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ABSTRACT: Aiming at the design of speciﬁc melanocortin-1
receptor (MC1R) targeted imaging probes, we report on the eﬀect
of diﬀerent azolyl-ring substitution patterns (carboxylate at the 4position and/or methyl groups at the 3,5 positions) of pyrazolyldiamine bifunctional chelators (Pz2−Pz4) on the pharmacokinetic
proﬁle of the 99mTc(CO)3-labeled lactam bridge-cyclized αmelanocyte stimulating hormone derivative, βAlaNleCycMSHhex.
Three pyrazolyl-diamine-containing chelators were conjugated to
βAlaNleCycMSHhex, with the resulting peptide conjugates displaying subnanomolar MC1R binding aﬃnity. Biodistribution studies in
B16F1 melanoma-bearing mice show that all radiopeptides present
a good melanoma uptake. The introduction of a carboxylate group
in the azolyl-ring leads to a remarkable reduction of the kidney (>89%) and liver (>91%) accumulation for 99mTc(CO)3-Pz3βAlaNleCycMSHhex and 99mTc(CO)3-Pz4-βAlaNleCycMSHhex when compared to the radiopeptide 99mTc(CO)3-Pz1βAlaNleCycMSHhex, where that group is absent. The good tumor uptake and favorable tumor-to-nontarget-organs ratios of
99m
Tc(CO)3-Pz3-βAlaNleCycMSHhex and 99mTc(CO)3-Pz4-βAlaNleCycMSHhex highlights the potential of both compounds as
melanoma imaging agents.

■
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INTRODUCTION
Various linear and cyclic radiolabeled α-melanocyte-stimulating
hormone (α-MSH: Ac-Ser1-Tyr2-Ser3-Met4-Glu5-His6-Phe7Arg8-Trp9-Gly10-Lys11-Pro12-Val13-NH2) analogues have been
explored as radiopharmaceuticals for melanoma imaging and
therapy by speciﬁcally probing melanocortin-1 receptor
(MC1R), a molecular target that is overexpressed on both
human and mouse melanoma cells.1−3 The radiopeptides with
the most interesting melanoma-targeting properties are based
on cyclic derivatives that display high metabolic stability and
enhanced receptor-binding aﬃnity. Among them, 99mTc and
111
In-labeled metal-cyclized and lactam bridge-cyclized peptides
displayed the highest melanoma uptake and lowest renal
accumulation in B16F1 melanoma-bearing mice and became
the most promising tools to be further explored as potential
melanoma imaging probes.1,4 Over the past years, Quinn’s and
Miao’s groups have designed a family of 111In-labeled metaland lactam bridge-cyclized 1,4,7,10-tetraazacyclododecane1,4,7,10-tetraacetic acid (DOTA)-conjugated α-MSH analogues
for melanoma imaging and concluded that the reduction of the
peptide ring size increases the melanoma uptake, decreasing
kidney accumulation.5−7 Among them, the metal-cyclized 111InDOTA-Re(Arg11)CCMSH and the lactam bridge-cyclized
© 2013 American Chemical Society

In-DOTA-NleCycMSHhex presented high melanoma uptake
and comparable tumor-to-kidney ratios in B16F1 melanomabearing mice (Figure 1).6,7 More recently, it has also been
reported that the introduction of a Gly−Gly linker in 111InDOTA-NleCycMSHhex leads to a radiopeptide (111In-DOTAGlyGlyNleCycMSHhex) with similar melanoma uptake and
improved tumor-to-kidney ratio (Figure 1).8
The eﬀect of ring size reduction was also considered on the
design of 67Ga-labeled-lactam bridge-cyclized α-MSH derivatives for melanoma imaging in B16F1 tumor-bearing mice.9,10
The peptide GlyGlyNleCycMSHhex (6-amino acid peptide
ring) was conjugated to triazacyclononane-1,4,7-triacetic acid
(NOTA) and DOTA and labeled with 67Ga. The radiopeptide
67
Ga-NOTA-GlyGlyNle-CycMSHhex displayed the highest
melanoma uptake and tumor-to-kidney ratios as compared to
all described 111In- and 67Ga-labeled cyclic α-MSH derivatives.10
Considering our interest in the design of speciﬁc 99mTc(CO)3-labeled peptides for MC1R targeting, we have recently
reported the cyclic radiopeptide 99mTc(CO)3-Pz1-βAlaNleReceived: November 7, 2012
Published: February 17, 2013
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Figure 1. Metal-cyclized and lactam bridge-cyclized α-MSH derivatives: structures of DOTA-Re(Arg11)CCMSH, DOTA-NleCycMSHhex, DOTAGlyGlyNleCycMSHhex, and Pz1-βAlaNleCycMSHhex.

CycMSHhex (Figure 1).11,12 The biological evaluation of this
radiopeptide in B16F1 melanoma-bearing mice has shown a
signiﬁcant tumor uptake (11.3 ± 1.8% IA/g) at 4 h post
injection (pi), although presenting slow overall excretion rate
(37.4 ± 2.4 percentage injected activity per gram, % IA/g) and
high accumulation in excretory organs (32.1 ± 1.6% and 22.9 ±
1.2% IA/g for kidney and liver, respectively). This high
melanoma uptake, which compares well with the values found
for 111In-labeled DOTA-NleCycMSHhex (17.0 ± 2.5% IA/g, at
4h pi) and DOTA-GlyGlyNleCycMSHhex (18.6 ± 3.5% IA/g, at
4h pi) in the same animal model, prompted the design of new
99m
Tc(I)-labeled βAlaNleCycMSHhex derivatives with improved
pharmacokinetic proﬁle.4
It is generally accepted that the overall biological proﬁle of
radiolabeled peptides is determined by receptor-speciﬁc binding
but also by “nonspeciﬁc” interactions, which most likely rely on
the overall physicochemical features of the radiopeptides (e.g.,
molecular weight, overall charge, and lipophilicity).13,14 To
modulate such physicochemical properties, several approaches
have been explored, namely the nature of the chelator,15 the net
charge of the chelator−peptide conjugate,15,16 the presence of
carbohydrate moieties,17 and the reduction of the peptide
size.7,18 Having this in mind, we decided to investigate the
overall biological proﬁle of 99mTc(CO)3-labeled βAlaNleCycMSHhex as a function of structural modiﬁcations in the
ring substitution pattern of the pyrazolyl-diamine chelators.
Such data would provide a better insight into the structural
factors that modulate/inﬂuence melanoma uptake, overall
excretion rate, and tumor-to-nontarget organs ratios in
melanoma bearing mice.

Figure 2. Tridentate asymmetric pyrazolyl-containing bifunctional
chelators Pz1−Pz4.

compounds 4, 5, and 6, following synthetic procedures
previously described by our group.23,26
All compounds have been characterized by the usual
analytical techniques in chemistry, including reverse-phase
high performance liquid chromatography (RP-HPLC), nuclear
magnetic resonance (NMR), and electrospray ionization−mass
spectrometry (ESI-MS).
Synthesis and Characterization of the Peptide
Conjugates. The chelators Pz2(Boc), Pz3(Boc), and tBuPz4(Boc) were conjugated to βAlaNleCycMSHhex via 2-(7aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexaﬂuorophosphate (HATU) activation in the presence of
diisopropylethylamine (DIPEA), yielding intermediate conjugates, which, upon treatment with triﬂuoracetic acid (TFA),
gave the ﬁnal conjugates Pz2-βAlaNleCycMSHhex, Pz3-βAlaNleCycMSH hex , and Pz 4 -βAlaNleCycMSH hex, respectively
(Scheme 2).
The conjugates were puriﬁed by semipreparative RP-HPLC
and characterized by ESI-MS (Table 1).
Owing to the existence of two free carboxylate groups in
Pz3(Boc), one at the pyrazole ring and the other at the aliphatic
arm, there are two likely conjugation positions for the peptide.
To clarify this point, solution NMR studies for Pz3 and Pz3βAlaNleCycMSHhex have been performed. After assigning the
resonances in the spectra of Pz3 and Pz3-βAlaNleCycMSHhex,
we found that the chemical shifts of the carbon atoms of the
pyrazolyl ring in Pz3 and Pz3-βAlaNleCycMSHhex were almost
identical (13C: |Δδfree‑bound| ≤ 0.5 ppm; Supporting Information
Table ST2), while a signiﬁcant diﬀerence was found for the
methylene carbons of the aliphatic arm (1.1 and 1.7 ppm for
methylene carbons Ci and Cj, respectively; Supporting
Information Table ST2), indicating that the conjugation occurs
by the carboxylate group at the aliphatic arm. Stronger and

■

RESULTS
Synthesis and Characterization of the PyrazolylDiamine Derivatives. Proﬁting from the versatility of the
asymmetric pyrazolyl-diamine-containing bifunctional chelator
(BFC) demonstrated in the labeling of a wide range of
biomolecules,19−22 we have selected the pyrazolyl derivatives
Pz2−Pz4 with a N,N,N donor atom set for stabilization of the
organometallic core fac-[M(CO)3]+ (M = Re, 99mTc) and
bearing a propyl linker for peptide conjugation (Figure 2).
As depicted in Scheme 1, the tert-butyloxycarbonyl (Boc)protected chelators Pz2(Boc), Pz3(Boc), and t-BuPz4(Boc)
were prepared by alkylation of the central secondary amine of
precursors 1, 2, and 3, respectively, with ethyl 4-bromobutanoate, and basic hydrolysis of the corresponding intermediate
1962
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Scheme 1. Synthesis of the Bifunctional Chelators Pz2(Boc), Pz3(Boc), and t-BuPz4(Boc)a

a

(i) Br(CH2)3CO2Et, K2CO3, KI, CH3CN; (ii) NaOH, THF/H2O, rt, overnight; (identiﬁcation system for NMR assignments is displayed).

Scheme 2. Synthesis of the Peptide Conjugatesa

a

(i) HATU, DIPEA, N,N-dimethylformamide (DMF); (ii) 95% TFA, 2.5%, triisopropylsilane (TIS), 2.5% H2O.

Table 1. Analytical Data and Binding Aﬃnity for the α-MSH Derivatives
compd
βAlaNleCycMSHhex
Pz1βAlaNleCycMSHhex12
Pz2βAlaNleCycMSHhex
Pz3βAlaNleCycMSHhex
Pz4βAlaNleCycMSHhex
a

calcd exact
mass (Da)

found calcd [ion]

molecular
formula

MC1R
aﬃnity (nM)

tRa
(min)/ purity

tRa for 99mTc-conjugate
(min)/purity

1052.60
1302.80

1053.6 [M + H]+
1303.8 [M + H]+

C51H72N16O9
C64H94N20O10

0.05 ± 0.02
0.21 ± 0.05

na
na

na
na

na
+0.19 ± 0.01

1274.50

638.4 [M + 2H]2+

C62H90N20O10

0.02 ± 0.01

13.3 (98%)

19.0 (98%)

−0.93 ± 0.01

1318.70

440.8 [M + 3H]3+

C63H90N20O12

0.04 ± 0.01

12.7 (98%)

17.9 (98%)

−1.11 ± 0.02

1360.80

681.8 [M + 2H]2+

C66H96N20O12

0.16 ± 0.10

11.2 (98%)

17.9 (98%)

−0.88 ± 0.04

log Po/w for
Tc-conjugate

99m

gradient D (see Experimental Section); na: not applicable.
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Figure 3. (A) Selected ROESY spectral region of Pz3-βAlaNleCycMSHhex in aqueous solution (H2O/D2O 9/1 v/v) at pH 2.5 and 25 °C. (B) Key
correlations observed between Pz3 and the NH of βAla (red arrow).

CycMSHhex were separated from the respective nonlabeled
peptide conjugates by RP-HPLC.
Partition Coeﬃcients of the Radiopeptides. The
partition coeﬃcients, expressed in log Po/w, have been
determined for 99mTc(CO3)-Pz2-βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex by the “shake ﬂask” method
in physiological conditions (Table 1).24 The log Po/w values
demonstrate the hydrophilic nature of the novel radiometalated
peptides, with complex 99mTc(CO3)-Pz3-βAlaNleCycMSHhex
(log Po/w = −1.11) displaying the highest hydrophilic character.
in Vitro Stability Studies. To assess the resistance of
radiocomplexes 99mTc(CO3)-Pz2-βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex to proteolytic degradation
caused by endogenous peptidases, stability assays in human
serum at 37 °C were performed. Analysis by RP-HPLC at
diﬀerent time points postincubation indicated high serum
stability with negligible degradation. As an illustrative example,
Figure 4 depicts the RP-HPLC chromatographic proﬁle of
99m
Tc(CO3)-Pz3-βAlaNleCycMSHhex during the assay.

further support to this conclusion was attained from the ROE
cross-peaks observed between Pz3 and the peptide moiety that
involve protons from the aliphatic arm of Pz3 but not from the
pyrazolyl ring. The observed ROE cross-peaks were a strong
cross-peak between the Hj protons of Pz3 and the HN amide of
βAla1, a medium-weak cross-peak between the Hi protons of
Pz3 and the HN amide of βAla1, and a weak cross-peak between
the Hj protons of Pz3 and the Hα proton of βAla1 (Figure 3).
None of the ROE cross-peaks expected for the peptide moiety
if conjugated through the carboxylate at the pyrazolyl ring were
present.
Brought together, the NMR parameters (ROEs and 13C
chemical shifts) demonstrated that the conjugation to the
peptide occurs by the carboxylate group of the central amine
(Supporting Information Tables ST1 and ST2).
Determination of the MC1R Binding Aﬃnities. The
binding aﬃnities of the cyclic α-MSH derivatives to the MC1R
were evaluated in a competition binding assay in B16F1 cells,
using [125I]-NDP-αMSH as radioligand. The IC50 values for the
peptide conjugates as well as for βAlaNleCycMSHhex are listed
in Table 1.
The conjugation of the chelators Pz2−Pz4 to βAlaNleCycMSHhex (IC50 = 0.05 ± 0.02 nM) led to a slight
improvement of the binding aﬃnity in the case of Pz2βAlaNleCycMSHhex (IC50 = 0.02 ± 0.01 nM) and Pz3βAlaNleCycMSHhex (IC50 = 0.04 ± 0.01 nM) and a slight
decrease in the case of the peptide conjugates Pz 1 βAlaNleCycMSHhex (IC50 = 0.21 ± 0.05 nM) and Pz4βAlaNleCycMSHhex (IC50 = 0.16 ± 0.1nM). Nevertheless, in
all cases, the IC50 values are of the same order of magnitude as
that obtained for the precursor peptide βAlaNleCycMSHhex.
Radiolabeling of the Peptide Conjugates. Reaction of
the peptide conjugates Pz2-βAlaNleCycMSHhex−Pz4-βAlaNleCycMSHhex with the organometallic precursor fac-[99mTc(CO)3(H2O)3]+ gave the radiometalated peptides 99mTc(CO 3 )-Pz2 -βAlaNleCycMSH hex − 99m Tc(CO 3 )-Pz4 -βAlaNleCycMSHhex. The radiopeptides were analyzed by RP-HPLC
(gradient C) and the chromatograms of Pz 2-βAlaNleCycMSHhex (retention time, tR = 11.9 min), Pz3-βAlaNleCycMSHhex (tR = 10.6 min), and Pz4-βAlaNleCycMSHhex (tR =
11.2 min) present only one species, and no precursor (tR = 15.2
min) or any other radiochemical species could be detected.
To increase the speciﬁc activity of the radiopeptides, 99mTc(CO 3 )-Pz2 -βAlaNleCycMSH hex − 99m Tc(CO 3 )-Pz4 -βAlaNle-

Figure 4. RP-HPLC chromatograms of 99mTc(CO3)-Pz3-βAlaNleCycMSHhex after incubation in human serum at diﬀerent time points
(37 °C).

The complexes 99mTc(CO3)-Pz2-βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex were also stable in cysteine and
histidine solutions because no degradation or trans-chelation
products were observed even after 6 h incubation at 37 °C.
Internalization and Cellular Retention Studies. Aiming
to predict the tumor-targeting properties of 99mTc(CO3)-Pz21964
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Figure 5. (A) Internalization of the radioconjugates 99mTc(CO3)-Pz2-βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex in B16F1 murine
melanoma cells at diﬀerent time points at 37 °C. (B) Eﬀect of MC1R-saturation with NDP-MSH (3.5 μg/well) on the internalized and the surface
bound radioconjugates. Internalized and surface bound activity expressed as a percentage of total activity.

and 78.6 ± 0.4% of cellular uptake of 99mTc(CO3)-Pz3βAlaNleCycMSHhex and 99mTc(CO3)-Pz4-βAlaNleCycMSHhex,
respectively.
To evaluate the speciﬁcity of cellular uptake, internalization
studies of 99mTc(CO3)-Pz2-βAlaNleCycMSHhex−99mTc(CO3)Pz4-βAlaNleCycMSHhex in B16F1 cells at 1 h and 2 h (37 °C)
were also performed with coincubation with NDP-MSH (3.5
μg/well), a α-MSH analogue with high aﬃnity for MC1R (0.21
nM). In vitro MC1R-saturation data is represented in Figure
5B. In the presence of NDP-MSH, the internalization of all
radioconjugates was strongly inhibited, being almost complete
for 99mTc(CO3)-Pz3-βAlaNleCycMSHhex and 99mTc(CO3)-Pz4βAlaNleCycMSHhex, with a reduction of 99% of internalized
activity at 2 h postincubation versus 94% for 99mTc(CO3)-Pz2βAlaNleCycMSHhex. The cell surface-bound activity of 99mTc-

βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex, internalization studies in B16F1 murine melanoma cells have
been performed at 37 °C, and the results are presented in
Figure 5.
The radioconjugates 99mTc(CO3)-Pz2βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex exhibited high levels of time-dependent internalization. The
highest level was reached for complex 99mTc(CO3)-Pz2βAlaNleCycMSHhex at 4 h postincubation (37 °C) with 29.4
± 0.3% of the total activity applied internalized in B16F1 cells,
corresponding to 81.0 ± 0.4% of the cell-associated activity
(Figure 5A). At the same time point, 10.8 ± 0.3% and 22.6 ±
0.5% of the applied activity of 99mTc(CO3)-Pz3-βAlaNleCycMSHhex and 99mTc(CO3)-Pz4-βAlaNleCycMSHhex was
internalized in B16F1 cells, corresponding to 57.8 ± 0.5%
1965
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(CO3)-Pz3-βAlaNleCycMSHhex and 99mTc(CO3)-Pz4-βAlaNleCycMSHhex was also highly reduced in the presence of NDPMSH (90% and 87% of inhibition after 1 h; 89% and 84% of
inhibition after 2 h, respectively). Lower inhibition values were
found for 99mTc(CO3)-Pz2-βAlaNleCycMSHhex (66% and 50%
at 1 h and 2 h, respectively), indicating a higher nonspeciﬁc
binding to cell membrane.
The cellular retention of 99mTc(CO3)-Pz2βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex was
evaluated at diﬀerent time points after 3 h internalization in
B16F1 cells at 37 °C (Figure 6). Good retention values were

To evaluate the in vivo MC1R-binding speciﬁcity of 99mTc(CO3)-Pz3-βAlaNleCycMSHhex and 99mTc(CO3)-Pz4-βAlaNleCycMSHhex, the radioconjugates were coadministrated with
cold NDP-MSH (20 μg/mice) in B16F1 melanoma-bearing
mice.
As expected, the MC1R-saturation with this potent agonist
leads to a considerable reduction in the tumor uptake of
99m
Tc(CO3)-Pz3-βAlaNleCycMSHhex (from 11.82 ± 3.91% to
4.15 ± 0.53% IA/g) and 99mTc(CO3)-Pz4-βAlaNleCycMSHhex
(from 10.55 ± 1.83% to 2.35 ± 0.46% IA/g), without
signiﬁcant changes in the biodistribution proﬁle of the
radioconjugates in normal tissues.
Because of the favorable pharmacokinetics of 99mTc(CO3)Pz 3 -βAlaNleCycMSH hex and 9m Tc(CO 3 )-Pz 4 -βAlaNleCycMSHhex, their melanoma imaging properties were further
evaluated. Figure 7 presents planar scintigraphic images of
B16F1 murine melanoma-bearing C57BL/6 mice injected with
99m
Tc(CO3)-Pz3-βAlaNleCycMSHhex and 99mTc(CO3)-Pz4βAlaNleCycMSHhex at 1 h pi. Melanoma was clearly visualized
with high contrast between tumor and background. Images are
consistent with the biodistribution results, showing a lower liver
uptake for 99mTc(CO)3-Pz3-βAlaNleCycMSHhex and a lower
kidney uptake for 99mTc(CO)3-Pz4-βAlaNleCycMSHhex.
The analysis of tissue samples collected from the sacriﬁced
mice at 1 h and 4 h pi has shown that all radiopeptides were
stable in blood serum, tumor, and liver homogenates
(Supporting Information SM6), as no metabolites could be
detected after 4 h pi. However, after 4 h pi, new species with
lower retention time, corresponding to hydrophilic metabolites
(not identiﬁed), were detected in kidney homogenate
(Supporting Information SM6) and urine. As an example,
Figure 8 displays the RP-HPLC proﬁle of 99mTc(CO3)-Pz3βAlaNleCycMSHhex and the corresponding blood and urine
samples at 1 h and 4 h pi.

Figure 6. Cellular retention of internalized radioconjugates 99mTc(CO3)-Pz2-βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex
in B16F1 melanoma cells over time at 37 °C.

found for all compounds, and 99mTc(CO3)-Pz4-βAlaNleCycMSHhex presented the best value with 62% of the
internalized activity still remaining inside the cells after 4 h.
Complexes 99mTc(CO3)-Pz2-βAlaNleCycMSHhex and 99mTc(CO3)-Pz3-βAlaNleCycMSHhex presented a similar behavior,
with 48% and 50% of the internalized activity retained in the
cells.
Biodistribution Studies. The in vivo MC1R-targeting
properties of radiopeptides were evaluated in B16F1
melanoma-bearing mice. Table 2 presents the tissue distributions of the 99mTc(CO3)-Pz2-βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex in comparison with the previously reported radiopeptide 99m Tc(CO3 )-Pz1-βAlaNleCycMSHhex,12 at 1 h and 4 h pi, as well as the data
corresponding to radioconjugates 99mTc(CO3)-Pz3-βAlaNleCycMSHhex and 99mTc(CO3)-Pz4-βAlaNleCycMSHhex coinjected with 20 μg/mice of NDP-MSH.
All radiopeptides exhibited rapid, high, and comparable
tumor uptake at 1 h pi, with 11.82 ± 3.91% IA/g for
99m
Tc(CO)3-Pz3-βAlaNleCycMSHhex, 10.55 ± 1.83% IA/g for
99m
Tc(CO)3-Pz4-βAlaNleCycMSHhex, and 9.90 ± 1.10% IA/g
for 99mTc(CO)3-Pz2-βAlaNleCycMSHhex. At 4 h post injection,
99m
Tc(CO)3-Pz2-βAlaNleCycMSHhex displayed the highest
tumor uptake (9.51 ± 1.34% IA/g).
For all the radiopeptides, the liver and kidney uptake values
were signiﬁcantly lower than the ones previously described for
complex 99mTc(CO)3-Pz1-βAlaNleCycMSHhex.12 However, the
radiocompounds 99mTc(CO)3-Pz3-βAlaNleCycMSHhex and
99m
Tc(CO)3-Pz4-βAlaNleCycMSHhex have shown the best
biological proﬁle.

■

DISCUSSION

In our continued eﬀort to design radioactive probes for
melanoma imaging, we have assessed the MC1R-targeting
properties of 99mTc(CO)3-labeled radiolabeled linear and cyclic
derivatives of α-MSH.11,12,25−27 We have already demonstrated
the advantages of lactam bridge-cyclization on melanoma
uptake, and herein our goal was to improve the overall
biological proﬁle of 99mTc(CO)3-labeled βAlaNleCycMSHhex
through structural modiﬁcation of the azolyl ring of the
pyrazolyl-diamine chelator. The three pyrazole-diamine chelators selected (Pz2(Boc)−Pz4(Boc)) allowed the preparation of
hydrophilic complexes when compared to Pz1(Boc) (data not
shown).12 The chelators Pz1 and Pz4 contain methyl groups at
the 3- and 5-positions of the azolyl ring, with Pz4 presenting an
extra methylene carboxylate arm at the 4-position. Pz2 has no
substituent groups at all on the ring, whereas Pz3 holds a
carboxylate directly attached to the 4-position of the azolyl ring.
The conjugation of the diﬀerent Pz chelators to the Nterminus of βAlaNleCycMSHhex did not disturb its MC1Rbinding properties, as indicated by the subnanomolar IC50
values found for all peptide conjugates (Table 1).
T h e r a d i o m et a la t ed p e p t id es 9 9 m T c( C O ) 3 - P z 2 βAlaNleCycMSHhex−99mTc(CO)3-Pz4-βAlaNleCycMSHhex presented high in vitro stability, conﬁrming the radiopeptide
resistance to proteolytic degradation caused by endogenous
peptidases, and the high ability of the pyrazolyl-diamine unit to
stabilize the core fac-[99mTc(CO)3]+, without transmetalation
1966
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a

1h

1967

14.2 ± 2.3

37.4 ± 2.4

27.6 ± 1.3

5.4
20.2
0.40
0.41

6.8
61.4
0.35
0.49

1h

56.5 ± 7.0

12.3
63.4
2.36
1.34

9.51 ± 1.34
0.77 ± 0.09
7.09 ± 0.42
10.59 ± 2.78
3.91 ± 0.38
1.25 ± 0.07
3.23 ± 0.59
4.02 ± 0.17
0.15 ± 0.01
0.39 ± 0.03
0.32 ± 0.10
0.26 ± 0.06

4h

Tc(CO)3-Pz2-βAlaNleCycMSHhex

9.90 ± 1.10
1.82 ± 0.05
23.97 ± 3.67
8.24 ± 1.04
7.67 ± 0.66
2.85 ± 0.16
7.16 ± 1.47
24.86 ± 1.80
0.49 ± 0.05
0. 99 ± 0.09
2.92 ± 0.72
0.76 ± 0.05

99m

11.31 ± 1.83
1.67 ± 0.24
22.86 ± 1.17
8.45 ± 0.76
2.24 ± 0.37
0.48 ± 0.07
1.54 ± 0.16
32.12 ± 1.57
0.19 ± 0.08
0.70 ± 0.13
0.88 ± 0.46
0.39 ± 0.10

4h

Coinjection of the radioconjugate with NDP-MSH.

total excretion (%)

tumor
9.26 ± 0.83
blood
2.71 ± 0.64
liver
42.19 ± 5.05
intestine
5.17 ± 0.91
spleen
2.54 ± 0.28
heart
1.04 ± 0.19
lung
3.85 ± 0.46
kidney
71.06 ± 6.44
muscle
0.35 ± 0.07
bone
1.14 ± 0.19
stomach
1.97 ± 0.75
pancreas
0.73 ± 0.32
Tumor:Normal Tissue Uptake Ratio
tumor:blood
3.4
tumor: muscle
26.5
tumor:kidney
0.13
tumor:liver
0.22

tissue/organ

1

Tc(CO)3-Pz βAlaNleCycMSHhex12

99m

73.9 ± 1.9

18.2
73.9
1.53
3.99

±
±
±
±
±
±
±
±
±
±
±
±
0.53
0.01
0.17
0.31
0.03
0.09
0.09
0.28
0.01
0.06
0.00
0.00

69.7 ± 1.7

8.5
83.0
1.4
2.2

4.15
0.49
1.87
1.60
0.24
0.24
0.24
2.97
0.05
0.16
0.07
0.09

4h

a

63.4 ± 8.3

1.69 ± 0.02
0.84 ± 0.10
4.33 ± 0.25
0.99 ± 0.36
0.83 ± 0.41
0.51 ± 0.08
0.57 ± 0.65
13.03 ± 1.19
0.25 ± 0.07
0.45 ± 0.11
1.08 ± 0.17
0.43 ± 0.08

1 h with NDP

Tc(CO)3-Pz3-βAlaNleCycMSHhex

11.82 ± 3.91
0.65 ± 0.14
2.96 ± 1.15
0.84 ± 0.26
0.44 ± 0.05
0.29 ± 0.02
0.78 ± 0.07
7.72 ± 1.33
0.16 ± 0.02
0.33 ± 0.02
1.12 ± 0.39
0.22 ± 0.02

1h

99m

% IA/g ± SD

74.3 ± 2.4

11.5
62
3.5
2.08

±
±
±
±
±
±
±
±
±
±
±
±

1.00
0.06
0.23
0.54
0.08
0.03
0.03
0.14
0.02
0.01
0.07
0.02

83.7 ± 2.8

15
153.7
7.1
2.89

6.15
0.41
2.13
3.87
0.28
0.15
0.31
0.87
0.04
0.11
0.18
0.07

4h

±
±
±
±
±
±
±
±
±
±
±
±

0.46
0.64
1.46
0.37
0.73
0.40
0.83
4.29
0.30
0.25
0.11
0.17

36.2 ± 22.6

2.35
2.80
6.69
1.81
1.77
1.41
2.65
9.83
0.69
0.93
1.69
0.98

1 h with NDPa

Tc(CO)3-Pz4-βAlaNleCycMSHhex

10.55 ± 1.83
0.92 ± 0.05
5.08 ± 0.12
2.28 ± 0.11
0.65 ± 0.04
0.33 ± 0.11
0.91 ± 0.19
2.98 ± 0.59
0.17 ± 0.01
0.43 ± 0.20
1.32 ± 0.38
0.16 ± 0.02

1h

99m

Table 2. Biodistribution Studies of 99mTc(CO)3-Pz1-βAlaNleCycMSHhex−99mTc(CO)3-Pz4-βAlaNleCycMSHhex in B16F1 Murine Melanoma-Bearing C57BL/6 Mice at 1 h and
4 h pi (n = 3−5)
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Figure 7. Planar scintigraphic images of B16F1 murine melanoma-bearing C57BL/6 mice injected with
99m
Tc(CO3)-Pz4-βAlaNleCycMSHhex at 1 h pi.

99m

Tc(CO3)-Pz3-βAlaNleCycMSHhex and

Figure 8. RP-HPLC γ traces of 99mTc(CO3)-Pz3-βAlaNleCycMSHhex (initial preparation), blood serum (A), and urine samples (B) collected 1 h and
4 h after injection.

Indeed, the absence of the methyl groups in the azolyl ring of
Tc(CO)3-Pz2-βAlaNleCycMSHhex not only reduced signiﬁcantly the kidney and liver accumulation (87% and 69%,
respectively, at 4 h pi) but also increased the total activity
excreted by urinary route (51%, at 4h pi) when compared with
99m
Tc(CO)3-Pz1-βAlaNleCycMSHhex. Nevertheless, the pharmacokinetic proﬁle of 99mTc(CO)3-Pz2-βAlaNleCycMSHhex
was not still adequate for eﬃcient melanoma imaging due to
a reasonable accumulation of the radiopeptide in the liver and
kidney (4.02 ± 0.17 and 7.09 ± 0.42% IA/g, respectively) at 4 h
pi.
The radiopeptides 99mTc(CO)3-Pz3-βAlaNleCycMSHhex and
99m
Tc(CO)3-Pz4-βAlaNleCycMSHhex presented a striking
kidney and liver uptake reduction (>90%, at 4 h pi) upon
comparison with 99mTc(CO)3-Pz1-βAlaNleCycMSHhex. Moreover, the overall radioactivity elimination of both radiopeptides
occurred mainly through the renal pathway, and the wholebody clearance was faster than that observed for 99mTc(CO)3Pz 1 -βAlaNleCycMSH hex , or 99m Tc(CO) 3 -Pz 2 -βAlaNleCycMSHhex. This shift from hepatobiliary toward renal

to serum-based proteins or amino acids and/or reoxidation to
99m
Tc(VII).
Internalization studies in murine B16F1 melanoma cells have
sho wn t hat cellular upt ake of 9 9 m Tc(CO) 3 -Pz 2 βAlaNleCycMSHhex−99mTc(CO)3-Pz4-βAlaNleCycMSHhex was
MC1R-mediated, suggesting that the aﬃnity of the radiopeptides was preserved upon radiometalation. Indeed, the
radiopeptides displayed high level of time-dependent internalization in murine B16F1 melanoma cells which was strongly
inhibited (92−99%) by receptor saturation with NDP-MSH
(IC50 = 0.21 nM).
The in vivo MC1R-targeting properties of the radiopeptides
were evaluated in B16F1 melanoma-bearing mice. High
melanoma uptake (ca. 10% IA/g) was observed for all
radiopeptides at 1 h pi, being the values comparable to the
one found for the previously reported radiopeptide 99mTc(CO)3-Pz1-βAlaNleCycMSHhex (9.26 ± 0.83% IA/g).12 However, the structural modiﬁcation in the azolyl ring substitution
pattern of the chelator had a profound eﬀect on the
pharmacokinetic proﬁle of the radiopeptides.

99m

1968
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excretion pathway as well as the faster clearance of 99mTc(CO)3-Pz3-βAlaNleCycMSHhex and 99mTc(CO)3-Pz4-βAlaNleCycMSHhex could be ascribed to a reduction of the net positive
charge of the radiopeptides due to the presence of a carboxylate
group in the pyrazolyl ring of the chelator.
The favorable biodistribution proﬁle of 99mTc(CO)3-Pz3βAlaNleCycMSHhex and 99mTc(CO)3-Pz4-βAlaNleCycMSHhex
allowed a clear visualization of ﬂank melanoma lesions in
tumor-bearing mice by SPECT-imaging at 1 h pi. Moreover, an
enhanced tumor-to-kidney and tumor-to-liver ratios for both
compounds generated high contrast between tumor and
background.
In comparison with lactam bridge-cyclized radiopeptides
reported by others, 99mTc(CO)3-Pz3-βAlaNleCycMSHhex and
99m
Tc(CO)3-Pz4-βAlaNleCycMSHhex presented lower tumor
uptake and tumor/liver ratios values than 67Ga-NOTAGlyGlyNle-CycMSHhex. However, very high tumor/kidney
ratios values were found at 4 h pi for 99mTc(CO)3-Pz4βAlaNleCycMSHhex (7.1). Indeed, this radiopeptide presented
a 2.4−50-fold enhancement of tumor:kidney ratios when
compared with other lactam-based cyclic radiopeptides, like
111
In-DOTA-Nle-CycMSHhex (1.70), Ac-GluGlu-CycMSH[DOTA]-111In (0.14), 111In-DOTA-GlyGlyNle-CycMSHhex
(2.73), 111In-DOTA-GlyGluNle-CycMSHhex (0.85), 67GaDOTA-GlyGlu-CycMSH (0.36), 67Ga-DOTA-GlyGlyNle-CycMSHhex (2.98), and 67Ga-NOTA-GlyGlyNle-CycMSHhex
(2.40), at 4 h pi.7−10,28

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).
Reverse Phase High Performance Liquid Chromatography
Analysis. HPLC analyses were performed on a Perkin-Elmer LC
pump 200 coupled to a Shimadzu SPD 10AV UV/vis and to a
Berthold-LB 509 radiometric detector. Analytical control of the BFC’s
was achieved using an analytical Macherey-Nagel C18 reversed-phase
column (Nucleosil 100−10, 250 mm × 4 mm) with a ﬂow rate of 1.0
mL min−1, while puriﬁcation of the complexes was achieved using a
semipreparative Macherey-Nagel C18 reversed-phase column (Nucleosil 100−7, 250 mm × 8 mm) with a ﬂow rate of 2.0 mL min−1
(gradient A), respectively. UV detection: 220 nm. Analytical control
and semipreparative puriﬁcations of the βAlaNleCycMSHhex and
peptide conjugates was achieved on Supelco Discovery Bio Wide Pore
C18 (250 mm × 4.6 mm, 5 μm) and Supelco Discovery Bio Wide
Pore C18 (250 mm × 10 mm, 10 μm)) with a ﬂow rate of 1.0 mL
min−1 or 2.0 mL min−1 (gradient B), respectively.
Analytical control and semipreparative puriﬁcations of 99mTc(CO)3labeled α-MSH analogues were done on a Hypersil ODS column
(250/4 mm, 10 μm) and Hypersil ODS column (250/8 mm, 10 μm)
eluted with ﬂow rate of 1.0 mL min−1 and 3.0 mL min−1 and using
gradients C and D, respectively.
Applied Binary Gradients. Gradient A (mobile phase A, TFA
0.1%; mobile phase B, MeOH) 0−3 min, 0% B; 3−3.1 min, 0−25% B;
3.1−9 min, 25% B; 9−9.1 min, 25−34% B; 9.1−20 min, 34−100% B;
20−25 min, 100% B; 25−25.1, 100−0% B; 25.1−30 min, 0% B.
Gradient B (mobile phase A, TFA 0.1%; mobile phase B, CH3CN
0.1% TFA) 0−50 min, 10−95% B; 50−50.1, 95−100% B; 50.1−54
min, 100% B; 54−55 min, 100−10% B; 55−60 min, 10% B.
Gradient C (mobile phase A, 0.5% TFA; mobile phase B, CH3CN
0.5% TFA) 0−18 min, 15−100% B; 18−20 min, 100−15% B; 20−30
min, 15% B.
Gradient D (mobile phase A, 0.5% TFA; mobile phase B, CH3CN
0.5% TFA) 0−5 min, 15−30% B; 5−10 min, 30% B; 10−25 min 30−
60% B, 25−28 min 60% B; 28−30 min 60−15% B.
Synthesis of Pz(Boc) Derivatives. Synthesis of 4-((2-(1HPyrazol-1-yl)ethyl)(2-(tert-butoxycarbonylamino)ethyl)amino)butanoic Acid (Pz2(Boc)). Compound was prepared from precursor 1
as described elsewhere.23 IR (KBr, cm−1): 3421s, 1698 s, 1627s and
1575s. 1H NMR (300 MHz, CDCl3) δH: 7.47 (dd, Hpza/c, 1H), 7.43
(dd, Hpza/c, 1H), 6.19 (s, Hpzb, 1H), 5.06 (br s, NHBoc, 1H), 4.15 (t,
CH2d, 2H), 3.02 (t, CH2g, 2H), 2.86 (t, CH2e, 2H), 2.46 (d, CH2f+h,
4H), 2.14 (br s, CH2j, 2H), 3.12), 1.61 (br s, CH2i, 2H), 1.40 (s, CH3,
9H). 13C NMR (75.3 MHz, CDCl3) δC: 184.7 (CO), 173.2 (CO),
142.9 (Cc), 135.6 (Ca), 122.4 (Cpz), 83.1 (C(CH3)) 55.2 (Cj), 54.6
(Cf), 52.3 (Ce), 50.1 (Cd), 39.1 (Cg), 37.1 (Ch), 29.7 (C(CH3)), 24.3
(Ci). RP-HPLC (220 nm, gradient A): 99% (tR = 16.3 min). ESI-MS
(+) (m/z): 341.1 [M + H]+, calcd for C16H28N4O4 = 340.2.
Synthesis of 1-(2-((2-(tert-Butoxycarbonylamino)ethyl)(3carboxypropyl)amino)ethyl)-1H-pyrazole-4-carboxylic Acid
(Pz3(Boc)). Synthesis of Ethyl 1-(2-((2-(tert-Butoxycarbonylamino)ethyl)(4-ethoxy-4-oxobutyl)amino)ethyl)-1H-pyrazole-4-carboxylate (5). The precursor 2 already described elsewhere (0.54 g, 1.7
mmol),23 ethyl 4-bromobutanoate (0.65 g, 2.4 mmol), K2CO3 (0.42 g,
2.4 mmol), and a catalytic amount of KI were dissolved in acetonitrile
(20 mL) and allowed to reﬂux for 18 h. The solution was ﬁltered and
vacuum-dried, and the obtained residue was puriﬁed by ﬂash
chromatography (silica gel, dichloromethane/methanol, 0−5%), giving
5 as a yellowish oil, after removal of the solvent from the collected
fractions. Yield: 69% (0.5 g, 1.1 mmol). IR (KBr, cm−1): 3424 s, 1690
s, 1561s and 1414s. 1H NMR (300 MHz, CDCl3) δH: 7.92 (s, Hpz,
1H), 7.89 (s, Hpz, 1H), 5.01 (br s, NHBoc, 1H), 4.21 (t, CH2d, 2H),
4.12 (q, OCH2CH3, 4H), 3.05 (q, CH2e, 2H), 2.51 (s, CH2f, 2H), 2.44
(q, CH2h, 2H), 2.13 (t, CH2j, 2H), 1.58 (t, CH2i, 2H), 1.42 (s, CH3,
9H), 1.29 (q, OCH2CH3, 6H). 13C NMR (75.3 MHz, CDCl3) δC:
173.1 (CO), 162.5 (CO), 155.9 (CO), 140.6 (Cc), 131.7 (Ca), 115.3
(Cpz), 80.5 (C(CH3)), 62.1(CH2CH3), 61.8 (CH2CH3), 59.6 (Ch),

■

CONCLUSION
Taken together, the results highlight the ability of diﬀerent
pyrazolyl-diamine-type chelators to tune the pharmacokinetic
properties of 99mTc(CO)3-labeled peptides, namely α-MSH
derivatives, without compromising their in vitro and in vivo
targeting properties. Indeed, this study demonstrated that
structural modiﬁcations on the chelating system, particularly
the introduction of carboxylate groups shifts the excretion
pathway of a radiopeptide from mainly hepatobiliar toward
mainly renal and, simultaneously, improves notably tumor-tonontarget-organs ratios. The relevant biological properties of
99m
Tc(CO)3-Pz3-βAlaNleCycMSHhex and 99mTc(CO)3-Pz4βAlaNleCycMSHhex demonstrated at the preclinical level,
namely the good tumor uptake and favorable tumor-tonontarget-organs ratios highlights the potential usefulness of
both compounds as melanoma imaging agents. Additionally,
other improvements based on structural modiﬁcations can still
be envisaged due to the versatility of the chelating system.

■

EXPERIMENTAL SECTION

Material and Methods. All the Fmoc-amino acids were a gift
from CEM while Fmoc-Asp(Dmab), and Fmoc-Lys(ivDde), Rink
Amide resin, and HATU were purchased from Novabiochem (Merck,
Lisbon, Portugal).
1
H and 11C NMR spectra of the BFCs were recorded at room
temperature on a Varian Unity 300 MHz spectrometer. 1H and 13C
chemical shifts were referenced with the residual solvent resonances
relatively to tetramethylsilane. The spectra were assigned based on 2D
experiments (1H−1H correlation spectroscopy, COSY). Assignments
of the 1H and 13C NMR peaks are given in accordance with the
identiﬁcation system shown in Scheme 1. Infrared spectra were
recorded as KBr pellets on a Bruker Tensor 27 spectrometer. The
purity of all tested compounds was ≥95%, as conﬁrmed by HPLC
analysis.
NDP-MSH was purchased from Neosystem (Strasbourg, France).
Bovine serum albumin (BSA) was purchased from Sigma. Dulbecco’s
1969
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washed with ice cold ether, yielding βAlaNleCycMSHhex as a white
solid. The peptide was suspended in water, lyophilized, and
characterized by ESI-MS (calculated m/z for [M + H]+, 1052.6;
found, 1053.6). RP-HPLC (220 nm, gradient B): 99% (tR = 16.5 min).
Synthesis of the Peptide Conjugates. The peptide conjugates
Pz2-βAlaNleCycMSHhex−Pz4-βAlaNleCycMSHhex were prepared using
the following procedure: approximately 800 μg of peptide were
dissolved in N,N-diisopropylethylamine (20 μL)/dimethylformamide
(250 μL) before added Pz2(Boc), Pz3(Boc) or t-Bupz4(Boc) (2.5
equiv) preincubated for 30 min with HATU (1.1 equiv relative to each
carboxylic group). After stirring for 3 h at room temperature, the
reaction mixture was puriﬁed by semipreparative RP-HPLC (gradient
B). The peptide conjugates were characterized by ESI-MS (Table 1)
after removal of the Boc protecting group with standard cocktail (95%
TFA, 2.5% TIS, 2.5% H2O), precipitation with ice-cold diethyl ether,
and lyophilization.
Structural Characterization of Peptide Conjugate. NMR
samples of Pz3 and Pz3-βAlaNleCycMSHhex were prepared by
dissolving the lyophilized compounds, ∼5 mg and ∼0.65 mg,
respectively, in 0.5 mL of H2O/D2O (9:1 v/v). pH was adjusted to
2.5 by adding minimal amounts of NaOD or DCl, measured with a
glass microelectrode, and not corrected for isotope eﬀects. Sodium 2,2dimethyl-2-silapentane-5-sulfonate (DSS) was added as an internal
reference. NMR spectra of Pz3 and Pz3-βAlaNleCycMSHhex were
acquired at 25 °C on a Bruker AV-600 spectrometer operating at a
proton frequency of 600.13 MHz and equipped with a cryoprobe.
Two-dimensional spectra, i.e., 1H−1H phase-sensitive correlated
spectroscopy (COSY), total correlated spectroscopy (TOCSY), and
rotating frame nuclear Overhauser spectroscopy (ROESY), as well as
1
H−13C and 1H−15N heteronuclear single quantum coherence spectra
(HSQC) at natural heteronuclear abundance, were recorded as
previously reported.29 TOCSY spectra were acquired using 60 ms
DIPSI2 with z ﬁlter spin-lock sequence and ROESY mixing time was
200 ms. For each sample, two diﬀerent 1H−13C-HSQC spectra were
acquired, one optimized for aliphatic 1JC−H coupling constants and the
other for 1JC−H of aromatic rings (pyrazole, His, Trp, and DPhe). Data
were processed using the standard TOPSPIN program (Bruker
Biospin. Karlsruhe, Germany). 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 0.25144953 and 0.101329118, respectively.30 NMR
spectra were analyzed using the Sparky program.31
Radiolabeling with 99mTc(I). Na[99mTcO4] was eluted from a 99
Mo/99mTc generator, using 0.9% saline. The precursor fac-[99mTc(CO)3(H2O)3]+ was prepared using the Isolink kit and its radiochemical purity checked by RP-HPLC.
Complexes 99mTc(CO3)-Pz2-βAlaNleCycMSHhex−99mTc(CO3)-Pz4βAlaNleCycMSHhex were obtained by reaction of peptide conjugates
Pz2-βAlaNleCycMSHhex−Pz4-βAlaNleCycMSHhex with fac-[99mTc(CO)3(H2O)3]+, respectively. Brieﬂy, the peptide conjugates were
labeled after a solution of fac-[99mTc(CO)3(H2O)3]+ (900 μL) was
added to a capped vial, previously ﬂushed with N2, containing Pz2βAlaNleCycMSHhex−Pz4-βAlaNleCycMSHhex (100 μL, 5 × 10−4 M).
The mixture reacted for 30 min, at 90 °C, and the radiochemical purity
of 99mTc(CO3)-Pz2-βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex was checked by RP-HPLC (gradient C), using an
analytical C-18 reversed-phase column. The radiolabeled compound
was puriﬁed by semipreparative RP-HPLC (gradient D). The activity
corresponding to 99mTc(CO)3−peptide conjugates was collected in a
50 mL Falcon ﬂask, containing 200 μL of PBS with 0.2% BSA, and
purged with N2 gas for 20 min to remove the acetonitrile. The pH of
the ﬁnal solution was adjusted to 7.4 with 0.1 M NaOH for
biodistribution and internalization studies. The product was controlled
by analytical RP-HPLC (gradient D) to conﬁrm its purity and stability
after puriﬁcation and evaporation.
Cysteine and Histidine Challenge. Aliquots of the 99mTc(CO3)2
Pz -βAlaNleCycMSHhex−99mTc(CO3)-Pz4-βAlaNleCycMSHhex (100
μL) were added to 5 × 10−3 M cysteine or histidine solutions in
PBS pH 7.4 (400 μL). The resulting solutions were incubated at 37 °C

56.4 (Ce), 53.9 (Cf), 51.4 (Cd), 38.8 (Cg), 31.6 (Cj), 28.6 (C(CH3)),
24.4 (Ci), 14.2 (CH2CH3).
Synthesis of 1-(2-((2-(tert-Butoxycarbonylamino)ethyl)(3carboxypropyl)amino)ethyl)-1H-pyrazole-4-carboxylic Acid
(Pz3(Boc)). A solution of NaOH (0.18 g, 0.45 mmol) dissolved in a
mixture of H2O/THF was added to 5 (0.1 g, 0.22 mmol) in THF, and
the reaction mixture was stirred overnight at room temperature. After
neutralization with hydrochloric acid (1M) at 0 °C and solvent
evaporation under reduced pressure, the crude was puriﬁed through
Sep-Pack C-18 cartridge (water/methanol, 0−100%), giving Pz3(Boc)
as a colorless oil. Yield: 29% (0.03 g; 0.08 mmol). 1H NMR (300
MHz, D2O) δH: 7.84 (s, Hpz, 1H), 7.67 (s, Hpz, 1H), 4.16 (t, CH2d,
2H), 2.99 (m, CH2h/f, 4H), 2.55 (m, CH2e/g, 4H), 2.01 (s, CH2j, 2H),
1.56 (m, CH2i, 2H), 1.25 (s, CH3, 9H). 13C NMR (75.3 MHz, D2O)
δC: 184.7 (CO), 173.2 (CO), 160.1 (CO), 142.9 (Cc), 135.6 (Ca),
122.4 (Cpz), 83.1 (C(CH3)) 55.2 (Cj), 54.6 (Cf), 52.3 (Ce), 50.1 (Cd),
39.1 (Cg), 37.1 (Ch), 29.7 (C(CH3)), 24.3 (Ci). RP-HPLC (220 nm,
gradient A): 99% (tR = 15.1 min). ESI-MS (+) (m/z): 385.2 [M +
H]+, calcd for C17H28N4O6 = 384.2.
Synthesis of 4-((2-(4-(2-tert-Butoxy-2-oxoethyl)-3,5-dimethyl-1H-pyrazol-1-yl)ethyl)(2-(tert-butoxycarbonylamino)ethyl)amino)butanoic Acid (t-BuPz4(Boc)). Synthesis of Ethyl 4-((2-(4(2-tert-Butoxy-2-oxoethyl)-3,5-dimethyl-1H-pyrazol-1-yl)ethyl)(2(tert-butoxycarbonylamino)ethyl)amino)butanoate (6). The precursor 3 already described elsewhere (0.54 g, 1.7 mmol),26 (0.40 g,
1.00 mmol), ethyl 4-bromobutanoate (0.39 g, 2.00 mmol), K2CO3
(0.28, 2.00 mmol), and a catalytic amount of KI were dissolved in
acetonitrile (10 mL), and the resulting mixture allowed to reﬂux for 18
h. The solution was ﬁltered and vacuum-dried, and the residue was
puriﬁed by ﬂash chromatography (silica gel, ethyl acetate/methanol,
0−15%), giving 6 as a yellowish oil. Yield: 45% (0.23 g, 0.45 mmol).
1
H NMR (300 MHz, CDCl3) δH: 5.34 (br s, NHBoc, 1H), 4.07 (q,
OCH2CH3, 2H), 3.94 (t, CH2d, 2H), 3.18 (s, CH2b, 2H), 3.01 (q,
CH2j, 2H), 2.71 (t, CH2e, 2H), 2.37 (m, CH2i/CH2h, 4H), 2.15 (s,
CH3pz, 3H), 2.14 (s, CH3pz, 3H), 2.07 (t, CH2g, 2H), 1.76 - 1.66 (m,
CH2f, 2H), 1.37(s, CH3, 9H), 1.36 (s, CH3, 9H), 1.15 (q, OCH2CH3,
2H). 13C NMR (75.3 MHz, CDCl3) δC: 173.9 (CO), 171.2 (CO),
156.4 (CO), 146.6 (Cc), 137.1 (Ca), 109.9 (Cpz), 80.8 (C(CH3)), 79.1
(C(CH3)), 60.5 (CH2), 53.9 (CH2), 53.8 (CH2); 53.5 (CH2), 49.9
(CH2), 47.5 (CH2), 38.7 (CH2), 31.7 (CH2), 28.7 (C(CH3)), 28.2
(C(CH3)), 22.6 (CH2), 14.5 (CH3), 12.0 (CH3pz), 10.0 (CH3pz).
4-((2-(4-(2-tert-Butoxy-2-oxoethyl)-3,5-dimethyl-1H-pyrazol-1yl)ethyl)(2-(tert-butoxycarbonylamino)ethyl)amino)butanoic Acid
(t-BuPz4(Boc)). A solution of 6 (0.23 g, 0.45 mmol) and excess
NaOH (0.75 g, 2.10 mmol) in H2O/THF were stirred overnight, at
room temperature. After neutralization with HCl 1 M at 0 °C and
solvent evaporation under reduced pressure, the residue was puriﬁed
by ﬂash chromatography (silica gel, dichloromethane/methanol, 0−
20%), giving t-BuPz4(Boc) as a white solid. Yield: 67% (0.14 g; 0.29
mmol). 1H NMR (300 MHz, CDCl3) δH: 4.08 (t,CH2d, 2H), 3.21 (s,
CH2b, 2H), 3.04 (q, CH2e, 2H), 2.83 (t, CH2g, 2H), 2.57 (t, CH2f, 2H),
2.49 (t, CH2h, 2H), 2.36 (t, CH2j, 2H), 2.1 (s, CH3pz, 3H), 2.03 (s,
CH3pz, 3H), 1.86 (t, CH2i, 2H), 1.24 (s, CH3, 18H). 13C NMR (75.3
MHz, CDCl3) δC: 189.8 (CO), 187.6 (CO), 165.1 (CO), 154.5 (Cc),
145.9 (Ca), 119.4 (Cpz), 81.0 (C(CH3)3), 79.1 (C(CH3)3), 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 = 19.9 min). ESI-MS (+) (m/z): 483.7 [M +
H]+, calcd for C24H42N4O6 = 482.6.
Synthesis of βAlaNleCycMSHhex. The linear sequence FmocAsp(Dmab)-His(Trt)-DPhe-Arg(Pbf)-Trp(Boc)-Lys(ivDde)-NH2 was
assembled to MBHA Rink Amide resin by Fmoc-based solid phase
peptide synthesis (SPPS) in a CEM 12-channel automated peptide,
while βAlaNleCycMSHhex was obtained through the synthetic route
described in the literature.11 After cleavage from the resin and
semipreparative RP-HPLC (gradient B) puriﬁcation, the FmocβAlaNleCycMSHhex was obtained as a white solid that was
characterized by ESI-MS (calculated m/z for [M + H]+, 1275.6;
found:, 1275.6). RP-HPLC (220 nm, gradient B): 99% (tR = 25.8
min). The protected peptide was treated with solution of 20%
piperidine in DMF and after solvent evaporation the residue was
1970
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for 24 h and analyzed by analytical RP-HPLC using the method
described in the chromatographic section.
Partition Coeﬃcient. Partition coeﬃcient was evaluated by the
“shake-ﬂask” method.24 The radioactive peptide conjugate was added
to a mixture of octanol (1 mL) and 0.1 M PBS pH 7.4 (1 mL),
previously saturated with each other by stirring. This mixture was
vortexed and centrifuged (3000 rpm, 10 min) to allow phase
separation. Aliquots of both octanol and PBS 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.
In Vitro Stability. The in vitro stability of the radiopeptides was
determined in human serum. The 99mTc-labeled complex (100 μL,
≈10 MBq) was added to human serum (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-SG (5% 6 N HCl in MeOH).
Cell Culture. B16F1 murine melanoma cells (ECACC, England,
UK) were grown in DMEM containing GlutaMax I supplemented with
10% heat-inactivated fetal bovine serum and 1% penicillin/
streptomycin antibiotic solution (all from 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 (GibcoInvitrogen) and seeded further apart.
[125I]NDP-α-MSH. Radioiodination of NDP-α-MSH with 125I was
performed by the chloramine-T method.26 Preceding each binding
experiment, an additional puriﬁcation was performed by RP-HPLC.26
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 200000 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. Cellsurface-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 at 1 and 2 h, a
parallel study was performed using the potent agonist NDP-MSH (3.5
μg/well) for saturating the MC1R.
To determine the retention properties of the internalized
radioconjugates, B16F1 cells were ﬁrst incubated with the radioligands
for 3 h at 37 °C to allow internalization. The cells were washed with
cold assay medium (to stop the internalization) and with acid buﬀer
(to remove the membrane-bound radioactivity). Finally, the cells were
incubated with culture medium (0.5 mL) during 4 h at 37 °C. At
diﬀerent time points (10 min, 1, 2, 3, and 4 h), the radioactivity
released in the medium (externalized radioactivity) as well as the
radioactivity retained in the cells (lysed with NaOH, 1M) was
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 melanomabearing 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 12 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 were killed by cervical dislocation at 1 and 4 h after injection.
The dose administered and the radioactivity in the killed animals was
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, 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 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 animals were killed,
ﬁltered through a Millipore ﬁlter (0.22 μm), and also analyzed by RPHPLC. The speciﬁcity of tumor uptake for 99mTc(CO3)-Pz3βAlaNleCycMSHhex and 99mTc(CO3)-Pz4-βAlaNleCycMSHhex was
determined by coinjecting 20 μg (12.1 nmol) of unlabeled NDPMSH, which is a well-known linear α-MSH analogue with picomolar
MC1R binding aﬃnity.
In Vivo Stability. The stability of the complexes was assessed by
RP-HPLC analysis of urine and serum, under identical conditions to
those used for analyzing the original radiopeptides. Tissue (kidney,
liver, and tumor) homogenates were used to further assess the stability
of radiopeptides in the presence of cellular enzymes. The samples were
taken 1 and 4 h after injection. The urine collected at the time the
mice were killed was ﬁltered through a Millex GV ﬁlter (0.22 μm)
before analysis. Blood collected from the mice was centrifuged at 3000
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 3000 rpm for 15 min at 4 °C, the supernatant
was collected and analyzed by RP-HPLC. Liver, kidney, and tumor
were homogenized with a glass-homogenizer (Potter) in 50 mM Tris
buﬀer with 0.2 M sucrose, pH 7.4. The homogenate was then
centrifuged at 4 °C (20000g for 10 min). The supernatant was treated
with ethanol in a 1:1 (v/v) ratio to precipitate the proteins, centrifuged
again, and the resulting supernatant injected into the HPLC.
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α-MSH, Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-LysPro-Val-NH2; DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10tetraacetic acid; NOTA, triazacyclononane-1,4,7-triacetic acid;
SPECT, single-photon emission computed tomography; % IA/
g, percentage injected activity per gram; pi, post injection; BFC,
bifunctional chelator; Boc, tert-butyloxycarbonyl; t-Bu, tertbutyl; RP-HPLC, reverse-phase high performance liquid
chromatography; ESI-MS, ionization−mass spectrometry;
HATU, 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexaﬂuorophosphate; DIPEA, diisopropylethylamine;
TIS, triisopropylsilane; ROE, rotating frame Overhauser eﬀect;
NDP-α-MSH, Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-GlyLys-Pro-Val-NH2; DMEM, Dulbecco’S Modiﬁed Eagle’S
Medium; SPPS, solid-phase peptide synthesis; Fmoc, ﬂuorenylmethoxycarbonyl; Po/w, partition coeﬃcient
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