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ABSTRACT: The melanocortin receptor 1 (MC1R) is a
specific molecular target for detection and therapy of melanoma,
as it is overexpressed in human melanomas. The design of novel
peptide-based MC1R-specific probes for imaging or targeted
radionuclide therapy is being actively pursued. Aiming to visualize
melanoma in vivo by single photon emission computed
tomography (SPECT) imaging using 99mTc(CO)3-labeled cyclic
melanocyte stimulating hormone analogues, we have designed the
novel cyclic peptides c[S-NO2-C6H-CO-His-DPhe-Arg-Trp-
Cys]-Lys-NH2 (1) and c[NH-NO2-C6H3-CO-His-DPhe-Arg-
Trp-Lys]-Lys-NH2 (2) and their corresponding conjugates c[S-
NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-Lys(pz)-NH2 (L1) and
c[NH-NO2-C6H3-CO-His-DPhe-Arg-Trp-Lys]-Lys(pz)-NH2
(L2), which incorporate a pyrazolyl-diamine chelating unit (pz). Upon reaction with adequate organometallic precursors, we prepared
the metalated peptides c[S-NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-Lys(pz-M(CO)3)-NH2 (M = Re (Re1), Tc (Tc1)) and c[NH-
NO2-C6H3-CO-His-DPhe-Arg-Trp-Lys]-Lys(pz-M(CO)3)-NH2 (M = Re (Re2), Tc (Tc2)). Competitive binding affinity assays
demonstrated that metalation of L1 and L2 did not lead to a significant decrease of binding affinity toward MC1R, as concluded by
comparing the IC50 values of Re1 (IC50 = 690 ± 250 nM) and Re2 (IC50 = 176 ± 5 nM) to those of the nonmetalated conjugates L1
(IC50 = 430 ± 100 nM) and L2 (IC50 = 179 ± 39 nM). Furthermore, the potency of the alkylamine-bridged peptide derivatives is
superior to that of the alkylthioaryl-bridged derivatives. NMR structural analysis performed for 1, L1, and Re1 has shown that the
peptide moiety displayed an atypical β-turn conformation in solution. The three-dimensional structural features of the peptide moiety
were also conserved upon conjugation to the chelator and, most importantly, after metalation. Despite presenting a significant cell
internalization degree and moderate retention in murine melanoma cells, the radiopeptides Tc1 and Tc2 displayed poor tumor-
targeting properties in a B16F1 melanoma-bearing mouse model.

■ INTRODUCTION

Among the five subtypes of human melanocortin receptors
(hMC1-5R), hMC1R has been explored as a specific molecular
target for detection and therapy of melanoma, which accounts for
more than 50% of all skin cancer deaths.1 Indeed, both melanotic
and amelanotic murine and human melanomas overexpress the
MC1R, and it has been identified in more than 80% of human
metastatic melanoma samples.2 Unless primary melanoma is
detected early enough to be surgically removed, the prognosis of
the disease is poor due to the ineffective treatments for fighting a
tumor with high metastasizing potential.3 Therefore, the
development of peptide-based MC1R-specific probes for single
photon emission computed tomography (SPECT) imaging
(γ emitters), positron emission tomography (PET) imaging
(β+ emitters) or targeted radionuclide therapy (β− or α particles)
is a subject of great interest and intense research.1a,2,4

α-Melanocyte stimulating hormone (α-MSH), a tridecapep-
tide (Figure 1), is the most potent naturally occurring

melanotropic peptide for the activation of MC1R but presents
a short half-life in vivo.5 Replacement of Met4 and Phe7 by Nle
and DPhe, respectively, gave the analogue [Nle4,DPhe7]-α-MSH
(NDP-α-MSH), which presented greater metabolic stability and
improved potency in comparison to α-MSH.5

Following the structure−bioactivity relationship studies
of different linear and cyclic α-MSH analogues, it has
been concluded that the central sequence of α-MSH, His6-
Phe7-Arg8-Trp9, is required for receptor recognition.5 These
efforts led to the discovery of the shorter and more rigid and
potent cyclic analogue Ac-Nle4-c[Asp5-His6-DPhe7Arg8-Trp9-
Lys10]-NH2 (MT-II) (Figure 2),6 which has been also
used as a model for the design of potent antagonists such as
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Ac-Nle4-c[Asp5-His6-DNal(2′)7Arg8-Trp9-Lys10]-NH2 (SHU-9119)
(Figure 2).7

Recently, Grieco et al. have synthesized and characterized
pharmacologically a new family of alkylthioaryl-bridged macro-
cyclic peptides formally derived fromMT-II and SHU9119.8 The
analogue c[S-NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-NH2
(PG10N) exhibited potent full agonist activity at hMC1R,
hMC3R, hMC4R, and hMCR5 (Figure 2).
Considering our interest in the design of MC1R-targeting

cyclic α-MSH analogues for melanoma imaging, we now report
on the synthesis and characterization of the novel 19- and
22-membered macrocyclic peptides c[S-NO2-C6H3-CO-His-
DPhe-Arg-Trp-Cys]-Lys-NH2 (1) and c[NH-NO2-C6H3-CO-
His-DPhe-Arg-Trp-Lys]-Lys-NH2 (2), respectively, and on their
pyrazolyl-diamine conjugates c[S-NO2-C6H3-CO-His-DPhe-
Arg-Trp-Cys]-Lys(pz)-NH2 (L1) and c[NH-NO2-C6H3-CO-
His-DPhe-Arg-Trp-Lys]-Lys(pz)-NH2 (L2) (Figure 3). We will
also describe the Re(CO)3-metalated peptides Re1 and Re2, as
well as the MC1R-targeting properties of the 99mTc congeners
Tc1 and Tc2. To assess whether conjugation to the chelator and
subsequent metalation affected the structural behavior of α-MSH
analogues, structural analysis by NMR was performed for the
19-membered macrocyclic analogues.

■ RESULTS AND DISCUSSION

Synthesis of the Peptide Conjugates. In the past few
years we have introduced tridentate bifunctional chelators

(BFC's) that combine a pyrazolyl unit with amines, carboxylates,
and/or thioethers for stabilization of the fac-[M(CO)3]

+ core
(M = 99mTc, Re).9 Some of these BFC's have been conjugated to

Figure 1. Structure of α-Melanocyte stimulating hormone (α-MSH).

Figure 2. Structural formulas of the cyclic analogues MT-II, SHU9119, and c[S-NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-NH2 (PG10N).

Figure 3. Structural formulas of the macrocyclic peptide conjugates L1
and L2.
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a wide variety of biologically relevant peptides (e.g., bombesin
and α-MSH analogues) through a pendant carboxylate arm,
allowing their labeling in high radiochemical yield and high
specific activity.10 With the aim of applying the same strategy to
the MT-II analogues proposed herein, we have designed new
peptide sequences containing a C-terminal Lys residue to allow
conjugation to the BFC (Figure 3).
We started with the synthesis of the macrocyclic peptides c[S-

NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-Lys-NH2 (1) and
c[NH-NO2-C6H3-CO-His-DPhe-Arg-Trp-Lys]-Lys-NH2 (2)
using the three-step procedure described by Grieco et al.8,11

Briefly, after the linear peptide intermediates were assembled in a
microwave-assisted solid-phase peptide synthesizer using the
Fmoc strategy, the peptides were capped with 2-fluoro-5-
nitrobenzoic acid and the Trt or Mtt protecting groups of Cys or
Lys, respectively, were removed with a dilute solution of
trifluoroacetic acid (TFA). Cyclization, through an aromatic
nucleophilic substitution mechanism, was achieved by treating
the resin-supported peptides with potassium carbonate in DMF
(36 h at 25 °C). The resulting macrocyclic peptides 1 and 2 were
cleaved from the resin under standard conditions, precipitated
with diethyl ether, and purified by semipreparative reverse-phase
high-performance liquid chromatography (RP-HPLC). Con-
jugation of the Boc-protected pyrazolyl-diamine (pz) BFC to the
ε-amino group of the C-terminal Lys in 1 and 2, followed by Boc
deprotection and purification by RP-HPLC, yielded the peptide
conjugates c[S-NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-Lys-
(pz)-NH2 (L1) and c[NH-NO2-C6H3-CO-His-DPhe-Arg-Trp-
Lys]-Lys(pz)-NH2 (L2), respectively (Figure 3). Peptides 1 and
2 and the final conjugates L1 and L2 were characterized by
electrospray ionization−mass spectrometry (ESI-MS) (Table 1).

Aiming to assess the influence of metalation in the MC1R-
binding affinity and to further characterize the radioactive
complexes, we have synthesized the “cold” rhenium surrogates
c[S-NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-Lys(pz-Re-
(CO)3)-NH2 (Re1) and c[NH-NO2-C6H3-CO-His-DPhe-Arg-
Trp-Lys]-Lys(pz-Re(CO)3)-NH2 (Re2) by conjugation of the
free carboxylate group in the precursor fac-[Re(CO)3(k

3-pz-
CO2H)]

+ to the Lys residue of 1 and 2, respectively, using
standard coupling reagents (Scheme 1). The metalated peptides
Re1 and Re2 were purified by semipreparative RP-HPLC and
characterized by ESI-MS (Table 1).
Determination of the MC1R Binding Affinities. The

binding affinities of the cyclic α-MSH analogues to MC1R were
tested in a competitive binding assay using [125I]-NDP-αMSH as
radioligand and murine melanoma B16F1 cells. The calculated

IC50 values for L1/L2 and Re1/Re2 as well as for the precursors
PG10N, 1, and 2 are given in Table 2.
The introduction of an additional Lys residue at the C

terminus of the alkylthioaryl-bridged macrocyclic peptide c[S-
NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-NH2 (PG10N) led to
the analogue 1, which is 486-fold less potent than the parent
peptide (Table 2). Replacement of the alkylthioaryl bridge in 1
by an alkylaminoaryl bridge gave the 22-membered macrocyclic
peptide 2, which is about 10-fold less potent than PG10N but
considerably more potent than peptide 1 (Table 2).
Conjugation of the BFC to peptide 1 led to an improvement of

the binding affinity of the resulting peptide conjugate L1;
however, it is still 100-fold less potent than the parent peptide
PG10N (Table 2).
Unlike peptide 1, the MC1R binding affinity of peptide 2

decreases upon conjugation to the BFC, since the resulting
conjugate L2 is 4-fold less potent (Table 2).
The metalation of L1 and L2 with the organometallic core fac-

[Re(CO)3]
+ does not lead to a significant decrease of binding

affinity towardMC1R, as concluded by comparing the IC50 values of
Re1 (IC50 = 690 ± 250 nM) and Re2 (IC50 = 176 ± 5 nM) with
those of the nonmetalated conjugates (L1, IC50 = 430 ± 100 nM)
and (L2, IC50 = 179 ± 39 nM), respectively (Table 2).
Brought together, the binding affinity results show that

conjugation of the BFC to the cyclic peptidesmay lead to conjugates
with higher or lower affinity toward MC1R, as is the case of the 19-
membered (L1) and/or the 22-membered macrocyclic peptide
conjugates (L2), respectively. However, the most interesting finding
is related to the fact thatmetalation of the peptide conjugates did not
affect binding at MC1R, as concluded by comparing the IC50 values
of L1 and L2 to those of the respective complexes Re1 and Re2.
These observations prompted us to experimentally analyze the
structural factors that may affect theMC1R interaction properties of
the parent peptides, conjugates, andmetalated peptides. To that end,
we have performed NMR structural studies with the family of the
alkylthioaryl-bridged macrocyclic peptides (1, L1, and Re1) in
aqueous solution.

NMR Structural Characterization. Once the NMR spectra
of the peptides 1, L1, and Re1 were assigned (see Materials and
Methods), the most remarkable finding was that the majority of the
1H, 13C, and 15N chemical shifts of L1 and Re1 are practically
identical; they are also nearly identical with those of 1 (Figure 4 and
Tables ST1−ST3 (Supporting Information)). The largest differences
in chemical shift correspond, as expected, to the Lys side chain to
which the chelator is conjugated (Figure 3) and to the very sensitive
HNprotons,which even so change less than 0.05 ppmbetween1 and
the conjugate L1. In contrast to the case for 1 and L1, the metalated
peptide Re1 exhibits two sets of signals for some protons (Figure 4
and Tables ST3 and ST4 (Supporting Information), which indicates
the coexistence of two isomeric species, Re1a and Re1b, as
previously reported for other peptide conjugatesmetalatedwithRe.12

On the basis of the volume integration of TOCSY signals, the two
isomers are almost equally populated (53 and 47%at 5 °Cand51 and
49% at 25 °C). Interestingly, the peptide moiety shows similar
conformational behavior in the two species, as derived from the
examined NMR parameters (see below).
The fact that the chemical shifts for some residues deviate

significantly from the random coil values in the three macrocyclic
peptides 1, L1, and Re1 shows that they adopt ordered
conformations in aqueous solution. In particular, the chemical shift
deviations (Δδ = δobserved − δrandom coil ppm) observed for the 1Hα,
13Cα, and

13Cβ backbone atoms, which lie clearly out of the random
coil range (Figures SF1−SF2 (Supporting Information)), are

Table 1. Analytical Data for 1, 2, L1, L2, Re1, and Re2

mass, m/z

compd formula calcd [ion] found

tR,
a min

(>98%
purity)

1 C48H59N15O9S 1022.4 [M + H]+ 1022.5 9.1
L1 C61H81N19O10S 1272.5 [M + H]+ 1272.5 10.2
Re1 C64H84N19O13ReS 772.4 [M + 2H]2+ 772.4 11.9
2 C51H66N16O9 1047.5 [M +H]+ 1047.5 9.3
L2 C64H88N20O10 1297.7 [M + H]+ 1297.7 10.4
Re2 C67H91N20O13Re 784.4 [M + 2H]2+ 784.4 12.1

aSee Materials and Methods for HPLC analytical conditions.
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indicative of turnlike conformations at the core residues DPhe, Arg,
and Trp. Among the side-chain protons, the very large upfield shifts
observed for Arg (Table 3) indicate that these side-chain protons bear
anisotropic effects from the ring currents of one ormore aromatic side
chains, as confirmed in the calculated structures (see below). The
increase observed for the 1H chemical shift deviations at 5 °C relative
to 25 °C for the three peptides (1, L1, and Re1; Table 3 and Tables
ST1-ST3 (Supporting Information)) indicates that the structure
adopted by peptide 1 and by the peptide moiety in the peptide
conjugates L1 and Re1 stabilizes at low temperature.
Further and clear-cut evidence about the family of peptides 1,

L1, and Re1 adopting ordered conformations came from the

NOE/ROE cross-peaks observed in the NOESY spectra at 5 °C
and/or ROESY spectra at 25 °C (Figure 5), in particular, by the
nonsequentialNOE/ROEs (Table ST5 (Supporting Information)).
A NOE/ROE between two protons is only observed when they are
spatially close. As expected from the similarity in chemical shifts, the
peptide moiety in conjugate L1 and Re1 exhibits essentially the
same set of NOEs as peptide 1 (Figure 5 and Table ST5) and,

Scheme 1. Synthesis of c[S-NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-Lys(pz-Re(CO)3)-NH2 (Re1) and c[NH-NO2-C6H3-CO-His-
DPhe-Arg-Trp-Lys]-Lys(pz-Re(CO)3)-NH2 (Re2)

a

aLegend: (i) DMF/DIPEA/HATU; (ii) TFA/TIS/H2O.

Table 2. MC1R Binding Affinities of Cyclic α-MSHAnalogues

peptide analogue *IC50 (nM)

c[S-NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-NH2 (PG10N)
8 3.7 ± 0.5

c[S-NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-Lys-NH2 (1) 1770 ± 480
c[S-NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-Lys(pz)-NH2
(L1)

430 ± 60

c[S-NO2−C6H3−CO-His-DPhe-Arg-Trp-Cys]-Lys(pz-
Re(CO)3)-NH2 (Re1)

690 ± 250

c[NH-NO2-C6H3-CO-His-DPhe-Arg-Trp-Lys]-Lys-NH2 (2) 51 ± 12
c[NH-NO2-C6H3-CO-His-DPhe-Arg-Trp-Lys]-Lys(pz)-NH2
(L2)

179 ± 39

c[NH-NO2-C6H3-CO-His-DPhe-Arg-Trp-Lys]-Lys(Pz-
Re(CO)3)-NH2 (Re2)

176 ± 5 Figure 4. 2D 1H,1H-TOCSY spectral region showing Hα/Hβ-HN cross-
peaks observed for peptides 1 (black contours), L1 (red contours), and
Re1 (blue contours) in aqueous solution (H2O/D2O 9/1 v/v) at pH 2.5
and 5 °C. The cross-peaks between the Hεε′ protons and the amino
group of the Lys side chain (scLys) in peptide 1 and the corresponding
HζN amide to which the chelator is bound in the peptide conjugates L1
and Re1 are also shown.
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hence, the same three-dimensional structure. To visualize their
structural features, we calculate that the ensemble of structures (see
Materials and Methods), in peptide 1, is compatible with the
distance constraints derived from the experimentally observed
NOE/ROEs. The resulting structures for peptide 1 (Figure 6),
which are well-defined (the pairwise rmsd for the backbone atoms is
0.5± 0.2 Å), are representative for the peptidemoiety in the peptide
conjugates L1 and Re1.
The backbone structure adopted by the family of peptides 1,

L1, and Re1 consists of consecutive turnlike structures and, as
described for other α-MSH analogues,5b shows a V shape with the
residues Trp-Arg-DPhe placed at the sharp bottom end of the V
(Figure 6, top). Given the well-established relationship between
3JHα‑NH coupling constants and dihedral ψ angles, the validity of the
calculated structure is reinforced by the small value of the 3JHα‑NH
coupling constant measured for residue DPhe in peptide 1 and in
the peptide conjugates L1 and Re1 (Table ST6 (Supporting
Information)), which was not used as an input constraint in the
structure calculation. The decrease in the value of the DPhe 3JHα‑NH
coupling constant from 25 to 5 °C (Table ST6) confirms that the
structure is more stable at low temperature, as deduced from the
analysis of chemical shifts (see above). Coming back to the
structural features, the side chains are also relatively well-defined in
the ensemble of calculated structures (Figure 6). The Arg side chain
is close to the aromatic rings of Trp and DPhe (less than 5 Å) and
quite far from that of His (more than 7.3 Å). Thus, the anisotropy
effect of the Trp and DPhe aromatic rings accounts for upfield
chemical shifts observed for Arg side chain protons in peptides 1,

L1, and Re1 (Table 3) and present in other αMSH analogues.13

The interaction among Arg and these aromatic rings, in particular, a
cation−π interaction between the positively charged Arg
guanidinium group and the indole ring, although not clearly seen
in the calculated structure, can contribute to stabilize and fit the
peptide structure.
On the whole, the structure adopted by peptide 1 is similar to

the structuralmodels of otherα-MSHanalogues containing the core
sequence His-DPhe-Arg-Trp (Figure 1), which is essential for
interaction with the MC receptors, such as the analogues PG10N
and [C5,C10]NDP-MSH5‑10.

8,14 However, it differs from the
structures described for the hMC4R agonists MTII and c[(O)C−
CH2−CH2−C(O)-His-DPhe-Arg-Trp-Lys]-NH2 (VJH085).15 In
fact, some NMR parameters of peptide 1 differ from those reported
for analogues MTII and VJH085; i.e., the DPhe 3JHN‑Hα coupling
constant is small in peptide 1 (about 4.0 Hz; Table ST6), a
characteristic of turn residues, and is 7.5 Hz in MTII and VJH085,
suggestive of a more extended conformation. The Hα of His is
shifted downfield in peptide 1 (about 0.5 ppm; Figure SF1
(Supporting Information)) and shifted upfield inMTII andVJH085,

Table 3. 1H Chemical Shifts (ppm) for the Arg Side Chain of
Peptides 1, L1, and Re1 in Aqueous Solution at pH 2.5 and 5
and 25 °C

Arg proton

peptide
temp,
°C Hββ’ Hγγ’ Hδδ’

1 5 1.11, 1.39 0.49, 0.77 2.76, 2.76
25 1.12, 1.38 0.56, 0.79 2.78, 2.78

L1 5 1.09, 1.38 0.50, 0.77 2.75, 2.75
25 1.13, 1.39 0.60, 0.81 2.77, 2.77

Re1a 5 1.11, 1.41/1.14,
1.41

0.55, 0.79/0.58,
0.82

2.75, 2.75/2.77,
2.77

25 1.16, 1.41/1.18,
1.42

0.60, 0.81/0.67,
0.87

2.77, 2.77/2.80,
2.80

random coilb 1.76, 1.86 1.63, 1.63 3.20, 3.20
aChemical shifts for one of the Re1 species are shown in italics.
bRandom coil values were taken from ref 21.

Figure 5. Selected ROESY spectral region of peptides 1 and L1 in aqueous solution (H2O/D2O 9/1 v/v) at pH 2.5 and 25 °C. Nonsequential and
sequential cross-peaks are labeled. Nonsequential cross-peaks are boxed.

Figure 6. Stereoscopic view of the ensemble of structures calculated for
peptide 1 on the basis of theNMRparameters. Only backbone atoms are
displayed in the top panel. C−C bonds are shown in dark green, CO
in red, C−N in light green, and C−S in orange. “X1” refers to the S-NO2-
C6H3-CO- linker.
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and the Arg side chain is shielded in peptide 1 but not in MTII and
VJH085. These structural differences can be explained by the cycle
size, which is smaller in peptide 1, PG10N, and [C5,C10]NDP-
MSH5‑10 than in MTII and VJH085.8,14,15 It seems that the
differences in the cycle size translate into different arrangements of
the side chains in the α-MSH analogues, which evidently affects
their binding affinity to the receptor. Thus, the difference in cycle
size might also account for the differences in affinity found for
peptide 1 relative to peptide 2 (Table 2).
Coming back to the 19-membered macrocyclic peptides 1, L1,

and Re1, the peptide moiety in L1 and Re1 adopts the same
structure as in peptide 1. Hence, theMC1R-binding properties of
these compounds are modulated by other factors apart from the
conformation of the peptide moiety.
Labeling of the Peptide Conjugates with fac-[99mTc-

(CO)3]
+. The radioactive complexes c[S-NO2-C6H3-CO-His-

DPhe-Arg-Trp-Cys]-Lys(pz-99mTc(CO)3)-NH2 (Tc1) and
c[NH-NO2-C6H3-CO-His-DPhe-Arg-Trp-Lys]-Lys(pz-

99 mTc-
(CO)3)-NH2 (Tc2), structural analogues of Re1 and Re2, were
obtained in almost quantitative yield (>98%) upon reaction of the
precursor [99mTc(CO)3(H2O)3]

+ with the respective peptide >
conjugates L1 and L2 (final concentration (5−8) × 10−5 M, at
98 °C). With the aim of increasing the specific activity of the 99mTc-
labeled peptides to maximize their MC1R-binding ability, the
radiopeptides were separated from the free peptide conjugates by
semipreparative RP-HPLC. The fractions corresponding to the
radioconjugate were collected in Falcon vials containing PBS for
biodistribution studies and cell internalization studies. The purity/
stability of the radioconjugates was evaluated by RP-HPLC and
ITLC. It has been found that no oxidation or colloid formation took
place under those conditions, and only one species was observed by
HPLC and ITLC. Further stability assays in fresh human serum at
37 °C indicated that Tc1 and Tc2 have high plasma stability, with
negligible enzymatic degradation, even after 6 h of incubation
(Figure 7).
We have determined the partition coefficients of Tc1 and Tc2

under physiological conditions to assess their hydro-/lipophilic
nature. The results, displayed in Table 5, have shown that all
radiopeptides present a moderate hydrophilic character.

The identification/characterization of Tc1 and Tc2 was
accomplished by comparing their γ traces with the UV−vis traces
of the respective rhenium compounds Re1 and Re2 (Figure 8).

Cell Internalization Studies. The degree of internalization
and retention ofTc1 andTc2 in B16F1murinemelanoma cells is
an important parameter for partial prediction of their tumor-
targeting properties in vivo. The internalization studies have
shown that cellular uptake was time-dependent for both
radiopeptides at 37 °C, as displayed in Figure 9.
High to moderate cellular uptake was attained for both

radiopeptides, with Tc1 presenting the highest internalization level
at 3 h p.i., when ca. 10% of the total applied radioactivity was
internalized by the cells. Despite presenting a lower internalization
degree, the radiopeptide Tc2 still presented a significant internal-
ization (ca. 5% at 3 h p.i.), comparable to that of previously
described 99mTc(CO)3-labeled α-MSH analogues.10cWith regard to
the radioactivity associated with the membrane (surface bound),
only a small difference was observed between the two radiopeptides,
withTc1 andTc2 reachingmaximum values at 4 h (14.3%) and 2 h
(12.3%) post incubation, respectively.
The cellular retention of the radioconjugates was also evaluated

in the same cell line at different time points (Figure 10). Amoderate
and similar retentionwas observed forTc1 andTc2, with ca. 50% of
the cell-associated activity still remaining inside the cells after 2 h.
Brought together, the significant cell internalization degree

and the moderate retention ofTc1 andTc2 in murine melanoma
cells prompted us to assess the tumor-targeting properties of
those radiopeptides in a B16F1melanoma-bearing mouse model.
Biodistribution studies of the radiopeptides Tc1 and Tc2 in
B16F1 melanoma-bearing mice at 1 and 4 h after intravenous
injection are summarized in Table 6.
Despite the high in vivo stability in blood and urine, biological

evaluation of new cyclic radioconjugates in melanoma-bearing
mice correlated well with the low affinity for the MC1R, as

Figure 7. RP-HPLC profiles of Tc1 and Tc2 in fresh human plasma at different time points at 37 °C.

Table 5. Retention Time (RP-HPLC) and log Po/w Values for
Radiopeptides Tc1 and Tc2

complex tR, min (purity, %) log Po/w ± SD

Tc1 12.2 (98) −0.34± 0.03
Tc2 12.3 (98) −0.8± 0.05

Figure 8.RP-HPLC chromatographic profiles forTc1 (γ detection) and
its respective cold surrogate Re1 (UV−vis detection).
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evidenced by the low tumor uptake values found for Tc1 (2.33±
0.89% IA/g) and Tc2 (2.63 ± 0.50% IA/g) at 1 h p.i.
Furthermore, Tc1 and Tc2 showed a similar and unfavorable

biodistribution profile, with slow clearance from the bloodstream
and a very low overall excretion from whole animal body as only
21.4 and 27.7% of total activity, respectively, was eliminated after
4 h p.i. Although some excretion occurred by a renal excretion
route, the hepatobiliary excretion pathway played a prominent
role, as seen by high liver accumulation of Tc1 and Tc2 (30.4 ±
5.2 and 40.2 ± 4.8% IA/organ at 1 h p.i., for Tc1 and Tc2,
respectively).

■ CONCLUSIONS
Novel cyclic α-MSH derivatives containing a thioether or an
amino bridge were designed, conjugated to a bifunctional
chelator through their C- terminus (L1 and L2), and used to
prepare the respective Re and 99mTc tricarbonyl complexes
(Re1/Tc1, Re2/Tc2). The peptide conjugates and their
corresponding metalated derivatives displayed lower binding
affinity for MC1R than the parent peptide (PG10N).
NMR structural analysis of the S-macrocycle family has shown

that the peptide moiety always displayed an atypical β turn in
comparison to cognate peptides, which present a well-defined
type I (PG10N) or type II β turn (MTII) in solution. The

radiopeptides presented significant cell internalization and
moderate retention in murine melanoma cells. Biodistribution
studies in melanoma-bearing mice showed that both are stable in
vivo; however, their tumor-targeting properties are poor,
correlating well with the low affinity of the rhenium surrogates.

■ MATERIALS AND METHODS
NDP-MSH was purchased from Neosystem (Strasbourg, France).
Bovine serum albumin (BSA) was purchased from Sigma. Dulbecco’s
modified Eagle’s medium (MEM) containing GlutaMax I, fetal bovine
serum, penicillin/streptomycin antibiotic solution, trypsin-EDTA, and
phosphate-buffered saline (PBS) pH 7.2 were all from Gibco−Invitrogen
(Alfagene, Lisbon, Portugal). Fmoc-amino acids were obtained fromCEM,
while Fmoc-Asp(Dmab), Fmoc-Lys(ivDde), Rink Amide resin, and 2-(7-
aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HATU) were purchased from Novabiochem (Merck, Lisbon,
Portugal). All other chemicals not specified were purchased from Aldrich.
Na[99mTcO4] was eluted from a 99Mo/99mTc generator, using 0.9% saline.
The IsoLink kit (Mallinckrodt-Covidien, Petten, The Netherlands) was
used to prepare the radioactive precursor fac-[99mTc(CO)3(H2O)3]

+ as
described elsewhere.16 The synthon fac-[Re(CO)3(H2O)3]Br was also
prepared according to a method described previously.17 No-carrier-added
sodium [125I]iodide (17.4 Ci/mg) in 0.1 M aqueous NaOH was obtained
from Perkin-Elmer-Life. The compounds 4-((2-(tert-butoxy-
carbonylamino)ethyl)(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)amino)-
butanoic acid (pz-(Boc)CO2H) and fac-[Re(k

3-pz-CO2H)(CO)3]
+ were

prepared as described elsewhere.9a,18

Reverse-Phase High-Performance Liquid Chromatography
(RP-HPLC) Analysis. RP-HPLC was performed using a Perkin-Elmer
system (LCPump, Series 200) coupled to a UV−vis detector (LC 290,
Perkin-Elmer or SDP-10AV, Shimadzu) and a γ detector (LB 507 or LB
509, Berthold) for the 99mTc compounds. Analytical and semi-
preparative purification of the peptide conjugates was achieved on a
Machery-Nagel column (250/4 mm, 10 μm) and Machery-Nagel
column (250/8 mm, 7 μm), respectively. The contents of the columns
were eluted with a binary gradient system with a flow rate of 1.0 mL/min
(analytical) or 2.0 mL/min (semipreparative) using the following
mobile phases: mobile phase A, TFA 0.1%; mobile phase B, CH3CN
0.1% TFA. The method for the analytical control and semipreparative
purification of the peptide conjugates was as follows: 0−35 min, 20−
60% B; 35−37 min, 60% B; 37−38 min, 60−20% B; 38−40 min, 20% B.
For all RP-HPLC methods presented, the absorbance was monitored at
220 and 280 nm.

Analytical separations were achieved on a Hypersil ODS column (250×
4 mm, 10 μm), and semipreparative separations of the radio-
active complexes were achieved on a Hypersil ODS column (250 ×
8 mm, 10 μm). The contents of the columns were eluted with a binary
gradient system with a flow rate of 1.0 mL/min (analytical) or 3.0 mL/min

Figure 9. Internalization of Tc1 and Tc2 in B16F1 cells at different time points at 37 °C. Internalized and surface-bound activities are expressed as a
percentage of applied activity.

Figure 10.Cellular retention of internalized Tc1 and Tc2 radiopeptides
in B16F1 cells at different time points at 37 °C.
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(semipreparative) using the following mobile phases: mobile phase A, 0.5%
TFA; mobile phase B, CH3CN 0.5% TFA. The method for the analytical
control of the conjugates L1 and L2 and radioconjugates Tc1 and Tc2 as
well as the metalated conjugates Re1 and Re2 was as follows: 0−18 min,
15−100% B; 18−20 min, 100−15% B; 20−30 min, 15% B. Analytical
control of the conjugates 3 was achieved on Symmetry C18 (250× 4.6 mm)
with a flow rate of 1 mL/min, using the following mobile phases and
method: mobile phase A, TFA 0.1%; mobile phase B, CH3CN 0.1%
TFA; method, 0−30 min, 20−80% (210 nm).
The method for the semipreparative separation of the cyclic

radioconjugate was as follows: 0−15 min, 15−30% B; 15−30 min,
30% B; 30−45 min 30−60% B, 45−60 min 60% B.
Peptide Synthesis. The peptides c[S-NO2-C6H3-CO-His-DPhe-

Arg-Trp-Cys]-Lys-NH2 (1) and c[NH-NO2-C6H3-CO-His-DPhe-Arg-
Trp-Lys]-Lys-NH2 (2) were prepared by following the modified
procedures from the literature.8 Briefly, the peptide linear sequences
NH2-His(Trt)-DPhe-Arg(Pbf)-Trp(Boc)-Cys(Trt)-Lys(Boc)-NH2
and NH2-His(Trt)-DPhe-Arg(Pbf)-Trp(Boc)-Lys(Mtt)-Lys(Boc)-
NH2 were assembled to the MBHA rink Amide resin by Fmoc-based
solid-phase peptide synthesis in a CEM 12-channel automated peptide
synthesizer using HOBT/HBTU as coupling agents. The peptides were
capped with fluoronitrobenzoic acid as previously reported, and before
the cyclization step, the S-Trt group of the Cys residue was removed
with dilute TFA (5% in CH2Cl2) without cleavage of the peptide from
the resin. The cyclization step was carried out by treating the supported
peptides with 5 equiv of K2CO3 in DMF at 25 °Cwith gentle shaking for
36 h. The peptide resin was washed with DMF (2×), H2O (3×), DMF
(3×), H2O (2×), CH3OH (3×), and CH2Cl2 (3×) and then vacuum-
dried. The peptides were cleaved from the resin by treatment with a
mixture of 95% TFA, 2.5% TIS, and 2.5% H2O (5 mL) for 2 h. The
cleavage solution was separated from the resin by filtration and
concentrated under N2. The crude peptide was precipitated and washed
with ethyl ether, vacuum-dried, and dissolved in H2O before
lyophilization. After semipreparative purification and evaporation of
solvents from the corresponding fractions, peptides 1 and 2 were
obtained as yellow and pale green solids, respectively. Peptide 1, c[S-
NO2-C6H3-CO-His-DPhe-Arg-Trp-Cys]-Lys-NH2 (mol wt
C48H59N15O9S 1021.5): calcd m/z for [M + H]+ 1022.5, found
1022.5, tR = 9.1 min. Peptide 2, c[NH-NO2-C6H3-CO-His-DPhe-Arg-
Trp-Lys]-Lys-NH2 (mol wt C51H66N16O9 1047.1): calcd m/z for [M +
2H]2+ 524.5, found 524.5, tR = 9.3 min.
Synthesis of Peptide Derivatives. The derivatives L1, L2, Re1,

and Re2 were prepared using the following procedure: pz-CO2H

(2.5 equiv) or rhenium complex fac-[Re(CO)3(κ
3-pz-CO2H)]+

(2.5 equiv) preincubated for 30 min with HATU (1.1 equiv. relative
to the carboxylic group) was added to the peptide (ca. 800 μg) dissolved
in N,N-diisopropylethylamine (20 μL)/dimethylformamide (250 μL).
The pHwas adjusted to 7−8 using DIPEA, and the reaction mixture was
stirred at room temperature for 3 h. The crude products were purified by
semipreparative RP-HPLC. After solvent evaporation, Boc deprotection
of the peptides was achieved with a standard cocktail (95% TFA, 2.5%
TIS, 2.5% H2O). The compounds were precipitated with ice-cold
diethyl ether, dried under a stream of nitrogen, and lyophilized.
Compounds L1, Re1, L2, and Re2 were characterized by electrospray
ionization-mass spectrometry (ESI-MS) and RP-HPLC. c[S-NO2-
C6H3-CO-His-DPhe-Arg-Trp-Cys]-Lys(pz)-NH2 (L1): calcd m/z for
[M + H]+ 1272.5, found 1272.5, tR = 16.6 min. c[S-NO2-C6H3-CO-His-
DPhe-Arg-Trp-Lys]-Lys(pz)-NH2 (L2): calcd m/z for [M + H]+

1297.7, found 1297.7, tR = 16.8 min. c[S-NO2-C6H3-CO-His-DPhe-
Arg-Trp-Cys]-Lys(pz-Re(CO)3)-NH2 (Re1): calcd m/z for [M + 2H]+

772.2, found 772.2, tR = 20.3 min. c[S-NO2-C6H3-CO-His-DPhe-Arg-
Trp-Lys]-Lys(pz-Re(CO)3)-NH2 (Re2): calcd m/z for [M + 2H]2+

784.8, found 784.4, tR = 21.0 min.
Thin-Layer Chromatography Analysis. Thin-layer chromatog-

raphy (TLC) was performed using silica gel TLC strips (Polygram Sil G,
Macherey-Nagel) developed with a mobile phase of 5% 6 N HCl in
methanol.

Radioactivity detection was performed on a radiochromatograph
(Berthold LB 2723) equipped with a 20 mm diameter NaI(Tl)
scintillation crystal.

NMR Spectroscopy of Peptides 1, L1, and Re1. Samples for
NMR spectra acquisition at approximately 1 mM peptide concentration
were prepared by dissolving the lyophilized compounds (∼0.5 mg) in
0.5 mL of H2O/D2O (9/1 v/v). The pH was adjusted to 2.5 by adding
minimal amounts of NaOD or DCl, measured with a glass micro
electrode and not corrected for isotope effects. Sodium 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) was used as an internal reference.

NMR spectra were acquired at 5 and 25 °C on a Bruker AV-600
spectrometer operating at a proton frequency of 600.13 MHz and
equipped with a cryoprobe. The temperature of the NMR probe was
calibrated using amethanol sample. 1D spectra were acquired using 32 K
data points, which were zero-filled to 64 K data points before performing
the Fourier transformation. As previously reported,19 2D spectra, i.e.,
phase-sensitive correlated spectroscopy (COSY), total correlated
spectroscopy (TOCSY), nuclear Overhauser enhancement spectrosco-
py (NOESY), and rotating frame nuclear Overhauser spectroscopy

Table 6. Biodistribution of Tc1 and Tc2 in B16F1 Melanoma-Bearing C57BL/6 Mice at 1 and 4 h p.i. (iv)a

Tc1 Tc2

1 h 4 h 1 h 4 h

Tissues (% IA/g)
tumor 2.33 ± 0.89 1.38 ± 0.18 2.63 ± 0.50 2.47 ± 0.70
blood 3.8 ± 1.1 2.6 ± 1.2 8.0 ± 1.0 3.9 ± 0.2
liver 29.8 ± 4.6 30.9 ± 4.2 40.2 ± 4.8 24.3 ± 1.7
intestine 7.2 ± 1.5 11.7 ± 3.1 5.8 ± 1.2 10.5 ± 1.1
spleen 3.3 ± 2.2 4.6 ± 3.9 7.5 ± 0.6 5.1 ± 0.3
heart 2.2 ± 0.3 1.3 ± 0.2 3.8 ± 0.3 2.0 ± 0.3
lung 4.7 ± 0.5 3.0 ± 2.0 8.8 ± 0.7 4.7 ± 0.2
kidney 23.2 ± 2.4 10.0 ± 3.3 18.4 ± 2.1 9.7 ± 1.1
muscle 0.5 ± 0.1 0.18 ± 0.16 0.67 ± 0.06 0.41 ± 0.08
bone 1.1 ± 0.4 0.45 ± 0.37 1.9 ± 0.2 1.5 ± 0.3
stomach 2.4 ± 0.6 1.5 ± 0.9 2.7 ± 1.0 1.0 ± 0.2
pancreas 2.0 ± 1.3 2.5 ± 2.5 1.1 ± 0.1 1.0 ± 0.1

Uptake Ratio of Tumor to Normal Tissue and Total Excretion (%)
tumor/blood 0.61 0.53 0.33 0.63
tumor/muscle 4.7 7.7 3.9 6.0
tumor/kidney 0.10 0.14 0.14 0.25
total excretion 10.8 ± 9.5 21.4 ± 4.6 13.0 ± 1.1 27.7 ± 1.3

aThe data are presented as percent injected activity/gram of tissue (%IA/g) (mean ± SD, n = 3, 4).
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(ROESY), were recorded by standard techniques using presaturation of
the water signal and the time-proportional phase incrementation mode.
NOESY and ROESY mixing times were 150 and 200 ms, respectively.
TOCSY spectra were acquired using 60 ms DIPSI2 with a z filter spin-
lock sequence. 1H−13C and 1H−15N heteronuclear single quantum
coherence spectra (HSQC) were recorded at natural heteronuclear
abundance. Acquisition data matrices were defined by 2048 × 512 (128
in the case of the 1H−15N HSQC spectrum) points in t2 and t1,
respectively. Data were processed using the standard TOPSPIN
program.20 The 2D data matrix was multiplied by either a square-sine-
bell or a sine-bell window function with the corresponding shift
optimized for every spectrum and zero-filled to a 2K× 1K (256 points in
the 1H−15N HSQC) complex matrix prior to Fourier transformation.
Baseline correction was applied in both dimensions. The 0 ppm 13C and
15N δ values were obtained indirectly by multiplying the spectrometer
frequency that corresponds to 0 ppm in the 1H spectrum, assigned to
internal DSS reference, by 0.251 449 53 and 0.101 329 118, respec-
tively.21

NMR Assignment. 1H NMR signals of peptide 1 and the peptide
moiety in L1 and Re1 were assigned by standard sequential assignment
methods.22 Then, the 13C and 15N resonances were straightforwardly
assigned from the cross-correlations observed in the corresponding
HSQC spectra between the proton and the bound carbon or nitrogen,
respectively.
The chelator resonances in the peptide conjugates L1 and Re1 were

assigned by the combined analysis of 2D COSY, TOCSY, NOESY, and
1H,13C-HSQC spectra, taking into account previous NMR assignments
for the isolated chelator.23

NMR Structure Calculation. The peak lists for the NOESY and
ROESY spectra of peptide 1 were generated by interactive peak picking
and the peak volumes obtained by the automatic integration function of
Sparky.24 The three-dimensional structure was calculated using torsion
angle dynamics25 implemented in the program CYANA.26 The applied
CYANA protocol consisted of seven iterative cycles of automatic NOE
assignment and structure calculation, followed by a final standard
structure calculation.
Furthermore, a negative value for the torsion angle ψ for L-amino

acids and the distance constraints required for cyclization between Cys6
and the -NO2-C6H3-CO- linker were used during the NOE assignment/
structure calculation cycles. In each cycle, the structure calculation
started from 100 randomized conformers and the standard CYANA-
simulated annealing schedule25 was used with 10 000 torsion angle
dynamics steps per conformer.
MOLMOL27 was used to visualize and analyze the final structures.
Cell Culture. B16F1 murine melanoma cells (ECACC, Salisbury,

U.K.) were grown in MEM containing GlutaMax I supplemented with
10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin
antibitiotic solution (all fromGibco-Invitrogen). Cells were cultured in a
humidified atmosphere of 95% air and 5% CO2 at 37 °C (Heraeus,
Hanau, Germany), with the medium changed every other day. The cells
were adherent in monolayers and, when confluent, were harvested from
the cell culture flasks with trypsin EDTA (Gibco-Invitrogen) and seeded
further apart.
Radioiodination. Radioiodination of NDP-α-MSH was performed

as described in the literature with a small modification.28 Briefly, 10 μL of
Na125I (1.5 mCi) and 10 μL of chloramine-T solution (50 mg/25 mL of
PBS, 0.3 M) were added to 5 μL of NDP-α-MSH solution (5 μg of
peptide/50 μL of PBS 0.3 M). After 5 min of incubation at room
temperature with shaking, the reaction was stopped by addition of
dithiothreitol (10 mg) and BSA (100 μL) to the solution. The reaction
mixture was loaded onto a small reverse-phase cartridge (Sep-Pak C18,
Waters), which was washed consecutively with methanol and 0.1% TFA
aqueous solution (0.1% TFA), and finally the iodi nated peptide was
eluted with methanol and collected. The fractions containing
[125I]NDP-MSH were stored at −20 °C. Preceding each binding
experiment, an additional purification was performed by RP-HPLC.
Competitive Binding Assay. The inhibitory concentration of 50%

(IC50) values for the α-MSH analogues were determined by competitive
binding assays with [125I]NDP-α-MSH in B16F1 melanoma cells. Cells
were harvested, seeded into 24-well cell culture plates (2× 105 cells/well),

and allowed to attach overnight. After they were washed once with the
binding medium (0.3 mL,MEMwith 25mMHEPES and 0.2% BSA), the
cells were incubated at room temperature (25 °C) for 2 h with the
competitor peptide solution (0.1 mL), yielding a final concentration
ranging from1× 10−5 to 1× 10−12M, and [125I]NDP-α-MSH(50 000 cpm
in 0.2 mL). The reaction media was then removed, and the
cells were washed twice with cold 0.01 M PBS pH 7.2 with 0.2% of
BSA (0.5 mL) and lysed with NaOH 1 M (0.5 mL) for 5 min. The
radioactivity of the lysate was measured in a γ counter. The competitive
binding curves were obtained by plotting the percentage of [125I]NDP-
α-MSH bound to the cells vs concentrations of displacing peptides. IC50
values for the peptides were calculated by using GraphPad Prism
software. All cell binding experiments were carried out in triplicate.

Radiolabeling with 99mTc(I). Na[99mTcO4] was eluted from a
99Mo/99mTc generator, using 0.9% saline. The precursor fac-[99mTc-
(CO)3(H2O)3]

+ was prepared using an Isolink kit (Covidien, formerly
Mallinckrodt) and its radiochemical purity monitored by RP-HPLC.

Compounds Tc1 and Tc2 were obtained by reacting L1 and L2 with
fac-[99 mTc(CO)3(H2O)3]

+, respectively. Briefly, a solution of fac-
[99mTc(CO)3(H2O)3]

+ (900 μL) was added to a capped vial, previously
flushed with N2, containing L1 or L2 (100 μL, 5× 10−4 M). Themixture
reacted for 30 min at 98 °C, and the radiochemical purity of Tc1 and
Tc2 was checked by RP-HPLC, using an analytical C-18 reversed-phase
column. The radiolabeled compound was purified by semipreparative
RP-HPLC. The activity corresponding to 99mTc(CO)3-peptide
conjugates was collected in 50 mL Falcon vials containing 200 μL of
PBS for biodistribution and cell internalization studies. The solutions
were concentrated to a final volume of 200 μL under a nitrogen stream,
and the product was controlled by analytical RP-HPLC to confirm its
purity and stability after purification and evaporation.

Partition Coefficient.The partition coefficient was evaluated by the
“shake-flask” method.29 The radioconjugate was added to a mixture of
octanol (1 mL) and 0.1 M PBS (pH 7.4; 1 mL), which had been
previously saturated with each other by stirring. This mixture was
vortexed and centrifuged (3000 rpm, 10 min, room temperature) to
allow phase separation. Aliquots of both octanol and PBS phases were
counted in a γ counter. The partition coefficient (Po/w) was calculated by
dividing the counts in the octanol phase by those in the buffer, and the
results were expressed as log Po/w.

In Vitro Stability. The 99mTc-labeled complex (100 μL, ∼10 MBq)
was added to fresh human plasma (1 mL), and the mixture was
incubated at 37 °C. At appropriate time points (2, 4, and 6 h), 100 μL
aliquots (in duplicate) were sampled and treated with 200 μL of ethanol
to precipitate the proteins. Samples were centrifuged at 3000 rpm for
15 min at 4 °C, and the supernatant was analyzed by HPLC. The
stability of the radiolabeled conjugate in the solutions containing 0.2%
BSA was checked by RP-HPLC using the chromatographic methods
previously described and by instant thin-layer chromatography.

Internalization and Cellular Retention Studies. Internalization
assays of the radiopeptides were performed in B16F1 murine melanoma
cells seeded at a density of 0.2 million per well in plates and allowed to
attach overnight. The cells were incubated at 37 °C for a period of 5 min
to 4 h with about 200 000 cpm of the conjugate in 0.5 mL of assay
medium (MEM with 25 mM N-(2-hydroxyethyl)piperazine-N-
ethanesulfonic acid and 0.2% BSA). Incubation was terminated by
washing the cells with ice-cold assay medium. Cell-surface-bound
radioligand was removed by two steps of acid wash (50 mM glycine,
HCl/100 mM NaCl, pH 2.8) at room temperature for 5 min. The pH
was neutralized with cold PBS with 0.2% BSA, and subsequently the cells
were lysed by 10 min incubation with 1 MNaOH at 37 °C to determine
the internalized radioligand. The cellular retention properties of the
internalized radioconjugates were determined by incubating B16F1 cells
with the radiolabeled compound for 2 h at 37 °C, washing them with
cold assay medium, removing the membrane-bound radioactivity with
acid buffer wash, and monitoring radioactivity release into the culture
media (0.5 mL) at 37 °C. At different time points over a 4 h incubation
period, the radioactivity in the medium and that in the cells were
separately collected and counted.

Biodistribution. All animal experiments were performed in
compliance with national and European regulations for animal
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treatment. The animals were housed in a temperature- and humidity-
controlled roomwith a 12 h light/12 h dark schedule. Biodistribution of the
radiopeptides was performed in melanoma-bearing C57BL/6 female mice
(8−10 weeks old). Mice were previously implanted subcutaneously with
1 × 106 B16F1 cells to generate a primary skin melanoma. Ten to twelve
days after the inoculation, tumors reached a weight of 0.2−1 g.
Animals were intravenously injected into the retroorbital sinus with

the radiolabeled complex (2.6−3.7 GBq) diluted in 100 μL of PBS pH
7.2.Mice (n = 3−5 per time point) were killed by cervical dislocation at 1
and 4 h after injection. The dose administered and the radioactivity in
the killed animals were measured using a dose calibrator (Curiemeter
IGC-3, Aloka, Tokyo, Japan or Capintec CRC-15W, Ramsey, USA).
The difference between the radioactivity in the injected animals and that
in the killed animals was assumed to be due to excretion. Tumors and
normal tissues of interest were dissected, rinsed to remove excess blood,
and weighed, and their radioactivity was measured using a γ counter
(LB2111, Berthold, Germany). The uptake in the tumor and healthy
tissues of interest was calculated and expressed as a percentage of the
injected radioactivity dose per gram of tissue. For blood, bone, muscle,
and skin, total activity was estimate,d assuming that these organs
constitute 6, 10, 40, and 15% of the total body weight, respectively.
Urine was also collected and pooled together at the time the animals
were killed.
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