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Abstract
The purpose of this study was to examine the melanoma imaging properties of a novel 67Ga-
labeled lactam bridge-cyclized alpha-melanocyte stimulating hormone (α-MSH) peptide. A lactam
bridge-cyclized α-MSH peptide, DOTA-GlyGlu-CycMSH {DOTA-Gly-Glu-c[Lys-Nle-Glu-
His-DPhe-Arg-Trp-Gly-Arg-Pro-Val-Asp]}, was synthesized and radiolabeled with 67Ga. The
melanoma targeting and pharmacokinetic properties of 67Ga-DOTA-GlyGlu-CycMSH were
determined in B16/F1 flank primary melanoma-bearing and B16/F10 pulmonary metastatic
melanoma-bearing C57 mice. Flank primary melanoma and pulmonary metastatic melanoma
imaging were performed by small animal single photon emission computed tomography (SPECT)/
CT using 67Ga-DOTA-GlyGlu-CycMSH as an imaging probe. 67Ga-DOTA-GlyGlu-CycMSH
was readily prepared with greater than 95% radiolabeling yield. 67Ga-DOTA-GlyGlu-CycMSH
exhibited substantial tumor uptake (12.93 ± 1.63 %ID/g at 2 h post-injection) and prolonged tumor
retention (5.02 ± 1.35 %ID/g at 24 h post-injection) in B16/F1 melanoma-bearing C57 mice. The
uptake values for non-target organs were generally low (<0.30 %ID/g) except for the kidneys at 2,
4 and 24 h post-injection. 67Ga-DOTA-GlyGlu-CycMSH exhibited significantly (p<0.05) higher
uptakes (1.44 ± 0.75 %ID/g at 2 h post-injection and 1.49 ± 0.69 %ID/g at 4 h post-injection) in
metastatic melanoma-bearing lung than those in normal lung (0.15 ± 0.10 %ID/g and 0.17 ± 0.11
%ID/g at 2 and 4 h post-injection, respectively). Both flank primary B16/F1 melanoma and B16/
F10 pulmonary melanoma metastases were clearly visualized by SPECT/CT using 67Ga-DOTA-
GlyGlu-CycMSH as an imaging probe 2 h post-injection. 67Ga-DOTA-GlyGlu-CycMSH
exhibited favorable melanoma targeting and imaging properties, highlighting its potential as an
effective imaging probe for early detection of primary and metastatic melanoma.
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INTRODUCTION
G protein-coupled melanocortin-1 (MC1) receptors are distinct molecular targets for
developing melanoma-specific peptide radiopharmaceuticals due to their over-expression on
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human and mouse melanoma cells (1–5). Alpha-melanocyte stimulating hormone (α-MSH)
peptides can specifically target the MC1 receptors with diagnostic and therapeutic
radionuclides through specific peptide-receptor interaction for melanoma imaging and
therapy (6–18). Recently, we have reported a novel class of 111In-labeled lactam bridge-
cyclized α-MSH peptides as effective imaging probes for melanoma detection (19,20).
Unique lactam bridge-cyclization made the radiolabeled peptides stable both in vitro and in
vivo. Both primary melanoma and pulmonary melanoma metastases were clearly visualized
by small animal SPECT/CT using 111In-DOTA-GlyGlu-CycMSH {111In-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid-c[Lys-Nle-Glu-His-DPhe-Arg-Trp-Gly-Arg-
Pro-Val-Asp]} as an imaging agent (19,20), highlighting the potential applications of
radiolabeled lactam bridge-cyclized α-MSH peptides as effective diagnostic and therapeutic
agents for melanoma.

Gallium-67 and Gallium-68 are suitable SPECT and positron emission tomography (PET)
radiometals with desirable radiophysical properties (21,22). Gallium-67 has a half-life of
78.3 h and decays with three gamma-emissions at 93 keV (38% abundance), 185 keV (24%
abundance) and 300 keV (16% abundance) that are suitable for SPECT imaging (23,24).
Moreover, 67Ga is also a potential therapeutic radiometal due to its emissions of Auger and
conversion electrons (25). Gallium-67 is a cyclotron-produced radionuclide (68Zn(p,
2n)67Ga) and is commercially available. The relatively long half-life of 67Ga (78.3 h) makes
it feasible to ship to the hospital or research institution after the production at the cyclotron
site. Gallium-68 is an attractive radionuclide for PET imaging due to its 89% positron
emission (maximum energy of 1.92 MeV). Gallium-68 has a half-life of 68 min and can be
easily obtained via an in-house commercial 68Ge-68Ga generator, making the production
of 68Ga independent of an onsite dedicated cyclotron (26). The 68-min half-life of 68Ga
allows the generator elution every 3–4 h which is ideal for several clinical studies in patients
in one day. The half-life of the parent 68Ge is 260.8 days, which makes the shelf-life of
a 68Ge/68Ga generator greater than one year. Importantly, 67Ga and 68Ga can be easily
conjugated by the DOTA-peptides, which makes the kit formulation possible and facilitates
the clinical use of gallium radiopharmaceuticals for SPECT and PET imaging.

Our laboratory has been interested in developing radiometal-labeled lactam bridge-cyclized
α-MSH peptides for melanoma SPECT imaging. Hence, we prepared 67Ga-DOTA-GlyGlu-
CycMSH and examined its melanoma imaging properties in primary and pulmonary
metastatic melanoma models to determine whether it could be used as an effective SPECT
agent for both primary and metastatic melanoma detection in this study. The biodistribution
and melanoma imaging properties of 67Ga-DOTA-GlyGlu-CycMSH were determined in
B16/F1 flank primary melanoma-bearing C57 mice and B16/F10 pulmonary metastatic
melanoma-bearing C57 mice. The effect of L-lysine co-injection in reducing the renal
uptake of 67Ga-DOTA-GlyGlu-CycMSH was examined in B16/F1 melanoma-bearing C57
mice.

MATERIALS AND METHODS
Chemicals and Reagents

Amino acids and resin were purchased from Advanced ChemTech Inc. (Louisville, KY) and
Novabiochem (San Diego, CA). DOTA-tri-t-butyl ester was purchased from Macrocyclics
Inc. (Richardson, TX). 67GaCl3 was purchased from MDS Nordion, Inc. (Vancouver,
Canada). All other chemicals used in this study were purchased from Thermo Fischer
Scientific (Waltham, MA) and used without further purification. B16/F1 and B16/F10
murine melanoma cells were obtained from American Type Culture Collection (Manassas,
VA).
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Complexation of the Peptide with 67Ga
DOTA-GlyGlu-CycMSH was synthesized as described previously (19) and identified by
mass spectrometry. DOTA-GlyGlu-CycMSH was radiolabeled with 67Ga using a 0.5 M
NH4OAc-buffered solution at pH 3.5. Briefly, 10 μl of 67GaCl3 (18.5–37.0 MBq in 0.05 M
HCl), 10 μL of 1 mg/mL DOTA-GlyGlu-CycMSH aqueous solution and 100 μL of 0.5 M
NH4OAc (pH 3.5) were added into a reaction vial and incubated at 90°C for 20 min. After
the incubation, 10 μL of 0.5% EDTA aqueous solution was added into the reaction vial to
quench the reaction. The radiolabeled peptide was purified to single species by Waters RP-
HPLC (Milford, MA) on a Grace Vadyc C-18 reverse phase analytical column (Deerfield,
IL) using the following gradient at a flowrate of 1 mL/min. The mobile phase consisted of
solvent A (20 mM HCl aqueous solution) and solvent B (100% CH3CN). The gradient was
initiated and kept at 84:16 A/B for 3 min followed by a linear gradient of 84:16 A/B to
74:26 A/B over 20 min. Then, the gradient was changed from 74:26 A/B to 10:90 A/B over
3 min followed by an additional 5 min at 10:90 A/B. Thereafter, the gradient was changed
from 10:90 A/B to 84:16 A/B over 3 min. The purified 67Ga-peptide sample was purged
with N2 gas for 20 minutes to remove the acetonitrile. The pH of final solution was adjusted
to 7.4 with 0.1 N NaOH and normal saline for cell work and animal studies. Serum stability
of 67Ga-DOTA-GlyGlu-CycMSH was determined by incubation in mouse serum at 37°C
according to the published procedure (19) for 24 h, and monitored for degradation by RP-
HPLC.

Cellular Internalization and Efflux of 67Ga-DOTA-GlyGlu-CycMSH
Cellular internalization and efflux of 67Ga-DOTA-GlyGlu-CycMSH were evaluated in B16/
F1 melanoma cells. After being washed once with binding medium, B16/F1 cells in cell
culture plates were incubated at 25°C for 20, 40, 60, 90 and 120 min (n=3) in the presence
of approximately 200,000 counts per minute (cpm) of HPLC-purified 67Ga-DOTA-GlyGlu-
CycMSH. After incubation, the reaction medium was aspirated and the cells were rinsed
with 2×0.5 mL of ice-cold pH 7.4, 0.2% BSA/0.01 M PBS. Cellular internalization of 67Ga-
DOTA-GlyGlu-CycMSH was assessed by washing the cells with acidic buffer [40 mM
sodium acetate (pH 4.5) containing 0.9% NaCl and 0.2% BSA] to remove the membrane-
bound radioactivity. The remaining internalized radioactivity was obtained by lysing the
cells with 0.5 mL of 1 N NaOH for 5 min. Membrane-bound and internalized 67Ga activities
were counted in a gamma counter. Cellular efflux of 67Ga-DOTA-GlyGlu-CycMSH was
determined by incubating B16/F1 cells with 67Ga-DOTA-GlyGlu-CycMSH for 2 h at 25°C,
removing non-specific-bound activity with 2×0.5 mL of ice-cold pH 7.4, 0.2% BSA/0.01
MPBS rinse, and monitoring radioactivity released into cell culture medium. At time points
of 20, 40, 60, 90 and 120 min, the radioactivities on the cell surface and in the cells were
separately collected and counted in a Wallac 1480 automated gamma counter (PerkinElmer,
NJ).

B16/F1 Flank Primary and B16/F10 Pulmonary Metastatic Melanoma Models
B16/F1 flank primary melanoma and B16/F10 pulmonary metastatic melanoma models
were generated to evaluate the biodistribution properties of 67Ga-DOTA-GlyGlu-CycMSH.
B16/F1 or B16/F10 melanoma cells were cultured in RPMI 1640 medium (Invitrogen
Corporation, Grand Island, NY) containing NaHCO3 (2 g/L), which was supplemented with
10% heat-inactivated fetal calf serum, 2 mmol/L L-glutamine, and 48 mg of gentamicin.
B16/F1 flank primary melanoma tumors were generated by subcutaneously inoculating
1×106 B16/F1 cells/mouse in the right flank of the C57 mice (Harlan, Indianapolis, IN). The
tumors reached approximately 0.2 g 10–12 days post the cell implantation. Pulmonary
metastatic melanoma tumors were generated via injecting 2×105 B16/F10 cells/mouse into
the C57 mice through the tail vein. The metastatic melanoma-bearing mice were used for
biodistribution studies 16 days after cell injection.
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Biodistribution Studies
All the animal studies were conducted in compliance with Institutional Animal Care and Use
Committee approval. The biodistribution properties of 67Ga-DOTA-GlyGlu-CycMSH were
determined in B16/F1 flank melanoma-bearing C57 mice. Each mouse was injected with
0.037 MBq of 67Ga-DOTA-GlyGlu-CycMSH through the tail vein. Groups of 5 mice were
sacrificed at 0.5, 2, 4 and 24 h post-injection, and tumors and organs of interest were
harvested, weighed and counted. Blood values were taken as 6.5% of the whole-body
weight. The results were expressed as percent injected dose/gram (% ID/g) and as percent
injected dose (% ID). The specificity of the tumor uptake of 67Ga-DOTA-GlyGlu-CycMSH
was determined by blocking the tumor uptake with the co-injection of 10 μg of non-
radiolabeled DOTA-GlyGlu-CycMSH. The biodistribution of 67Ga-DOTA-GlyGlu-
CycMSH in B16/F10 pulmonary metastatic melanoma-bearing C57 mice was determined
and compared with that in normal C57 mice at 2 and 4 h post-injection.

Effect of L-lysine Co-injection on the Renal Uptake of 67Ga-DOTA-GlyGlu-CycMSH
L-lysine co-injection is effective in decreasing the renal uptakes of radiolabeled α-MSH
peptides. Hence, the effect of L-lysine co-injection on the renal uptake of 67Ga-DOTA-
GlyGlu-CycMSH was examined in B16/F1 melanoma-bearing C57 mice. A group of 5 mice
were injected with a mixture of 0.037 MBq of 67Ga-DOTA-GlyGlu-CycMSH and 15 mg of
L-lysine. The mice were sacrificed at 2 h post-injection, and tumors and kidneys were
harvested, weighed and counted in a gamma counter.

Imaging Melanoma with 67Ga-DOTA-GlyGlu-CycMSH
The melanoma imaging properties of 67Ga-DOTA-GlyGlu-CycMSH were examined in B16/
F1 primary melanoma-bearing and B16/F10 pulmonary metastatic melanoma-bearing C57
mice. Two B16/F1 flank melanoma-bearing C57 mice were injected with 7.1 MBq of 67Ga-
DOTA-GlyGlu-CycMSH with or without 30 μg of non-radiolabeled DOTA-GlyGlu-
CycMSH via the tail vein to demonstrate the specificity of the melanoma uptake. The mice
were anesthetized with 1.5% isoflurane for small animal SPECT/CT (Nano-SPECT/CTR®,
Bioscan) imaging 2 h post-injection. The 9-min CT imaging was immediately followed by
the SPECT imaging of whole-body. The SPECT scans of 24 projections were acquired and
total acquisition time was 60 min. Reconstructed data from SPECT and CT were visualized
and co-registered using InVivoScope (Bioscan, Washington DC).

A B16/F10 pulmonary metastatic melanoma-bearing mouse was used for 67Ga-DOTA-
GlyGlu-CycMSH SPECT/CT imaging to determine whether the melanoma metastases
developed in the early stage (13 days post the cell injection) could be detected. The mouse
was injected with 4.6 MBq of 67Ga-DOTA-GlyGlu-CycMSH via the tail vein. The mouse
was anesthetized with 1.5% isoflurane for small animal SPECT/CT (Nano-SPECT/CT®,
Bioscan) imaging 2 h post-injection. The 9-min CT imaging was immediately followed by
the SPECT imaging of whole-body. Reconstructed data from SPECT and CT were
visualized and co-registered using InVivoScope (Bioscan, Washington DC).

Statistical Methods
Statistical analysis was performed using the Student’s t-test for unpaired data to determine
the significant differences between 67Ga-DOTA-GlyGlu-CycMSH with or without non-
radiolabeled DOTA-GlyGlu-CycMSH co-injection, between the bodistribution of 67Ga-
DOTA-GlyGlu-CycMSH in pulmonary metastatic melanoma-bearing mice and normal
mice, and between 67Ga-DOTA-GlyGlu-CycMSH with or without L-lysine co-injection.
Differences at the 95% confidence level (p<0.05) were considered significant.

Guo et al. Page 4

Bioconjug Chem. Author manuscript; available in PMC 2010 December 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RESULTS
DOTA-GlyGlu-CycMSH was synthesized, purified by RP-HPLC and characterized by
electrospray ionization mass spectrometry. DOTA-GlyGlu-CycMSH displayed greater than
95% purity with 30% overall synthetic yield. The peptide was labeled with 67Ga using a 0.5
M NH4OAc-buffered solution at pH 3.5. The radiolabeling yield was greater than 95%.
Figure 1 illustrates the schematic structure of 67Ga-DOTA-GlyGlu-CycMSH. 67Ga-DOTA-
GlyGlu-CycMSH was completely separated from its excess non-labeled peptide by RP-
HPLC. The retention times of 67Ga-DOTA-GlyGlu-CycMSH and its non-labeled peptide
were 14.4 and 15.9 min, respectively. 67Ga-DOTA-GlyGlu-CycMSH was stable in mouse
serum at 37°C. Only 67Ga-DOTA-GlyGlu-CycMSH was detected by RP-HPLC after 24 h of
incubation (Fig. 2).

Cellular internalization and efflux of 67Ga-DOTA-GlyGlu-CycMSH were evaluated in B16/
F1 cells. Figure 3 illustrates cellular internalization and efflux of 67Ga-DOTA-GlyGlu-
CycMSH. 67Ga-DOTA-GlyGlu-CycMSH exhibited rapid cellular internalization and
extended cellular retention. There was 53.82 ± 3.96% of the cellular uptake of 67Ga-DOTA-
GlyGlu-CycMSH activity internalized in the B16/F1 cells 20 min post incubation. There
was 69.91 ± 3.33% of the cellular uptake of 67Ga-DOTA-GlyGlu-CycMSH activity
internalized in the cells after 90 min incubation. Cellular efflux results demonstrated that
79.77 ± 9.49% of the internalized 67Ga-DOTA-GlyGlu-CycMSH activity remained inside
the cells 2 h after incubating cells in culture medium.

The pharmacokinetics and tumor targeting properties of 67Ga-DOTA-GlyGlu-CycMSH
were determined in B16/F1 flank primary melanoma-bearing and B16/F10 pulmonary
metastatic melanoma-bearing C57 mice. The biodistribution results of 67Ga-DOTA-GlyGlu-
CycMSH are shown in Tables 1 and 2. 67Ga-DOTA-GlyGlu-CycMSH exhibited rapid and
substantial tumor uptake. The tumor uptake value of 67Ga-DOTA-GlyGlu-CycMSH was
8.59 ± 1.37 %ID/g at 0.5 h post-injection. 67Ga-DOTA-GlyGlu-CycMSH reached its peak
tumor uptake value of 12.93 ± 1.63 %ID/g at 2 h post-injection. There were 8.12 ± 0.60
%ID/g of the 67Ga-DOTA-GlyGlu-CycMSH activity remained in the tumors at 4 h post-
injection. The tumor uptake value of 67Ga-DOTA-GlyGlu-CycMSH decreased to 5.02 ±
1.35 %ID/g at 24 h post-injection. In the blocking study, the tumor uptake value of 67Ga-
DOTA-GlyGlu-CycMSH with 10 μg of non-radiolabeled DOTA-GlyGlu-CycMSH co-
injection were only 2.9% of the tumor uptake value without non-radiolabeled DOTA-
GlyGlu-CycMSH co-injection at 2 h post-injection (p<0.05), demonstrating that the tumor
uptake was specific and receptor-mediated. Whole-body clearance of 67Ga-DOTA-GlyGlu-
CycMSH was rapid, with approximately 82% of the injected radioactivity cleared through
the urinary system by 2 h post-injection (Table 1). Normal organ uptakes of 67Ga-DOTA-
GlyGlu-CycMSH were generally very low (<0.30 %ID/g) except for the kidneys at 2, 4 and
24 h post-injection. The renal uptake values of 67Ga-DOTA-GlyGlu-CycMSH were 23.94 ±
7.15, 27.55 ± 7.87, 22.60 ± 4.03 and 20.92 ± 5.77 %ID/g at 0.5, 2, 4 and 24 h post-injection.
High tumor/blood and tumor/normal organ uptake ratios were demonstrated as early as 0.5 h
post-injection except for the tumor/kidney ratio (Table 1). Co-injection of 15 mg of L-lysine
reduced the kidney uptake value of 67Ga-DOTA-GlyGlu-CycMSH to 8.32 ± 5.18% ID/g
(69.8% reduction) without affecting the tumor uptake at 2 h post-injection (Fig. 4).

The biodistribution results of 67Ga-DOTA-GlyGlu-CycMSH in B16/F10 pulmonary
metastatic melanoma-bearing C57 mice at 2 and 4 h post-injection are presented in Table 2
and compared with those in normal C57 mice. 67Ga-DOTA-GlyGlu-CycMSH exhibited
significantly (p<0.05) higher uptake value in metastatic melanoma-bearing lung than that in
normal lung. The uptake values of 67Ga-DOTA-GlyGlu-CycMSH radioactivity in the
metastatic melanoma-bearing and normal lungs were 1.44 ± 0.75 and 0.15 ± 0.10 %ID/g,
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1.49 ± 0.69 and 0.17 ± 0.11 %ID/g at 2 and 4 h post-injection, respectively. The 67Ga-
DOTA-GlyGlu-CycMSH displayed higher lung/normal organ uptake ratios in pulmonary
metastatic melanoma-bearing mice than those in normal mice (Table 2). Similar rapid
whole-body clearance of 67Ga-DOTA-GlyGlu-CycMSH exhibited in both B16/F10
pulmonary metastatic melanoma-bearing C57 mice and normal C57 mice (Table 2).

Two B16/F1 flank primary melanoma-bearing C57 mice were injected with 67Ga-DOTA-
GlyGlu-CycMSH with or without non-radioactive DOTA-GlyGlu-CycMSH to visualize the
tumors and determine the specificity of the tumor uptake at 2 h after dose administration.
The whole-body SPECT/CT images of the mice are presented in Figures 5A and 5B. The
flank melanoma tumors were clearly visualized by SPECT/CT using 67Ga-DOTA-GlyGlu-
CycMSH as an imaging probe. 67Ga-DOTA-GlyGlu-CycMSH exhibited high tumor to
normal organ uptake ratios except for the kidney, which were coincident with the
biodistribution results. Accumulation of the 67Ga-DOTA-GlyGlu-CycMSH activity in the
bladder demonstrated the major urinary clearance. Co-injection of non-radioactive DOTA-
GlyGlu-CycMSH blocked the melanoma uptake (Fig. 5B), demonstrating the melanoma
uptake of 67Ga-DOTA-GlyGlu-CycMSH was specific and MC1 receptor-mediated. A B16/
F10 pulmonary melanoma-bearing C57 mouse was injected with 67Ga-DOTA-GlyGlu-
CycMSH via the tail vein to image melanoma metastases early developed in the lung (13
days post the cell injection). The whole-body and transversal images are presented in
Figures 5C and 5D. The pulmonary metastatic melanoma foci were clearly visualized in
both whole-body and transversal images by SPECT/CT using 67Ga-DOTA-GlyGlu-
CycMSH as an imaging probe.

DISCUSSION
Gallium-67 and Gallium-68 are attractive radiometals in nuclear medicine due to their
suitable imaging properties for SPECT and PET. Compared to 68Ga, 67Ga has longer half-
life and is thus a better radionuclide to use for examining the melanoma targeting property
of the radioactive gallium-labeled lactam bridge-cyclized α-MSH peptide in vivo. In this
study, we selected 67Ga to radiolabel the novel lactam bridge-cyclized DOTA-GlyGlu-
CycMSH peptide to evaluate its potential for primary and metastatic melanoma detection.
DOTA-GlyGlu-CycMSH was readily labeled with 67Ga in greater than 95% radiolabeling
yield. The metal chelator DOTA formed stable complex with 67Ga. 67Ga-DOTA-GlyGlu-
CycMSH was stable in serum at 37oC for 24 h (Fig. 2). 67Ga-DOTA-GlyGlu-CycMSH
exhibited substantial melanoma uptake and prolonged melanoma retention in B16/F1
melanoma-bearing C57 mice (Table 1). 67Ga-DOTA-GlyGlu-CycMSH showed higher
melanoma uptake values than those of 111In-DOTA-GlyGlu-CycMSH (19). The tumor
uptake values of 67Ga-DOTA-GlyGlu-CycMSH were 1.24, 1.10 and 2.12 times the tumor
uptake values of 111In-DOTA-GlyGlu-CycMSH at 2, 4 and 24 h post-injection. In 2004,
Froidevaux et al. (13) reported a 67Ga-labeled linear α-MSH peptide (67Ga-DOTA-
NAPamide) for melanoma targeting. The tumor uptake values of 67Ga-DOTA-NAPamide
were 9.43 ± 1.06 and 3.10 ± 0.36 %ID/g at 4 and 24 h post-injection in the B16/F1 flank
melanoma-bearing C57 mice (13). 67Ga-DOTA-GlyGlu-CycMSH exhibited 14% less tumor
uptake value than that of 67Ga-DOTA-NAPamide at 4 h post-injection. However, the tumor
uptake value of 67Ga-DOTA-GlyGlu-CycMSH was 1.62 times the tumor uptake value
of 67Ga-DOTA-NAPamide at 24 h post-injection. The renal uptake values of 67Ga-DOTA-
GlyGlu-CycMSH were 5.68 and 10.25 times the renal uptake values of 67Ga-DOTA-
NAPamide at 4 and 24 h post-injection. Recently, it has been reported that different
pathways may play roles in the mechanism of the renal uptakes of radiolabeled peptides
besides the electrostatic interaction between the peptides and tubule cells (27,28). For
instance, the use of colchicines (preventing endocytosis in tubular cells) decreased the renal
uptake up to 25% in a rat model (28). The transmembrane glycoprotein megalin involved in
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the renal uptakes of radiolabeled somatostatin analogues (29). Since the extracellular
domains of megalin can accommodate a variety of ligands, megalin may be involved in the
renal uptakes of other radiolabeled peptides. L-lysine co-injection decreased the renal uptake
value by 69.8% at 2 h post-injection (Fig. 4), demonstrating that the electrostatic interaction
between the peptide and tubular cells was a key factor for the renal uptake of 67Ga-DOTA-
GlyGlu-CycMSH. Reduction of the non-specific renal uptake of 67Ga-DOTA-GlyGlu-
CycMSH by L-lysine co-injection in this study was consistent with the published results on
radiolabeled metal-cyclized α-MSH peptides (4). Although more studies need to be
conducted in the future, it is likely that other mechanisms besides the electrostatic
interaction involve in the renal uptake of 67Ga-DOTA-GlyGlu-CycMSH as well.

Despite the clinical use of [18F]FDG in melanoma staging and melanoma metastases
identification, [18F]FDG is not a melanoma-specific imaging agent and is also not effective
in imaging small melanoma metastases (< 5 mm) and melanomas that have primary energy
sources other than glucose (30–32). Radiolabeled lactam bridge-cyclized α-MSH peptides
are melanoma-specific and can be employed to non-invasively confirm the identity of a
tumor as melanoma. As showed in Fig. 5, the flank primary melanoma lesions were clearly
visualized by SPECT/CT using 67Ga-DOTA-GlyGlu-CycMSH as an imaging probe.
Importantly, the melanoma uptake of 67Ga-DOTA-GlyGlu-CycMSH was blocked by 30 μg
of non-radioactive DOTA-GlyGlu-CycMSH, demonstrating the melanoma uptake of 67Ga-
DOTA-GlyGlu-CycMSH was specific and MC1 receptor-mediated. 67Ga-DOTA-GlyGlu-
CycMSH may have its greatest utilization when combined with a therapeutic radiometal-
labeled DOTA-GlyGlu-CycMSH. Since the DOTA can form stable complexes with a
variety of therapeutic radiometals (i.e. 177Lu, 90Y and 212Pb), the same DOTA-conjugated
lactam bridge-cyclized α-MSH peptide can be radiolabeled with diagnostic and therapeutic
radionuclides to yield matched-pair diagnostic and therapeutic peptides. The radiolabeled
diagnostic peptide can be used to not only detect melanoma lesions, but also identify the
expression levels of the MC1 receptors in different melanoma lesions. The important
information on the expression of the MC1 receptors will provide the physicians critical
guidance for selecting the right melanoma patients for MC1 receptor-targeted radionuclide
therapy. The patient-specific dosimetry determined by the diagnostic peptide will guide the
physicians to select safe and effective doses of the therapeutic peptide for the melanoma
patients. Moreover, the follow-up imaging using the radiolabeled diagnostic peptide can
monitor the response of melanoma to the treatment and provide the physicians the evidences
for choosing more efficacious and safer therapeutic peptide doses to the melanoma patients
for further treatment.

High mortality of malignant melanoma is tightly associated with the occurrence of
metastatic melanoma due to its aggressiveness and resistance to current chemotherapy and
immunotherapy regimens. Over the past several years, both radiolabeled linear and cyclic α-
MSH peptides have been investigated to target the MC1 receptors for the detection of
melanoma metastases (7,12,13,20) by tissue autoradiograph and small animal SPECT/CT.
Initially, linear 111In-DOTA-MSHoct and 67Ga-DOTA-NAPamide were reported to be able
to identify both melanotic and amelanotic melanoma metastases in lung by tissue
autoradiograph (12,13). In 2007, 99mTc- and 111In-labeled metal-cyclized DOTA-
Re(Arg11)CCMSH were reported to be successful in visualizing well-developed B16/F10
pulmonary melanoma metastases (24 days post the cell injection) in euthanized melanoma-
bearing mice by small animal SPECT/CT (7), demonstrating the potential of using
radiolabeled α-MSH peptides for non-invasive melanoma metastases imaging. Recently, we
have reported the successful utilization of 111In-labeled lactam bridge-cyclized DOTA-
GlyGlu-CycMSH in detecting B16/F10 relatively early-developed pulmonary metastases
(17 and 20 days post the cell injection) in live melanoma-bearing mice by Nano-SPECT/
CT® (20). Both individual metastatic melanoma foci (17 days post the cell injection) and
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bigger lesions (20 days post the cell injection) developed in the lung were clearly visualized
with 111In-DOTA-GlyGlu-CycMSH (20), demonstrating the feasibility of using 111In-
DOTA-GlyGlu-CycMSH as an imaging probe to monitor tumor response to therapy.
Despite the fact that 111In-DOTA-GlyGlu-CycMSH was superior to [18F]FDG in detecting
pulmonary melanoma metastases reported in our previous publication (20), it was not
answered whether the metastatic melanoma foci in the even earlier stage of development (<
17 days) could be detected by Nano-SPECT/CT® using radiolabeled DOTA-GlyGlu-
CycMSH as an imaging probe. It seemed to us that it would be possible to detect the
metastatic melanoma foci in the even earlier stage of development (< 17 days) based on the
fact that the spatial resolution of Nano-SPECT with multiple-pinhole collimator was
approximately 0.8 mm for a Jaszczak phantom filled with 111In aqueous solution. It was
reported that pulmonary metastatic melanoma deposits were initially detectable by small
animal CT approximately 15–18 days post tail vein injection of 0.2 million of B16/F10
melanoma cells (33). Hence, we selected 13 days post the cell injection (0.2 million B16/
F10 cells) as an early development time point of pulmonary melanoma metastases to
evaluate the imaging property of 67Ga-DOTA-GlyGlu-CycMSH in this study. As showed in
Figs. 5C and 5D, individual pulmonary metastatic melanoma foci were clearly visualized by
SPECT/CT using 67Ga-DOTA-GlyGlu-CycMSH as an imaging probe 2 h post-injection.
Compared to the metastatic melanoma images we reported previously (20), the images of
melanoma metastases reported in this study were even striking since the pulmonary
melanoma metastases were developed only 13 days post the cell injection. The remarkable
images of melanoma metastases presented in this study demonstrated the feasibility of
using 67Ga-DOTA-GlyGlu-CycMSH as an effective imaging probe for early detection of
metastatic melanoma.

In conclusion, 67Ga-DOTA-GlyGlu-CycMSH exhibited favorable primary and metastatic
melanoma targeting and imaging properties, highlighting its potential as an effective
imaging probe for early detection of primary and metastatic melanoma.
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Figure 1.
The structure of 67Ga-DOTA-GlyGlu-CycMSH.
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Figure 2.
HPLC profile of radioactive 67Ga-DOTA-GlyGlu-CycMSH (T=0) and mouse serum
stability of 67Ga-DOTA-GlyGlu-CycMSH (T=24 h) after 24 h incubation at 37°C. The
retention time of 67Ga-DOTA-GlyGlu-CycMSH was 14.4 min.
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Figure 3.
Cellular internalization (A) and efflux (B) of 67Ga-DOTA-GlyGlu-CycMSH in B16/F1
melanoma cells at 25°C. Total bound radioactivity (◆), internalized activity (■) and cell
membrane activity (▴) were presented as counts per minute (cpm).
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Figure 4.
Effect of L-lysine co-injection on the renal uptake of 67Ga-DOTA-GlyGlu-CycMSH at 2 h
post-injection. Black and white columns represented the tumor and kidney uptakes of 67Ga-
DOTA-GlyGlu-CycMSH with or without L-lysine co-injection, respectively. L-lysine co-
injection significantly (*p<0.05) reduced the renal uptake of 67Ga-DOTA-GlyGlu-CycMSH
by 69.8% at 2 h post-injection without affecting the tumor uptake.
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Figure 5.
Whole-body images of 67Ga-DOTA-GlyGlu-CycMSH in B16/F1 flank melanoma-bearing
C57 mice with or without peptide blockade (A and B) at 2 h post-injection; Whole-body (C)
and transversal (D) images of 67Ga-DOTA-GlyGlu-CycMSH in a B16/F10 pulmonary
metastatic melanoma-bearing C57 mouse at 2 h post-injection. Flank melanoma (T) and
pulmonary melanoma metastases (Mets) were highlighted with arrows on the images.
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Table 2

Biodistribution of 67Ga-DOTA-GlyGlu-CycMSH in B16/F10 pulmonary metastatic melanoma-bearing (lung
mets) and normal C57 mice (normal). The data were presented as percent injected dose/gram or as percent
injected dose (Mean±SD, n=5).

Tissue

2 h 4 h

Lung Mets Normal Lung Mets Normal

Percent injected dose/gram (%ID/g)

Brain 0.03±0.02 0.01±0.01 0.01±0.01 0.02±0.02

Blood 0.21±0.15 0.13±0.07 0.06±0.04* 0.19±0.11

Heart 0.02±0.02* 0.09±0.06 0.12±0.08 0.24±0.07

Lung 1.44±0.75* 0.15±0.10 1.49±0.69* 0.17±0.11

Liver 0.42±0.01* 0.46±0.03 0.47±0.10 0.55±0.14

Spleen 0.41±0.07 0.33±0.08 0.14±0.11 0.04±0.04

Stomach 0.19±0.03 0.21±0.02 0.18±0.13 0.28±0.12

Kidneys 29.67±6.55 37.20±2.16 28.75±4.30 31.98±5.35

Muscle 0.07±0.01 0.10±0.05 0.17±0.11* 0.05±0.02

Pancreas 0.16±0.09 0.15±0.07 0.18±0.09 0.20±0.07

Bone 0.16±0.09 0.12±0.08 0.44±0.09 0.42±0.16

Skin 0.57±0.19 0.50±0.09 0.33±0.12 0.46±0.15

Percent injected dose (%ID)

Intestines 0.52±0.18 1.32±0.73 1.13±0.11 2.00±0.81

Urine 90.55±0.38 85.76±3.76 88.12±1.12 88.17±1.22

*
p<0.05, significance comparison between 67Ga-DOTA-GlyGlu-CycMSH in pulmonary metastatic melanoma-bearing and normal C57 mice.
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