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INTRODUCTION

M
alignant melanoma is the most lethal form of

skin cancer and the most commonly diagnosed

malignancy among young adults with an increas-

ing incidence.1,2 Representing only 5% of all skin

cancer types, melanoma contributes to more

than 50% to all skin cancer deaths. Because of its aggressivity,

high metastatic potential, and resistance to cytotoxic agents,

the improvement of melanoma patient survival relies on an

early diagnosis, along with an accurate staging of disease

extension. Despite limitations in terms of sensitivity and

specificity, 18F-fluoro-deoxy-glucose is widely used in mela-

noma positron emission tomography (PET) staging, provid-

ing useful information for the detection of distal organ me-

tastases.3,4 To overcome 18F-fluoro-deoxy-glucose limita-

tions, many radiocompounds have been synthesized and

evaluated as molecular imaging agents for melanoma detec-

tion. However, so far, no significant results were obtained;

there still exists a great need of novel and effective imaging

probes for its detection. Most of the research underway in ra-

diopharmaceutical sciences has shown that peptide receptor–

targeting in vivo is a successful method to image and treat

various types of cancer.5 The best example of such an

approach was the successful somatostatin receptor–targeting

with radiolabeled somatostatin analogs, now routinely used

in the clinic.6 Concerning melanoma, it is also known that

both melanotic and amelanotic murine and human melano-

mas overexpress the melanocortin type 1 receptor (MC1R), a

member of the G protein-coupled receptors family.7–9 Fur-

thermore, more than 80% of human metastatic melanoma

samples have also been identified to display MC1R receptors.

a-Melanocyte stimulating hormone (a-MSH), a tridecapep-
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ABSTRACT:

Melanoma is a type of skin cancer known for its high

aggressiveness, early dissemination of metastases, and

poor prognosis once metastasized. Thus, early diagnosis of

melanoma is a key issue for increasing patient survival.

The overexpression of melanocortin-1 receptors (MC1R)

in isolated melanoma cells and melanoma tissues led to

the radiolabeling of several linear and cyclic MC analogs

for melanoma imaging or therapy. Cyclization of a-

melanocyte stimulating hormone (a-MSH) peptides has

been successfully used to improve binding affinity and in

vivo stability of peptides. Herein, we describe the different

peptide cyclization strategies recently reported for

radiolabeled a-MSH analogs and discuss how such

strategies affect MC1R binding affinity, pharmacokinetic

profile, and MC1R-melanoma imaging. This review also

highlights how the nature of the radiometal and labeling

approach influence those properties. Among the cyclized

a-MSH peptides reported, 99mTc/111In-labeled metal-

cyclized and lactam bridge–cyclized peptides displayed

the highest melanoma and lowest renal uptake values in

B16/F1 melanoma-bearing mice and became the most

promising tools to be further explored as potential

melanoma imaging probes. # 2010 Wiley Periodicals,

Inc. Biopolymers (Pept Sci) 94: 820–829, 2010.
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tide (Table I), is the most potent naturally occurring melano-

tropic peptide for the activation of MC1R but, like many

other endogenous peptides, presents a short half-life in

humans.10 Structure–bioactivity studies have shown that the

minimal sequence of a-MSH required for biological activity

is His-Phe-Arg-Trp and that the replacement in a-MSH of

Met4 and Phe7 by Nle and D-Phe, respectively, leads to the

potent [Nle4,DPhe7]-aMSH analog (NDP-MSH, mean inhib-

itory concentration (IC50) ¼ 0.21 nM) (Tables I and II),

which is enzymatically stable and has a long half-life.10 The

short linear peptide [Ac-Nle4,Asp5,D-Phe7]-aMSH4–11

(NAPamide) also displays high affinity for MC1R (IC50 ¼
0.27 nM). The aMSH analogs side chain to side chain

cyclized, either via disulfide- (e.g. [Cys4,10, DPhe7]a-MSH,

CMSH; Table I) or lactam-bridge (e.g., MTII, Tables I and

II), have also shown increased receptor binding affinity and

resistance to proteolysis.10–12

Taking advantage of the knowledge gained in structure–bio-

activity studies for the MC system (a-MSH analogs/MC recep-

tors), a great deal of effort has been directed toward the devel-

opment of radiolabeled analogs of a-MSH for both diagnosis

and therapy of melanoma. Stable a-MSH peptide analogs with

Table I Structure of a-MSH and Some a-MSH Analogs

Peptide Amino acids

Ac-Ser-Tyr-Ser- Met4-Glu5-His-Phe7-Arg-Trp-Gly-Lys-Pro-Val-NH2 (a-MSH) 13

Ac-Ser-Tyr-Ser-Nle4-Glu5-His-D-Phe7-Arg-Trp-Gly-Lys-Pro-Val-NH2 (NDP-MSH) 13

Ac-Nle4-Asp5-His-D-Phe7-Arg-Trp-Gly-Lys-NH2 (NAPamide) 8

Ac-Cys3-Cys4-Glu5-His-D-Phe7-Arg-Trp-Cys10-Lys-Pro-Val-NH2 (CCMSH) 11

Ac-Cys3-Cys4-Glu5-His-D-Phe7-Arg-Trp-Cys10-Arg11-Pro-Val-NH2 (CCMSH(Arg11)) 11

Ac-cyclo[Cys4-Glu5-His-D-Phe7-Arg-Trp-Cys10]-Lys-Pro-Val-NH2 (CMSH) 10

Ac-Nle4-cyclo[Asp5-His-D-Phe7-Arg-Trp-Lys10]-NH2 (Melanotan-II: MTII) 7

bAla3-Nle4-cyclo[Asp5-His-D-Phe7-Arg-Trp-Lys10]-NH2 (bAlaMT-II) 8

bAla3-Nle4-Asp5-His-DPhe7-Arg-Trp-Lys10-NH2 (MSHoct) 8

Table II MC1R Affinity of a-MSH Analogs and Their Chelator–Peptide Conjugates

Peptide or Chelator–Peptide Conjugate IC50 (nM)a Ref.

a-MSH (endogenous peptide) 1.656 0.18 47

NDP ((linear) 0.216 0.03 33

DOTA-NDP (linear) 0.226 0.02 33

NAPamide 0.276 0.07 11

DOTA-NAPamide 1.376 0.35 11

NAPamide 0.786 0.03 44

Pz1-NAPamide 0.666 0.13 44

CCMSH (linear) 7.6 34

DOTA-CCMSH (linear) 4.9 6 2.6 33

Re-CCMSH (cyclic) 2.9 34

DOTA-Re-CCMSH (cyclic) 1.2 6 0.3 33

DOTA-Re-CCMSH(Arg11) (cyclic) 2.1 36

Cu-DOTA-Re-CCMSH(Arg11) (cyclic) 6.9 38

Cu-CBTE2A-Re-CCMSH(Arg11) (cyclic) 5.4 6 0.59 39

Ac-DLys(19F-FB)-Re-CCMSH(Arg11) Iso I 5.7 6 0.7 16

Ac-DLys(19F-FB)-Re-CCMSH(Arg11) Iso II 9.0 6 1.0

MSHoct (linear) 1.256 0.08 11

Pz1-MSHoct (linear) 1.256 0.66 Raposinho et al.

(unpublished results)

pz1-bAlaMT-II (lactam-cyclized) 0.216 0.05 Raposinho et al.

(unpublished results)

DOTA-CycMSH (lactam-cyclized) 1.75 45

DOTA-GlyGlu-CycMSH (lactam-cyclized) 0.90 45

Ac-GluGlu-CycMSH[DOTA] (lactam-cyclized) 0.60 47

aIC50 values were evaluated by competition binding experiments with B16F1 cells using 125I-NDP-MSH as ra-

dioligand.
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high binding affinity and specificity to MC1 receptors have

been labeled with radiohalogens (18F, 123I) or with radiometals

(111In, 99mTc, or 67Ga). In the latter case, the a-MSH peptide

analogs were previously linked to a bifunctional chelating agent

(BFCA) appropriate for coordination to the metal. The result-

ing radiopeptides were expected to selectively bind the MC1

receptors overexpressed on the membrane of melanoma cells,

being actively taken up through receptor–ligand internaliza-

tion. The cellular internalization would promote the sequester-

ing of the peptide-targeted radionuclide in the tumor cell’s

cytoplasm, leading to a higher accumulation of radioactivity in

the tumor, compared to nontarget organs. Figure 1 depicts the

MC1R melanoma-targeting approach based on a metal-labeled

a-MSH peptide analog.

The most significant advances of peptide-MC1R radionu-

clide therapy of melanoma were recently reviewed.13 There-

fore, herein we will focus on radiolabeled a-MSH analogs

developed and biologically evaluated for melanoma diagno-

sis, with particular emphasis on cyclic radiopeptides. Table II

summarizes the binding affinity for MC1R (expressed as IC50

values) of a-MSH analogs and corresponding chelator–pep-

tide conjugates. Tables III and IV summarize the most signif-

icant biodistribution data of promising radiolabeled-cyclized

a-MSH analogs for single photon emission computed to-

mography (SPECT) and PET.

BIFUNCTIONAL CHELATORS AND
RADIOISOTOPES EXPLORED FOR
a-MSH ANALOGS
Radiopharmaceuticals for diagnosis contain gamma- or posi-

tron-emitting radionuclides being suitable for SPECT or

PET, respectively.14 When the radionuclides are the radiohal-

ogens 18F or 123I, radiohalogenation can be performed either

directly or via prosthetic groups, whose introduction into a

peptide usually decreases dehalogenation but increases lipo-

philicity and consequently, hepatobiliary clearance.5 This

effect is not unexpected, because it is well known that lipo-

philic radiopeptides in general are predominantly metabo-

lized by liver and excreted trough the hepatobiliary pathway.

The most used prosthetic groups for radiohalogenation of

peptides, namely a-MSH analogs, are N-succinimidyl-4-125I-

iodobenzoate (125I-PIB) or N-succinimidyl-4-18F-fluoroben-

zoate (18F-SFB).5,15–17

However, most of the radiotracers are metal-based com-

plexes and the great majority of SPECT diagnostic radiophar-

maceuticals currently available are either 99mTc complexes or

target-specific biomolecules labeled with 99mTc or 111In.14 The

preferential use of 99mTc, considered the workhorse of nuclear

medicine, reflects its ideal nuclear properties (t1/2 ¼ 6.02 h;

Ecmax ¼ 140 keV), low cost and availability from 99Mo/99mTc

commercial generators. Another relevant feature of 99mTc

relates to its diverse and rich redox chemistry. Despite that,

most of the 99mTc-radiopharmaceuticals in clinical use have

the metal in the (V) oxidation state and contain the core

[99mTc(O)]3+. More recently, the remarkable features presented

by the organometallic precursor fac-[M(CO)3(H2O)3]
+ (M ¼

Re(I), Tc(I)), introduced by Alberto et al.18,19 brought renewed

interest to the design of innovative low-oxidation 99mTc-based

compounds. Indeed, the easy preparation of fac-

[M(CO)3(H2O)3]
+ directly from [MO4]

�, the lability of the

three water molecules and the chemical robustness of the fac-

[M(CO)3]
+ unit opened new avenues for the design of innova-

tive Tc(I)-specific radiopharmaceuticals. Profiting from the

availability of this new core, we have recently introduced a new

family of bifunctional chelators, which combine a pyrazolyl

unit with aliphatic amines, carboxylic acids, and/or thioethers,

and we have explored their reactivity toward the fac-

[M(CO)3]
+ unit.20–22 Such BFCAs, namely the one indicated

in Figure 2A (pz1), were suitable for labeling biologically rele-

vant molecules, namely bombesin analogs, linear and cyclic a-
MSH analogs, and cyclic arginine-glycine-aspartate–based pep-

tides.23–28 Other research groups have also studied the labeling

of peptides, namely a-MSH analogs, with other diagnostic

radiometals (e.g., 111In, 64Cu, 68Ga, and 86Y), being 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetracetic acid (DOTA; Figure

2B) the most explored and successful BFCA.5,29 This chelator,

despite forming very stable complexes with most of the referred

metals,5 leads quite often to high undesirable kidney uptake as

is the case of a 111In-labeled neuropeptide Y analog specific for

the Y1-receptor.30 In contrast, when the same neuropeptide Y

analog was labeled with 99mTc(I) through conjugation to the

Na-histidinyl acetyl chelator, the resulting radiopeptide became

a very promising imaging probe, since it gave clear SPECT

images of breast cancer and metastasis in patients with low kid-

ney uptake.31 These and other results in the literature confirm

the influence of the chelation chemistry and radiometal nature

FIGURE 1 Schematic representation of MC1R-targeting with

a-MSH analogs labeled with a radiometal.
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on the radiopeptide tumor targeting properties and pharmaco-

kinetic profile.5,14

Another bifunctional chelator recently introduced for

labeling a-MSH analogs with 64Cu was 4,11-bis(carboxy-

methyl)-1,4,8,11-tetraazabicyclo[6,6,2]hexadecane (CBTE2A;

Figure 2C).32 As will be discussed in metal-cyclization sec-

tion, this chelator allowed the complexation of 64Cu with

improved in vivo stability and clearance, compared to

DOTA.

CYCLIC RADIOLABELED a-MSH ANALOGS
FOR MELANOMA IMAGING
Cyclization of a-MSH analogs has been used to improve

binding affinity, in vivo stability, and receptor selectivity.10 In

comparison with their linear counterparts, stabilization of

secondary structures such as b-turns make the cyclic peptides

less flexible in conformation and with a better fit receptor

binding pocket, enhancing their binding affinities.10 Cycliza-

tion strategies include backbone to backbone, N-terminus to

C-terminus, one side chain to C-terminus or N-terminus,

two side chains via disulfide or lactam bridges, and metal

coordination based.10 Among these, the disulfide-, lactam-,

and metal-based cyclizations have been the most explored in

the case of radiolabeled a-MSH analogs.5,13,27

Disulfide Bridge Cyclization

a-MSH peptides cyclized via disulfide bonds such as the case

of CMSH (Tables I and II) display increased receptor-binding

affinity and resistance to proteolysis. CMSH was conjugated

to DOTA (DOTA–CMSH: IC50 ¼ 1.6 6 0.3 nM), labeled

with 111In, and the contribution of cyclization on in vivo

melanoma targeting evaluated and compared with the corre-

sponding linear- and metal-based cyclic peptide analogs (see

metal cyclization section).33 The disulfide-bond cyclized

radiopeptide 111In-DOTA-CMSH presented a moderate tu-

mor uptake (7.5 6 1.0% injected dose (ID)/g) and a high

kidney accumulation (38.4 6 3.6%ID/g) at 2 h postinjection

Table IV Most Relevant in VivoData for Some SPECT Radiolabeled Lactam Bridge-based Cyclized a-MSH Analogs for Melanoma Imaging

Lactam-Cyclized Radiopeptide:

Name/Peptide Sequence

Tumor

Model

Time

p.i.

(h)

Tumor

Uptake

(%ID/g)

kidney

Uptake

(%ID/g)

Tumor/

Kidney

Ratio

Tumor/

Blood

Ratio

Tumor/

Muscle

Ratio Ref.

[99mTc]pz1-bAlaMT-II

[99mTc]pz1-bAla-Nle-c(DHfRWK)

B16/F1 (m) 4 11.36 1.8 32.1 6 1.6 0.35 6.8 61.4 27

[111In]DOTA-CycMSH

[111In]DOTA-c(K-Nle-EHfRWGRPVD)

B16/F1 (m) 2 9.5 6 1.4 16.2 6 1.9 0.59 106 68 45

[111In]DOTA-GlyGlu-CycMSH

[111In]DOTA-GE-c(K-Nle-EHfRWGRPVD)

B16/F1 (m) 2 10.46 1.4 13.1 6 2.5 0.8 74 173 45

Ac-GluGlu-CycMSH[DOTA]-111In Ac-

EE-c(K-Nle-EHfRWGRPVK(DOTA))111In

B16/F1 (m) 2 11.46 2.2 60.5 6 8.4 0.19 54 95 47

[67Ga]DOTA-Gly-Glu-CycMSH

[67Ga]DOTA-GE-c(K-Nle-EHfRWGRPVD)

B16/F1

B16/F10 (m)

2 12.96 1.6 27.5 6 7.9 0.46 258 323 48

FIGURE 2 Chemical structure of BFCAs used in the radiolabeling of a-MSH analogs. (A) pz1 (4-

{(2-aminoethyl)[2-(3,5-dimethyl-1H-pyrazoly-1-yl)ethyl]amino} butanoic acid), (B) 1,4,7,10-tet-

raazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), and (C) 4,11,bis(carboxymethyl)-1,4,8,11-

tetraazabicyclo6,6,2hexadecane (CBTE2A).

824 Raposinho et al.

Biopolymers (Peptide Science)



(p.i.) in B16F1 murine melanoma-bearing mice.33 The

decreased tumor uptake (5.9 6 1.9%ID/g at 2 h p.i.) exhib-

ited by the corresponding linear radiopeptide underlined the

benefit of peptide cyclization. Furthermore, considering the

two cyclized radiopeptides, better melanoma-targeting prop-

erties and kidney clearance were obtained for metal cycliza-

tion (see metal cyclization section), relatively to disulfide-

bond cyclization.33

Metal Cyclization

a-MSH analogs cyclized through site-specific rhenium (Re)

and technetium (Tc) metal coordination were structurally

characterized and their ability to bind melanoma cells

described.34 The Re-peptide complex Re-[Cys3,4,10,DPhe7]-a-
MSH3–13 (ReCCMSH), where the metal is stabilized by three

Cys3,4,10 sulfhydryls and one Cys4 amide nitrogen, displayed

a receptor-binding affinity of 2.9 nM (Figure 3 and Table II).

This metal-based cyclization makes the peptide not only

very resistant to chemical and proteolytic degradation but

also highly bioactive. The rhenium-free analog, CCMSH, was

directly radiolabeled and cyclized by coordination to

99mTc.34 Despite the high kidney uptake (22.6 6 2.7%ID/g, 1

h p.i.), the ability of 99mTc-CCMSH to target B16F1-mela-

noma (10.96 0.5%ID/g for tumor uptake at 1 h p.i.) became

the proof-of-principle of the potential use of metal-cyclized

radiolabeled compounds for melanoma imaging or ther-

apy.34 In further studies, DOTA was conjugated to the amino

terminus of the metal-cyclized complex Re-CCMSH (IC50 ¼
1.2 nM) and to the linear analog CCMSH (IC50 ¼ 4.9 nM)

and the resulting conjugates were labeled with 111In.33 The

rhenium-cyclized radiopeptide 111In-DOTA-Re-CCMSH

presented increased in vivo tumor-targeting capacity (11.4 6

2.9%ID/g, at 2 h p.i.) and high tumor retention (4.9 6

1.5%ID/g, at 24 h p.i.) in murine melanoma-bearing mice,

compared with the linear analog 111In-DOTA-CCMSH (tu-

mor uptake: 5.9 6 1.9%ID/g and 1.9 6 0.6%ID/g at 2 and at

24 h p.i., respectively).

A general limitation of most radiopeptides is the nonspe-

cific kidney accumulation with subsequent radionephrotox-

icity in therapeutic applications. As mentioned earlier, this

problem is often associated to DOTA-peptide conjugates. In

the case of Re-mediated cyclization, an enhanced renal clear-

ance was observed for the cyclic 111In-DOTA-Re-CCMSH

(e.g., 8.896 0.8%ID/g at 2 h p.i.), being the value six to eight

times lower than that of the linear 111In-DOTA-CCMSH. By

comparing the two metal-based cyclized CCMSH analogs,
111In-DOTA-Re-CCMSH versus 99mTc-CCMSH, similar tu-

mor uptake was found, but the Re-mediated cyclized radio-

peptide presented an enhanced whole-body clearance and a

higher tumor-to-blood ratio (163 vs. 6.8, Table III).35 Despite

these favorable features, a relatively high level of radioactivity

still remained in the kidneys in the case of 111In-DOTA-Re-

CCMSH. Thus, to reduce kidney uptake, four new 111In-

DOTA-derivatized Re-CCMSH analogs were prepared and

FIGURE 3 Structure of Ac-ReCCMSH.

FIGURE 4 Schematic structures of 99mTc-(Arg11)CCMSH (A) and 111In-DOTA-Re(Arg11)

CCMSH (B).

MC1R-Targeting With Radiolabeled Cyclic �-MSH Analogs 825

Biopolymers (Peptide Science)



their biological profile evaluated in murine melanoma

model.36 Among them, the analog 111In-DOTA-Re-

CCMSH(Arg11) (Lys11 replaced by Arg, Figure 4B) showed

the highest tumor uptake (17.3 6 2.5%ID/g) and lowest kid-

ney radioactivity accumulation (8.7 6 1.3%ID/g) at 2 h p.i.36

The analog CCMSH(Arg11) was also cyclized through the

labeling with 99mTc, and the MC1R-targeting properties of

the resulting complex 99mTc-CCMSH(Arg11) (Figure 4A)

were compared with those of 99mTc-CCMSH and 111In-

DOTA-Re-CCMSH(Arg11).37

Also in this case, the replacement of Lys11 by Arg

improved tumor uptake (99mTc-CCMSH(Arg11): 14.0 6

2.6%ID/g; 99mTc-CCMSH: 10.9 6 0.5%ID/g) and reduced

kidney accumulation (99mTc-CCMSH(Arg11): 11.7 6

1.4%ID/g; 99mTc-CCMSH: 22.6 6 2.7%ID/g) at 1 h p.i..

Comparatively to the Re-cyclized analog 111In-DOTA-

Re(Arg11)CCMSH, the 99mTc-CCMSH(Arg11) complex

exhibited favorable and comparable tumor targeting proper-

ties. Both 111In-Re- and 99mTc-cyclized radiopeptides allowed

clear micro-SPECT/CT images of flank melanoma tumors as

well as of B16F10 pulmonary melanoma metastases, with
99mTc-CCMSH(Arg11) presenting images with greater reso-

lution of metastatic lesions.37

Efforts to develop radio-iodinated linear a-MSH analogs

for melanoma targeting were disappointing, mainly because

of slow clearance and in vivo deiodination. Nevertheless, the

radioiodinated analog Ac-D-Lys(125I-4-iodobenzoate)-

ReCCMSH(Arg11) exhibited a rapid clearance from normal

tissues and a significantly higher B16F1-melanoma uptake

(15.1 6 1.4%ID/g, at 4 h p.i.) and retention (7.2 6 2.1%ID/

g, at 24 h p.i.) than the radio-iodinated linear NDP pep-

tide.15 The tumor uptake of this radio-iodinated peptide was

comparable to that of 111In-DOTA-Re-CCMSH(Arg11).

For PET imaging, the DOTA-Re-CCMSH(Arg11) analog

was labeled with 64Cu and 86Y.38 64Cu-DOTA-Re-

CCMSH(Arg11) presented a high radioactivity accumulation in

nontarget organs (e.g., blood, liver, and kidney), most likely

due to the in vivo instability of the complex and consequent

release of 64Cu. To avoid this problem, the DOTA chelator was

replaced by CBTE2A, which is known to form Cu2+-complexes

with high stability and kinetic inertness. As shown in Table II,

the MC1R binding properties of CBTE2A-Re-CCMSH(Arg11)

were kept unchanged, as indicated by its MC1R binding affinity

value (IC50 ¼ 5.4 nM), similar to the one obtained for DOTA-

Re-CCMSH(Arg11) (IC50 ¼ 6.9 nM).39 The radioactive com-

plex 64Cu-CBTE2A-Re-CCMSH(Arg11) presented a B16F1

melanoma uptake (7.1 6 3.2%ID/g at 2 h p.i.) comparable

with 64Cu-DOTA-Re-CCMSH(Arg11) but a much lower non-

target organs accumulation, yielding significantly higher tu-

mor-to-nontarget tissue ratios. Among PET candidates, the

superiority of 64Cu-CBTE2A-Re-CCMSH(Arg11) over
86Y-DOTA-Re-CCMSH(Arg11) has been demonstrated by the

increased tumor retention and kidney clearance. The linear
64Cu-DOTA-NAPamide,40 with low tumor uptake and high

radioactivity accumulation in nontarget organs, did not present

advantages over the cyclized Re-CCMSH(Arg11) radio analogs.

Because the use of 68Ga-labeled peptides is an emerging

area of PET radiopharmaceutical research, 68Ga-DOTA-Re-

CCMSH(Arg11) with low and high specific activity was pre-

pared and evaluated.41,42 Despite some differences in the bio-

logical profile (Table III), in both cases the tumor uptake was

still low when compared with the linear a-MSH analog 68Ga-

DOTA-NAPamide in the same in vivo melanoma model (9.4

6 1.1%ID/g and 3.98 6 0.10%ID/g at 4 h p.i. for tumor and

kidney uptake, respectively). Such results indicated that the

Re-mediated cyclization did not bring significant advantages

when the radiometal is 68Ga.11,42

Still for PET imaging, the two isomers of Ac-DLys-Re-

CCMSH(Arg11) were labeled using 18F-SFI.16 Binding affinity

for the inactive-fluorinated isomeric compounds were in the

nanomolar range (5.7 and 9.0 nM). However, the best 18F-iso-

mer displayed a relatively low murine melanoma uptake (2.1

6 0.1%ID/g) and moderate kidney (5.4 6 0.5%ID/g), lung

(2.4 6 0.6%ID/g), and liver (2.460.4%ID/g) radioactivity

accumulation at 2 h p.i. Despite the suboptimal low tumor

uptake and retention found for the 18F-labeled cyclic a-MSH

analog, these values were still higher than those obtained for

the linear 18F-NDP and 18F-NAPamide.17 Again, the advan-

tages of the metal (Re)-based cyclization as a scaffold for devel-

oping a MC1R PET based on 18F-agents are not evident. To

take advantage of the higher sensitivity of PETover SPECT, fur-

ther optimization will be needed for PET MC1R-targeting with

linear and cyclic peptides.

Lactam Bridge Cyclization

We have reported a novel class of a-MSH analogs cyclized

through a side chain lactam bridge, based on Melanotan II

(MT-II) (Table I).27 The cyclic peptide bAla-Nle-c[Asp-His-
DPhe-Arg-Trp-Lys]-NH2 (bAlaMT-II) and its linear counter-

part, named MSHoct, (Table I) were conjugated to the bifunc-

tional chelator agent pz1 (Figure 2A).27,43 Lactam cyclization

resulted in a compact structure with a remarkable enhancement

of binding affinity. The cyclic pz1-peptide conjugate, pz1-

bAlaMT-II, displayed a higher binding affinity to MC1R (IC50

¼ 0.21 nM) than the corresponding linear conjugate pz1-

MSHoct (IC50 ¼ 1.25 nM) (Table II; Raposinho et al., unpub-

lished results). Both cyclic and linear pz1-peptide conjugates

were labeled with fac-[99mTc(CO)3]
+ and the corresponding

radiopeptides 99mTc-(CO)3-pz1-bAlaMT-II and 99mTc-(CO)3-
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pz1-MSHoct (see Figure 5) were evaluated for their potential as

melanoma imaging probes in murine melanoma model.27

The lactam-cyclized radioconjugate, 99mTc-(CO)3-pz1-

bAlaMT-II, presented remarkable internalization in B16F1 cells

(50.5% of total applied activity, 4 h at 378C) compared with

the values found for the linear radiopeptide (1.6% of total

applied activity) under similar conditions.27 The internaliza-

tion/retention level of 99mTc-(CO)3-pz1-bAlaMT-II was also

particularly high when compared with other radiolabeled cyclic

a-MSH analogs, namely 99mTc-CCMSH.44 In B16F1 mela-

noma-bearing mice, 99mTc-(CO)3-pz1-bAlaMT-II (11.3 6

1.8%ID/g) has shown a significant tumor uptake, compared

with 99mTc-(CO)3-pz1-MSHoct (1.0 6 0.1%ID/g) at 4 h p.i.,

and this accumulation was MC1R-mediated, as indicated by re-

ceptor-blocking studies in the presence of the potent NDP-

aMSH agonist.27 However, the clearance from the excretory

organs (liver and kidney) as well as the overall excretion rate

were negatively affected by cyclization.27 The same strategy,

using the pz1 chelator, has been also applied by us to the label-

ing of the linear a-MSH analog NAPamide with 99mTc(I).26

The resulting linear radiopeptide ([Ac-Nle4,Asp5,DPhe7,

Lys11(pz1-99mTc(CO)3)a-MSH4-11 presented a better pharma-

cokinetic profile but the tumor-targeting properties were not as

favorable as those observed for the 99mTc-labeled lactam-

cyclized peptide. Indeed, besides a lower cellular internalization

and retention in melanoma cells, the tumor uptake values for

the linear 99mTc-NAPamide at 1 and 4 h p.i. were only 63.5%

and 37.5%, respectively, of those obtained for the cyclic radio-

peptide.26,27 Furthermore, the tumor uptake of the 99mTc-la-

beled lactam-based cyclized peptide was comparable to that

obtained for the previously described 99mTc-labeled metal-

based cyclized peptides 99mTc-CCMSH (9.56 2.0%ID/g at 4 h

p.i.) and 99mTc-CCMSH(Arg11) (11.2 6 1.7%ID/g) at 4 h

p.i.34,36 Thus, despite the promising tumor-targeting proper-

ties, the pharmacokinetic profile of the cyclic 99mTc-(CO)3-

pz1-bAlaMT-II has still to be improved to increase the overall

excretion rate and to decrease radioactivity retention in the ex-

cretory organs. Taking into account the few number of

reported 99mTc-labeled a-MSH analogs together with the inter-

est on designing new 99mTc radioactive probes for melanoma

imaging, tuning of the pharmacokinetic profile of 99mTc-

(CO)3-pz1-bAlaMT-II deserves significant research effort,

being a challenging task in the future.

The influence of lactam bridge-based cyclization on mela-

noma targeting was also explored by Miao et al.45, using two

longer cyclic a-MSH analogs. DOTA-CycMSH (Figure 6A)

and DOTA-GlyGlu-CycMSH (Figure 6B) conjugates dis-

played IC50 values of 1.75 and 0.9 nM, respectively (Table II).

In B16F1 melanoma-bearing mice, both 111In-labeled con-

jugates exhibited high receptor-mediated tumor uptake

(111In-DOTA-CycMSH: 9.5 6 1.4%ID/g; 111In-DOTA-Gly-

Glu-CycMSH: 10.4 6 1.4%ID/g, at 2 h p.i.). These values

were comparable with those found for the lactam bridge–

cyclized a-MSH analog 99mTc-pz1-bAlaMT-II, described

before, and for the metal-cyclized 111In-DOTA-Re-CCMSH

(11.4 6 2.89%ID/g), but slightly lower and higher than those

found for 111In-DOTA-Re-CCMSH(Arg11) (17.29 6

2.49%ID/g) and for the disulfide bridge–cyclized a-MSH

peptide 111In-DOTA-CMSH (7.51 6 2.89%ID/g) (Tables II

and III), respectively.27,33,35 The accumulation of 111In-

DOTA-CycMSH and 111In-DOTA-GlyGlu-CycMSH in non-

target organs was in general low, except in kidneys (21.69 6

0.34 and 12.13 6 1.17%ID/g, respectively, at 4 h p.i.). Intro-

FIGURE 5 Structure of 99mTc-(CO)3-pz1-bAlaMT-II and 99mTc-

(CO)3-pz1-MSHoct.

FIGURE 6 Schematic structures of DOTA-lactam-cyclized a-MSH analogs.
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duction of a negatively charged linker (-Gly-Glu-) into the

peptidic sequence (111In-DOTA-GlyGlu-CycMSH) decreased

the renal uptake by 44%, without affecting the tumor accu-

mulation. However, the activity in kidney was still 29%

higher than that found for 111In-DOTA-Re-CCMSH, and

34% of that of 111In-DOTA-CMSH, indicating that lactam

cyclization led to lower kidney accumulation than the disul-

fide one.33,35

It is known that the nature and position of the chelator

may significantly affect the tumor-targeting properties and

pharmacokinetic profile. Such effect was found for linear and

for lactam bridge–cyclized a-MSH peptides. The introduc-

tion of the DOTA chelator at the N terminus of the linear

peptide NAPamide or on the side-chain amino group of

Lys11 influenced differently the MC1 receptor binding affin-

ity (IC50 ¼ 2.13 6 0.29 nM vs. 1.19 6 0.19 nM, P < 0.05), as

well as the melanoma and kidney radioactivity accumulation

of 111In-labeled conjugates.46 To evaluate the effect of DOTA

position in 111In-labeled lactam bridge–cyclized a-MSH pep-

tides, the chelator was conjugated to the Lys in the cyclic

ring, and the N-terminus was acetylated, to generate the con-

jugate AcGluGlu-CycMSH[DOTA] (Figure 6C).47 This con-

jugate presented the best IC50 value (0.6 nM) among the

derivatives of CycMSH previously studied.45,47 However, de-

spite the good affinity to MC1R, high tumor uptake (11.4 6

2.2%ID/g, 2 h p.i.) and prolonged tumor retention (9.4 6

2.4%ID/g, 4 h p.i.), the overall pharmacokinetic profile of

AcGluGlu-CycMSH[DOTA]111In was not favorable because

of the high kidney uptake (60.5 6 8.4%ID/g at 2 h p.i.).47

The kidney and liver uptake of AcGluGlu-CycMSH[DO-

TA]111In were 5.5 and 6.1 times higher than the correspond-

ing uptake of 111In-DOTA-GlyGlu-CycMSH at 4 h p.i.

The cyclic DOTA-Gly-Glu-cMSH conjugate (apparently

the best of CycMSH conjugates) was recently labeled with
67Ga.48 The radiocompound 67Ga-DOTA-GlyGlu-CycMSH

exhibited high tumor uptake (12.93 6 1.63%ID/g, at 2 h

p.i.) and prolonged tumor retention (5.02 6 1.35%ID/g at

24 h p.i.) in B16/F1 melanoma-bearing mice. Uptake of
67Ga-DOTA-GlyGlu-CycMSH were generally very low for

nontarget organs (<0.30%ID/g) except for the kidneys

(27.55 6 7.87%ID/g at 4 h p.i.). Both flank primary B16/F1

melanoma and B16/F10 pulmonary melanoma metastases

were clearly visualized by SPECT/CT imaging using 67Ga-

DOTA-GlyGlu-CycMSH as the radioactive probe.48

CONCLUDING REMARKS
AND PERSPECTIVES
The described data brought together have shown that the na-

ture of the bifunctional chelator and radiometal used affected

the biodistribution and excretion properties of the radiopep-

tides. Furthermore, the different strategies of cyclization

described herein yielded molecules with different in vivo tu-

mor uptake and pharmacokinetic profile, being the disulfide-

bond cyclization strategy the less promising. High MC1R

binding affinity, efficient cellular internalization and

extended retention, high receptor-mediated tumor uptake,

highlighted the potential of radiolabeled lactam bridge-

cyclized a-MSH peptide analogs for melanoma imaging and/

or therapy. This new class of cyclic radiopeptides became a

good alternative to the 99mTc/111In-labeled Re-CCMSH

cyclized analogs in the development of novel radiopeptides

for MC1R-targeting. The most promising radiolabeled

MC1R-targeting peptides reported showed high tumor

uptake and good imaging properties in B16F1 murine mela-

noma-bearing mice. However, further improvement of phar-

macokinetics, namely reduction of renal uptake is still

needed to facilitate the clinical evaluation of this class of

radiolabeled a-MSH peptides as melanoma imaging probes

or therapeutic agents. It must also be emphasized that the tu-

mor model used for the evaluation of radiolabeled a-MSH

analogs leads to an overestimation of the accumulation

expected in humans. Indeed, the MC1 receptor density varies

among the different murine and human melanoma cells

lines, from several hundred to around 10,000 receptors per

cell, with the murine B16F1 cells showing 6- to 15-fold

higher density than most human melanoma cell lines.8,49–51

A few radiolabeled a-MSH analogs have also been evaluated

in the human A375 melanoma xenografts, where low tumor

uptake values were obtained. However, this human model is

one of the most unfavorable human models as the MC1R

expression in A375 cells is rather low. Therefore, the best

radiolabeled imaging probes in murine melanoma model

should be further evaluated in different and more representa-

tive human melanoma models.
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