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Melanocortin type 1 receptor (MC1R), also known as
a-melanocyte–stimulating hormone (a-MSH) receptor, is an
attractive molecular target for melanoma imaging and therapy.
An 18F-labeled linear a-MSH peptide (18F-FB-Ac-Nle-Asp-
His-D-Phe-Arg-Trp-Gly-Lys-NH2 [NAPamide]) shows promis-
ing melanoma imaging properties but with only moderate
tumor uptake and retention. A transition metal rhenium-
cyclized a-MSH peptide, ReO[Cys3,4,10,D-Phe7,Arg11]
a-MSH3–13 (ReCCMSH(Arg11)), has shown high in vitro binding
affinity to MC1R and excellent in vivo melanoma-targeting pro-
files when labeled with radiometals. Therefore, we hypothe-
sized that ReCCMSH(Arg11) could be a good platform for the
further development of an 18F-labeled probe for PET of
MC1R-positive malignant melanoma. Methods: In this study,
the metallopeptide Ac-D-Lys-ReCCMSH(Arg11) was synthe-
sized using conventional solid-phase peptide synthesis chem-
istry and a rhenium cyclization reaction. The resulting peptides
were then labeled with N-succinimidyl-4-18F-fluorobenzoate (18F-
SFB). The 18F-labeled metallopeptides were further tested for their
in vitro receptor binding affinities, in vivo biodistribution, and
PET imaging properties. Results: Both isomers of Ac-D-Lys-
ReCCMSH(Arg11), named as RMSH-1 and RMSH-2, were purified
and identified by high-performance liquid chromatography. The
binding affinities of RMSH-1 and RMSH-2 and their respective
19F-SFB–conjugated peptides (19F-FB-RMSH-1 and 19F-FB-
RMSH-2) were all determined to be within nanomolar range.
Both 18F-labeled metallopeptides showed good tumor uptake
in the B16F10 murine model, with high MC1R expression, but
much lower uptake in the A375M human melanoma xenografted
in mice, indicating low MC1R expression. 18F-FB-RMSH-1,
when compared with 18F-FB-RMSH-2, displayed more favorable
in vivo performance in terms of slightly higher tumor uptakes and
much lower accumulations in the kidney and liver at 2 h after injec-
tion. Small-animal PET of 18F-FB-RMSH-1 and -2 in mice bearing
B16F10 tumors at 1 and 2 h showed good tumor imaging quality.
As expected, much lower tumor uptakes and poorer tumor–
to–normal organ contrasts were observed for the A375M model
than for the B16F10 model. 18F-FB-RMSH-1 and -2 showed high-
er tumor uptake and better tumor retention than did 18F-FB-NAPa-
mide. Conclusion: Specific in vivo targeting of 18F-FB-RMSH-1 to
malignant melanoma was successfully achieved in preclinical

models with high MC1R expression. Thus, the radiofluorinated
metallopeptide 18F-FB-RMSH-1 is a promising molecular probe
for PET of MC1R-positive tumors.
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Malignant melanoma is still increasing. According to
the National Cancer Institute, there will be an estimated
68,720 new cases and 8,650 deaths all over the United
States in 2009. It is an aggressive disease with high
metastatic potential and resistance to cytotoxic agents.
Representing only 5% of all skin cancer types, melanoma
contributes to more than 50% of deaths related to skin
cancer (1,2).

Imaging techniques play crucial roles in diagnosing and
staging cancers and individualizing treatment plans for
patients. The earlier detection and staging of malignant
melanoma is important for better management of the
disease. 18F-FDG PET provides useful information for the
detection of distal organ metastases and has been widely
used in the staging of malignant melanoma in the clinic
(3). However, 18F-FDG PET (4,5), 39-18F-fluoro-39-deoxy-
L-thymidine (6), and 18F-galacto-arginine-glycine-aspartic
acid (7) all have limitations in terms of sensitivity and
specificity. Novel PET molecular probes are still in great
demand to image specific melanoma-associated targets,
detect melanoma micrometastases, and improve the current
management.

Melanocortin type 1 receptor (MC1R) is a G-protein–
coupled receptor and has been known to be overexpressed
in many types of murine and human melanomas, making it
an attractive target for receptor-based imaging and therapy
(8,9). Its major ligand, a-melanocyte–stimulating hormone
(a-MSH), is derived from a precursor hormone called
proopiomelanocortin. Many a-MSH analogs have been
synthesized, labeled with different radioisotopes, and re-
ported to be highly selective to melanoma because of their
high binding specificity to MC1R (10–22). Currently, 2
classes of a-MSH analogs have shown the most promising
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results for the in vivo targeting of melanoma. The first
one is transition metal rhenium-cyclized a-MSH,
ReO[Cys3,4,10,D-Phe7,Arg11]a-MSH3–13 (referred to as
ReCCMSH(Arg11))–based analogs (10,14,15,19,21,22);
the other is the linear a-MSH, Ac-Nle-Asp-His-D-Phe-
Arg-Trp-Gly-Lys-NH2 (referred to as NAPamide)–based
peptides (11,12,18,20).

In our previous research, NAPamide has been labeled
with a highly clinically relevant PET radioisotope, 18F. The
conjugation of N-succinimidyl-4-18F-fluorobenzoate (18F-
SFB) through the lysine side chain e-amino group in
NAPamide generated a radiopeptide 18F-FB-NAPamide
(Fig. 1) (11). Further small-animal PET with this probe in
tumor-bearing mice demonstrated that 18F-FB-NAPamide
could clearly detect MC1R-positive melanoma and differ-
entiate melanomas with high and low MC1R expression.
These earlier results highlight the potential use of an 18F-
labeled a-MSH peptide for clinical melanoma MC1R
imaging. However, the associated biodistribution experi-
ments showed that 18F-FB-NAPamide displayed only mod-
erate tumor uptake and retention (1.19 6 0.11 and 0.25 6

0.05 percentage injected dose per gram [%ID/g], respec-
tively, in B16F10 xenografted melanoma at 1 and 4 h after
injection). This phenomenon is usually caused by the rapid
release of radioactivity from tumors after the internalization
of radiohalogenated peptides (19). To develop an 18F-
labeled a-MSH analog that can be translated for clinical
use, strategies are required to improve radiotracer uptake
and retention in tumors.

ReCCMSH(Arg11) and related analogs have demon-
strated high in vivo tumor radioactivity uptake and long
tumor cellular retention because of their high resistance to
proteolytic degradation of this novel metallopeptide scaf-
fold, which makes ReCCMSH(Arg11) an ideal structural

motif for the development of melanoma-targeting agents
(10,14,15,19,21,22). Ac-D-Lys-ReCCMSH(Arg11) (abbre-
viated as RMSH) was thus designed and conjugated with
4-125I-iodobenzoate to produce Ac-D-Lys(125I-IBA)-
ReCCMSH(Arg11) (abbreviated as 125I-IB-RMSH) and
showed decent tumor uptake in vivo (19). In this study,
we hypothesized that a PET probe with good melanoma
uptake and retention might be achieved by replacing 125I
with 18F in an 125I-IB-RMSH molecule. The 18F-SFB–
conjugated RMSH Ac-D-Lys(18F-FB)-ReCCMSH(Arg11)
(abbreviated as 18F-FB-RMSH, Fig. 1) was synthesized
and further evaluated by PET for melanoma and MC1R
expression in mice tumor models.

MATERIALS AND METHODS

General
125I-(Tyr2)-[Nle4, D-Phe7]-a-MSH [125I-(Tyr2)-NDP] was pur-

chased from Perkin Elmer. All N-a-Fmoc–protected amino acids
were purchased from Advanced Chemtech. Dimethylformamide
and methylene chloride were from Fisher Scientific. Piperidine
(20%) in dimethylformamide and 0.4 M N-methylmorpholine in
dimethylformamide were from Protein Technologies Inc.
Trifluoroacetic acid (TFA), O-benzotriazole-N,N,N9,N9-tetrame-
thyluronium hexafluoro-phosphate (HBTU), and 4-(29,49-dime-
thoxyphenyl-Fmoc-aminomethyl)-phenoxy resin (Rink amide
resin LS, 100–200 mesh, 1% divinylbenzene [DVB] 0.2 mmol/g)
were from Advanced Chemtech. Pyridine, acetic anhydride,
acetic acid, and anhydrous ether were from J.T. Baker. Triisopro-
pylsilane, N,N9-diisopropylethylamine, and 1,2-ethanedithiol were
purchased from Sigma-Aldrich. High-performance liquid chroma-
tography (HPLC)–grade acetonitrile (CH3CN) and Millipore 18-
mV water were used for peptide purifications. SFB was purchased
from ABX GmbH. All other standard synthesis reagents were
purchased from Sigma-Aldrich Chemical Co. All the other general
materials (cell lines, mice, etc.) and instruments (reversed-phase

FIGURE 1. Schematic structures of 18F-FB-NAPamide, 125I-IB-RMSH, and 18F-FB-RMSH.
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HPLC, radioactive dose calibrator, and electrospray ionization
mass spectrometry [ESI-MS] or matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry [MALDI-TOF-MS])
are the same as previously reported (11).

Synthesis of RMSH
Ac-D-Lys-CCMSH(Arg11) (amino acid sequence, Ac-

kCCEHdFRWCRPV-NH2) was synthesized using conventional
Fmoc/HBTU peptide synthesis chemistry. RMSH was then pre-
pared by rhenium coordination using a transchelation reaction
with rhenium-glucoheptonate as previously described (14,19). The
resulting rhenium-chelated RMSH was purified by a semiprepar-
ative gradient HPLC system with a C-18 column. Ultraviolet
detection wavelengths were 218, 254, 280, and 412 nm for all
experiments. The flow rate was 3 mL/min, with the mobile phase
starting with 15%:85% solvent B to solvent A (0–3 min), then
increasing to 20%:80% solvent B to solvent A at 33 min and
85%:15% solvent B to solvent A at 36 min, and being maintained
at this composition for another 3 min (36–39 min). The gradient
returned to the initial solvent composition by 42 min from the start
of injection. Fractions containing the product were collected and
lyophilized. Peptide identities were confirmed by ESI-MS or
MALDI-TOF-MS.

18/19F-SFB Conjugation with RMSH
The reference standard 19F-FB-RMSH was prepared by reaction

of RMSH with SFB (19). Briefly, RMSH and SFB dissolved in
dimethyl sulfoxide (100 mL) and N,N9-diisopropylethylamine
(5 mL) were mixed and reacted for 1 h at 50�C. The reaction
solution was quenched by adding TFA (50 mL) and injected into
a semipreparative HPLC column for purification. The flow rate was
3 mL/min, with the mobile phase starting at 95% solvent A and 5%
solvent B (0–3 min), going to 35% solvent A and 65% solvent B at
33 min, then going to 15% solvent A and 85% solvent B, and being
maintained at this solvent composition for another 3 min (36–
39 min). The gradient returned to the initial solvent composition
by 42 min. Fractions containing the product were collected,
lyophilized, and characterized by ESI-MS or MALDI-TOF-MS.

The radiofluorination synthon 18F-SFB was prepared using
a procedure reported previously (11,23). 18F-SFB (specific activ-
ity, 5.4–6.8 Ci/mmol, or 200–250 GBq/mmol) dissolved in
acetonitrile (100 mL) was added to the RMSH peptide (100 mg)
dissolved in Na2HPO4 buffer (900 mL, pH 8.0) and reacted for 1 h
at 60�C. After TFA (50 mL) had been added to quench the
reaction, the reaction solution was injected into a semipreparative
HPLC column using the same elution gradient as the one used in
the synthesis of cold 19F-FB-RMSH. The HPLC fractions con-
taining the radiolabeled product were subsequently collected,
combined, and evaporated with a rotary evaporator to dryness.
The radiolabeled peptide was reconstituted in phosphate-buffered
saline (PBS) and passed through a 0.22-mm Millipore filter into
a sterile vial for in vitro and animal experiments.

In Vitro Cell Binding Assay
B16/F10 murine melanoma cells and A375M cells were

cultured in Dulbecco’s modified Eagle’s high-glucose medium
supplemented with 10% fetal bovine serum and penicillin and
streptomycin. The cells were maintained in a 37�C, 5% CO2

humidified incubator. The receptor binding affinity studies of
RMSH and 19F-FB-RMSH for the MC1R were performed using
B16F10 cells. Briefly, 0.5 · 106 cells were resuspended in

Dulbecco’s modified Eagle’s medium containing 25 mM N-(2-
hydroxyethyl)piperazine-N9-(2-ethanesulfonic acid), 0.2% bovine
serum albumin, and 0.3 mM 1,10-phenanthroline. The cells
were then incubated at 37�C for 90 min with either RMSH or
19F-FB-RMSH (peptide concentration varying from 10212 to 1026

M) and approximately 200,000 counts per min of 125I-(Tyr2)-
[Nle4,D-Phe7]–a-MDP (NDP). Cells were washed 3 times with
ice-cold PBS, and the radioactivity of the cells was measured.
Data were analyzed using GraphPad Prism 5.0 (GraphPad Soft-
ware), and the IC50 values, the concentration of competitor
required to inhibit 50% of the radioligand binding, of the peptides
were calculated.

Biodistribution Studies
All animal experiments were performed in compliance with

a protocol approved by Stanford University Institutional Animal
Care and Use Committee. Five- to 6-wk-old male C57BL/6 mice
were implanted with 1 · 106 B16F10 murine melanoma cells and
Foxn1 nude mice (5–6 wk old) were inoculated with 3 · 106

A375M human melanoma cells in the right shoulder. When the
diameters of the tumors reach around 8 mm, approximately 1.11
MBq (30 mCi) of 18F-FB-RMSH was injected into each mouse
through the tail vein. For a blocking study, another group of
B16F10 tumor–bearing mice (n 5 2) was coinjected with 250 mg
of unlabeled NDP peptide (Sigma-Aldrich) in PBS containing 2%
bovine albumin serum (Invitrogen). After the injection of the
radiotracer, the B16/F10 mice (n 5 3) were sacrificed at 1, 2, and
4 h after injection, and the A375M (n 5 3) and blocking group
B16F10 mice were sacrificed at 2 h after injection. Tumors, blood,
and major organs of interest were harvested, weighed, and counted
in a Wallac 1480 automated g-counter (Perkin Elmer). These
results were expressed as %ID/g.

Small-Animal PET Studies
PET of tumor-bearing mice was performed on a small-animal

PET R4 rodent model scanner (Siemens Medical Solutions USA,
Inc.). The mice bearing B16F10 or A375M tumors were injected
with 1.28–1.64 MBq (34.7–44.4 mCi) of 18F-FB-RMSH via the
tail vein. At 1 and 2 h after injection, the mice were anesthetized
with 2% isofluorane and placed prone near the central field of
view in the scanner. The 5-min static scans were obtained, and the
images were reconstructed by a 2-dimensional ordered-subsets
expectation maximum algorithm. Regions of interest (ROIs) were
then drawn over the tumor or organ of interest on decay-corrected
whole-body coronal images. The mean counts per pixel per
minute were obtained from the ROI and converted to counts per
milliliter per min using a calibration constant. By assuming a tissue
density of 1 g/mL, we converted the ROIs to counts/g/min. An
image ROI-derived %ID/g of tissue was then determined by
dividing counts per gram per minute with injected dose. No
attenuation correction was performed.

Western Blot
Tumor lysate was prepared by homogenizing tumor specimens

in a radioimmunoprecipitation assay buffer (Sigma). The super-
natant was collected by centrifugation at 14,000 rpm for 10 min at
4�C. The protein concentrations of the samples were measured
using the Bradford assay (BioRad). An equal amount of protein
from each sample was loaded onto a 10% NuPAGE Bis-Tris gel
and electroblotted to a polyvinylidene fluoride membrane. After
blocking with Tris-buffered saline and 0.05% polysorbate 20
containing 5% powdered milk, the membrane was incubated
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overnight with monoclonal anti-MC1R antibody L-20 and N-19
(Santa Cruz Biotechnology) (1:500), followed by incubation with
the horseradish peroxidase–conjugated rabbit anti-goat IgG (Jackson
ImmunoResearch) (1:5,000) for 1 h. After extensive washing, the
protein bands were visualized using ECL Plus (Invitrogen). For
determining the relative MC1R protein level, the intensity of the
MC1R protein band was normalized with the intensity of the
b-actin (Sigma-Aldrich) protein band from each sample.

Statistical Methods
Statistical analysis was performed using the Student t test for

unpaired data. A 95% confidence level was chosen to determine
the significance between groups, with P less than 0.05 being
significantly different.

RESULTS

19/18F-FB-RMSH Synthesis and IC50

The linear peptide Ac-D-Lys-CCMSH(Arg11) was first
prepared using conventional solid-phase peptide synthesis
methods. Further reaction of the linear peptide with the
rhenium-glucoheptonate generated 2 major products, re-
vealed by HPLC analysis (pk1 and pk2 in Fig. 2; gradient,
15%220% over 30 min). The retention times on semi-
preparative HPLC for these 2 peaks were 23.7 and 26.6
min. Thus, the pure products could be obtained with
chemical purity over 95%. Further MALDI-TOF-MS anal-
ysis showed that these peaks had the same molecular
weight (MW) (within detection error range; Table 1). The
isotopic pattern of the 2 products observed in the MALDI-
TOF-MS spectra was also exactly the same. These data
suggested that the 2 isolated rhenium-cyclized products
were 2 different isomers, and thus, they were named
RMSH-1 and RMSH-2, respectively. Each of these 2
isomers was further incubated in water for 17 h at 37�C;
both rhenium complexes remained intact, as verified by
HPLC. Decomposition and interchange between these 2
isomers were not observed. Interestingly, RMSH-1 ex-
hibited higher binding affinity than did RMSH-2 on the
basis of the competitive receptor binding assays (IC50

value, 5.4 vs. 13.9, as shown in Table 1).

The nonradioactive fluorinated metallopeptides were
then prepared by conjugation with cold SFB to allow for
the characterization of the 18F-labeled analogs of these
peptides. Under the HPLC gradient (5%265% over
30 min) used in the study, the retention times for RMSH-
1 and -2 were both 17.8 min, and for their cold fluorinated
counterparts, the times were 21.3 min. The desired products
were purified by semipreparative HPLC (.90% yield
and .95% purity) and characterized by MALDI-TOF-MS
(Table 1). Receptor binding assay showed that the IC50

values of 19F-FB-RMSH-1 and -2 were 5.7 and 9.0 nM,
respectively.

Similarly, 18F-FB-RMSH-1 and -2 were prepared by the
conjugation of 2 RMSH-2 isomers with radioactive 18F-
SFB (specific activity, 200–250 GBq/mmol or 5.4–6.8 Ci/
mmol). On the basis of the retention times acquired from
the nonradioactive fluorinated peptides, the radiofluorinated
products were collected and used for biologic evaluation
using the same gradient HPLC method. The total radiosyn-
thesis time for making the radiopeptide took about 3 h. The
maximum overall radiochemical yield with decay correc-
tion was approximately 35% at the end of synthesis. The
radiochemical purities of the labeled peptides were over
95%, as verified by analytic radio-HPLC. Because the
difference in retention times of radiolabeled and unlabeled
peptide was greater than 3.5 min, the radiofluorinated
RMSH-1 and -2 were easily separated from their non-
radiolabeled counterparts by HPLC. The specific activity of
the two 18F-labeled metallopeptides was determined to be
similar to that of the starting 18F-SFB (132–166 GBq/mmol,
decay-corrected).

In Vivo Biodistribution of 18F-FB-RMSH-1 and -2

The in vivo biodistribution studies of both 18F-FB-
RMSH-1 and 18F-FB-RMSH-2 were examined in B16F10
murine allograft– and A375M human xenograft melanoma–
bearing mice. As shown in Table 2, for 18F-FB-RMSH-1,
the uptake in B16F10 tumor with high expression of MC1R
was 1.97 6 0.39, 2.11 6 0.12, and 0.83 6 0.05 %ID/g at 1,
2, and 4 h, respectively, after injection, suggesting good
tumor uptake and retention of this PET probe. 18F-FB-
RMSH-1 also displayed rapid blood clearance and low
uptake in muscle, resulting in decent tumor-to-blood and

FIGURE 2. HPLC chromatogram of rhenium cyclization of
Ac-D,Lys-CCMSH(Arg11) reaction. Two isomers (RMSH-1
and -2) were separated. pk 1 5 RMSH-1; pk 2 5 RMSH-2;
uv 5 ultraviolet.

TABLE 1. IC50 Values of a-MSH Analogs and Their
Expected and Measured MW for [M1H]1 by ESI-MS
or MALDI-TOF-MS

Peptides Expected Measured IC50 (nM)

Ac-D,Lys-CCMSH (Arg11) 1,605.9 1,605.6 ND

RMSH-1 1,804.1 1,803.7 5.4 6 0.7

RMSH-2 1,804.1 1,804.7 13.9 6 1.4
19F-FB-RMSH-1 1,926.2 1,927.8 5.7 6 0.7
19F-FB-RMSH-2 1,926.2 1,928.2 9.0 6 1.0

ND 5 not determined.
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tumor-to-muscle ratios (2.59 6 0.26 and 7.43 6 0.81,
respectively) at 2 h after injection. Also, 18F-FB-RMSH-1
displayed moderate uptake in the lungs (Table 2). Finally,
relatively high uptake in the kidneys and moderate uptake
in the liver were also observed for 18F-FB-RMSH-1 in
B16F10 tumor–bearing mice. The level of accumulation in
the kidney and liver, respectively, was 7.72 6 1.19 and
5.42 6 0.50 %ID/g at 1 h after injection, and it dropped to
5.09 6 1.07 and 1.15 6 0.37 %ID/g at 4 h after injection.
For the A375M model, tumor uptake of 18F-FB-RMSH-1
was only 0.33 6 0.04 %ID/g at 2 h after injection, which
was significantly lower than uptake in B16/F10 tumors
(P , 0.01). A lower tumor–to–normal organ ratio was also
observed in the A375M model, with only 0.77 6 0.14 for
the tumor-to-blood ratio and 1.57 6 0.26 for the tumor-
to-muscle ratio (P , 0.01). With NDP coinjection, 18F-FB-
RMSH-1 had a reduced tumor uptake (1.62 6 0.11 %ID/g)
at 2 h after injection, with the tumor-to-blood ratio reduced
to 1.48 6 0.10 (Table 2).

For 18F-FB-RMSH-2, the uptake in the B16F10 tumor
model was 1.36 6 0.18 %ID/g at 2 h after injection, which
was much lower than that of 18F-FB-RMSH-1 (P , 0.05)
(Table 2). However, lower blood activity was seen for this
probe, which led to a little bit higher tumor-to-blood ratio
than that for its 18F-labeled isomer (3.49 6 0.92 vs. 2.59 6

0.26 %ID/g) (P . 0.05). Interestingly, 18F-FB-RMSH-2
showed more than a 3-fold higher kidney uptake than its
isomer at 2 h after injection (P , 0.05). In addition, 18F-
FB-RMSH-2 demonstrated higher uptake in the liver but
lower uptake in the lung than did 18F-FB-RMSH-1. For
most other normal organs, 18F-FB-RMSH-2 exhibited up-
take similar to that of 18F-FB-RMSH-1. For the A375M
model, 18F-FB-RMSH-2 revealed low tumor uptake

(0.42 6 0.19 %ID/g), but high tracer uptake (16.86 6

2.93 %ID/g) was observed in the kidneys at 2 h after
injection.

Small-Animal PET

Small-animal PET of mice bearing B16F10 using 18F-
FB-RMSH-1 and -2 was first compared (Fig. 3A). Visual
examination showed that 18F-FB-RMSH-1 uptake in tu-
mors was higher than 18F-FB-RMSH-2 uptake at both 1 and
2 h after injection. Both probes showed moderate to high
uptakes in liver and kidney. Further quantification analysis
of small-animal PET images demonstrated that 18F-FB-
RMSH-2 has a much higher uptake in kidney than that
of 18F-FB-RMSH-1 (P , 0.01) at 1 and 2 h after injection
(Figs. 3C and 3D). Improved quality of PET images was
also observed at 2 h after injection for 18F-FB-RMSH-1. On
the basis of these findings, isomer 18F-FB-RMSH-1 was
selected as a PET probe for further evaluation and imaging
studies.

18F-FB-RMSH-1 was then imaged in the nude mice
bearing A375M melanoma with low MC1R expression at 1
and 2 h (Fig. 3B). Compared with B16F10 tumor–bearing
mice, much lower tumor uptake and poor tumor-to-
background ratio was observed in A375M tumors at both
time points. The A375M tumor was barely discernable,
particularly at 2 h after injection, whereas high activity
accumulation in the kidneys was still observed.

Western Blot

The expression of MC1R in B16F10 and A375M tumors
was further confirmed by Western blot analysis (Fig. 4).
B16F10 tumors were confirmed to have high MC1R
expression, whereas the opposite was observed for the
A375M tumors, which is consistent with the radioactive

TABLE 2. Biodistribution Data for 18F-FB-RMSH-1 and -2 in C57BL/6 Mice Bearing Subcutaneously Xenotransplanted
B16F10 Murine Melanoma and Foxn1 Nude Mice Bearing A375M Human Melanoma

18F-FB-RMSH-1
18F-FB-RMSH-2B16F10

Organ 1 h 2 h 4 h B16F10 block (2 h) A375M (2 h) B16F10 (2 h) A375M (2 h)

Tumor 1.97 6 0.39 2.11 6 0.12 0.83 6 0.05 1.62 6 0.11 0.33 6 0.04 1.36 6 0.18 0.42 6 0.19

Blood 1.98 6 0.57 0.76 6 0.19 0.39 6 0.18 1.21 6 0.05 0.43 6 0.02 0.40 6 0.07 0.25 6 0.05
Heart 1.30 6 0.44 0.62 6 0.15 0.33 6 0.12 0.76 6 0.03 0.56 6 0.17 0.30 6 0.03 0.22 6 0.03

Liver 5.62 6 2.14 2.45 6 0.45 1.15 6 0.37 4.36 6 0.63 1.35 6 0.07 3.70 6 0.63 2.92 6 0.45

Lung 6.42 6 2.50 2.39 6 0.62 1.32 6 0.40 4.00 6 0.71 1.75 6 0.17 1.22 6 0.12 1.16 6 0.20
Muscle 0.61 6 0.11 0.27 6 0.07 0.17 6 0.04 0.40 6 0.08 0.21 6 0.01 0.21 6 0.02 0.19 6 0.09

Spleen 1.32 6 0.48 0.81 6 0.29 0.28 6 0.04 0.53 6 0.13 0.54 6 0.07 0.74 6 0.18 0.46 6 0.07

Brain 0.14 6 0.06 0.08 6 0.01 0.04 6 0.01 0.06 6 0.00 0.04 6 0.00 0.04 6 0.01 0.03 6 0.00

Intestine 1.28 6 0.44 0.95 6 0.35 0.68 6 0.37 2.70 6 0.46 0.44 6 0.07 0.47 6 0.09 0.78 6 0.72
Stomach 2.33 6 0.60 0.82 6 0.29 0.52 6 0.19 1.86 6 0.23 0.41 6 0.05 0.41 6 0.07 0.31 6 0.13

Pancreas 0.66 6 0.18 0.24 6 0.08 0.28 6 0.18 0.41 6 0.06 0.19 6 0.04 0.11 6 0.03 0.10 6 0.01

Bone 1.32 6 0.35 0.83 6 0.10 0.30 6 0.07 1.40 6 0.91 0.46 6 0.04 0.36 6 0.20 0.30 6 0.15

Kidney 7.72 6 1.19 5.42 6 0.50 5.09 6 1.07 9.81 6 0.25 5.02 6 0.10 17.8 6 1.80 16.86 6 2.93
Uptake ratio

Tumor to blood 1.01 6 0.08 2.59 6 0.26 1.65 6 0.11 1.48 6 0.10 0.77 6 0.14 3.49 6 0.92 1.98 6 1.16

Tumor to muscle 3.24 6 0.06 7.43 6 0.81 5.24 6 1.43 3.13 6 0.74 1.57 6 0.26 7.01 6 2.95 2.53 6 1.19

Data are mean 6 SD %ID/g after intravenous injection of 1.28–1.64 MBq (34.7–44.4 mCi) of tracer (n 5 3).
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binding assay reported previously (12). The relative band
intensity was 18:1.

DISCUSSION

It has been reported that overexpression of MC1R
may correlate with the prognosis of malignant melanoma.
Several studies have been performed to design molecular
probes that specifically target MC1R in melanoma. The
major goal of this research was to radiofluorinate a promising
MC1R-targeting peptide rhenium-cyclized CCMSH(Arg11)
analog and to further evaluate it as a PET probe for imaging
malignant melanoma with different MC1R expression.

Two isomers of rhenium-cyclized Ac-D-Lys-
CCMSH(Arg11), RMSH-1 and -2, are reproducibly formed
in this study. They could be separated by reversed-phase
HPLC with different retention times (23.7 vs. 26.6 min,
Fig. 2), whereas the same mass-to-charge ratio (m/z) value
was obtained on the basis of mass spectroscopy. To the best
of our knowledge, this is, so far, the first report on the
observation of 2 isomers when rhenium is used to cyclize
the peptides containing 3 cysteine residues. This observa-
tion is likely caused by different HPLC purification
methods used in different studies. In the current study,
the HPLC gradient used was 15%220% over 30 min,

whereas the gradient was 18%228% over 20 min in our
former publication on preparation of 125I-IB-RMSH, which
was steep and might not be able to separate 2 isomers. Both
isomers possess high MC1R binding affinity in the nano-
molar range. Further modification of RMSH with an SFB
label slightly improved their affinities (Table 1). The high
affinities of 19F-FB-RMSH-1 and -2 were encouraging,
justifying the further in vivo evaluation of the 18F-FB-
RMSH peptides.

In biodistribution studies with a B16F10 tumor model,
higher tumor uptake was observed for 18F-FB-RMSH-1
than for 18F-FB-RMSH-2, and much lower kidney uptake
for RMSH-1 at 2 h was observed. Although it is unknown
what causes this dramatic difference, it highlights the im-
portance of fine-tuning the structure of the rhenium-
cyclized a-MSH peptide to achieve better radiotracer
distribution and clearance. Similarly, the differences in
tumor and major-organ uptake could also be observed for
2 isomers in vivo by small-animal PET studies, and the
quantification of small-animal PET images showed a sig-
nificant difference in both tumor and kidney uptake (P ,

0.01) (Fig. 3C and 3D). 18F-FB-RMSH-2 has a lower tumor
uptake but higher kidney uptake at both 1 and 2 h. On the
basis of these findings for the 2 different isomers of purified
metallopeptides, 18F-FB-RMSH-1 displayed more favor-
able properties, suggesting that it could become a better
candidate for imaging MC1R in vivo. However, there is still
around 5.42 6 0.50 %ID/g kidney uptake and moderate
lung and liver uptake at 2 h after injection (Table 2). The
kidney uptake could be decreased by coinjection of basic
compounds including lysine and arginine or plasma ex-
pander (18,24–26). The exact mechanism responsible for
moderate lung uptake is not clear yet. It may be caused by
the unique structure of the halogenated peptide cyclized
by transition metal rhenium. Further studies are needed to

FIGURE 3. (A) Representative decay-
corrected coronal small-animal PET
images of mice bearing B16F10 tumors
on right shoulder at 1 and 2 h after tail
vein injection of 18F-FB-RMSH-1 (left)
and -2 (right) (n 5 3 for each group). (B)
Representative decay-corrected coro-
nal small-animal PET images of A375M
tumor–bearing mice at indicated time
points after tail vein injection of 18F-FB-
RMSH-1. (C and D) Tumor and other
normal organ uptakes and ratios de-
rived from 1 and 2 h after tail vein
injection of 18F-FB-RMSH-1 or -2. Ar-
rows indicate locations of tumors (T).
Data are shown as mean 6 SD %ID/g
(n 5 3).

FIGURE 4. Western blot
detection of MC1R expres-
sion in B16F10 (right) and
A375M (left) tumor tissues.
B16F10 or A375M tumor
tissue homogenates were
prepared, and 40 mg proteins were detected with goat
antimouse (L-20) and goat antihuman (N-19) monoclonal
MC1R antibody. (Top) MC1R. (Bottom) b-Actin.
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address this problem and optimize the in vivo behavior of
the probe. Moreover, it is observed that the lung activity
decreases in parallel with the liver activity, as is likely
caused by the metabolism of the probe and subsequent
excretion of radioactive metabolites through the liver and
kidneys.

18F-labeled NDP, which behaves differently from the
cyclized metallopeptide, was reported to display high
binding affinity to MC1R in vitro in a previous study
(27). Several other radionuclides have been applied to
rhenium-cyclized CCMSH as a scaffold in our previous
studies (15,19). Iodinated ReCCMSH analogs exhibited
a significantly higher tumor uptake and retention than did
the iodinated linear peptide NDP (19). Recently, our group
developed 18F-FB-NAPamide as a PET probe to image
MC1R in vivo expression (11). Although the binding
affinity of 19F-FB-NAPamide is high (IC50 5 7.2 nM), its
tumor uptake and retention are suboptimal in the B16F10
model (11). In the current research, though, 18F-FB-RMSH-1
showed a binding affinity similar to 18F-FB-NAPamide
(IC50, 5.4 nM) and demonstrated higher tumor uptake and.
The B16F10 uptake at 1 h is 1.97 6 0.39 %ID/g (1.6-fold),
with 42% of the radioactivity (0.83 6 0.05 %ID/g) still
remaining in the tumor at 4 h. These data demonstrated the
advantages of using rhenium-cyclized CCMSH(Arg11) as
a scaffold for developing the MC1R PET agent, as proves
our initial hypothesis. In addition, 18F-FB-RMSH displayed
much lower B16F10 tumor and blood uptake than that of the
125I-labeled counterpart in the B16F1 tumor model, suggest-
ing a high impact of the radiolabels on the in vivo behavior
of the peptides.

In further 18F-FB-RMSH-1 PET studies, B16F10 tumors
are clearly delineated over the background at 1 and 2 h after
injection; PET quantification analysis also confirms good
tumor retention of the probe—retention that is different
from the patterns displayed in the liver, kidney, and muscle
(Fig. 3A). This increased tumor residence time would allow
the characterization of specific malignant melanoma pa-
tients with MC1R expression. For the A375M tumor model,
the tumors are slightly noticeable at 1 h, probably because
of nonspecific uptake. This is evidenced by poor A375M
tumor imaging at 2 h after injection (Fig. 3B). The much
higher tumor uptake and tumor-to-background ratio in the
B16F10 model than that in the A375M model are consistent
with the finding obtained from the biodistribution studies.
Furthermore, the better PET quality in B16F10 tumor than
that in the A375M also suggests that 18F-FB-RMSH-1
could differentiate melanoma with different MC1R expres-
sion in living subjects. Compared with 18F-FB-NAPamide–
based PET images (11), 18F-FB-RMSH-1 also shows good
tumor uptake and good tumor-to-background contrast in
B16F10 tumor–bearing mice but no uptake in A375M
tumor–bearing mice. Although the tumor uptake is lower
for 18F-FB-NAPamide, higher liver and kidney uptake were
observed for 18F-FB-RMSH-1 and -2 at 1 h after injection.
Further optimization will be needed for both linear and

cyclized PET probes targeting MC1R for translational
purposes.

CONCLUSION

The rhenium-cyclized a-MSH analogs 18F-FB-RMSH-1
and -2 were successfully prepared, and their characteristics
including binding affinities and in vivo distribution were
elucidated in this study. 18F-FB-RMSH-1 demonstrates
significant advantages as a probe over 18F-FB-RMSH-2.
18F-FB-RMSH-1 displays good uptake and retention in
MC1R-overexpressing tumors and is a promising PET
probe for imaging MC1R-positive melanoma and MC1R
expression in vivo.
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