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Resumo

O melanoma € um tipo de cancro da pele que apesar de corresponder apenas a
cerca de 4 a 5% dos casos, é responsavel por mais de 75% das mortes associadas a este
tipo de patologia. E um dos tumores malignos mais agressivos devido & elevada
probabilidade de metastizacdo, em particular para o sistema linfatico, e consequente
disseminacdo para diferentes 6rgdos e tecidos. O tratamento do melanoma em fases
iniciais apresenta elevadas taxas de cura mas as terapias existentes para as fases mais
avancadas sao pouco eficazes.

Neste contexto, o aparecimento de novos radiofdrmacos especificos podera
contribuir para a detec¢do precoce e estadiamento desta patologia, bem como do
processo de metastizacdo permitindo definir o tipo de terapia a adoptar pelo clinico.
Assim, o trabalho apresentado nesta tese tem como objectivo principal a concepcéo de
novas sondas de *™Tc(l) potencialmente Uteis para a visualizag&o in vivo de receptores
da melanocortina do sub-tipo 1 (MC1R) sobreexpressos no melanoma e metastases,
bem como dos receptores de manose (MR) expressos em macréfagos do sistema
linfatico e geralmente associados ao processo de metastizacdo de tumores primarios. O
melanoma apresenta uma elevada probabilidade (cerca de 80%) de disseminagdo
linfatica sendo o primeiro ganglio linfatico envolvido neste processo designado por
ganglio sentinela. A sua deteccdo através do alvejamento dos MR e posterior excisao €
importante ndo s6 para 0 seu estadiamento, como também para a definicdo da
terapéutica.

Para alcancar os objectivos definidos, conceberam-se sondas radioactivas
especificas contendo a unidade fac-[*™Tc(CO)s]" estabilizada por ligandos bifuncionais
tridentados com a unidade quelante do tipo pirazolo-diamina (L1-L3, L10-L12), sendo

a sua formula geral apresentada na Figura 1.
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Figura 1. Ligandos bifuncionais com a unidade quelante pirazolo-diamina para

coordenacao ao metal e conjugacao a biomoléculas (BM).

Esta unidade é adequada para a estabilizacdo do fragmento organometalico fac-
[M(CO);]" (M = ®™Tc, Re), enquanto a presenca de grupos carboxilato pendentes
permite a conjugacdo de biomoléculas capazes de reconhecer receptores especificos,
nomeadamente o MC1R ou 0 MR.

Na tentativa de se obterem sondas radioactivas especificas para 0 MC1R com
elevada acumulacdo no tumor e um perfil farmacocinético adequado, conceberam-se
trés estratégias que envolveram a preparacdo de analogos lineares e ciclicos da hormona
de estimulacdo do crescimento dos melandcitos (a-MSH), péptido enddégeno cuja
principal funcdo esta relacionada com a estimulacdo da melanogénese através de
interacgdo com 0 MC1R. Como anélogo linear da a-MSH considerou-se 0 NAPamide
(Ac-Nle-Asp-His-DPhe-Arg-Trp-Gly-Lys-NH,) enquanto que SNBA-MSHpex (C[S-
NO,-CgH3-CO-His-DPhe-Arg-Trp-Cys]-Lys-NH;), NNBA-MSHex (C[NH-NO,-CgHs-
CO-His-DPhe-Arg-Trp-Lys]-Lys-NH,) e o BAlaNlecycMSHex (BAla-Nle-c[Asp-His-
DPhe-Arg-Trp-Lys]-NH,;) foram os analogos ciclicos sintetizados. Na primeira
estratégia, descrita no capitulo 2 da tese, prepararam-se conjugados homobivalentes (L5
e L6) e os correspondentes complexos organometélicos do tipo fac-[M(CO)s(x>-L)]* (M
= Re/*™Tc; Re5/Tc5, L = L5; Re6/Tc6, L = L6) contendo duas unidades do péptido
NAPamide separadas entre si por uma cadeia de nove (L5, Tc5 e Re5) ou catorze
atomos (L6, Tc6 e Re6). A afinidade dos conjugados homobivalentes para 0 MC1R
(L5: ICs0 = 0.04 £ 0.02 nM e L6: ICsp = 0.16 + 0.21 nM) é maior do que a observada
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para 0 composto monovalente (L4: ICs, = 0.66 + 0.13 nM) e a sua coordenacao a
unidade fac-[Re(CO)3]" ndo afectou substancialmente a capacidade de reconhecimento
do alvo (Re5: ICsp = 0.15 + 0.08 nM e Re6: IC5y = 1.14 + 1.13 nM). Os radiopéptidos
Tc5 e Tc6, preparados por reaccdo dos conjugados L5 e L6 com o precursor fac-
[®™Tc(CO)s(H,0)s]", foram caracterizados por comparagdo, em cromatografia liquida
de alta eficiéncia (HPLC), com os congéneres de rénio Re5 e Re6. Os radiopéptidos
apresentaram uma rapida internalizagdo mediada pelo MC1R em células de melanoma
murino B16F1. Estudos de biodistribuigdo em ratinhos com melanoma induzido por
células B16F1 revelaram baixa acumulacdo dos radiopéptidos no tumor (< 3.02 £ 0.27
% Al/g) com elevada fixa¢do nos rins (> 33.2 £ 3.3 % Al/g), demonstrando que a
aproximacao bivalente para alvejar o MC1R in vivo ndo é superior a monovalente.

Na segunda estratégia, apresentada no capitulo 3 da tese, prepararam-se
analogos da a-MSH ciclizados via ligacdo tioeter (SNBA-MSH1.,e,) ou amina (NNBA-
MSHex) que por conjugacdo ao ligando bifuncional L1 originaram os conjugados
peptidicos L7 e L8, respectivamente. A conjugacdo do complexo fac-[Re(CO)s(k>-
L1)]" (Rel), obtido por reaccdo de L1 com fac-[Re(CO)s(H20)3]", a SNBA-MSHey €
NNBA-MSHje originou os compostos Re7 e Re8, respectivamente. A baixa afinidade
demonstrada por estes compostos para 0 MC1R (SNBA-MSHye: I1C5 = 1800 + 500
NM; NNBA-MSH e, IC50 =51 + 12 nM; L7: 1C50 = 430 £ 0.1 nM; L8: I1C50 = 179 + 39
nM; Re7: IC5 = 690 + 2.5 nM; Re8: ICsp = 176 + 5 nM) reflecte-se também na fraca
acumulagdo no tumor (< 2.63 + 0.5 % Al/g) observada para os radiopéptidos
correspondentes Tc7 e Tc8 em ratinhos com melanoma induzido por células B16F1. Na
tentativa de compreender quais as propriedades estruturais dos derivados peptidicos
sintetizados que afectam a capacidade de reconhecimento do receptor, efectuou-se um
estudo por espectroscopia de ressonancia magnética nuclear (e.g. ‘H-'H g-COSY,
TCOSY, NOESY). Os resultados obtidos sugerem que a baixa afinidade dos compostos
parece estar relacionada com o efeito anisotropico, uma corrente electrénica que
desprotege os protdes da cadeia lateral da arginina, aminoacido essencial na interacédo
com o receptor, que, provavelmente limita a interaccdo com o MC1R. Este efeito foi
mais evidente para SNBA-MSHpe L7 e Re7. O estudo revelou ainda que a
conformacao estrutural do péptido SNBA-MSHy,ex em solucdo permanece intacta apds
conjugacdo ao quelato bifuncional e coordenacdo do conjugado resultante a unidade
fac-[Re(CO)3]".
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Na terceira estratégia, discutida no capitulo 4, tentamos melhorar o perfil
farmacocinético e aumentar a acumulacdo no melanoma do radiopéptido ciclico baseado
no analogo PAlaNlecycMSHpe. Numa primeira abordagem o péptido
BAlaNlecycMSHi,, foi conjugado ao quelato bifuncional L1 que contém grupos metilo
no anel heteroaromatico, originando L9. Por reaccdo de L9 com fac-
[®™Tc(CO)s(H.0)s]" obteve-se o radiopéptido do tipo fac-[*™Tc(CO)s(k>-L9)]" (Tc9)
cuja fixacdo tumoral e o perfil farmacocinético foram avaliado em ratinhos com
melanoma induzido por células B16F1. Tc9 apresentava elevada acumulagdo no tumor
(11.31 + 1.83 % Al/g) mas também nos orgdos de excrecdo (rins e figado), conduzindo
a uma relacdo tumor/orgdos nao alvo desfavoravel. Na tentativa de melhorar o seu perfil
farmacocinético, o péptido BAlaNlecycMSHyx foi conjugado ao ligando bifuncional
com a unidade quelante pirazolo-diamina contendo grupos metilo nas posic¢des 3/5 e um
grupo carboxilato na posicdo 4 do anel heteroaromatico (L3). O péptido foi ainda
conjugado a ligandos do mesmo tipo sem grupos substituintes no anel (L10) ou com um
grupo carboxilato na posi¢do 4 do anel (L11). Os conjugados peptidicos resultantes,
L13 - L15, apresentaram uma elevada afinidade para 0 MC1R (L13: I1Cso = 0.02 + 0.01
nM; L14: ICso = 0.04 £ 0.01 nM; L15: IC5y = 0.16 + 0.10 nM), comparavel a observada
para o péptido ndo conjugado BAlaNlecycMSHyx. Por reaccdo de L13 — L15 com fac-
[*™Tc(CO)3(H,0)s]" obtiveram-se os radiopéptidos do tipo fac-[*"Tc(CO)s(k>-L)]"
(Tc13, L = L13; Tcl4, L = L14; Tcl5, L = L15). De salientar que a determinacdo do
coeficiente de partilha num sistema octanol/tampéo fosfato (pH 7,4) revelou que os
compostos com grupo carboxilato na posicdo 4 do anel heteroaromatico (Tcl4 e Tclb)
apresentam uma natureza hidrofilica mais acentuada do que Tc9 e Tc13.

Todos os radiopéptidos (Tcl3-Tclb) apresentaram uma captacdo celular
significativa em células de melanoma murino B16F1 (> 10.8 £+ 0.3 % da actividade
total), sendo a sua internalizacao especifica e mediada pelo MC1R.

Estudos de biodistribuicdo em ratinhos com melanoma induzido por ceélulas
B16F1 evidenciaram uma elevada acumulagdo no tumor para Tcl3 — Tcl5 (> 9.90 +
1.10 Al/g, 1h p.i.). Destes radiopéptidos, os que possuem o grupo carboxilato no anel
heteroaromatico, Tc14 e Tcl5, apresentaram um perfil farmacocinético mais favoravel
pois foram rapidamente excretados, ndo se acumulando nos orgéos de excrecdo (rins e

figado). Este comportamento permitiu gerar imagens de grande contraste por tomografia
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por emissdo de fotdo Unico (SPECT) para detec¢do do melanoma em ratinhos (Figura
2).

Tcl4 Tcl5

Figura 2: Imagens planares cintigréficas de ratinhos com melanoma induzido por
células B16F1 injetados com Tcl4 e Tclb5.

Em conclusdo, das trés estratégias apresentadas, esta ultima foi a que apresentou
resultados mais promissores, sendo os compostos Tcl4 e Tcl5 potencialmente Uteis
para imagiologia do melanoma em humanos.

No capitulo 5 desta tese descreve-se a sintese e a caracterizacdo de conjugados
poliméricos de dextrano potencialmente Gteis para a deteccdo de MR expressos em
macrofagos no ganglio sentinela. Os conjugados L18 e L19 contém, respectivamente, 4
e 8 unidades quelantes do tipo pirazolo-diamina/mol dextrano para estabilizacdo do
fragmento organometélico fac-[M(CO)s]* (M = Re, *™Tc), bem como 13 unidades
manose/mol dextrano para detec¢do especifica in vivo dos MR por SPECT. Preparou-se
ainda o conjugado polimérico L20 por conjugacdo de 3 + 1 unidades de um fluoréforo a
L19. O conjugado resultante foi utilizado para preparar uma sonda bimodal para
deteccdo dos MR in vivo por SPECT e imagiologia dptica na regido do infravermelho
proximo.

Da reaccdo dos conjugados macromoleculares com 0s respectivos precursores

organometalicos obtiveram-se compostos do tipo fac-[M(CO)s(x*-L)]" (M = Re/*™Tc;
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Rel8/Tcl18, L = L18; Rel9/Tcl9, L = L19; Re20/Tc20, L = L20). A natureza
isoestrutural destes compostos foi confirmada por comparacdo do perfil cromatografico
(HPLC) dos polimeros radioactivos com o0s respectivos congéneres de rénio. A
caracterizagdo fisica de L18 — L20 e Re18 — Re20 através da técnica de disperséo de luz
dindmica (DLS) revelou que o didmetro hidrodindmico dos compostos aumenta de
acordo com a funcionalizacdo do polimero, apresentando os conjugados L18 — L20
dimensGes que variam entre 7,0 e 17,7 nm e o0s seus andlogos metalicos Rel8 — Re20
entre 8,4 e 22,5 nm.

As sondas radioactivas Tc18 e Tc19 apresentaram uma captacao significativa no
primeiro ganglio linfatico (> 3.87 + 0.63 % Al/orgdo) com uma acumula¢do minima nos
tecidos ndo alvo (< 1.81 + 0.46 % Al/orgdo) em ratos Wistar. Estes compostos
apresentaram igualmente uma retencdo especifica e prolongada no primeiro ganglio
linfatico, mediada pelo MR.

A sonda bimodal Tc20 apresentou valores elevados para a extrac¢do do primeiro

ganglio linfatico e semelhantes a Tc19 em ratos Wistar, permitindo a visualizacdo do

ganglio sentinela por SPECT e imagiologia Optica (Figura 3).

Figura 3: Imagens obtidas apos injec¢do de Tc20 em rato Wistar; A) Fusdo de imagem
de SPECT com tomografia computorizada; B) imagem de fluorescéncia na regido do
infravermelho préximo. 1S, local de injecdo; 1% LN, ganglio linfatico popliteo; 2™ LN,

ganglio linfatico inguinal.

Em conclusdo, o desenvolvimento de nanoparticulas radioactivas contendo unidades
manose apresentam resultados promissores para a deteccdo do ganglio sentinela por
SPECT e/ ou imagiologia Optica, sendo os compostos Tcl9 e Tc20 promissores para

futura avaliacdo biolégica em humanos.



Abstract

The work described in this thesis aimed at the development of M(l) (M = *™Tc,
Re) specific probes for the detection of malignant melanoma and sentinel lymph node
(SLN) through the in vivo targeting of membrane receptors. In the former case we have
designed M(CO)s-complexes stabilized by tridentate chelators containing a pyrazolyl-
diamine chelating unit (N,N,N donor atom set) and pendant a-melanocyte-stimulating
hormone (a-MSH) derivatives for targeting the melanocortin receptor 1 (MC1R), which
is overexpressed in melanotic and amelanotic human melanoma cells. Among the
various strategies described herein to improve both the MC1R targeting properties and
the biological profile of *™Tc-labeled o-MSH analogs, the chapter 2 of this thesis
focus on the design of homobivalent constructs containing two copies of a linear ao-
MSH analog (NAPamide) separated by linkers of different nature (L5, symmetric alkyl
chain; L6, asymmetric semirigid spacer) and length (L5, 9 atoms; L6, 14 atoms). The
MC1R-binding affinity of both peptide conjugates is significantly higher than that of the
monovalent conjugate L4. Metallation of L4 - L6 yielded complexes of the type fac-
[M(CO)3(3-L)]" (M = ®¥™Tc/Re; Tc4/Red, L = L4; Tc5/Re5, L = L5; Tc6/Re6, L =
L6), with the rhenium compounds presenting 1Cso values in the sub- and nanomolar
range, which are still better than or comparable to the ICs, values of the non-conjugated
NAPamide. The MC1R-mediated internalization of Tc5 and Tc6 in B16F1 melanoma
cells is higher than that of Tc4. However, biodistribution studies in melanoma-bearing
mice have shown low tumor uptake and significant accumulation of radioactivity in
kidneys. Moreover, no correlation between tumor uptake and valency was found.

Chapter 3 describes novel peptide conjugates (L7 and L8), which contain a
thioether (SNBA-MSHpex) or amine (NNBA-MSHy,) bridge-cyclized o-MSH analog,
respectively, and a pyrazolyl-diamine chelating unit. Metallation of L7 and L8 gave
complexes of the type fac-[M(CO)s(k*-L)]* (M = ®*™Tc/Re; Tc7/Re7, L = L7; Tc8/Re8,
L = L8). Competitive binding affinity assays demonstrated that the compounds
containing the alkylamine bridge-cyclized peptide moiety present lower ICs, values than
the one cyclized via the alkylthioaryl bridge. NMR structural analysis suggested that
such difference could be ascribed to an anisotropic effect arising from the interaction
between the Arg side chain and the surrounding aromatic residues in the pharmacophore
sequence (His-pPhe-Arg-Trp) of SNBA-MSH,ex, hampering a favorable interaction of
the peptide with the MC1R. NMR studies have also shown that the three-dimensional
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structural features of the peptide moiety were conserved upon conjugation to the
chelator and, most importantly, after metallation.

The chapter 4 of this thesis reports the impact of pyrazolyl-diamine chelators
with different azolyl-ring substitution patterns (carboxylate at the 4-position and methyl
groups at the 3,5 positions, L3; no substituent groups, L10; carboxylate at the
4-position, L11) on the MC1R-targeting properties and pharmacokinetic profile of a
9MTC(CO)s-labeled lactam bridge-cyclized o-MSH analog (BAlaNleCycMSHiey).
Conjugation of those bifunctional chelators to pAlaNleCycMSH, yielded the peptide
conjugates L13 — L15, which upon reaction with fac-[*"Tc(CO)s(H,0)s]" gave the
(radio)metallated compounds Tcl3 - Tcl5. Biodistribution studies in murine
melanoma-bearing mice have shown that all radiopeptides (Tc13 — Tcl15) presented a
good melanoma uptake (> 9.90 + 1.10 % IA/g). The introduction of a carboxylate group
in the azolyl-ring lead to a remarkable reduction of kidney (> 89 %) and liver (> 91 %)
uptake for Tcl4 and Tcl5, respectively, when compared to the lead radiopeptide Tc9,
which has methyl groups at the 3,5 positions of the azolyl-ring. The remarkable tumor
uptake and favorable tumor/non-target organs ratios of Tcl14 and Tc15 highlights the
potential of both compounds as melanoma imaging agents.

Chapter 5 reports the design, characterization and biological evaluation of
mannosylated dextran derivatives with pyrazolyl-diamine chelating units for sentinel
lymph node detection (SLND) through mannose receptor (MR) targeting. The
mannosylated dextran derivatives L18 and L19 contain, respectively, 4 and 8 chelating
units per mol of dextran to stabilize the fac-[M(CO)s]* moiety (M = Re, ®™Tc), as well
as 13 mannose units per mol of dextran for MR targeting. A bimodal probe for SLND
by SPECT and optical imaging in the near infrared (NIR) field is also reported in
chapter 5. L20 was prepared by conjugation of 3 to 4 fluorophore units to L19.
Metallation of L18 — L20 gave polymeric complexes of the type fac-[M(CO)s(k>-L)]"
(M = ¥™Tc/Re; Tc18/Rel8, L = L18; Tcl9/Rel9, L = L19; Tc20/Re20, L = L20).
Physical characterization of the mannosylated dextran derivatives has shown that the
hydrodynamic diameter and the zeta potencial of the nanoparticles were affected by
chemical modification. Indeed, the hydrodynamic diameter of L18 — L.20 are within the
range of 7.0 to 17.7 nm while the diameter of the respective metallated compounds
(Rel8 — Re20) is slightly higher, within the range 8.4 to 22.5 nm.

Biological evaluation of the polymeric radiotracers in Wistar rats has shown a
good accumulation in the popliteal (sentinel) node at 1 h p.i. (6.71 £ 2.35 % IA/organ,
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Tcl8; and 7.53 = 0.69 % IA/organ, Tc19), with significant retention up to 3 h, which is
mediated by MR. The high popliteal extraction value of Tc19 (94.47 + 2.45 % at 1 h
p.i.) highlights its potential as a very promising radiotracer to be further explored as
SLN imaging agent in humans. The biological evalution of Tc20 has shown that the
incorporation of a fluorophore into the nanoparticle did not not alter the
pharmacokinetic properties of the bimodal probe as compared to the radiotracer Tc19.
In fact, Tc20 and Tc19 presented high popliteal extraction value (89.66 + 0.03 % and
87.81 £ 3.75 %, respectively) at 3 h p.i. Furthermore, the biological evaluation of Tc20
demonstrated a perfect coregistration of the two signals, allowing nuclear and optical
imaging techniques to complement each other in the detection and excision of the

popliteal lymph node.
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Scope and Aim

Henri Becquerel discovered the natural radioactivity in potassium uranyl
sulphate in 1896. Almost fourty years later, Irene Curie and Frederic Joliot were the
first to report artificial radioactivity, identifying positron-emitting elements from the
bombardement of aluminum, boron, and magnesium targets with alpha particles from
polonium.

In the advent of these discoveries, George de Hevesy developed the fundamental
principles for the use of radioactive tracers to study physiological and chemical
processes.” However, only after major scientific and technological advances in
radioisotope production, imaging instrumentation and biology, those principles were
extended to the visualization of biological functions associated with a wide range of
pathologies, namely neurological disorders, cardiovascular diseases and cancer.

Positron Emission Tomography (PET) and Single Photon Emission Computed
Tomography (SPECT) are nowdays the embodiment of this concept, allowing
quantitative tracing of biochemical processes in vivo. This is only possible because
radioactive probes can be synthesized at high specific activity, enabling the use of tracer
concentrations to detect small-capacity molecular systems in vivo (e.g. cell surface
receptors, transporters, etc.) without interfering with the processes under study.?

Despite remarkable advances, the design of specific probes for targeted imaging
or therapy remains still a great challenge and a demanding task within the field of
radiopharmaceutical sciences. This is a multidisciplinary research area, which profits
from the input of chemists, radiochemists, radiopharmacists and clinicians. One of the
major challenges facing nuclear molecular imaging is the early detection and
quantification of biochemical and metabolic changes at the molecular and cellular level
that precede morphological changes, allowing early diagnosis of diseases. To achieve
this goal, the design of new radioactive probes with high specificity and molecular
affinity for recognition of particular targets associated to certain disease states is
mandatory.

Within this framework, the goal of this thesis is to contribute for the design of
9¥MTC(CO)s-based probes for imaging of membrane receptors, namely the
overexpressed melanocortin receptor 1 (MC1R) in malignant melanoma, and the
mannose receptor (MR) expressed by macrophages in the lymph nodes. Whereas in the

former case, new tracers would allow early detection of a particularly aggressive type of
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skin cancer and associated metastasis, in the latter case it would allow the detection of
sentinel lymph node (SLN), which is a relevant procedure in medicine.

The thesis is organized in seven chapters. A general introduction to imaging in
oncology and radiopharmaceuticals, as well as on melanoma-targeting probes and
sentinel lymph node detection (SLND) is presented in the first chapter. Chapters 2 — 4
are dedicated to the design and biological evaluation of **™Tc(CO)s-labeled o-
melanocyte-stimulating hormone (a-MSH) analogs for MC1R targeting. In an attempt
to improve melanona imaging, homobivalent contructs containing two copies of a linear
a-MSH analog (NAPamide) are described in chapter 2. The third chapter reports on
the synthesis of novel cyclic a-MSH analogs. Moreover, a study by nuclear magnetic
resonance (NMR) spectroscopy is performed to establish a preliminary correlation
between the receptor-targeting properties of the peptide derivatives and their structural
features in solution. Chapter 4 describes the improvement of the overall biological
profile of a *™Tc(CO)s-labeled lactam  bridge-cyclized o-MSH  analog
(BAlaNleCycMSHye) as a function of the structural modifications in the ring
substitution pattern of the pyrazolyl-diamine chelating unit. Chapter 5 is dedicated to
the design, macroscopic characterization and biological evaluation of **™Tc(CO)s-
labeled mannosylated dextran-based nanoparticles for MR-targeting in SLND.
Furthermore, a bimodal probe was also synthesized for SLND by SPECT and optical
imaging in the near infrared (NIR) field. Concluding remarks and future work are
presented in chapter 6. Finally, in chapter?7 it is described the experimental details of

the work presented in chapters 2 - 5.
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1.Introduction

1. Introduction
1.1. Imaging in Oncology

Imaging, one of the main pillars of comprehensive cancer, allows screening and
provides significant information during all phases of disease management.® Indeed, the
use of imaging techniques enables cancer screening programs with improved outcome
in cancer detection among population. Moreover, cancer patients undergo a number of
different imaging studies throught the course of their disease. The role of imaging in

cancer management is shown in Figure 1.1.

Diagnosis & Treatment &
_ Staging

i
-

Imaging Imaging Surgery Imaging
Ultrasound; Ultrasound; Biological, Ultrasound;
CT; MRI; X-ray CT; MRI; Radio, CT; MRT;
SPECT; PET SPECT; PET Thermal & SPECT; PET

Biopsies Chemo
Therapy

Figure 1.1: Current role of cancer imaging in cancer management.®

Clinical decision-making is based on the information of multiple non-invasive
imaging modalities such as the nuclear techniques Single Photon Emission Computed
Tomography (SPECT) and Positron Emission Tomography (PET), X-ray, Magnetic
Resonance Imaging (MRI), Computed Tomography (CT) and Ultrasound (US).*

These imaging modalities can be included into two large categories: structural
and functional imaging. Structural imaging techniques such as X-ray, CT and MRI
provide anatomical details on tumor location, size, morphology, and structural changes
to adjacent tissues.” Functional imaging, rather than anatomical, aims at the
visualization and characterization of biochemical pathways, molecular interactions, drug
pharmacokinetic and pharmacodynamics. SPECT and PET are currently accepted as the
most important functional imaging techniques. Examples of images obtained with all

the imaging techniques referred above are shown in Figure 1.2.>*
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SPECT

PET

Ultrasound

Figure 1.2: Examples of images obtained with SPECT, PET, MRI, CT and US

techniques, adapted from Weissleder et al.2

Despite unlimited depth penetration and exquisite sensitivity due to the ability to image
tissues with micro- to picomolar concentrations of a radioactive tracer, nuclear imaging
techniques present low spatial resolution and inability to provide anatomical detail.** °
These issues were addressed by the introduction of dual modality imaging techniques,
mainly nuclear-computed tomography fusion systems (PET/CT and SPECT/CT), that
maximized their separate strengths and provide anatomical localization of biochemical
processes with detailed visualization of the tumor structure. Table 1.1 summarizes the
most relevant characteristics of the imaging modalities mentioned above, including the

major strenghts and weaknesses.

Table 1.1: Relevant characteristics of the imaging modalities used in the clinical set.”

. Spatial Amount of . .
Technique Resolution | probe used Main use Advantages Disadvantages
High sensitivity, quick, .
SPECT 1-2 mm easy, low cost, relative Lr(;\é\(')ﬁft?gsl
high throughput
n Metabolic
J High sensitivity, isotopes nee?jzglgggrl]ow
PET 1-2 mm can substitute naturally spatial
occurring atoms res?)lution
Anatomical, High spatial resolution, | Low sensitivity,
MRI 10-100 pm mg-pg physiological, | combines morphological amount of
metabolic and functional imaging probe
cT 50 um Not Anatomical, Bone and tumor imaging, L"T:;;(;S:Oft
H applicable physiological anatomical imaging resolution
Easy-to-use and less Limited spatial
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imaging methods

The advances in imaging instrumentation changed the paradigm of oncological imaging
from lesion measurement to lesion characterization and target quantification. Another

contribution to this revolution is based on the decoding of the human genome and
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developments in proteomics, which enabled the identification of a new spectrum of
targets (e.g. cell membrane receptors, enzymes, genes, etc.) linked to various
oncological pathologies. The possibility to visualize biomolecules or biochemical
processes associated to oncological pathologies, through the interaction of a target
molecule with a molecular probe will improve the ability to non-invasively detect and
characterize disease processes, select the correct treatment (personalized medicine) and
follow therapeutical responses.

Taken together, the technical and scientific advances prompt the design of novel
radiopharmaceuticals that might enable the developement and optimization of new
therapeutics as well as an early detection of cancer, which is most likely the major
contribution of nuclear molecular imaging techniques to reduce the mortality of certain

cancers.>®
1.2. Nuclear Medicine and Radiopharmaceuticals

Nuclear medicine is a medical specialty that uses radiopharmaceuticals for
diagnosis and treatment of diseases.

Radiopharmaceuticals are drugs containing a radionuclide in its composition and
must comply with all quality requirements applied to medicines in order to be routinely
used for the diagnostic (ATC code V09) or therapy (ATC code V10) of various
diseases.” These medicines are used in tracer quantities (10° — 10® M), and are not
intended to have any pharmacological action in the classical sense. Almost all
radiopharmaceuticals are administered via intravenous injection but they can also be
administered orally (e.g. Na'*'I capsules) or by inhalation (pulmonary ventilation).®

From the chemical point of view, radiopharmaceuticals can be inorganic salts
(e.g. Na®1 and Na®F), small organic molecules (e.g. ®FDG), and inorganic or
organometallic complexes, which may contain or not a biologically active molecule for
targeting. The latter can be a monoclonal antibody, a small peptide, and inhibitors or
substrates of enzymes, among others. Currently, the majority of radiopharmaceuticals in
the clinical set are still based on radiometals, with *™Tc accounting for more than 90 %
of all nuclear medicine procedures worldwide.®
These imaging agents are roughly divided into two main categories: perfusion and
target-specific  agents. The pharmacokinetic  profile of the perfusion

radiopharmaceuticals, namely of those based on metals (Figure 1.3 A), is determined
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mainly by their chemical and physical properties (e.g. molecular weight, charge and
lipophilicity). In the case of the target-specific agents, the biodistribution is influenced
not only by the physicochemical properties, but also by the nature of the bioactive
pendant molecule, which must interact specifically with the desired target. In general,
metal-based target-specific radiopharmaceuticals comprise a radiometal stabilized by a

bifunctional chelator (BFC), a spacer, and a targeting biomolecule (Figure 1.3 B).

Bifunctional Bifunctional
chelator chelator

BM = Biomolecule

M = Metal

Figure 1.3: Schematic representation of a perfusion (A) and targeted (B) specific metal-

based radiopharmaceutical .*°
1.2.1. Diagnosis versus Therapy

The radionuclide present in a radiopharmaceutical is an unstable nuclide, which
undergoes a radioactive decay emitting gamma rays (y) and/ or subatomic particles (a,
B, B, and Auger electrons).” Depending on the medical application, diagnosis or
therapy, different physical properties are required for the radionuclide. Among these
properties, the type and energy of the emitted radiation as well as the half-life (ty,) of
the nuclide are the most important for selection of a suitable radionuclide to the desired
medical application. Thus, a radiopharmaceutical for diagnosis contains a positron- (B*)
or gamma- (y) emitting radionuclide of sufficiently high energy (> 50 keV) in their
composition, which after administration and distribution accumulates in the target organ
or tissue.” The physicochemical and biological properties of the radiopharmaceutical
determine its differential uptake and clearance between normal and diseased tissues
whereas external detection of the radiation allows the construction of an image.** Such
detection and image construction can be attained by the nuclear imaging techniques
SPECT and PET. Whereas SPECT scanners detect y rays emitted by

radiopharmaceuticals containing y-emitting radionuclides, PET scanners detect two high



1.Introduction

energy (511 keV) antiparallel photons that result from the annihilation of a p* emitted

by the radiopharmaceutical with an electron.™

As mentioned earlier, the clinical availability of bimodal imaging by SPECT/CT and
PET/CT enhanced both sensitivity and specificity of this non-invasive diagnostic
approach to patients with various disorders. Thus, SPECT or PET and, simultaneously,
X-ray CT images are acquired together providing functional/molecular information
along with anatomical information."" ** Figure 1.4 displays examples of images
obtained by SPECT/CT.

Surface rendered SPECT-CT Volume-rendered SPECT-CT

Figure 1.4: Example of *™Tc-colloids SPECT/CT images for sentinel lymph node
detection.™

Although SPECT imaging has lower detector sensitivity and less quantitative accuracy
than PET, it has broader clinical applications.'* Unlike PET, the radioisotopes used in
SPECT have longer half-life and therefore can be produced away from the site of
administration and transported whenever required.* Moreover, the detection period can
be widened, allowing the observation of biological processes in vivo over several hours
or days after the administration of the radioactive probe.*

The y-emitting radionuclides with the most suited characteristics for SPECT imaging
are ¥™Tc (ty, = 6.02 h, Ey(max) = 140 keV), *?I (ty, = 13.20 h, Ey(max) = 159 keV),
%Ga (ty, = 78.26 h, Ey(max) = 296 keV), 2Tl (ty, = 72 h, Ey(max) = 167 keV) and
“n (tyo = 67.9 h, Ey(max) = 245 keV).

The B*-emitting radioisotopes used in PET imaging are in general short-lived non-
metallic isotopes, such as *F (ty, = 109.8 min, E* (max) = 202 keV), *'C (ty, = 20.4
min, Eg*(max) = 326 keV), °O (ty; = 2.03 min, Eg"(max) = 650 keV), and N (ty;, =

9.98 min, Eg'(max) = 432 keV). These radioactive elements can replace the natural
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elements in biologically active molecules, without disturbing significantly their activity
and function. Fluorine has been explored as a suitable bioisostere for hydrogen because
both elements display similar atomic radius. As an example, ['*F] 2-fluoro-2-deoxy-D-
glucose ([*®F]-FDG) is the most widely used positron-emitting radiopharmaceutical for
PET imaging, making ‘®F the most used radionuclide in this nuclear imaging technique.
[*®F]-FDG has also shown clinical usefulness in cardiology and neurology but is used
mainly in oncology, in the diagnosis, staging and post-therapy evaluation.®
Most PET radionuclides have the disadvantage of requiring costly technology, namely
cyclotrons for their production and sophisticated automated methods for the
radiosynthesis of the radiopharmaceuticals. Owing to the short half-life of most p*-
emitting radioisotopes, the production and synthesis must occur close to the
administration site. A few B*-emitting radiometals such as **Cu (ty, = 12.7 h, E;"(max)
= 660 keV) and ®Ga (ty, = 1.1 h, Eg*(max) = 1899 keV) are also of great interest for
developing new PET radiopharmaceuticals, due to their physicochemical properties, and
the latter radiometal deserves special attention because of its availability from a long-
lived ®®Ge/*®Ga generator system.® 101117

Radiopharmaceuticals for systemic radiotherapy have in their composition a
radionuclide that emits ionizing radiation with a high linear energy transfer (LET) to
destroy selectively cells or tissues.’® The most used radionuclides are B- emitters, but
intense research involving a- and Auger electron emitters is also underway. These
particles have different ranges in the tissues and can be described by the amount of

transfered kinetic energy as a function of distance.

The selection of a radionuclide for therapy depends not only on the type, energy,
half-life and range of emitted particles, but also on the size of the tumor or tissue to
irradiate and treat. Since the penetration depth range of B~ particles in biological tissues
is relatively long (0.1 — 10 mm), radiopharmaceuticals containing [ -emitting
radionuclides can be used for the treatment of large solid tumors.® Among p-emitting
radionuclides with potential application, **!l (t;, = 8.0 d, Eg(max) = 0.81 MeV,
E,(max) = 0.364 MeV), °Sm (ty, = 1.9 d, Eg(max) = 0.8 MeV, Ey(max) = 0.103
MeV), °Y (ty, = 2.7 d, Eg(max) = 2.27 MeV), *°Re (ty, = 3.8 d, Eg(max) = 1.07 MeV,
Ey(max) = 0.137 MeV), and, more recently, ***Re (ty, = 0.7 d, Eg(max) = 2.10 MeV,
Ey(max) = 0.155 MeV), are used in the clinical set for the treatment of different tumor
types. Moreover, *"'Lu (ty, = 6.7 d, Eg(max) = 0.497 MeV, Ey(max) = 0.208 MeV) and

10
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" Ho (ty; = 1.1 d, Eg(max) = 1.86 MeV, Ey(max) = 0.081 MeV) have been fully
explored both at the preclinical and clinical levels as bone palliative agents and for
peptide receptor radionuclide therapy in the case of *"’Lu-labeled somatostatin
analogs. %> 1

The a particles are heavy and charged helium nuclei with high LET. These
particles “travel” only short distances and cause the most ionizing damage over a small
distance (30 — 80 um). Hence, a-emitting radionuclides are appropriate for the treatment
of small tumors and/or metastasis.'®
Most of the a-emitters have a half-life that is too long to be compatible with in vivo
applications. As a result, only a few of these radioisotopes have received serious
attention for radiotherapeutic applications, namely, ?**At (ty, = 7.2 h, E.(avg) = 6.8
MeV), #?Bi (ti, = 1 h, E4(avg) = 7.8 MeV) and **Ra (ty, = 11.4 d, E,(avg) = 5.65
MeV). 18 19 20 Aq an example, “®RaCl, (Alpharadin®) is currently under clinical

evaluation for the treatment of bone metastases resulting from prostate cancer.?

The Auger electrons are less energetic particles with a very short range of
penetration (< 1 pum), having a LET similar to that of a particles, which makes them
potentially interesting for therapy. Unlike o and B~ particles, treatment based on Auger
electron-emitters requires the targeting of individual cells, specifically the DNA in the
nucleus. Among the available Auger electrons-emitting radionuclides, **I (ty, = 57 d,
24 electrons/decay), "In (ti, = 67 h , 14 electrons/decay), *’Ga (ty, = 78 h, 4
electrons/decay) and *™Tc (ty, = 6.02 h, 4 electrons/decay) are the most interesting for

potential clinical applications.'® %

1.3. Coordination Chemistry of Technetium and Rhenium

Technetium (Tc) and rhenium (Re) are group 7 transition metals, belonging respectively
to the 2nd and 3rd transition series, with atomic numbers 43 and 75 and electronic
configurations [Kr]4d®5s? and [Xe]4f**5d°6s?, respectively. Tc complexes can have the
metal in the oxidation sates -1 (d®) to +VII (d°), whereas for Re complexes the metal
presents oxidation states -111 (d*°) to +V11 (d°). These metals present very similar atomic
radii (Tc, 1.36 A; Re, 1.37 A), forming structurally analog complexes. However, there

are differences between both metals that must be taken into consideration in the

11
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preparation of Tc and Re complexes. The most striking difference is related with the

higher kinetic inertness and easier oxidation associated to Re complexes.'® %

1.3.1. The Radiochemistry of Technetium

The growth and wide application of diagnostic nuclear medicine have been
mainly driven by the coordination chemistry and unique features of technetium, first
isolated by Segré and Perrier in 1937.%

Currently, there are 21 known artificial isotopes with masses ranging from *°Tc to
19T¢ and 7 of these species are metastable. Among them, technetium-99m (**™Tc) is the

most useful radioisotope in nuclear medicine, as it displays almost ideal characteristics:

- half-life (ty,) of 6.02 h is optimal for diagnostic, which is long enough to
examine metabolic processes and yet short enough to minimize the radiation
dose to the patient;

- y-emitter (140 keV) with energy sufficiently high to penetrate easily the human
body and to be detected externally by a gamma camera, and sufficiently low to
minimize the dose to the patient;

- available at reduced prices from a commercial **Mo/**™Tc generator, being one
of the greatest advantages of this radionuclide;

- diverse coordination chemistry, which enables the preparation of a wide variety

of complexes with different physicochemical and biological properties.

The prominence achieved by *™Tc as a useful radioisotope in nuclear medicine is
directly related to the design and development of a **Mo/®™Tc generator in the late
1950s.% Molybdenum-99 (**Mo), with a half-life of 66 h, undergoes a radioactive decay
emitting - particles in which 87% of the ®Mo atoms are converted directly into the
metastable state *™Tc, whereas 13% pass directly to the fundamental state **Tc
(Scheme 1.1).

12
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B, y,66h

(87%)

B-,y, 66 h ¥,6h

(13%)

B-, 2.12x10°% a

(stable)

Scheme 1.1: Schematic representation of the radionuclides decay in a **Mo/*™Tc

generator.”®

The commonly available generators contain [*°Mo04]* adsorbed onto an
alumina column that decays to *™Tc (Scheme 1.1 and Figure 1.5). The latter isotope is
eluted from the generator in the form of sodium pertechnetate — [**™TcO,]Na — using a
saline solution (NaCl 0.9%).

<1 shielding

- Air
7
|

’T Lead %‘%

Porous glass disc
ir— Adsorbed %Mo
Alumina

Filter

24l -Column
%

%5 Plastic
2 " container

Close up
of the column

A B

Figure 1.5: A - *Mo/**™Tc generator. B - Conceptual view of the generator.

Sodium pertechnetate is an easily accessible precursor in the synthesis of all *™Tc-
based complexes for imaging application, however, it is the most stable form of
technetium (oxidation state +VII) in aqueous solution. Several reducing agents such as
tin salts (SnCl,, tin citrate, tin tartrate) or sodium borohydride, as well as different

reaction conditions (pH, temperature, concentration) are used to reduce [TcO4] in
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agueous solution, yielding a technetium core in a lower oxidation state that is stabilized

by a suitable chelator. 1

Owing to the low concentration (108 — 10" M) of [*™TcO,] in the saline solution, it is
impossible to characterize the resulting ™ Tc complexes by the normal methods used in
chemistry. Therefore, such complexes are often characterized by the synthesis of the
surrogate complexes with the long-lived isotope *Tc (ty, = 2.12 x 10° years, B~ emitter,
Emax = 0.3 MeV), which is available in milligram amounts, or with natural rhenium
(“cold metal”), which present similar coordination chemistry.?’

Besides its importance as surrogate of technetium, rhenium has two important
radioisotopes with great importance in therapeutic nuclear medicine, namely **Re and
188Re. Re, produced in nuclear reactors, is simultaneously a B~ and a y-emitter
allowing imaging during systemic radiotherapy. **®Re is a p-emitter obtained from a
B\//**8Re generator. The availability of this generator makes **Re one of the most
promising candidates for the development of novel radiopharmaceuticals for use in

systemic radiotherapy.”®
1.3.2. ¥™Tc¢ Radiopharmaceuticals

The *™Tc-based perfusion agents, which are well established in routine nuclear
medicine, follow a non-specific biological pathway after in vivo administration,
accumulating in distinct tissues or organs according to their physicochemical properties
(e.g. size, charge and lipophilicity). Examples of such commercially available

compounds and respective clinical application are presented in Figure 1.6.5% 102
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Myocardial perfusion imaging
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Figure 1.6 ®*™Tc-based radiopharmaceuticals for diagnosis in clinical use.® (MDP =

methylenediphosphonate, MAG3; = mercaptoacetyl-triglycine).

One of the most widely used SPECT perfusion imaging agents, the organometallic
complex *MTc-Sestamibi (Figure 1.6A), originally developed as a myocardial
perfusion agent is nowadays successfully applied in tumor imaging and detection of
multidrug resistance.*® The myocardial uptake is mediated by a metabolic process that
involves its diffusion across the membrane, while its retention in the myocytes is
provided by partial enzymatic cleavage of the ether functionalities.?” The cationic
complex *™Tc-Tetrafosmin (Figure 1.6B) enters rapidly into the myocardial cells due
to its lipophilic properties, being the proposed uptake mechanism similar to that of

#¥MTc-Sestamibi.** #’
Complexes of *™Tc with bisphosphonate (BP) ligands (e.g. **"Tc-MDP, *™Tc-HMDP)
are examples of imaging agents widely used for diagnostic of metastatic disease in bone

(Figure 1.6C). Although the exact composition and structure of the *™Tc-BP’s is
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unknown, these compounds are well-established as diagnostic agents. In the case of
%¥MTc-MDP, the oxidation state of the metal at the macroscopic level could not be
unambiguously assigned in a X-ray diffraction analysis of a polymeric structure.®* The
mechanism of specific uptake in bone is believed to be via coordination of the free

phosphoryl oxygens to the calcium of the hydroxyapatite bone surface.*

The anionic complex [®™Tc(MAG;)]” (MAG; = Mercaptoacetyl-triglycine) is widely
used for functional kidney imaging and the free carboxylic acid group is essential for an
efficient renal excretion (Figure 1.6D).* Moreover, complexes such as *™Tc-DMSA
(DMSA =  dimercaptosuccinic  acid) and  *™Tc-DTPA (DTPA =

diethylenetriaminepentaacetic acid) are also used for renal imaging.

As mentioned before, the targeting ability of specific radiopharmaceuticals rely on the
capacity of the pendant biologically active molecule in the metal complex to recognize
its target in vivo (e.g. membrane receptor, antigen or enzyme).? ** The most relevant
examples of specific *™Tc-based radiopharmaceuticals approved for SPECT imaging
are radiolabeled peptides. Illustrative examples of such type of compounds are shown in

Figure 1.7.
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Figure 1.7: Examples of *™Tc-based target-specific radiopharmaceuticals.
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The complex *™Tc-Depreotide (NeoSpect®) was the first receptor-targeted
radiopharmaceutical that entered in clinical use as imaging agent for lung tumors.® It
contains a synthetic somatostatin analog, which has high affinity for somatostatin
receptor subtypes 2 (SSTR2), 3 (SSTR3), and 5 (SSTR5).

¥mTe-Apcitide (Acutec®) is a target specific radiopharmaceutical with affinity for the
GPlIb/Illa receptors overexpressed on the surface of activated platelets, and is indicated

for scintigraphic imaging of acute venous thrombosis.*

Besides the targeting moiety, also the spacer/linker between the metal and the
biomolecule has a decisive influence in the overall biological properties of the
radiopharmaceutical.?’

The modulation of the metal coordination environment with different chelators is also
another parameter that opens great opportunities towards the design of innovative target
specific radiopharmaceuticals with improved biological properties. Indeed, the design
and selection of the most appropriate BFC is the corner stone for the development of
clinically relevant imaging agents. Figure 1.8 shows selected Tc cores, which have

been used for labeling different type of biomolecules (BM) with *™Tc.
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X

X X X o X X 0 X
\T‘/ NI N/

C C c
/ | \ 7N\ VAN
Y/y Y Y Y Y O Y
I N
Te(llyTe(IV) [TcOJ** core [TcO,]* core
A B C

oRN-BM
° B O _-BM

X N X X X I
<\'|F|l:/> \TC/ L N L

VRN 7N Tc
y v oc éo co L
L
[TcNJ?* core [Tc(CO)3]" core [TC]JHYNIC core
D E F

Figure 1.8: Technetium cores useful for labeling biomolecules.
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In these compounds, nitrogen, oxygen, phosphorus and sulfur containing chelating
systems of various denticities were used for metal stabilization. The oxidation state +V
and, more recently, +I, have been the most studied towards biomedical applications
(Figure 1.8).

The chemistry of Tc(V) is mainly dominated by the formation of oxo-complexes with
the [Tc=OJ*" or trans-[O=Tc=0]" moieties (Figure 1.8B and C). In fact, the
coordination chemistry of [Tc=O]*" has been optimized in the last three decades.
However, the formation of stereoisomers with distinct physicochemical properties is the
major drawback, limiting the efficacy of specific oxo-complexes of Tc(V) due to the
presence of species with different biological behavior.*’

To overcome this limitation, new metallic fragments and methodologies were
introduced in radiopharmaceutical chemistry. Among the novel approaches, the lower
oxidation states Tc(l) and Tc(lll) have been the most explored and further advances
rely mainly in the development of novel bifunctional chelating systems. The fac-
[Tc(CO)s]" core is being adopted more widely as a preferred moiety for labeling
biomolecules and investigation of different types of bifunctional chelators for linking

this fragment to biomolecules is underway.
1.3.3. The fac-[M(CO);]" Core (M = Tc, Re)

The octahedral metal center in fac-[Tc(CO)s]" is facially arranged with three carbonyls
and three vacant coordination sides. The +| oxidation state on the metal allows for
coordination of a broad variety of donor and acceptor atoms.

Alberto and co-workers were the first to report the one step synthesis of the precursor
fac-[®"Tc(CO)s(H.0)s]* by direct reduction of Na[**"TcO,] with sodium borohydride
in aqueous solution in the presence of carbon monoxide. This synthetic procedure,
although being suitable for research, was not adequate for the nuclear medicine centers
due to the use of carbon monoxide. Thus, a more attractive method was further
developed, which involved the use of boranocarbonate (K;[HsBCO3]) to produce CO in
situ and, simultaneously, reduce Tc(VII) to Tc(1).® Currently, the synthesis of fac-
[®™Tc(CO)s(H,0)s]" is done using a kit formulation (IsoLink®, Covidien, former

Mallinckrodt BV). As shown in Scheme 1.2, upon addition of [*™TcO,] to the
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IsoLink® kit, the precursor complex fac-[*™Tc(CO)s(H,0)s]" is obtained in quantitative

yield.
"Kit" IsoLink®
N OHZOH 1t
K,[H3BCO,], Naj(tartarate), Na,B,0,.10H,0, Na,CO; H2O;;/,, Rt
[%™TcO,T > "Tc
98° C, 20 min, N2 ,pH >11 OC/iO\CO

Scheme 1.2: Synthesis of fac-[*"Tc(CO)s(H,0)s]* with IsoLink® Kit.

The fac-[M(CO)s]* core (M = *™Tc, Re) has been one of the most explored metallic
fragments in the past few years for the labeling of biomolecules due to a set of
recognized superior features. Indeed, it exhibits a significantly reduced size when
compared to Tc and Re complexes in the +V oxidation state. (Figure 1.9).*° Owing to
this feature, it was hypothesized that the metal core would have minor impact on the
biological activity of the targeting agent, enabling the design of novel specific **™Tc(1)-

based radiopharmaceuticals.

Figure 1.9: Qualitative size comparison of the organometallic precursor fac-
[Tc(CO)3(H,0)s]" (left) and Tc-MAG; (right) based on X-ray analyses. Purple =
technetium, red = oxygen, grey = carbon, blue = nitrogen, yellow = sulphur. Hydrogen

atoms are omitted.*

A second feature of this type of organometallic complexes is linked to the compact
nature of the octahedral coordination sphere with an appropriate ligand system,
becoming the metal center quite compact in an almost spherical shape. Unlike the open
square pyramidal structures of Tc(V) oxocomplexes anchored by tetradentate chelators
that can be characterized as unprotected metal centers and prone to further ligand
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attacks and protonation, the metal center of the tricarbonyl moiety gives kinetically inert
complexes and, thus, protected against ligand attacks or re-oxidation.*

The three water molecules in the precursor fac-[*"Tc(CO)s(H,0)s]* are labile with
respect to substitution, and the precursor can interact with potential coordination sites in
proteins in human serum (e.g. histidine and cysteine residues). Therefore, the precursor
itself is not suitable for diagnostic purposes displaying a very unfavorable biological
profile as demonstrated by biodistribution studies in mice.*

Hence, to develop suitable radiopharmaceuticals based on this core, it is necessary to
replace the water molecules by mono, bi, or tridentate ligands to form stable complexes.
A wide variety of organometallic complexes have already been described, with those
stabilized by tridentate chelating systems displaying the highest stability both in vitro
and vivo.*! Histidine, pyridine, pyrazole, thioimidazole, 2,3-diamino propionic acid and
cysteine bearing chelators, together with pure aliphatic or mixed aromatic aliphatic
triamines, among others, are quite efficient tridentate bifunctional chelators, suitable for
the labeling of relevant biomolecules. In Figure 1.10 are represented selected
complexes, stabilized by tridentate bifunctional chelators, bearing or not pendant
targeting moieties.
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Figure 1.10: Examples of M(CO)s-complexes stabilized by various types of chelating
agents (BM = biomolecule; M = Re/*™Tc). 1 - Functionalized cysteine;** 2 -
Funcionalized 2,3-diamino propionic acid derivatives;”® 3 Functionalized histidine
derivatives;** 4 - Cyclopentadienyl;*> 5, 6 and 7 - Functionalized picolinic acid
derivatives;*® 8 Triazacyclononane;*” 9 and 10 Functionalized pyrazolyl-diamine
containing ligands;* 11 - Functionalized bis(mercaptoimidazolyl)borates.*

Over the last few years the radiopharmaceutical sciences group of the CTN/IST has
introduced a large family of tridentate bifunctional ligands, some of them sharing a
common pyrazolyl chelating unit. Those chelators have a great ability to stabilize the
organometallic unit fac-[M(CO)s]* (M = *™Tc, Re) (Figure 1.10, 9 and 10).*° In this
way it has been possible to label a wide range of biomolecules such as peptides, small
molecules, and antibodies, just to mention a few examples, in high radiochemical and

purity yield, and high specific activity.* *% %5
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1.4. Detection of Melanoma and Sentinel Lymph Node
1.4.1. Melanoma

Malignant melanoma is the most serious type of skin cancer. Although
melanoma represents only 10% of all skin-cancers, at least 65% of deaths linked to skin
cancer are attributed to melanoma. It is not only the most common malignancy among
young adults but the fastest growing cancer worldwide.>?

Unless detected at an early stage, melanoma has poor prognosis due to the
enormous metastatic potential > ¢ 5% |n fact, at its earliest invasive stage (i.e., stage
IA), the prognosis is favorable, with 5-year and 10-year survival estimates of 97% and
93%, respectively. In contrast, the prognosis for a patient with distant metastasis (stage
IV melanoma) is poor; 1-year and 5-year overall survival rates are 45% and 12%,
respectively.>* Metastasis tends to occur first to regional lymph nodes and subsequently
to various secondary sites.>*>® This type of cancer arises from melanocytes, melanin-
producing cells derived from the neural crest, that are found at the dermal—epidermal
junction of the skin.??> 5354 % Tyrosinase in melanocytes mediate melanin production,
however, this process is upregulated in malignant melanoma.>* *’

The most effective therapy for melanoma is surgery, however, this procedure
only improves patient survival if the tumor is detected in an early stage. For metastic
melanoma, excision is not applicable and the only goal is to relieve symptoms and
prolong life. Moreover, there is no standard therapy for disseminated melanoma in
today’s clinical practice. Several strategies have been evaluated, namely mono-
chemotherapy, poly-chemotherapy, combined therapies with cytokines, or even
complex schemes with up to five different drugs but, because malignant melanoma is
resistant to current cytotoxic agents, real improvement of the patients survival could not
be achieved.”® Recently, Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) approved vemurafenib as a monotherapeutic drug for the
treatment of metastatic melanoma in adult patients. This compound inhibits the
mitogen-activated protein kinase (MAPK/BRAF) signaling pathway, leading to
programmed cell death in melanoma cell lines, however, two mechanisms of resistance
have already been reported.>®

Therefore, improvement of patient survival relies mostly on an early diagnosis

of both the primary tumor and initial metastasis, in combination with an accurate
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staging of disease extension and excision.”™ ®F-FDG is the only PET radiotracer
routinely used for melanoma imaging.®® This compound is transported into cells through
the up-regulated glucose transporters and then phosphorylated by hexokinase,
remaining trapped inside the cells. However, **F-FDG can not be considered a specific
molecular probe for melanoma detection because it targets glucose metabolism non-
specifically. Furthermore, ®F-FDG also failed to identify metastatic lesions smaller
than 1 cm in diameter located mainly in common sites for melanoma metastases such as
the lungs, liver, or brain.?* %

In an attempt to efficiently visualize melanoma, several non-specific and target-
specific radiotracers have been reported. The non-specific agents aim at probing cellular
processes such as tumor metabolism, apoptosis, hypoxia, angiogenesis and sigma
receptors that are also up-regulated in a variety of tumors. Target-specific radiotracers
for melanoma aim at specific targets associated with the pathology, namely, melanin,
antigen expression, melanocortin 1 receptor (MC1R), among others. The main specific
and non-specific targets as well as the respective PET/SPECT imaging probes for

malignant melanoma visualization are depicted in Figure 1.11.

Specific-Targets Nonspecific-Targets

RGD peptides

«-MSH peptides (linear vs. cyclized) ~ A1
[ i P Integrin Receptor. <G—7 W
Yt/ ~ . N
= \ > MC1R s'gma Receplor Qﬁﬁ”&’*\/\/ &
-
Hexokinase GLUT Sigma ligands

‘ Melanin DNA -, . N,\’
v’ ~, @
‘\ 18F-FDG
Small Molecule: BZA

Peptide: 48B4
i HMW-MAA
Antibody: IgM -18F-FLT
- AAT
antibodies 8F, T'C-AA

Figure 1.11: Molecular targets (melanoma specific versus nonspecific) and probes for
PET/SPECT imaging of malignant melanoma. Melanocortin 1 receptor (MC1R); high
molecular weight melanoma associated antigen (HMW-MAA); benzamide analog
(BZA); amino acid transporter (AAT); glucose transporter (GLUT); *°F-
fluorodeoxyglucose  (*°F-FDG);  3-'®F-fluoro-3'-deoxy-L-thymidine  (**F-FLT);

arginine-glycine-aspartic acid (RGD).>*
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Among the non-specific probes, **F-fluoro-3’-deoxy-3’-L-fluorothymidine (**F-
FLT) was developed to monitor tumor metabolism, however, preliminary results in
humans have shown lower sensitivity and specificity than '®F-FDG in metastatic
melanoma patients.>** ®* Moreover, high liver uptake caused by glucuronidation of *8F-
FLT also limited its usefulness for detection of liver metastatic melanomas. The *'C-
labeled natural amino acid L-[methyl-**C]methionine (**C-methionine) used to target
tumor metabolism in humans proved to be a viable approach for melanoma imaging.
However, probes that target tumor metabolism share a common disadvantage that is the
lack of specificity for malignant melanoma.

Reports on the evaluation of ®F-Fluoromisonidazole (**F-FMISO) for hypoxia
targeting and *™Tc-annexin-V for tumor apoptosis allowed a clear-cut visualization of
the tumor in melanoma bearing mice. The probes *®F-galactco-arginine-glycine-aspartic
acid (RGD) for imaging tumor angiogenis and '#I-N-(2-diethyl aminoethyl) 4-
lodobenzamide (**I-IDAB) for sigma receptor targeting also enabled tumor
visualization in humans with melanoma.’® ® Despite their potential, the lack of
specificity of these compounds may lead to false positives. Furthermore, some of these
tracers, particularly the ones evaluated in murine model, present lower tumor uptake
when compared to melanoma specific probes. Further studies also suggest that the
compounds reported above display ‘‘extremely low’” overall detection rate for occult
metastatic lesions.

Profiting from the unique physiological process of melanin synthesis and
overproduction in melanotic melanoma, PET imaging probes that target the melanin
biosynthesis pathway such as *®F-L-dihydroxyphenylalanine (**F-DOPA) present higher
tumor uptake when compared with non-melanotic tumors and may be usefull to identify
melanoma metastases in patients with negative **F-FDG scans.”*

Benzamide analogs show specific and high affinity to melanin and have been
extensively explored in the development of SPECT imaging agents for melanoma
detection over the past two decades.

Several radioiodinated  benzamide  derivatives, including  N-(2-
diethylaminoethy1)-4-'*I-iodobenzamide (**1-BZA), 1231.BZA, N-(2-
diethylaminoethyl)-2-**|-iodobenzamide  (***I-BZA,), and *#I-2-hydroxy-3-iodo-6-
methoxy-N-[(1-ethyl-2-pyrrolidinyl) methyl]benzamide (***I-IBZM) exhibit excellent in
vivo tumor targeting profiles in murine melanoma. Among them, **I-BZA presented the

most promising result in C57BL6 mice bearing B16F1 melanoma.®* ® Good melanoma
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uptake values were also found for the radiofluorinated benzamide analog N-[2-
(diethylamino)ethyl]-4-18F-fluorobenzamide (**F-FBZA) in melanotic melanoma
bearing mice, however, this compound displays unfavorable pharmacokinetics.®?
Similar results were also found for some *™Tc(V)-labeled benzamide analogs for
murine melanoma SPECT imaging.>*® ® In the case of *™Tc(CO)s-benzamide
complexes, low tumour uptake was found in B16F1 melanoma bearing mice.>®

Besides small molecules, peptides and antibodies have also been explored to
target melanin but high kidney uptake/toxicity, poor tissue penetration and short
biological half-life hindered the use of both approaches. Despite the advances on the
design of specific melanin-targeting probes, this pigment is not produced in amelanotic
melanoma and therefore can not be considered an ideal target.

As an alternative to melanin targeting probes, monoclonal antibodies were used
to target high molecular weight melanoma-associated antigen (HMW-MAA or HMP),
that is expressed in 80% of human melanoma cells, for both melanoma imaging and
radioimmunotherapy studies. Therapeutic effect was achieved with either intact or
fragments of monoclonal antibodies. Tumor uptake was observed in the majority of the
patients, however, high uptake in normal tissues, including excretory organs such as
liver, spleen and intestine, limited their use in the clinical set.®®

Several ligand-binding studies demonstrated that the melanocortin 1 receptor
(MC1R) isoform is expressed in melanocytes and melanoma cells.®” Further studies
confirmed the overexpression of MC1R (~400 to 22 000 receptors/cell) in both murine
and human melanoma compared to normal melanocytes.®’® ® Moreover, this receptor is
overexpressed in melanotic and amelanotic murine and human melanoma cells.*®" % 67
¢ 882,99 These findings present MCIR as an attractive target for primary and metastatic
melanoma imaging. Thus, the following sections will briefly describe the function,
localization, structure and native ligand of this receptor as well as the design of MC1R

targeting probes.
1.4.1.1. a-MSH/MCI1R System

The human gene coding MC1R was first cloned in 1992. Since then, genetic analysis,
phenotypic association and structure function studies opened new perspectives for the
assignment of its function as a key regulator of skin biological events. The receptor is

involved in the regulation of skin pigmentation, animal coat coloration, and melanocyte
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function.”* Polymorphisms in the receptor gene have been attributed to the red hair
phenotype, melanoma and non-melanoma skin cancer.”* 2

The MC1R belongs to a five-member subfamily of G protein-coupled receptors
(GPCR), the melanocortin receptors (MCRs) family.”® "* 7 This family also includes
MC2-, MC3-, MC4- and MC5-receptors. mMRNA expression of the five receptors

allowed for their localization in various human tissues, summarized in Table 1.2.

Table 1.2: Melanocortin receptors and their tissue localizations.

Receptor Tissues or cell types
MC1R Melanocytes, melanoma, macrophages, brain
MC2R Adrenal cortex, adipose tissue
MC3R Brain, placenta, duodenum, pancreas, stomach
MC4R Brain, spinal cord
MC5R Skin, adrenal cortex, adipose tissue, skeletal muscle

The isoform 1 of the MCR is also expressed at leukocytes, where it may mediate
an anti-inflammatory action.®”® ™® MC2R is expressed in the adrenal cortex, where it
mediates the effects of the adrenocorticotropic hormone (ACTH) on steroid secretion.
MC3R has been identified in many areas of the central nervous system and peripheral
tissues, being involved in energy homeostasis. MC4R is expressed predominantly in the
central nervous system and regulates both food intake and sexual function while MC5R
is expressed in numerous human peripheral tissues and is mainly involved in exocrine
function, particularly sebaceous gland secretion.”® ™

Accurate information about secondary and tertiary structure of MCI1R is not
available because no crystal structure is available. Although GPCRs, can not be readily
crystallized, there are some available templates of the same class delivering information
about their secondary and tertiary structures, namely the famous crystal structure of
rhodopsin and more recently chemokine (C-X-C motif) receptor 4 (CXCR4) or
dopamine D3 receptor (D3R) crystal structures.”” Hence, MCRs, including MC1R, are
classified as class A GPCRs (whose prototype is rhodopsin) due to sequence similarity
with the prototype (39-61% homology). Among the structural homologies with GPCRs,
MCI1R displays an extracellular N-terminus, seven-transmembrane helix joined by three
intracellular and three extracellular loops, and the intracellular C-terminal extension.”
The two-dimensional model of the human melanocortin-1 receptor is depicted in Figure
1.12.
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Figure 1.12: Schematic representation of the human melanocortin-1 receptor.”®® The
positions for transmembrane (TM) helix, extracellular (EL) loops and intracellular (IL)
loops are drawn according to the two-dimensional model of Ringholm et al.”® The
amino acid sequence corresponds to the wild type consensus (GenBank accession
number AF326275). Positions for MC1R binding are shown in red.

The MCI1R share the same endogenous ligands with other MCRs, namely with
MC3R-MC5R and, therefore, should have similar orthosteric binding (i.e. the receptor
area where the endogenous ligand binds).”*® The orthosteric binding site is located in
the transmembrane domains of MCL1R, and several positions have been identifided as
crucial for ligand binding. The positions are glutamic acid (Glu, E) 94 in TM domain 2,
aspartic acid (Asp, D) 117 and 121 in TM 3, tryptophan (Trp, W) 254, phenylalanine
(Phe, F) 257 and histidine (His, H) 260 in TM 6 MC1R.™"

Among the different signaling pathways described so far, it is noteworthy that
MC1R mediates the physiological actions of the endogenous ligand by a Gs-protein
dependent activation of the cyclic adenosine monophosphate (CAMP) signaling
pathway. The increase of cAMP levels result in the activation of tyrosinase in
melanocytes and lead to an increase of melanin production.”® The mechanism of
production and intracellular cAMP accumulation has been used to determine the

agonist/antagonist properties of MC1R ligands.”
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The hormone a-melanocyte-stimulating hormone (a-MSH), a linear
tridecapeptide, is the endogenous ligand of MC1R. However, MC1R binds to several
natural ligands, which are derived from the same precursor protein (pro-
opiomelanocortin — POMC), with the following order of potency: a-MSH > ACTH > f3-
MSH > y-MSH. "2 76

Structure—bioactivity studies have shown that all endogenous ligands contain a
conserved His®-Phe’-Arg®-Trp? sequence that has been attributed to melanocortin
receptor selectivity and stimulation.”® ™ ™ This high degree of pharmacophore
homology makes it difficult to design highly selective ligands for one receptor subtype.
Nevertheless, MC1R is known to be expressed at the surface of human melanocytes,
and even more at the surface of murine and human melanoma cells, while MC2R-
MCS5R have higher expression levels in the brain, nervous system. Thus, MC2R-MC5R
off-target is unlikely because presumably most agents will not be able to cross the blood
brain barrier (BBB).%®* " Taken together, these findings support the development of
MCI1R targeting strategies without significant adverse effects.

The MCI1R targeting strategies described so far involve the design of a-MSH
peptide analogs because the receptor has several signaling pathway and non-peptide or

small ligands are not available to mimic the physiological action of a-MSH."
1.4.1.2. Radiolabeled a-MSH Analogs

The physiological significance of the a-MSH/ MC1R system in melanoma has
fostered considerable research activity over the past decades in the development of
peptide based radiotracers for the early detection of this type of skin cancer.

The endogenous peptide hormone a-MSH (Table 1.3) is not suitable for receptor
imaging due to its very short half-life in vivo, about 3 minutes.”® However, based on the
knowledge gained in structure—bioactivity studies for the melonocortin system (a-MSH
analogs/ MCR), a great deal of effort has been directed towards the development of
potent o-MSH peptide analogs with enhanced biological stability, potency and
specificity. Table 1.3 presents some of the most potent linear and cyclic a-MSH analogs
studied.
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Table 1.3: Sequence of amino acids for a-MSH and some a-MSH analogs.

PEPTIDES

Ac-Ser-Tyr-Ser-Met*-Glu®-His®-Phe’-Arg®-Trp’-Gly'’-Lys"*-Pro'%-Val**-NH, (a-MSH)

Ac-Ser-Tyr-Ser- Nle*-Glu*-His-DPhe’-Arg-Trp-Gly-Lys-Pro-Val-NH, (NDP-MSH)

Ac-Nle*-Asp®-His-DPhe’-Arg-Trp-Gly-Lys-NH, (NAPamide)

BAla*-Nle*-Asp®-His-DPhe’-Arg-Trp-Lys™-NH, (MSHoct)

Ac-Cys*-Cys*-Glu®-His-DPhe’-Arg-Trp-Cys'’-Lys-Pro-Val-NH, (CCMSH)
Ac-Cys*-Cys*-Glu®-His-DPhe’-Arg-Trp-Cys'-Arg*'-Pro-Val-NH, (CCMSH(Arg""))

Ac-cyclo[Cys*-Glu®-His-DPhe’-Arg-Trp-Cys']-Lys-Pro-Val-NH, (CMSH)

Ac- Nle*-cyclo[Asp®-His-DPhe’-Arg-Trp-Lys™]-NH, (Melanotan-11: MT-I1)

BAla®-Nle*-cyclo[Asp®-His-DPhe’-Arg-Trp-Lys'®]-NH, (BAlaNlecycMSHi,)

Ac-Nle*-c[Asp®-N-MeHis®-DPhe’-N-MeArg®-N-MeTrp’-N-MeL ys*]-NH, (N-Me MTI1)

Bold: amino acid residues replaced in different analogs relatively to the endogenous peptide (a-MSH);

underline: minimal sequence for biological activity.

Initial studies have shown that the minimal sequence of a-MSH required for
biological activity is His®-Phe’-Arg®-Trp®. The replacement of Met* and Phe’ by Nle*
and pPhe’ led to the potent a-MSH analog NDP-MSH with subnanomolar receptor
affinity and resistance to enzymatic degradation (Table 1.3).%% "2 76.79

Among the short linear peptides, [Ac-Nle* Asp® bPhe’]-aMSH4.1: (NAPamide,
Table 1.3) and [BAla*-Nle* Asp®, bPhe’,Lys'*]-aMSH,.1; (MSHoct, Table 1.3) display
nanomolar affinity for MC1R.

The introduction of a cyclic constraint can generate peptides with enhanced
potency, receptor selectivity and enzymatic stability.”® This concept was successfully
applied to a-MSH analogs cyclized via disulfide- (e.g. CCMSH, Table 1.3), site-
specific metal coordination, or lactam-bridge (e.g. MT-II, Table 1.3). These peptides
have shown enhanced receptor binding affinity and resistance to proteolysis.® More
recently, a N-methylated selective a-MSH analog for hMC1R targeting was reported
(Table 1.3). All amide bounds in the pharmacophore positions (His-pPhe-Arg-Trp) of

the lactam-bridge cyclized peptide are N-methylated, except for oPhe. &
For potential diagnostic application, the linear analog NDP-MSH was

radiolabeled with ®™Tc and **Re using 2-Mercaptoacetylglycylglycyl (MAG,) or the
tetrapeptide Ac-Cys-Gly-Cys-Gly (CGCG) as BFCs, respectively. The short linear
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peptide MSHoct was also conjugated to 1,4,7,10-tetraazacyclo-dodecane-1,4,7,10-
tetraacetic acid (DOTA) and to a pyrazolyl-diamine containing bifunctional chelator
(Pz) through the N-terminus and labeled with **In and *™Tc, respectively.®" The
resulting radiolabeled peptides allowed MC1R visualization in melanoma-bearing mice,
but presented an unfavourable uptake in excretory organs.

NAPamide was also conjugated to DOTA and to a Pz bifunctional chelator
through Lys™ side-chain. The DOTA derivative was labeled with **!In, ®®Ga and ®*Cu,
whereas the pyrazolyl-diamine bifunctional conjugate was labeled with **™Tc.%8% 8 The
radiolabeled linear peptides have shown not only moderate tumor uptake but also
accumulation of radioactivity in non-target organs, when compared to the family of Re-
and Tc-cyclized a-MSH analogs Ac-MCCMSH (M = Re, *™Tc). The Re-peptide
analog (ReCCMSH), cyclized through site-specific rhenium coordination, where the

3,4,10

metal is stabilized by three Cys sulfhydryls and one Cys* amide nitrogen, displayed

a receptor-binding affinity of 2.9 nM (Figure 1.13).%°
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CCMSH(Arg™

By comparing the two metal-cyclized CCMSH analogs, **!In-DOTA-ReCCMSH versus
%¥MTc-CCMSH, similar tumor uptake was found, but the Re-cyclized radiopeptide had
an enhanced whole-body clearance and a higher tumor/blood ratio.®®
favorable features of **In-DOTA-Re-CCMSH, a relatively high level of radioactivity

Despite the

still remained in the kidneys. Aiming to reduce kidney retention, four new **In-DOTA-
derivatized Re-CCMSH analogs were designed, with the analog '*!In-DOTA-Re-
CCMSH(Arg™) (Lys replaced by Arg, Figure 1.13) showing the highest tumor uptake
and the lowest kidney retention in murine melanoma model. A similar effect was also
found for CCMSH(Arg') cyclized through labeling with *™Tc (Figure 1.13).
Compared to the Re-cyclized analog *In-DOTA-Re-CCMSH(Arg™), “™Tc-
CCMSH(Arg"") exhibited favorable and comparable tumor targeting properties, and
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both allowed clear micro-SPECT/CT images of flank melanoma tumors as well as of
B16F10 pulmonary melanoma metastases, with **™Tc-CCMSH(Arg™) providing
images with greater resolution of metastatic lesions.*

Among the MC1R-specific probes for PET imaging, DOTA-Re-CCMSH(Arg™)
was labeled with ®Cu and %°Y.®" Complex ®*Cu-DOTA-Re-CCMSH(Arg™) was
unstable in vivo with release of free ®*Cu. Aiming to improve stability, the DOTA
chelator was replaced by 4,11-bis(carboxymethyl)-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane (CBTE2A).2® The complex ®Cu-CBTE2A-Re-
CCMSH(Arg™) presented B16F1 melanoma uptake comparable to **Cu-DOTA-Re-
CCMSH(Arg™) but a significantly higher ratios of tumor to nontarget tissues. In vivo
studies have also shown that ®*Cu-CBTE2A-Re-CCMSH(Arg™') provided better PET
images than 2°Y-DOTA-Re-CCMSH(Arg™) due to increased tumor retention and
kidney clearance. The conjugate DOTA-Re-CCMSH(Arg*') was also labeled with ®*Ga,
and the resulting complexes displayed lower tumor uptake than the linear a-MSH
analog *®Ga-DOTA-NAPamide in the same melanoma animal model.%

An heterobivalent complex, *"Tc-RGD-Lys-CCMSH(Arg'), was synthesized
for dual imaging of integrin and MCL1 receptor expressing tumors. Biodistribution
studies in B16F1 melanoma-bearing C57BL6 mice have shown a tumor accumulation
and retention higher than those found for *™Tc-CCMSH(Arg"!), however, an extremely
high kidney uptake was observed.*

As an alternative to metal-cyclized a-MSH analogs, a promising cyclization
approach based on a lactam-bridge was introduced.®® The lactam-based a-MSH analogs
with 12-amino acid ring size such as c[Lys-Nle-Glu-His-bPhe-Arg-Trp-Gly-Arg-Pro-
Val-Asp] (CycMSH) and GlyGlu-CycMSH were conjugated to DOTA, through the

peptide N-terminal, and labeled with **'In.%*

Both radiopeptides exhibited high receptor-
mediated tumor uptake in B16F1 melanoma-bearing mice. The values were comparable
to those found for the metal-cyclized **In-DOTA-Re-CCMSH, but lower than those
found for **!In-DOTA-Re-CCMSH(Arg™). The insertion of a GlyGlu sequence in the
basic backbone of CycMSH has reduced kidney accumulation. This result prompted the
synthesis of ®’Ga-DOTA-GlyGlu-CycMSH, however, the biological assessment of the
radiopeptide revealed higher kidney accumulation than tumor uptake in B16F1
melanoma-bearing mice.” To evaluate the effect of DOTA position in the peptide

backbone, GlyGlu-CycMSH was acetylated at the N-terminus. DOTA was conjugated
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to the Lys residue in the peptide ring and labeled with *In. The overall
pharmacokinetic profile of the resulting radiopeptide did not improve.®

Using the potent lactam-cyclized MT-I1 as model, a cyclic derivative with a 6-
amino acid ring size, BAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,
(BAlaNleCycMSHpex) Was synthesized, conjugated to the Pz chelating unit (Figure
1.14), and labeled with fac-[*"Tc(CO)s]* moiety.2* %

™,
His H/
_N —
r Q DPhe \Er; N NH,

Y NHz' (P2)
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o Arg TN NS

3 NH - ¥
)‘ : S G
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DOTA-NIeCycMSH;,., (R = DOTA, X = Nle) )

DOTA-GlyGlyNleCycMSH;,., (R = DOTA, X = GlyGlyNle) HO,C
NOTA-GlyGlyNleCycMSH,, (R = DOTA, X = GlyGlyNle) (NOTA)

Figure 1.14: Lactam bridge-cyclized o-MSH derivatives: structures of Pz-
BAlaNleCycMSHpex, DOTA-NIeCycMSH;ex, DOTA-GlyGlyNleCycMSH;ex  and
NOTA-GlyGlyNIleCycMSHex.

The tumor uptake of *™Tc-Pz-pAlaNleCycMSHhex was comparable to that obtained
for the lactam-based a-MSH analogs with 12-amino acid ring size in the same animal
model.*

The macrocyclic chelator DOTA was conjugated to the N-terminus of
NleCycMSHhex (Figure 1.14) and labeled with *!In. The resulting radiocomplex,
n-DOTA-NIle-CycMSHhex presented a rapid and high tumor uptake, a prolonged
tumor retention and a moderate kidney accumulation. When compared to *!In-DOTA-
GlyGlu-CycMSH (12-amino acid ring size), the reduction of the peptide ring size
dramatically increased the melanoma uptake and decreased the renal retention.’" *
Moreover, " In-DOTA-Nle-CycMSHhex displayed a tumor/kidney ratio comparable to
the best metal-cyclized radiopeptide *!In-DOTA-Re-CCMSH(Arg™), suggesting a high

potential of lactam-based cyclic radiolabeled o-MSH analogs for MC1R melanoma
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targeting. Thus, the effects of amino acid linkers on melanoma-targeting and
pharmacokinetic properties of *!In-DOTA-Nle-CycMSHhex were evaluated.® The
introduction of the —GlyGly— and —GlyGlu— linkers between the DOTA and the Nle-
CycMSHhex did not affect the receptor recognition ability of DOTA-GlyGlyNle-
CycMSHhex and DOTA-GlyGluNle-CycMSHhex. However, the insertion of —GlyGlu—
linkers between DOTA-NIe and the remaining peptide moiety had a negative impact on
the MC1R targeting properties of DOTA-NIeGlyGlu-CycMSHhex. Biological evalution
of these *'In-labeled peptide in B16F1 melanoma-bearing mice revealed that ***In-
DOTA-GlyGlyNle-CycMSHhex kept its high melanoma uptake while reducing the
renal and liver uptake as compared to **In-DOTA-Nle-CycMSHhex.

The effect of ring size reduction on melanoma imaging in B16F1 tumor bearing
mice was also reported for ®’Ga-labeled CycMSHhex derivatives.” Triazacyclononane-
1,4,7-triacetic acid (NOTA) or DOTA were conjugated to GlyGlyNle-CycMSHhex and
labeled with ®'Ga. The ®’Ga-NOTA-GlyGlyNle-CycMSHhex presented the highest
melanoma uptake and tumor/kidney ratios among the radiolabeled a-MSH analogs for
melanoma imaging by SPECT.*

In an attempt to expand melanoma imaging to PET, NOTA-GlyGlyNle-
CycMSHhex and DOTA-GlyGlyNle-CycMSHhex were labeled with ®*Cu.®” The
substitution of DOTA with NOTA dramatically increased the melanoma uptake and
decreased the renal and liver uptake of ®*Cu-NOTA-GlyGlyNle-CycMSHhex as
compared to **Cu-DOTA-GlyGlyNle-CycMSHhex. Moreover, high melanoma uptake
coupled with low accumulation in non-target organs suggested **Cu-NOTA-GlyGlyNle-
CycMSHhex as a lead radiolabeled peptide for future imaging of melanoma by PET.%’

1.4.2. Sentinel Lymph Node

The sentinel lymph node (SLN) is the first node receiving lymphatic drainage
directly from a region of primary tumors.*® Moreover, recent studies demonstrated that
SLN shows enhanced lymphangiogenesis even before cancer metastasis and may
function as a permissive ‘lymphovascular niche’ for the survival of metastatic cells.>
Thus, SLN is regarded as useful prognostic information for some types of cancer,
particullary melanoma as 80% of metastasis disseminate through the lymphatic system,

while 20% may occur through the blood vasculature or by direct seeding.” Nowadays,
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the SLN concept is also clinically applied to patients with breast, lung, colon, head and
neck cancer.'®

Current knowledge on the prognostic significance of individual metastatic cells,
small metastatic cell clusters or micrometastases (0.2 - 2 mm in diameter) in lymph
nodes varies depending on tumor type.* The malignant cells disseminating through
lymphatic vessels may also produce locoregional metastasis (so-called in transit or
satellite lesions) by proliferation in situ inside the vessel.’* In the case of melanoma,
treatment follow-up studies indicate that metastases under 0.1 mm in diameter might not
have an impact on prognosis. 1%2 However, larger size metastatic melanoma lesions in

lymph nodes correlate with shorter progression-free survival.*®

Thus, SLNs are not only
common in melanoma metastization but also associated with increased tumor lethality,
as the number of lymph nodes infiltrated with malignant cells have an impact in
predicting a patient’s survival outcome.

Accurate identification and excision of the SLN by imaging techniques has an
important therapeutic and prognostic significance in patients with newly diagnosed
cancers. Conventional non-invasive imaging modalities such as X-ray, MRI and US
have been clinically explored to quantitatively assess functional lymphatic vasculature
and provide whole-patient imaging within human subjects. However, these techniques
do not allow cancer staging of lymph nodes and they usually require the administration
of high amounts of an unspecific drug.> '® The high sensitivity of nuclear imaging
techniques allows the intradermal administration of a radiopharmaceutical to obtain
information about the lymphatic drainage. This technique is called
lymphoscintigraphy.*

Traditionally, axillary-lymph-node dissection (ALND) was recommended for

patient with sentinel node metastases.'**

Advances on the design of portable gamma-
detecting probe improved the accuracy of the lymph node excision through radioguided
surgery in a procedure called sentinel lymph node biopsy (SLNB). This technique
reduced patient’s postoperative morbidity rates when compared to ALND and also
enabled tumor staging.®® '® The SLNB is typically performed by injecting a
radiolabeled colloid and a blue dye (e.g. Isosulfan Blue®). The radiotracer is used pre-
and intraoperatively for anatomical localization of the node with a hand-held gamma-
detecting probe and to guide the dissection. The blue dye is typically injected at the
beginning of surgery to facilitate the visualization of the lymphatic drainage.'?

Although there is some debate about the administration route, the colloid is typically
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administered intradermally for sentinel lymph node detection (SLND) in melanoma.>*
The radiolabeled particles migrate from the injection site into the lymphatic channel
mainly by passive diffusion, and they are cleared from the lymph as foreign matter
based on active saturable phagocytosis. However, the accuracy of the biopsy relies
heavily on the accuracy of the functional guidance provided during the surgical

procedure and on the specific uptake of the radiopharmaceuticals in the SLN.
1.4.2.1. Mannose Receptor

Mannose receptor (MR) belongs to a sub-class of lectin receptors that is highly
expressed in mammalian lung macrophages, liver nonparenchymal and parenchymal
cells.’® It is well known to participate in pathogen recognition, clearance of endogenous
serum glycoproteins and antigen presentation.**®

This extracelullar receptor contains an amino-terminal cysteine-rich domain that
recognizes mannose-terminated glycoproteins such as N-acetylgalactosamine.*®® 1%
The strenght and specificity of mannose-lectin interaction is weak due to the flat surface
of the receptor. However, binding can be significantly improved by the increase number
of carbohydrate molecules that are presented to the receptor.*® Figure 1.15 presents the

structure of MR bound to 4-sulfated-N-acetylgalactosamine (4-SO4-GalNAc).'*
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Figure 1.15: Mannose receptor structure bound to 4-sulfated-N-acetylgalactosamine (4-
SO,-GalNACc). Ribon diagram of MR structure with lobes I, 1l and 11l indicated with
diferent colors. Dissulphide bounds are yellow and 4-SO,4-GalNAc is shown in ball-and-

stick representation. Trp**’ is highlight in orange.'®

Beyond its function in the innate and adaptive immune system, MR may play a
key role in the metastatic behavior of cancer cells as high receptor expression was
detected in tumor-associated macrophages.’*® The presence of MR in human lymphatic
endothelium, and not in blood vessel endothelium, may also suggest that the entrance of

11 Morevoer, it has been

tumor cells in lymphatics might be mediated by the receptor.
demonstrated that MR expression can be a specific tool to measure the density of
human lymphatic vessels in certain types of tumors.**? These observations make MR an

attractive marker for targeting the SLN.
1.4.2.2. Radiopharmaceuticals for SLN Detection
SLND in nuclear medicine is performed by injecting radiolabeled nanoparticles

in the area where a tumor is located.**® In general, particles smaller than 5 nm leak to

the bloodstream and are not ideal to target the lymphatic system, whereas particles
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larger than 100 nm are trapped in the interstitial space, resulting in masking of the SLNs
that are usually situated only a few centimeters away from the injection site.'% 4

The *™Tc-antimony trisulfide colloid was the first radiopharmaceutical used for
lymphatic mapping, however, several adverse reactions were reported due to the
toxicity of the metal. Alternatively, the use of gold (***Au) colloids (5-30 nm) was
limited by the high radiation dose at the site of injection and the high-gamma energy of
gold.™® Currently, ®™Tc sulfur colloid (*™Tc-SC) and **™Tc-labeled human serum
albumin (HSA) are used as radiopharmaceuticals for SLND. The particle size of these
agents is the most important differential factor dictating the kinetics and their uptake in
SLN. In fact, *™Tc-SC (e.g. Nanocis®) is available with particle size of +80 nm and the
clearance from the injection site is slow, leading to masked SLNs that are usually
situated only a few centimeters away from that area. *"Tc-labeled HSA (6-8 nm)
rapidly clears from injection sites, however, it travels through the whole lymph node
chain to the systemic circulation. Owing to this feature, **™Tc-labeled HSA present low
SLN extraction rates. Overall, the radiopharmaceuticals currently applied for SLND
suffer either from slow clearance rate from the injection sites or low residence times in
the SLN or from both. Additionally they are not universally approved by the regulatory
authorities for this specific application.

In an attempt to improve SLN uptake, *™Tc-labeled dextrans with diferent
molecular weights or *™Tc-labeled cysteamine dextan were evaluted for SLND,
however, unfavorable biological profile was found.**®

The conjugation of mannose molecules to *™Tc-labeled macromolecules like
polylysine, albumin, and dextrans showed that the resulting compounds, although of
few nanometers in size, can be trapped by the sentinel node in a saturable mode due to
their recognition by the MR, either expressed on lymph node macrophages or lymphatic
endothelial cells.®* *° As an example Figure 1.16 shows some of the mannosylated

nanocompounds proposed for SLND.
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Figure 1.16: Schematic representation of **™Tc-labeled nanotracers proposed for
SLND: A) mannosylated ®™Tc-labeled dextran derivatives and B) mannosylated *™Tc-

labeled gold nanoparticle (AuNP).

Among these examples, the mannosylated *"Tc-diethylene triaminepentaacetic
acid (DTPA)-labeled dextran (*™Tc-Tilmanocept) reported by Vera and co-workers,
has shown the most promising in vivo behavior, being currently in phase 3 clinical trials
for SLND in melanoma and breast cancer.** **” This small particle size (7.1 nm) tracer
not only exibits rapid injection site clearance and specific accumulation on SLN, but
also low distal node accumulation in a rabbit animal model.

The mannosylated ®™Tc(I)-cysteine-labeled dextran is one of the few fully
characterized compounds proposed for SLND and presents a particle size (8.3 nm)
similar to *™Tc-Tilmanocept.™*® Biodistribution studies in Wistar rats showed that
mannosylated **™Tc(I)-cysteine-labeled dextran presents a fast clearance from injection
site and high uptake and retention in the SLN.*****° Moreover, the biological efficacy of
this compound is dose dependent and a low amount (2.5 ug) is required for high SLN
uptake with minimal radioactivity accumulation in non-target organs."'® Although the
biological profile is quite similar to *™Tc-Tilmanocept, mannosylated *™Tc()-
cysteine-labeled dextran has a shorter synthetic pathway.

AuNPs functionalized with mannose units and 6-Hydrazinopyridine-3-
carboxylic acid (HYNIC) were labeled with Tc(V).'® *™Tc(V)-HYNIC-AuNP-
mannose was obtained with low radiochemical purity and, after purification, was
injected subcutaneously in Wistar rats. Biodistribution results showed that **™Tc-
HYNIC-AuNP-mannose not only allows a clear visualization of the first lymph node,

displaying the highest SLN uptake value among the reported examples, but also
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presents a clearance from the injection site similar to *™Tc-SC.** Mannosylated human
serum albumin (MSA) was funcionalized with NOTA and labeled with ®*Ga for PET
imaging.'** Biodistribution results of ®*Ga-NOTA-MSA in mice showed accumulation
in the liver and bladder with low uptake in the lymphatic nodes.

In an attempt to improve the efficacy of the clinical procedure that requires the
injection of radiocolloid and a dye prior to biopsy, albumin and dextran have been used
as scaffolds to design bimodal probes. An alternative to optical detection technology has
been found in near-infrared (NIR) field, which allows real-time detection of the lesion
to a depth of a few centimeters.”™ > Thus, a NIR fluorophore provides greater
sensitivity and depth penetration as compared to the red absorbance of Isosulfan Blue
and would enable the excision of the lymph node after radioactive decay.>® *** The
incorporation of the NIR fluorophore and a radionuclide in the same imaging agent
overcomes the Kkinetics variation of both individual agents through the lymphatic
system, and in the case of a target specific probe, a persistent SLN retention would be
imparted by receptor binding even after prolonged interval between the administration
of the dual tracer and SLN mapping.’** Moreover, the synergistic effect of a bimodal
imaging probe could enable real-time SLND by radio- or NIR optical guided surgery as
well as fluorescent histology. Such hypothesis were confirmed in a comparative study
between **™Tc-labeled albumin (NanoColl®) and a bimodal probe containing a near
infrared fluorophore (indocyanine green — ICG) non-covalently bound to the albumin
radiocolloid.'**

Owing to the good biological properties of mannosylated dextran derivatives
mentioned above, Vera and colaborators have reported receptor-targeted fluorescent
radiotracers for nuclear and optical imaging techniques such as PET/NIR and
SPECT/NIR.* 2 |n hoth cases, cyanine derivative (near infra-red fluorophore) were
conjugated to dextran backbone. Biological evaluation has shown a significant uptake
of PET/NIR tracer in the first lymph node in mouse animal model. Despite the minimal
migration to distal lymph nodes, high amount of activitiy remains at the injection
site.’”®® A comparative study between *™Tc-Tilmanocept and the SPECT/NIR tracer
revealed that the conjugation of NIR fluorophore to dextran backbone did not affect the
receptor targeting properties and pharmacokinetics of the macromolecule, allowing

clear visualization of the first lymph node in mouse animal model by optical imaging.*?®
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2. ¥™T¢(CO)s-labeled Homobivalent a-MSH Analogs for MC1R-Targeting
2.1. Introduction

Multivalent interactions are frequently found in nature where they increase the
affinity of weak ligand-receptor interactions such as in the antibody-antigen complex
formation or DNA-DNA duplex formation by multiple weak interactions between
individual complementary nucleotides.*”® Biophysical modeling also suggests that
multivalent interactions can significantly increase specificity because multivalent
ligands can bind in ways that are inaccessible to monovalent compounds.*?’ The

receptor mechanisms that are unique to multivalent ligands are depicted in Figure 2.1.

A) Chelation B) Subsite binding
i J
V]
vy )
) —>
C) Clustering C) Statistical rebinding

W, &-d

Figure 2.1: Receptor binding mechanisms unique to multivalent ligands.™?’

The multivalent approach, which is characterized by the use of constructs
displaying multiple copies of a molecular recognition element, aims to enhance the
affinity and/or specificity for a target by different mechanisms. Thus, inspired by this
principle, multivalent structures have become an attractive strategy for the development
of new drugs for diagnosis or therapy. When applied to the design of nuclear probes,
this strategy aims to amplify the imaging signal, a crucial issue for a more effective
targeted tumor imaging.”® **'? The most successful examples involve the use of

radiolabeled multimeric cyclic RGD peptides, where an increase in peptide multiplicity
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significantly enhanced the integrin a3 binding affinity with improvement of the tumor
targeting ability.**°

The first examples of a-MSH multivalent constructs comprise a set of various a-
MSH molecules coupled to albumin, thyroglobulin and tobacco mosaic virus, which
displayed a 1500-fold higher affinity than o-MSH alone.*®® More recently, a
comparative study between targeted polymeric micelles decorated with multiple copies
of short linear o-MSH analogs showed enhanced MCI1R binding affinity when
compared to the non-targeted micelles.”® However, receptor binding affinity of the
functionalized micelles was 10 fold lower than that of the monovalent ligand.

Structure-activity studies have demonstrated that enhanced binding affinity can
also be achieved with bivalent constructs.*® The effect of flexible (polyethylene glycol
— PEG) or rigid (phenyl, biphenyl and phenylnaphtyl) linkers with variable length in the
affinity of short bivalent a-MSH constructs has been also evaluated. Despite not being
conclusive about the optimal linker to span two GPCRs on the melanoma cells, in vitro
studies have shown that bivalent ligands with a flexible linker (less than 25 A)
displayed 8 to 10 fold higher affinity than the monovalent ligand.**** For small rigid
phenyl linkers the results have also demonstrated that bivalent constructs displayed 22
fold higher affinity than monovalent ligands, being the effect even more pronounced for
mono ligands with low binding affinity.”*** 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 MC1R-targeting properties. Indeed, to the best of the
author knowledge, only a few reports on the in vivo evaluation of radiolabeled
homobivalent a-MSH conjugates have been described.** The conjugation of linear a-
MSH analogs to BFCs such as DTPA or DOTA gave peptide conjugates with enhanced
binding affinity compared to the monovalent counterparts.”***** However, the *!In-
DOTA-labeled homodimeric peptide conjugates presented low tumor uptake with
unfavorable tumor/normal tissues ratios in B16F1 melanoma-bearing mice.**®

The encouraging results obtained with the monovalent probe *™Tc(CO)s-pz-
NAPamide (Tc4), which exhibited moderate MC1R tumor uptake and favorable
excretion kinetics in B16F1 melanoma bearing mice,®®® prompted us to explore the
bivalent concept. Therefore, aiming at the design of novel peptide-based radioactive
probes with improved MC1R-targeting properties and superior tumor to normal tissue
ratios, this chapter includes the synthesis and characterization of mono- and homo-

bivalent NAPamide conjugates (L4, L5 and L6) and the corresponding rhenium
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complexes (Re4, Re5 and Re6). The biological evaluation of the *™Tc(CO)z-labeled

homobivalent peptides Tc5 and Tc6 is also described and discussed.
2.2. Homobivalent NAPamide Conjugates
2.2.1. Synthesis and Characterization of the Pyrazolyl-diamine Chelators

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,
as mentioned before.’*" Therefore, based on the tert-butyloxycarbonyl (Boc)-protected
bifunctional chelator L1-Boc (Figure 2.2), which was used for the preparation of the
monovalent NAPamide conjugate, we have prepared the bifunctional chelators L2-Boc
and L3-Boc. These compounds, with different overall architecture, contained the
pyrazolyl-diamine chelating system (N3 donor atom set) and two carboxylate groups for

direct conjugation to NAPamide.

HO,C CO,H

CO,H INJ/ CO,H
/ \H//\ _Boc / \H//\ _Boc / \H//\ _Boc
NN N NN
//N _N _N
HO,C

L1-Boc L2-Boc L3-Boc

Figure 2.2: Pyrazolyl-diamine based bifunctional chelators L1-Boc — L3-Boc.

L2-Boc and L3-Boc were synthesized from the corresponding precursors | and
Il (Scheme 2.1). These precursors were both prepared accordingly to a procedure

already described by our group.®'® ¢ ¢
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Scheme 2.1: Synthesis of L2-Boc and L3-Boc. (i) CH,CHCO,CHjs, dry MeOH; (ii)
NaOH, tetrahydrofuran (THF)/H0.

L2-Boc was synthesized in good overall yield (58%) by a aza-Michael addition
reaction of the primary amine in | with excess methyl acrylate, followed by alkaline
hydrolysis of the intermediate diester. L3-Boc was prepared by alkaline hydrolysis of
precursor I1.

The bivalent chelators were characterized by the usual analytical techniques in
chemistry, including Reversed-Phase High Performance Liquid Chromatography (RP-
HPLC), Electrospray lonization Mass Spectrometry (ESI-MS) and Nuclear Magnetic
Resonance (NMR) spectroscopy. The use of 2D-NMR experiments (*H-'H g-COSY and
'H-13C g-HSQC) was crucial for peak assignment in the NMR spectra, and for the full
characterization of the chelators. As an illustrative example, the fully assigned *H-NMR

spectrum (D,0) of L2-Boc is presented in Figure 2.3.
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Figure 2.3: *H-NMR spectrum of L2-Boc in DO (S = residual water).

It presents the typical sharp singlet peak for the H® proton (8 5.78) and the methyl
groups of the azolyl-ring (6 2.10/2.00). Resonances for all methylenic protons of the

pyrazolyl-diamine backbone as well as for the pendant arms H* and H' were also found.
2.2.2. Synthesis and Characterization of NAPamide

The linear a-MSH analog NAPamide (Ac-Nle-Asp-His-DPhe-Arg-Trp-Gly-Lys-
NH;) as well as the other peptides described in this thesis were prepared through the
principle of Solid Phase Peptide Synthesis (SPPS). This synthetic methodology was
developed by Bruce Merrifield (Nobel Prize in Chemistry 1984) in the 1950s and
1960s, through the introduction of functionalized solid supports that enable amino acid

coupling.** The principle of SPPS is briefly illustrated in Figure 2.4.
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Figure 2.4: The solid phase peptide synthesis (SPPS) principle.

SPPS is based on sequential addition (C—N direction) of Na- and side-chain
protected amino acids to a functionalized insoluble polymeric support (resin). Typically,
the C-terminal amino acid is first anchored by the carboxylate to the resin via a linker.
Then, the Na-protecting group can be removed without affecting the side-chain
protecting groups and the peptide chain is prepared for the next coupling cycle 34 1%

The two most widely used Na-protecting groups in SPPS are the fluoren-9-
ylmethyloxycarbonyl (Fmoc) and the tert-butoxycarbonyl (Boc), each defining an
overall strategy for SPPS. The chemical conditions for removal of these transient
protecting groups, i.e. base versus acid, each define a ‘chemical window’ of
opportunities for the other chemical steps in the overall SPPS strategy.’** The Boc
strategy, initially introduced by Merrifield, requires trifluoroacetic acid (TFA) or a
similar acid for repetitive removal of the Boc groups, and hydrofluoric acid (HF) for
peptide cleavage from the solid support. Thus, the Boc strategy also relies on

differences in acid lability of the Na-and side-chain protecting groups. The Fmoc
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strategy is often preferred over the Boc strategy for routine synthesis, as the latter
normally requires the use of corrosive and toxic HF and the necessity for a HF
apparatus. On the contrary, the Fmoc group can be removed under mild conditions with

secondary amines, typically 1:4 piperidine-DMF.3%

Each peptide or peptide-conjugate synthesis has its own requirements. Indeed, in
the case of the homobivalent NAPamide constructs, a partially protected peptide (Pp-
NAPamide) was synthetized to facilitate the preparation of the conjugate in solution
and to protect the peptide side-chain functional groups from undesirable side-reaction
(Figure 2.5). The only reactive group in this peptide precursor is the free primary amine

of Lys®, which will be used for conjugation to the chelator.

His3(Trt) Arg®(Pbf)
Ph H,N o
Ac-Nle' 2 I
Ph—|-Ph - 0
\’/ >=N S
(N HN
\
N | Gly’
o) o) o) o)
H H H H
N N N
)J\N N N \)kN/}r \)J\NHZ
H : H H H :

Asp?(tBut) DPHe*(Trt) Trp®(Boc) Lys

Figure 2.5: Schematic representation of Pp-NAPamide.

Therefore, a solid-phase support with a hyperacid labile linker (flow-compatible
Fmoc-amino-xanthen-3-yloxy-Merrifield resin — Sieber Amide resin) that enables the
synthesis of fully or partially protected peptide with amide group at the C-terminus was
selected to assemble the peptide sequence. Moreover, the following protecting groups
were used for orthogonal protection of the corresponding amino acids side-chain: trityl
(Trt) for His, Boc for Trp, tert-butyl (t-Bu) for Asp, pentamethyl-2,3-
dihydrobenzofuran-5-sulfonyl (Pbf) for Arg, and 4-methyltrityl (Mtt) for Lys. The use
of the hyperacid sensitive Mtt protecting group and the Sieber Amide resin allows,
simultaneously, a selective deprotection of the g-amino group of Lys and peptide

cleavage from the resin after treatment with 1% trifluoroacetic acid (TFA) in
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dichloromethane (DCM). Hence, the peptide sequence was prepared by SPPS on a
CEM automated 12-channel microwave peptide synthesizer (Liberty®) using standard
continuous-flow technology and Fmoc strategy at 0.1 mmol scale. The use of
microwave irradiation during the peptide synthesis allowed dramatic time reduction
during coupling and Na-deprotection. Although this synthesis was straightforward,
microwave heating has also been proven especially relevant for peptide sequences
which might form B-sheet type structures and for sterically difficult couplings.*3*"

After cleavage, appropriate work-up and purification by RP-HPLC (Method D,
experimental section 7.2), the partially protected peptide Pp-NAPamide (> 95% purity)
was characterized by ESI-MS. The peak found at m/z = 876.1 corresponds to [M+2H]**
of the desired peptide. The minor peak found at m/z = 1507.8 corresponds to a peptide
species in which the Trt group was also removed from the His® side-chain, showing that
diluted solution of TFA have also the ability to remove this protecting group (Figure
2.6).
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Figure 2.6: ESI-MS spectrum and RP-HPLC chromatogram of Pp-NAPamide.

We have also prepared the fully unprotected NAPamide peptide upon treatment
of the protected peptide in the solid support with a standard cocktail solution of 95%
TFA, 2.5% triisopropylsilane (TIS), 2.5% H,O. After purification by semi-preparative
RP-HPLC, the peptide was fully characterized by ESI-MS and NMR spectroscopy,
namely, correlated (*H-'H COSY), total correlated (*H-'H TOCSY), nuclear Overhauser
enhancement (*H-'H NOESY), rotating frame nuclear Overhauser (*H-'H ROESY) and

heteronuclear single quantum coherence (*H-*C and *H-">N HSQC) spectroscopy.
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The peaks found in the ESI-MS spectrum of NAPamide at m/z = 1099.8 and
m/z = 550.6 correspond to [M+H]" and [M+2H]**, respectively.

The signals of the 'H-NMR spectrum of the peptide in H,O/D,O (9:1 v/v) were
assigned by standard sequential assignment methods, which comprises two stages.*® In
the first stage, amino acid spin systems are identified using 2D COSY and 2D TOCSY
spectra, and classified to amino acid type. Non-repeated amino acids with unique spin
systems are assigned to residue number in this stage (Nle, Arg, Gly and Lys in
NAPamide). Aromatic rings of His, bPhe and Trp were connected to their correponding
AMX spin system by the rotating frame overhause effect (ROE) cross-peaks between
the beta/beta’ protons and the delta ring protons (32 in His, 68’ in DPhe, and 81 and €3
in Trp). In this way, all residues of NAPamide were fully attributed in the first
assignment step.

The *3C and N resonances were assigned from the cross-correlations observed
in the corresponding HSQC between the proton and the bound carbon or nitrogen,
respectively. The *H, *C and N chemical shifts of NAPamide at 2.5 and 25 °C are
listed in the experimental section.

The chemical shift values of the amino acids are conventionally used to predict
the structural propensities of peptides and proteins in aqueous solvents.™*” Indeed, the
chemical shift deviation (A8) of the observed ‘H, **C, and **Cy chemical shift for a

given amino acid in a given peptide from its corresponding random coil (RC) value (A

— Sobserved

— 8¢ ppm) has been used for many years to qualitatively estimate the
structure of a peptide.*®

As depicted in Figure 2.7, the chemical shift deviations of *H, and **C, for most
residues in the peptide sequence (Ady,< 0.13 ppm, except for Arg, and Adc, < 0.3 ppm)
are within the range of the RC values (+ 0.1 ppm for *H and + 0.5 ppm for *C),
suggesting that NAPamide might present mainly a random coil conformation in

solution.**®
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Figure 2.7: Histograms showing the chemical shift deviation of 'H, (top) and “*C,
(bottom) values for amino acid residues of NAPamide in aqueous solution at pH 2.5
and 5 °C.

Regular secondary structure elements are more strongly identified from non-sequential
nuclear Overhauser effect (NOE), as the NOE cross-peak is observed only when two
protons are spatially close (at a distance shorter than 5 A; NOE intensity depends on
1/r°, being r the inter proton distance), and each type of secondary structure element is
characterized by a particular pattern of short range NOEs. For instance, a-helices are
characterized by a stretch of strong and medium NH;—NH;.; NOEs, and weak C,H;—
NHi:+1 NOEs, sometimes supplemented by NH—NHi;., and C,Hi—NHi.4, NOEs. -strands,
on the other hand, are characterized by very strong C,Hi—NH;.; NOEs and by the
absence of other short-range NOEs involving the NH and C,H protons. -sheets can be
identified and aligned from interstrand NOEs involving the NH, C,H, and CgH

protons.**®
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The NOESY data has shown mainly sequential assignments C,H-NH;.;, CgH-NHi.1
(Figure 2.8) suggesting again a random coil conformation for NAPamide. The only
non-sequential NOE found for the free peptide is a weak C,H-NH;., NOE cross peak
between Nle-His (Figure 2.8) present at 5 °C.

Ac-Nle'D?H*f*R5WSG’K?3-NH,

dNN(i, i+1) -
daN(i, i+1) N e B e
dpN(i, i+1) E—
d(i, i+2) S

Figure 2.8: Summary of the NOE intensities derived from ROESY data observed for
NAPamide at pH 2.5 and 5 °C. The height of the bar indicates the strength of the NOE.
The NOE volumes were categorized as strong (1.8-3.0 A), medium (1.8-3.5 A), or weak
(1.8-5.0 A). “f” stands for DPhe.

2.2.3. Synthesis and Characterization of NAPamide Conjugates

L1-Boc — L3-Boc were conjugated to Pp-NAPamide, via 2-(7-Aza-1H-benzotriazole-
1-yI)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) activation in the
presence of N,N-Diisopropylethylamine (DIPEA) in a N,N-dimethylformamide (DMF)
solution. The resulting intermediate conjugates were purified by semi-preparative RP-
HPLC and the protecting groups were removed with a standard cocktail (95% TFA,
25% TIS, 25% H,0), giving the final peptide conjugates L4 — L6 respectively
(Scheme 2.2).
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Scheme 2.2: Synthesis of mono- and bivalent NAPamide conjugates L4, L5 and L6. (i)
HATU, DIPEA, DMF; (ii) HATU, DIPEA, Microwave 75W, 50 °C, 10 min, DMF; (iii)
95% TFA, 2.5% TIS, 2.5% H,0.

l /Il
L2-Boc
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The peptide conjugates were characterized by ESI-MS (Table 2.1).

Table 2.1: Analytical data of the monovalent and bivalent a-MSH derivatives.

Compound Formula Calculated [ion] Found tg/min (purity)*
L4 CesHoasN20012 1349.8 [M+H]" 1349.8 14.1 (98%)
L5 CizoH177N3024  849.5 [M+3H]** 849.5 15.3 (98%)
L6 CioH170N36024  1244.6 [M+2H] 12446  15.0 (98%)

*Method E, experimental section

The monovalent conjugate L4 was also characterized by multinuclear NMR
spectroscopy (2D COSY, TOCSY and NOESY) in H,O/D,0 (9:1 v/v), which allowed
full peak assignment in the NMR spectra. The *H, *3C and *°N chemical shifts of L4 are
listed in the experimental section, and the correlations found for L4 are depicted in

Figure 2.9.
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Arg®

Hi53 HN NH2

< Vi “{N 77%

Figure 2.9: Schematic representation of L4. Arrows represent the observed NOE

correlations at pH 2.5 and 5 °C.

The proton chemical shifts in the *H-NMR spectrum of L4 at 5 °C were almost identical
(*H: A e = 0.1 ppm) to the ones found for the free peptide, except for the
methylenic protons of lysine side chain that present a significant deviation
(Ades: MU = 0 18 and ASnss = -0.16 ppm). The carbon chemical shifts in the *C-
NMR spectrum of L4 were also almost identical (**C: A§ W9 < 0.5 ppm) to the
free NAPamide, while the nitrogen chemical shift of the g-amino group of the lysine
side chain in the conjugate is shifted downfield (*°N, A§ @MU — 57 3 ppm)
relatively to the same resonances in the corresponding free analog. These results
suggested that the conjugation of the BFC has minor impact on the peptide
conformation.

A strong correlation between the methylenic protons (Hj) in the aliphatic arm of
the chelator and the HN amide of g-amino group of the lysine side chain at 5 °C (Figure
2.9) was found in the ROE cross-peaks of L4. The assignment of the chelator was
confirmed by the strong correlation between the methylenic protons in the pyrazolyl-
diamine (H*'; Figure 2.9).
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2.2.4. Metallated Homobivalent Peptides of the Type fac-[Re(CO)s(k>-L)]"

Aiming to assess the influence of metallation of L4 — L6 in the MC1R-binding
affinity and to characterize the analog *™Tc(CO)s-complexes, the metallopeptides Re4

— Re6 were synthesized via an indirect method as displayed in Scheme 2.3.
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Scheme 2.3: Synthesis of the metallated peptides Re4 — Re6. i) Pp-NAPamide,
DMF/DIPEA/HATU; ii) TFA/TIS/H,O.

Firstly, L1-Boc, L2-Boc-Me, and L3-Boc (see section 2.2.1.) were treated with
a diluted solution of TFA (5% TFA in CH,CI,) to yield the corresponding Boc-free
bifunctional chelators L1, L2-Me, and L3. These chelators reacted with equimolar
amounts of the precursor fac-[Re(CO)3(H,0)s]Br in refluxing water for 20 h. After
purification by preparative RP-HPLC (Method A, experimental section 7.2),
intermediate complexes of the type fac-[Re(CO)s(x*-L)]" (Rel, L = L1; Re2, L = L2;
Re3, L = L3) were obtained as colorless oils in 60%, 73% and 65% vyield, respectively.
Surprisingly, the methyl ester groups of L2-Me, were hydrolyzed under the reaction
conditions, as confirmed by the structural characterization of Re2.

Rel — Re3 were characterized by the usual analytical techniques, including RP-
HPLC, ESI-MS, NMR and infrared (IR) spectroscopy. The use of 2D-NMR
experiments (*H-'H g-COSY and *H-"*C g-HSQC) was crucial for peak assignment in
the NMR spectra, and for full characterization of the compounds, as described in the
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experimental part. For the sake of example, the *H- and *C-NMR spectra (D,0) of Re2
are depicted in Figure 2.10.
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Figure 2.10: *H-(top) and *C-NMR (bottom) spectra of Re2 in D,O (S = residual

200 180 160 140 120 100 80 60 7

water).

The *H-NMR spectrum of Re2 presented singlet peaks assigned to H” (5 6.07) and
to the methyl groups of the pyrazolyl ring (5 2.30/2.14). The H® and the methyl protons
of the pyrazolyl ring were shifted downfield (H°, A= 0.29 ppm; Me, A = ~0.19 — 0.20
ppm) relatively to the same resonances in the corresponding free chelators, indicating
coordination to the metal center. The tridentate coordination mode of the chelator was

also confirmed by the splitting of the NH, protons of the primary amine (6 5.12 and
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d 3.70), as well as by the splitting of the methylenic protons of the coordinating
backbone. For each of these protons, two resonances, integrating for one proton each,
were found, due to the diastereotopic character of the methylenic protons after
coordination to the metal center (e.g. & 4.40 H%, § 4.39 H*, § 3.30 H®, § 2.70 H®, & 3.08
HY, & 2.48 H?). This behavior, which is a strong evidence of ligand coordination, is
similar to other tricarbonyl complexes of the same type.**® 9 The absence of a sharp
singlet at ~ & 3.6, assigned to the methyl ester group, indicates that the reaction
conditions used lead to ester hydrolysis.

The ®C-NMR spectrum of Re2 presented all the expected signals for the
proposed structure. The most striking characteristic was the presence of three
resonances for the C=0 ligands (6 197.1, & 196.6 and & 195.4) coordinated facially to
rhenium, which is common to all complexes. The full assignment of the **C resonances
was based on 'H-*C g-HSQC. A correlation between the geminal diastereotopic

protons and the respective carbons was found.

The metallated peptides Re4 — Re6 were prepared by conjugation of the
corresponding precursors Rel — Re3 to the free e-amino group of Lys® in Pp-
NAPamide (Scheme 2.3). After semi-preparative RP-HPLC purification and removal
of the side-chain protecting groups with a standard cocktail (95 % TFA, 2.5 % TIS, 2.5
% H,0), Re4 — Re6 were characterized by ESI-MS (Table 2.2).

Table 2.2: Analytical data for Re4 — Re6.

Compound Formula Calculated [ion] Found tg/min (purity)*
Re4 CesHosN20O15Re 810.8 [M+2H]”  810.4 15.9 (98%)
Re5 C125H177 N37027Re 705.0 I:l\/|'|'3H]3+ 705.0 154 (98%)
Re6 C122H170N36027Re 920.6 [M+3H]*"  920.6 15.5 (98%)

* Method E, experimental section

The metallopeptide Re4 was also characterized by multinuclear NMR
spectroscopy, using 2D COSY, TOCSY and NOESY. The 'H, *C and N chemical
shifts of Re4 are listed in the experimental section.

The chemical shift deviations (*H,, °C,) for some residues of the metallopeptide
were determined and compared to the free NAPamide and respective peptide conjugate
L4 (Figure 2.11)
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Figure 2.11: Histograms showing the chemical shift deviation of 'H, (top) and **C,
(bottom) values for amino acid residues of NAPamide (black bars), L4 (white bars) and

Re4 (grey bars) in aqueous solution at pH 2.5 and 5 °C.

The results have shown that the chemical shift deviations of ‘H, and *C, of most
residues in the peptide sequence of Re4 were similar to the ones found for NAPamide
indicating that the peptide moiety in the complex might also present a random coil
conformation in solution. Moreover, no significant differences were found between the
chemical shifts (*H, and *C,) of the residues in the free peptide (or L4) and Re4,
indicating that metallation does not affect the conformation of the peptide in solution.
The methylenic protons of Lys® side chain in Re4 presented a significant deviation

(AByyee MMM = 0 24 and Adpss U9 ™ = .0.12 ppm) from the chemical shifts of

S conjugate-free <.

free NAPamide while the remaining signals were almost identical (*H: A
0.1 ppm).
The carbon chemical shifts of the peptide in Re4 were also almost identical (**C:

AS onverteree 0 5 ppm) to NAPamide, while the nitrogen chemical shift of the -
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amino group of the Lys® side chain in the conjugate is shifted downfield (*°*N, AS ©mUgate-
free = 58.2 ppm). These results also indicated that the conjugation of the rhenium
complex have minor impact on the peptide conformation.

From the observed ROE cross-peaks of Re4, the strong correlation between the
methylenic protons (H') in the aliphatic arm of the rhenium complex and the HN amide
of g-amino group of the Lys® side chain at 5 °C confirmed peptide conjugation.
Moreover, only strong sequential C,H-NH;.; correlations were found in the peptide

backbone at 5 °C.
2.3. MCI1R-Binding Affinity

The receptor-binding affinities of L4 — L6 and corresponding metallopeptides
Re4 — Re6 were assessed in a competitive binding assay using B16F1 murine
melanoma cells and [***I]-NDP-MSH as a radioligand. The latter was prepared by
radioiodination of NDP-MSH using the chloramine-T method as described in the
experimental section. Analytical RP-HPLC purification was performed before each
assay to minimize the effect of deiodination of [**°I]-NDP-MSH. Finally, B16F1 cells
were incubated at room temperature (25 °C) with [***1]-NDP-MSH (50,000 Cpm in 0.2
mL) and the competitor peptide solution (0.1 mL), yielding a final concentration
ranging from 1.9 x 10 to 1.9 x 107 M.

The calculated ICsq values for all compounds are listed in Table 2.3. For the sake
of comparison, the 1Cs, values found for a-MSH, NDP—MSH, and free NAPamide are

also shown.

Table 2.3: MC1R binding affinity of a-MSH derivatives.

Compound IC50 (NM) = S.D.
a-MSH¥° 1.65+0.18
NDP-MSH? 0.21 +0.03
NAPamide 0.78 £ 0.03
L4 0.66 + 0.13
L5 0.04 + 0.02
L6 0.16 + 0.21
Re4 0.03 +0.02
Re5 0.15 + 0.08
Re6 1.14 +1.13

S.D. = standard deviation
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All peptides display high affinity to MC1R with ICs, values in the sub- and
nanomolar range. The binding affinity of L4 (ICsy = 0.66 + 0.13 nM) is comparable to
that of free NAPamide (ICso = 0.78 + 0.03 nM), demonstrating that conjugation to the
BFC did not affect its original MC1R-targeting properties. As envisaged, introduction
of a second peptide unit in the same molecule resulted in a significant affinity
enhancement. Indeed, the bivalent conjugates L5 (ICso = 0.04 + 0.02 nM) and L6 (ICs
= 0.16 £ 0.21 nM) had a 19 and 4 fold increase in affinity at the MC1R, respectively,
compared to the monovalent peptide conjugate L4. Metallation of the latter resulted in a
20 fold affinity enhancement (Re4: ICs, = 0.03 £ 0.02 nM), while a slight decrease on
the binding affinity of L5 and L6 was observed upon metallation (Re5: ICsp = 0.15 £
0.08 nM and Re6: ICsp = 1.14 = 1.13 nM). Nevertheless, the values found for Re5 and
Re6 are not only in the nanomolar range but also better or comparable to NAPamide,
suggesting that both compounds can be potentially adequate for in vivo MCI1R-

targeting.
2.4. Radiolabeling with fac-[*"Tc(CO)s]" Moiety

Homobivalent peptide conjugates L5 and L6 were labeled with *™Tc(1)
following the methodology already described for L4.5° As depicted in Scheme 2.4,
reaction of the conjugates (100 pL, [L] = 5 x 10-* M) with the organometallic precursor
fac-[*"Tc(CO)s(H.0)s]* (900 L) gave the radiometallated peptides of the type fac-
[®™Tc(CO)s(i*-L)]" (Te5, L = L5, and Tc6, L = L6) in high yield and high

radiochemical purity.
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Scheme 2.4: Synthesis of Tc4 — Tc6. i) 90 °C, 30 min, pH=7.

As the concentration of the ®™Tc(I) complexes is very low (10® — 10™° M), their
chemical identification/characterization was made by comparing their RP-HPLC
profiles with those of the corresponding Re(l) tricarbonyl complexes, which were
synthesized and characterized at the macroscopic level (section 2.2.4.). In this way, we
confirmed that the **™Tc(1) complexes corresponded to the expected compounds, which
means they present the same structure as the rhenium congeners, being formulated as
fac-[*"Tc(CO)s(k*-L)]" (Tc4, L = L4; Tc5, L = L5; Tc6, L = L6). As an example,
Figure 2.12 presents the RP-HPLC profiles of the matched pairs Re5/Tc5 and
Re6/Tcb6.

tr=15.6 min tr =15.5min

L Re? L Ref
M -

TITTprY T T T Ll W W L Wb b
15 20 15 20
[min] [min]

Figure 2.12: RP-HPLC chromatograms of Tc5 and Tc6 (y - detection)/Re5 and Re6
(U.V. detection).
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The partition coefficients in octanol-water, expressed in log Pow, have been
determined for Tc4 — Tc6 in physiological conditions (Table 2.4 and experimental
section 7.4). The results demonstrated the hydrophilic nature of all radiometallated

peptides, with complex Tc6 displaying the highest hydrophilic character.

Table 2.4: Log P values for complexes Tc4 — Tc6.

Radiopeptides Log Pow £ S.D.

Tc4 -0.42 +0.01
Tc5 -1.34 £ 0.04
Tc6 -1.82 +0.02

In order to increase specific activity and maximize cellular and tumor uptake, the
radiopeptides Tc5 and Tc6 were separated from the corresponding non-metallated
conjugates L5 and L6 by semi-preparative RP-HPLC. The fraction corresponding to
each radiopeptide was collected in a 50 mL Falcon vial containing PBS (biodistribution
studies) or MEM (cell studies) with 0.2 % BSA to minimize adsorption phenomena

during the evaporation of the elution solvents.

2.5. In Vitro Stability Studies

The in vitro stability studies may help to partially predict the stability of the *™Tc(1)
complexes in vivo towards reoxidation and/or transquelation of the metal by biological
substrates. These biological substrates can be proteins, amino acids or other molecules
present in vivo. Complexes Tc5 and Tc6 were challenged in 1 mM solutions of strong
coordinating amino acids such as cysteine or histidine. Briefly, 100 pl of *™Tc(l)
complexes solutions were incubated with 900 pl of cysteine or histidine solutions at
37 °C. After 18 h incubation, aliquots of the solutions were collected and analyzed by
RP-HPLC. The results obtained have confirmed a high stability for both *™Tc
complexes. In fact, no decomposition or reoxidation products were found by RP-HPLC
monitoring after incubation of the radioactive complexes.

The stability of Tc5 and Tc6 was also assessed in fresh human serum at 37 °C,
and aliquots were analyzed at different time points by RP-HPLC. The results showed
that both compounds displayed high serum stability. As an illustrative example, Figure

2.13 depicts the RP-HPLC chromatographic profile of Tc6 during the assay.
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Figure 2.13: RP-HPLC chromatograms of Tc6 after incubation in fresh human serum at

different time points.

Together, the stability studies confirmed the high ability of the pyrazolyl-diamine
chelating unit to stabilize the core fac-[**"Tc(CO)s]*, without transmetallation to serum-

based proteins or amino acids, and/ or reoxidation to *™Tc(VI1).
2.6. Cell Uptake Studies

For assessing the internalization and specific MC1R-mediated uptake of Tc5 and
Tc6, cellular uptake studies were performed in B16F1 murine melanoma cells. The
results for internalization were compared with those obtained for the monovalent
radiopeptide Tc4 (Figure 2.14A).
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Figure 2.14: Internalization (A) and retention (B) of Tc4 (squares), Tc5 (circles) and
Tc6 (triangles) in B16F1 cells at 37 °C. Internalized activity expressed as a percentage

of total (applied) activity.

64



2.9™T¢(CO)s-labeled Homobivalent a-MSH Analogs for MC1R-Targeting

These studies showed that the internalization degree was time-dependent, and
both bivalent radiopeptides internalized faster than Tc4 at short incubation times. The
radiopeptide Tc5 displayed the highest level of internalization (9 % of the total activity
at 4 h incubation), whereas Tc6 displayed moderate internalization, with a pattern
similar to the one found for Tc4 (about 5 % of the applied activity at 4 h incubation).

Cellular retention of Tc5 and Tc6 was also evaluated in B16F1 cells at different
time points and compared with the results previously described for Tc4 (Figure 2.14B).
After 4 h incubation, Tc5 presented a higher retention value than Tc6 (52 % and 40 %
of the internalized activity, respectively). However, the monovalent radiopeptide Tc4
had the highest retention with 62 % of the internalized activity still inside the cells after
4 h of incubation.?”

To confirm 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, a potent MC1R agonist, 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 Figure 2.15.
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Figure 2.15: Receptor-blocking study: inhibition of cellular internalization of Tc5 (left)
and Tc6 (right) in B16F1 cells by co-incubation with NDP-MSH (3.5ug/well).

Co-incubation with excess NDP-MSH reduced significantly the cellular
internalization of Tc5 and Tc6 by 70 — 76 % and 50 — 56 %, respectively. These results
indicated that the uptake of both radiocomplexes in murine melanoma cells was driven

by a MC1R-mediated mechanism.
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2.7. Biodistribution and in vivo Stability of Tc4 — Tc6

The in vivo MC1R-targeting properties of Tc4 — Tc6 were evaluated in B16F1
melanoma-bearing mice. The primary skin melanoma was generated by implanting
subcutaneously 1 x 10° B16F1 cells. Ten to twelve days after the inoculation, tumors
reached a weight of 0.2 - 1.0 g. Animals were intravenously injected into the retro-
orbital sinus with the radioconjugate diluted in 100 pul of PBS, pH 7.2. The
biodistribution was evaluated at 1 h and 4 h post injection (p.i.). Table 2.5 displays the
tissue distribution as percentage of injected activity per gram of organ (% 1A/g) as well
as total excretion (% IA) of Tc4 —Tc6 at 1 hand 4 h p.i.

Table 2.5: Biodistribution studies of Tc4 — Tc6 in B16F1 murine melanoma-bearing
C57BL/6 mice at 1 hand 4 h p.i. (n = 3-5).

% IA/g £ S.D.
Tissue/ organ Tea™ Tcs Tcb

1h 4h 1h 4h 1h 4h
Tumor 588+211 4.24+094 3.02+027 296+036 254+0.30 1811044
Blood 332+051 162+064 136+030 0.62+006 239+0.61 0.49+0.13
Liver 108+160 6.7+210 4574710 353+597 21.3+0.20 10.1+220
Intestine 9.1+£0.80 144+16 275+025 457+105 1.78+0.02 282+1.29
Spleen 1.26+020 0.88+030 180+009 216+101 3.12+058 152+0.42
Heart 0.85+0.10 058+0.19 063+0.14 039+£003 1.01+0.08 0.39+0.14
Lungs 2.88+055 121+045 134+014 0.67+008 3.66+0.50 0.60+0.10
Kidney 9.7+0.90 45+240 332+330 36.8+387 686+64 725+1.1
Muscle 0.31+£0.03 0.18+0.14 0.24+0.01 0.07+008 0.33+0.03 0.1+0.02
Bone 066+0.10 040+020 0.61+0.03 040+£000 0.72+0.07 0.31+0.06
Stomach 292+170 106+096 118+0.62 0.38+004 0.88+0.30 0.33+0.14
Pancreas 057+0.10 046+032 0.31+0.05 020+0.04 0.40+0.02 0.43+041

Tumor/normal tissue uptake ratio

Tumor/blood 1.8 2.6 2.2 4.8 1.1 3.7

Tumor/muscle 19.0 235 12.6 42.3 7.7 18.1

Tumor/kidney 0.60 0.94 0.09 0.08 0.037 0.03

Total excretion

(%) 57.3+2.7 69.1+83 21616 320+238 39.9+64 519+138

The homobivalent radiopeptides Tc5 and Tc6 presented lower tumor uptake and a less
favorable pharmacokinetic profile than the monovalent radiopeptide Tc4. Slower
overall excretion was observed for both bivalent radiopeptides, with Tc5 displaying the
worst value, with only 32.0 + 2.8% of the activity excreted at 4 h p.i.

The radiopeptides Tc5 and Tc6 were rapidly cleared from the bloodstream (0.62
+ 0.06 and 0.49 + 0.13 % IA/g) and major organs, except those related to the excretion

pathways at 4 h p.i.
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Despite the enhanced in vitro affinity, Tc5 and Tc6 displayed lower in vivo
melanoma accumulation (2.96 + 0.36 and 1.81 + 0.44 % IA/g at 4 h p.i.) as compared to
Tcd (4.24 + 0.94 % IA/g) at the same time point. The in vivo targeting properties of
both bivalent constructs did not correlate with the cellular internalization data. Indeed,
the highest cell internalization level and the moderate retention observed for Tcb,
together with its nanomolar MC1R-binding affinity, did not lead to an enhancement of
tumor uptake relative to Tc4. In fact, there was not a positive correlation between the
tumor uptake and the number of targeting vectors on the complexes.

In spite of the low tumor uptake observed, Tc5 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 p.i. found for Tc5.

Unlike Tc4, both bivalent radiopeptides showed very high non-specific
accumulation and retention in kidneys (33.2 £ 3.3 and 36.8 + 3.87 % IA/g for Tc5 and
68.6 £ 6.4 and 72.5 £ 1.1% IA/g for Tc6 at 1 h and 4 h p.i., 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 81> 129 133 141 Neyertheless, the non-specific uptake by kidneys could be
modulated by the co-administration of cationic amino acids, such as Lys or Arg. 4% 142

The high kidney uptake and retention, together with the low tumor uptake led to
poor tumor to kidney ratios (e.g., 0.08 and 0.03 for Tc5 and Tc6, respectively, at 4 h
p.i.), which were considerably lower than the ratio obtained for the monovalent
compound Tc4 (e.g. 0.94 at4 h p.i.).

To study the in vivo stability of Tc5 and Tc6, urine and blood samples were
collected from the sacrificed melanoma-bearing C57BL/6 mice 1 h p.i. of the
corresponding radiopeptide. After appropriate treatment, the biological samples were
analyzed by RP-HPLC. As an example, the chromatograms of Tc6 (initial preparation)
and the biological samples 1 h after p.i. are shown in figure 2.16.
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tg = 15.5 min
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Figure 2.16: RP-HPLC v traces of Tc6 (initial preparation), blood serum and urine

samples collected 1 h after p.i.

In vivo stability studies revealed that Tc5 and Tc6 were stable in blood serum, as
no metabolites could be detected. These results confirmed that metal complexation via
the tridentate pyrazolyl-diamine backbone overcomes potential binding/transmetallation
to coordinating residues in circulating proteins, such as histidine, cysteine or
methionine. In contrast, a small amount (less than 15%) of metabolites with a shorter

retention time was found in urine but they were not identified.
2.8. Conclusions

The bivalent conjugates L5 and L6 presented enhanced in vitro MC1R-binding
affinity as compared to the monovalent NAPamide conjugate (L4). Metallation of the
bivalent conjugates yielded isostructural complexes of the type fac-[M(CO)s(k*-L)] (M
= 9™Tc/Re; Tc5/Re5, L = L5; Tc6/Re6, L = L6), with Re5 and Re6 displaying binding
affinities in the subnanomolar and nanomolar range, which were still better than or
comparable to the binding affinity of NAPamide. Cell internalization studies in B16F1
murine melanoma cells has shown that the radiopeptides Tc5 and Tc6 internalized via
an MC1R-mediated mechanism, with Tc5 presenting the highest level of
internalization.

The biodistribution studies of Tc4 — Tc6 in B16F1 melanoma-bearing mice has
shown that there was no positive correlation between tumor uptake and valency, even in

the case of Tc5, which had the highest cellular internalization level and better retention.
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3. M(CO)s-labeled Cyclic a-MSH Analogs (M = *™Tc, Re)
3.1. Introduction

Cyclic peptides present in general enhanced in vivo receptor-targeting properties
as compared to the linear ones, mainly due to a stable secondary structure that enables a
better fit into the receptor pocket.® Among the most successful cyclization strategies
applied to radiolabeled a-MSH analogs, metal and lactam bridge cyclization resulted in
greater tumour uptake and lower kidney uptake than the disulphide bridge
cyclization.> %

Recently, Grieco et al. have introduced a new family of alkylthioaryl bridge-
cyclized peptides formally derived from MT-Il and SHU9119, which are a lactam-based
cyclized agonist and antagonist of MCIR, respectively (Figure 3.1).** Among this
family, the cyclic analog c[S-NO,-CsH3-CO-His-DPhe-Arg-Trp-Cys]-NH, (PG10N)
emerged as a potent agonist towards MC1R (Figure 3.1).

Trp

Nie*
HN/\/\/\

NH

o g HN
H NH T 0
Arg HZN\H/N\/\)?H HN’( © Ha N)\ \)J\NHz

Z

DNal2")’

MTII (IC50 = 3.5 £ 0.2 nM) ¢[S-NO,-CgH3-CO-His-oPhe-Arg-Trp-Cys]-NH,
SHU9119 (IC50 = 1.3 £ 0.1 nM) (PG10N, IC5, = 3.7 + 0.5 nM)

Figure 3.1: Schematic representation of the cyclic analog MT-II, SHU9119 and c[S-
NO,-CgH3-CO-His-pPhe-Arg-Trp-Cys]-NH, (PG10N) and their MC1R binding affinity

val Ues.l43-144

The same authors also demonstrated that cyclic peptides containing a cysteine bridge

display improved pharmacokinetic and conformational properties when compared to
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their cognate peptides.'* Taken together, these results prompted us to design a
(radio)metallated cyclic peptide containing a thioether-bridge within the main ring for in
vivo MC1R-targeting. Additionally, we have also envisaged the synthesis and biological
evaluation of a novel (radio)metallated cyclic peptide containing an amine-bridge
instead of a thioether-bridge. In order to prepare the thioether and amine bridge-cyclized
a-MSH analogs, our efforts focused on the design of macrocyclic peptides with an
appropriate linker to enable conjugation to a bifunctional chelator/metal complex. The
incorporation of such linker in the peptide sequence should not affect the MC1R-
targeting properties of the cyclic a-MSH analog. Therefore, this chapter describes the
synthesis and characterization of the novel thioether and amine bridge-cyclized peptides
c[S-NO;-CgH3-CO-His-pPhe-Arg-Trp-Cys]-Lys-NH; (SNBA-MSH ) and c[NH-NO,-
CeH3-CO-His-DPhe-Arg-Trp-Lys]-Lys-NH, (NNBA-MSH.), respectively, as well as
the corresponding peptide conjugates c[S-NO,-CgH3-CO-His-bDPhe-Arg-Trp-Cys]-
Lys(Pz)-NH, (L7) and c[NH-NO,-C¢H3-CO-His-DPhe-Arg-Trp-Lys]-Lys(Pz)-NH;
(L8). The synthesis, characterization and biological evaluation, including the in vitro
and in vivo MC1R-targeting properties, of the Re/*"Tc(CO)s-metallated peptides
conjugates is also presented.

3.2. Synthesis and Characterization of novel Cyclic a-MSH analogs

Taking into consideration that the conjugation of a bifunctional chelator to the -
amino group of a Lys side-chain did not affect the MC1R-targeting properties of the
resulting NAPamide conjugate described in the previous chapter, this amino acid was
selected as a suitable linker to be incorporated either at the N- or C-terminus of PG10N.
Thus, two new linear peptide sequences, A: Lys(Boc)-His(Trt)-oPhe-Arg(Pbf)-
Trp(Boc)-Cys(Trt)-NH, and B: His(Trt)-DPhe-Arg(Pbf)-Trp(Boc)-Cys(Trt)-Lys(Boc)-
NH,, were assembled to the MBHA rink Amide resin by Fmoc-based SPPS in a CEM
12-Channel Automated Peptide Synthesizer (Scheme 3.1). The linear sequences were
capped with 2-fluoro-5-nitrobenzoic acid (pNO,-BenzAcid) and prior to cyclization, the
cysteine protecting group (Trt) was removed selectively with a diluted solution of TFA
(Scheme 3.1). Cyclization was performed by treatment of the resin-supported peptides
with potassium carbonate in DMF (36 h at 25 °C).
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NH-Boc

NH-Boc

o NO, -
pNO,-BenzAcid

SNBA-MSH,

Scheme 3.1: Synthesis of a thioether cyclic peptide (SNBA-MSH.,) containing. i)
pNO,-BenzAcid, DIPEA, DCM, 3h, r.t.; ii) 2% TFA/DCM,; iii) 5eq. K,CO3, DMF; iv)
TFA, TIS, H,0 (95; 2.5 %; 2.5 %).

Both sequences were cleavage from the resin under standard conditions,

precipitated with diethyl ether and purified by semi-preparative RP-HPLC, however, the
19-membered cyclic thioether peptide SNBA-MSH ¢« was isolated only in the case of
sequence B. This result suggests that peptide macrocylization may be sterically
hindered by the introduction of a Lys at the N- terminus in sequence A as opposed to

the presence of the same residue at the C- terminus in sequence B.

Following the same synthetic methodology, an amine bridge-cyclized peptide

was prepared by replacing the nucleophilic promotor Cys®(Trt) with Lys°(ivDde)
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(Figure 3.2). After removal of the ivDde protecting group with 2 % hydrazine/DMF
and subsequent cyclization, the 22-membered cyclic peptide NNBA-MSHex was
cleaved from the resin under standard conditions, precipitated with diethyl ether and
purified by semi-preparative RP-HPLC.

)3\\ NH
N
H
%) 7

His2 N

NNBA-MSHex

Figure 3.2: Schematic representation of amine-bridged cyclic peptide NNBA-MSH .

The peptides SNBA-MSH.x and NNBA-MSH.x were characterized by the
usual analytical techniques, including RP-HPLC, ESI-MS and NMR spectroscopy (*H-
'H COSY, *H-'H TOCSY, *H-'H NOESY, *H-'H ROESY, *H-"*C and *H-"N HSQC).
The ESI-MS and RP-HPLC results for both peptides are presented in Table 3.1,
whereas the *H, **C and °N data are described in the experimental section (Tables 7.7
and 7.9).

Table 3.1: Analytical data for SNBA-MSHex and NNBA-MSHey.

tr/min

(purity)*

SNBA-MSHpex  CagHsgN1509S 1022.4[M+H]" 1022.5 9.1 (98%)
NNBA-MSHex ~ CsiHesNigOy  1047.5 [M+H]®  1047.5 9.3 (98%)
"Method G, experimental section

Compound Formula Calculated [ion] Found

As mentioned previously, it is possible to obtain qualitative structural information from
1Hu, 13Ca and 13CB chemical shift values as they are sensitive to the secondary structure
of the peptide.®® The chemical deviation of ‘H,, **C, and “*C; for the aminoacid
residues in SNBA-MSHex and NNBA-MSH,¢, are shown in Figure 3.3.
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mmm SNBA-MSH,.,
0.2 ) NNBA-MSH,,

Adcon, pPpM

04 T T T T T T T T T T T
His DPhe Arg Trp Cys/Lys Lys
Peptide sequence

BN SNBA-MSH,,
151 [ NNBA-MSH,,

ASCOL’ ppm
2 8
|

—

Peptide sequence

mm SNBA-MSH,.,
) NNBA-MSH,,

Ddcp, ppm

T T T T T T
His DPhe Arg Trp CyslLys Lys

Peptide sequence
Figure 3.3: Histograms showing the chemical deviations (A8, ASc, and Adcp, ppm;
being AS = 8¢V _ 7€) for amino acid residues of SNBA-MSH ey (black bars) and

NNBA-MSHpex (white bars), in aqueous solution at pH 2.5 and 5 °C. Dashed lines
indicate the random coil (RC) ranges. Random coil values were taken from Wishart et

a|.137a

The chemical shifts (*H,, **C, and *Cy) of some residues in peptide SNBA-

MSHyex deviated significantly from the random coil values, indicating a turnlike
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conformation at the core residues pPhe, Arg, and Trp. Among the side-chain protons,
the very large upfield shifts observed for Arg (Table 3.2) indicated that these side-chain
protons bear anisotropic effects from the ring currents of one or more aromatic side
chains in the sequence of SNBA-MSH .

Table 3.2: 'H chemical shifts (ppm) for the Arg side chain of SNBA-MSHe, and
NNBA-MSHjye in aqueous solution at pH 2.5, 25 °C. Random coil values were taken
from Wishart et al.***

Protons of arginine side-chain
Peptide Hgp: H,, Hss
SNBA-MSHex 1.12,1.38 0.56,0.79 2.78, 2.78
NNBA-MSHex 1.48,1.69 1.02,1.22 2.48,2.82
Random Caoll 1.76,1.86 1.63,1.63 3.20,3.20

In fact, the cation—= interaction between the positively charged Arg guanidinium
group and the indole ring of Trp can contribute to stabilize and fit the peptide
structure.*®

In the case of peptide NNBA-MSHi., the chemical shifts (*H,, **C, and **C) of
pPhe, Trp and Lys exhibited significant deviation from the random coil values,
indicating also a turn-like conformation. Although the side-chain protons of Arg (Table
3.2) were also shifted upfield, the anisotropic effect experienced by these protons is less
pronounced in NNBA-MSHy,, than in SNBA-MSH .. As reported for other a-MSH
analogs, the large anisotropic effect suggested that Arg side chain has a relatively fixed
orientation in the case of SNBA-MSHpey. -4’

Structural features of the peptides can also be deduced from the ROE
correlations in the peptide backbone. The intensity of the NOE correlations found for
SNBA-MSHx and NNBA-MSH« backbone are depicted in Figure 3.4 (top).
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SNBA-MSHex NNBA-MSHhex

H2PR4WSC®K’-NH, L ST
dNN(i, i+1) H2FPR4WSK®K’-NH,
dNN(i, i+1) ==
daN(i, i+1) P
daN(i, i+1) T e
dpN(i, i+1) S =
dBN(i, i+1) == =
daN(i, i+2) ——
daN(i, 1+2) ——
d(i, i+2) e

5 Lys’

NH,

DPhe®

pNO,-BenzAcid'

Figure 3.4: NOE correlations found for SNBA-MSHx and NNBA-MSHex backbone
(top) at 25 °C and key NOE cross-peaks present in the ROESY spectra of both peptides
(bottom). The height of the bar indicates the strength of the sequential NOE. The NOE

volumes were categorized as strong (1.8-3.0 A), medium (1.8-3.5 A), or weak (1.8-5.0
A).

The NOE summary shows the presence of several weak NH-NHi.; (DPhe® to
Lys’) and medium to strong C,H-NHi.; (His? to Trp®) NOE correlations in SNBA-
MSHyex, While only one medium NH-NH;.; and one strong C,H-NHi;.1 correlation were
found across the entire peptide backbone of NNBA-MSH . (Figure 3.4, top). Several
weak and medium sequential correlations CgH-NH;.; were also found in both peptides,
however, the residues involved in these interactions were different. In the case of
SNBA-MSHiex, CgH-NHi:1 correlations were found for all residues expected between
Trp® and Cys® while in NNBA-MSH;.y the correlation between bPhe® and Arg* was not
observed.
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Non-sequential correlations were also found for both peptides, namely C,H-
NHi.2 (oPhe® and Trp®), however, an additional weak interaction between Arg* and Cys®
is found in SNBA-MSH .y, While similar interaction was found between His? and Arg*
in NNBA-MSH .

Correlations between the side chains of the residues in both peptides were also
found. The side-chain of Trp® is closer to bPhe® and Arg* side-chain in SNBA-MSHeyx.
while in the case of NNBA-MSH;,y, it was pointed in the opposite direction, closer to
the Lys® side-chain. Furthermore, the imidazole ring of His* and the benzyl ring of
pPhe® were closer in NNBA-MSHex, While such correlation was not found in SNBA-
MSHiex. (Figure 3.4, bottom)

These interactions contribute for the stabilization of the structural conformation
of the peptide. Although the structure adopted by the peptides SNBA-MSHex and
NNBA-MSH}ex was similar to the structural models of other a-MSH analogs containing
the core sequence His-DPhe-Arg-Trp (e.g. PG10N, [C°,C**]NDP-MSHs.;o and MT-11),
which is essential for MC1R recognition, the observed ROE correlations clearly
indicated that SNBA-MSHpex and NNBA-MSH e present distinct conformation.*® 147
Moreover, the NMR data of the pharmacophore sequence that was more distinct
between SNBA-MSH.x and NNBA-MSHy, are the chemical shifts of Arg side chain.
This finding might be translated into different arrangements of the residue side chain,

affecting the interaction SNBA-MSHex-receptor.*®

3.3. Peptide Conjugates and Metallopeptides
The Boc-protected bifunctional chelator L1-Boc was conjugated to SNBA-
MSHyex and NNBA-MSHex via HATU activation in the presence of DIPEA. The

resulting intermediate compounds were treated with TFA, yielding the final peptide

conjugates L7 and L8, respectively (Scheme 3.2).
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Scheme 3.2: Synthesis of L7, L8, Re7 and Re8. i) DMF/DIPEA/HATU; ii)
TFA/TIS/H,0.

Aiming to evaluate the influence of metallation of L7 and L8 in the MC1R-
binding affinity and characterize the analogs *™Tc(l)-complexes, the “‘cold’” rhenium
metallopeptides fac-[Re(CO)s(k*>-L7)]* (Re7) and fac-[Re(CO)s(xk>-L8)]* (Re8) were
also synthesized. These complexes were prepared by conjugation of the free carboxylate
group in Rel to the Lys side-chain of SNBA-MSHex and NNBA-MSH e, (Scheme
3.2). All compounds were characterized by ESI-MS (Table 3.3).

Table 3.3: Analytical data for L7, L8, Re7 and Re8.

Compound Formula Calculated [ion]  Found te/ min,
(purity)

L7 Ce1Hs1N19010S 1272.5 [M+H]" 12725 10.2 (98 %)

Re7 Ce4HgaN19013ReS 772.4 [M+2H]*" 7724 11.9 (98 %)

L8 Ce4HgsN20010 1297.7 [M+H]" 1297.7  10.4 (98 %)

Re8 Ce7Ho1N20O13Re 784.4 [M+2H]*" 784.4 12.1 (98 %)

"Method G, experimental section

To assess the conformational preferences of the peptide upon conjugation to the

chelator and further complexation with the rhenium tricarbonyl core, L7 and Re7 were
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characterized by NMR spectroscopy (‘H-'H COSY, *H-'H TOCSY, *H-'H NOESY, 'H-
'H ROESY and *H-"*C as well as *H-"*N HSQC).

After peak assignment in the NMR spectra of L7 and Re7 (Tables 7.10 and 7.12
in experimental section, respectively), the most significant finding was that the majority
of the *H, *C and **N chemical shifts of both compounds were practically identical
between each other and to the corresponding free peptide. As an example, Figure 3.5
presents the *H,'H-TOCSY spectral region of H./Hg-HN cross-peaks observed for
SNBA-MSHex and L7 (left) as well as for L7 and Re7 (right).

Hss'@ 3.0 oPhe H 3.0
HB HCN sclys : ﬁ, .
s IS
HpB Trp Y HPb 6“” HB
0 Hp' HN HN D Hp'
HN 35 HN 35
Cys @up’ g £
HN a g
< <
Arg ES Arg T
0p Ho 4.0 @ He 4.0
Lys  HN Lys HN
wHu 00 0 Hx
HN HN
Phe | Hao
D H°N Trp Cys 45 oPhe () 09 Ho Trp Cys 45
0 Ha Ha HN w Ha
HN N HN @9 Ha
9.0 85 8.0 7.5 2.0 85 8.0 7.5
'H-5, ppm 'H-5, ppm

Figure 3.5: 2D *H,"H-TOCSY spectral region showing H./Hg-HN cross-peaks observed
for SNBA-MSHy,x (black contours), L7 (red contours) and Re7 (blue contours) in
aqueous solution (H,O/D,0 9:1 v/v) at pH 2.5 and 5 °C. The cross-peaks between the
H: protons and the amino group of Lys side chain in SNBA-MSH;. and the

corresponding H:N amide to which the chelator is bound in L7 and Re7 are also shown.

The largest differences in chemical shift corresponded, as expected, to the Lys side
chain to which the chelator is conjugated, and to the very sensitive HN protons, which
even so change less than 0.05 ppm between SNBA-MSHy,x and the conjugate L7. In
contrast to SNBA-MSH,x and L7, the metallated peptide Re7 exhibited two sets of
signals for some protons (Figure 3.5, Tables 7.10, 7.12 and 7.13 in experimental
section, respectively), which indicated the coexistence of two isomeric species, Re7a
and Re7b, as previously reported for other Re(l) complexes.**® Based on volume
integration of TOCSY signals, the two isomers were almost equally populated (53 and
47% at 5 °C, and 51 and 49% at 25 °C). Interestingly, the peptide moiety showed similar
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conformational behavior in the two species, as derived from the examined NMR
parameter. The chemical shift deviations observed for the 'H,, **C, and **Cy backbone
atoms also demonstrated that the conformational behavior of peptide moiety was

identical in L7 and Re7 population (Figure 3.6 and 3.7).

As, . PPM

I SNBA-MSH,,.,
w7

[ Re7a

[ 1Re7b

T T T T T T T T T T N
His DPhe Arg Trp Cys Lys
Peptide sequence

observed _ 5...XC, ppm) values for

Figure 3.6: Histogram showing the Ady, (AdH, = OHe
amino acid residues of SNBA-MSH.. (black bars), L7 (white bars), and the two Re7
isomers (Re7a and Re7b; grey bars) in aqueous solution at pH 2.5 and 5 °C. Dashed

lines indicate the random coil (RC) range. Random coil values were taken from Wishart

137a
etal.
15 151 I SNBA-MSH
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Figure 3.7: Histograms showing the ASc, (Adcq = 8ce™™™ - 8¢, C, ppm), and Adcg
(AScp = 8™ - 8¢7C, ppm) for amino acid residues of SNBA-MSHie, (black bars),
L7 (white bars), and Re7 (grey bars) in aqueous solution at pH 2.5 and 5 °C. Dashed
lines indicate the RC ranges. '*C-chemical shift values for C, and Cp carbons are
identical for the two Re7 species (Tables 7.10 and 7.12 in experimental section). RC

values were taken from Wishart et al.**"
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Among the side chain protons, the anisotropic effect experienced by the Arg side chain
protons (Hgg:, Hyy, Hss) was found for all the compounds containing the alkylthioaryl
bridge-cyclized moiety (SNBA-MSHex, L7 and Re7). Moreover, the *H chemical shift
deviations increased from 25 °C to 5 °C, suggesting that the structure adopted by
SNBA-MSHx and by the peptide moiety in L7 and Re7 was stabilized at low

temperature.

3.4. MCI1R-Binding Affinity

The 1Csq values determined for L7, L8, Re7, Re8 as well as for the precursors
PG10N, SNBA-MSH,x and NNBA-MSH;,y are listed in Table 3.4.

Table 3.4: MC1R binding affinities of cyclic a-MSH analogs.

Compound ICso (NM) £ S.D.
PG10N™** 3.7+0.5
SNBA-MSH ex 1770+480

L7 430 + 60
Re7 690 + 250
NNBA-MSH pex 51+ 12

L8 179 + 39
Re8 176 +5

The introduction of an additional Lys residue at the C-terminus of PG10N sequence led
to the analog SNBA-MSH, that presented 486 fold less affinity than the parent
peptide. Replacement of the alkylthioaryl-bridge in SNBA-MSH;.x by and
alkylaminoaryl-bridge gave the 22-membered macrocyclic peptide NNBA-MSH e
which presented 10 fold less affinity than PG10N, but displayed higher affinity than
SNBA-MSHex.

Conjugation of the chelator to SNBA-MSH, led to an improvement of the
binding affinity of the resulting peptide conjugate L7, however, the 1Cs, value was still
116 fold higher than the one found for the parent peptide PG10N. Unlike SNBA-
MSHy,ex, the MCI1R binding affinity of NNBA-MSHy,e, decreased upon conjugation to
the chelator since the resulting peptide conjugate L8 presented 3.5 fold less affinity.

The metallation of L7 and L8 with the organometallic core fac-[Re(CO)a]" did
not lead to a significant decrease of binding affinity towards MC1R, as concluded by
comparing the ICs, values of Re7 (ICso = 690 + 250 nM) and Re8 (ICsp = 176 £ 5 nM)
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with those of the respective non-metallated conjugates (L7: 1Cso = 430 + 100 nM) and
(L8: ICs0 =179 + 39 nM).

Brought together, the binding affinity results has shown that SNBA-MSHx and
NNBA-MSH;x present distinct MC1R targeting properties. As discussed previously in
the NMR characterization of both peptides, this finding could be ascribed to the
conformational structure of the peptides in solution, in particular, to the orientation of
the Arg side chain.

As already mentioned, the most interesting finding was related to the fact that
metallation of the peptide conjugates did not affect binding at the MC1R as concluded
by comparing the ICs, values of L7 and L8 to those of the respective complexes Re7
and Re8. The NMR characterization of SNBA-MSH.x and Re7 corroborated this
result, as the majority of the 'H, *3C and °N chemical shifts were practically identical in

both compounds.
3.5. Radiolabeling with the fac-[*"Tc(CO)s]* Moiety

The radioactive complexes fac-[*"Tc(CO)s(x>-L7)]" (Tc7) and fac-[*"Tc(CO)s(k>-
L8)]" (Tc8), structural analogs of Re7 and Re8, were obtained in almost quantitative
yield (> 98%) upon reaction of the peptide conjugates L7 and L8 (100 uL, [L] =5-8 x
10 M) with the precursor fac-[**"Tc(CO)s(H,0)s]* (900 uL) at 75 °C (Figure 3.8).
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Figure 3.8: Synthesis of the radiopeptides Tc7 and Tc8. i) 75 °C, 30 min, pH=7.
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With the aim of increasing the specific activity of the ®™Tc(I)-labeled peptides to
maximize their MC1R-binding ability, the radiopeptides were separated from the free
peptide conjugates by semi-preparative RP-HPLC. The fractions corresponding to the
radioconjugate were collected in Falcon vials containing PBS for biodistribution studies
and cell internalization studies. The purity/ stability of the radioconjugates was
evaluated by RP-HPLC and ITLC. It has been found that no oxidation or colloid
formation took place under those conditions, and only one species was observed by
HPLC and ITLC.

To assess the (hydro)/lipophylic nature of the radiocomplexes, the partition coefficient
of Tc7 and Tc8 were determined in physiological conditions (experimental section 7.4).
The results, displayed in Table 3.5, has shown that all radiopeptides present a moderate

hydrophilic character.

Table 3.5: Retention time (RP-HPLC) and log P, values for Tc7 and Tc8.

Radiopeptides tr/min (purity)* log Pow £ S.D.
Tc7 12.2 min (98%) -0.34+£0.03
Tc8 12.3 min (98%) —0.80 £ 0.05

*Method H, experimental section

The identification/ characterization of Tc7 and Tc8 was accomplished by comparing
their y-traces with the U.V. traces of the respective rhenium compounds Re7 and Re8.
As an example, Figure 3.9 presents the RP-HPLC chromatographic profiles obtained
for Tc7 and Re7.

Re7

Te7

10 12 14
min

Figure 3.9: RP-HPLC chromatographic profiles for Tc7 (y - detection) and respective
“cold” surrogate Re7 (U.V. detection, 220 nm).
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3.6. Invitro Stability Studies

The stability of Tc7 and Tc8 was assessed in fresh human serum at 37 °C. Aliquots
were analyzed at different time points by RP-HPLC (Method H, experimental section).
As depicted in Figure 3.10, both compounds displayed high serum stability with
negligible degradation.

[min] [min]

Figure 3.10: RP-HPLC profiles of Tc7 and Tc8 in fresh human serum at different time
points at 37 °C.

3.7. Cell Uptake Studies

The degree of internalization and retention of Tc7 and Tc8 was assessed in B16F1
murine melanoma cells. The results has shown that cellular uptake was time-dependent

for both radiopeptides at 37 °C, as displayed in Figure 3.11.

30 30
—&@— Tc7: Internalized —@— Tc8: Internalized

{—— Tc7: Surface bound 25 | —M— Tc8: Surface bound
—@— Tc7: Cell-associated —@— Tc8 Cell-associated
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Figure 3.11: Internalization of Tc7 and Tc8 in B16F1 cells at different time points at
37 °C. Internalized and surface-bound activities expressed as a percentage of applied

activity.
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High to moderate cellular uptake was attained for both radiopeptides, with Tc7
presenting the highest internalization level at 3 h after incubation, when ca. 10 % of the
total applied radioactivity was internalized by the cells. Despite presenting a lower
internalization degree, the radiopeptide Tc8 still presented a significant internalization
(ca 5 % at 3 h after incubation), comparable to previously described cyclic *™Tc-
labeled o-MSH analogs.®®

With regard to the radioactivity associated to the membrane (surface-bound),
only a small difference was observed between the two radiopeptides, with Tc7 and Tc8
reaching maximum values at 4 h (14.3 %) and 2 h (12.3%) after incubation,
respectively.

The cellular retention of the radioconjugates was also evaluated in the same cell
line, after 3 h of internalization at 37°C (Figure 3.12). A moderate and similar retention
was observed for Tc7 and Tc8, with ca. 50 % of the internalized activity still remaining
inside the cells after 2 h.

110
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Figure 3.12: Cellular retention of internalized Tc7 and Tc8 radiopeptides in B16F1

cells at different time points at 37 °C.
Brought together, the significant cell internalization degree and the moderate retention

of Tc7 and Tc8 in murine melanoma cells prompted us to assess the tumor targeting

properties of those radiopeptides in a B16F1 melanoma-bearing mouse model.

86



3. M(CO)s-labeled Cyclic a-MSH Analogs (M = *™Tc, Re)

3.8. Biodistribution and In Vivo Stability

The in vivo MC1R-targeting properties of Tc7 and Tc8 were evaluated in B16F1
melanoma-bearing mice. Table 3.6 summarizes the tissue distribution obtained for both
radiopeptides as % IA/gat 1 h and 4 h p.i.

Table 3.6: Biodistribution of Tc7 and Tc8 in B16F1 melanoma-bearing C57BL/6 mice
at 1h and 4h p.i. The results are presented as % IA/g (mean + S.D., n=3-4).

% IA/g £ S.D.
Tissue/ organ Ter Tc8
1h 4h 1h 4h
Tumor 2.33+0.89 1.38+0.18 2.630.50 2.4710.70
Blood 38+11 26+1.2 8.0+1.0 3.9+0.2
Liver 29.8+ 4.6 309+4.2 40.2+ 4.8 243+ 17
Intestine 72115 11.7+3.1 58+1.2 105+1.1
Spleen 33122 4.6+3.9 75+0.6 5.1+0.3
Heart 22+03 1.3+£0.2 3.8+0.3 2.0+0.3
Lung 4.7+05 3.0+£20 8.8+0.7 47+0.2
Kidney 23.2+24 10.0+3.3 184+21 9.7+11
Muscle 05+0.1 0.18 £0.16 0.67 +0.06 0.41+0.08
Bone 1.1+£04 0.45+0.37 1.9+0.2 1.5+0.3
Stomach 24+0.6 1.5+0.9 27+1.0 1.0+0.2
Pancreas 20+13 25425 1.1+01 1.0+£01
Uptake ratio of tumor/normal tissue
Tumor/blood 0.61 0.53 0.33 0.63
Tumor/muscle 4.7 7.7 3.9 6.0
Tumor/kidney 0.10 0.14 0.14 0.25

Total Excretion (%) 10.8+9.5 21.4+4.6 13.0+1.1 27.7+1.3

The biodistribution results correlated well with the low affinity for the MCI1R, as
evidenced by the low tumor uptake values found for Tc7 (2.33 = 0.89 % IA/g) and Tc8
(2.63 = 0.50 % 1A/g) at 1 h p.i. Furthermore, Tc7 and Tc8 showed an unfavorable
biodistribution profile, with a slow clearance from the bloodstream and a very low
overall excretion from whole animal body as only 21.4 % and 27.7 % of total activity,
respectively, was eliminated after 4 h p.i. Although occuring some renal excretion, the
hepatobiliary excretion pathway played a prominent role as seen by the high liver
accumulation (Tc7:30.4 £5.2 % 1A/gand Tc8: 40.2 + 4.8 % IA/g, at 1 h p.i.).

Urine and blood samples were collected from the sacrificed C57BL/6 mice 1 h
p.i. to assess the in vivo stability of the corresponding radiopeptides. After appropriate

treatment, the biological samples were analyzed by RP-HPLC. As an example, the
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chromatograms of Tc8 (initial preparation) and of the biological samples at 1 h p.i. are

shown in Figure 3.13.

-

Blood J L

Initial preparation

L

|||||||||||

Figure 3.13: RP-HPLC vy traces of Tc8 (initial preparation), blood serum and urine

samples collected 1 h after p.i.

The in vivo stability studies demonstrated that Tc7 and Tc8 were stable in blood

serum, as no metabolites could be detected.
3.9. Conclusions

We have designed novel thioether (SNBA-MSH1,,) and amine bridge-cyclized
(NNBA-MSHpex) o-MSH derivatives bearing a Lys linker at the C-terminus.
Conjugation of a bifunctional chelator to the g-amino group of Lys gave peptide
conjugates L7 and L8. Reaction of the previously described rhenium precursor fac-
[Re(CO)3(k*-L1)]" (Rel) with SNBA-MSHhe, and NNBA-MSHp gave the
corresponding metallopeptides Re7 and Re8.

Competitive binding assays has shown that the MC1R targeting properties of

SNBA-MSHx were lower as compared to the cognate analog PG10N. Moreover,
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SNBA-MSHex also bound to the MC1R with lower affinity than NNBA-MSHex.
NMR studies indicated that such difference could be ascribed to the orientation of the
Arg side chain in the pharmacophore sequence, which is in agreement with a recent
study.**® Furthermore, NMR structural analysis of the alkylthioaryl bridge-cyclized
peptide derivatives L7 and Re7 demonstrated that the structural features of the peptide
moiety remain unchanged upon conjugation of the chelating unit to the Lys side chain
or upon incorporation of the metal fragment into the peptide conjugate.

Biodistribution studies in a B16F1 melanoma-bearing mouse model has shown
that both radiopeptides were stable in vivo, however, their tumor targeting and
pharmacokinetic properties were unfavorable. The tumor targeting correlated well with

the low in vitro affinity of the rhenium surrogates Re7 and Re8 for the MC1R.
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4. Modulation of the Pharmacokinetic Properties of “™Tc(CO)s-labeled
pAlaNleCycMSHhex

4.1. Introduction

The ®™Tc(CO)s-labeled cyclic peptide pAlaNleCycMSHhex (Tc9), previously
described by our group,Slb presented high tumor uptake (11.3 + 1.8 % IA/g) at 4 h p.i. in
B16F1 melanoma-bearing mice (Figure 4.1). However, it showed a slow overall
excretion rate and high accumulation in excretory organs (32.1 £ 1.6 and 229+ 1.2 %

IA/g for kidney and liver, respectively).

J N N/\\ /E\ N
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Figure 4.1: Schematic representation of Tc9.

Aiming to improve the pharmacokinetic profile of this radiopeptide, we decided to
modify its physicochemical properties (e.g. hydrophilicity and molecular weight)
through structural modifications in the ring substitution pattern of the pyrazolyl-diamine
chelating unit. Such data could provide a better insight into the structural factors that
influence melanoma uptake, overall excretion rate, and tumor/non-target organs ratios in
melanoma bearing mice.

This chapter describes the synthesis and characterization of Boc-protected
pyrazolyl-diamine based bifunctional chelators L10-Boc — L12-Boc, as well as peptide
conjugates L13 — L15, which contain the lead peptide pAlaNleCycMSHhex. The
biological properties of novel *"Tc(CO)s-labeled pAlaNleCycMSHhex analogs Tc13,
Tcl4 and Tcl5 are also reported
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4.2. M(CO)s-Complexes (M = Re, ®™Tc) Anchored by Pyrazolyl-Diamine-

Based Chelators
4.2.1. Synthesis and Characterization of the Bifunctional Chelators

We have introduced the three novel Boc-protected bifunctional chelators
L10-Boc — L12-Boc with different azolyl-ring substitution patterns (Figure 4.2). They
contain a common N3 donor atom set for stabilization of the organometallic core fac-
[M(CO);]" (M = Re, ®™Tc) and a central propyl-carboxylate spacer for peptide

conjugation.

CO,H

L1-Boc (R = H, R = H)
L10-Boc (R = H, R' = H)

L11-Boc (R = H, R' = CO,H)
L12-Boc (R = Me, R' = CH,CO,H)

Figure 4.2: Boc-protected Bifunctional chelators L1-Boc and L10-Boc — L12-Boc.

The synthetic pathway for these compounds is shown in Scheme 4.1.
L10-Boc — L12-Boc were prepared by alkylation of the central secondary amine of the
respective precursors 111, 1V and V with ethyl 4-bromobutanoate, followed by basic

hydrolysis of the corresponding intermediate compounds VI, V11 and V111,43 1
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Scheme 4.1: Synthesis of the bifunctional chelators L10-Boc, L11-Boc and L12-Boc.
i) Br(CHy);CO.Et, K,COs; KI, CH3;CN; ii) NaOH, THF/H,O, r.t., overnight;
(identification system for NMR assignments is displayed).

All compounds were characterized by the usual analytical techniques in
chemistry, including RP-HPLC, NMR spectroscopy and ESI-MS. 2D-NMR
experiments (*H-'H g-COSY and *H-*C g-HSQC), which allowed full peak assignment
in the NMR spectra. As an example, we present the *H-NMR spectrum (D-0O) of L11-
Boc in Figure 4.3. The spectrum presents the protons of the azolyl-ring at 6 7.84/ 7.67,

and a sharp singlet peak for the methylenic protons of the Boc protecting group at 6 3.2.
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Figure 4.3: "H-NMR spectrum of compound L11-Boc in D,O (S = residual water).
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Resonances for all methylenic protons of the pyrazolyl-diamine backbone and propyl-
carboxylate spacer were also found and fully assigned. The *C-NMR spectra of the

chelators presented signals corresponding to all the carbon nuclei.
4.2.2. Synthesis and Characterization of the Re(CO);-Complexes

The Boc deprotection of L10-Boc, L11-Boc and L12-Boc under standard
conditions gave the bifunctional chelators L10, L11 and L3, respectively. It is
noteworthy that the preparation of L3 has already been described in section 2.2.4 using,
however, a different synthetic pathway.

Reaction of L3, L10 and L11 with equimolar amounts of the precursor fac-
[Re(CO)3(H,0)3]Br in refluxing water, gave, after purification by preparative RP-HPLC
(Method A, experimental section), complexes of the type fac-[Re(CO)s(k*-L)]" (Re3, L
= L3; Rel0, L=L10; Rell, L =L11) (Scheme 4.2).

i, M e
7
ocC l\co
co
Re11, Tel1
L1 |/
CO,H CO,H
OH, 1+
NN —+ L10 Hzo/a,,,,,,,l WO 13 NN — .
@\NW | WNH -~ /I\lll\ — //N,,,, | NH,
e o o -
oc/ l \C o co HO,C oc/ | \CO
co co
M = Re/ °"Tc
Re10, Tc10 Re3, Tc3

Scheme 4.2: Synthesis of complexes Re3/Tc3, Rel0/Tc10 and Rell/Tcll. i) H.0,
reflux, overnight (M = Re) or H,0, 100 °C, 30 min (M =*"Tc).

The complexes Re3, Rel0 and Rell, non-radioactive surrogates of the corresponding
Tc3, Tcl0 and Tcll (Scheme 4.2), were fully characterized by IR and NMR
spectroscopy, ESI-MS, and RP-HPLC. As in the case of the bifunctional chelators, the
use of 2D-NMR experiments (*H-'H g-COSY and 'H-*C g-HSQC) was crucial for

peak assignment in the NMR spectra.
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The H* ¢ and the H® of the pyrazolyl ring in Re10 were shifted downfield (H*°,
A= ~0.30 — 0.20 ppm; H°, A= ~0.25 — 0.10 ppm) relatively to the same resonances in
the corresponding free chelator, indicating coordination to the metal center. Similar
behavior was also found for the H* © of the pyrazolyl ring in Rell (H* ¢, A= ~0.20
ppm) as well as for the the methyl protons of the pyrazolyl ring in Re3 (Me, A = ~0.14
—0.08 ppm).
The tridentate coordination mode of the chelators was confirmed by the splitting of the
protons of the primary amine (6 5.03 and ¢ 3.61, Re3; 6 5.07 and 6 4.10, Rel0; 6 5.11
and 6 4.22, Rell), as well as by the splitting of the methylenic protons of the
coordinating backbone. For each of these protons, two resonances, integrating for one
proton each, were found, due to the diastereotopic character of the methylenic protons
after coordination to the metal center (e.g. § 4.33 CHY, & 4.07 CH?, § 3.33 CH®, § 2.53
CH® for Re3; 5 4.52 CH, § 4.37 CH", § 3.42 CH®, § 2.70 CH*® for Rel0; & 4.54 CH’, 5
4.46 CHY, 5 3.56 CH®, 5 2.69 CH® for Re11). This behavior, which is a strong evidence
of ligand coordination, has been already observed in other tricarbonyl complexes of the
same type previously described.”®® ¢ The 3C-NMR spectra presented all the expected
signals for the proposed structures, which include three resonances for the C=0 ligands
coordinated facially to rhenium (8 196.3, 6 195.8 and 6 194.8 ppm for Re3; & 195.1, &
194.6 and 6 193.1 for Rel10; 6 194.6, 6 194.1 and 6 192.3 for Rell).
The *H-NMR and **C-NMR spectra of Rell with corresponding peak assignment are
presented in Figure 4.4 as an illustrative example.
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Figure 4.4: *H-NMR (top) and *C-NMR (bottom) spectra of Rel1 in D,O.

The facial arrangement of the carbonyl groups in the complexes was confirmed by the
strong C=O stretching bands in the IR spectra (2028s and 1927s cm™, Re3; 2030s and
1920s cm™, Rel0; 2031s and 1925s cm™, Rell), being within the ranges normally

found for other complexes with the “fac-Re(CO)s” moiety.*®
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4.2.3. Synthesis and Characterization of the *™Tc(CO)s-Complexes

The radioactive complexes Tc3, Tc10 and Tcll were prepared in high yield (>
95 %) by reaction of L3, L10 and L11 (100 pL, [L] = 10* M) with fac-
[*™c(CO)3(H.0)s]" (900 uL) in aqueous solution at 100 °C for 30 min (Scheme 4.2).

The chemical identity of the complexes fac-[*"Tc(CO)s(x*-L)]" (Tc3, L = L3;
Tcl0, L = L10; Tcll, L = L11) was confirmed by comparing their RP-HPLC profiles
(Method A, experimental section) with those of the corresponding rhenium analogs
Re3, Rel0 and Rell. As an example, the RP-HPLC chromatogram of the complexes
Tc3/Re3 is displayed in Figure 4.5.

Re3
AN

rmT7r v vr1rrrrrr1vrvrT

Figure 4.5: RP-HPLC traces of Re3 (U.V. detection, 254 nm) and Tc3 (y detection).

The hydrophilic nature of Tc3, Tcl0 and Tcll was determined by the partition
coefficient (Pow) in the biphasic system octanol/PBS (experimental section, 7.4). The
radiocomplexes present a hydrophilic nature (Tc3: -1.82 + 0.02, Tc10: - 1.23 + 0.02,
Tcll: -2.22 + 0.03) and the presence of an additional carboxylate in the azolyl-ring

enhanced such property.

To ascertain the in vitro stability, complexes Tc3, Tc10 and Tc11 were incubated with a
large excess of cysteine or histidine (37 °C for 18 h). Aliquots of these solutions were
analyzed at different time points by analytical RP-HPLC (Method A, experimental
section). The results have shown that all complexes were highly stable, since no

decomposition or reoxidation to [*"TcO.] occured.
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4.2.4. Biodistribution and In Vivo Stability Studies

The biological behavior of Tc3, Tc10 and Tcll was studied in healthy CD/1 mice to

evaluate their pharmacokinetics and in vivo stability at 1 h, and 4 h p.i. Tissue

distribution data of these complexes is presented in Table 4.1.

Table 4.1: Biodistribution (% IA/g) and total excretion (% IA) of the complexes Tc3,
Tcl0and Tcll in CD/1 mice, 1 h and 4 h p.i.

% IA/g + S.D.
Tissue/ Tc3 Tcl0 Tcll
organ 1lh 4h 1h 4h 1h 4h
Blood  110£020 090%060 052+008 015:001 026+006 015%002
Liver ~ 390+100 480+100 961+140 2724025 124+019 0.96+0.27
Intestine ~ 12.60+0.80 13.30+1.90 454+087 7.06+044 387+054 3.35+0.49
Spleen  0.36+0.05 038+021 031+003 012+001 044010 0.22+004
Heart  044+004 037+0.18 027+000 010+001 006+003  0.05+0.01
Lung 0.70£0.10 045+034 045+003 018+001 0.19+0.07 0.09+0.05
Kidney ~ 2.00+060 330+030 11124213 234+015 295+0.79 0.42+0.05
Muscle  020+002 024+004 014+001 005+000 012+016  0.02+0.00
Bone 024+0.03 026+004 016+003 0064000 009+0.03 0.03+001
Stomach  1.10+0.60 1.00+030 064+019 031+012 011+0.08 0.11+004
EXCretion ) 401380 4450270 525+38  707+24 80.8+240 85.30 +2.00

%

The main differences in the biodistribution profile of Tc3, Tc10 and Tc11 were related
to the clearance from tissues as well as to the rate of overall excretion. No preferential
uptake in the main organs or tissues was observed, except those involved in the
excretory routes (liver, intestines and kidney). The radiocomplex Tcll has shown a
faster clearance from the main organs, an enhanced overall excretion (Tc1l: 85.30 +
2.00 % IA/g; Tcl10: 70.7 + 2.4 % 1A/g; Tc3: 44.50 + 2.70 % IA/g; 4 h p.i.), and a higher

hepatobiliary clearance.

There was no significant uptake in the stomach, indicating a high stability of the
complexes to reoxidation. Analysis of murine serum and urine samples by RP-HPLC
showed no pertechnetate or other decomposition products, being complexes Tc3, Tc10
and Tcll the only species present. Taken together, these results demonstrated the in

vivo stability of the complexes.
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4.3. Lactam Bridge-Cyclized a-MSH Peptide Conjugates
4.3.1. Synthesis and Characterization of fAlaNleCycMSH x

The linear sequence Fmoc-Asp(Dmab)-His(Trt)-oPhe-Arg(Pbf)-Trp(Boc)-
Lys(ivDde)-NH, was assembled to a MBHA Rink Amide resin by Fmoc-based Solid
Phase Peptide Synthesis (SPPS) in a CEM 12-Channel Automated Peptide.

The peptidyl resin was treated with a freshly prepared mixture of hydroxylamine
hydrochloride and imidazole in N-methylpyrrolidone (NMP) to accomplish a selective
and simultaneous removal of the ODmab and ivDde side chain protecting groups.*
Condensation of the Asp and Lys side chains to form the intramolecular lactam bridge
was carried out using a large excess of (benzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBop: 6 equiv), DIPEA (12
equiv), and 1-hydroxybenzotriazole (HOBt: 6 equiv) for 36 h (negative Kaiser test).
After lactamization, normal assembly of the remaining peptide chain was resumed up to
the quantitative incorporation of the residues Nle and BAla.

Cleavage of the protected Fmoc-peptide from the solid support was performed
by treatment of the peptidyl resin with TFA containing 2.5 % H,O and 2.5 %
triisopropylsilane. The crude product was purified by RP-HPLC and Fmoc-
BAlaNleCycMSHy,.x was obtained as a white solid that was characterized by ESI-MS
(found m/z for [M+H]": 1275.6; calcd. for CggHgoN15011 = 1274.6). RP-HPLC (Method
J, experimental section): 99 % (tg = 25.8 min).

Removal of the Fmoc group in Fmoc-pAlaNleCycMSHy.ex with piperidine/DMF
gave pAlaNIleCycMSH . as a white solid after evaporation of the solvent and washing
with cold ethyl ether. The peptide was dried under nitrogen flow, dissolved in water,
lyophilized and characterized by ESI-MS. In the ESI-MS spectra, the peak found at m/z
= 1053.6, m/z = 527.4 and m/z = 264.3 correspond to [M+H]", [M+2H]*" and
[M+4H]*, respectively (Figure 4.6).
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Figure 4.6: ESI-MS spectra and RP-HPLC chromatogram of pAlaNleCycMSH .
4.3.2. Synthesis and Characterization of the pAlaNleCycMSHx Conjugates
The chelators L1-Boc, L10-Boc - L12-Boc were conjugated to
pAlaNleCycMSH.x via HATU activation in the presence of DIPEA in a DMF

solution, yielding intermediate conjugates, which, upon treatment with TFA gave the
final conjugates L9 and L13 — L15 respectively (Scheme 4.3).
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Scheme 4.3: Synthesis of the peptide conjugates L9%'® and L13 — L15. i) HATU,
DIPEA, DMF; ii) 95 % TFA, 2.5 % TIS, 2.5 % H,0.

The peptide conjugates were purified by semi-preparative RP-HPLC and
characterized by ESI-MS (Table 4.2).

Table 4.2: Analytical data for the a-MSH peptide conjugates.

Compound  Molecular formula  Calculated [ion] Found tg/min (purity)”

L13 Ce2HaoN20010 639.2 [M+2H]”  638.4 13.3 (98%)
L14 Ce3HooN20012 4425 [M+3H]** 44238 12.7 (98%)
L15 CesHosN20012 682.3 [M+2H]*"  681.8 11.2 (98%)

*Method I, experimental section

Owing to the existence of two free carboxylate groups in L11-Boc, one at the
pyrazole ring and the other at the pendant aliphatic arm, there are two likely conjugation
positions for the peptide. To clarify this point, solution NMR studies (*H-'H COSY, *H-
'H TOCSY, 'H-'H NOESY, 'H-'H ROESY, *H-"*C and H-"*N HSQC) for L11 and
L 14 have been performed. After assigning the resonances in the spectra of L11and L14,
we found that the chemical shifts of the carbon atoms of the pyrazolyl ring in L11 and
14 were almost identical (**C: |A5™*™| < 0.5 ppm; Tables 7.14 and 7.15 at
experimental section, respectively) while a significant difference was found for the
methylene carbons of the aliphatic chain (1.1 and 1.7 ppm for methylene carbons C' and

C!, respectively; Tables 7.14 and 7.15), indicating that the conjugation occurs by the
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carboxylate group at the aliphatic arm. Stronger and further support to this conclusion
was attained from the ROE cross-peaks observed between L11 and the peptide moiety
that involve protons from the aliphatic arm of L11, but not from the pyrazolyl ring. The
observed ROE cross-peaks were a strong cross-peak between the H' protons of L11 and
the HN amide of BAla’, a medium-weak cross-peak between the H' protons of L11 and
the HN amide of pAla®, and a weak cross-peak between the H' protons of L11 and the
H,, proton of BAla® (Figure 4.7). None of the ROE cross-peaks expected for the peptide
moiety if conjugated through the carboxylate at the pyrazolyl ring were present.
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Figure 4.7: Selected ROESY spectral region (left) of L14 in aqueous solution (H,O/
D,0 9/1 v/v) at pH 2.5 and 25 °C and key correlations (right) observed between L11
and the NH of BAla (arrow).

Brought together, the NMR parameters (ROEs and *C-NMR chemical shifts)
indicated the conjugation of the peptide through the carboxylate group of the central

tertiary amine.
4.3.3. MCI1R-Binding Affinity
The binding affinity of the cyclic a-MSH derivatives to the MC1R were
evaluated in a competitive binding assay in B16F1 cells, using [***I]-NDP-aMSH as

radioligand. The ICsy values for the peptide conjugates as well as for
BAlaNleCycMSHpe are listed in Table 4.3.
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Table 4.3: Binding affinity for the a-MSH analog and peptide conjugates.

Compound IC50 (nM) £ S.D.
pAlaNleCycMSHpex 0.05+0.02
L9 0.02 £ 0.05
L13 0.02+0.01
L14 0.04 £0.01
L15 0.16 £ 0.10

The conjugation of the chelators to pAlaNleCycMSHiex (ICs0 = 0.05 £ 0.02 nM)
led to a slight improvement of the binding affinity in the case of L9 (ICso = 0.02 = 0.05
nM), L13 (ICsp = 0.02 £ 0.01 nM) and L14 (ICso = 0.04 £ 0.01 nM), and a slight
decrease in the case of L15 (ICso = 0.16 = 0.1nM).

4.4. Radiolabeling with fac-[*™Tc(CO)s]* Moiety

Reaction of the peptide conjugates L9, L13 — L15 (50 pL, [L] = 10 M) with
the organometallic precursor fac-[*"Tc(CO)3(H,0)s]* (450 pL) gave the
radiometallated peptides Tc9, Tcl3 — Tcl5 (Scheme 4.4) that were analyzed by RP-
HPLC (Table 4.4).

OH, I+
Hzo,,,esm| wOH,
AN
oc” | “co
CcO
| ‘ ‘ \
L9 | i L13\i L14Ji L15| i
o (o) o
o
PAlaNleCycMSH AlaNleCycMSH
— hex BAlaNIleCyc hex BAlaNIeCycMSHex BAlaNIeCycMSHpe,
N m“.'ﬁNHw ;N 'Tl/» 4+ / N/—\']‘/} I+ ? Nr_\N/ﬁ
/g'éfﬁcoz CN"“'/T‘C"“NHZ HO,C— o N”";T‘CQNHz HO L NN,
oC CcO 710N,
co ¢o oc” L jeo oc é Jco
Tc9 Tec13 Tc14 Tec15

Scheme 4.4: Synthesis of the radiopeptides Tc9%%* and Tc13 — Tc15. i) 90 °C, 20 min,
pH=7.
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Table 4.4: Analytical data for the radiopeptides.

Radiopeptides tr(min) log Pow
Tco™® 12.7 +0.19+0.01
Tcl3 11.9 -0.93+0.01
Tcl4 10.6 -1.11+0.02
Tcl5 11.2 —-0.88 £ 0.04

*Method H, experimental section

The partition coefficients, expressed in log Py, Were determined for Tc9, Tc13 - Tclb
by the “‘shake flask’” method, in physiological conditions (Table 4.4).®' The log P
values demonstrated the hydrophilic nature of the novel radiometallated peptides as
compared to the previously described Tc9 (+ 0.19 + 0.01) with complex Tcl4
displaying the highest hydrophilic character (log Pow = -1.11 £ 0.02).

To increase the specific activity, the radiopeptides were separated from the
respective non-labeled peptide conjugates by RP-HPLC. As an example, Figure 4.8
presents the retention times of conjugate L15 (tg = 11.2 min) and Tc15 complex (tg =

17.9 min) that were sufficient different to allow a good separation by RP-HPLC.

Tc15

L15 tg =17.9 min

|

tz =11.2 min

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

Figure 4.8: Superimposition of the RP-HPLC chromatograms of L15 (U.V. detection)
and Tc15 (gamma detector), using Method J (experimental section 7.2).

The activity corresponding to the radiopeptides Tc13-Tc15 was collected in a

Falcon flask, containing PBS. The pH of the final solution was adjusted to 7.4 with

NaOH 0.1 M, for biodistribution and internalization studies. The product was controlled
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by analytical RP-HPLC (Method J) to confirm its purity and stability after purification

and concentration.

The stability of the radiopeptides was assessed in human serum at 37 °C and
aliquots were analyzed at different time points by RP-HPLC. The results showed that all
radiopeptides displayed high stability with negligible degradation. As an example,
Figure 4.9 depicts the RP-HPLC chromatographic profile of Tc14 during the assay.

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
min

Figure 4.9: RP-HPLC chromatograms of Tc14 after incubation in human serum at
different time points (37 °C).

The radiopeptides were also stable in cysteine and histidine solutions since no
degradation or trans-chelation products were observed even after 6 h incubation at 37
°C.

4.5. Cell Uptake Studies
Aiming to predict the tumor-targeting properties of Tc13 — Tc15, internalization studies

in B16F1 murine melanoma cells have been performed at 37 °C, and the results are

presented in Figure 4.10.
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Figure 4.10: (A) Internalization of the radioconjugates Tc13 — Tc15 in B16F1 murine
melanoma cells at different time points at 37 °C. (B) Effect of MC1R-saturation with
NDP-MSH (3.5 pg/well) on the internalized and the surface bound radioconjugates.

Internalized and surface bound activity expressed as a percentage of total activity.
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The radioconjugates Tcl3 — Tcl5 exhibited high levels of time-dependent
internalization. The highest level of internalization was reached for complex Tc13 after
4 h incubation at 37 °C, with 29.4 + 0.3 % of the total activity being internalized in
B16F1 cells, which corresponds to 81.0 £ 0.4 % of the cell-associated activity (Figure
4.10A). At the same time point, 10.8 £ 0.3 % and 22.6 + 0.5 % of the applied activity of
Tcl4 and Tcl5 was internalized in B16F1 cells, corresponding to 57.8 £ 0.5 % and 78.6
+ 0.4 % of cellular uptake of Tc14 and Tcl5, respectively.

To evaluate the specificity of cellular uptake, internalization studies of Tc13 —
Tcl5in B16F1 cells at 1 h and 2 h (37 °C) were also performed with co-incubation with
NDP-MSH (3.5 ug/ well), a a-MSH analog with high affinity for MC1R (0.21 nM). In
vitro MC1R-saturation data is represented in Figure 4.10B. In the presence of NDP-
MSH (ICso = 0.21 nM), the internalization of all radioconjugates was inhibited, being
almost complete for Tc14 and Tc15 with a reduction of 99 % of internalized activity at
2 h after incubation versus 94 % for Tc13. The cell surface-bound activity of Tc14 and
Tcl5 was also highly reduced in the presence of NDP-MSH (90 % and 87 % of
inhibition after 1 h; 89 % and 84 % of inhibition after 2h, respectively). Lower
inhibition values were found for Tcl3 (66 and 50 % at 1 h and 2 h, respectively)
indicating a higher non-specific binding to cell membrane. Taken together, these results
suggested that the MC1R targeting properties was preserved upon radiometallation, as
all radiopeptides displayed high level of time dependent internalization in murine
B16F1 melanoma cells which was inhibited by receptor-saturation with NDP-MSH.

The cellular retention of Tcl3 — Tcl5 was evaluated at different time points,
after 3 h internalization in B16F1 cells at 37 °C (Figure 4.11). Good retention values
were found for all compounds, and Tcl15 presented the best value with 62 % of the
internalized activity still remaining inside the cells after 4 h. The radiopeptides Tc13
and Tcl4 presented a similar behavior with 48 and 50 % of the internalized activity

retained in the cells.
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Figure 4.11: Cellular retention of internalized radioconjugates Tc13 — Tc15 in B16F1

melanoma cells over time at 37 °C.

4.6. Biodistribution and In Vivo Stability
The in vivo MC1R-targeting properties of all radiopeptides were evaluated in B16F1
melanoma-bearing mice. Table 4.5 presents the tissue distribution (% 1A/g) of Tc13 —

Tc15 in comparison with Tc9,%™ at 1 h and 4 h p.i., as well as the data corresponding to
radioconjugates Tc14 and Tc15 co-injected with NDP-MSH.
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Table 4.5: Biodistribution studies of Tc9 and Tc13 — Tc15 in B16F1 murine melanoma-bearing C57BL/6 mice at 1 and 4h p.i. (n = 3-5).

% IA/ g+ S.D.
Tco™” Tcl3 Tcl4 Tcl5
Tissue/organ 1h 1h
1lh 4 h 1lh 4h 1lh 4h with NDP* 1h 4h with NDP*
Tumor 9.26+0.83 11.31+1.83 9.90+1.10 951+134 11.82+391 4.15%+053 169£0.02 1055+1.83 6.15£1.00 2.35+0.46
Blood 2.71+0.64 1.67+0.24 1.82+0.05 0.77 £0.09 0.65+0.14 0.49 £0.01 0.84 £0.10 0.92 £0.05 0.41+0.06 2.80+0.64
Liver 4219+505 2286+1.17 23.97+3.67 7.09+0.42 296+ 1.15 1.87+0.17 4.33+0.25 5.08+0.12 2.13+0.23 6.69+ 1.46
Intestine 5.17+0.91 8.45+0.76 8.24+1.04 10.59+2.78 0.84+0.26 1.60+0.31 0.99+0.36 2.28+0.11 3.87+0.54 1.81+0.37
Spleen 2.54+0.28 2.24 +0.37 7.67 +0.66 3.91+0.38 0.44 +0.05 0.24 +£0.03 0.83+041 0.65+0.04 0.28 £ 0.08 1.77+0.73
Heart 1.04 £0.19 0.48 +£0.07 2.85+0.16 1.25+0.07 0.29+£0.02 0.24 +0.09 0.51+0.08 0.33+0.11 0.15+0.03 1.41+0.40
Lung 3.85+0.46 1.54+0.16 7.16 £1.47 3.23+0.59 0.78 £0.07 0.46 +0.26 0.57+0.65 0.91+0.19 0.31+0.03 2.65+0.83
Kidney 71.06+6.44 32.12+157 24.86+1.80 4.02+0.17 7.72+1.33 2.97+0.28 13.03+1.19 2.98+0.59 0.87+0.14 9.83+4.29
Muscle 0.35+0.07 0.19 +0.08 0.49 +0.05 0.15+0.01 0.16 £0.02 0.05+0.01 0.25+0.07 0.17+0.01 0.04 +£0.02 0.69 +0.30
Bone 1.14+0.19 0.70+0.13 0.99 +0.09 0.39+0.03 0.33+£0.02 0.16 +0.06 0.45+0.11 0.43+0.20 0.11+0.01 0.93+0.25
Stomach 1.97£0.75 0.88 +0.46 2.92+0.72 0.32+0.10 1.12+0.39 0.07 £0.00 1.08 £0.17 1.32+0.38 0.18 £0.07 1.69+0.11
Pancreas 0.73+£0.32 0.39+0.10 0.76 £0.05 0.26 +0.06 0.22+0.02 0.09+0.00 0.43+0.08 0.16 £0.02 0.07 £0.02 0.98 +£0.17
Tumor: normal tissue uptake ratio
Tumor/blood 34 6.8 5.4 12.3 18.2 8.5 115 15
Tumor/muscle 26.5 61.4 20.2 63.4 73.9 83 62.0 153.7
Tumor/kidney 0.13 0.35 0.40 2.36 1.53 14 35 7.1
Tumor/liver 0.22 0.49 0.41 1.34 3.99 2.2 2.08 2.89

Total Excretion (%) 142423 374+24 276+1.3 56.5+7.0 739+1.9 69.7+1.7 63.4 +8.3 74.3+24 83.7+2.8 36.2 +£22.6
“coinjection of the radioconjugate with NDP-MSH
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All radiopeptides exhibited rapid, high and comparable tumor uptake at 1 h p.i.,
with 11.82 + 3.91 % IA/g for Tcl14, 10.55 + 1.83 % IA/g for Tc15 and 9.90 + 1.10 %
IA/g for Tcl3.

The kidney and liver uptakes of Tc13 — Tcl5 were significantly reduced when
compared to Tc9. In fact, Tcl14 presented the lowest liver uptake at 1 h and 4 h p.i., with
2.96 + 1.15 % IA/g and 1.87 + 0.17 % IA/qg, respectively. Tcl5 presented the lowest
kidney accumulation at the same time points, with 2.98 + 0.59 % IA/g and 0.87 + 0.14
% IA/g, respectively. Furthermore, Tc14 and Tc15 were rapidly cleared from body with
comparable and high excretion values (73.9 £ 1.9 % and 74.3 + 24 % at 1 h p.i,,
respectively). This biological behavior of Tcl4 and Tcl5 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. This modification improved the
tumor to excretory organs ratio of both peptides, displaying Tc15 the highest tumor to
kidney ratio value ( 7.1) among the all labeled lactam bridge-cyclized radiopeptides

described in the literature, at 4 h p.i.”® 92949

To evaluate the in vivo MC1R-binding specificity of Tcl4 and Tcl5, the
radioconjugates were co-administrated with cold NDP-MSH (20ug/mice) in B16F1
melanoma-bearing mice. As expected from the cell studies, MC1R-saturation with this
potent agonist led to a very important reduction in the tumor uptake of Tcl4 (from
11.82 £ 3.91 to 4.15 + 0.53 % IA/g) and Tc15 (from 10.55 + 1.83 to 2.35 + 0.46 %

IA/g), without significant changes in the biodistribution profile of the radioconjugates.

Owing to the favorable biodistribution properties of Tcl4 and Tcl5, their
melanoma imaging properties were further evaluated. Figure 4.12 presents planar
scintigraphic images of B16F1 murine melanoma-bearing C57BL/6 mice injected with
Tcl4d and Tcl5 at 1 h p.i. Images were consistent with the biodistribution results,

showing lower liver uptake for Tc14 and lower kidney uptake for Tc15.
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Tcl4 Tcl5

Figure 4.12: Planar scintigraphic images of B16F1 murine melanoma-bearing C57BL/6
mice injected with Tc14 and Tc15at 1 h p.i.

Moreover, the enhanced tumor/kidney and tumor/liver ratios for both
compounds generated high contrast between tumor and background allowing a clear

visualization of melanoma.

To study the in vivo stability, urine and blood samples as well as tumor, kidney
and liver homogenates were collected from the sacrificed melanoma-bearing C57BL/6
mice 1 h and 4 h p.i. of the corresponding radiopeptide. After appropriate treatment, the
biological samples were analyzed by RP-HPLC.

The analysis of tissue samples collected from sacrificed mice has shown that all
radiopeptides were stable in blood serum, tumor and liver homogenates, as no
metabolites could be detected after 4 h p.i. At this time point, new species with lower
retention time, corresponding to hydrophilic metabolites (not identified), were detected
in kidney homogenate and urine. As an example, Figure 4.13 displays RP-HPLC
profile of tumor, kidney and liver homogenate samples collected from animal injected
with Tcl4,at 1 hand 4 h p.i.
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Figure 4.13: RP-HPLC vy traces of homogenate samples from tumor (left column),
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kidney (center column) and liver (right column) collected from melanoma-bearing
C57BL/6 injected with Tc14 at 1 h and 4 h p.i.

4.7. Conclusions

The main goal of the study presented in this chapter was to improve the overall
biological profile of the ®™Tc(CO)s-labeled pAlaNleCycMSHpex. Such improvement
was determined by the structural modifications in the azolyl-ring substitution pattern of
the new compounds.

The introduction of a carboxylate group in the azolyl-ring of the chelator shifted
the excretion pathway of the radiopeptides Tc14 and Tcl15 from mainly hepatobiliar
towards mainly renal leading to a striking kidney and liver uptake reductions (> 90%, at
4 h p.i.) and improved notably the excretion rate. Such effect taken together with the
good in vivo MC1R-targeting properties enhanced significatively the uptake ratios of
tumor to excretory organs

The relevant biological properties of Tcl4 and Tcl5 at the pre-clinical level
highlights the potential usefulness of both compounds as melanoma imaging agents in

humanes.
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5. Mannosylated Dextran Derivatives for SLND

5. Mannosylated Dextran Derivatives for SLND by SPECT/CT and
SPECT/NIR Imaging

5.1. Introduction

Radiolabeled mannosylated nanoparticles have been considered potential
receptor-specific diagnostic agents for SLND. Among them, *"™Tc-Tilmanocept, a
mannosylated *"Tc-diethylene triaminepentaacetic acid (DTPA)-labeled dextran has
shown the most promising in vivo behaviour, being currently in Phase 3 clinical trials.**?
However, from the chemical and radiochemical point of view, DTPA is not an ideal
bifunctional chelator to stabilize Tc, as the chemistry of this metal with DTPA is not
well defined, existing some controversial about the nature of the complex formed at non
carrier added (n.c.a.) level 2”37 153

Profiting from the versatility of the *™Tc-tricarbonyl technology as well as from

the superior coordination properties of the pyrazolyl-diamine-based chelators,*3* 4

we
aimed at contributing for the synthesis of highly stable and chemically defined
9¥MTc(CO)s-labeled dextran-based nanocompounds for SLND. Furthermore, we have
also decided to expand this technology to the synthesis of bimodal probes for SLND by
SPECT and near infrared (NIR) optical imaging.

This chapter describes the synthesis, characterization and biological evaluation
of #¥™T¢(CO)s-labeled mannosylated dextran polymers for SLND by SPECT. We will

also describe a bimodal probe for SPECT/NIR optical imaging of SLN.

5.2. Synthesis and Characterization of Mannosylated Dextran Bearing a
Pyzazolyl-Diamine Chelator

Following a multistep synthetic pathway, we have functionalized dextran with a
similar number of mannose units (Y = 13 units/mol dextran) and with a different
number of pyrazolyl-diamine chelators (L18, X = 4 and L19, X = 8 units/ mol dextran)
to stabilize the fac-[M(CO)s]" moiety (M = ®™Tc, Re) (Scheme 5.1)."*
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Scheme 5.1: Synthesis of mannosylated dextran derivatives bearing pyrazolyl-diamine
and mannose units.™®* i) BrCsHs, NaOH (2.5 M), H,0; ii) NH(CH,),SH, (NH4),S,0s,
DMSO; iii) L1-Boc, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-
hydroxysuccinimide (NHS), borate buffer 0.1 M, pH 9; iv) 2-imino-2-methoxethyl-1-
thio-B-D-mannoside (IME-thiomannose) 0.1 M borate buffer, pH 9; v) TFA/H,0.

The high purity of the nanocompounds L18 and L19 was confirmed by SEC-HPLC at
220nm (method L, see experimental section). In fact, the chromatograms of both
compounds present only one species, which appear at 14.4 min for L18 and 14.6 min
for L19. The number of units (bifunctional chelator and mannose) per mol of dextran in
both cases was estimated based on the intensity ratio of the 'H-NMR peaks assigned to
the mannose anomeric proton (& 5.22), the methyl groups of the azolyl ring (3,5-Me,Pz:
6 2.08, 6 1.98) and the protons adjacent to free amine of the dextran backbone (6 2.74,
He).154

5.3. M(CO)s-Mannosylated Dextran (M = Re, *"Tc)
5.3.1. Synthesis and Characterization of Re(CO)s-Mannosylated Dextran
The rhenium-containing mannosylated dextrans Rel8 and Rel9 were prepared
by reacting fac-[Re(CO)3(H,0);]Br with L18 and L19, respectively, using a rhenium
precursor/chelator molar ratio of 4:1 (Scheme 5.2). These metallated nanocompounds

have been prepared to characterize the radiometallated compounds Tc18 and Tcl9
described in section 5.3.2.
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Scheme 5.2: Synthesis of fac-[M(CO)s(i*-L)] (M = *™Tc/Re: Tc18/Rel8, L = 18;
Tcl9/Rel9, L = 19); i) H,0, 50 °C, 16 h (M = Re) or 100 °C, 10 min (M =*"T).

The reactions were performed at 50 °C to prevent polymer degradation. The kinetics of
these reactions was slow and their progress was monitored by RP-HPLC and *H-NMR
spectroscopy at different time points (1 h, 6 h and 16 h). As an example, Figure 5.1
shows the RP-HPLC chromatograms (Method M, experimental section 7.2) and ‘H-

NMR spectra for one of these reactions at 1 h and 16 h.
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RP-HPLC chromatograms 'H-NMR spectra
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Figure 5.1: Progression of the reaction of fac-[Re(CQO)3(H,0);]Br with L18: RP-HPLC
chromatograms (A = 220 nm) and *H-NMR data of the mixture at 1 h and 16 h after

reagents addition.

From all the peaks of the pyrazolyl-diamine chelator in the *H-NMR spectrum,
only the ones assigned to H4(Pz) and the methyl groups of the pyrazolyl-ring (3,5-
Me,Pz) were used to evaluate the progress of the reaction. After 1 h, the chemical shifts
of Hy4(Pz) (& 5.8) and of 3,5-Me,Pz groups (6 2.08 and & 1.98) presented values that
correspond to the ones found for the free conjugate L18, indicating that no metallation
has taken place. In addition, only one species was detected by RP-HPLC with a
retention time identical to the one presented by L18 (tg = 11.5). After 6 h, *H-NMR
analysis showed that some metallation has taken place, but some uncoordinated ligand
could still be detected (results not shown). Only after 16 h the reaction was complete, as
indicated by the three peaks that appear in the *H-NMR spectrum at  6.10, & 2.21 and &
2.12 assigned to H4(Pz) and 3,5-Me,Pz groups of Rel8. The chemical shift of these
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peaks clearly confirmed the coordination of the metal to the chelating unit when
compared with the same ressonances in the *H-NMR spectrum of L18. Re18 was also
analyzed by SEC- and RP-HPLC and, in both cases, only one peak was present at 14.4.
min and 12.6 min, respectivelly.

In the *C-NMR spectra of Re18 and Rel9, the peaks due to the carbonyl groups
of the fac-[Re(CO)s]" core could also be assigned in the expected range (Rel8: & 195.2,
6 194.7 and 6 193.1; Rel19: 6 195.4, & 194.9 and & 193.2).

The presence of the organometallic core in Rel8 and Rel9 was also confirmed
by the IR data, where strong stretching bands due to v(C=0) could be found in the
range 2027 - 1998 cm™. These v(C=0) stretching bands are shifted to slightly higher
wavenumbers as compared to the rhenium tricarbonyl precursor (v(C=0), 2025 - 1941

cm™) (Figure 5.2).%% 1%

: [Re(CO)5(H,0),]Br
I
I
I
I
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8 |
c I 1
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%) ! i
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Figure 5.2: IR spectra of [Re(CO)3(H,0)3]Br, Rel8 and L18.

The metallated polymers Rel8 and Rel9, the corresponding precursors L18 and
L19, as well as the dextran precursor (M.W. = 10 kDa) were also characterized by
dynamic light scattering (DLS), atomic force microscopy (AFM) and laser Doppler
velocimetry (LDV).
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The hydrodynamic diameter and the zeta potential were determined in PBS 0.01

M, pH 7.4, in order to mimic the radiolabeling conditions (section 5.3.2). As an

example, Figure 5.3 shows the size distribution histograms obtained for Rel8 and

Rel9.

Re18
—_ W
=
g 2
e
g 10
Z
L]
1 10 102 103 104
Diameter(nm)
Re19
— 3
EI-Q"
5 20
O
% 10
e
1]
1 10 102 103 104

Diameter(nm)

Figure 5.3: Hydrodynamic diameter of Rel8 (8.4 £ 0.5 nm) and Rel9 (8.7 £ 0.3 nm),
determined by DLS (detection angle of 173°).

The final composition of the dextran derivatives, their physical parameters and the

calculated molecular weight for each polymer are summarized in Table 5.1.

Table 5.1: Group density, hydrodynamic diameter, zeta potential and calculated
molecular weight of dextran, L18, L19, Rel8 and Rel9.

Group density Diameter* Zeta M. W.
Compound (units/mol dextran) (nm) potential* calculated

amine Pz Mannose (mV) (9/ mol)

Dextran - - - 43+04 -9.9+05 10000
L18 13 4 13 7.0+£0.3 6.6 +0.3 19231

L19 9 8 13 7.0+£0.7 7.3+£0.6 20231

Rel8 13 4 13 84+05 7.1+£0.7 19850
Rel9 9 8 13 8.7+0.3 7.1+0.1 21479

*mean £ S.D.
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The hydrodynamic diameter of the polymeric compounds increased with the dextran
backbone functionalization. However, the number of pyrazolyl-diamine chelating units
(4 versus 8) did not affect significantly their size, as shown by the results obtained for
L18 and L19 (Table 5.1). A slight increase of the particles size was also found (Re18:
8.4 £ 0.5 nm; Rel9: 8.7 £ 0.3 nm) upon metallation of L18 and L19.

Analysis by AFM, after dispersion on mica substrates, gave molecular diameters
of c.a. 4 nm (A), 12 nm (B), and 8-16 nm (C) for dextran, Re18 and Rel9, respectively
(Figure 5.4).
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Figure 5.4: Height-scaled AFM images and corresponding line profiles of dextran (A),
Rel8 (B) and Re19 (C).
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AFM and DLS molecular measurements are similar for dextran, while the small
difference found for Rel8 might be ascribed to a possible interaction between the
polymer and the solid support during sample deposition. In the case of Rel9, the
dispersion found in AFM measurements may indicate some aggregation during sample
preparation or deposition.

Zeta potential measurements indicated an overall negative charge for dextran (-
9.9 £ 0.5 mV), which changed drastically upon functionalization (L18: + 6.6 + 0.3 mV,
L19: + 7.3 £ 0.6 mV). However, the overall charge of the polymeric compounds was
not significantly affect by metallation (Re18: + 7.1 £ 0.7 mV, Rel9: + 7.1 + 0.1 mV).

5.3.2. Synthesis and Characterization of " Tc(CO)s-Mannosylated Dextran

The radioactive nanocompounds Tc18 and Tc19 were prepared by reaction of
the precursor fac-[*"Tc(CO)s(H.0)s]* with the respective mannosylated dextran
derivatives L18 and L.19 during 10 min at 100 °C (Scheme 5.2).

Aiming to maximize the specific activity of the radioactive compounds, the
amount of L18 and L19 was optimized t 50-100 pg (final concentration: 2.3 — 4.5 x 10°°
M) without compromising the labeling yield.

The radiochemical purity of Tc18 and Tc19 was monitored by SEC-, RP-HPLC
(method M, experimental section 7.2) and ITLC (experimental section, 7.2). SEC-
HPLC analysis of Tc18 and Tc19 showed formation of a major product (> 98%) and the
absence of aggregation or smaller particles.

To monitor colloidal impurities or polymeric aggregates above the SEC-HPLC
cut-off, a solution of Tcl8 or Tcl9 was applied on a sephadex G-25 gel filtration
column previously equilibrated with saline solution. After elution with saline solution,
these columns were scanned to check the presence of aggregates. The
radiochromatograms of the scanned columns show that no radioactivity was detected at
the application point, indicating the absence of aggregates (R = 0) in both radioactive
preparations. The chromatograms show only one peak in the front of the solvent, which
were identified as Tcl8 or Tcl9. As an example, Figure 5.5 presents the
radiochromatogram of a scanned column after elution of Tc19 with 5 mL of saline

solution.

124



5. Mannosylated Dextran Derivatives for SLND
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Figure 5.5: Scan of sephadex G-25 gel filtration column, after elution of Tc19 with

saline solution.

The RP-HPLC chromatograms of Tc18 (tg =12.2 min) and Tc19 (tg =12.2 min)
have shown only one species as no other radiochemical impurity could be detected.

The high radiochemical purity (> 95 %) of Tc18 and Tc19 was also confirmed
by ITLC, as no [TcO.] or fac-[*™Tc(CO)s(H,0)s]* were detected (R; = 1). For the sake
of example, Figure 5.6 presents the RP-HPLC and ITLC chromatograms obtained for
Tcl8.

Application

Solvent front

J L %

5 10 15 20 25
[min]
Figure 5.6: Radiochromatograms of Tc18: | — RP-HPLC (tg = 12.2 min); Il — ITLC
(Tc18, Re=0).
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Structural characterization of the radioactive compounds was done by comparing
the chromatographic profile (y-detection) of Tcl8 and Tcl9 with that of the
corresponding surrogates Rel18 and Rel9 (U.V. detection). As an example, Figure 5.7
displays the RP-HPLC chromatograms obtained for Tc18 and Rel8.
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Figure 5.7: RP-HPLC chromatograms of Tc18 (y detection) and Rel8 (U.V. detection).

To evaluate the stability of Tcl8 and Tcl9 towards transchelation, both
compounds were incubated with a large excess of cysteine and histidine (1:100).
Aliquots of these solutions were analyzed at different time points (1 h, 3 h and 6 h) by
RP-HPLC (method M) and the results demonstrated that Tc18 and Tc19 are highly
stable under the tested conditions.

5.4. Biodistribution Studies
The biological properties of Tc18 and Tcl9 were evaluated in a Wistar rat
model. Tc18 and Tc19 were injected subcutaneously (20 pg of the polymer in 50 pL, =

3.7 MBq) in the footpad region, after anesthesia of the animal with a mixture of

xylazine (70 mg/kg) and ketamine (7 mg/kg). The area of injection was massaged gently
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with a strip of gauze pad for 2 min to facilitate movement of the radiotracer from the
injection site.
Table 5.2 summarizes the distribution of Tc18 and Tcl19 in each organ as a

percentage of the injected activity (% |IA/organ) at different time points.
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Table 5.2: Biodistribution data for Tc18 and Tc19 in Wistar rat model at different time points (n = 3-5).

% IA/organ = S.D.

Tissue/organ 15 min 30 min 1lh 3h 15 min 30 min 1lh 3h
Liver 257 +1.17 4.06 +0.32 4.80 +1.03 6.49 +0.09 2.42 +0.47 3.74 +0.17 5.44 +1.06 6.84 +0.01
Intestine 0.45+0.10 0.59 + 0.04 0.75+0.06 0.95+0.17 0.55 +0.07 1.21+£0.11 0.61 +£0.57 1.28 +£0.17
Stomach 0.12 +0.03 0.18 +0.01 0.30 +0.05 0.52 +0.17 0.15+0.03 0.27 +£0.01 0.42 +0.01 0.74 +0.07
Kidney 0.56 +0.19 0.82 +0.02 1.12 £0.27 1.20+0.01 0.53 +0.02 0.94 +0.01 1.18 +0.20 1.67 +£0.28
Heart 0.06 +0.02 0.07 +£0.00 0.06 +0.01 0.06 +0.02 0.04 +0.01 0.08 +0.02 0.09 +0.00 0.09 +0.03
Lung 0.48 +0.27 0.65 +0.01 0.83+0.16 0.65 +0.04 0.32+0.01 0.35+0.05 0.43 +0.03 0.60 + 0.07
Spleen 0.12 +0.07 0.18 +0.08 0.32+0.10 0.31+0.04 0.12 +0.03 0.20+0.10 0.25+0.11 0.45 +0.04
Blood (whole) 0.97 +0.34 1.47 £0.08 0.91 +£0.02 0.96 +0.37 2.14 +0.01 2.86+1.72 1.72+0.81 1.55+0.65
1% Node (Popliteal) 3.96 £ 0.87 7.43 £1.59 6.71 £2.35 5.98 + 1.68 4,43 +0.27 4.31+0.27 7.53+0.69 5.21 £0.78
2" Node (Inguinal) 0.83 +0.05 3.15+0.83 2.59 +1.06 1.41+0.50 1.09 £0.40 1.41+0.28 0.41+0.15 0.59 +0.14
Injection site 89.06 £ 0.28 80.93 £ 2.87 83.85+1.37 79.50 £5.02 89.14 £ 2.09 87.24 £ 3.06 81.58 £ 0.35 81.13 £0.01
PE % 78.60 + 3.39 57.85+2.19 61.81 +2.42 76.65+1.73 68.55+1.35 76.27+5.07 94.47+2 .45 87.81+3.75
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Both radiolabeled nanocompouds show appreciable accumulation in the popliteal node
(which serves as the sentinel lymph node in this protocol), occurring the highest
radioactivity uptake between 30-60 min p.i. with a major portion of this retained up to
180 min p.i.

The popliteal extraction (PE) is a parameter that predicts the suitability of a
preparation to be used for SLND. The PE is determined according to the following

equation:**®

% IA (popliteal) - % IA (inguinal) 100
PE (%) = X 1)
% IA (popliteal)

The PE values determined for both compounds highlights the potential of Tc19 (% PE:
94.47 £ 2.45 %) for SLND, as it presents higher extraction of the first node than Tc18
(% PE: 61.81 +2.42 %) at 1 h p.i.

The SPECT/CT image obtained for Tcl9 (Figure 5.8) has shown a clear
delineation of the popliteal (sentinel) lymph node with minimal spread to secondary
lymph node. However, a significant amount of radioactivity remains at the injection site
at1lhp.i.

Figure 5.8: SPECT/CT image obtained for Tc19 in a Wistar rat, at 1 h p.i.; IS, injection
site; 1% LN, popliteal lymph node. Image performed Prof. Yasushi Arano (Chiba
University, Department of Molecular Imaging and Radiotherapy, Japan) under the “Co-
ordinated Research Project on the Development of *"Tc Radiopharmaceuticals for

Cancer Diagnosis and Sentinel Node Detection” sponsored by the IAEA.
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Taken together, the biological data renders Tc19 as a very favorable radiotracer for SLN
imaging.

The in vivo specificity of the radiolabeled polymers was evaluated by comparing
the biological profile of the non-mannosylated (Tc17) and mannosylated compounds
(Tc19) in the same animal model. Tc17 was obtained by the same labeling procedure
described for Tc18 and Tc19, using the Boc-deprotected precursor described in Scheme

5.1. Biodistribution of both compounds was evaluated at 3 h p.i (Table 5.3).

Table 5.3: Biodistribution data for Tc17 and Tc19 in a Wistar rat model (3 h p.i.).
% IAJorgan = S.D.

Organ
Tcl7 Tcl9

Liver 048+041 6.84+0.01
Intestine 0.57+£0.68 1.28+0.17
Stomach 0.04+0.05 0.74+0.07
Kidney 0.14+0.08 1.67+0.28
Heart 0.01+£0.01 0.09+0.03
Lungs 0.02+0.02 0.60+0.07
Spleen 0.02+0.01 0.45%+0.04
Blood(whole) 0.16+0.16 1.55+0.65
1% Node (Popliteal) 0.34+0.35 5.21+0.78
2" Node (Inguinal) 0.13+0.50 0.59 +0.14

80.42+0.60 81.13+0.01
61.76 + 0.40 87.81 +3.75

Injection site
PE %

Analysis of the biodistribution results shows that Tc17 presents almost no uptake in the
popliteal node and a lower PE value as compared to Tc19, highlighting the importance

of mannose and MR for accurate detection of SLND.
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5.5. Bimodal Probe for SPECT/CT and NIR Optical Imaging

5.5.1. Synthesis and Characterization of Mannosylated Dextran Bearing a
Pyrazolyl-Diamine Chelator and a NIR Fluorophore

5c, 156 we

Among the compounds currently explored for NIR optical imaging,
have selected a small organic fluorophore from the cyanine family (IR775-Cl) to be
attached to the lead compound L19-Boc. The dextran based compound bearing
pyrazolyl-diamine chelator, mannose and fluorophore units (L20) was synthesized from

L19-Boc, following the synthetic procedure depicted in Scheme 5.3.
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L19-(Boc); W=9,X=8,Y =13

IR775-Cl

L20; W=6,X=8,Y=13,Z2=3

Scheme 5.3: Synthesis of L20. i) 4-mercaptobenzoic acid, DMF; ii) EDC, NHS, DCM;
iii) DMSO/ borate buffer, 0.1 M, pH 9 (1:1), iv) TFA.
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Firstly, we performed the alkylation of the 4-mercaptobenzoic acid with chloro-
substituted heptamethine cyanine IR775-Cl to obtain the precursor IX in almost
quantitative yield. This compound was activated with EDC/NHS to give compound X,
which was added to the free amines of L19-Boc in a 5:1 molar ratio to maximize the
number of fluorophores per mol/dextran. After dialysis, the resulting conjugate was
purified by sephadex G-25 gel filtration. The purified product reacted with TFA to
remove the Boc-protecting group, providing L20 in moderate overall yield (35%).

Conjugation of the fluorophore to the dextran backbone was confirmed by SEC-
and RP-HPLC (Method L and Method M, respectively; experimental section 7.2). In
both cases, only one peak was observed in the chromatograms of L20 with a retention
time of 11.2 min for SEC-HPLC and 15.6 min for RP-HPLC at 760 nm. The
chromatograms also indicated that there was no free fluorophore (IX, SEC-HPLC: tg =
29.1 min; RP-HPLC: tg = 19.2 min). L20 was also analyzed by SEC-HPLC and RP-
HPLC at 220 nm to check the presence of any impurity or precursor (L19: SEC-HPLC,
tr = 14.6 min; RP-HPLC, tx = 12.2 min). As can be seen in Figure 5.9, the
chromatograms obtained for L20 show the presence of only one peak.

tz =11.2 min t =15.6 min

Figure 5.9: SEC- (left) and RP-HPLC (right) chromatograms of L20, using Methods
L and M, respectively.

Compound L20 was characterized by NMR spectroscopy and spectrophotometry

(see experimental section 7.3.55).For the sake of example, the *H-NMR spectrum (D,0)
obtained for L.20 is depicted in Figure 5.10.
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Figure 5.10: *H-NMR spectrum of L20 in D,O (identification system for NMR

assignments is displayed).

The spectrum presented several characteristic peaks of the dextran backbone, which
could be clearly assigned, namely the anomeric protons of the substituted and non-
substituted glucose units (6 5.06 and & 4.80, respectively), the mannose anomeric proton
(8 5.30) and some peaks of the bifunctional chelator (H": & 2.34; 3,5-Me,Pz: & 2.10, &
2.00; HY: 5 1.48).

Typically, the number of units conjugated to dextran backbone was determined
based on to the intensity ratio of the peaks corresponding to each unit (e.g. bifunctional
chelator and/or mannose) and the protons adjacent to free amines (H®: § 2.70). However,
no evident peaks corresponding to the protons of the NIR fluorophore could be assigned
in the spectrum of L20. Taking into account other results reported in the literature,’
the absence of the fluorophore signals in the *H-NMR spectrum could be ascribed to
some aggregation in water. Such aggregation was corroborated by spectrophotometric
characterization of L20. Indeed, the absorption spectrum of L20 dissolved in water

(Figure 5.11, dashed line) showed a relatively strong band at 723 nm that has been
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described as an aggregate form of the fluorophore, while the monomeric species

presented a maximum at 797 nm.**®

0.40

0.20

Absorbance

400 500 600 700 800 900 1000 1100

Wavelenght (nm)

Figure 5.11: Absorption spectra of 1 nM solutions of L20 in water (dashed line)
showing the aggregate form at 723 nm and the monomeric form at 797 nm. Only the

monomeric form is found at 802 nm in 20% DMSO aqueous solution (solid line).

As can be seen in Figure 5.11 (solid line) when L20 was dissolved in 20%
DMSO aqueous solution, the most intense band in the absorption spectrum appears at
802 nm and corresponded to monomeric form of the fluorophore. The short wavelength
shoulder visible in this absorption spectrum of L20 is a common feature of virtually all
cyanine based fluorophores and is observed in less polar solvents such as DMSO and
MeOH where there is no tendency for aggregation.*®® This behavior has been studied
intensively for protein and antibody conjugates with lipophilic fluorescent labels,
mainly fluorophores of the cyanine type.™

Based on these results, one can hypothesized that the absence of fluorophore
signals on the *H-NMR spectrum of L20 in deuterated water might be due to the limited
tumbling motion of the aggregate form, which hampers the signal resolution of the
protons.

In the *H-NMR spectrum of L20 in D,O/DMSO (1:0.2 v/v) we could observe
some peaks (6 8.21 — 7.06) that were certainly due to the aromatic protons of the
fluorophore. However, some key peaks in the range of 6 3.00 - 2.10, namely the ones
due to the protons adjacent to free amines (H®: § 2.70) and to the methyl groups of the
bifunctional chelator (5 2.20-2.10), could not be assigned, preventing the use of NMR

data to estimate the number of fluorophores per mol of dextran in L20.
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As an alternative method to NMR spectroscopy, we have used
spectrophotometry to estimate the number of NIR fluorophore units per mol of dextran,

following equation 2:

[Fluorophore]
Fluorophore number/mol dextran = x N (2);

[Glucose]

where: [Fluorophore] = fluorophore concentration;
[Glucose] = glucose concentration;

N = 62; average number of glucose units in 10 kDa dextran.

The fluorophore concentration in L20 was determined by spectrophotometry
from interpolation of a standardized curve, using known quantities of the precursor 1X
(see experimental section 7.3.52). The molar extinction coefficient of IX in a 20%
DMSO aqueous solution was 125052 L mol™ cm™ at 795 nm. At this wavelenght, 20 pg
of L20 dissolved in a 20% DMSO aqueous solution contain 1.3 £ 0.02 uM of
fluorophore (see experimental section 7.3.55).

The glucose concentration of L20 was determined by a colorimetric assay.
Using known amounts of glucose as standard (see experimental section 7.3.55),%° we
obtained a standard curve and the concentration of glucose in 20 pug of L20 was
determined from interpolation. Based on three determinations, L20 contain 21.0 + 0.03
uM of glucose. Thus, the estimated molar ratio of fluorophores per molecule of dextran
in L20 was found to be 3 = 1 units.

The physical properties of L20 were also determined in 0.01 M PBS, pH 7.4, to
mimic the labeling conditions. Zeta potential measurements showed that the superficial
charge of L20 is negative (-2.3 £ 0.4 mV) and DLS measurements showed that the
hydrodynamic diameter was 17.7 + 2.0 nm (Figure 5.12). The latter result indicates an
increase of the particle size upon functionalization of dextran derivative L19 with the

fluorophore.
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Figure 5.12: Hydrodynamic diameter of L20 in 0.01 M PBS, pH 7.4.

5.5.2. In Vivo Fluorescence Properties

In close collaboration with Prof. Vicky Caveliers and Prof. Tony Lahoutte from
the Free University of Brussels (VUB), the in vivo fluorescence properties of L20 were
evaluated in a Wistar rat model, after subcutaneous injection (1 nmol) in the left rear
footpad. Optical imaging of the left rear leg were acquired at different time points (5
min, 10 min, 15 min, 30 min, 45 min, 60 min and 20 h). As depicted in Figure 5.13, the
amount administered to the animals provide sufficient signal to visualize the first lymph

node based on the fluorescence component of L20, 5 min p.i. No other lymph nodes

were detected by NIR optical imaging, even at 20 hours p.i.

Figure 5.13: Bright field image (left) and NIR image (right) of Wistar rat injected with
L20 (exposure time 350 ms), at 1h p.i.; IS, injection site; 1% LN, popliteal (sentinel)
lymph node.
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Re, ®™Tc) Bearing NIR

5.6. M(CO)s;-Mannosylated Dextran (M

Fluorophore
5.6.1. Synthesis and Characterization of Re(CO)s;-Mannosylated Dextran
Bearing NIR Fluorophore

The metallated polymer bearing a NIR fluorophore (Re20) was prepared by

reacting Rel19 with the activated succinimide ester X (Scheme 5.4).

Re20; W=6,X=8,Y=13,Z=3

Scheme 5.4: Synthesis of Re20; i) DMSO/ borate buffer, 0.1 M, pH 9 (1:1), 8 h, r.t
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After purification by shepadex G-25 filtration, Re20 was characterized by SEC- and
RP-HPLC. In both cases, one peak was observed in the chromatograms of Re20 with a
retention time of 11.3 min for SEC-HPLC and 15.2 min for RP-HPLC at 760 nm. The
chromatograms also shown the absence of free fluorophore (IX, SEC-HPLC: tr = 29.1
min; RP-HPLC: tr = 19.2 min). Morevoer, Re20 was also analyzed by SEC-HPLC and
RP-HPLC at 220 nm to check the presence of any impurity or precursor (Rel9: SEC-
HPLC, tg = 14.6 min; RP-HPLC, tg = 12.2 min). As can be seen in Figure 5.14, the
SEC- and RP-HPLC chromatograms obtained for Re20 shows the presence of only one

peak.

tzr = 11.3 min
tg = 15.2 min

-

01 2 3 4 5 6 7T 8 9 10 11 12 13 4 15 16 17 18 19

Figure 5.14: SEC-(left) and RP-HPLC (right) chromatogram of Re20 at 220 nm, using

method L and M (see experimental section 7.2), respectively.

Following the methodology described for L20, the number of fluorophore units per
molecule of dextran in Re20 was found to be 3 + 1 unit (see experimental section
7.3.56).

Compound Re20 was also characterized by DLS and LDV. The hydrodynamic
diameter of Re20 was 22.5 + 2.9 nm, while the superficial charge was negative, - 7.7 =
2.5 mV.

5.6.2. Synthesis and characterization of *™Tc(CO)s-Mannosylated Dextran

Bearing NIR Fluorophore
The bimodal tracer Tc20 was obtained in almost quantitative yield (> 98%) upon

reaction of fac-[**"Tc(CO)s(H,0)s]* with the conjugate L20 (final concentration: 4 x
10 M) (Scheme 5.5).
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Scheme 5.5: Synthesis of Tc20. i) fac-[*™Tc(CO)3(H,0)s]", 90 °C, 10 min, pH =7

The purity/stability of the radiocompound was evaluated by RP-HPLC (tr = 15.6
min, method M) and ITLC (Rf = 1) chromatography. In both cases, the chromatograms
have shown only one species, confirming that no precursors and/or oxidation species
were present.

The identification/characterization of Tc20 was accomplished by RP-HPLC,
comparing the y-trace with the U.V. trace of the rhenium analog Re20 (Figure 5.16).

[min]

Figure 5.15: RP-HPLC (Method M) chromatographic profiles of Tc20 (y - detection)

and respective cold surrogate Re20 (U.V. detection, 220 nm).
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Before biodistribution studies, we have decided to evaluate the impact of the labeling
conditions on the fluorescence properties of Tc20. Thus, equimolar solutions (2 x 10™*
mol) of L20 and Tc20 that were prepared and applied (20 pL) on a ITLC. The emitted
fluorescence signal of triplicate samples was measured in a Odyssey IR imaging system
using 700- and 800-nm channels. Figure 5.15 shows the fluorescent intensity of both

compounds.

L20 Tc20

Figure 5.16: Fluorescence intensity of L20 (left) and Tc20 (right); background (center)
in a Odyssey IR imaging system with 700- and 800-nm channels.

The results showed that the NIR fluorescence properties of Tc20 decreased (= 87 %) as
compared to L20, suggesting that the high temperature (100 °C) used to prepare Tc20

could lead to degradation of the fluorophore.
5.7. Biodistribution Studies
Following the procedure described for Tc18 and Tcl9, in vivo evaluation of
Tc20 was also carried out in Wistar rat model. The animals were injected

subcutaneously with Tc20 (= 1 nmol) and images were acquired at different time points.
Figure 5.17 shows a SPECT/CT image of one animal acquired at 1 h p.i.
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Figure 5.17: SPECT/CT image of a Wistar rat injected subcutaneously with Tc20 at 1 h
p.i.; 1S, injection site; 1 LN, popliteal (sentinel) lymph node; 2™ LN, inguinal
(secondary) lymph node.

The SPECT/CT image showed a clear delineation of the sentinel node with an
high degree of specific retention and minimal spread of Tc20 to other regions. The
image compared well with the SPECT/CT image obtained for Tc19 (Figure 5.8) at the
same time point.

Traditional ex-vivo biodistribution was performed at 3 h p.i. and the tissue
distribution of Tc20 was determined (Table 5.4).

Table 5.4: Biodistribution data for Tc20 in Wistar Rat model at 3h p.i. (n = 3).
% IA/organ + S.D.

Organ 3h
Liver 1.81 +0.46
Intestine 0.34 +0.17
Stomach 0.01+£0.01
Kidney 046 0.1
Heart 0.02+0.01
Lungs 0.03+£0.02
Spleen 0.02+£0.01
Blood(whole) 0.23+0.2
1°' Node (Popliteal) 3.87 £0.63
2" Node (Inguinal) 0.40 +0.20
Injection site 86.73 £0.92
PE (%) 89.66 + 0.03

The biodistribution results showed an appreciable accumulation of Tc20 in the
popliteal (sentinel) node while much less activity was found in the inguinal lymph node

or other organs, at 3h p.i. These data compared well with the biodistribution of Tc19
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(Table 5.2), indicating that the conjugation of fluorophore to Tc19 did not affect the
pharmacoknetic profile of the polymer. Indeed, the bimodal probe Tc20 presented a
high PE value (89.66 + 0.03 %), comparable to Tc19 (87.81 £ 3.75 %). Moreover, Tc19
and Tc20 presented also other common features, namely similar accumulation in the
injection site (Tc20: 86.7 £ 0.92 % IA/organ; Tc19: 81.13 + 0.01 % IA/organ) and
minimal spread to non-target organs.

The NIR fluorescence signal of the bimodal probe Tc20 enabled also the
localization of the popliteal lymph node by optical imaging with a FLuoBeam800
imaging system (FluOptics). Figure 5.18 shows the NIR optical image of a left rear

footpad of a Wistar rat injected subcutaneously with Tc20 at 3 h p.i.

Figure 5.18: Bright field (left) and NIR optical imaging (right) image of Wistar rat leg
injected with 1 nmol of Tc20 (exposure time 750 ms), at 3 h p.i. The white arrow
indicates the localization of the dual tracer in the popliteal lymph node. IS, injection
site.

These results indicated that gamma radiation and NIR fluorescence signal
emitted by the bimodal probe Tc20 (4 uM) allowed SPECT and NIR optical imaging of
the lymph node.

After 3 h p.i., the animals were sacrified and the NIR fluorescence signal of
Tc20 enabled a rapid and simple image-guided surgical excision of the lymph nodes by
real-time optical imaging. Figure 5.19 shows ex-vivo NIR optical images of the 1% and
2" LN.
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1'LN 2" N

Figure 5.19: A) Ex-vivo NIR imaging of Tc20 in the popliteal (1 LN) and inguinal
lymph node (2" LN).

The images revealed that little flow-through of Tc20 to the second lymph nodes
was observed in the NIR field. In fact, SPECT and NIR signals were confined to the
popliteal node and injection site.

The excised lymph nodes were treated with optimal cutting temperature (OCT)
compound and frozen sections (5 um) were used for histological examination. Analysis
of these sections for the popliteal node on a EVOS FI (digital fluorescence microscope)
has shown no fluorescence when 1 nmol of Tc20 was injected in Wistar rats. A
fluorescence signal was detected when 10 nmol of the compound was used. As an
example Figure 5.20 shows the homogenous distribution of Tc20 in a section of the 1%
LN.

Figure 5.20: Histological verification of lymph node excision in the NIR field; cell

nuclei were stained (blue color) with 4',6-diamidino-2-phenylindole (DAPI).
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The difference found in the histological analysis of the popliteal nodes for
Wistar rat injected with 1 nmol and 10 nmol of Tc20 could be ascribed to the use of a
digital microscope with no conventional charge-coupled (CCD) camera. Such detector
(CCD), which enables accurate and precise quantitative fluorescence microscopy

161

measurements,~ would probably allow us to determine the cellular localization of

Tc20 in the lymph node when 1 nmol was injected in the animals.

5.8. Conclusions

Mannosylated dextran derivatives bearing pyrazolyl-diamine chelating units
(L18 and L19) as well as a NIR fluorophore (L20) were synthesized and characterized
from the chemical and physical point of view. These conjugates allowed the preparation
of (radio)metallated nanocompounds Tcl18 — Tc20 as well as of the corresponding
rhenium surrogates Rel8 — Re20.

Biological evaluation in Wistar rat model has shown that Tcl19 and Tc20
presented the highest SLN extraction values. These data has also shown a persistent
retention of the tracers in the lymph node, which we have demonstrated to be specific
and mediated by mannose receptor binding. Moreover, we have shown that Tc20 was a
useful bimodal probe for SPECT/CT and NIR optical imaging of the popliteal lymph
node. Indeed, the perfect coregistration between gamma radiation and NIR fluorescence
signals of Tc20 complement each other in detection and excision of the popliteal lymph.
These studies also demonstrate that all compounds present similar accumlation in the

injection site (> 80% IA/organ at 3 h p.i.) with minimal spread to non-target organs.
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The main goal of this thesis was to develop ®™Tc(CO)s-based probes for
targeting the melanocortin 1 receptor (MC1R), overexpressed in malignant melanoma,
and the mannose receptor (MR) expressed on lymph node macrophages. Whereas in the
former case, those specific tracers would allow early detection of a particularly
aggressive type of skin cancer and associated metastasis by SPECT imaging, in the
latter case they would allow the detection of the sentinel lymph node (SLN), which is a
relevant procedure in medicine.

Within this context, tridentate bifunctional chelators containing a
pyrazolyl-diamine chelating unit with a N,N,N donor atom set were selected to
simultaneously stabilize the fac-[*"Tc(CO)s]" core and to be conjugated to targeting
moieties or to nanocarriers.

Despite the considerable research efforts towards the design of radiotracers
containing a-melanocyte-stimulating hormone (a-MSH) analogs for MC1R targeting,
insufficient accumulation within the neoplastic cell and/or unfavorable
pharmacokinetics, namely significant uptake in excretory organs have limited their
translation into clinical practice.

Aiming to contribute to address these issues, we have envisaged three strategies.
The first one comprised the design of new homobivalent conjugates (L5 and L6)
bearing two copies of the linear a-MSH analog NAPamide separated by linkers of
different nature, and length. L5 and L6 presented a 19- and 4-fold higher affinity for
MCIR, respectively, as compared to the monovalent construct L4. Metallation of these
compounds yielded isostructural complexes of the type fac-[M(CO)s(x*-L)] (M =
¥MTc/Re; Tc4/Red, L = L4; Tc5/Re5, L = L5; Tc6/Re6, L = L6) (Scheme 6.1). Re5
and Re6 displayed binding affinities in the sub- and nanomolar range, which were still
better (Re5: ICsp = 0.15 + 0.08 nM) than or comparable (Re6: 1Cso = 1.14 + 1.13 nM) to
the binding affinity of NAPamide (ICso = 0.78 + 0.03 nM). Cell internalization studies
in B16F1 murine melanoma cells have shown that Tc5 and Tc6 internalize via an
MC1R-mediated mechanism, with Tc5 presenting the highest level of internalization.

Biodistribution studies in B16F1 melanoma-bearing mice have shown that the
tumor uptakes of Tc5 (2.96 + 0.36 % 1A/g) and Tc6 (1.81 £ 0.44 % IA/g) were lower
than that of Tc4 (4.24 £ 0.94 % 1A/g) at for 4 h p.i. Moreover, there was no positive
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correlation between tumor uptake and valency, even in the case of Tc5, which had the
highest cellular internalization level and better retention. One commom feature to both
homobivalent radiopeptides was the high non-specific accumulation and retention in the
kidney, which led to very low tumor to kidney ratios. Such behavior has been already
reported for other radiolabeled bivalent a-MSH and multivalent RGD derivatives.

Brought together, the results have demonstrated that the high in vitro MC1R-
binding affinity and the high level of cellular internalization/retention observed for
9¥MTc(CO)s-labeled bivalent NAPamide conjugates did not lead to increased tumor
uptake and improved pharmacokinetic profile relative to the monovalent counterpart.

The second strategy focused on the synthesis of novel cyclic a-MSH derivatives

containing a thioether (SNBA-MSH;,) or an amino bridge (NNBA-MSH ) within the
macrocycle ring. The Lys residue at the C-terminal in both peptides (not present in the
cognate peptide PG10ON) was used for conjugation to the bifunctional chelator.
Metallation of the resulting conjugates L7 and L8 gave complexes of the type fac-
[M(CO)3(3-L)]* (M = ®*™Tc/Re; Tc7/Re7, L = L7; Tc8/Re8, L = L8) (Scheme 6.1).
In vitro MC1R-binding affinity assays indicated that the substitution of the thioether
bridge (19-membered macrocyclic ring) by an amino bridge (22-membered macrocyclic
ring) enhanced the receptor recognition properties (SNBA-MSHx: ICso = 1800 £ 500
nM, NNBA-MSHy,: ICsp = 51 + 12 nM). However, both peptide were considerably
less potent than the cognate peptide PG10N (ICsp = 3.7+ 0.5 nM). It is also worth
mentioning that the conjugation of the bifunctional chelator to SNBA-MSHyex and
NNBA-MSHex gave conjugates with lower (L7: 1Csp = 430 £ 0.1 nM) and higher
binding affinity (L8: ICso = 179 + 39 nM), respectively. Metallation of the peptides did
not lead to a significant decrease of binding affinity towards MC1R, as concluded by
comparing the ICs, values of Re7 (ICso = 690 + 250 nM) and Re8 (ICsp = 176 £ 5 nM)
with those of L7 and L8.

NMR structural characterization of the family containing the alkylthioaryl bridge
(SNBA-MSHpe, L7 and Re7) and NNBA-MSH.x were performed to identify
structural factors that might affect the MCL1R recognition ability of the peptide
derivatives. Althougt the structural features of PG10N have not been reported, our
NMR studies indicated that the low binding affinity of SNBA-MSHx could be
ascribed to a pronounced anisotropic effect that arises from the interaction of the Arg
side chain with the surrounding aromatic residues in the pharmacophore sequence (His-
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DPhe-Arg-Trp). Such effect might hamper a favorable interaction of the amino acid with
the MC1R.

More important, the NMR structural analysis demonstrated that the three-dimensional
structural features of the peptide moiety were conserved upon conjugation of the
chelator to the Lys side chain or upon incorporation of the organometallic fragment into
the peptide conjugate. Nevertheless, further studies are needed to understand the
molecular interactions that take place at the MCL1R binding pocket for these
(metallo)peptides.

In the third strategy, we tried to improve the pharmacokinetics of the
%¥MT¢(CO)s-labeled lactam bridge-cyclized a-MSH analog BAlaNleCycMSH . TO
achieve such goal, peptide conjugates L9 (methyl groups at the 3,5 positions of the
pyrazolyl ring), L13 (no substituent groups in the azolyl-ring), L14 (carboxylate at the
4-position of the azolyl-ring) and L15 (carboxylate at the 4-position and methyl groups
at the 3,5 positions of the pyrazolyl ring) were prepared by reaction of
pAlaNleCycMSHy.x With the respective Boc-protected bifunctional chelators L1-Boc,
L10-Boc, L11-Boc and L12-Boc.

Conjugation of the bifunctional chelators to pAlaNleCycMSHpe did not affect
the MC1R binding properties of the peptide conjugates that present sub-nanomolar 1Cs
values (L9: ICsp = 0.21 + 0.05 nM, L13: ICsp = 0.02 £ 0.01 nM, L14: ICso = 0.04+0.01
nM and L15: ICs, = 0.16 £ 0.1nM).

Radiometallation of the peptide conjugates gave complexes of the type fac-
[P™Tc(CO)s(i*-L)] (Tc9, L = L9; Tel3, L = L13; Tcl4, L = L14 and Tcl5, L = L15)
(Scheme 6.1). The log Pow Vvalues determined experimentally indicated that the
presence of an additional carboxylate in the azolyl-ring enhanced the hydrophilic nature
of the radiometallated peptides, namely Tcl4 and Tcl5. Internalization studies in
murine B16F1 melanoma cells have shown that cellular uptake of the *™Tc(CO)s-
labeled peptides Tc9 and Tcl3 — Tcl5 was MC1R-mediated, confirming that the
affinity of the radiopeptides was preserved upon radiometallation.

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 p.i. The presence of a carboxylate group in the pyrazolyl ring
of the chelator had a profound effect in the pharmacokinetic profile of the radiopeptides.
Tcl4 and Tcl5 presented a striking kidney and liver uptake reduction (> 90 %, at 4h
p.i.) as compared to Tc9. Moreover, the overall radioactivity elimination of both
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radiopeptides occurred mainly through the renal pathway, and the whole-body clearance
was faster than observed for Tc9 or Tc13.

The favourable biodistribution profile of Tcl4 and Tcl5 allowed a clear
visualization of flank melanoma lesions in tumour-bearing mice by SPECT imaging at 1
h p.i. Moreover, both compounds generated high contrast between tumor and
background due to their enhanced uptake ratios of tumor/kidney and tumor/liver.

Taken together, the results highlighted the possibility of tuning the
pharmacokinetic properties of *™T¢(CO)s-labeled a-MSH derivatives through structural
modifications in the bifunctional chelator, without compromising their in vitro and in
vivo receptor-targeting properties. Indeed, this study demonstrated that the introduction
of carboxylate groups shifted the excretion pathway of a radiopeptide from mainly
hepatobiliar towards renal, improving notably tumor/non-target organs ratios. The
potential usefulness of Tcl4 and Tcl5 should be furhter investigated for the
visualization of melanoma (micro)metastases in B16F1 melanoma-bearing mice or
human melanoma.

Although being widely used in the clinical setting for sentinel lymph node
(SLND), ®™Tc-based nanoparticles present a set of properties that are far from ideal,
namely, slow clearance rate from the injection sites or low residence times in the SLN.
In addition, they are not universally approved by authorities for this specific application,
and their chemical characterization is not well-defined. In this thesis, we have
introduced the first class of fully characterized receptor-targeted mannosylated dextran
derivatives for in vivo visualization of MR by SPECT or by SPECT combined with NIR
optical imaging.

First, we prepared and characterized the mannosylated dextran derivatives L18
and L19, which contain 4 and 8 chelating units per mol of dextran to stablize the fac-
[M(CO):;]" (M = Re, ®™Tc), respectively, as well as 13 mannose units per mol of
dextran. In addtion, we have also synthesized a mannosylated dextran-based polymer
that contains 3 NIR fluorophore units per mol of dextran (L20) by reaction of L19 with
heptamethine cyanine derivative. Metallation of L18 — L20 gave metallated polymers of
the type fac-[M(CO)s(x*-L)]" (M = ®™Tc/Re; Tc18/Rel8, L = L18; Tcl9/Rel9, L =
L19; Tc20/Re20, L = L20) (Scheme 6.1). Physical characterization of the
mannosylated dextran derivatives and their percursors by dynamic light scattering
(DLS), atomic force microscopy (AFM) and laser Doppler velocimetry (LDV) has
shown, as expected, that the hydrodynamic diameter and the zeta potencial of the
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nanocompounds were affected by chemical modification. Indeed, L18 — L20 presented
a hydrodynamic diameter within the range of 7.0 to 17.7 nm, whereas unmodified
dextran has a diameter of ca. 4 nm. The conjugation of the NIR fluorophore to the
dextran backbone increased 2.5-fold the size of the nanocompounds, as concluded by
comparing the hydrodynamic diameter of L20 (17.7 £ 2.0 nm) and Re20 (22.5 £ 2.9
nm) with L19 (7.0 £ 0.7 nm) and Rel9 (8.7 £ 0.3 nm), respectively. An higher
hydrodynamic diameter was also found for the metallated polymers (Rel8: 8.4 + 0.5,
Rel9: 8.7 £ 0.3 nm, Re20: 22.5 + 2.9 nm) as compared to the conjugates (L18: 7.0 =
0.3nm, L19:7.0£ 0.7 nm, L20: 17.7 £ 2.0 nm).

Biological evaluation of Tcl8 and Tcl9 in Wistar rats have shown good
accumulation in the popliteal (sentinel) node (6.71 £ 2.35 % and 7.53 + 0.69 %,
respectively), at 1 h p.i. Both radioactive nanocompounds presented significant
retention up to 3 h, which was mediated by mannose receptor binding. The higher SLN
extraction values of Tc19 (94.47 = 2.45 %) as compared to Tc18 (61.81 + 2.42 %) at 1
h p.i. highlights the superior biological properties of Tc19 to be further explored as SLN
imaging agent. The NIR fluorescent **™Tc(CO)s-labeled mannosylated dextran
derivative Tc20, which maintains the initial composition of Tcl9 in terms of
bifunctional chelators and mannose units, has shown a great degree of specific retention
and a clear delineation of the sentinel node, with minimal spread to other regions at 1 h.
The SPECT result obtained for Tc20 compared well with the SPECT/CT image
obtained for Tc19 at the same time point. At 3 h p.i., the radioactive probe Tc19 and the
bimodal probe Tc20 presente similar SLN extraction values (87.81 £ 3.75 % and 89.66
+ 0.03 %, respectively), while the accumulation of radioactivity at the injection site was
slightly higher in the case of the latter compound (Tc19: 81.13 = 0.01 % IA/ organ,
Tc20: 86.73 £ 0.92 % IA/ organ). It is noteworthy that the bimodal imaging features of
Tc20 ensured perfect coregistration of the two signals, allowing nuclear and NIR optical
techniques to complement each other in the detection and excision of the popliteal
lymph node.

The versatility of dextran-based nanoplataform not only enables the
incorporation of other targeting moieties but also the conjugation of DOTA-based
bifunctional chelators to stabilize radiometals such as ®Ga and ®’Ga. Such feature
highlights the potential of this nanocompounds not only for SPECT/CT-NIR imaging
but also for PET/CT-NIR.
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Scheme 6.1: Main compounds described in this thesis.
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7. Experimental Part
7.1. Materials

All chemicals and solvents were of reagent grade and were used without
purification, unless stated otherwise. The compounds tert-butyl 2-((3-aminopropyl)(2-
(3,5-dimethyl-1H-pyrazol-1-yl)ethyl) amino)ethylcarbamate (1), ethyl 4-((2-(4-(2-
(benzyloxy)-2-oxoethyl)-3,5-dimethyl-1H-pyrazol-1-yl)ethyl)(2-(tert-butoxycarbonyl
amino)ethyl)amino)butanoate ~ (I1), tert-butyl  2-(2-(1H-pyrazol-1-yl)ethylamino)
ethylcarbamate (I11), ethyl 1-(2-(2-(tert-butoxy carbonylamino)ethylamino)ethyl)-1H-
pyrazole-4-carboxylate (1V), tert-butyl 2-(1-(2-(2-(tert-butoxycarbonylamino)ethyl
amino)ethyl)-3,5-dimethyl-1H-pyrazol-4-yl)acetate (V), ethyl 4-((2-(1H-pyrazol-1-
yl)ethyl)(2-(tert-butoxycarbonylamino)ethyl)amino) butanoate (V1), 4-((2-(tert-butoxy
carbonylamino)ethyl)(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)amino)butanoic acid (L1-
Boc), Rel and IME-thiomannose were prepared according to described methods.* 5"
>le. 154,162 The amino acids and IR775-Cl were purchased from Novabiochem and
Sigma-Aldrich, respectively. The organometallic precursor fac-[Re(CO)3(H,O)s]Br was
prepared according to a published method.®®®> The radioactive precursor
[®™Tc(CO)s(H.0)s]" was prepared according to the manufacturer’s insert by adding
[*™cO,] generator eluent to the IsoLink vial, heating for 30 min at 100 °C, and adding
1M HCI (160 pL) to neutralize the solution, after cooling down. The IsoLink vials were

obtained as a gift from Covidien.
7.2. Characterization and Purification Techniques
Infrared Spectroscopy (IR)

Infrared spectra were recorded as KBr pellets in a Bruker Tensor 27 spectrometer.
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Nuclear Magnetic Resonance Spectrometry (NMR)
Small Molecules

'H and C-NMR spectra were recorded in a Varian Unity 300 MHz
spectrometer; 'H and '*C chemical shifts were referenced to the residual solvent
resonances relative to tetramethylsilane (SiMe4).

Multiplicities are reported using the following abbreviations: s (singlet), d
(doublet), t (triplet), q (quartet), quint (quintuplet), m (multiplet), br (broad) or a

suitable combination of them.
Peptide Derivatives

NMR spectra of NAPamide, SNBA-MSH}¢x, NNBA-MSH ., L4, Re4, L7,
L8, Re7, Re8 and L14 were acquired at 5 °C and 25 °C on a Bruker AV-600
spectrometer operating at a proton frequency of 600.13 MHz and equipped with a
cryoprobe. The temperature of the NMR probe was calibrated using a methanol sample.
1D spectra were acquired using 32 K data points, which were zero-filled to 64 K data
points before performing the Fourier transformation. As previously reported,'®® 2D
spectra, i.e., phase-sensitive correlated spectroscopy (COSY), total correlated
spectroscopy (TOCSY), nuclear Overhauser enhancement spectroscopy (NOESY), and
rotating frame nuclear Overhauser spectroscopy (ROESY), were recorded by standard
techniques using presaturation of the water signal and the time-proportional phase
incrementation mode. NOESY and ROESY mixing times were 150 ms and 200 ms,
respectively. TOCSY spectra were acquired using 60 ms DIPSI2 with z filter spin-lock
sequence. *H-*C and *H-""N heteronuclear single quantum coherence spectra (HSQC)
were recorded at natural heteronuclear abundance. Acquisition data matrices were
defined by 2048 x 512 (128 in the case of the *H-">N HSQC spectrum) points in t, and
t;, respectively. Data were processed using the standard TOPSPIN program. The 2D
data matrix was multiplied by either a square-sine-bell or a sine-bell window function
with the corresponding shift optimised for every spectrum and zero-filled to a 2K x 1K
(256 points in the *H-""N HSQC) complex matrix prior to Fourier transformation.
Baseline correction was applied in both dimensions. The 0 ppm *3C and N &-values

were obtained indirectly by multiplying the spectrometer frequency that corresponds to
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0 ppm in the 'H spectrum, assigned to internal DSS reference, by 0.25144953 and
0.101329118, respectively.*%

The sample solutions (1 mM) were prepared by dissolving the lyophilized compounds
(~0.5 mg) in 0.5 mL H,0/D,0 (9:1 v/v) before NMR spectra acquisition. The pH was
adjusted to 2.5 by adding minimal amounts of NaOD or DCI, measured with a glass
micro electrode and not corrected for isotope effects. Sodium 2,2-dimethyl-2-

silapentane-5-sulfonate (DSS) was used as an internal reference.
NMR assignment

The chelator resonances in the corresponding peptide conjugates, metallopeptides and
polymeric compounds were assigned by the combined analysis of 2D COSY, TOCSY,
NOESY and *H,*C-HSQC spectra, and taking into account previous NMR assignments
for the isolated chelator.

'H-NMR signals of the peptide derivatives were assigned by standard sequential
assignment methods.’® Then, the *C and N resonances were straightforwardly
assigned from the cross-correlations observed in the corresponding HSQC spectra

between the proton and the bound carbon or nitrogen, respectively.

Column Chromatography
Some compounds were purified by column chromatography, using silica gel 60 with 70
- 230 mesh granulometry (ASTM Merck) and glass columns with dimensions
appropriate to the amount of compound to purify.

Thin Layer Chromatography (TLC)
Some chemical reactions were monitored by TLC, using silica-gel plates MERCK 60 -

F254 with 0.25 mm of thickness, in an aluminium support; the plates were analysed

with U.V. radiation or I,.
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High Performance Liquid Chromatography (HPLC)

Reverse phase HPLC analyses were performed with a Perkin Elmer LC pump 200
coupled to an U.V. detector (Shimadzu SPD-10 AV or Perkin Helmer LC 290) or to a y
detector (Berthold-LB 507A or LB 509). The solvents were of HPLC grade and the
water bidistilled from a quartz distillation unit. The solvents were filtered by Millipore

0.22 pm filters and purged with helium.

Analytical Control of Compounds L2-Boc, L3-Boc, Rel, Re2, Re3, L10-Boc,
L11-Boc and L12-Boc, Re10 and Rell:

Column: Analytical, EC250/3 Nucleosil 100-10 C18, Macherey Nagel; Pre-column:
EP 30/8 Nucleosil 100-7 C18, Macherey Nagel; Flow: 1.0 mL/min; y detection; U.V.

detection: L = 220 nm; Eluents: A - TFA 0.1 % in H,O; B - CH;0H.

HPLC Method A:

Step Time (min) % B
0 5 0

1 0-3 0

2 3-31 0—25
3 31-9 25
4 9-91 25 — 34
5 9.1-20 34 — 100
6 20-25 100

7 25-25.1 100 —» 0
8 25.1-30 0

Preparative Purification of Compounds Rel, Re2, Re3, Rel0 and Rell
Column: Preparative, Waters pu Bondapak C18 (150/19 mm); Pre-column: Hypersil

C18 (ODS), 4.6 x 25 mm, 10 pm; Flow: 5.0 mL/min; U.V. detection: A = 254 or 220
nm; Eluents: A - TFA 0.1 % in H,O; B - CH;0H.
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HPLC Method B:

Step Time (min) % B
0 5 0
1 0-3 0
2 3-31 0—25
3 31-9 25
4 9-91 25 — 34
5 9.1-18 34 — 100
6 20-25 100
7 25-25.1 100 —» 0
8 25.1-30 0

Analytical Control of Pp-NAPamide
Column: Analytical, 5 pm (250 X 4.6 mm) C18, Discovery® BioWide Pore analytic;
Flow: 1.0 mL/min; y detection, U.V. detection: A = 220 nm and 280 nm; Eluents: A -

0.1% TFA in H,O; B - 0.1% TFA in CH3CN.

HPLC Method C:

Step Time (min) % B
0 5 50
1 0-25 50 — 100
2 25-35 100
3 35-36 100 — 50
4 36 -40 50

Semi-Preparative Purification of Pp-NAPamide
Column: Semi-Preparative, 5 um (250 x 10 mm) C18, Discovery® BioWide Pore;

Flow: 2.0 mL/min; y detection, U.V. detection: A = 220 nm and 280 nm; Eluents: A -
0.1 % TFA in H,0; B - 0.1% TFA in CH3CN.
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HPLC Method D:

Step Time (min) % B

0 5 70

1 0-35 70 — 100
2 35-37 100

3 37-38 100 — 70
4 38-40 70

Analytical Control of L4, L5, L6, Re4, Re5, Re6, Tc4, Tc5 and Tc6

Column: Hypersil ODS column (250/4 mm, 10 pum); Flow: 1 mL/min; y detection,
U.V. detection: A = 220 nm; Eluents: A - 0.5 % TFA in H,0; B - 0.5% TFA in CH;CN

HPLC Method E

Step Time (min) % B
0 5 0
1 0-3 0
2 3-31 0—25
3 31-9 25
4 9-91 25 — 34
5 9.1-141 34 — 100
6 14.1-19 100
7 19-21 100 — 0
8 21-30 0

Semi-Preparative Purification of Tc4, Tc5 and Tc6

Column: Semi-Preparative, Hypersil ODS column (250/8 mm, 10 um); Flow: 3

mL/min; y detection, U.V. detection: A = 220 nm; Eluents: A - 0.5 % TFA in H,0; B -
0.5% TFA in CH3CN. HPLC Method E.

Analytical Control and Purification of [**°I]-NDP-MSH

Column: Analytical, EC250/4 Nucleosil 100-10 C18, Macherey Nagel; Pre-column:
EP 30/8 Nucleosil 100-7 C18, Macherey Nagel; Flow: 1.0 mL/min; y detection; U.V.
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detection: A = 254 nm; Eluents: A - TFA 0.1 % in H,O; B - 140 mL CH3CN/ 60 mL
H,O/ 200 pL concentrated TFA.

HPLC Method F

Step Time (min) % B
0 5 30
1 0-45 30 — 50
2 45 -55 50 — 100
3 5556 100
4 56 — 60 100 — 30

Analytical Control and Semi-Preparative Purification of SNBA-MSHe, NNBA-
MSHy,ex, L7, L8, Re7 and Re8

Column: Analytical, 5 pm (250 X 4.6 mm) C18, Discovery® BioWide Pore analytic;
Flow: 1.0 mL/min; y detection, U.V. detection: A = 220 nm and 280 nm; Eluents: A -
0.1% TFA in H,O; B - 0.1% TFA in CH3CN.

Column: Semi-Preparative, Hypersil ODS column (250/8 mm, 10 um); Flow: 3
mL/min; y detection, U.V. detection: A = 220 nm; Eluents: A - 0.5 % TFA in H,0; B -

0.5% TFA in CH3;CN.

HPLC Method G

Step Time (min) % B
0 5 20
1 0-35 20 — 60
2 35-37 60
3 37-38 60 — 20
4 38 —-40 20

Analytical Control of Tc7, Tc8, Re7, Re8, Tc13, Tcl4 and Tc15

Column: Hypersil ODS column (250/4 mm, 10 um); Flow: 1 mL/min; y detection,
U.V. detection: A = 220 nm; Eluents: A - 0.5 % TFA in H,O; B - 0.5% TFA in CH;CN
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HPLC Method H

Step Time (min)

% B

5
0-18
18-20
20-22
22-30

A W N B O

15
15 — 100
100
100 — 15
15

Semi-Preparative Purification of Tc7 and Tc8
Column: Semi-Preparative, Hypersil ODS column (250/8 mm, 10 um); Flow: 3
mL/min; y detection, U.V. detection: A = 220 nm; Eluents: A - 0.5 % TFA in H,0; B -

0.5% TFA in CH3;CN.

HPLC Method |

Step Time (min) % B
0 5 15
1 0-15 15— 30
2 15-30 30
3 30-45 30 — 60
4 45 -55 60 —100
5 55-56 100 —15
6 56 — 60 100

Analytical Control and Semi-Preparative Purification (Fmoc-)pAlaNleCycMSHpex

Column: Analytical, 5 pm (250 X 4.6 mm) C18, Discovery® BioWide Pore analytic;
Flow: 1.0 mL/min; y detection, U.V. detection: A = 220 nm and 280 nm; Eluents: A -
0.1% TFA in H,O; B - 0.1% TFA in CH3CN.

Column: Semi-Preparative, 5 um (250 x 10 mm) C18, Discovery® BioWide Pore;

Flow: 2.0 mL/min; y detection, U.V. detection: A = 220 nm and 280 nm; Eluents: A -
0.1 % TFAin H,0; B - 0.1% TFA in CH3CN.
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HPLC Method J

Step Time (min)

% B

5

0-50
50-50.1
50.1-54
54 —55
55-60

g B~ W N - O

10
10 — 95
95 — 100
100

100 —10
10

Semi-Preparative Purification of Tc13, Tc14 and Tcl5
Column: Semi-Preparative, Hypersil ODS column (250/8 mm, 10 um); Flow: 3
mL/min; y detection, U.V. detection: A = 220 nm; Eluents: A - 0.5 % TFA in H,0; B -

0.5% TFA in CH3CN.

HPLC Method K

Step Time (min) % B
0 5 15
1 0-5 15— 30
2 5-10 30
3 10-25 30 — 60
4 25-28 60
5 28 — 30 60 — 15

Analytical Control of Dextran derivatives L16 — L20, Tc16 — Tc20, Re19 and Re20

Column: Shodex OHpack SB-803 HQ analytical column; Flow: 0.5 mL/min; y
detection, U.V. detection: A =220 nm and 760 nm; Eluents: A - H,O (0.02 % NaN3);.

HPLC Method L (lIsocratic)
Step Time (min) % A

0 5 100

1 0-60 100
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Column: Analytical, 5 um (250 X 4.6 mm) C18, Discovery® BioWide Pore analytic;
Flow: 1.0 mL/min; y detection, U.V. detection: A = 220 nm and 760 nm; Eluents: A -
0.1% TFA in H,O; B - 0.1% TFA in CH3;CN.

HPLC Method M

Step Time (min) % B
0 5 0
1 0-9 0— 80
2 9-14 80
3 14 -15 80 — 0
4 15-20 0

Mass Spectrometry

ESI/QITMS analyses of compounds were performed with a Bruker HCT instrument,
which was acquired with the support of the Programa Nacional de Reequipamento
Cientifico of FCT and is part of Rede Nacional de Espectrometria de Massa - RNEM).

Physical characterization of the polymeric nanoparticles

The hydrodynamic diameter of dextran and its derivatives were determined in 0.01 M
phosphate buffer, pH 7.4, by DLS using a ZetaSizer Nano ZS from Malvern. Particle
size was measured at 25 °C with a 173° scattering angle. The surface charge was
determined by electrophoretic mobility using Laser Doppler Velocimetry and Zeta
Potencial Cells. A Digital Instruments MultiMode Scanning Probe Microscope (SPM)
with a Nanoscope IlI1A controller in tapping mode was used for the Atomic Force

Microscopy measurements.

Spectrophotometry

Absorption data of all a-MSH and dextran derivatives was collected in a Shimadzu UV-
1800 Spectrophotometer (range: 200 — 1100 nm). Results from colorimetry assays were

also collected in a Shimadzu UV-1800 Spectrophotometer at 490 nm. Emission spectra
of L20 and Re20 was recorded with a USB2000+ Miniature Fiber Optic Spectrometer
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from Ocean Optics, which is responsive from 200-1100 nm with resolution to 0.35 nm
(FWHM). An optical fiber was used to collect the emission of the sample cell, in the
right angle geometry. The excitation source was a femtosecond Ti:sapphire laser
(TISSA-100, CDP), pumped by a solid state Millennia Xs laser (Spectra Physics). The
laser system generates a 86 MHz pulse train in the tuning range: 750-850 nm (ca. 200 fs
FWHM). Measurements were carried out exciting the sample at 790 nm (average power
400 mW.) with parallel polarized light. SpectraSuite Spectroscopy Operating Software
was used to process the fluorescence spectra. The NIR emission of L20 and Tc20 was
qguantified in a Odyssey imager, Li-Cor BioSciences, Lincoln, NE, USA, by
simultanoeus excitation at 700 nm and 800 nm while emission was collected in the 800

channel.

Instant Thin-Layer Chromatography

Instant thin-layer chromatography (ITLC) was performed using ITLC silica gel strips
(SG-PALL) developed with a mobile phase of 5% HCI (6M)/ MeOH. Radioactive
distribution on the ITLC strips was detected using a Berthold LB 505 detector, equipped
with a Nal(TI) scintillation crystal, coupled to a radiochromatogram scanner.

Activity Measurements of Radioactive Solutions

The radioactivity of the *™Tc solutions was measured in an ionization chamber (Aloka,

Curiemeter IGC-3). The samples with activity less than 2 pCi were measured in a
Gamma Counter (Berthold LB 2111).
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7.3. Synthesis and Characterization of the Compounds

7.3.1. 4-((2-(tert-butoxycarbonylamino)ethyl)(2-(3,5-dimethyl-1H-pyrazol-1-
yhethyl)amino)butanoic acid (L1-Boc)

. _CO,H

J
hH/i
c d g

N
b ’\1/\6/ \f/\NH-Boc
—N

a

L1-Boc was synthesized and characterized as previously reported.*®

'H-RMN (300 MHz, CDCls): 8 (ppm) 5.82 (s, CHP, 1H), 4.74 (br s, NH, 1H), 4.07 (t,
CH,%, 2H), 3.01 (m, CHJ, 2H), 2.79 (t, CH.%, 2H), 2.52 (m, CH,® + CH,' + CH,", 6H);
2.22 (s, CH4*, 3H), 2.20 (s, CHs®, 3H), 1.77 (t, CH,', 2H), 1.40 (s, 9H, CH).

BC-NMR (75.5 MHz, CDCls): 5c (ppm) 182.1 (CO), 159.3 (CO), 148.2 (C°), 147.2
(C%), 105.3 (C"), 79.3 (C(CHs), 59.6 (C"), 56.7 (C?), 53.9 (C'), 49.2 (CY), 38.8 (CY), 36.2
(C), 28.2 (C(CHs)), 23.7 (C'), 13.5 (CH5°), 11.8 (CH3?).

7.3.2. 4-((2-aminoethyl)(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)amino)butanoic
acid (L1)

; COH
S
c d N g
v A ,‘l/\e/ \f/\NHz
=N
a

L1 was synthesized and characterized as previously reported.*®

'H-RMN (300 MHz, D,0): &y (ppm) 6.11 (s, CH,”, 1H), 4.50 (t, CH,%, 2H), 3.53 (t,
CH,®, 2H), 3.44 (m, CH,¥", 2H), 3.35 (m, CH,", 2H), 3.15 (m, CHJ, 2H), 2.29 (t, CH,",
2H), 2.16 (s, CH3%, 3H), 2.10 (5,CH5’, 3H), 3.15 (m, CH,', 2H).

BC-NMR (75.5 MHz, D,0): éc (ppm) 183.0 (CO), 165.3 (g, CF3CO0), 148.2 (C°),
141.4 (C?%), 118.6 (g, CFsCO0Y), 106.0 (CP), 54.2 (C"), 54.0 (C?), 52.0 (C"), 47.0 (CY,
38.4 (CY), 36.0 (CY), 24.7 (C'), 13.3 (CH3%); 11.0 (CH5Y).
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7.3.3. tert-butyl 2-((3-aminopropyl)(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)
amino) ethylcarbamate (1)
; NH;

h i
d

c g
N
4 /N/\e/ \f/\NH-Boc
—N

a

Intermediate 1 was synthesized and characterized as previously reported by our
group.51e

'H-NMR (300 MHz, CDClg): 84 (ppm) 5.75 (s, CH,1H); 5.28 (br s, NH,, 2H); 5.10 (br
s, NHBoc, 1H); 3.96 (t, CH,", 2H), 3.07 (m, CH.®, 2H), 2.76 (t, CH,", 2H), 2.60 (t,
CH.®, 2H), 2.48 (m, CH," /CH,}, 4H), 2.21 (s, CH5®, 3H), 2.19 (s, CHg’, 3H), 1.45 (m,
CH,', 2H), 1.42 (s, CHj, 9H).

7.3.4. 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
(L2-Boc-Mey)

N
N4 /N/\e/ \f/\NH-Boc
—N

a

A solution of 1 (0.0600 g, 0.170 mmol) in dry methanol was added dropwise to a cold
methanolic solution (0 °C) of methyl acrylate (0.076 g, 0.88 mmol). After stirring
overnight at room temperature, the solvent was evaporated, and the crude product was
purified by column chromatography (silica gel, CHCIs/MeOH 2.5-20%), giving L2-
Boc-Me; as a white solid. Yield: 71 % (0.0700 g, 0.130 mmol).

'H-NMR (300 MHz, CDCls): 84 (ppm) 5.75 (s, CH, 1H), 3.96 (t, CH,", 2H), 3.64
(s,CHs™, 6H), 3.07 (d, CH,?, 2H), 2.76 (t, CH,", 2H), 2.70 (t, CH,%, 2H), 2.49 (t, CH,',
2H), 2.38 (t, CH," !, 4H), 2.29 (t, CH,", 2H), 2.21, (s, CH4?, 3H), 2, 19 (s, CHs%, 3H),
1.48 (t, CH,' 2H), 1.42 (s, CHs, 9H).
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7.3.5. 12-(2-carboxyethyl)-8-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-2,2-
dimethyl-4-oxo-3-o0xa-5,8,12-triazapentadecan-15-oic acid (L2-Boc)

HO,C_ | « 1 | ,COMH

—

. N

J
hH/i
c d g

N
4 ,\1/\( \f/\NH-Boc
—N

a

A solution of L2-Boc-Me; (0.0700 g, 0.130 mmol) and NaOH (0.0550 g, 1.370 mmol)
in H,O/THF (1:1, 6 mL) was refluxed overnight. After neutralization of the reaction
solution with 1M HCI at 0 °C and evaporation of the solvent, the crude obtained was
purified through Sep-Pack C-18 cartridge (H.O/MeOH 0-100%), giving L2-Boc as a
white solid. Yield: 75% (0.0500 g, 0.100 mmol).

'H-NMR (300 MHz, D,0): &4 (ppm) 5.78 (s, CH", 1H), 3.88 (t, CH.", 2H), 3.10 (t,
CH,X, 4H), 2.96 (t, CH,%, 2H), 2.79 (t, CH,%, 2H), 2.70 (t, CH,', 2H), 2.41 (t, CH," """
8H), 2.10 (s, CHg%, 3H), 1.99 (s, CH4’, 3H), 1.61 (t, CH,', 2H), 1.25 (s, CHs, 9H).
BC-NMR (75.3 MHz, D,0): 8¢ (ppm) 179.7 (CO), 179.6 (CO), 160.1 (CO), 150.5 (C°),
143.5 (C%), 107.3 (C"), 81.9 (C(CHs)), 54.6 (C"), 54.5 (C?), 52.4 (C"), 52.1 (C!), 52.2
(C), 47.9 (CY), 39.9 (C9), 32.8 (C"), 29.8 (C(CH3)), 22.9 (C'), 14.3 (CH3%), 12.4 (CH3).
ESI-MS (-) (m/z): 482.4 [M-H], calcd. for C,3H41NsOg = 483.3.

RP-HPLC (Method A): 99% (tgr = 17.4 min).

7.3.6. 3,3"-(3-((2-aminoethyl)(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)amino)
propylazanediyl) dipropanoate (L2-Mey)

o) o
m/°‘@ p>‘°\m
. N
]
J
c d g

N
BN N,
—N

a

L2-Boc-Me; (0.0700 g, 0.130 mmol) was suspended in a solution (5 mL) of TFA (5%
TFA/CH,CI,) and the reaction mixture allowed to stir at room temperature for 3 hours.
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After evaporation of the solvent, L2-Me, was obtained as colorless oil. Yield: 88%
(0.0500 g, 0.120 mmol).

'H-NMR (300 MHz, D,0): &y (ppm) 5.58 (s, CHP, 1H), 4.27 (t, CH,%, 2H), 3.2 (s,
CH3™, 6H), 2.96 (t, CH,**, 6H), 2.59-2.51 (m, CH,®*™" 6H), 2.38 (t, CH,', 4H), 2.29 (t,
CH,', 2H), 1.77 (s, CH3%, 3H), 1.69 (s, CH2’, 3H), 1.39 (t, CH,', 2H).

7.3.7. ethyl 4-((2-(4-(2-(benzyloxy)-2-oxoethyl)-3,5-dimethyl-1H-pyrazol-1-
yhethyl)(2-(tert-butoxycarbonylamino)ethyl)amino)butanoate (11)

Intermediate 11 was synthesized and characterized as previously reported.>"

'H-NMR (300 MHz, CDCls): 84 (ppm) 7,26 (m, 5 CH-Ar, 5H,), 5.32 (s br, NH, 1H),
5.02 (s, CH", 1H), 4.02 (m, CH,™™*, 4H), 3.91 (t, CH.%, 2H), 3.30 (s, CH,", 2H), 2.98
(m, CH,®, 2H), 2.68 (t, CH,', 2H), 2.42 (t, CH,", 2H), 2.36 (t, CH/, 2H), 2.10 (m, 2
CHs**®, 6H), 1.55 (m, CH,', 2H), 1.36 (s, CH3, 9H); 1,16 (t, CHJ', 3H).

7.3.8. 4-((2-(tert-butoxycarbonylamino)ethyl)(2-(4-(carboxymethyl)-3,5-
dimethyl-1H-pyrazol-1-yl)ethyl)amino)butanoic acid (L3-Boc)

A solution of 11 (0.2000 g, 0.440 mmol) and excess NaOH (0.7500 g, 2.100 mmol) in
H,O/THF (1:1, 10mL) was refluxed overnight. After neutralization with 1M HCI at 0
°C and evaporation of the solvent, the crude product obtained was purified by solid
phase extraction using Sep-Pack C-18 cartridge (H,O/MeOH 0-100%), giving L3-Boc
as a white solid after evaporationof the solvent. Yield: 68% (0.1400 g, 0.300 mmol).
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'H-NMR (300 MHz, D,0): &4 (ppm) 4.33 (t,CH,%, 2H), 3.57 (t, CH.®, 2H), 3.39 (s,
CH,?, 2H), 3.30 (m, CH,™, 4H), 3.17 (t, CH,®, 2H), 2.34 (t, CH, 2H), 2.10 (s, CH5%,
3H), 2.03 (s, CH3%, 3H), 1.86 (t, CH,', 2H), 1.24 (s, CHs, 9H).

BC-NMR (75.3 MHz, D,0): 5¢ (ppm) 189.8 (CO), 187.6 (CO), 165.1 (CO), 154.5 (C°),
145.9 (C?), 119.4 (Cpz), 88.8 (C(CHs)), 60.2 (C"), 59.7 (C°), 59.2 (C"), 52.4 (C%, 44.1
(C9), 42.3 (C!), 38.8 (C"), 34.8 (C(CH3)), 29.5 (C"), 17.7 (CH5"), 15.9 (CHJ?).
RP-HPLC (Method A): 99% (tg = 16.7 min).

7.3.9. 4-((2-aminoethyl)(2-(4-(carboxymethyl)-3,5-dimethyl-1H-pyrazol-1-
yhethyl) amino)butanoic acid (L3)

Boc deprotection of L3-Boc and L12-Boc (0.1000 g, 0.200 mmol) with CH,CI,/TFA
(1:3, 4mL) gave L3 as a colorless oil after evaporation of the solvent. Yield: 92 %
(0.0800 g, 0.190 mmol, calcd. for C15sH26N404. TFA).

Boc deprotection of L12-Boc (0.1000 g, 0.207 mmol) with CH,CI,/TFA (1:3, 4mL)
gave L3 as a colorless oil after evaporation of the solvent. Yield: 88 % (0.0800 g, 0.190
mmol, calcd. for C1sH6N404. TFA).

'H-NMR (300 MHz, D,0): 84 (ppm) 4.42 (t, CH,%, 2H), 3.51 (t, CH,®, 2H), 3.40 (m,
CH,', 2H), 3.32 (s, CH,’, 2H), 3.23 (m, CH,’, 2H), 3.09 (m, CH" 2H), 2.72 (t, CH,",
2H), 2.06 (s, CH3%, 3H), 1.99 (s, CH4’, 3H), 1.77 (m, CH,', 2H).

BC-NMR (75.3 MHz, D,0): 8¢ (ppm) 178.2 (CO), 176.9 (CO), 165.4 (g, CFsCOO0),
149.4 (C°), 145.5 (C%), 118.4 (g, CFsCO0), 114.1 (C"), 54.4 (C"), 53.3 (C®), 51.5 (C),
44.2 (C%, 35.5 (CY), 31.7 (CY), 29.8 (C"), 19.8 (C'), 11.5 (CH3°), 10.6 (CH3%).

ESI-MS (+) (m/z): 327.1 [M+H]", calcd. for C15H2sN;04 = 326.2.
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7.3.10. Pp-NAPamide (Partially Protected NAPamide)

Arg® (Pbf)
His® (Trt)

Ph H,N 0
Ac-Nle'

o N \)J\S\’( g \)J\NAH/H\)CJ)\NHZ
F O Oneh
Asp? (tBu)
Trp® (Boc)

The fully protected o—MSH analog NAPamide ([Ac-Nle* Asp ,D-Phe7, Lys*]a-MSH,_
11) was prepared by Fmoc-based Solid Phase Peptide Synthesis in a CEM 12-Channel

DPhe*

Automated Peptide Synthesizer (scale 0.1 mM), using hyperacid sensitive Sieber Amide
resin (0.177 g; substitution: 0.59 mmol/ g) and the following side chain protecting
groups: Trt for His, Boc for Trp, t-Bu for Asp, Pbf for Arg, and Mtt for Lys.

After one-pot reaction under mild acidic conditions (1% TFA/CH,CI,) for selective
removal of the Mtt group and peptide cleavage from the resin (0.06 g), the solution was
concentrated to 5% of the initial volume and a white solid was precipitated with water
in an ice bath. The white solid was isolated by centrifugation and consecutively washed
with water (3 times), 5% NaHCOj3; aqueous solution (2 times), water (3 times), 0.05 M
KHSO, (2 times), water (6 times) and dried under vacuum. The crude peptide was
dissolved in CH3CN and purified by semi-preparative HPLC (Method D, tg = 11.4 min).
After evaporation of the solvent, the Pp-NAPamide was obtained as a white solid.
RP-HPLC (Method C): 99% (tg = 19.4 min).

ESI-MS (+) (m/z): 897 [M+CHsCN+2H]**, calcd. for CosHi2N16016S = 1748.9.
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7.3.11. NAPamide

Arg
His®

Ac-Nle' >:NH

£ & \

DPhe*

The fully protected a—MSH analog NAPamide ([Ac-Nle* Asp®,D-Phe’, Lys"]a-MSH,_
11) was prepared as described in 7.3.10. The peptide was cleaved from the resin (0.06 g;
substitution: 0.59 mmol/g) by treatment with a mixture of 95% TFA, 2.5% TIS, and
2.5% H,O (5 mL) for 2 h. The cleavage solution was separated from the resin by
filtration and concentrated under N,. The crude peptide was precipitated and washed
with ice-cold diethylether, vacuum-dried, and dissolved in water before lyophilization.
After analytical purification and evaporation of solvents from the corresponding
fractions, NAPamide was obtained as white solid.

RP-HPLC (Method E): 99% (tg = 9.4 min).

ESI-MS (+) (m/z): 1099.8 [M+H]", calcd. for Cs;H74N101; = 1098.6.
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Table 7.1: *H, *C and *°N chemical shifts (ppm, from DSS) of NAPamide in H,O/D,0
9:1 vivatpH 2.5 and 5 °C.

Residue N HN ¥c, C.H BCy CyH Others

Ac 24.3

Nle! 127.7 832 571 406 332 1.60 c,29.8;C,,H 118, 1.18;
3¢, 24.4; Cs5H 1.23, 1.23;
3¢, 15.9; C,H; 0.82

Asp? 119.1 845 531 451 379 2.71,2.78

His® 118.7 841 553 460  29.0 3.01,3.13 CsH 7.06
C4H 851

DPhe' 1225 848 589 447 394 2.99 CsH 7.23,7.23
C.oH 7.35,7.35

Arg® 1254 837 562 407 299 1.49,131 *C,26.6;C,H 0.88, 0.96
3¢, 43.1; Cs5H 2.90, 2.90;
8N, 84.7; N.H 7.05

Trp® 1217 824 575 465  29.4 3.25,3.34 CyH7.24
BN,; 129.4; N4H 10.18;
CyH 7.61
CeH 7.12
CpH 7.19
CoH 7.44

Gly’ 110.7 828 452 3.88,381

Lys® 1214 820 560 424 331 1.70,1.84 *°C,24.8;C,H 1.37, 1.42;

B3C;5 29.1; CssH 1.65, 1.65;
B¢, 42.1; C,-H 2.96, 2.96;
>N, 69.3; N:H 7.60
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Table 7.2: *H, **C and **N chemical shifts (ppm, from DSS) of NAPamide in H,0/D,0

9:1 v/v at pH 2.5 and 25 °C. “nd” stands for not determined.

Residuet ®™N HN “c, CH “cC; CyH Others

Ac 244 198

Nle* 127.6 818 57.1 409 332 1.62 C, 29.8; C,,H 1.20, 1.20;
13¢5 24.3; Cs5H 1.23, 1.23;
C, 15.9; C,H; 0.82

Asp’ 1191 838 532 452 381 2.74,2.76

His® 1186 830 553  4.60  29.0 3.05,3.12 CsH 7.06;
C.H 8.51;

DPhe* 1224 833 588 449 395 2.99 CorH 7.22,7.22;
CeoH 7.34,7.34;
CH 7.32;

Arg® 1248 818 562 410  30.1 1.50,1.34 *°C,26.6; C,,H 0.96, 1.02
13¢5 43.2; CsyH 2.92, 2.92;
"N, 85.2; N;H 6.99

Trp® 121.7 812 nd 4.67 295 3.24,335 CyH 7.25;
N,;H 10.10;
CesH 7.62;
CiH 7.13;
CpH 7.21;
CH 7.45;

Gly’ 110.7 8.18 453 3.88,3.83

Lys® 121.4 807 560 425 331 1.69,1.83 *°C,24.7,C,H 1.38, 1.41;
13C; 29.0; Cs5H 1.66, 1.66;
C.42.2 ; C,-H 2.98, 2.98;
N, 69.3;

7.3.12. L4

Arg®
His®

Ac-Nle'

DPhe*

Trp®

d e

EN/—\N/fw g
b L _N

HoN
J—NH
R HN
< ) Gly” Lys
N
o o o o o
H H H H
)kN NQJ\N N N N%NWN%NHZ
H : H H S H H
o o o o
o -
HO NH
Asp?

NH

NH,

A solution of Pp-NAPamide (0.0060 g, 0.003 mmol) in DIPEA (20 uL)/DMF (250 puL)
was added to the Boc-protected bifunctional chelator L1-Boc (0.0010 g, 0.003 mmol)
preincubated for 30 min with HATU (0.0010 g, 0.003 mmol) in DMF. The pH was

adjusted to 7-8 with DIPEA and the reaction mixture was left under stirring at room
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temperature for 3 hours. The reaction mixture was purified by semi-preparative RP-
HPLC (Method C). The HPLC fraction corresponding to the compound was collected
and evaporated. The residue was deprotected with the standard cocktail mixture (95%
TFA, 25% TIS, 2.5% H,0) and the compound was precipitated with ice-cold
diethylether. The precipitate was dried under nitrogen flow and dissolved in water
before lyophilization. Yield: 42% (0.0150 g, 0.001 mmol; er (280 nm) = 5560 L mol™
cm™).

RP-HPLC (Method E): 99% (tg = 14.1 min).

ESI-MS (+) (m/z): 1349.8 [M+H]", calcd. for CgsHggN2gO12 = 1348.8.

Table 7.3: *H, *C and *°N chemical shifts (ppm, from DSS) of L4 in H,O/D,0 9:1 v/v
at pH 2.5 and 5 °C. “nd” stands for not determined.

Residuem ®N  HN ®c, C.H BCy CyH Others
Ac 24.4
Nle* 127.7 832 571 4.05 33.2 1.60 Bc,29.9;C,,H 118, 1.18;

3¢, 24.4; Cs5H 1.23, 1.23;
3¢, 16.0; C,H; 0.82

Asp’ 119.1 849 531 4.50 37.9 2.70, 2.77
His® 118.7 839 553 4.59 29.0 2.99,3.11 CgH 7.05;

CuH 8.51;
DPhe* 1225 847 589 4.47 39.4 2.99 CssH 7.22, 7.22;

C,H 7.35, 7.35;
C:H 7.30; *C, 129.9

Arg® 1253 838 56.2 4.05 29.9 1.32,150 *c,26.7;C, H0.87,0.95
3¢, 43.1; Cs5H 2.90, 2.90;
N, 84.8; N.,H 7.05

Trp® 1214 826 577 4.61 29.2 3.26,3.35 CyH 7.23;
N, 129.5; Ny H 10.18;
CusH 7.59;
CesH 7.10;
CpoH 7.17;
CeoH 7.42;

Gly’ 1103 829 453 3.88,3.80

Lys® 1215 809 56.2 4.22 33.3 1.69,1.82 *C,25.3;C,H 1.32, 1.37;
3¢, 30.4; CssH 1.49, 1.49;
3¢, 42.1; C.-H 3.14, 3.14;
N, 126.6; N:H 8.15

BFC a b c d e f g h i i
H nd 5.93 nd 4.27 3.49 3.41 3.35 3.07 1.85 2.29
Bc nd nd nd 45.4 55.0 525 37.2 56.2 22.3 35.2

177



Chapter 7

Table 7.4: *H, *C and N chemical shifts (ppm, from DSS) of L4 in H,0/D,0 9:1 v/v
at pH 2.5 and 25 °C). “nd” stands for not determined.

Residuew ®™N HN ®c, CH CyH Others
Ac 24.5
Nle* 127.6 818 57.1 409 332 1.62 BC,29.8;C,H 1.21, 1.21;

13¢5 24.4; Cs5H 1.23, 1.23;
3¢, 15.9; C.H; 0.82

Asp® 119.0 8.38 nd 4.52 38.1 2.72,2.78
His® 1185 829 nd 4.60 29.0 3.01,3.14 Cs,H 7.06;

C.H 851,
DPhe* 1224 832 nd 4.49 39.5 2.99 CssH 7.22, 7.22;

C.-H 7.35, 7.35; °C, 131.6
C¢H 7.30; *C, 129.9

Arg® 1247 819 562 409 301 1.35,1.50 *°C,26.7;C,,H 0.97, 1.02
13¢5 43.2; Cs5H 2.90, 2.90;
®N, 85.2; N.H 7.00

Trp® 1215 813 nd 4.64 29.4 3.25,3.35 CyH 7.24;
N, 129.5; N H 10.10;
C.3H 7.60;
CeH 7.11;
CyoH 7.18;
CeH 7.44

Gly’ 110.4 8.18 454 3.89,3.84

Lys® 121.6 7.98 56.2 4.23 33.3 1.66,1.81 *°C,25.3;C, H 1.32, 1.35;
3¢, 30.5; Cy5H 1.48, 1.48;
3¢, 42.1; C,-H 3.13, 3.13;
N, 126.5; N;H 7.99

BFC a b c d e f g h i j
'H nd 5.94 nd 4.26 3.44 3.35 3.33 3.02 1.83 2.27
B¢ nd nd nd 45.9 55.4 52.9 37.8 56.5 22.9 35.5
7.3.13. L5
HN NH; HN__NH

NH

HN
NN Z N
OJ\ NH m@ L
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A solution of Pp-NAPamide (0.0090 g, 0.005 mmol) in DIPEA (20 uL)/DMF (250 puL)
was added to the Boc-protected bifunctional chelator L2-Boc (0.0010 g, 0.002 mmol)
preincubated for 30 min with HATU (0.0009 g, 0.0024 mmol) in DMF. The pH was

adjusted to 7-8 with DIPEA and the reaction mixture was left under stirring at room
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temperature for 3 hours. The reaction mixture was purified by semi-preparative RP-
HPLC (Method C). The HPLC fraction corresponding to the compound was collected
and evaporated. The residue was deprotected with the standard cocktail mixture (95%
TFA, 2.5% TIS, 2.5% H,0) and precipitated with ice-cold diethylether. The precipitate
was dried under nitrogen flow and dissolved in water before lyophilization. Yield: 23%
(0.0012 g, 0.001 mmol; &1, (280 nm) = 2 x 5560 L mol™ cm™).

RP-HPLC (Method E): 99% (tg = 15.3 min).

ESI-MS (+) (m/z): 849.5 [M+3H]**, calcd. for C12H177N370,4 = 2544.5.

7.3.14. L6

HoN NH

oy
R f i
i v g

Following the methodology described in 7.3.13, the conjugation of Pp-NAPamide to
L3-Boc was achieved after three cycles of microwave irradiation (40W, 75 °C, 5 min).
The reaction mixture was purified by semi-preparative RP-HPLC (Method C). The
HPLC fraction corresponding to the compound was collected and evaporated. The
residue was deprotected with the standard cocktail mixture (95% TFA, 2.5% TIS, 2.5%
H.,O) and precipitated with ice-cold diethylether. The precipitate was dried under
nitrogen flow and dissolved in water before lyophilization. Yield: 14% (0.0008 g, 0.001
mmol; er, (280 nm) = 2 x 5560 L mol™ cm™).

RP-HPLC (Method E): 99% (tg = 15.0 min).

ESI-MS (+) (m/z): 1244.6 [M+2H]**, calcd. for C119H170N36024 = 2,487.3.
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7.3.15. fac-[Re(CO)s(k*-L1)]" (Rel)

This compound was synthesized and characterized as previously reported.*® Briefly, L1
(0.0500 g, 0.130 mmol) reacted with the organometallic precursor [Re(CO)3(H.0)s]Br
(0.0500 g, 0.130 mmol) in refluxing water for 18 h. After evaporation of the solvent the
resulting residue was purified by preparative RP-HPLC (Method B). Yield: 57%
(0.0400 g, 0.070 mmaol).

IR (KBr) (viem™): 2033s and 1932s (C=0) and 1684s (C=0).

'H-NMR (300 MHz, D,0): &4 (ppm) 6.01 (s, H°, 1H), 5.07 (q br, NH, 1H), 4.33 (dd,
CHY, 1H), 4.07 (m, CH®, 1H), 3.62 (s br, NH, 1H), 3.50 (m, CH!, 1H), 3.37 (m, CH" +
CH®, 2H), 3.05 (s br, CH?, 1H), 2.72 (d, CH" + CH", 2H), 2.54 (t br, CH®', 1H), 2.37 (m
br, CHE, 1H), 2.33 (t, CH" + CH", 2H), 2.24 (s, CH3®, 3H), 2.14 (s, CH5%, 3H), 2.04 (m,
CH" 1H), 1.88 (m, 1H, CH").

BC-NMR (75 MHz, D,0): 8¢ (ppm) 196.6 (C=0), 196.2 (C=0), 196.1 (C=0), 179.8
(C=0), 155.7 (C°), 146.3 (C?), 109.8 (C), 67.8 (C"), 63.2 (C), 54.5 (C?), 49.1 (C*%), 44.2
(CY), 33.1 (Cl), 21.5 (C'), 17.3 (CH4°), 12.9 (CH3).

RP-HPLC (Method A): 99% (tg = 18.3 min).

ESI-MS (+) (m/z): 542.6 [M+H]", calcd. for C16H,7N4OsRe = 541.6.

7.3.16. fac-[Re(CO)s(k*-L2)]" (Re2)
CO,H

1
J N\k/\COzH
h

d e i

/C N [Ij/fwg T+
\
b _ NIHum,Re“\\\\NHz
[ oc” | Mo
co

The complex was prepared according to the methodology described in 7.3.15. Briefly,
L2-Me, (0.0500 g, 0.122 mmol) reacted with the organometallic precursor
[Re(CO)3(H,0);]Br (0.0500 g, 0.130 mmol) in refluxing water for 18 h. After
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evaporation of the solvent the resulting residue was purified by preparative RP-HPLC
(Method B). The complex Re2 was isolated as colorless clear oil. Yield: 50 % (0.0400
g, 0.06 mmol).

IR (KBr) (viem™): 2033s and 1932s (C=0) and 1684s (C=0).

'H-NMR (300 MHz, D,0): &y (ppm) 6.07 (s, H, 1H), 5.12 (q br, NH, 1H), 4.39 (dd,
CHY, 1H), 4.17 (m, CH®, 1H), 3.70 (q br, NH, 1H), 3.59 (dd, CH", 1H), 3.47 (t, CH,
4H), 3.36 (m, CH", 1H), 3.31 (dd, CH®, 1H), 3.22 (t, CH}, 2H), 3.08 (dd, CHS, 1H), 2.85
(t, CH', 4H), 2.78 (s, CH', 2H) , 2.69 (m, CH&", 2H), 2.48 (m, CH', 1H), 2.30 (s,
CH3*"", 4H), 2.19 (s, CH5%, 3H).

BC-NMR (75.3 MHz, D,0): ¢ (ppm) 197.1 (C=0), 196.6 (C=0), 195.4 (C=0), 176.9
(C=0), 156.5 (C°), 147.1 (C?), 110.5 (C), 65.3 (C"), 63.8 (C"), 55.4 (C?), 53.7 (C"), 52.2
(CY), 49.6 (Cl), 44.9 (CY), 30.9 (C"), 21.9 (C'), 17.9 (CH3%), 12.5 (CH3Y).

RP-HPLC (220nm, Method A): 99% (tg = 15.9 min).

ESI-MS (+) (m/z): 658.3 [M+H]", calcd. for CH3sNsO;Re = 657.2.

7.3.17. fac-[Re(CO)s(xk*-L3)]* (Re3)

i _—CO,H

dehi

/C N N/fwg T+
b P N“"“'“Rie-"‘“NHz
Ho,d | oc” | “co
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The complex was prepared according to the methodology described in 7.3.15. Briefly,
L3 (0.0400 g, 0.122 mmol) reacted with the organometallic precursor
[Re(CO)3(H,0);3]Br (0.0500 g, 0.130 mmol) in refluxing water for 18 h. After
evaporation of the solvent the resulting residue was purified by preparative RP-HPLC
(Method B). The complex Re3 was isolated as colorless clear oil. Yield: 82 % (0.060 g,
0.101 mmol, calcd. for C1gH29N4O7Re-TFA).

IR (KBr) (vicm™): 2028s and 1927s (C=0) and 1686s (C=0).

'H-NMR (300 MHz, D,0): &4 (ppm) 5.03 (br m, NH, 1H), 4.33 (dd, CH", 1H), 4.07
(dd, CHY, 1H), 3.61 (m, NH, 1H), 3.46 (m, CH!, 1H), 3.33 (s, CH,’, 2H), 3.33 (m, CH®
+CH'’, 2H), 3.03 (br dd, CH?, 1H), 2.73 (br m, CH,', 2H), 2.53 (m, CH,®, 1H), 2.40 (m,
CHE', 1H), 2.29 (t, CH", 2H), 2.18 (s, CH3%, 3H), 2.07 (s, CHs’, 3H), 1.96 (m, CH', 1H),
1.85 (m, CH", 1H).
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BC-NMR (75.3 MHz, D,0): 8¢ (ppm) 196.3 (C=0), 195.8 (C=0), 194.8 (C=0), 179.2
(C=0), 177.6 (C=0), 164.8 (g, CFsCO0), 154.4 (C°), 144.7 (C?), 118.2 (g, CF;sCO0),
113.38 (pz), 67.4 (C"), 62.9 (C"), 54.2 (C?), 49.1 (C%, 44.0 (CY), 32.6 (CY), 30.5 (C),
21.1 (C"), 15.4 (CHs®), 11,2 (CHJY).

RP-HPLC (Method A): 99% (tg = 17.5 min).

ESI-MS (+) (m/z): 601.5 [M+H]", calcd. for C1gH29N40;Re = 599.6.

7.3.18. Re4d
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A His®
C-| e >:NH

Ly vﬁw %ngk W"ﬁwz

NH

DPhe* [o}
Trp® )
1
dehj‘r

c N/—\N/f} g

b NowpgNH

_ N Re"NHz

[ oc” \ “co
co

The precursors Pp-NAPmide and Rel were used to prepare the metallopeptide Re4,
following the same conjugation strategy described for L4. The reaction mixture was
purified by semi-preparative RP-HPLC (Method C). The HPLC fraction corresponding
to the compound was collected and evaporated. The residue was deprotected with the
standard cocktail mixture (95% TFA, 2.5% TIS, 2.5% H,0) and the compound was
precipitated with ice-cold diethylether. The precipitate was dried under nitrogen flow
and dissolved in water before lyophilization. Yield: 55% (0.0015 g, 0.0009 mmol; &ty
(280 nm) = 5560 L mol™ cm™).

RP-HPLC (Method E): 99% (tg = 15.3 min).

ESI-MS (+) (m/z): 810.4 [M+2H]2+, calcd. for CggHggN»gO15Re = 1622.7.
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Table 7.5: *H, **C and N chemical shifts (ppm, from DSS) for Re4 in H,0/D,0 9:1
v/v at pH 2.5 and 5 °C. “nd” stands for not determined.

Residuet ®™N HN ©“c, CcH ¢, CgH Others

Ac 24.3

Nle! 127.7 832 571 405 332 1.60 C, 29.8; C, H 1.18, 1.18;
13Cs 24.4; Cs5H 1.22, 1.22;
3C. 15.9; C.H; 0.82

Asp? 119.0 849 530 450 37.8 2.71,2.77

His® 1186 840 553 459  29.0 2.99, 3.11 CsoH 7.05;
C.H 8.51;

DPhe* 1225 844 589 446 394 2.99 CssH 7.21, 7.21;
C..H 7.33, 7.33;
C.H 7.30;

Arg® 125.1 835 56.2 405  30.0 1.31, 1.50 C, 26.7; C,,H 0.87, 0.95
13¢5 43.1; CsyH 2.89, 2.89;
5N, 84.7; N.H 7.05

Trp® 1212 822 576 460 29.2 3.25,3.32 CsH 7.22;
BN,; 129.4; NyH 10.19;
C.H 7.59;
CgH 7.10;
CyoH 7.17;
CeH 7.43;

Gly’ 110.1 826 454  3.88,

3.81

Lys® 1214 8.07 562 423 333 1.70, 1.85 C, 25.4; C,,H 1.36, 1.40;
13¢5 30.4; Cs5-H 1.53, 1.53;
3C, 42.0; C..-H 3.21, 3.21;
N, 127.8; NH 8.27

BFC a b c d e f h i j

4.31/ 3.30/ 3.36/ 1.96/
H nd 599 nd 2.60 2.78 3.54 211 2%
B3¢ nd nd nd nd 54.9 63.6 68.1 228 355
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Table 7.6: *H, *3C and N chemical shifts (ppm, from DSS) for Re4 in H,O/D,0 9:1
v/v at pH 2.5 and 25 °C. “nd” stands for not determined.

Residue ®™N HN “c, cH "c; CH Others
Ac 24.7
Nle! 1276 818 573 409 335 162 c, 30.0; C,,H 1.19, 1.19;

13C; 24.6; CssH 1.22, 1.22;
3¢, 16.1; C.H; 0.82
Asp? 1189 838 534 452 383 2.71,2.78

His® 1185 829 nd 459 292  3.00,313 Cs2H 7.06;
C.H 8.51;
DPhe* 1223 829 589 448 398 298 CsoH 7.21, 7.21;
C.oH 7.34,7.34;
C:H 7.30;
Arg® 1246 816 565 408 304  1.34,150 C, 26.9; C,,,H 0.96, 1.00

13C8 43.4; CseH 2.91, 2.91;
15N, 85.1; N.H 7.00

Trp® 121.4 810 nd 462 296 3.24,3.32 CsH 7.22;
BN, 129.4;
C.3H 7.59;
CeH 7.11;
CyoH 7.19;
CCZH 7.44;
Gly’ 110.2 815 45.7 3.87,
3.84
Lys® 1215 795 565 424 336  1.68 183 C, 25.6; C,,H 1.35, 1.39;
3¢, 30.8; Cs5H 1.53, 1.53;
3¢C, 42.3; C..-H 3.20, 3.20;
N 127.5; N:H 8.10
BFC a b c d e f g h i i
433/ 3.31 2.45/  3.36/  1.97/
H nd 6.0 nd 403 260 27 314 352 212 22
3c nd nd nd 496 554 640 451 685 232 357
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7.3.19. Re5
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The precursors Pp-NAPmide and Re2 were used to prepare the metallopeptide Re5,
following the same conjugation strategy described for L5. The reaction mixture was
purified by semi-preparative RP-HPLC (Method C). The HPLC fraction corresponding
to the compound was collected and evaporated. The residue was deprotected with the
standard cocktail mixture (95% TFA, 2.5% TIS, 2.5% H,0) and the compound was
precipitated with ice-cold diethylether. The precipitate was dried under nitrogen flow
and dissolved in water before lyophilization. Yield: 18% (0.0007 g, 0.0002 mmol; &ryp
(280 nm) = 2 x 5560 L mol™ cm™).

RP-HPLC (Method E): 99% (tg = 15.6 min).

ESI-MS (+) (m/z): 705.0 [M+3H]3+, calcd. for C125H177N3;027Re = 2818.3.

7.3.20. Re6

HzN NH

HN NH, b\ i\
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The precursors Pp-NAPmide and Re3 were used to prepare the metallopeptide Re6,
following the same conjugation strategy described for L6. The reaction mixture was
purified by semi-preparative RP-HPLC (Method C). The HPLC fraction corresponding
to the compound was collected and evaporated. The residue was deprotected with the
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standard cocktail mixture (95% TFA, 2.5% TIS, 2.5% H,0) and the compound was
precipitated with ice-cold diethylether. The precipitate was dried under nitrogen flow
and dissolved in water before lyophilization. Yield: 15% (0.0006 g, 0.0001 mmol; &ryp
(280 nm) = 2 x 5560 L mol™ cm™).

RP-HPLC (Method E): 99% (tg = 15.5 min).

ESI-MS (+) (m/z): 920.6 [M+3H]**, calcd. for C12H170N3s0,7Re = 2761.3.

7.3.21. General method for the preparation of Tc4 — Tc6

In a capped nitrogen purged glass vial, 100 pL of a 5 x 10-* M solution of the ligands L4
— L6 were added to a solution of fac-[*"Tc(CO)s(H,0)s]* (900 pL, 37 — 74 MBq) in
0.01 M PBS, pH 7.4. The vial was incubated at 90 °C for 30 min and the resulting
complexes were analyzed by RP-HPLC (Method E) using the same method of the
rhenium surrogates. Retention times: 16.0 min (Tc4), 15.6 min (Tc5) and 15.5 min
(Tc6).

7.3.22. SNBA-MSHpex

Trp5 NHZ
Arg* NH
= Cys® Lys”
"\ T 1®
H,N H/\/\)LN NEQ]\N NH,
o.NnH 0o 2 H ¢
O X o S
“>NH H
DPhe® 0>\./N

-

o] NO,

The peptide SNBA-MSH.x was prepared following a modified procedure from the
% Briefly, the peptide linear sequence NH,-His(Trt)-DPhe-Arg(Pbf)-
Trp(Boc)-Cys(Trt)-Lys(Boc)-NH, was assembled to the MBHA rink Amide resin (0.18
g; substitution: 0.59 mmol/g) by Fmoc-based Solid Phase Peptide Synthesis in a CEM
12-Channel Automated Peptide Synthesizer (scale: 0.1 mM) using HOBT/HBTU as
coupling agents. As previously reported, the linear sequence was capped with

His2

literature.**

fluoronitrobenzoic acid and, before the cyclization step, the S-Trt group of the Cys
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residue was removed with dilute TFA (5% in CH,CI,) without cleavage of the peptide
from the resin (0.1 g). The cyclization step was carried out by treating the supported
peptides with 5 equiv. K,CO3 in DMF at 25 °C with gentle shaking for 36 h. The
peptide-resin was washed with DMF (2x), water (3x), DMF (3x), water (2x), CH3OH
(3x), CH.CI; (3x), and then vacuum dried. The peptides were cleaved from the resin by
treatment with a mixture of 95 % TFA, 2.5 % TIS and 2.5 % H,O (5 mL) for 2 h. The
cleavage solution was separated from the resin by filtration and concentrated under N.
The crude peptide was precipitated and washed with ice-cold diethylether, vacuum dried
and dissolved in H,O before lyophilization. After semi-preparative purification (Method
G) and evaporation of solvents from the corresponding fractions, SNBA-MSH ¢, was
obtained as yellow solid.

RP-HPLC (Method G): 99 % (tg = 9.1 min).

ESI-MS (+) (m/z): 1022.4 [M+H]", calcd. for C4gHsgN1509S = 1021.5.
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Table 7.7: *H, *C and N chemical shifts (ppm, from DSS) for SNBA-MSHex in
H,0/D,0 9:1 v/v at pH 2.5 and 5 °C.

Residue N NH BCy CoH BCy  CgH Others
pNO2- U — CsH 8.16;
BenzAcid* CsoH 7.75;
C.,H 8.38;
His® 126.9  9.30 nd 494 289 332,338 CyxpH7.32;
C.1H 8.59;
DPhe® 125.7  8.88 59.3 4.44 394 3.04,310 CsH7.24,
7.24;
C.H 7.37,7.37;
CH7.32;
Arg* 1243  8.26 56.2 4.04 297 111,139 C,26.2;
C,,H 0.49,0.77;
13c543.1;
CsH 2.76, 2.76;
BN, 84.7;
N.H 6.95;
N,H 6.54, 6.79;
Trp° 1195  8.10 576 458 285 3.27,327 CyH7.22;
BN, 129.3;
N H 10.11;
C.sH 7.54;
Ce3H 7.08;
C,oH 7.17;
CoH 7.37;

Cys® 1182  7.80 541 457 352 3.26,3.58

Lys’ 1235  8.44 56.2 424 331 176,184 BC248;
C, H 142, 1.42;
B3¢C; 29.1;
CssH 1.67,
1.67;
B¢, 42.1;
CeH 2.97, 2.97;
N, 69.3;
N¢H; 7.58;

CONH, 109.1  7.26,7.73
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Table 7.8: 'H, **C and ®N chemical shifts (ppm, from DSS) for SNBA-MSHex in
H,0/D,0 9:1 v/v at pH 2.5 and 25 °C. “nd” stands for not determined.

Residue “N NH “c, CH “c, CgH Others
pNO2- e CsiH 8.14;
BenzAcid 1 CsoH 7.73;
C.H 8.38;
His? 126.9 9.12 nd 496 289 3.32,338 CyH 7.32;
C.H 8.61;
DPhe® 1255 8.71 nd 447 39.8 3.04,3.08 CgH7.25 7.25;
C.H 7.38, 7.38;
Arg* 1243 811 56.6 4.02 300 112,138  °C,26.5;
C, H 056, 0.79;
13¢5 43.4;
CsH 2.78, 2.78;
N, 85.2;
N,H 6.90;
N, H 6.54, 6.61;
Trp’® 119.4 7.98 nd 459 285 327,327 CyH7.22;
BN, 129.4;
Nz H 10.04;
C3H 7.55;
Ce3H 7.08;
C,oH 7.17;
CczH 7.37;

Cys® 1180 7.70 546 458 357 3.28,353

Lys’ 1232 827 564 4.26 334 174,183 c,25.0;
C,H 1.40, 1.40;
Cs 29.3;
CsH 1.66, 1.66;
BC, 42.4;
C.H 2.96, 2.96;
>N, 69.6;
N:Hs 7.50;

CONH, 108.8  7.14,7.60
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7.3.23. NNBA-MSHpex

Trp
Arg

NH, NH,

A

NH NH Lys”

N
oo NHH 0o

HN

[
g
Iz
4
I
N

Y °
DPhe® @\\\\\\\ NH Lys®
O NH
(o]
N
H
7 N
I
His? HNJ NO:

The cyclic peptide NNBA-MSHe was prepared according to the methodology
described for SNBA-MSHye, replacing the residue Cys(Trt) by Lys(ivDde) in the
linear sequence. Briefly, the N-terminus of the linear peptide was capped with
fluoronitrobenzoic acid and the N-ivDde group of the Lys residue was selectively
removed with 2% hidrazine in DMF without cleavage of the peptide from the resin (0.1
g). The cyclization step was carried out by treating the supported peptides with 5 equiv.
K,CO3; in DMF at 25 °C with gentle shaking for 36 h. The peptide-resin was washed
with DMF (2x), H,O (3x), DMF (3x), H,0 (2x), CH3OH (3x), CH,Cl, (3x), and then
vacuum dried. The peptides were cleaved from the resin by treatment with a mixture of
95% TFA, 2.5% TIS and 2.5% H,O (5 mL) for 2 h. The cleavage solution was
separated from the resin by filtration and concentrated under N,. The crude peptide was
precipitated and washed with ice-cold diethylether, vacuum dried and dissolved in H,O
before lyophilization. After semi-preparative purification (Method G) and evaporation
of solvents from the corresponding fractions, NNBA-MSH.x was obtained as a pale
green solid.

RP-HPLC (Method G): 99% (tg = 9.3 min).

ESI-MS (+) (m/z): 1047.5 [M+H]", calcd. for Cs;HggN160g = 1046.5.
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Table 7.9: 'H, **C and N chemical shifts (ppm, from DSS) for NNBA-MSHpex in
H,0/D,0 9:1 v/v at pH 2.5 and 25 °C.

Residue ®N HN “c, CH ®cy CgH Others

pNO2- . Cs1H 8.42;
BenzAcid* Cs,H 6.85;
CoH 8.12
His? 119.5 8.72 nd 4.68 28.8 3.23,3.23 CsoH 7.15;
C.H 8.36
DPhe’ 125.6 8.93 59.1 451 39.2 2.75,3.08  CyH7.19, 7.19;
C.H 7.36, 7.36;
CcH nd
Arg* 121.2 8.20 55.5  4.42 31.3 1.48, 1.69 B¢, 27.0;
C,H 102,122
13¢5 43.7;
CsH 2.48, 2.82;
15N, 84.6; N.H 6.90
N,H 6.52
Trp® 123.0 8.37 59.0  4.38 29.1 3.03, 3.26 Cs1H 7.04;
BN, 129.4;
N,;H 10.00;
CeH 7.52;
C§3H 7.11;
C,oH 7.17;
C,H 7.36
Lys® 1222 801 56.7 421 341 1.66,1.80  *°C,26.4;
C,H 1.37, 1.45;
3¢, 30.6;
Css:H 1.62, 1.67;
3¢, 45.9;
gH 3.30, 3.36;
N, nd; N:H nd
Lys’ 1213 791 565 406  33.2 1.68,1.77  *C,250;
C,H 1.40, 1.40;
13¢5 29.4;
3¢, 42.4;
C.-H 2.99, 2.99;
*N, 68.8;
N:H; 7.54
CONH, 108.2  7.07,7.48
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7.3.24. L7

c g
N W
b _N
a

A solution of NNBA-MSH; ¢, (0.002 g, 0.002 mmol) in DIPEA (20 uL)/DMF (250 pL)
was added to the Boc-protected bifunctional chelator L1-Boc (0.001g; 0.0027 mmol)
preincubated for 30 min with HATU (0.0013 g, 0.0032 mmol) in DMF. The pH was
adjusted to 7-8 with DIPEA and the reaction mixture was left under stirring at room

temperature for 3 hours. The reaction mixture was purified by semi-preparative RP-

HPLC (Method G). After evaporation of the solvent, the compound was deprotected
with the standard cocktail mixture (95% TFA, 2.5% TIS, 2.5% H,0) and precipitated
with ice-cold diethylether. The precipitate was dried under nitrogen flow and dissolved
in water before lyophilization. Yield: 24% (0.0006 g, 0.0005 mmol; &r (280 nm) =
5560 L mol™ cm™).

RP-HPLC (Method G): 99% (tg = 10.2 min).

ESI-MS (+) (m/z): 1272.5 [M+H]", calcd. for CgyHgiN1g010S = 1271.5.
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Table 7.10: *H, *C and **N chemical shifts (ppm, from DSS) for L7 in H,0/D,0 9:1

v/v at pH 2.5 and 5 °C. “nd” stands for not determined.

Residue

15N

13CB

Others

pNO2-
BenzAcid!
His?
DPhe®

Arg*

Trp

Cys®
Lys

CONH,

126.8

125.8

124.3

1195

118.1
123.6

108.7

9.30

8.88

8.30

8.11

7.82
8.40

7.25,7.70

59.3

56.2

57.5

54
56.4

4.54

4.61
4.20

28.9

39.4

29.8

28.4

35.3
33.2

3.31, 3.36

3.03, 3.07

1.09, 1.38

3.23,3.23

3.26, 3.56
1.73,1.81

Cs1H 8.16; CsH
C.,H 8.38;

C.1H 8.60;
Css'H 7.23,7.23;
C..-H 7.37, 7.37;
CH7.32;

C, 26.2;

C, H 050, 0.77;
B3Cs 43.1;

CsH 2.75, 2.75;
®N, 84.8; N,H 6
N,H 6.54, 6.80;
CsH 7.18;

BN, 129.3;
N, H 10.11;
CesH 7.49;

chH 7.06;

C,2H 7.16;

CroH 7.36;

Bc, 25.2;
C,H1.35,1.35;
13¢5 30.4;
CssH 1.49, 1.49;
3¢, 42.1;
C.H3.11, 3.11;
"*N126.6;
NH 8.13;

7.75;

.96;

BFC

a

b

c

d

e

f

g9

H i

nd
nd

H nd 5.93
B¢ nd nd

4.27
45.4

3.49
55.0

341
52.5

3.35
37.2

3.07 1.85
56.2 22.3

2.29
35.2
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Table 7.11: *H, **C and N chemical shifts (ppm, from DSS) for L7 in H,O/D,0 9:1
v/v at pH 2.5 and 25 °C. “nd” stands for not determined.

Residue "N NH “C, CH cy CgH Others
pNOZ- e e C51H 813, ngH 772,
BenzAcid' C.,H 8.37;
His® 126.8 9.12 nd 496 292 3.30,336 CgH7.32;
C..H 8.61;
DPhe® 1255  8.70 59.3 447 399 3.03,3.08 CziH7.237.23;
C.-H 7.36, 7.36;
C.H7.33;
Arg* 1243 8.15 56.7 3.99 301 113,139 C,26.6;
C,,H 0.60, 0.81;
3¢, 43.3;
CsH 2.77, 2.77,
BN, 85.1;
N.H 6.91;
N,H 6.54, 6.61;
Trp° 119.3  7.99 nd 456 28.7 3.23,323 CyH7.18;
BN, 129.4;
N, H 10.03;
Cy3H 7.50;
Ce3H 7.06;
CyoH 7. 15;
CeoH 7.36;

Cys® 1179  7.72 nd 461 357 3.28,351

Lys’ 1233  8.20 56.7 422 335 171,181 C,255;
C, H 1.35, 1.35;
3¢, 30.7;
Css'H 1.49, 1.49;
B¢, 42.3;
C.H 3.12, 3.12;
"*N126.4;
NH 7.96;

CONH, 108.4  7.12,7.56

BFC a b c d e f g H i j
'H nd 5.94 nd 426 344 335 333 302 183 227
B¢ nd nd nd 459 554 529 3738 56,5 229 355
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7.3.25. L8

CN
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The peptide conjugate L8 was prepared according to the methodology described for L7.
Yield: 25% (0.0006 g, 0.001 mmol; &1, (280 nm) = 5560 L mol™ cm™).

RP-HPLC (Method G): 99% (ts = 10.4 min).

ESI-MS (+) (M/z): 1297.7 [M+H]", calcd. for CgsHagN2oO10 = 1296.7.

7.3.26. Re7

HN\\\
\ N

f
Q/O/I\NH \

H
/\n,N
(o)
dJ;%h
c_/ e\ £

b/

NO

Iz

R

a

g

N
N, \ \\N"'Z

_l

The peptide SNBA-MSH.x and Rel were used to prepare the metallopeptide Re7,

following the same conjugation strategy described for L7.

Yield: 25% (0.0008 g, 0.0005 mmol; &7y, (280 nm) = 5560 L mol™ cm™).

RP-HPLC (Method G): 99% (tgr = 11.9 min).

ESI-MS (+) (m/Z): 772.4 [M+2H]2+, calcd. for C64H84N19013Re8 = 1544.6.
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Table 7.12: *H, *3C and *N chemical shifts (ppm, from DSS) for Re7 in H,0/D,0 9:1

v/v at pH 2.5 and 5 °C. Chemical shifts for one of the two observed species are in

italics. “nd” stands for not determined.

Residue

15N

Others

pNO2-
BenzAcid!

His?

DPhe®

Arg*

Trp

Cys

Lys

CONH,

126.9

125.8/125.5

124.3/124.1

119.5

118.0/117.7

123.0/122.8

108.7

9.24/9.24

8.82/8.78

8.31/8.30

8.07/8.06

7.83/7.74

8.30/8.21

7.25,7.70

59.3

56.4

57.6

54.1

56.6

nd

4.44/4.45

3.96

4.52/4.55

4.60/4.60

4.22/4.21

28.8

39.4

29.8

28.3

35.2

33.2

3.30, 3.37

3.00, 3.07/
3.03, 3.06

1.11,1.41/
1.14,1.41

3.23,3.23

3.26, 3.57/
3.24,3.43
1.74, 1.86/
1.73,1.86

CsoH 7.73/7.69;
C.,H 8.37/8.38;
C.H 8.59;
CosH 7.22,7.22;
C..-H 7.36, 7.36;
CH 7.31;

3C, 26.3;

C,,H 0.55,0.79/
0.58, 0.82;
13cs43.1;

CsH 2.75, 2.75/
2.77,2.77;

15N, 84.8;

N.H 6.96/6.98
CsH 7.18/7.18;
15N81
129.3/129.3;
N, H
10.12/10.10;
C.sH 7.51/7.51;
C,2H 7.16/7.14;
CeoH 7.36/7.33;

BC, 25.4;

C,H 1.43,1.43/
1.41, 1.41;

13¢5 30.4 (30.7);
CssH 1.55, 1.55/
1.55, 1.55;

3¢, 41.9 (42.1);
C.oH 3.22,3.22/
3.21,3.21;
'*N.127.9/127.8;
N.H 8.28/8.26;

BFC

13C

6.03/

nd 5.09

nd nd

nd

nd

4.31,
4.03/
4.21,
4.00
nd

e
3.30,
2.60/
3.25,
2.58
54.9

2.44/

2.78

63.6

G h

3.36/
3.12 3.54

44.8 68.1

1.96/
211 2.29

22.8 35.5
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Table 7.13: *H, *3C and *N chemical shifts (ppm, from DSS) for Re7 in H,0/D,0 9:1
v/v at pH 2.5 and 25 °C. Chemical shifts for one of the two observed species are in

italics. “nd” stands for not determined.

Residue N NH BCy  CoH “Cp  CgH Others
pNO2- U CsH 8.12/8.11;
BenzAcid1l CsoH 7.71/7.67;
C.,H 8.37/8.37;

His? 126.8 9.04/9.02 nd 4.95 29.1 330,338 CyH7.32;

C.;H 8.61
DPhe’ 125.4/125.2 8.63/859 59.3 4.46/449 39.9 3.01,3.07 CsH7.22, 7.22;
3.04,3.07 C,H 736, 7.36;

C.H 7.31;

Arg* 124.3/124.1 8.18/8.16  56.8 3.94 30.1 116,141 C, 267
/1.18,1.42 C,.H 0.60, 0.81/

0.67, 0.87;

Bc;43.3;
CsH 2.77,2.77/

2.80, 2.80;

BN, 85.1;
N.H 6.92/6.93;
Trp® 119.3 7.95/7.94 nd 453/455 287 3.23,323 CyH 7.18/7.18;
1N 1129.4/129.4;

N,,H 10.04/10.02:
C.oH 7.52/7.51;
C,oH 7.14/7.13;

Cys® 117.6/117.5  7.74/7.65 nd 461/4.62 357 3.29,3.52/
3.27,3.38
Lys’ 122.6/1225 8.10/8.03 56.7 4.24/424 335 171,186/ *°C,256;
171,186 C,H141, 141
1.39, 1.39;
3¢, 30.7;
Css'H 1.54, 1.54/
1.54, 1.54;
3¢, 42.1;
C.oH3.21,3.21;
'®N,127.5/127.8;
NH 8.11/8.26;
CONH, 108.7 7.12, 7.56
BFC a b c d e f G h i j
433, 331,
1 6.06/ 4.03/  2.60/ 2.45/  3.36/  1.97/
H nd s03 ™ 42 330, 27 314 352 212 2%
4.03 2.59
B¢ nd nd nd nd 55.4 64.0 45.1 68.5 23.2 35.7
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7.3.27. Re8
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The peptide NNBA-MSHy,ex and Rel were used to prepare the metallopeptide Re8,
following the same conjugation strategy described for L7.

Yield: 22% (0.0007 g, 0.001 mmol; ey, (280 nm) = 5560 L mol™ cm™).

RP-HPLC (Method G): 99% (tg = 12.1 min).

ESI-MS (+) (m/z): 784.4 [M+2H]%, calcd. for Cs7Hg1N20O13Re = 1569.7.

7.3.28. General method for the preparation of Tc7 and Tc8

In a capped nitrogen purged glass vial, 50 pL of a 5 — 8 x 10* M solution of L7 or L8
was added to of a solution of fac-[**"Tc(CO)3(H20)s]* (450 pL, 37 - 74 MBq) in 0.01 M
PBS, pH 7.4. The vial was incubated at 75 °C for 30 min and the resulting complexes
were analyzed by RP-HPLC (Method H) using the same method of the rhenium
surrogates. Retention times: 12.2 min (Tc7) and 12.3 min (Tc8).
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7.3.29. tert-butyl 2-(2-(1H-pyrazol-1-yl)ethylamino)ethylcarbamate (111)

c d H g
N
b @,‘1/\6/ \f/\NH-Boc
—N

The precursor 111 was prepared as described elsewhere.*®

'H-NMR (300 MHz, CDCl5): 8 (ppm) 7.87 (dd, H¥, 1H), 7.29 (dd, H¥®, 1H), 6.29 (s,
H®, 1H), 5.06 (br s, NHBoc, 1H), 4.55 (t, CH,", 2H), 4,23 (s br, 1H, NH), 3.32 (t, CH,’,
2H), 2.93 (t, CH,%, 2H), 2.66 (t, CH,', 2H), 1.44 (s, CH3, 9H).

7.3.30. Ethyl 1-(2-(2-(tert-butoxycarbonylamino)ethylamino)ethyl)-1H-pyrazole
-4-carboxylate (1V)

o c d H g
° />N """ NH.Boc
/—0 /"‘ e f

Compound IV was prepared as described elsewhere.*®

'H-NMR (300 MHz, CDCls): & (ppm) 8,09 (s, 1H, H¥®); 7,80 (s, 1H, H®); 5,80 (s br,
1H, NH); 4,56 (t, CH,", 2H), 4,23 (s br, NH, 1H); 4,20 (g, CH,CH3, 2H), 3,57 (t, CH,?
2H); 3,41 (t, CH,®, 2H); 3,19 (t, CH,", 2H); 1,32 (s, 9H, 3CHs3); 1,26 (t, CH,CHs, 3H).

7.3.31. tert-butyl  2-(1-(2-(2-(tert-butoxycarbonylamino)ethylamino)ethyl)-3,5-
dimethyl-1H-pyrazol-4-yl)acetate (V)

Compound V was prepared as described elsewhere, using diferent protecting group
(tert-butyl).>*

'H-NMR (300 MHz, CDCl3) & (ppm) 5.23 (br s, NHBoc, 1H), 4.01 (t, CH,, 2H), 3.17
(s, CH,®, 2H), 3.14 (t, CH,®, 2H), 2.96 (t, CH,%, 2H) 2.68 (t, CH,", 2H), 2.13 (s, CH5",
3H), 2.12 (s, CH3, 3H), 1.37(s, CHs, 9H), 1.36 (s, CHs, 9H).
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7.3.32. ethyl  4-((2-(1H-pyrazol-1-yl)ethyl)(2-(tert-butoxycarbonylamino)ethyl)

amino)butanoate (V1)

c d g
N
b @,‘l/\e/ \f/\NH-Boc
—N

Compound VI was prepared as described elsewhere.*®

'H-RMN (300 MHz, CDCls): 8y (ppm) 7,46 (d, H®, 1H,); 7,40 (d, H¥® , 1H); 6,19 (s,
H®, 1H); 5,15 (s br, NH, 1H), 4,08 (m, OCH2CHs+CH,", 4H); 3,00 (t, CH,%, 2H); 2,80
(t, CH.%, 2H); 2,46 (t, CH,', 2H); 2,39 (t, CH,", 2H); 2,08 (t, CH,, 2H); 1,58 (m, CH,',
2H); 1,40 (s, CHs, 9H); 1,21 (t, OCH,CHs, 3H).

7.3.33. ethyl 1-(2-((2-(tert-butoxycarbonylamino)ethyl)(4-ethoxy-4-oxobutyl)
amino)ethyl)-1H-pyrazole-4-carboxylate (V1)

o

c d g
N
b/ >N """ NH-Boc
ﬁo /"‘ e £

a

Precursor IV (0.5400 g, 1.70 mmol), ethyl 4-bromobutanoate (0.65 g, 2.4 mmol),
K,CO3 (0.4200 g, 2.400 mmol) and a catalytic amount of KI were dissolved/ suspended
in CH3CN (20 mL), and allowed to reflux for 18 h. The solution was filtered, vacuum
dried, and the obtained residue was purified by flash chromatography (silica gel,
CH,Cl,/MeOH 0-5%), giving VII as a yellowish oil, after removal of the solvent from
the collected fractions. Yield: 69 % (0.5000 g, 1.100 mmol).

IR (KBr) (vicm™): 3424 s, 1690 s, 1561s and 1414s.

'H-NMR (300 MHz, CDCls): 8 (ppm) 7.92 (s, H¥®, 1H), 7.89 (s, H¥®, 1H), 5.01 (br s,
NHBoc, 1H), 4.21 (t, CH,", 2H), 4.12 (g, OCH,CHs, 4H), 3.05 (g, CH,%, 2H), 2.51 (s,
CH,', 2H), 2.44 (g, CH,", 2H), 2.13 (t, CHJ, 2H), 1.58 (t, CH,', 2H), 1.42 (s, CHa, 9H),
1.29 (g, OCH,CHjs, 6H).
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BC-NMR (75.3 MHz, CDCl3): ¢ (ppm) 173.1 (CO), 162.5 (CO), 155.9 (CO), 140.6
(C%, 131.7 (C?), 115.3 (pz), 80.5 (C(CHs)), 62.1(CH,CHs), 61.8 (CH,CHs), 59.6 (C"),
56.4 (C°), 53.9 (C"), 51.4 (C“), 38.8 (CY), 31.6 (C'), 28.6 (C(CHs)), 24.4 (C"), 14.2
(CH,CHs).

7.3.34. ethyl  4-((2-(4-(2-tert-butoxy-2-oxoethyl)-3,5-dimethyl-1H-pyrazol-1-yl)
ethyl)(2-(tert-butoxycarbonylamino)ethyl)amino)butanoate (VI111)

Precursor V (0.5400 g, 1.700 mmol), ethyl 4-bromobutanoate (0.3900 g, 2.000 mmol),
K,CO3(0.2800, 2.000 mmol) and a catalytic amount of KI were dissolved/ suspended in
acetonitrile (10 mL) and the resulting mixture allowed to reflux for 18 h. The solution
was filtered, vacuum dried, and the residue was purified by flash chromatography (silica
gel, ethyl acetate/methanol, 0-15%), giving V111 as a yellowish oil. Yield: 45 % (0.2300
g, 0.450 mmol).

'H-NMR (300 MHz, CDCls): 84 (ppm) 5.34 (br s, NHBoc, 1H), 4.07 (g, OCH,CHs,
2H), 3.94 (t, CH,%, 2H), 3.18 (s, CH,”, 2H), 3.01 (t, CH,%, 2H), 2.71 (t, CH,®, 2H), 2.37
(m, CH,ICH,", 4H), 2.15 (s, CH3%, 3H), 2.14 (s, CHs®, 3H), 2.07 (t, CH, 2H), 1.76 -
1.66 (m, CH.', 2H), 1.37(s, CHa, 9H), 1.36 (s, CH3, 9H), 1.15 (q, OCH,CHs, 2H).
BC-NMR (75.3 MHz, CDCls): 8¢ (ppm) 173.9 (CO), 171.2 (CO), 156.4 (CO), 146.6
(C9, 137.1 (C¥, 109.9 (C™), 80.8 (C(CHs)), 79.1 (C(CHs)), 60.5 (OCH,CHs), 53.9
(C"), 53.8 (C°%); 53.5 (C"), 49.9 (C%), 47.5 (CY), 38.7 (C'), 31.7 (C"), 28.7 (C(CHs)), 28.2
(C(CHs)), 22.6 (C'), 14.5 (OCH,CHj3), 12.0 (CH5°), 10.0 (CH3%).
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7.3.35. 4-((2-(1H-pyrazol-1-yl)ethyl)(2-(tert-butoxycarbonylamino)ethyl)amino)
butanoic acid (L10-Boc)

, _COM
s

c d N g

b C’\l/\e/ \f/\NH-Boc

N

A solution of NaOH (0.1800 g, 0.450 mmol) in H,O/THF (1:1, 5 mL) was added to VI
(0.100 g, 0.270 mmol) in THF (1 mL), and the reaction mixture was stirred overnight at
room temperature. After neutralization of the reaction mixture with 1M HCI at 0 °C, the
solvent was evaporated and the residue was purified by flash chromatography
(methanol/CHCI3, 5-100%), giving L10-Boc as a colorless oil. Yield: 50% (0.0460 g,
0.140 mmol).

'H-NMR (300 MHz, CDCls): 8 (ppm)7.47 (dd, H¥®, 1H), 7.43 (dd, H*°, 1H), 6.19 (s,
H®, 1H), 5.06 (br s, NHBoc, 1H), 4.15 (t, CH.’, 2H), 3.02 (t, CH,®%, 2H), 2.86 (t, CH.",
2H), 2.46 (d, CH,™", 4H), 2.14 (br s, CHJ, 2H), 3.12), 1.61 (br s, CH,', 2H), 1.40 (s,
CHS3, 9H).

BC-NMR (75.3 MHz, CDCls): 8¢ (ppm)184.7 (CO), 173.2 (CO), 142.9 (C°), 135.6
(C%), 122.4 (C"), 83.1 (C(CHs)) 55.2 (C"), 54.6 (C°), 52.3 (C"), 50.1 (C?), 39.1 (CY), 37.1
(C'), 29.7 (C(CHs)), 24.3 (C).

RP-HPLC (Method A): 99% (tg = 16.3 min).

ESI-MS (+) (m/z): 341.1 [M+H]", calcd. for C1gHosN4O, = 340.2.

7.3.36. 1-(2-((2-(tert-butoxycarbonylamino)ethyl)(3-carboxypropyl)amino)
ethyl)-1H-pyrazole-4-carboxylic acid (L11-Boc)

o

c d g
N
b/ >N """ NH-Boc
HO "i e f

a

A solution of NaOH (0.1800 g, 0.450 mmol) in H,O/THF (1:1, 5 mL) was added to VI
(0.1000 g, 0.220 mmol) in THF (1 mL), and the reaction mixture was stirred overnight

at room temperature. After neutralization with 1M HCI at 0 °C, and solvent evaporation
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under reduced pressure, the crude was purified through Sep-Pack C-18 cartridge
(H,O/MeOH, 0-100%), giving L11-Boc as a colorless oil. Yield: 29% (0.0300 g, 0.080
mmol).

'H-NMR (300 MHz, D,0): 84 (ppm) 7.84 (s, H®, 1H), 7.67 (s, H¥®, 1H), 4.16 (t, CH,",
2H), 2.99 (m, CH, %, 4H), 2.55 (m, CH, " 4H), 2.01 (s, CH7, 2H), 1.56 (m, CH,', 2H),
1.25 (s, CHs, 9H).

BC-NMR (75.3 MHz, D,0): 8¢ (ppm) 184.7 (CO), 173.2 (CO), 160.1 (CO), 142.9 (C°),
135.6 (C%), 122.4 (C"), 83.1 (C(CHs)) 55.2 (C"), 54.6 (C°), 52.3 (C"), 50.1 (C%, 39.1
(CY), 37.1 (C!), 29.7 (C(CH3)), 24.3 (C').

RP-HPLC (Method A): 99% (tg = 15.1 min).

ESI-MS (+) (m/z): 385.2 [M+H]", calcd. for C17H,gN4Og = 384.2.

7.3.37. 4-((2-(4-(2-tert-butoxy-2-oxoethyl)-3,5-dimethyl-1H-pyrazol-1-yl)ethyl)
(2-(tert-butoxycarbonylamino)ethyl)amino)butanoic acid (L12-Boc)

A solution of NaOH (0.7500 g, 2.100 mmol) in H,O/THF (1:1, 6 mL) was added to
VIl (0.2300 g, 0.450 mmol) in THF (2 mL), and the reaction mixture was stirred
overnight at room temperature. After neutralization with 1M HCI at 0 °C and solvent
evaporation under reduced pressure, the residue was purified by flash chromatography
(silica gel, CH,Cl,/ MeOH, 0-20%), giving L12-Boc as a white solid. Yield: 67%
(0.1400 g, 0.290 mmol).

'H-NMR (300 MHz, CDCl5): 8 (ppm) 4.08 (t,CH.’, 2H), 3.21 (s, CH,", 2H), 3.04 (q,
CH,®, 2H), 2.83 (t, CH,?, 2H), 2.57 (t, CH,', 2H), 2.49 (t, CH,", 2H), 2.36 (t, CH., 2H),
2.1 (s, CH4*, 3H), 2.03 (s, CH5®, 3H), 1.86 (t, CH,', 2H), 1.24 (s, CH3, 18H).

BC-NMR (75.3 MHz, CDCl5): ): 8¢ (ppm) 189.8 (CO), 187.6 (CO), 165.1 (CO), 154.5
(C%), 145.9 (C?), 119.4 (C%), 81.0 (C(CHs)s), 79.1 (C(CHs)3), 60.2 (C"), 59.7 (C?), 59.2
(C", 52.4 (CY), 44.1 (CY), 42.3 (C)), 38.8 (C"), 34.8 (C(CHa)), 29.5 (C'), 17.7 (CH3Y),
15.9 (CH5?).
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RP-HPLC (Method A): 99% (tg = 19.9 min).
ESI-MS (+) (m/z): 483.7 [M+H]", calcd. for Co4H4N4Og = 482.6.

7.3.38. 4-((2-(1H-pyrazol-1-yl)ethyl)(2-aminoethyl)amino)butanoic acid (L10)

c d g
N
N
—N

a

Deprotection of L10-Boc (0.1000 g, 0.290 mmol) with CH,CI,/TFA (1 mL/3 mL) gave
L10 as a colorless oil after evaporation of the solvent. Yield: 77 % (0.0800 g, 0.220
mmol, calcd. for C;1H»0N4O,. TFA).

'H-NMR (300 MHz, D,0): 8 (ppm) 7.58 (d, H%, 1H); 7.48 (d, H? 1H); 6.25 (m, H,
1H); 4.49 (t, CH,%, 2H); 3.64 (t, CH,%, 2H); 3.42 (t, CH,', 2H); 3.25 (t, CH,", 2H); 3.12
(t, CH,%,2H); 2.30 (t, CHZ, 2H); 1.79 (m, CH,', 2H).

BC-NMR (75.3 MHz, D,0): ¢ (ppm) 179.9 (CO), 140.1 (C°), 131.8 (C?); 106.7 (C");
54.9 (C"): 54.1 (C"); 52,0 (C®); 50.7 (C%); 38.6 (CY%); 33.9 (C'); 23.9 (C").

7.3.39. 1-(2-((2-aminoethyl)(3-carboxypropyl)amino)ethyl)-1H-pyrazole-4-
carboxylic acid (L11)

o

c d g
N
b/ N/\/ \/\NH2
HO " e f

a

L11 was prepared as described for L10. Deprotection of L11-Boc (0.1000 g, 0.260
mmol) with dichloromethane/TFA (1 mL/3 mL) gave L11 a colorless oil. Yield: 77 %
(0.0800 g, 0.2000 mmol, calcd. for C1,H20N4O4. TFA).

'H-NMR (300 MHz, D,0): & (ppm) 8.29 (s, H°, 1H), 8.05 (s, H?, 1H), 4.67 (t, CH,",
2H), 3.77 (t, CH,®, 2H), 3.52-3.42 (m, CH,", 4H), 3.24 (t, CH,", 2H), 2.47 (t, CH/,
2H), 2.01 (s, CHZ, 2H), 1.95 (m, CH,', 2H).
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BC-NMR (75.3 MHz, D,0): 8¢ (ppm) 180.1 (CO), 165.5 (CO), 145,1 (C%); 138,1 (C?);
109,2 (C"); 54,9 (C"); 54,1 (C®); 52,0 (C"); 50,7 (C%); 38,6 (CY); 33,9 (C'); 23,9 (C).

Table 7.14: *H, *C and chemical shifts (ppm, from DSS) of L11 in H,O/D,0 9:1 v/v at
pH 2.5 and 25 °C. “nd” stands for not determined.

BFC a b c d e F g h i ]
H 8.05 nd 8.29 467 377 352 342 324 195 247
Bc 145.1 nd 1381 493 555 526 370 558 214 332

7.3.40. fac-[Re(CO)3(k>-L10)]* (Re10)

| _COpH

c /d e\ f g—| :
[h]

NH

b N iy, ,\\\\“‘\\\\ 2
Y "R’

a e\
co

OC/CO
The complex Rel0O was prepared according to the methodology described for Rel.
Briefly, L10 (0.0500 g, 0.150 mmol) reacted with the organometallic precursor
[Re(CO)3(H,0)3]Br (0.0610 g, 0.190 mmol) in refluxing water for 18 h (pH 7). After
evaporation of the solvent the resulting residue was purified by preparative RP-HPLC
(Method B). Rel10 was obtained as a colorless oil. Yield: 65 % (0.0600 g, 0.090 mmol,
calcd. for Cy4H2oN4,OsRe. TFA).

IR (KBr) (vicm™): 3441s, 2033s (C=0), 1920s (C=0) and 1687s (C=0).

'H-NMR (300 MHz, D,0): 84 (ppm) 7.84 (d, CHE, 1H), 7.78 (d, CH? 1H), 6.41 (t, CH",
1H), 5.07 (br s, NH, 1H), 4.52 (m, CH®, 1H), 4.37 (m, CH®, 1H), 4.10 (br s, NH, 1H),
3.59 (m, CH", 1H), 3.42 (m, CHY+CH?®, 2H), 3.14 (m, CH?, 1H) 2.89 (m, CH™T, 2H),
2.70 (m, CH%, 1H), 2.40 (t, CH', 2H), 2.36 (m, CH?', 1H) 2.13 (m, CH', 1H), 1.97 (m,
CH', 1H).

BC-NMR (75.3 MHz, D,0): ¢ (ppm) 195.1 (C=0), 194.6 (C=0), 193.1 (C=0), 177.6
(C=0), 145.4 (C°), 134.7 (C?), 107.8 (C), 66.4 (C"), 61.7 (C), 53.2 (C*), 50.8 (C%, 41.9
(C)), 30.8 (CM), 19.7 (C)).

RP-HPLC (Method A): 99% (tg = 16.7 min).

ESI-MS (+) (m/z): 511.2 [M]", calcd. for C14H,0N4OsRe = 510.5.
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7.3.41. fac-[Re(CO)s(k*-L11)]* (Rell)

~_CO.H

J
.
. N/mN/f\‘g 1
Oﬁ/b@\N/ﬂm,,,“ ‘ ‘\\\\\“\\\\\\NHZ

N /Re
HO oC l \CO
co

The complex Rell was prepared according to the methodology described for Rel.
Yield: 71 % (0.0600 g, 0.090 mmol, calcd. for C15H22N4O;Re. TFA).

IR (KBr) (vicm™): 3441s, 2035s (C=0), 1921s (C=0) and 1687s (C=0).

'H-NMR (300 MHz, D,0): &4 (ppm) 8.27 (s, CH*+CH®, 2H), 5.11 (br m, NH, 1H), 4.53
(dd, CHY, 1H), 4.46 (dd, CHY, 1H), 4.22 (br dd, NH, 1H), 3.56 (m, CH®, 1H), 3.32 (m,
CH"+CH", 2H), 3.08 (br d, CH?, 1H), 2.85-2.69 (m, CH+CH +CH®, 3H), 2.36 (br t,
CHE'+CHy, 3H), 2.06 (m, CH', 1H), 1.94 (m, CH", 1H).

BC-NMR (75.3 MHz, D,0): 8¢ (ppm) 194.6 (C=0), 194.1 (C=0), 192.3 (C=0), 177.5
(C=0), 165.1 (C=0), 147.3 (C%), 137.3 (C%), 116.4 (C"), 66.3 (C"), 61.6 (C"), 52.5 (C"),
51.5 (C%), 41.9 (CY), 30.8 (C"), 19.6 (C').

RP-HPLC (Method A): 99 % (tg = 16.4 min).

ESI-MS (+) (m/z): 555.0 [M]", calcd. for C15H,,N407Re = 557.1.

7.3.42. General method for the preparation of Tc3 - Tcll

In a capped nitrogen purged glass vial, 100 pL of a 10* M solution of the ligands L3,
L10 and L11 were added to a solution of fac-[*"Tc(CO)s(H,0)s]" (900 uL, 37 - 74
MBq) in 0.01 M PBS, pH 7.4. The vial was incubated at 100 °C for 30 min and the
resulting complexes were analyzed by RP-HPLC (Method A) using the same method of
the rhenium surrogates. Retention times: 17.2 min (Tc3),16.5 min (Tc10) and 16.2 min
(Tcl1).
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7.3.43. pAlaNleCycMSH e

His? DPhe’
_N
w oo L)
HN o
0O
N NH
pala’ o oo gy H .l Arg®
Nz 0
H,N o NH
Asp® >& °
HN
L~~~ NH /
Ay N
HN O H
Trp7
Lys®

The linear sequence Fmoc-Asp(Dmab)-His(Trt)-pPhe-Arg(Pbf)-Trp(Boc)-
Lys(ivDde)-NH, was assembled to MBHA Rink Amide resin (0.18 g; substitution 0.59
mmol/ g) by SPPS in a CEM 12-Channel Automated Peptide (scale 0.1 mM) using
HBTU as coupling agent.

The peptidyl resin was treated with a freshly prepared mixture of hydroxylamine
hydrochloride and imidazole in N-methylpyrrolidone to accomplish selective and
simultaneous removal of the ODmab and ivDde side chain protecting groups.
Condensation of the Asp and Lys side chains to form the intramolecular lactam bridge
was carried out using PyBop (6 equiv), DIPEA (12 equiv), and HOBt (6 equiv) during
36 h (negative Kaiser test). After lactamization had reached completion, normal
assembly of the remaining peptide chain was resumed up to the quantitative
incorporation of the residues Nle and BAla. Cleavage of the proteted Fmoc-peptide from
the solid support was performed by treatment of the peptidyl resin with TFA containing
2.5 % H,0 and 2.5 % triisopropylsilane. The crude product was purified by RP-HPLC
and Fmoc-pAlaNleCycMSH:,.x was obtained as a white solid that was characterized by
ESI-MS (calculated m/z for [M+H]": 1275.6 calcd. for CegHgoN16011 = 1274.6). RP-
HPLC (Method J): 99 % (tg = 25.8 min).

Deprotection of the Fmoc group in Fmoc-BAlaNleCycMSHye with
piperidine/DMF (1 mL/4 mL) gave BAlaNleCycMSH ., as a white solid after removal
of the solvent and washing with ice-cold diethylether. The peptide was dried under
nitrogen flow, suspended in water and lyophilized.

RP-HPLC (Method J): 99 % (tg = 16.5 min).
ESI-MS (+) (m/z): 1053.6 [M+H]", calcd. for Cs;H7,N1509 = 1052.6.
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7.3.44.L13

N H

= (o)

HN H3o NH
o
o] HN

L~~~ NH /
N N/T /i\ N
CN NH, HN O H

A solution of pAlaNleCycMSHex (0.0020 g, 0.002 mmol) in DIPEA (20 pL)/DMF
(250 pL) was added to L10-Boc (0.0020g, 0.005 mmol) preincubated for 30 min with
HATU (0.003 g, 0.006 mmol) in DMF. The pH was adjusted to 7-8 with DIPEA and the
reaction mixture was left under stirring at room temperature for 3 hours. The reaction
mixture was purified by semi-preparative RP-HPLC (Method J). After evaporation of
the solvent, the compound was deprotected with the standard cocktail mixture (95%
TFA, 2.5% TIS, 2.5% H,0) and precipitated with ice-cold diethylether. The precipitate
was dried under nitrogen flow and dissolved in water before lyophilization. Yield: 25 %
(0.0006 g; 0.001 mmol; ety (280 nm) = 5560 L mol™ cm™).

RP-HPLC (Method K): 99 % (tg = 13.3 min).

ESI-MS (+) (m/z): 639.2 [M+2H]*", calcd. for CesHaoN2O1g = 1274.7.

7.3.45.L14

-

/\0>\\\|;)\<0 }NH HAHEZO/\/\NJ:NHZ
HN H :;;0 00 NH
| i o~

o HN

A solution of BAlaNleCycMSHe (0.0020 g, 0.002 mmol) in DIPEA (20 uL)/DMF
(250 pL) was added to L11-Boc (0.0040 g, 0.010 mmol) preincubated for 30 min with
HATU (0.0050 g, 0.012 mmol) in DMF. The pH was adjusted to 7-8 with DIPEA and
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the reaction mixture was left under stirring at room temperature for 3 hours. The
reaction mixture was purified by semi-preparative RP-HPLC (Method J). After
evaporation of the solvent, the compound was deprotected with the standard cocktail
mixture (95% TFA, 2.5% TIS, 2.5% H,0) and precipitated with ice-cold diethylether.
The precipitate was dried under nitrogen flow and dissolved in water before
lyophilization. Yield: 28 % (0.0007 g, 0.001 mmol; &1, (280 nm) = 5560 L mol™ cm™).

RP-HPLC (Method K): 99% (tg = 12.7 min).

ESI-MS (+) (m/z): 442.56 [M+3H]**, calcd. for Cg3HgoNoO12 = 1318.7.
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Table 7.15: *H, **C and N chemical shifts (ppm, from DSS) of L14 in H,O/D,0 9:1
v/v at pH 2.5 and 25 °C. “nd” stands for not determined.

Residue N HN “c, C,H Bcy CgH Others

BAla* 122.8 8.02 38.6 335335 375 242 248

Nle? 126.9 8.22 56.7  4.26 33.7 154,161 *°C,29.9;C,H 115, 1.15;
13¢5 24.4; Cs5H 1.20, 1.20;
3¢, 15.9; C.H; 0.79;

Asp® 119.4 853 nd 4.62 40.1 2.67,2.83

His* 118.2 8.59 nd 4.41 28.3 3.04,3.22 CgsH 7.10; BCy, 119.9;
C..H 8.51; *C,, 136.3

DPhe® 1209 8.41 nd 4.59 39.7 2.87,312 CsH 7.20, 7.20; **C; 131.6
C.H 7.33,7.33; *C, 131.6
CcH 7.29; *C, 129.9

Arg® 1216 7.92 55.9  4.25 31.3 155,159 *C,26.9;C,H128 128
3C; 43.3; Cs5:H 3.04, 3.04;
N, 84.9; N.H 7.06

Trp’ 1225 8.43 nd 4.63 29.1 3.29,339 CyH 7.26; °Cy; 127.4
N, 129.4; N4 H 10.14;
C.sH 7.65; °C,5 121.1
CH 7.14; BC3 1221
CoH 7.23; °C,, 124.8
CeH 7.48; °C,, 114.8

Lys® 124.8 8.07 55.8  4.23 332 159,172 ™C,246;C,H 1.20, 1.30;
13¢5 29.7; Cs5-H 1.39, 1.50;
¥C. 41.6 ; C.-H 3.17, 3.17;
N 126.5; N:H 7.93

CONH, 106.3 6.69, 6.84

BFC a B c d e f g h i j

'H 7.99 Nd 822 456 3.60 3.39 3.34 3.07 1.85 2.29

3¢ 144.9 Nd 137.9 497 555 527 37.4 56.3 22.5 35.2

7.3.46. L15
_N
Hr\!l// P
N/Yo NH
H

HN 3 NH
o
o HN M
N
i /
A N
NH, HN O H

L15 was prepared according to the methodology described for L13. A solution of
BAlaNleCycMSHyex (0.0020 g, 0.002 mmol) in DIPEA (20 uL)/DMF (250 pL) was
added to L12-Boc (0.0020 g, 0.005 mmol) preincubated for 30 min with HATU (0.0030
g, 0.006 mmol) in DMF. The pH was adjusted to 7-8 with DIPEA and the reaction
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mixture was left under stirring at room temperature for 3 hours. The reaction mixture
was purified by semi-preparative RP-HPLC (Method J). After evaporation of the
solvent, the compound was deprotected with the standard cocktail mixture (9 5% TFA,
25 % TIS, 2.5 % H,0) and precipitated with ice-cold diethylether. The precipitate was
dried under nitrogen flow and dissolved in water before lyophilization.Yield: 20 %
(0.0005 g; 0.0004 mmol; &1, (280 nm) = 5560 L mol™ cm™).

RP-HPLC (Method K): 99% (tg = 11.2 min).

ESI-MS (+) (m/z): 682.3 [M+2H]**, calcd. for CesHasN20O1, = 1360.7.

7.3.47. General method for the preparation of Tc13 — Tcl15

In a capped nitrogen purged glass vial, 50 pL of a 10™ M solution of the ligands L13 —
L15 were added to a solution of fac-[*"Tc(CO)s(H,0)s]* (450 uL, 37 - 74 MBq) in
0.01 M PBS, pH 7.4. The vial was incubated at 90 °C for 20 min and the resulting
complexes were analyzed by RP-HPLC (Method H) using the same method of the
rhenium surrogates. Retention times: 11.9 min (Tc13), 10.6 min (Tcl14) and 11.2 min
(Tc15).

7.3.48. L16 and L17

L16; W=26,X=4
L17; W=22; X=8

These compounds were synthesized and characterized as previously reported.™* The
'H-NMR spectra of L16 and L17 present similar patterns, being the main differences
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the intensity ratio of some *H-NMR peaks. As an example, *H-NMR data for L16 is
presented:

'H-NMR (300 MHz, D,0): 84 (ppm) 5.92 (s, H™*), 4.96 (s, broad, H susst. anom.), 4.85 (S,
broad, Hanom.), 3.88-3.35 (m, dextran), 3.10 (t, HY), 2.74 (t, H°), 2.56 (s, broad), 2.27 (t,
H"), 2.21 (s, CH3(3)™), 2.14 (s, CH3(5)™), 1.85 (s, broad), 1.74 (s, H).

L16: M.W. calculated = 17650 g/mol

L17: M. W. calculated = 18650 g/mol

7.3.49. L18-Boc and L19-Boc

e
H
( 2>w OH NH
'S g
H
ﬂhﬂl' oy
j ik o)
<4§N N NH-Boc> HO OH
N
Y
3 X

L18; W=13,X=4,Y=13
L19;W=9;X=8;Y=13

These compounds were synthesized and characterized as previously reported.™* The
'H-NMR spectra of L18-Boc and L19-Boc present similar patterns, being the main
differences the intensity ratio of some 'H-NMR peaks. As an example, *H-NMR for
L19-Boc is presented:

'H-NMR (300 MHz, D,0): &4 (ppm) 5.85 (s, H™**), 5.27 (d, Hanom. manose), 5.01 (S,
broad, Hanom. subst.), 4.82 (S, broad, H anom.), 3.99 (s, broad), 3.78-3.35 (m, dextran), 2.99-
2.76 (m), 2.59 (s, broad), 2.17 (s, CH3(3)™), 2.07 (s, CH3(5)™), 1.8 (s, broad), 1.31 (s,
9H, CHj,).

L18-Boc: M.W. calculated = 17693 g/mol

L19-Boc: M. W. calculated = 19093 g/mol
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7.3.50. L18 and L19

L18; W=13,X=4,Y=13
L19;W=9;X=8;Y=13

These compounds were synthesized and characterized as previously reported.*** The *H
and *C-NMR spectra of L18 and L19 present similar patterns, being the main
differences the intensity ratio of some 'H-NMR peaks. As an example, NMR and IR
data for L19 is presented:

IR (KBr) (v/cm-1): v (O-H, br) 3418, v (C=0, s) 1678, v (C=0, s, dextran) 1643, 1384,
1261.

'H-NMR (300 MHz, D,0): & (ppm) 5.80 (s, H"**), 5.22 (s,broad Hmannose anom.), 4.99 (S,
broad, H subst. anom.), 4.82 (S, broad, Hanom.), 4.39 (t, CHJ)), 3.99 (s, broad), 3.74-3.35 (m,
dextran), 3.10 (t, H), 2.74 (t, H%), 2.52 (s, broad), 2.24 (t, H"), 2.07 (s, CH3"*?), 1.98 (s,
CHs"*®), 1.74 (s, broad, H?), 1.46 (t, H%);

BC-NMR (75.3 MHz, D,0): 6¢c (ppm) 176.4 (C=0), 165.9 (C=N), 162.8 (g, CF;COO0O),
150.5 (C™?), 143.7 (C™?), 116.5 (g, CFsCOOQ’), 107.4 (C(4)™), 99.9 (C anom), 97.8
(Csubst. anom.), 86.9, 86.7, 82.4, 81.5 (C%), 75.8-68.9 (M, 11C gextranimannose), 68.5, 67.4,
63.1, 62.8 (C), 54.5 (C'), 52.3, 47.9 (C'), 43.9 (C"), 40.6 (C°), 39.3, 35.2, 31.0, 30.8
(CY), 30.3 (C%), 29.6, 29.1 (C"), 24.4 (CY), 14.3 (CH5™®), 12,3 (CH5"*?).

L18; M.W. calculated = 19231 g/mol,

L19; M. W. calculated = 20231 g/mol

SEC-HPLC (method L): 99% (L18: tr = 14.4 min); 99% (L 19: tr = 14.6 min).
RP-HPLC (method M): 99% (L 18: tr = 11.5 min); 99% (L19: tr = 11.6 min).
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7.3.51. General method for the preparation of Rel8 and Rel19
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Re18; W=13,X=4,Y=13
Re19; W=9; X=8;Y =13

Reaction of fac-[Re(CO)3(H.0)3]Br with L18 (0.0500 g, 0.003 mmol) and L19 (0.0500
g, 0.003 mmol) in water using a rhenium precursor/chelating unit molar ratio of 4:1.
After stirring at 50 °C for 16 h, the reaction mixtures were concentrated, dialyzed
against water and the retentate concentrated and lyophilized. The resulting pale yellow
powder was washed with CH,Cl, and methanol. The progress of these reactions was
monitored by taking aliquots of the reaction mixture at several time points. The aliquots
were dried under reduced pressure, washed with chloroform and methanol, yielding a
yellow solid that was analyzed by RP-HPLC and 'H-NMR spectroscopy. When
complete, the reaction mixture was treated as referred above and the solids obtained
were formulated as Re18 and Rel9.

Re18: M[(CgH1905)30 (C11H21NO5S.C,HF50,)13(Co7H43N50SRe), (C1oH3sN2010S2)15] = 19850 g/mol.
Yield: 80 % (0.0400 g, 0.002 mmol).

Re19: M[(CsH100s)30 (C11H21NO5S.C,HF30,)0 (Ca7HasNs0oSRE)s (C1oHaaN2010S2)15] = 21479 g/mol.

Yield: 80 % (0.0400 g, 0.002 mmol).

IR (KBr) (viem™): v (O-H, br) 3397, v (C-H, m) 2950, v (C=0, s) 2027, v (C=0, w)
1999, v (C=0, s) 1899, v (C=0, s) 1678, v (C=0, s, dextran) 1643, 1556, 1384.

The 'H- and *C-NMR spectra of Rel8 and Rel9 present similar patterns. As an
example, NMR data for Re19 is presented:

'H-NMR (300 MHz, D,0): 84 (ppm) 6.1 (s, H(4)™), 5.23 (d, Hmannose anom.), 4.98 (S,
broad, H supst. anom. dextran), 4-80 (S, broad, Hanom.), 4.39 (t, Csz), 3.99 (s, broad), 3.74-3.35
(m, dextran), 3.10 (t, H%), 2.71 (t, H%), 2.52 (s, broad), 2.21 (s, CH3"*?), 2.12 (s, CH3™*
%), 1.91 (t, H%), 1.73 (s, broad, H).
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BC-NMR (75.3 MHz, D,0): 8¢ (ppm) 195.2 (ReCO), 194.7 (ReCO), 193.1 (ReCO),
176.2 (C=0), 165.4 (C=N), 168.2 (q, CFsC0O0"), 153.7 (C™*?), 144.3 (C™), 118.5 (q,
CF3C00), 114.6 (C™*), 108.1 (CH), 97.9 (C gextran anom.)» 96.1 (Cextran subst. anom.)» 85.1,
79.5-65.7 (11C), 60.9 (CH), 42.0 (CH), 38.7, 33.8, 32.9, 30.7 (C"), 30.9, 30.0, 27.3,
20.3,15.5 (CH5™?), 11.1 (CH3"*3).

SEC-HPLC (method L): 99% (Rel8: tg = 14.4 min); 99% (Rel9: tr = 14.6 min).
RP-HPLC (method M): 99% (Rel8: tr = 12.2 min); 99% (Rel9: tg = 12.2 min).

7.3.52. 2-((E)-2-((E)-2-(4-carboxyphenylthio)-3-((Z2)-2-(1,3,3-trimethylindolin-2-
ylidene)ethylidene)cyclohex-1-enyl)vinyl)-1,3,3-trimethyl-3H-indolium
(IX)

(o)

1
ak @
b N
¢ N, S N
(AN~
‘ g
e i
f j

To a solution of IR775-Cl (0.1000 g, 0.200 mmol) in anhydrous DMF (4 mL) was
added 4-mercaptobenzoic acid (0.0360 g, 0.200 mmol) and the resulting green reaction
mixture was allowed to stir in the dark. After 15 h, the reaction was complete as
monitored by TLC (15% CH,Cl,/ MeOH) and the solvent was evaporated. The solid
residue was washed with a solution of acetic acid 5% (3x) and 1X was sufficently pure
to be used in the next step. Yield: 85% (0.0990 g; 0.160 mmol). R = 0.63.

When impurites were found in the TLC, the crude was purified by flash
chromatography (CHCI3/ methanol, 1-15%), giving IX as a green solid. Yield: 35%
(0.0400 g; 0. 0714 mmol).

'H-NMR (300 MHz, CDCls): & (ppm) 8.69 (d, CH®, 2H), 8.04 (d, CHE, 2H), 7.28 (t,
CHY, 2H), 7.22 (t, CH®, 2H), 7.06 (dd, CH"® 4H), 6.07 (d, CH", 2H), 3.55 (s, CH5%,
3H), 2.67 (t, CH', 2H), 1.98 (t, CH}, 1H), 1.39 (s, CH3', 6H).

BC-NMR (75.3 MHz, CDCls): ¢ (ppm) 172.8 (CH), 150.2 (CH), 145.8 (CH), 142.5
(CH), 140.8 (CH), 133.9 (CH), 130.8 (CH), 128.6 (CH), 125.3 (CH), 122.0 (CH), 110.6,
101.6 (CH), 49.0 (CH), 45.8 (CH), 31.6 (CH), 27.6 (CH), 26.3 (CH), 20.6 (CH), 8.6
(CH).

A max abs (H20/20% DMSO): 795 nm; € = 125 052 L mol™ cm™;
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A max. abs (EtOH): 778 nm: &£ = 103560 L mol™ cm™;

RP-HPLC (Method M): 99% (tr = 19.2 min);

SEC-HPLC (Method L): 99% (tg = 29.1 min);

ESI-MS (+) (m/z): 601.4 [M+H]", calcd. for C3gH41N,0,S = 601.9.

Determination of the molar extinction coefficient of 1X

The molar extinction coefficient of 1X was determined by using a standardized curve
prepared from known quantities of the fluorophore (0.5 — 2.5 pg). Briefly, different
amounts of IX were dissolved in 0.5 mL of 20% DMSO aqueous solution and
absorbance reading was taken at 795 nm. The calibration curve obtained for IX was: y =
125052.8 x; R* = 1.00

7.3.53. 2-((E)-2-((E)-2-(4-((2,5-dioxopyrrolidin-1-yloxy)carbonyl)phenylthio)-3-
((2)-2-(1,3,3-trimethylindolin-2-ylidene)ethylidene)cyclohex-1-enyl)
vinyl)-1,3,3-trimethyl-3H-indolium (X)

oL No

|
o 0

ClA LT
To a solution of 1X (0.0200 g, 0.030 mmol) in anhydrous CH,Cl, (5 mL) was added 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide) (EDC: 0.0050 g, 0.050 mmol) and N-
hydroxysuccinimide (NHS: 0.0040 g, 0.040 mmol). After 12 h, the reaction was
complete as monitored by TLC (15% CH,Cl,/ MeOH) and the solvent was evaporated.

The solid residue was washed with water and X was immediatly used in the next step.
R¢=0.75.
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7.3.54. L20-Boc

substituted non-substituted
anomeric proton anomeric proton

mannose
anomeric proton

W=6,X=8,Y=13,Z=3

To a solution of L19-Boc (0.0500 g, 0.002 mmol) in DMSO/0.1 M borate buffer, pH 9
(1:1, 5mL) was added the precursor X (0.0600 g, 0.100 mmol) dissolved in acetonitrile.
After overnight reaction at room temperature, the mixture was filtered and dialyzed
against water. The solvent was removed under reduced pressure and the green solid was
washed with CH,Cl, (3x) and cold EtOH (3x) before lyophilization.

L20-Boc: M[(CeH1005)30 (C1:H21NO5S)s (C20H51N505S)s (C1oH3aN2010S2)13 (CsoHeoN306S2)a] = 21434
g/mol.

Yield: 53 % (0.0300 g, 0.001 mmol)

'H-NMR (300 MHz, D,0): &4 (ppm) 5.74 (s, H"*?), 5.19 (d, Hmannose anom.), 4.99 (s,
broad, H supst. anom. dextran), 4.77 (S, broad, Hanom.), 3.88-3.35 (m, dextran; mannose), 3.08
(t, H%, 2.67 (t, H®), 2.49 (s, broad), 2.07 (s, CHs"*?), 1.97 (s, CH3"*®), 1.71 (s, broad,
H®), 1.52 (s, H%), 1.22 (s, (CHa)s).
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7.3.55. L20

substituted non-substituted
anomeric proton anomeric proton

c s \
< S
( NH,.TFA) N HN NH

mannose
anomeric proton

W=6,X=8,Y=13,Z=3

Deprotection of L20-Boc (0.0300 g, 0.001 mmol) with TFA (5 mL) gave a green
mixture that was washed with CH,Cl, (3x), cold EtOH (3x) and purified by sephadex
G-25 gel filtration (eluent: NaCl 0.9%). Dyalisis and liofilization of the eluted gave L20
as green solid.

L20: M[(CeH1Os)s0  (C1iHuNOsS.CoHF302)5  (CaHasNsOgS.  CoHF30,)s  (CigHasN2010S0)13
(CsoHgoN306S,)4] = 22116 g/mol.

Yield: 66 % (0.0200 g, 0.001 mmol)

'H-NMR (300 MHz, D,0): &4 (ppm) 5.79 (s, H"*?), 5.30 (d, Hmannose anom.), 5.06 (S,
broad, H subst. anom. dextran), 4.80 (S, broad, Hanom), 4.32 (t, H) 3.90-3.17 (m, dextran and
mannose), 2.80 (t, H%), 2.70 (t, H%), 2.51 (s, broad), 2.34 (t, H"), 2.10 (s, CH5 %), 2.00
(s, CH3"*®), 1.71 (s, broad, HP), 1.48 (s, HY).

A max, abs (H20/20% DMSOQ): 802 nm; A max, em = 826 Nm

SEC-HPLC (method L): 99% (tg = 11.2 min);

RP-HPLC (method M): 99% (tr = 15.6 min)

Quantification of glucose content in L20

The glucose content of L20 was determined from interpolation through a standardized

curve prepared from glucose assays on samples with known quantities of that sugar (8 —
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55 pg). Briefly, to a 10 mL test tube containing aqueous solution of 2 (0.5 mL) and 5%
phenol solution (0.5 mL) was added 2.5 mL of 18 M H,SO,4. The exothermic reaction
was vortexed for one minute and allowed to cool to room temperature for 20 minutes,
after which an absorbance reading at 490 nm was taken. The calibration curve obtained
for glucose was: y = 12359 x + 0.028; R? = 0.9973

Absorbance data for 20 pg of L20 was 0.291 + 0.11 (A = 490 nm), based on three

determinations. The glucose concentration found for L20 was 21.0 £ 0.03 uM.
Quantification of fluorophore content in L20

Compound L20 (0.001 g) was dissolved in 20% DMSO aqueous solution (0.5 mL).
Absorbance data for 20 pg of L20 was 0.159 + 0.02 (A = 802 nm), based on three
determinations. The fluorophore concentration found for L20 was 1.3 + 0.02 uM.

7.3.56. Re20

substituted non-substituted
anomeric proton anomeric proton

Mm sl

b

()

mannose
anomeric proton

W=6,X=8,Y¥=13,Z=3

To a solution of Re19 (0.0400 g, 0.002 mmol) in 5 mL of DMSO/0.1 M borate buffer,
pH 9 (1:1) was added the precursor X (0.006 g, 0.01 mmol) dissolved in acetonitrile.
After 8 h under stirring at room temperature, the mixture was filtered, and dialyzed
against water. The solvent of the retentate was evaporated under reduced pressure and
the green solid was washed with CH,CI; (3x) and cold EtOH (3x) before purification by
sephadex G-25 gel filtration. Dyalisis and liofilization of the eluted gave Re20 as green

solid.
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Re20: M[(CsH1005)30 (C11H21NO5S.C,HF30,)5 (Co7Ha3N50gSRe)g (C19H34N2010S5)13 (CsoHeoN306S2)a] =
23364 g/mol.

Yield: 50 % (0.0200 g, 0.001 mmol)

IR (KBr) (viem™): v (O-H, br) 3423, v (C-H, m) 2924, v (C=0, s) 2027, v (C=0, w)
1914, v (C=0, s) 1679, v (C=0, s) 1650, v (C=0, s, dextran) 1543, 1434, 1385.
'H-NMR (300 MHz, D,0): &4 (ppm) 6.12 (s, H**), 5.21 (d, Hmamnose anom.), 4.97 (S,
broad, H subst, anom. dextran), 4.82 (S, broad, Hanom. dextran), 4.32 (d, CHZY), 3.99 (s, broad),
3.74-3.35 (M, gextran and mannose), 3.10 (t, HY), 2.71 (t, H%), 2.52 (s, broad), 2.21 (s, CH5 %),
2.12 (s, CH5™%®), 1.91 (t, H°), 1.73 (s, broad, H).

A max, abs (H20/20% DMSO): 805 nm.

SEC-HPLC (method L): 99% (tg = 11.3 min).

RP-HPLC (method M): 99% (tg = 15.2 min).

Quantification of glucose content in Re20

Following the same methodology described for L20, the absorbance data for 20 pg of
Re20 was 0.301 + 0.08 (A = 490nm), based on three determinations. The glucose
concentration found for Re20 was 22.1 + 0.08 uM.

Quantification of fluorophore content in Re20

Following the same methodology described for L20, the absorbance data for 20 ug of
Re20 was 0.157 + 0.03 (A = 802 nm), based on three determinations. The fluorophore

concentration found for Re20 was 1.3 £ 0.03 uM.
7.3.57. General method for the preparation of Tc18 — Tc20

In a capped nitrogen purged glass vial, 100 ug of solution of the ligands L18 — L20
were added to a solution of fac-[*"Tc(CO)s(H.0)s]" (1 mL, 74 - 222 MBq) in 0.01 M
PBS, pH 7.4. The vial was incubated at 90 °C for 10 min and the resulting compounds
were analyzed by RP-HPLC (Method M) using the same method of the rhenium
surrogates. Retention times: 12.2 min (Tc¢18), 12.2 min (Tc19) and 15.6 min (Tc20).
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7.3.58. Quantification of the NIR emission for L20 and Tc20

The NIR emission of equimolar (1.8 nM) solutions of L20 and Tc20 was quantified in
an Odyssey Infrared Imaging system (LI-COR Biosciences, Lincoln, NE, USA) with
both 700- and 800-nm channels by scanning the application of both compounds in ITLC
SG-PALL strips.

7.4. Partition coefficient

The partition coefficient was evaluated by the <‘shakeflask’> method." 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 y-counter. The partition coefficient in octanol/
water (log Pou) Was calculated by dividing the counts in the octanol phase by those in

the buffer, and the results were expressed as log P(o/w) + the standard deviation.
7.5. Invitro stability studies

The in vitro stability of the *™Tc(l) complexes was evaluated by RP-HPLC analysis of

cysteine, histidine and human serum aliquots.

Cysteine and histidine challenge: Aliquots of the ®™Tc(I) complexes (100 uL) were
added to 5 x 10° M cysteine or histidine solutions in PBS, pH 7.4 (400 pL). The
resulting solutions were incubated at 37 °C for 24 h and analyzed by analytical RP-
HPLC.

Human serum: The in vitro stability of the radioactive compounds was determined in
aliquots of fresh human serum obtained from a healthy volunteer. The volunteer was
recruited and asked to provide informed consent. The *™Tc complex (100 pL,
approximately 18 MBq) was added to fresh human serum (1 mL), and the mixture was
incubated at 37 °C. At appropriate time points (2, 4, and 6 h), 100 uL aliquots (in
duplicate) were sampled and treated with 200 uL of EtOH to precipitate the proteins.
Samples were centrifuged at 3,000 rpm for 15 min at 4 °C, and the supernatant was
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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 HCI in
MeOH).

7.6. Cell Culture

B16F1 murine melanoma cells (ECACC, Porton Down, UK) were grown in DMEM
containing GlutaMax | 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 (Gibco-Invitrogen) and seeded further apart.

7.6.1. Competitive binding assay

7.6.1.1. [**1]-NDP-a-MSH

Radioiodination of NDP-a-MSH with *?°I was performed by the chloramine-T method
with small modifications.'* Briefly, NDP-o-MSH (5 pug; 3. 03 nmol) in 0.3 M PBS (50
ul) was mixed with Na'®I (10 pL, 83 MBq) and then 10 pL of a chloramine-T (8.1
nmol) 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 pL of dithiothreitol (20 mg/mL) and 100
pL of BSA (10 mg/mL) were added before purification. The mixture was loaded into a
small reversed-phase cartridge (Sep-Pak C18, Waters) which was 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 pL, which
were stored at —20°C. Preceding each binding experiment, an additional purification
was performed by RP-HPLC. Analytical purification of [*?°1]-NDP-MSH was achieved
by analytical RP-HPLC (Method F) with simultaneous radioactivity and UV detection
(258 nm).
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7.6.1.2. Determination of 1Csq

The inhibitory concentration of 50% (ICsp) values for the a-MSH analogs were
determined by competitive binding assays with [**°I]-NDP-MSH in B16F1 melanoma
cells. Cells were harvested, seeded into a 24-well cell culture plates (2 x 10° 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-(2- hydroxyethyl)piperazine-NO-
ethanesulfonic acid and 0.2 % BSA], the cells were incubated at room temperature (25
oC) for 2 h with [**°I]-NDP-MSH (50,000 Cpm in 0.2 mL) and the competitor peptide
solution (0.1 mL), yielding a final concentration ranging from 1 x 10° to 1 x 10™2 M.
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 y-counter. The competitive binding
curves were obtained by plotting the percentage of [**°I]-NDP-MSH bound to the cells
versus the concentrations of displacing peptides. ICsy values for the peptides were
calculated by using GraphPad Prism. All cell binding experiments were conducted in
triplicate.

7.6.2. 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 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,
HCI/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 NDP-MSH (3.5 pg per well) to block the MC1Rs. 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
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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, 30 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.

7.7. Biodistribution studies

Evaluation of *™Tc(1)-labeled peptides

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 x 10° B16F1 cells
to generate a primary skin melanoma. 10 to 12 days after the inoculation, tumors
reached a weight of 0.2-1 g. Radiolabeled peptides (26 — 37 MBq) diluted in 100 pL 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 p.i.
Administered radioactivity and the radioactivity in 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 y-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.
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Evaluation of the ®™Tc(1)-model Complexes

The biodistribution of the 99mTc complexes Tc3, Tcl0 and Tcll was evaluated in
groups of 3 - 4 CD-1 female mice (Charles River outbred strain, from IFFA CREDO,
Barcelona, Spain). Mice were intravenously injected with 100 ul of each complex (3 -
10 MBq) via the tail vein and the animals were kept in normal diet ad libitum. Animals
were sacrificed by cervical dislocation at 1 and 4 h after injection. The administered
dose and the radioactivity in the sacrificed animals were measured with a dose
calibrator (Curiemeter 1GC-3, Aloka, Tokyo, Japan or Carpintec CRC-15W, Ramsey,
USA). The difference in radioactivity between the injected animal and the sacrificed
animal was assumed to be due to excretion. Tissues and organs of interest were
dissected, rinsed to remove excess blood, weighted, and their radioactivity was
measured using the dose calibrator or a y-counter. The uptake in the tissues or organs
was calculated and expressed as percent injected dose per gram of tissue or organ (%
IA/g). For blood, bone, muscle, and skin, total activity was estimated assuming that they

represent 6, 10, 40, and 15 % of the total body weight, respectively.

Evaluation of *™Tc(1)-labeled Mannosylated Dextran Derivatives

Biodistribution of mannosylated dextran derivatives Tc18 — Tc20 was performed in
female Wistar rats weighing 200-250 g were used in the experiment. The animals were
first anesthetized by intraperitoneal injection of a mixture of xylazine (70 mg/kg) and
ketamine (7 mg/kg) or Nembutal (0.1mL/ 100 mg). Boosters if subsequently required
were given using ketamine alone. Then ~50 pL of the *™Tc-labeled preparation (37
MBq, containing = 20 pg of the polymer) was injected subcutaneously in the footpad
region. The area of injection was massaged gently with a strip of gauze pad for about 2
min to facilitate movement of the radiolabeled preparation from the injection site. The
rejection criterion followed was observation of any bleeding at the site of injection or
measurement of more than 0.5% of administered dose on the gauze pad. The animals
were kept in separate sets (n = 4 per set) p.i. for incubation periods of 15 min, 30 min,
60 min and 180 min under normal conditions, water provided ad libitum. In the case of
Tcl8 and Tcl9, ten minutes prior to the end of each incubation period, the animals
injected under anesthetized condition were given a subcutaneous administration of ~50

uL of Patent Blue Dye (1% wi/v in saline) in the same region as the labeled preparation.
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At the end of the incubation, the animals were sacrificed and the relevant organs and
tissues, including the popliteal (which serves as the sentinel lymph node in this
protocol) and secondary nodes, were excised for the determination of in vivo
distribution of *™Tc activity. Radioactivity measurement was done on Integral Line
flat-bed Nal(TI) scintillation detector (Harshaw, USA). Activity retained in each
organ/tissue was expressed as a percentage of the total injected activity (% IA).

In the case of Tc20, the fluorescent component enabled the excision of the popliteal and
secondary node, after the animals were sacrificed. The relevant organs and tissues were
excised for the determination of in vivo distribution of *™Tc activity.

7.7.1. Invivo Stability

The in vivo stability of the ®™Tc(l) complexes was evaluated by RP-HPLC analysis of

urine and blood.

Urine: The urine collected at the sacrifice time was centrifuged at 3000 rpm for 15 min
and the supernatant was analyzed by RP-HPLC.

Blood: The blood was collected at the sacrifice time, centrifuged at 3000 rpm for 15
min at 4 °C, and the serum was separated. 100 pl aliquots of serum were sampled and
treated with 200 ul of EtOH to precipitate the proteins. Samples were then centrifuged
at 3000 rpm for 15 min at 4 °C. The supernatant was analyzed by RP-HPLC.

Homogenates: Liver, kidney and tumor were homogenized with a glass-homogenizer
(Potter) in 50 mM Tris buffer with 0.2M sucrose, pH 7.4. The homogenate was then
centrifuged at 4°C (20000 x g for 10 minutes). 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.
7.8. Imaging Studies

For scintigraphic imaging, the animals were anesthetized using a mixture of ketamine
and xylazine (80 and 20 mg/ml, respectively), injected with the radiopeptides (21 MBq)
and placed over a y camera (GE 400AC; Maxicamera, Milwaukie, USA) coupled with a
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high-resolution parallel collimator and controlled with GENIE Acquisition computer. A
set of dynamic images (60 images of 128x128 matrix, Zoom 2, with individual duration
of 30 s), followed by static images (256x256 matrix, Zoom 2, 2 min), each lasting for

30 min until 2 h, was acquired.

Scintigraphic imaging of Tc18 and Tcl9 were performed on the Millennium MPS
medical imaging system (Wipro-GE Healthcare, India). Scintigraphic imaging studies
for 13 and 14 were also performed in Wistar rat model. ~ 37 MBq of the radiolabeled
preparation (in 50 uL volume) was used for each imaging study (n = 3). The technique
employed for anesthesia of animals and administration of 13 and 14 preparations was
the same as for the above-referred biodistribution studies, excepting that blue dye was
not injected in the imaging protocol. For the acquisition, the animals were placed with
their dorsal side facing the camera. Planar static images were acquired at 10 min, 30
min, 60 min and 180 min p.i. using the Genie Acg Image Acquisition software (release
3.0). Acquisition parameters were as follows: matrix 256 x 256, zoom 1.33, 5 min
acquisition time. The site of injection was masked with lead shielding during
acquisition. Subsequent image processing was achieved with the Xeleris image

processing software (version 1.0272).

SPECT-CT imaging of Tcl19 was performed in Wistar rat. A 50 uL solution of Tc19
(0.5-2 MBq containing 1 x 10 mol) was injected subcutaneously in the rear footpad.
Three animals were used for each imaging study. After anesthetizing with Isofluran,
SPECT images were taken with SPECT/CT (FX-3000, Gamma Medica ldeas Inc.,
Northridge, CA, USA) at 60 min p.i.

SPECT/micro-CT was performed after an intravenous injection of 3.7 MBq (20 ug, 1 x
10 mol) of Tc20. Images were taken 1 h p.i. Micro-CT imaging was performed prior
to single pinhole SPECT at 1 h p.i. The CT-scan was obtained with a dual-source CT-
scanner (Skyscan 1178; Skyscan) at 60 kV and 615mA, with a resolution of 83 mm.
Images were reconstructed by performing filtered back projection (NRecon; Skyscan).
Total body SPECT was performed with a dual-head g-camera (e.cam180; Siemens
Medical Solutions), constructed with two single pinhole collimators (1.5mm; 25.7cm

radius of rotation). Images were acquired in 64 projections with 20 s per step over 360.

227



Chapter 7

Images were reconstructed with an iterative reconstruction algorithm and reoriented for

fusion with micro-CT images.

NIR image acquisition of L20 and Tc20 was performed in a FLuoBeam800 (FluOptics,
Grenoble, France), exciting the near-infrared fluorophore at 780 nm and a charge-
coupled-device (CCD) camera that detects fluorescence emission above 800 nm. Data
were collected over a 150-750 milliseconds (ms) exposure. Image processing was
performed with Photoshop. The FLuoBeam800 was used for real time fluorescence-
guided node excision.

7.9. Histology

Immediately following excision, lymph nodes were weighed and then coated in optimal
cutting temperature (OCT) compound (Sakura Tissue-Tec # 4585) cryogenic
embedding medium to prevent lymph nodes from becoming dehydrated during
overnight scintillation counting. Lymph nodes were frozen at -80 °C for extended
periods of time in this preservative. Frozen sections (5 um) of the lymph nodes were
imaged under NIR conditions on an EVOS FI (Digital Fluorescence Microscope), AMG
(Advanced Microscopy Group), Bothell, WA, USA. To allow imaging at 800 nm, Cy7
light cube from AMG was used. The 4',6-diamidino-2-phenylindole (DAPI) light cube
was used for imaging DAPI stained tissue samples (objective: 40x).
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