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Abstract Aiming to apply the multivalency concept to
melanoma imaging, we have assessed the in vivo melanocortin type 1 receptor (MC1R)-targeting properties of
99m
Tc(I)-labeled homobivalent peptide conjugates which
contain copies of the a-melanocyte-stimulating hormone
(a-MSH) analog [Ac-Nle4, Asp5, D-Phe7, Lys11]a-MSH4–11
separated by linkers of different length (L2 nine atoms and
L3 14 atoms). The MC1R-binding affinity of L2 and L3 is
significantly higher than that of the monovalent conjugate
L1. Metallation of these conjugates yielded the complexes
fac-[M(CO)3(k3-L)]? (M is 99mTc/Re; 1/1a, L is L1; 2/2a,
L is L2; 3/3a, L is L3), with IC50 values in the subnanomolar and nanomolar range. The MC1R-mediated
internalization of 2 and 3 is higher than that of 1 in B16F1
melanoma cells. Biodistribution studies in melanomabearing mice have shown low nonspecific accumulation
with a tumor uptake that correlates with IC50 values.
However, no correlation between tumor uptake and
valency was found. Nevertheless, 2 displayed the highest
tumor retention, and the best tumor to nontarget organ
ratios.
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Introduction
The overexpression of peptide receptors in a variety of
human cancer cells led to the design, synthesis, and biological evaluation of various receptor-specific peptidebased radioactive tools for single photon emission computed
tomography (c-emitter radionuclides), positron emission
tomography (b?-emitter radionuclides), or targeted radionuclide therapy (b- or a particles) [1–3]. Melanoma is the
most aggressive type of skin cancer mainly owing to its high
metastatic potential and resistance to current cytotoxic
agents [4–7]. Improvement of patient survival relies mostly
on an early diagnosis in combination with an accurate
staging of disease extension [4–7]. Therefore, the design of
novel radioactive compounds for melanoma imaging or
therapy became a quite attractive approach for the management of both metastatic and nonmetastatic melanoma
patients [1, 8]. The melanocortin type 1 receptor (MC1R) is
overexpressed in both melanotic and amelanotic murine
and human melanoma cells, and has been explored as a
specific molecular target for melanoma detection [8–18].
a-Melanocyte-stimulating hormone (a-MSH), a linear tridecapeptide (Ac-Ser1-Tyr2-Ser3-Met4-Glu5-His6-Phe7-Arg8Trp9-Gly10-Lys11-Pro12-Val13-NH2), is the native ligand that
binds to the five subtypes of melanocortin receptors
(MC1R–MC5R) [19–21]. Structure–bioactivity studies
have shown that the minimal sequence His-Phe-Arg-Trp in
a-MSH is sufficient for receptor recognition [19–21]. The
replacement of Met4 and Phe7 by Nle4 and D-Phe7 led to the
potent a-MSH analog (Nle4, D-Phe7)–a-MSH (NDP–MSH)
with subnanomolar receptor affinity and resistance to
enzymatic degradation [19–21]. Among the linear a-MSH
analogs explored for melanoma imaging, [Ac-Nle4, Asp5,
7
11
D-Phe , Lys ]a-MSH4–11 (NAPamide) has been one of the
most studied for positron emission tomography (68Ga, 64Cu)
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Fig. 1 fac-[M(CO)3-(k3-L1)] complexes 1/1a (M is 99mTc/Re) and [Ac-Nle4, Asp5, D-Phe7, Lys11]a-MSH4–11 (NAPamide; where a-MSH is
a-melanocyte-stimulating hormone) conjugates L1–L3

or single photon emission computed tomography (111In,
67
Ga, 99mTc) imaging [11, 12, 14, 18, 22].
The multivalent approach, which is characterized by the
use of constructs displaying multiple copies of a molecular
recognition element, aims to enhance the affinity for a
specific target by different mechanisms. Such an approach
when applied to the design of nuclear probes intends to
amplify the imaging signal, a crucial issue for a more
effective targeted tumor imaging [1, 23–25]. The most
successful examples of this approach were achieved with
radiolabeled multimeric cyclic RGD peptides, where an
increase in peptide multiplicity significantly enhanced the
integrin avb3 binding affinity with improvement of the
tumor-targeting ability [24, 26–31].
The first examples of a-MSH multivalent constructs
consisted of several a-MSH molecules coupled to albumin,
thyroglobulin, and tobacco mosaic virus, which displayed a
1,500-fold higher potency than a-MSH alone [32, 33].
Further structure–bioactivity studies have demonstrated
that enhanced binding affinity could also be achieved with
bivalent constructs [34, 35]. The effect of flexible
[poly(ethylene glycol)] or rigid (phenyl, biphenyl, and
phenylnaphthyl) linkers, with variable length, on the
affinity of short bivalent a-MSH constructs has also been
evaluated [34, 35]. Despite not being conclusive about the
optimal linker to span two G-protein-coupled receptors, the
in vitro studies have shown that bivalent ligands display
higher activity than the monovalent ligand (eightfold to
22.3-fold) [35]. This effect was even more pronounced for
monovalent compounds with low binding affinity [34]. In
spite of the research efforts towards the preparation of
bivalent a-MSH constructs with enhanced affinity, few
attempts have been made to evaluate their in vivo MC1Rtargeting properties. Indeed, to the best of our knowledge,
there have only been a few reports on the in vivo evaluation
of radiolabeled homobivalent a-MSH conjugates [36, 37].
The conjugation of a-MSH analogs to bifunctional
chelators such as diethylenetriaminepentaacetic acid
and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) gave peptide conjugates with enhanced binding
affinity compared with the monovalent counterparts [36, 37].
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However, the [111In-DOTA]-labeled homodimeric peptide
conjugates exhibited low tumor uptake with unfavorable
tumor to normal tissue ratios in B16F1 melanoma-bearing
mice [37]. Most recently, the encouraging results obtained
with the monovalent compound fac-[99mTc(CO)3-(k3-L1)]
(1, Fig. 1), which exhibited moderate MC1R tumor uptake
and promising excretion kinetics in B16F1 melanomabearing mice [17], prompted us to explore the multivalency
concept.
Therefore, aiming at the design of novel radioactive
probes with improved MC1R-targeting properties and
superior tumor to normal tissue ratios, we report herein on
the synthesis and characterization of novel homobivalent
NAPamide conjugates (L2 and L3) bearing pyrazolyl-diamine-containing chelating units (Fig. 1) and on their
(radio)metallation with the organometallic core fac[M(CO)3]? (M is 99mTc, Re). The in vitro and in vivo
MC1R-targeting properties of the bivalent radiometallated
peptides are also reported and compared with those of the
monovalent (radio)metallated peptides 1/1a (M is 99mTc/
Re) depicted in Fig. 1.

Materials and methods
Materials and instrumentation
The a-MSH analog NDP–MSH was purchased from Neosystem (Strasbourg, France). Bovine serum albumin (BSA)
and trifluoroacetic acid (TFA) were purchased from Sigma.
Dulbecco’s modified Eagle’s medium (DMEM) 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). The linear peptide
NAPamide was synthesized using the usual continuous
flow technology and the 9-fluorenylmethoxycarbonyl
(Fmoc) strategy on a CEM 12-channel automated peptide
synthesizer. Fmoc-amino acids were purchased from CEM.
Fmoc-Lys(methyltrityl), the acid-labile Sieber resin, and
2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
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hexafluorophosphate (HATU) were purchased from Novabiochem (Merck, Lisbon, Portugal). 4-((2-(tert-Butoxycarbonylamino)ethyl)(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)
amino)butanoic acid [pz(Boc)(CO2H)], tert-butyl 2-((3aminopropyl)(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)amino)
ethylcarbamate [pz(Boc)(NH2)], N-tert-butyloxycarbonyl1,2-ethylenediamine (Boc-NHCH2CH2NH2), and 2-(1-(2((2-(tert-butoxycarbonylamino)ethyl)(4-ethoxy-4-oxobutyl)
amino)ethyl)-3,5-dimethyl-1H-pyrazol-4-yl)acetic acid
[pz(Boc)(CO2H)(CO2Et)-B] were prepared as described
elsewhere [38–41]. 1H and 13C NMR spectra were recorded
with a Varian Unity 300 MHz spectrometer at room temperature. 1H and 13C chemical shifts were referenced with
the residual solvent resonances relative to tetramethylsilane. The spectra were assigned on the basis of 2D experiments (1H–1H correlation spectroscopy). Assignments of
the 1H and 13C NMR peaks are given in accordance with the
identification system shown in Scheme 1. All other chemicals not specified were purchased from Aldrich. Electrospray ionization mass spectrometry (ESI–MS) was
conducted with a Bruker HCT (Germany) electrospray
ionization quadrupole ion trap mass spectrometer.
Na[99mTcO4] was eluted from a 99Mo/99mTc generator,
using 0.9% saline. An IsoLinkÒ kit (Mallinckrodt-Covidien,
Petten, The Netherlands) was used to prepare the radioactive
precursor fac-[99mTc(CO)3(H2O)3]? as described elsewhere
[39, 40, 42]. The synthon fac-[Re(CO)3(H2O)3]Br was also
prepared according to a method described previously [43].
No-carrier added sodium [125I]-iodide (17.4 Ci/mg) in
NaOH (0.1 M) was obtained from PerkinElmer.

Scheme 1 Synthesis of pz(Boc)(CO2H)2-A (a) and pz(Boc)(CO2H)2B (b). i CH2CHCO2Me, MeOH; ii NaOH, tetrahydrofuran/H2O. Boc
tert-butyloxycarbonyl

Chromatographic systems
High-performance liquid chromatography (HPLC) analyses
were performed with a PerkinElmer liquid chromatography
pump 200 coupled to a Shimadzu SPD 10AV UV–vis
spectrometer and to a Berthold LB509 radiometric detector.
Analytical control of the nonradioactive compounds was
achieved using an analytical Macherey–Nagel C18 reversedphase column (Nucleosil 100-10, 250 mm 9 4 mm) with a
flow rate of 1.0 mL min-1, and purification of those compounds was achieved using a semipreparative Macherey–
Nagel C18 reversed-phase column (Nucleosil 100-7,
250 mm 9 8 mm) or a preparative Waters l Bondapak C18
column (150 mm 9 19 mm), the contents of which were
eluted with a binary gradient system with a flow rate of 2.0
and 5.0 mL min-1 (gradients A–D), respectively. The
absorbance was monitored at 220 and 280 nm. Analytical
control and semipreparative purifications of the
99m
Tc(CO)3-labeled a-MSH analogs were done on Hypersil
octadecyl silica columns (250 mm 9 4 mm, 10 lm;
250 mm 9 8 mm, 10 lm), the contents of which were
eluted with a binary gradient system with a flow rate of
1.0 mL min-1 (analytical) or 2.0 mL min-1 (gradient D),
respectively.
Applied binary gradients
Gradient A (mobile phase A was aqueous 0.1% TFA and
mobile phase B was MeOH): 0–3 min, 0% mobile phase
B; 3–3.1 min, 0–25% mobile phase B; 3.1–9 min, 25%
mobile phase B; 9–9.1 min, 25–34% mobile phase B;
9.1–20 min, 34–100% mobile phase B; 20–25 min, 100%
mobile phase B; 25–25.1 min, 100–0% mobile phase B;
25.1–30 min, 0% mobile phase B.
Gradient B [mobile phase A was 0.1% TFA; mobile
phase B was CH3CN and 0.1% TFA]: 0–35 min, 70–100%
mobile phase B; 35–37 min, 100% mobile phase B;
37–38 min, 100–70% mobile phase B; 38–40 min, 70%
mobile phase B.
Gradient C (mobile phase A was TFA 0.1%; mobile
phase B was CH3CN and 0.1% TFA): 0–25 min, 50–100%
mobile phase B; 25–35 min, 100% mobile phase B;
35–36 min, 100–50% mobile phase B; 36–40 min, 50%
mobile phase B.
Gradient D (mobile phase A was 0.5% TFA; mobile
phase B was CH3CN and 0.5% TFA): 0–3 min, 0% mobile
phase B; 3–3.1 min, 0–25% mobile phase B; 3.1–9 min,
25% mobile phase B; 9–9.1 min, 25–34% mobile phase B;
9.1–14.1 min, 34–100% mobile phase B; 14.1–19 min,
100% mobile phase B; 19–21 min, 100–0% mobile phase
B; 21–30 min, 0% mobile phase B.
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Synthesis of pyrazolyl-diamine chelators and rhenium
complexes
Synthesis of methyl 8-(2-(3,5-dimethyl-1H-pyrazol-1yl)ethyl)-12-(3-methoxy-3-oxopropyl)-2,2-dimethyl4-oxo-3-oxa-5,8,12-triazapentadecan-15-oate
A solution of pz(Boc)(NH2) (0.06 g, 0.17 mmol) in dry
methanol was added dropwise to a cold methanolic solution (0 °C) of methyl acrylate (0.076 g, 0.88 mmol). After
the mixture had been stirred overnight at room temperature, the solvent was evaporated, and the crude product
was purified by column chromatography (silica gel,
CHCl3/MeOH 2.5–20%), giving methyl 8-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-12-(3-methoxy-3-oxopropyl)2,2-dimethyl-4-oxo-3-oxa-5,8,12-triazapentadecan-15-oate
[pz(Boc)(CO2Me)2-A] as a white solid. Yield: 71%
(0.07 g, 0.13 mmol). 1H NMR (300 MHz, CDCl3): d
(ppm) = 5.75 [s, H(4)pz, 1H], 3.96 (t, CH2d, 2H), 3.64
(s, CH3m, 6H), 3.07 (d, CH2g, 2H), 2.76 (t, CH2k, 2H), 2.7
(t, CH2e, 2H), 2.49 (t, CH2f, 2H), 2.38 (t, CH2l,m, 4H), 2.29
(t, CH2h, 2H), 2.21, (s, CH3pz, 3H), 2, 19 (s, CH3pz, 3H),
1.48 (t, CH2i,2H), 1.42 (s, CH3, 9H). 13C NMR (75.3 MHz,
D2O): d (ppm) = 171.7 (CO), 171.6 (CO), 160.1 (CO),
145.5 (Cc), 141.5 (Ca), 101.3 (Cb), 78.0 (C(CH3)), 52.1
(Cf), 51.5 (Ce), 51.4 (Ch), 50.7 (Cj), 50.4 (Cm) 50.1 (Ck),
47.9 (Cd), 37.6 (Cg), 30.3 (Cl), 28.8 (C(CH3)), 20.5 (Ci),
11.2 (CH3pz), 10.1 (CH3pz).
Synthesis of 12-(2-carboxyethyl)-8-(2-(3,5-dimethyl-1Hpyrazol-1-yl)ethyl)-2,2-dimethyl-4-oxo-3-oxa-5,8,12triazapentadecan-15-oic acid
A solution of pz(Boc)(CO2Me)2-A (0.07 g, 0.13 mmol)
and NaOH (0.055 g, 1.37 mmol) in H2O/tetrahydrofuran
(3 mL/3 mL) was refluxed overnight. After neutralization
of the reaction solution with1 M HCl at 0 °C and evaporation of the solvent, the crude product obtained was
purified with use of a Sep-Pack C18 cartridge (H2O/MeOH
0–100%), giving 12-(2-carboxyethyl)-8-(2-(3,5-dimethyl1H-pyrazol-1-yl)ethyl)-2,2-dimethyl-4-oxo-3-oxa-5,8,12triazapentadecan-15-oic acid [pz(Boc)(CO2H)2-A] as a
white solid. Yield: 75% (0.05 g; 0.1 mmol). 1H NMR
(300 MHz, D2O): d (ppm) = 5.78 [s, H(4)pz, 1H], 3.88 (t,
CHd2, 2H), 3.1 (t, CHk2, 4H), 2.96 (t, CHg2, 2H), 2.79 (t, CHe2,
2H), 2.7 (t, CHf2, 2H), 2.41 (t, CHl,2 j, h, 8H), 2.1 (s, CH3pz,
3H), 1.99 (s, CH3pz, 3H), 1.61 (t, CHi2, 2H), 1.25 (s, CH3,
9H). 13C NMR (75.3 MHz, D2O): d (ppm) = 179.7 (CO),
179.6 (CO), 160.1 (CO), 150.5 (Cc), 143.5 (Ca), 107.3 (Cb),
81.9 (C(CH3)), 54.6 (Cf), 54.5 (Ce), 52.4 (Ch), 52.1 (Cj),
52.2 (Ck), 47.9 (Cd), 39.9 (Cg), 32.8 (Cl), 29.8 (C(CH3)),
22.9 (Ci), 14.3 (CH3pz), 12.4 (CH3pz). Reversed-phase
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HPLC (RP-HPLC) (220 nm, gradient A): 99%
(tR = 17.4 min). ESI–MS (-) (x): 482.4 [M-H]?, calcd.
for C23H41N5O6 483.3.
Synthesis of 4-((2-(tert-butoxycarbonylamino)ethyl)
(2-(4-(carboxymethyl)-3,5-dimethyl-1H-pyrazol-1yl)ethyl)amino)butanoic acid
A solution of pz(Boc)(CO2H)(CO2Et)-B [41] (0.20 g,
0.44 mmol) and excess NaOH (0.75 g, 2.10 mmol) in H2O/
tetrahydrofuran was refluxed overnight. After neutralization with HCl 1 M at 0 °C and evaporation of solvent, the
obtained crude product was purified by solid phase
extraction using Sep-Pack C18 cartridge (H2O/MeOH
0–100%), giving 4-((2-(tert-butoxycarbonylamino)ethyl)
(2-(4-(carboxymethyl)-3,5-dimethyl-1H-pyrazol-1-yl)ethyl)
amino)butanoic acid [pz(Boc)(CO2H)2-B] as a white solid.
Yield: 68% (0.14 g; 0.30 mmol). 1H NMR (300 MHz,
D2O): d (ppm) = 4.33 (t, CHd2, 2H), 3.57 (t, CHe2, 2H), 3.39
g
(s, CHb2, 2H), 3.30 (m, CHf/h
2 , 4H), 3.17 (t, CH2, 2H), 2.34
j
(t, CH2, 2H), 2.1 (s, CH3pz, 3H), 2.03 (s, CH3pz, 3H), 1.86
(t, CHi2, 2H), 1.24 (s, CH3, 9H). 13C NMR (75.3 MHz,
D2O): d (ppm) = 189.8 (CO), 187.6 (CO), 165.1 (CO),
154.5 (Cc), 145.9 (Ca), 119.4 (Cpz), 88.8 [C(CH3)], 60.2
(Ch), 59.7 (Ce), 59.2 (Cf), 52.4 (Cd), 44.1 (Cg), 42.3
(Cj), 38.8 (Cb), 34.8 [C(CH3)], 29.5 (Ci), 17.7 (CH3pz),
15.9 (CH3pz). RP-HPLC (220 nm, gradient A): 99%
(tR = 16.7 min). ESI–MS (?) (m/z): 427.5 [M ? H]?,
calcd. for C20H34N4O6 426.4.
Synthesis of 4-((2-aminoethyl)(2-(4-(carboxymethyl)-3,5dimethyl-1H-pyrazol-1-yl)ethyl)amino)butanoic acid
tert-Butyloxycarbonyl (Boc) deprotection of the intermediate compound pz(Boc)(CO2H)2-B (0.10 g, 0.20 mmol)
with CH2Cl2/TFA (1 mL/3 mL) gave 4-((2-aminoethyl)
(2-(4-(carboxymethyl)-3,5-dimethyl-1H-pyrazol-1-yl)ethyl)
amino)butanoic acid [pz(CO2H)2-B] as a colorless oil after
evaporation of the solvent. Yield: 92% (0.08 g, 0.19 mmol,
calcd. for C15H26N4O4TFA). 1H NMR (300 MHz, D2O):
d (ppm) = 4.42 (t, CHd2, 2H), 3.51 (t, CHe2, 2H), 3.40
(m, CHf2, 2H), 3.32 (s, CHb2, 2H), 3.23 (m, CHg2, 2H), 3.09
(m, CHj,2 2H), 2.72 (t, CHh2, 2H), 2.06 (s, CH3pz, 3H), 1.99
(s, CH3pz, 3H), 1.77 (m, CHi2, 2H). 13C NMR (75.3 MHz,
D2O): d (ppm) = 178.2 (CO), 176.9 (CO), 165.4 (q,
CF3COO-), 149.4 (Cc), 145.5 (Ca), 118.4 (q, CF3COO-),
114.1 (pz), 54.4 (CH2), 53.3 (CH2), 51.5 (CH2), 44.2
(CH2), 35.5 (CH2), 31.7 (CH2), 29.8 (CH2), 19.8 (CH2),
11.5 (CH3), 10.6 (CH3). RP-HPLC (220 nm, gradient A):
99% (tR = 10.5 min). ESI–MS (?) (m/z): 327.1
[M ? H]?, calcd. for C15H26N4O4 326.2.
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Synthesis of fac-[Re(CO)3(k3-pz(CO2H))]?
The synthesis of this complex has already been described
but starting from a different synthon [44]. Briefly,
pz(CO2H) (0.05 mg, 0.131 mmol) reacted with the organometallic precursor [Re(CO)3(H2O)3]Br (0.05 mg,
0.13 mmol) in refluxing water for 18 h. After evaporation
of the solvent, the resulting residue was purified by
preparative RP-HPLC (220 nm, gradient A). [Re(CO)3
(k3-pz(CO2H))]? was isolated as a colorless clear oil. Yield:
76% (50 mg, 0.08 mmol). 1H NMR (300 MHz, D2O): d
(ppm) = 6.01 (s, Hb, 1H), 5.07 (q br, NH, 1H), 4.33 (dd,
0
CHd, 1H), 4.07 (m, CHd , 1H), 3.62 (s br, NH, 1H), 3.50 (m,
j
j0
CH , 1H), 3.37 (m, CH ? CHe, 2H), 3.05 (s br, CHg, 1H),
0
0
2.72 (d, CHf ? CHf , 2H), 2.54 (t br, CHe , 1H), 2.37 (m br,
0
0
CHg , 1H), 2.33 (t, CHh ? CHh , 2H), 2.24 (s, CH3pz, 3H),
0
2.14 (s, CH3pz, 3H), 2.04 (m, CHi, 1H), 1.88 (m, 1H, CHi ).
13
C NMR (75 MHz, D2O): d (ppm) = 196.6 (C:O), 196.2
(C:O), 196.1 (C:O), 179.8 (C=O), 155.7 (Cpz), 146.3
(Cpz), 109.8 (Cpz), 67.8 (Cj), 63.2 (Cf), 54.5 (Ce), 49.1 (Cd),
44.2 (Cg), 33.1 (Ch), 21.5 (Ci), 17.3 (CH3pz), 12.9 (CH3pz).
RP-HPLC (220 nm, gradient A): 99% (tR = 18.3 min).
ESI–MS (?) (m/z): 597.0 [M ? H]?, calcd. for
C18H29N4O7Re 599.6.
Synthesis of fac-[Re(CO)3(k3-pz(CO2H)2-A)]?
The preparation of the rhenium complex was achieved after
two steps. In the first step, the Boc protecting group was
removed from the amino group of pz(Boc)(CO2Me)2-A
with a dilute solution of TFA. Briefly, pz(Boc)(CO2Me)2-A
(0.07 g, 0.13 mmol) was suspended in a solution (5 mL) of
TFA (5%TFA/CH2Cl2) and the reaction mixture was stirred
at room temperature for 3 h. After evaporation of the solvent, pz(CO2Me)2-A was obtained as a colorless oil. Yield:
88% (0.05 g, 0.12 mmol). The compound was briefly
characterized by 1H NMR spectroscopy (300 MHz, D2O): d
(ppm) = 5.58 [s, H(4)pz, 1H], 4.27 (t, CHd2, 2H), 3.2
e?k
g?j?h
(s, CHm
,
3 , 6H), 2.96 (t, CH2 , 6H), 2.59–2.51 (m, CH2
l
f
6H), 2.38 (t, CH2, 4H), 2.29 (t, CH2, 2H), 1.77 (s, CH3pz,
3H), 1.69 (s, CH3pz, 3H), 1.39 (t, CHi2, 2H). In the second
step, the complex was prepared according to the method
described earlier for fac-[Re(CO)3(k3-pz(CO2H))]?. The
compound pz(CO2Me)2-A (0.05 g, 0.12 mmol) reacted
with the organometallic precursor [Re(CO)3(H2O)3]Br
(0.06 g, 0.15 mmol) in refluxing water for 18 h. After solvent evaporation, the resulting residue was purified by
preparative RP-HPLC (220 nm, gradient A). The complex
[Re(CO)3(k3-pz(CO2H)2-A]? was isolated as a colorless
clear oil. Yield: 53% (0.04 g, 0.06 mmol). IR (KBr, cm-1):
2,033 s and 1,932 s (C:O) and 1,684 s (C=O). 1H NMR
(300 MHz, D2O): d (ppm) = 6.07 (s, Hb, 1H), 5.12 (q br,
0
NH, 1H), 4.39 (dd, CHd, 1H), 4.17 (m, CHd , 1H), 3.70 (q br,

NH, 1H), 3.59 (dd, CHj, 1H), 3.47 (t, CHk, 4H), 3.36 (m,
0
CHj , 1H), 3.31 (dd, CHe, 1H), 3.22 (t, CHj, 2H), 3.08 (dd,
0
CHg, 1H), 2.85 (t, CHl, 4H), 2.78 (s, CHf?f , 2H), 2.69
g0 ?e0
i
(m, CH
, 2H), 2.48 (m, CH , 1H), 2.30 (s, CH3pz, 3H),
2.19 (s, CH3pz, 3H). 13C NMR (75.3 MHz, D2O): d
(ppm) = 197.1 (C:O), 196.6 (C:O), 195.4 (C:O),
176.9 (C=O), 156.5 (Cc), 147.1 (Ca), 110.5 (Cb), 65.3 (Cj),
63.8 (Cf), 55.4 (Ce), 53.7 (Ch), 52.2 (Ck), 49.6 (Cd), 44.9
(Cg), 30.9 (Cl), 21.9 (Ci), 17.9 (CH3pz), 12.5 (CH3pz).
RP-HPLC (220 nm, gradient A): 99% (tR = 15.9 min).
ESI–MS (?) (m/z): 654.3 [M ? H]?, calcd. for
C21H34N5O7Re 654.3.
Synthesis of fac-[Re(CO)3(k3-pz(CO2H)2-B)]?
The complex was prepared according to the method
described earlier for fac-[Re(CO)3(k3-pz(CO2H))]?.
Briefly, pz(CO2H)2-B (100 mg, 0.23 mmol) reacted with
the organometallic precursor [Re(CO)3(H2O)3]Br (91 mg,
0.23 mmol) in refluxing water for 18 h. After evaporation of solvent, the resulting residue was purified by preparative RP-HPLC (220 nm, gradient A). The complex
[Re(CO)3(k3-pz(CO2H)2-B]? was isolated as a colorless
clear oil. Yield: 83% (120 mg, 0.18 mmol, calcd. for
C18H29N4O7ReTFA). IR (KBr, cm-1): 2,028 and 1,927 s
(C:O) and 1,686 s (C=O). 1H NMR (300 MHz, D2O): d
(ppm) = 5.03 (br m, NH, 1H), 4.33 (dd, CHd, 1H), 4.07
0
(dd, CHd , 1H), 3.61 (m, NH, 1H), 3.46 (m, CHj, 1H), 3.38
0
(s, CHb2, 2H), 3.33 (m, CHe ? CHj , 2H), 3.03 (br dd, CHg,
0
f
1H), 2.73 (br m, CH2, 2H), 2.53 (m, CHe2 , 1H), 2.40 (m,
g0
h
CH , 1H), 2.29 (t, CH , 2H), 2.18 (s, CH3pz, 3H), 2.07 (s,
0
CH3pz, 3H), 1.96 (m, CHi, 1H), 1.85 (m, CHi , 1H). 13C
NMR (75.3 MHz, D2O): d (ppm) = 196.3 (C:O), 195.8
(C:O), 194.8 (C:O), 179.2 (C=O), 177.6 (C=O), 164.8
(q, CF3COO-), 154.4 (Cc), 144.7 (Ca), 118.2 (q,
CF3COO-), 113.38 (pz), 67.4 (Cj), 62.9 (Cf), 54.2 (Ce),
49.1 (Cd), 44.0 (Cg), 32.6 (Ch), 30.5 (Cb), 21.1 (Ci), 15.4
(CH3pz), 11,2 (CH3pz). RP-HPLC (220 nm, gradient A):
99% (tR = 17.5 min). ESI–MS (?) (m/z): 597.0
[M ? H]?, calcd. for C18H29N4O7Re 599.6.
Peptide synthesis
The fully protected a-MSH analog NAPamide was prepared
by Fmoc-based solid phase peptide synthesis in a CEM
12-channel automated peptide synthesizer, using Sieber
amide resin and the methyltrityl protecting group for the
e-amino group of Lys11. After a one-pot reaction under mild
acidic conditions (1% TFA/CH2Cl2) for selective removal
of the methyltrityl group and peptide cleavage from the
resin, the solution was concentrated to 5% of the initial
volume and a white solid was precipitated with water in an
ice bath. The crude product was washed consecutively with
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water (three times), 5% aqueous NaHCO3 (twice), water
(three times), 0.05 M KHSO4 (twice), and water (six times)
and lyophilized. The crude peptide was dissolved in CH3CN
and purification of the partially protected NAPamide
(Pp-NAPamide) was performed by semipreparative HPLC
(220 nm, gradient B). After evaporation of the solvent,
the partially deprotected a-MSH analog was obtained as a
white solid. RP-HPLC (220 nm, gradient C): 99% (tR =
19.4 min). ESI–MS (?) (m/z): 897 [M ? CH3CN ? 2H]2?,
calcd. for C93H120N16O16S 1,748.9.
Synthesis of the NAPamide conjugates L1–L3
and metallated derivatives 1a–3a
A solution of Pp-NAPamide (2.5 equiv relative to each
carboxylic group) in N,N-diisopropylethylamine (DIPEA)
(20 lL)/dimethylformamide (250 lL) was added to the
Boc-protected bifunctional chelators pz(Boc)(CO2H),
pz(Boc)(CO2H)2-A, and pz(Boc)(CO2H)2-B or rhenium
precursors (fac-[Re(CO)3(k3-pz(CO2H))]?, fac-[Re(CO)3
(k3-pz-(CO2H)2-A)]?, and fac-[Re(CO)3(k3-pz-(CO2H)2B)]?) preincubated for 30 min with HATU (1.2 equiv
relative to each carboxylic group) in dimethylformamide.
The pH was adjusted to 7–8 with DIPEA and the reaction
mixtures were left to stir at room temperature for 3 h. The
conjugation of Pp-NAPamide to pz(Boc)(CO2H)2-B was
achieved after three cycles of microwave irradiation
(40 W, 75 °C, 5 min).
The reaction mixtures were purified by semipreparative
RP-HPLC (220 nm, gradient C). After evaporation of the
solvent, the compounds were deprotected with a standard
cocktail mixture (95% TFA, 2.5% triisopropylsilane, 2.5%
H2O) and precipitated with ice-cold diethyl ether. All
compounds were lyophilized, and characterized by ESI–MS.
Radiolabeling with

99m

Tc(I)

The precursor fac-[99mTc(CO)3(H2O)3]? was prepared by
addition of Na[99mTcO4] to an IsolinkÒ kit (CovidienMallinckrodt) following a described procedure, and its
radiochemical purity was checked by RP-HPLC [16–18,
39, 40, 44]. Compounds 2 and 3 were obtained by reacting
L2 and L3 with fac-[99mTc(CO)3(H2O)3]?. Briefly, a
solution of fac-[99mTc(CO)3(H2O)3]? (900 lL) was added
to a capped vial, previously flushed with N2, containing L2
or L3 (100 lL, 5 9 10-4 M). The mixture reacted for
30 min at 100 °C, and the radiochemical purity of 2 and 3
was checked by RP-HPLC, using an analytical C18
reversed-phase column. The radiolabeled compound was
purified by semipreparative RP-HPLC (gradient D). The
activity corresponding to the 99mTc(CO)3 homodimeric
conjugates was collected in a Falcon flask (50 mL)
containing a 0.2% BSA solution in PBS (200 lL) for

123

biodistribution and internalization studies. The solutions
were concentrated to a final volume of 200 lL under
a nitrogen stream, and the product was checked by analytical RP-HPLC to confirm its purity and stability after
purification and evaporation. The Specific activity was
32.5 mCi/lg for 2 and 33.9 mCi/lg for 3.
Partition coefficient
The partition coefficient was evaluated by the ‘‘shakeflask’’ method [45]. 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
(3,000 rpm, 10 min) to allow phase separation. Aliquots of
both octanol and PBS were counted in a c-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 ± the standard
deviation.
Cysteine and histidine challenge
Aliquots of the 99mTc(I) complexes (100 lL) were added to
5 9 10-3 M cysteine or histidine solutions in PBS pH 7.4
(400 lL). The resulting solutions were incubated at 37 °C
for 24 h and analyzed by analytical RP-HPLC using the
method described in ‘‘Chromatographic systems.’’
In vitro stability
The in vitro stability of the radiopeptides was determined
in aliquots of fresh human plasma obtained from a healthy
volunteer. The volunteer was recruited and asked to provide informed consent. The 99mTc-labeled complex
(100 lL, approximately 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-lL
aliquots (in duplicate) were sampled and treated with
200 lL of ethanol to precipitate the proteins. Samples were
centrifuged at 3,000 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 (5% 6 M HCl in MeOH).
Cell culture
B16F1 murine melanoma cells (ECACC, Porton Down,
UK) were grown in DMEM containing GlutaMax I supplemented with 10% heat-inactivated fetal bovine serum
and 1% penicillin/streptomycin antibiotic solution (all from
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Gibco-Invitrogen). Cells were cultured in a humidified
atmosphere of 95% air and 5% CO2 at 37 °C (Heraeus,
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.

by plotting the percentage of [125I]NDP-MSH bound to the
cells versus the concentrations of displacing peptides. IC50
values for the peptides were calculated by using GraphPad
Prism. All cell binding experiments were conducted in
triplicate.
Internalization and cellular retention studies

[125I]NDP-MSH
Radioiodination of NDP-MSH with 125I was performed by
the chloramine-T method with small modifications [46].
Briefly, NDP-MSH (5 lg) in PBS 0.3 M (50 lL) was
mixed with Na125I (10 lL, 1.5 mCi) and then 10 lL of a
chloramine-T solution in 0.3 M PBS (2 mg/mL) was
added. After incubation for 5 min at room temperature, the
reaction was stopped with 500 lL of dithiothreitol (20 mg/
mL), and 100 lL of BSA (10 mg/mL) was added before
purification. The mixture was loaded into a small reversedphase cartridge (Sep-Pak C18, Waters), the contents of
which were eluted in a first step with TFA aqueous solution
(0.1% TFA, 5 mL), followed by methanol (100%). The
iodinated peptide was eluted with methanol and collected
in fractions of 500 lL, which were stored at -20 °C.
Preceding each binding experiment, an additional purification was performed by RP-HPLC. Analytical purification of [125I]NDP–MSH was achieved by analytical
RP-HPLC with simultaneous radioactivity and UV detection (258 nm) on a Machery-Nagel column (250mm 9
4 mm, 5 lm) using the following gradient: (mobile phase
A, 0.1% TFA; mobile phase B, 140 mL CH3CN ? 60 mL
H2O ? 200 lL concentrated TFA): 0–45 min, mobile
phase A/mobile phase B 70:30 ? 50:50; 40–55 min,
0:100; 55–56 min 0:100 ? 70:30; 55–60 min, 70:30.
Competitive binding assay
The inhibitory concentration of 50% (IC50) values for the
a-MSH analogues were determined by competitive binding
assays with [125I]NDP-MSH in B16F1 melanoma cells.
Cells were harvested, seeded into a 24-well cell culture
plates (2 9 105 cells per well), and allowed to attach
overnight. After they had been washed once with the
binding medium [0.3 mL, DMEM with 25 mM N-(2hydroxyethyl)piperazine-N0 -ethanesulfonic acid 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 from 1 9 10-5 to
1 9 10-12 M, and [125I]NDP-MSH (50,000 cpm in
0.2 mL). The reaction medium was then removed, and the
cells were washed twice with cold 0.01 M PBS pH 7.2 with
0.2% BSA (0.5 mL) and lysed with 1 M NaOH (0.5 mL)
for 5 min. The radioactivity of the lysate was measured with
a c-counter. The competitive binding curves were obtained

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 room temperature or 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 [DMEM 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 M NaOH at 37 °C to determine internalized radioligand. For assessing the specific
MC1R-mediated uptake and internalization, a parallel
study was performed using the potent agonist NDP–MSH
(3.5 lg per well) to block the MC1Rs. The cellular retention properties of the internalized radioconjugates were
determined by incubating B16F1 cells with the radiolabeled compound for 3 h at 37 °C, washing them with cold
assay medium, removing the membrane-bound radioactivity with acid buffer wash, and monitoring the radioactivity released into the culture medium (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 treatment. The animals were housed in a temperature- and
humidity-controlled room with 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). The mice had previously been implanted
subcutaneously with 1 9 106 B16F1 cells to generate a
primary skin melanoma. Ten to 12 days after the inoculation, tumors reached a weight of 0.2–1 g.
Radiolabeled complex (2.6–3.7 GBq) diluted in 100 lL
of PBS pH 7.2 was intravenously injected into the retroorbital sinus of the mice. The 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
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the killed animals were measured using a dose calibrator
(Curiemeter IGC-3, Aloka, Tokyo, Japan or Carpintec
CRC-15W, Ramsey, USA). The difference between the
radioactivity in the injected 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, weighed, and their radioactivity was measured using
a c-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 estimated 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 mice were killed.
In vivo stability
The stability of the complexes was assessed by analysis of
urine and serum by RP-HPLC, under conditions identical
to those used for analyzing the original radiopeptides. The
samples were taken 1 h after injection. The urine collected
at the time the mice were killed was filtered through a
Millex GV filter (0.22 lm) before analysis. Blood collected
from the mice was centrifuged at 3,000 rpm for 15 min at
4 °C, and the serum was separated. The serum was treated
with ethanol in a 2:1 (v/v) ratio to precipitate the proteins.
After centrifugation at 3,000 rpm for 15 min at 4 °C, the
supernatant was collected and analyzed by RP-HPLC.

Results and discussion
Taking into consideration that the MC1R-binding affinity
of bivalent ligands depends not only on the nature of the
linkers between the targeting vectors, but also on the
distance between those vectors [34, 35], we designed
the two novel Boc-protected bifunctional chelators
pz(Boc)(CO2H)2-A and pz(Boc)(CO2H)2-B, which contain
a pyrazolyl-diamine chelating unit (N3 donor atom set) for
stabilization of the fac-[M(CO)3]? core (M is 99mTc, Re)
and two carboxylate groups for direct conjugation to the
a-MSH analog NAPamide (Scheme 1).
Using these bifunctional chelators, with different overall
architectures, we aimed at the selection of a lead construct
with enhanced in vivo MC1R-targeting properties. The
bifunctional chelator pz(Boc)(CO2H)2-A was synthesized
starting with the precursor pz(Boc)(NH2), whose preparation had already been described by our group (Scheme 1a)
[39, 40]. The aza-Michael addition reaction of the primary
amine in pz(Boc)(NH2) with excess methyl acrylate gave a
diester intermediate that upon hydrolysis in basic conditions
gave pz(Boc)(CO2H)2-A in good overall yield (58%) [47].
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The Boc-protected chelator pz(Boc)(CO2H)2-B was
synthesized by alkaline hydrolysis of the precursor pz(Boc)
(CO2H)(CO2Et)-B, which was prepared as previously
described [41]. The compounds were characterized by the
usual analytical chemistry techniques, including RP-HPLC,
multinuclear NMR spectroscopy, and ESI–MS, as described in ‘‘Materials and methods.’’ The homobivalent
NAPamide conjugates L2 and L3 were prepared by conjugation of Pp-NAPamide to the bifunctional chelators
pz(Boc)(CO2H)2-A and pz(Boc)(CO2H)2-B, respectively,
using standard conjugation procedures (Scheme 2), and
following the procedure previously described for L1 [17].
The conjugates were purified by semipreparative RP-HPLC
and were characterized by ESI–MS (Table 1).
The synthesis of Pp-NAPamide started with the preparation of fully protected NAPamide by Fmoc-based solidphase peptide synthesis in a CEM 12-channel automated
peptide synthesizer, using a Sieber amide resin and the
methyltrityl protecting group for the e-amino group of
Lys11. Following simultaneous resin cleavage and selective
removal of the methyltrityl group, and purification by
RP-HPLC, Pp-NAPamide (greater than 95% purity) was
characterized by ESI–MS (calculated m/z for [M ? H]?:
1,749.9; found: 1,750.0).
To evaluate the influence of metallation of L1–L3 on the
MC1R-binding affinity and to characterize the radioactive
complexes, we synthesized the ‘‘cold’’ rhenium complexes
1a–3a by conjugation of the carboxylate groups in the
precursors fac-[Re(CO)3(k3-pz(CO2H))]?, [Re(CO)3(k3-pz
(CO2H)2-A)]?, and fac-[Re(CO)3(k3-pz(CO2H)2-B)]? to
the free e-amino group of Lys11 of Pp-NAPamide, using
standard coupling reagents (Scheme 3) [21]. The metallated peptides 1a–3a were purified by semipreparative
RP-HPLC and characterized by ESI–MS (Table 1).
The MC1R-binding affinity of the monovalent and
bivalent conjugates L1–L3, as well as of the corresponding
rhenium complexes (1a–3a), was assessed in a competitive
binding assay using B16F1 murine melanoma cells and
[125I]NDP–MSH as a radioligand. The latter was prepared
by radioiodination of NDP–MSH using the chloramine-T
method as described in ‘‘Materials and methods.’’ The
radioiodinated product was purified by RP-HPLC before
each assay to minimize the effect of deiodination of
[125I]NDP–MSH. The calculated IC50 values for all compounds are listed in Table 2, as are the IC50 values found
for a-MSH, for the potent linear agonist NDP–MSH, and
for the free NAPamide.
All compounds displayed high affinity for MC1R,
with IC50 values in the subnanomolar and nanomolar
range. The binding affinity of L1 (IC50 = 0.66 ± 0.13 nM)
is comparable to that of free NAPamide (IC50 = 0.78 ±
0.03 nM), demonstrating that conjugation to the bifunctional chelator did not affect its original targeting
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Scheme 2 i 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU), N,N-diisopropylethylamine
(DIPEA), dimethylformamide (DMF); ii HATU, DIPEA, microwave

power 75 W, 50 °C, 10 min, DMF; iii 95% trifluoroacetic acid
(TFA), 2.5% triisopropylsilane (TIS), 2.5% H2O

Table 1 Analytical data for monovalent and bivalent a–melanocyte-stimulating hormone (a-MSH) derivatives and corresponding rhenium
complexes
Compound

Formula

Calculated and ion

Found

tR/min (purity)a

L1

14.1 (98%)

C65H96N20O12

1,349.8 [M ? H]?

1,349.8

2

L

C122H177N37O24

849.5 [M ? 3H]3?

849.5

15.3 (98%)

L3

C119H170N36O24

1,244.6 [M ? 2H]2?

1,244.6

15.0 (98%)

1a

C68H96N20O15Re

810.8 [M ? 2H]2?

810.4

15.9 (98%)

2a

C125H177N37O27Re

705.0 [M ? 3H]3?

705.0

15.4 (98%)

C122H170N36O27Re

3?

920.6

15.5 (98%)

3a

920.6 [M ? 3H]

See Fig. 1 and Scheme 3 for the structures of the compounds
a

The high-performance liquid chromatography conditions are described in ‘‘Materials and methods’’, Gradient D

properties. As envisaged, introduction of a second peptide
unit in the same molecule resulted in a significant
affinity enhancement. Indeed, the bivalent conjugates L2
(IC50 = 0.035 ± 0.018 nM) and L3 (IC50 = 0.16 ±
0.21 nM) had a 19-fold and fourfold increase in potency at
the MC1R, respectively, compared with the monovalent
peptide conjugate L1. Metallation of the latter resulted in
a 20-fold affinity enhancement (1a, IC50 = 0.033 ±
0.019 nM), whereas a slight decrease in the binding affinity
of L2 and L3 was observed upon metallation (2a,
IC50 = 0.15 ± 0.08 nM; 3a, IC50 = 1.14 ± 1.13 nM).
Nevertheless, the values found for 2a and 3a are in the

nanomolar range and are still better than or comparable to
the value for NAPamide, suggesting that both compounds
are potentially adequate for in vivo MC1R targeting.
Considering these promising results, we labeled both
bivalent conjugates with 99mTc(I) following the method
already described for L1 [17]. Reaction of L2 and L3 with
the organometallic precursor fac-[99mTc(CO)3(H2O)3]?
gave the radiometallated peptides fac-[99mTc(CO)3(k3-L)]?
(2, L is L2, and 3, L is L3) in high yield and high radiochemical purity. The chemical identity of the radiometallated peptides 2 and 3 was confirmed by comparing their
RP-HPLC profiles with those of the corresponding rhenium
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Scheme 3 Synthesis of complexes 1a–3a containing pendant NAPamide targeting vectors. i Pp-NAPamide, DMF/DIPEA/HATU; ii TFA/TIS/
H2O
Table 2 Melanocortin type 1 receptor binding affinity of a-MSH
derivatives
a-MSH derivatives

IC50 (nM)

a-MSH [46]

1.65 ± 0.18

NDP–MSH [48]

0.21 ± 0.03

NAPamide

0.78 ± 0.03

L1

0.66 ± 0.13

L2

0.035 ± 0.018

L3

0.16 ± 0.21

1a

0.033 ± 0.019

2a

0.15 ± 0.08

3a

1.14 ± 1.13

NDP–MSH (Nle4, D-Phe7)–a-MSH, NAPamide [Ac-Nle4, Asp5,
7
D-Phe , Lys11]a-MSH4–11

analogues 2a and 3a. RP-HPLC chromatograms of the
metallated bivalent peptides 2/2a and 3/3a are displayed in
Fig. 2. The overlapping profiles demonstrate the isostructural nature of the compounds prepared at the tracer (2 and
3) and macroscopic (2a and 3a) levels.
The partition coefficients, expressed as log Po/w, were
determined for 2 and 3 in physiological conditions
(Table 3). The results demonstrate the hydrophilic nature
of all the radiometallated peptides, with complex 3 displaying the greatest hydrophilic character.
Radiopeptides 2 and 3 were incubated in fresh human
serum at 37 °C, and aliquots were analyzed at different
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Fig. 2 Reversed-phase high-performance liquid chromatography
(RP-HPLC) chromatograms of 2 and 3 (c-detection) and 2a and 3a
(UV–vis detection)

time points by RP-HPLC. The results showed that both
compounds displayed high plasma stability with negligible
degradation. As an illustrative example, Fig. 3 depicts the
RP-HPLC chromatographic profile of 3 during the assay.
Complexes 2 and 3 are also stable in cysteine and histidine solutions since no degradation or trans-chelation
products were observed even after 6 h incubation at 37 °C.
Together, the stability studies confirmed the high ability of
the pyrazolyl-diamine unit to stabilize the core fac[99mTc(CO)3]?, without transmetallation to serum-based
proteins or amino acids, and/or reoxidation to 99mTc(VII).

J Biol Inorg Chem
Table 3 Reversed-phase high-performance liquid chromatography
retention times (tR) and log Po/w values for complexes 1–3
99m

Tc(CO)3-labeled peptides

tR (purity)

log Po/w ± SD
-0.420 ± 0.003

1 [17]

16.0 min (98%)

2

15.6 min (98%)

-1.34 ± 0.04

3

15.5 min (98%)

-1.82 ± 0.02

SD standard deviation

Fig. 3 RP-HPLC chromatograms of 3 after incubation in fresh
human plasma at different time points

Internalization studies in B16F1 murine melanoma cells
were performed for radioconjugates 2 and 3 at 37 °C, and
the results were compared with those obtained for the
monovalent radiopeptide 1 (Fig. 4a).
The cell uptake studies showed that the internalization
degree is time-dependent, with bivalent radiopeptides 2 and
3 internalizing faster than 1 at short incubation times.
Radiopeptide 2 had the highest level of internalization (9%
of the total activity at 4 h incubation), whereas 3 displayed
moderate internalization, with a pattern similar to that of

the monovalent peptide 1 (about 5% of the applied activity
at 4 h incubation).
To check whether the cellular internalization was specific and receptor-mediated, the bivalent radiocomplexes
were also incubated in the presence of a high concentration
of NDP–MSH to block the MC1Rs. The results of receptor
blockade, expressed as a percentage of internalization in
the presence and in the absence of NDP–MSH, are displayed in Fig. 5.
Co-incubation with excess NDP–MSH, a potent MC1R
agonist, reduced significantly the cellular internalization of
2 and 3 by 70–76% and 50–56%, respectively. These data
indicate that both radiocomplexes are taken up by melanoma cells through an MC1R-mediated mechanism.
Cellular retention of 2 and 3 was also evaluated in
B16F1 cells at different time points and compared with the
results previously described for 1 (Fig. 4b). After 4 h
incubation, 2 had a retention value higher than that of 3 (52
and 40% of the total activity is associated with cells,
respectively). However, the monovalent radiopeptide (1)
had the highest cell-associated radioactivity value (62%,
after 4 h incubation) [17].
The internalization and cellular retention studies in
B16F1 cells for all the radiolabeled peptides reflect agonistic binding behavior, which is consistent with data
previously reported for other radiolabeled a-MSH analogs
[16].
The in vivo MC1R-targeting properties of 2 and 3 were
also evaluated in B16F1 melanoma-bearing mice. Table 4
presents the tissue distributions of 2 and 3 in comparison
with radiopeptide 1 at 1 and 4 h after injection of the
radiopeptide.
The analysis of blood samples collected from the killed
mice at 1 h after injection showed that 2 and 3 are stable in
blood serum, as no metabolites could be detected (Fig. 6).
The low stomach uptake observed for all the radiopeptides

Fig. 4 Internalization (a) and
retention (b) of 1 (squares), 2
(circles), and 3 (triangles) in
B16F1 cells at 37 °C.
Internalized activity is
expressed as a percentage of the
total (applied) activity
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Fig. 5 Receptor-blocking
study: inhibition of cellular
internalization of 2 (a) and 3
(b) in B16F1 cells by coincubation with (Nle4, D-Phe7)–
a-MSH (NDP-MSH) (3.5 lg per
well)

Table 4 Biodistribution studies of 1–3 in B16F1 melanoma-bearing C57BL/6 mice at 1 and 4 h after injection (n = 3–5)
Organ

1
1h

2
4h

3

1h

4h

1h

4h

% ID/g ± SD
Tumor

5.88 ± 2.11

4.24 ± 0.94

3.02 ± 0.27

2.96 ± 0.36

2.54 ± 0.30

1.81 ± 0.44

Blood

3.32 ± 0.51

1.62 ± 0.64

1.36 ± 0.30

0.62 ± 0.06

2.39 ± 0.61

0.49 ± 0.13

Liver

10.8 ± 1.6

6.7 ± 2.1

45.7 ± 7.1

35.3 ± 5.97

21.3 ± 0.2

10.1 ± 2.2

Intestine

9.1 ± 0.8

14.4 ± 1.6

2.75 ± 0.25

4.57 ± 1.05

1.78 ± 0.02

2.82 ± 1.29

Spleen

1.26 ± 0.2

0.88 ± 0.30

1.80 ± 0.09

2.16 ± 1.01

3.12 ± 0.58

1.52 ± 0.42

Heart
Lungs

0.85 ± 0.1
2.88 ± 0.55

0.58 ± 0.19
1.21 ± 0.45

0.63 ± 0.14
1.34 ± 0.14

0.39 ± 0.03
0.67 ± 0.08

1.01 ± 0.08
3.66 ± 0.50

0.39 ± 0.14
0.60 ± 0.10

Kidney

9.7 ± 0.9

4.5 ± 2.4

33.2 ± 3.3

36.8 ± 3.87

68.6 ± 6.4

72.5 ± 1.1

Muscle

0.31 ± 0.03

0.18 ± 0.14

0.24 ± 0.01

0.07 ± 0.08

0.33 ± 0.03

0.1 ± 0.02

Bone

0.66 ± 0.10

0.40 ± 0.20

0.61 ± 0.03

0.40 ± 0.00

0.72 ± 0.07

0.31 ± 0.06

Stomach

2.92 ± 1.70

1.06 ± 0.96

1.18 ± 0.62

0.38 ± 0.04

0.88 ± 0.30

0.33 ± 0.14

Pancreas

0.57 ± 0.10

0.46 ± 0.32

0.31 ± 0.05

0.20 ± 0.04

0.40 ± 0.02

0.43 ± 0.41

Tumor/normal tissue uptake ratio
Tumor/blood

1.8

2.6

2.2

4.8

1.1

3.7

Tumor/muscle

19.0

23.5

12.6

42.3

7.7

18.1

Tumor/kidney

0.60

0.94

0.09

0.08

0.037

0.025

Total excretion (%)

57.3 ± 2.7

69.1 ± 8.3

21.6 ± 1.6

32.0 ± 2.8

39.9 ± 6.4

51.9 ± 1.8

ID injected dose

indicates minimal, if any, in vivo oxidation of the complexes to [99mTcO4]-, revealing the high kinetic inertness
of the radioactive complexes. A small amount (less than
15%) of metabolites with a shorter retention time were
found in urine but they were not identified.
The bivalent radiopeptides 2 and 3 showed lower tumor
uptake and worse pharmacokinetic properties than the
monovalent radiopeptide 1. Slower overall excretion was
observed for both bivalent radiopeptides when compared
with 1, with 2 displaying the worst value, with only
32.0 ± 2.8% of the activity excreted at 4 h after injection.
Radiopeptides 2 and 3 were rapidly cleared from the
bloodstream [0.62 ± 0.06 and 0.49 ± 0.13% injected dose
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(ID) per gram at 4 h after injection] and major organs,
except those related to the excretion pathways.
As predicted from their in vitro potency, the metallated
NAPamide derivatives with the highest in vitro binding
affinity displayed the highest in vivo melanoma accumulation. Indeed, the ranking of melanoma uptake for the
radiopeptides (4.24, 2.96, and 1.81% ID/g at 4 h after
injection for 1, 2, and 3, respectively) correlates well with
the in vitro MC1R-binding affinity of the respective ‘‘cold’’
surrogates (IC50 values of 0.033, 0.15, and 1.14 nM for 1a,
2a, and 3a, respectively; Table 2).
The findings of the cell internalization studies do not
correlate with the in vivo targeting properties of both

J Biol Inorg Chem

ratio observed for the monovalent 111In-DOTA-NAPamide
(1.67) [37].

Concluding remarks and perspectives

Fig. 6 RP-HPLC c traces of 3 (initial preparation), blood serum, and
urine samples collected 1 h after injection

bivalent constructs. Indeed, the highest cell internalization
level and the moderate retention observed for 2, together
with its nanomolar MC1R-binding affinity, did not lead to
an enhancement of tumor uptake relative to 1. In fact, there
was not a positive correlation between the tumor uptake
and the number of targeting vectors on the complexes,
which may be partially explained by the poor tissue penetration of 2 in vivo.
In spite of the low tumor uptake observed, 2 displayed
the highest tumor retention as 98% of the radioactivity
measured at 1 h was still retained in the tumor after 4 h.
These results partially account for the best tumor-to-blood
and tumor-to-muscle ratios at 4 h after injection found
for 2.
Unlike 1, both bivalent radiopeptides showed very
high nonspecific accumulation and retention in kidneys
(33.2 ± 3.3 and 36.8 ± 3.87% ID/g for 2 and 68.6 ± 6.4
and 72.5 ± 1.1% ID/g for 3 at 1 and 4 h after injection,
respectively). These results, often reported for other radiopeptides, are indicative of pronounced tubular reabsorption, which is likely related to the binding to the
multiligand megalin receptor [16, 26, 37, 49–51]. Whether
nonspecific uptake by kidneys could have been modulated
(e.g., by infusion of basic amino acids) was not studied.
The high kidney uptake and retention, together with the
low tumor uptake led to poor tumor-to-kidney ratios (e.g.,
0.08 and 0.025 for 2 and 3, respectively, at 4 h after
injection), which are considerably lower than the ratio
obtained for the monovalent compound 1 (e.g., 0.94 at 4 h
after injection). This behavior is comparable to that
reported for other radiolabeled bivalent a-MSH and multivalent RGD derivatives [26, 37]. In the former case,
the tumor-to-kidney ratios observed for three bivalent
111
In-DOTA-labeled NAPamide analogs ranged between
0.11 and 0.36, which are also considerably lower than the

We have applied the multivalency concept to the design of
novel homobivalent conjugates containing a pyrazolyl-diamine chelating unit for stabilization of the fac-[M(CO)3]?
core (M is 99mTc, Re) and two copies of the targeting
vector NAPamide, a linear a-MSH analog, separated by
linkers of different nature (L2, symmetric alkyl chain; L3,
‘‘asymmetric’’ ‘‘semirigid’’ spacer) and length (L2, nine
atoms; L3, 14 atoms). The in vitro MC1R-binding affinity
of the bivalent conjugates was found to be 19-fold (L2)
and fourfold (L3) higher than that of the monovalent
NAPamide conjugate (L1). Metallation of the bivalent
conjugates yielded isostructural complexes of the type
[fac-M(CO)3(k3-L)] (M is 99mTc/Re; 1/1a, L is L1; 2/2a,
L is L2; 3/3a, L is L3), with 2a and 3a displaying binding
affinities in the subnanomolar and nanomolar range, which
are still better than (2a, IC50 = 0.15 ± 0.08 nM) or comparable to (3a, IC50 = 1.14 ± 1.13 nM) the binding
affinity of NAPamide (IC50 = 0.78 ± 0.03 nM). Cell
internalization studies in B16F1 murine melanoma cells
have shown that the analog radiopeptides 2 and 3 internalize via an MC1R-mediated mechanism faster than 1 at
short times, with 2 having the highest level of internalization. The biodistribution studies in B16F1 melanomabearing mice have shown that melanoma uptake (4.24,
2.96, and 1.81% ID/g at 4 h after injection for 1, 2, and 3,
respectively) correlates well with the in vitro MC1Rbinding affinity of the rhenium surrogates (1a, IC50 =
0.033 nM; 2a, IC50 = 0.15 nM; 3a, IC50 = 1.14 nM).
However, there is no positive correlation between tumor
uptake and valency, even in the case of 2, which had the
highest cellular internalization level and better retention.
This behavior is most likely related to the poor tissue
penetration of 2. Nevertheless, 2 displayed the highest level
of tumor retention, as 98% of the radioactivity measured at
1 h was still retained after 4 h, which partially accounts for
its best tumor-to-blood and tumor-to-muscle ratios at 4 h
after injection. Additionally, one striking feature observed
for both radiopeptides is the remarkable increase in nonspecific kidney accumulation and retention, which led to
low tumor-to-kidney ratios for the bivalent compounds.
Such behavior has been already reported for other radiolabeled bivalent a-MSH and multivalent RGD derivatives.
Together, the results have demonstrated that the high in
vitro MC1R-binding affinity and the high level of cellular
internalization/retention observed for 99mTc(CO)3-labeled
bivalent NAPamide conjugates did not lead to increased
tumor uptake and improved pharmacokinetic profile
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relative to the monovalent counterpart. Indeed, there is no
positive correlation between tumor uptake and valency.
Nevertheless, to take advantage of the favorable in vitro
MC1R-targeting properties and in vivo tumor retention of
radiopeptide 2, improvement of its pharmacokinetic profile
by modifying the charge and/or nature of the metal
chelator/spacer is envisaged.
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