B16-F10 tumor-bearing mice

In vivo whole-body PET/MRI examinations were executed for the
verification of the presence of the s.c. growing B16-F10 tumors and for
the assessment of the organ distribution of the MC1-R selective %®Ga-
labelled PET probes 60 min postinjection of 10 MBq [®®Ga]Ga-DOTA-
HOLDamide and [68Ga]Ga-DOTA-NAPamide into B16-F10 melanoma
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tumor-bearing mice. We opted for i.v. administration in case of [°8Ga]
Ga-DOTA-HOLDamide and [*®Ga]Ga-DOTA-NAPamide to obtain high
quality images with better contrast. In vivo decay-corrected transaxial
and whole-body coronal PET/MRI images of representative experi-
mental mice are presented in Fig. 2A and 2C, and Fig. 2B and 2D;
respectively.

Upon qualitative image evaluation the urinary system, including the
kidneys and the urinary bladder were well detectable with both tracers;
however, the radiopharmaceutical uptake was visually more prominent
in case of [®®Ga]Ga-DOTA-HOLDamide relative to [®®Ga]Ga-DOTA-
NAPamide. Based on the hydrophilic character of both radioisotopes -
also confirmed by the LogP values - urinary excretion could be noted.
Investigating the tumor-homing capability of [®®Ga]Ga-DOTA-NAPa-
mide and [**Sc]Sc-DOTA-NAPamide in MC1-R expressing B16-F10
tumor-bearing C57BL/6J mice, Nagy et al also reinforced the renal
route of elimination in case of both labelled probes (Nagy et al., 2017).
According to the octanol-water partition coefficient, }''In, - and %”Ga-
linked, DOTA-conjugated NAPamide (*!'In-DOTA-NAP-amide, ®’Ga-
DOTA-NAPamide) are also eliminated by the kidneys (Cheng et al.,
2007a; Cheng et al., 2007b; Froidevaux et al., 2005). Further - corre-
sponding to the prior findings of Nagy and co-workers — we registered
moderate radiopharmaceutical uptake in other investigated abdominal
and thoracic organs and tissues applying both the NAPamide and the
HOLDamide derivatives (Nagy et al., 2017). In a like manner, negligible
abdominal and thoracic tracer accumulation was depicted in the pre-
vious research of Cheng et al., and Froidevaux et al. with ' In-DOTA-
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NAPamide and ®’Ga-DOTA-NAPamide (Cheng et al.,, 2007a; Cheng
et al., 2007b; Froidevaux et al., 2005). Albeit, in former studies dealing
with fluorine-18 (18F), - and copper-64 (64Cu)-appended NAPamide
derivatives increased radiotracer concentration and related poor T/M
ratios were pinpointed in the lungs, stomach, liver, and the intestines
(Cheng et al., 2007a; Cheng et al., 2007b). As satisfactory T/M ratios and
high-quality image contrast are of critical importance regarding the
correct interpretation of the PET scans, radiolabelling with ®®Ga seems
to be superior to ‘®F or ®4Cu labelling from clinical point of view. As
presented in Fig. 2A-2D (yellow arrows) s.c. developing MC1-R over-
expressing B16-F10 tumors could be definitely identified with both
labelled a-MSH analogues 60 min after tracer application.

The quantitative comparative analyses of the in vivo figures of the
selected organs and tissues did not reveal any considerable differences
between the SUVpean values of the *®Ga-labelled NAPamide and HOL-
Damide compounds (p < 0.05; demonstrated in Fig. 2E-2G and Sup-
plementary Material Table S3.). Sixty minutes post administration of
10 MBq [®®Ga]Ga-DOTA-NAPamide slight radiopharmaceutical uptake
was found in the brain, muscle, lung, stomach, heart, liver, fat tissue and
the intestines with the following SUV ean values: 0.02 + 0.007, 0.03 +
0.006, 0.06 + 0.007, 0.07 + 0,01, 0.1 + 0.007, 0.12 + 0.01, 0.05 +
0.01, 0.07 £ 0.01; respectively. Identically, the brain (SUVyean: 0.02 +
0.007), the muscle (SUVpean: 0.04 + 0.006), the lung (SUVpean: 0.06 +
0.005), the stomach (SUVean: 0.07 & 0.01), the heart (SUVpean: 0.1 &
0.01), the liver (SUVpean: 0.12 £ 0.01), the adipose tissue (SUVean:
0.06 + 0.03) and the intestines (SUVean: 0.1 &= 0.01) showed moderate

Fig. 2. In vivo PET/MRI imaging and quan-
titative image analysis of B16-F10 melanoma
tumors using [°®Ga]Ga-DOTA-HOLDamide
and [®®Ga]Ga-DOTA-NAPamide radiotracers.
Representative decay-corrected transaxial
(A, C) and whole-body coronal (B, D) PET/
MRI images of MCI1-R positive B16-F10
melanoma tumor-bearing C57BL/6J mice.
Quantitative SUV analysis of [*®Ga]Ga-
DOTA-HOLDamide and [°®Ga]Ga-DOTA-
NAPamide accumulation in experimental
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B16-F10 melanoma tumors (E, F) and bio-
distribution results (G). n = 5 mice/radio-
pharmaceutical. Decay-corrected PET/MRI
images and data were obtained 10 + 1 days
after subcutaneous tumor cell inoculation
and 60 min after the intravenous injection of
the radiotracers. Significance level between
[®3Ga]Ga-DOTA-HOLDamide and [®3Ga]Ga-
DOTA-NAPamide accumulation in B16-F10
tumors (F) and between the investigated or-
gans (G): p < 0.05 (%), p < 0.01 (**). Yellow
arrows: B16-F10 tumors. PET/MRI: positron
emission tomography/magnetic resonance
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SUV: standardized uptake value; T/M:
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this article.)
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tracer accumulation in case of the radio-conjugated HOLDamide com-
pound an hour after the injection. This is in line with the findings of
Nagy et al., who also encountered insignificant tracer accumulation with
both the %8Ga and the *Sc-labelled NAPamide derivatives in the
abdominal and thoracic organs and tissues (Nagy et al., 2017). On the
whole, the brain and the muscle demonstrated the least radioactivity
with both imaging probes (p < 0.05 and p < 0.01 for the brain and the
muscle; respectively). The slight cerebral uptake could be primarily
explained by the physiological barrier function of the blood-brain bar-
rier that possibly prohibits the entrance of these probes into the brain.
Similarly, permeability-related factors may delineate such a reduced
muscle accumulation.

In contrast, - compared to the other organs - notably marked SUVeap
figures were recorded in the kidneys applying both radiotracers (p <
0.01; [*®GalGa-DOTA-NAP-amide and [*3Ga]Ga-DOTA-HOLDamide:
0.55 + 0.07, and 0.82 + 0.11; respectively). An hour after the admin-
istration of [®®Ga]Ga-DOTA-NAPamide, the SUVmean, SUVmax, T/M
SUVmean and T/M SUV,ax values of the B16-F10 tumors were 0.3 +
0.09, 0.45 £+ 0.09, 10 + 1.94, 8 + 1.69; respectively, whereas we
registered the subsequent quantitative data regarding [°®Ga]Ga-DOTA-
HOLDamide: SUVpean: 0.23 &+ 0.5, SUVpax: 0.3 £ 0.04, T/M SUVean:
5.75 4+ 1.06 and T/M SUVpax.: 5.00 + 0.80. Of note, relatively lower T/
M values were encountered when applying the ®®Ga-labelled HOLDa-
mide compound compared to the %3Ga-labelled NAPamide agent which
appeared to be statistically significant (p > 0.05). We suppose that the
chemical properties and the stability of the labelled peptides may un-
derpin the experienced disparity regarding the T/M ratios; however,
future unbiased studies are required to fully uncover this issue (Breeman
et al., 2011). Our research group earlier performed blocking experi-
ments to confirm the MC1-R specificity of these ®3Ga-labelled imaging
probes, the previous findings of Nagy et al. had already strengthened the
selective affinity of amide derivatives towards these receptors (Nagy
et al., 2017). As we described in our previous studies, we performed
blocking experiments in MC1-R expressing B16-F10 tumor-bearing mice
with the co-injection of 15.6 + 1.2 MBgq of *Sc- or ®®Ga-labelled DOTA-

A 110

B 350 4 -8-Control (untreated)
—-[213Bj]Bi-DOTA-HOLDamide treated
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NAPamide and 200 pg a-MSH - as blocking agent - in 100 pL saline. An
hour postinjection, both the in vivo and ex vivo tracer distribution pattern
was assessed. The significantly lower (p < 0.01) tracer accumulation of
the blocked tumors verified the MCI-R binding specificity of the
investigated radiolabelled NAPamide compounds (Nagy et al., 2017).

Given the marked tracer accretion of B16-F10 tumors, these novel
MM specific molecular probes seem to be feasible in the detection of
MC1-R positive malignancies. In a similar vein, Nagy et al. also sub-
stantiated the potential of both investigated %8Ga and **Sc-labelled
NAPamide derivatives in receptor positive melanoma identification
(Nagy et al., 2017). However, they recorded more elevated SUV and T/
M ratios in case of [**Sc]Sc-DOTA-NAPamide 4 h post administration
which could be explained by the physical characteristics and the more
enhanced stability of 44g¢ (Nagy et al., 2017). Based on our results, the
appropriate binding potential of [*®Ga]Ga-DOTA-NAPamide and [%8Ga]
Ga-DOTA-HOLDamide to MC1-R made them ideal tracers for the
authentication of receptor expressing B16-F10 experimental melanoma
tumors in our experiment.

3.3. Impact of [2'®Bi]Bi-DOTA-NAPamide and [?*3Bi]Bi-DOTA-
HOLDamide treatment on tumor growth and tumor volume

Body weight (expressed in grams) was normalized to the body
weight measured on the 6th day (100%) post B16-F10 tumor cell im-
plantation (relative body weight/RBW). Follow-up curves of RBW
measurements - expressed as percentage - showed no significant change
in any of the groups of the investigated animals (p < 0.05; as shown in
Fig. 3A). The RBW figures of the control, untreated animal subclass were
100 + 0.47, 103 + 0.36, and 104 + 0.88 measured on the 6th, 8th, and
10th days of the investigation; respectively. In the [>'°Bi]Bi-DOTA-
HOLDamide treated subcategory 100 + 0.56, 101 + 0.34, and 102 +
0.95 were recorded on the given experimental days; respectively, while
in the [?!°Bi]Bi-DOTA-NAPamide cohort RBW was 100 + 0.37 (6th
day), 102 + 0.41 (8th day) and 102 + 0.69 (10th day). Lack of
treatment-associated body weight loss might imply the safety of both

Fig. 3. Impact of [*!>Bi]Bi-DOTA-NAPamide (n = 9)
and [?'®Bi]Bi-DOTA-HOLDamide (n = 6) treatment
on body weight changes (A) and tumor growth (B and
C). Data (gram) was normalized to the body weight
measured on the 6th day (100%) post tumor cell in-
jection (A). The treated tumor volume (mm?®) was
compared to the volume of the control (untreated)
tumors (B), and was normalized to the tumor volume
registered on the 6th day (100%) post tumor cell
transplantation (C). The survival rate of the animals
until the day of euthanasia (D). Treatments began 6
days after B16-F10 tumor cell inoculation. Signifi-

, cance level: p < 0.01 (**), indicated in comparison
with the treated B16-F10 tumors (B) and between the
investigated groups (C).
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investigated therapeutic agents. This may project the possible clinical
applicability of these novel peptide-based anti-cancer drug-candidates.
Nevertheless, further large-scale studies are required to uncover
possible untoward side effects that may have an influence on their
incorporation into clinical settings.

S.c. developing melanoma tumors of the control untreated group
continuously expanded until the end of the experiment and reached a
remarkable tumor volume of 262.83 + 24.35 mm® by the 10th day. In
the [213Bi]Bi—DOTA—NAPamide treated subgroup a tumor size increase
could also be observed with the subsequent mean tumor volumes: 4.83
+ 0.27 mm® on the 6th day, 35.33 + 3.42 mm® on the 8th day, and
117.00 + 21.07 mm® on the 10th day. Following the application of
[2'%Bi]Bi-DOTA-HOLDamide progressing tumor masses of 1.00 + 0.14
mm?, 7.75 + 1.07 mm? and 78.25 + 12.37 mm® could be registered on
the 6th, 8th and 10th days; respectively. The treatments resulted in
highly different follow-up curves. The continuity of tumor development
could be tracked in Fig. 3B. Although no significant difference could be
observed between the tumor expansion of the three animal groups on
either the 6th or the 8th days (p < 0.05), the size of the tumors of the
untreated mice measured on the 10th day was larger in comparison with
either of the treated groups (p < 0.01). Based on this observation we may
conclude that additional treatment regimens with enhanced anti-
proliferative effects would induce further tumor growth reduction.
Absence of difference between the tumor sizes of the treated subclasses
might indicate the comparable therapeutic efficacy of the HOLDamide
and NAPamide derivatives (p < 0.05).

Finally, the tumor bulks of the treated animals were normalized to
those measured on the 6th day (100%) after the injection of the mela-
noma tumor cells. Follow-up curves of relative tumor masses (presented
as percentage) are displayed in Fig. 3C. Constant tumor volume
magnification was pinpointed in case of the untreated control animals
with the following relative mean tumor volumes of 100 + 8.32, 2220 +
308.36, 15087 + 1322.4 defined on the 6th, 8th’ and 10th days;
respectively. Similar tendency could be depicted in case of both sub-
classes of the treated mice, with 100 + 4.67 (6th day), 775 + 204.61
(8th day) and 7825 + 721.36 (10th day) relative values for the radio-
labelled HOLDamide administered cohort. Relative tumor bulk data of
100 + 6.32, 956 + 105.63 and 3050 + 562.36 were recorded on the 6th,
8th and 10th days; respectively regarding the [2'*Bi]Bi-DOTA-NAPa-
mide treated cohort. Similarly to the previous findings, no statistically
significant difference could be encountered between the relative tumor
masses of the assessed groups on the 6th and 8th experimental time
points (p < 0.05), whereas compared to the treated classes, the relative
dimensions of the untreated small animals appeared to be more sizeable
on the 10th day (p < 0.01). In contrast, a notable difference was
remarked between the tumor volumes of the [>'>Bi]Bi-DOTA-NAPamide
and the [213Bi]Bi-DOTA-HOLDamide administered groups measured on
the 10th day (p < 0.01). Histological analysis demonstrated that the
presence of necrosis and apoptosis was more frequent in the treated
animals compared to the untreated counterparts (Supplementary ma-
terial Fig. S5.). Overall, the size of the neoplasms treated with [?13Bi]Bi-
DOTA-NAPamide was the smallest. According to this finding [2'*Bi]Bi-
DOTA-NAPamide seems to be superior to the HOLDamide compound in
terms of therapeutic efficacy, however, future research evaluating more
tumor-related parameters are warranted to confirm our hypothesis.
During the experimental period and after the three treatments no animal
death was recorded. Fig. 3D represents the survival rate of the experi-
mental mice until the day of the euthanasia.

The above remarked observations are of pivotal importance from
clinical point of view, since the application of radiolabelled, receptor-
selective MM treatment could potentially lead to the deceleration or
even the prohibition of primary disease progression and metastases
formation. Further, the integration of these novel theranostics into the
existing clinical pathways may revolutionize cancer treatment leading
to the establishment of tailor-made targeted anti-tumor therapy.
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3.4. Ex vivo organ distribution studies

To assess the organ distribution of [?1®Bi]Bi-DOTA-HOLDamide and
[213Bi]Bi-DOTA-NAPamide as well as to uncover the differences be-
tween their radioactivity pattern ex vivo studies were performed 30, -
and 90 min following the i.v. injection of approximately 5 MBq of both
MC1-R specific radiopharmaceuticals. After dissection, the accumulated
radioactivities of the blood, liver, spleen, kidneys, intestine, stomach,
muscle, lung and the s.c. growing B16-F10 tumors were measured by a
high-performance gamma counter. Ex vivo data are displayed in Sup-
plementary Material Table S4.

Using either [2'°Bi]Bi-DOTA-HOLDamide or [>!*Bi]Bi-DOTA-NAPa-
mide the highest %ID/g values were confirmed in the kidneys at both
investigated time points ([>!®Bi]Bi-DOTA-HOLDamide: 15.18 + 4.83
and 9.25 + 0.06, [*'*Bi]Bi-DOTA-NAPamide: 13.56 + 2.98 and 6.65 +
0.31; 30, - and 90 min postinjection; respectively) and in the urine
([*'®Bi]Bi-DOTA-HOLDamide: 366.84 + 186.67 and 52.44 + 24.83,
[21%Bi]Bi-DOTA-NAPamide: 556.39 + 129.25 and 25.34 + 8.24; 30, -
and 90 min after tracer application; respectively). This prominent uri-
nary radiopharmaceutical accumulation - in line with the in vivo PET/
MRI data obtained with the ®®Ga-labelled amide derivatives - indicates
renal elimination. Although, despite the high renal activity in the 2!>Bi-
treated animals, no signs of renal damage were shown by routine his-
tological (hematoxylin/eosin) and immunohistochemical (cell cycle-
related Phospho-Histone H3 histone (phH3), and apoptosis-related
Caspase-3 labelling) analyses (supplementary material Histology sec-
tion; Fig. S6.). As mentioned above, we observed more enhanced [°8Ga]
Ga-DOTA-HOLDamide uptake in the kidneys compared with [*8Ga]Ga-
DOTA-NAPamide accumulation. As for the 2!°Bi-labelled compounds,
we did not encounter any difference between the renal uptake of the two
amide molecules. We hypothesize that the labelling procedures and the
physicochemical properties of the radiometals may partially underly
this observation. Further, the structural differences between the NAPa-
mide and the HOLDamide derivatives may also explain the experienced
difference between the urinary uptake pattern of the two tracers.
Moreover, we also hypothesize the binding of the HOLDamide molecule
to non-specific targets or unknown off-targets (receptors, other cell
surface molecules). Albeit, future studies are required to fully uncover
this result. In addition, the presence of the two radiotracers did not show
any difference in the blood at either time points.

Applying any of the 2!*Bi-appended tracers, the relatively low or
moderate uptake of the thoracic and abdominal organs and tissues
correlated well with the in vivo SUVean values of [°8Ga]Ga-DOTA-
HOLDamide and [®8Ga]Ga-DOTA-NAPamide. Thirty minutes post-
application, the liver, the lungs, the stomach and the muscle were
depicted with [>'®Bi]Bi-DOTA-HOLDamide %ID/g values of 1.55 =+
0.43, 2.48 + 0.77, 1.29 + 0.68 and 0.55 + 0.13; respectively, while as
for [*'®Bi]Bi-DOTA-NAPamide accumulation the subsequent ex vivo
data were registered: 1.97 + 0.04, 2.24 + 0.13, 1.10 £+ 0.14, 0.81 +
0.19 for the liver, the lungs, the stomach and the muscle; respectively.
The 90-minute ex vivo data also showed slight accumulation. The ex vivo
organ distribution pattern of ®®Ga and **Sc-labelled, DOTA-conjugated
NAPamide - represented in the kidneys (approximately %ID/g:
2.43-3.97) and in other organs and tissues published by Nagy et al. - was
comparable to that of ours (Nagy et al., 2017). Given the similar findings
of other former investigations with ®’Ga and '!'In, the exchange of the
radiometal had no effect on either renal excretion or the uptake of the
peptide derivatives (Cheng et al., 2007a; Cheng et al., 2007b; Froide-
vaux et al., 2005).

As indicated in Fig. 4. - except for the liver, lungs and the B16-F10
tumor itself — the [*'°Bi]Bi-DOTA-HOLDamide uptake of the investi-
gated organs showed a considerable decrease (p < 0.01) from 30 min
until the termination of the study (90th minute). Apart from hepatic,
lienal and tumorous accumulation; however, the selected organs
exhibited remarkably lower [?'3Bi]Bi-DOTA-NAPamide activity at the
90th minute compared to that of measured 30 min postinjection (p <
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Fig. 4. Ex vivo biodistribution of [*'®Bi]Bi-DOTA-HOLDamide and [***Bi]Bi-
DOTA-NAPamide in B16-F10 tumorous mice 30, - and 90 min postinjection of
approximately 5 MBq of the MC1-R affine a-MSH-analogue radiopharmaceu-
ticals. %ID/g tissue values are presented as mean + SD. n = 5 mice/radio-
pharmaceutical/time point. Significance level between 30, - and 90 min for the
corresponding radiopharmaceutical: p < 0.01 (**). MC1-R: Melanocortin-1
Receptor; a-MSH: Alpha-Melanocyte Stimulating Hormone; SD: stan-
dard deviation.

0.01) (as seen in Fig. 4.). Ninety minutes post administration of [213Bi]
Bi-DOTA-NAPamide the %ID/g values of the blood, kidney, intestine,
stomach, muscle and lung were 0.19 + 0.07, 6.65 + 0.31, 0.09 + 0.13,
0.12 + 0.07, 0.02 + 0.01, 0.32 + 0.06; respectively.

Upon the assessment of the s.c. developing melanoma tumors, rela-
tively enhanced %ID/g data were obtained in particular 90 min after
[213Bi]Bi-DOTA-NAPamide injection (%ID/g: 2.71 + 0.15). Former
literature findings also noted more elevated uptake of radiolabelled
a-MSH analogues in preclinical MC1-R positive B16-F10 tumors in
comparison with low receptor expressing A375 tumors (Breeman et al.,
2011; Evans et al., 2020; Froidevaux et al., 2005). In addition, B16-F10
neoplasms were well identifiable with both [68Ga] Ga-DOTA-NAPamide
and [**Sc]Sc-DOTA-NAPamide in a translational mouse model estab-
lished by Nagy and co-workers (Nagy et al., 2017). Faint background
activity together with relatively high uptake of the B16-F10 tumors
result in satisfactory T/M ratios and image contrast, which purveys a
clear added value in diagnostic applications (Breeman et al., 2011;
Evans et al., 2020). As this phenomenon is of crucial importance in terms
of reporting, it further outlines the future feasibility of 2Bi-appended
DOTA-NAPamide in image analyses and therapeutic follow-up as well.
We could not reveal any meaningful difference during the comparison of
the measurements of other organs (as presented in Fig. 4.).

Despite the above detailed promising results on the therapeutic ef-
ficacy of the radiolabelled peptide derivatives, however, some concerns
regarding the use of 2'®Bi must be addressed. First of all, the limited
availability and the expenses of the mother isotope Actinum-225 (>2°Ac)
constitute a major drawback of the synthesis of 2'*Bi (Dekempeneer
et al., 2016). The short half-life of the radiometal (T;/2 = 45.6 min) not
only makes the transport of the isotope to remote facilities challenging,
but also must be considered during the selection of the targeting vectors.
Further owing to the short longevity of the radioisotope, applying
[213Bi]Bi-labelled probes for the treatment of easily achievable tumor
cells is restricted (Majkowska-Pilip et al., 2020). Although several
shortcomings may hamper the widespread application of 2!°Bi, its usage
circumvents the potential drawbacks of the therapeutic beta and Auger
electron emitters. While beta rays exert considerable cytotoxic effects on
healthy tissues, intracellular localization is needed for radionuclides
with Auger electron emission to achieve relevant therapeutic effect
(Marcu et al., 2018; Rosenkranz et al., 2020).
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4, Limitations

There are some limitations of the present study that worth
mentioning. The current research is lacking in some additional experi-
ments that need to be executed to provide the complete performance
evaluation of the investigated probes including but not limited to more
detailed radiochemical investigations, in vitro affinity determination and
blocking experiments. Based on our pioneering results, future studies
with more advanced study design that addresses the evaluation of the
therapeutic effect of the probes in tumor volumes of different sizes in a
longer follow-up period are warranted. This would simultaneously
ensure a more profound survival analysis as well. Further, instead of
calliper measurements, more advanced imaging techniques such as CT
or ultrasound should have been applied for the precise follow-up of
tumor size change.

Although, the current research was primarily intended to be a proof-
of-concept, raising the possibility that MC1l-receptor-affine peptides
labelled with alpha emitting 2!*Bi may have a potential role in the tar-
geted therapy of melanoma. Hence, we aimed at verifying whether
either [*'°Bi]Bi-DOTA-NAPamide or HOLDamide has any effects on
tumor weight or tumor volume in order to determine which one is
worthy of further in vitro and in vivo evaluations. Overall, our study was
just a pioneering experiment that could lay the basis of detailed future
studies conducted with these derivatives.

5. Conclusion

Overall, the in vivo diagnostic potential of [®8Ga]Ga-DOTA-NAPa-
mide and [®®Ga]Ga-DOTA-HOLDamide to MC1-R overexpressing B16-
F10 melanoma tumors could make them potential imaging PET probes
for the identification of MC1-R positive MM. Our initial investigations
may project the viability of alpha-emitting, MC1-R-targeting radio-
theranostic agents in the targeted radionuclid therapy of both primary
MM and related metastases. Nonetheless, future research with addi-
tional studies is warranted to fully strengthen the theranostic efficacy of
the investigated 2!*Bi-labelled peptide probes.
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