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In recent years, the remarkable characteristics of the organometallic precursor fac-[M(CO)3(H0)3]"
(M = Re, Tc) introduced by Alberto and co-workers brought renewed interest to the development of low-
oxidation %°™Tc-based radioactive probes. Considering our interest in the design of target-specific
radioactive probes for SPECT-imaging and targeted systemic radiotherapy, we have been involved in
the study of the chemistry of fac-[M(CO)3]™ (M = Re, Tc) with chelators combining a pyrazolyl unit with
aliphatic amines and/or carboxylic acids or thioethers. This review describes our research efforts in the
field, giving particular emphasis to the biological properties of Re(I) and **™Tc(I) complexes anchored by
those type of chelators. We aim to highlight the versatility of the pyrazolyl-containing chelators, which
allowed the successful labeling of a wide range of relevant biomolecules, spanning from small lipophilic
organic molecules, such as quinazoline derivatives or DNA-binders, to tumor-seeking peptides for in vivo
receptor targeting. Noteworthy is also the possibility of labeling polymeric nanoparticles based on
dextran for sentinel lymph node detection (SLND), which has been one of our most successful
achievements in recent years. These radiolabeled nanoparticles allowed the visualization of the SLN
accurately at the preclinical level.

Biomolecules

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Radiopharmaceuticals are drugs that incorporate a radionuclide
in their composition and are administrated to patients for diagnosis
or treatment of diseases [1]. The radiotracers containing gam-
ma(y)- or positron(p™)-emitting radionuclides are suitable for
single photon emission tomography-imaging (SPECT-imaging) or
positron emission tomography-imaging (PET), respectively,
whereas those containing 3~- or a-emitters are useful for systemic
radiotherapy [1—6]. The radiopharmaceuticals currently used in
nuclear medicine for SPECT-imaging are mainly metal-based
compounds, with technetium-99m (**™Tc) accounting for the
majority of the complexes used. Indeed, *°™Tc is still the most
important radionuclide in nuclear medicine due to its ideal nuclear
properties (t12 = 6.02 h; Eymax = 140 keV), low-cost, and conve-
nient availability from commercial **Mo/>®™Tc generators [5].
Another relevant characteristic of *™Tc relates with its diverse and
rich redox chemistry [7—10]. Among all oxidation states of tech-
netium (-I to VII), ®*™Tc(V) has been the most studied and applied
in radiopharmaceutical chemistry [7—10]. Although most of the
99mTe(V)-based radiopharmaceuticals in clinical use contain the
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core [P™Tc(0)P* (e.g. P™Tc-HMPAO — Ceretec®; °™Tc-MAG; —
TechneScan MAGS), there is a single example of a radiopharma-
ceutical corresponding to a complex with the core trans-
[°™Tc(0),]" (*°™Tc-Tetrofosmin — Myoview®) (Fig. 1) [1,11,12].
Additionally, several compounds containing the cores [*°™Tc(N)]**
and [*°™Tc-HYNIC] (HYNIC = 6-hydrazinonicotinic acid) have been
also explored both at the preclinical and early clinical level [7—
10,13]. Until recently, the low oxidation states of *™Tc have
received less attention than the oxidation state V, in spite of the
clinical and commercial success of the organometallic complex
[®°™Tc(CNCH,C(CH3),0CH3)s]* (Sestamibi) (Fig. 1) [11]. The latter,
marketed under the trademark Cardiolite®, is a lipophilic cation of
Tc(I) stabilized by six isonitrile ligands. Sestamibi was originally
developed as a SPECT myocardial imaging agent, but nowadays is
also used for both early cancer detection and non-invasive moni-
toring of the tumor Multidrug Resistance (MDR) transport function
[14]. This complex is considered the unique organometallic phar-
maceutical used routinely in medicine and, together with cisplatin,
are the most successful synthetic metal complexes for medical
application [11,15]. The pharmacokinetic profile of radiopharma-
ceuticals, and particularly of those based on **™Tc, is determined
either by their physicochemical properties — perfusion agents — or
by a combination of physicochemical features and biological in-
teractions — target-specific radiopharmaceuticals. Whereas in the
former the biological distribution is determined by blood flow, in



126

M. Morais et al. / Journal of Organometallic Chemistry 744 (2013) 125—139

Peifusion Imaging Agents

R o
N
) H3C. CH;3 . R\N N v
_{0 L R RR R ! e § ¢
L ¥ 4 o \/ 1l
0, P. P _C7 | >co
N O N HsC CHs NP4 NS c Csy
- ] i
j: N j: \n/ :[ piS R TS
C
7N AN P R i
s N N \ 0 /\ R
H3C | l CH F R H R
N R= OMe
COOH H R= CH,CH,0CH,CH;
PMTc.MAG; 9MTc.HMPAO 99mTc.Tetrafosmin 99MTc.Sestamibi
Target-pecific Agents
HO 5 -
NH, o N/_<o . o
{ 0. N)S OX \Tl'lc/ ))LNHZ
(N-Me)Phe—Tyr IO o o N s
D-Trp X H H H
| 0" NH HNjﬁ(NJLN/\[(NfLN/\rN (o)
\II / ys N 0 H o H o
He o s O S O
y— VaI L L
Y o OH N ”
H H

99MTc.Depreotide

9mTc.Apcitide

Fig. 1. Perfusion and target-specific *™Tc-based radiopharmaceuticals for SPECT-imaging.

the latter the biodistribution is also dependent on specific ligand—
target interactions. The targeting ability depends on the presence of
pendant biologically active molecules (“biomolecule”) that recog-
nize the respective macromolecular target. In this way, it is possible
to image biochemical processes that occur at the molecular/cellular
level before morphological changes occur [16—18]. A great variety
of biomolecules based on monoclonal antibodies, peptides, non-
peptidic small molecules, and oligonucleotide analogs, among
others, have been explored for target-specific delivery of radionu-
clides [1,19—21]. They recognize cell markers or receptors over-
expressed on malignant cells, intracellular metabolic pathways
that are up-regulated in cancer or cellular processes closer to
transcription. So far, among all possible approaches for the design
of target-specific radiopharmaceuticals, the use of bifunctional
chelators (BFCs) for linking the radionuclide to the biomolecule has
been the most successful. In the case of *™Tc, we may refer %°™Tc-
depreotide (NeoSpect®) and 2°™Tc-Apcitide (Acutec®), which
contain pendant cyclic peptides, and are target-specific radio-
pharmaceuticals approved for imaging lung tumors and acute
venous thrombosis, respectively (Fig. 1).

The notable work of Alberto and co-workers led to the intro-
duction of the organometallic species fac-[M(CO)3(H20)3]"
(M = Re, Tc), an excellent precursor to enter into the chemistry of
M(I), which brought renewed interest to the design of radiophar-
maceuticals based on low-oxidation states [22—31] as alternative to
classical strategies based on the cores [*°™Tc(0)]**, trans-
[2°™TcO, ], [P°™Te(N)]?* or [**™Tc-HYNIC].

The synthesis of Tc and Re complexes relevant for nuclear im-
aging (®®™Tc) or radionuclide therapy ('89/'88Re) must be per-
formed in aqueous solution, starting from the respective

permetallates (Na|[MO4]) obtained by elution of the commercially
available *Mo/**™Tc and '88W/!88Re generators. As regards to fac-
[#9™Tc(CO)3(H20)3]*, it has been firstly shown that this precursor
could be obtained by treating Na[*°™TcO4] with NaBH4 in the
presence of CO in aqueous solution. However, CO is a toxic gas,
unsuitable for use in hospitals and in commercial radiopharma-
ceutical kits, a problem which was overcome by the use of bor-
anocarbonate, K3[H3BCO;]. This compound reduces Tc(VII) and acts
as a CO source, through mechanisms not yet fully understood
(Scheme 1). The synthesis of fac-['8¥Re(CO)3(H,0)3]" is only
possible by reducing [®8Re04]~ with a combination of K»[H3BCO,]
and amine borane (BH3-NHs), reflecting the different redox
chemistry of Tc and Re (Scheme 1).

The diluted nature of the solutions of >*™Tc complexes (10~8 M—
10719 M) makes their structural characterization impossible by the
current analytical methods (e.g. elemental analysis, NMR and IR
spectroscopy). One of the simplest ways to overcome this issue is to
compare the chromatographic behavior of the *™Tc complexes
with that of the corresponding compounds prepared at the
“macroscopic” scale with natural rhenium (“cold metal”), avoiding
the use of the long-lived B -emitter °?Tc for the characterization of
the ?°™Tc complexes. Despite their differences in terms of ligand
exchange reaction kinetics and redox chemistry, Re and Tc present
similar physicochemical properties, giving in most of the cases
isostructural complexes.

The easy preparation directly from [MOg4]~, the chemical
robustness of the fac-[M(CO)3]" core, and the lability of the three
water molecules in fac-[M(CO)3(H20)3]" (M = Re, Tc) was the
driving force toward the design of innovative organometallic
probes with unique biological properties. Moreover, the small size

1+

o 1I- OH, o 1I-
99ml|l Ko[H3BCOy], Nay(tartarate), NayB4O7 HZO,,,, | wOH, HaPO, conc., KoHsBCO,] BHgNH; ssg
c o " M o ; e
04\6\\0 Na,CO3, 98°C, 20 min, pH > 11 OC/ | \CO 60°C, 15 min . \é,\\o
co
M = 99mT¢ 188Rg
Scheme 1. Aqueous synthesis of fac-[M(CO)3(H,0)s]* (M = %°™Tc, '8%Re).
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of the metal core allows the labeling of low molecular weight
biomolecules with retention of biological activity and specificity
[22—-31].

The advances in radiopharmaceuticals research, namely in the
low oxidation states of °*™Tc, depend strongly on the availability of
bifunctional chelators, well-suited to be combined with the various
types of biomolecules. Such systems should, preferentially, display
high stability, small size, adaptable lipophilicity, absence of isom-
erism, and easy functionalization [18,32,33]. An ideal BFC would
allow the preparation of a radioprobe in high yield, high radio-
chemical purity, and high specific activity. From a biological point of
view, the probe, after intravenous administration, should interact
specifically with the respective macromolecular target, and the
remaining activity would be rapidly excreted from the non-target
organs, preferably by the kidneys, avoiding the hepatobiliary
pathway. The final overall biological profile will be influenced by
both receptor-specific interactions and “non-specific” mechanisms
[18,32,33]. Whereas the factors that influence specific interactions
are relatively well understood and can also be studied in vitro, those
responsible for the non-specific component are less well-defined
and depend mainly on the physicochemical features (molecular
weight, overall charge and lipophilicity) of the final radio-
complexes. Although the non-specific component of the bio-
distribution can be predicted, to some extent, in vitro (e.g.
measuring the protein binding and lipophilicity of the radiotracer),
its real assessment can only be done in vivo [18,32,33]. In addition,
stability is also a key issue regarding pharmacokinetics, since the
formation of radioactive metabolites that have lost their targeting
capacity may increase significantly the non-specific component of
the biodistribution profile.

Taking the above mentioned factors into account, a wide variety
of bidentate and tridentate ligands have been evaluated as poten-
tial bifunctional chelators for labeling biologically interesting
molecules with fac-[**™Tc(CO)3]. Owing to our interest in radio-
pharmaceutical chemistry, namely in the design of innovative
target-specific radioactive probes with adequate pharmacokinetic
profile for probing molecular targets in vivo, we have developed a
set of tridentate symmetric and asymmetric pyrazolyl-containing
chelators (L) with N,N,N (neutral), N,N,0 (monoanionic), N,S,0
(monoanionic), N,S,N (neutral), N,S,S (neutral) donor atom sets for
stabilization of the core fac-[M(CO)]t (M = Re, ®°™Tc) (Fig. 2)
[11,34]. The asymmetric chelators combine in general a pyrazolyl
unit with aliphatic amines and/or carboxylic acids or thioethers.

The pyrazolyl-based chelators present a wide range of unique
features toward the development of new target-specific probes,
namely high stability, water solubility, different coordination pos-
sibilities and easy functionalization. These set of features confer
a high degree of versatility to the chelators, making them quite
suitable for the stabilization of fac-[M(CO)3]™ (M = Re, **™Tc), for
conjugation to biomolecules of different nature, and for modulation
of the pharmacokinetics of the final complexes. An intrinsic
advantage of these systems is their chemical versatility, which al-
lows an easy control of the size and lipophilicity of the complexes,
by varying the substituents at the aromatic ring, and different
possibilities for biomolecules coupling, with retention of the

Vi /\/ \/\N§ \& Y
*’N

Fig. 2. Tridentate symmetric and asymmetric pyrazolyl-containing chelators (L

coordination sphere. Such coupling can be done either at the pyr-
azolyl ring or at an aliphatic side chain attached to the ligand,
through the use of an appropriate functional group (e.g. carboxylic
acid). Herein, we will firstly refer briefly to the biological profile of
the model %°™Tc(I) complexes stabilized by pyrazolyl-containing
chelators. However, the main focus of the present review will be
on the use of such type of chelators for labeling relevant biologically
active molecules with the organometallic moiety fac-[**™Tc(CO)3]*,
as well as on the biological assessment of the resulting complexes
as SPECT imaging agents in adequate cell and animal models. A
special effort will be done to correlate the physicochemical prop-
erties of the complexes with their biological properties and po-
tential application.

2. Biological properties of >™Tc(I) model complexes

Whereas the asymmetric pyrazolyl-containing chelators always
coordinate as tridentate, giving well defined cationic or neutral
complexes of the type fac-[M(CO)3(k3-L)]*/® (M = Re, ?*™Tc), the
coordination behavior of the symmetric chelators depends on the
nature of the donor atom set and on the reaction conditions.
Therefore, only the asymmetric chelators have been extensively
explored toward innovative radiopharmaceutical applications
(Fig. 3) [11,34—44].

Among the various asymmetric chelators prepared, L' and L2,
which contain the N,N,N donor atom set, allowed the preparation of
cationic model complexes of the type fac-[M(CO)3(k3-L)]* (M = Re,
99mre. | = L1 and L2) with relevant biological properties (Scheme 2)
[3540,41]. The radioactive complexes fac-[?*™Tc(CO)s(k3-L)]*
(L = L' and L?), prepared in high yield, high radiochemical purity,
and high specific activity by direct reaction of the respective
chelator with the precursor fac-[?*™Tc(CO)3(H20)3]* (Scheme 1),
have been characterized by comparing their RP-HPLC traces (y-
detection) with those of the corresponding Re(I) analogs prepared
as cold surrogates.

In vitro stability studies have shown that complexes fac-
[2°™Tc(CO)s(K3-LY]* and fac-[**™Tc(CO)3(k3-L?)]* are more resis-
tant to challenge reactions with biologically relevant amino acid
substrates like histidine or cysteine than the related cations
anchored by pyrazole-dithioether chelators (N,S,S-donor atom set)
[34,36,37]. Biodistribution studies in mice indicated also that these
cationic complexes are highly stable in vivo, presenting a fast blood
clearance and high rate of total radioactivity excretion, occurring
primarily through the renal-urinary pathway. The introduction of a
carboxylate group in the 4-position of the pyrazolyl ring led to the
complexes fac-[M(CO)3(k3-L*)]* and fac-[M(CO)s(k>-L*)]*, which
presented a higher hydrophilic nature and a faster clearance from
the main organs than the lead analogs fac-[**™Tc(CO)3(k>-L1)]* and
fac-["™Tc(CO)3(K3-L?)|* (Scheme 2) [36,37]. Additionally, the total
radioactivity excretion was enhanced, whereas the hepatic reten-
tion was reduced. Noteworthy, the presence of the carboxylate
group in the heteroaromatic ring of L* and L* enables conjugation
to biomolecules, besides modulating the biological profile of the
complexes. Considering the stability, variable hydro/lipophilic na-
ture, and biological profile of complexes of the type fac-

R =H, CO;H, CH,CO,H
R'=H, Me

X=N,NH, S

Y = NH,, COH, OH, SR

). The potential sites for conjugation to biomolecule are shown for the asymmetric ones.
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[9°™Tc(CO)3(Kk3-L)]*, L1—L? appeared as useful chelators for labeling
various types of relevant biologically active molecules following a
bifunctional approach.

We have also prepared the potentially monoanionic chelators
L°H (N,N,0-donor atom set) and L®H (N,S,0-donor atom set) (Fig. 3),
which form neutral complexes of the type fac-[M(CO)3(k3-L)]
(M = Re, P™Tc; L = L5, L%) by reaction with the appropriate pre-
cursor (Scheme 2) [42,43]. The complexes fac-[>*™Tc(CO)3(k3-L>)]
and fac-[*°™Tc(CO)3(k>-L8)] have been characterized by comparing
their chromatographic profile with that of the respective Re(I)
surrogates, which have been characterized by the usual analytical
techniques, including by X-ray crystallography. The chelator L3
emerged as a promising chelator to be further explored in the
design of bifunctional chelators for the labeling of biomolecules
with lipophilic character, mainly due to the neutral charge of the
corresponding 2°™Tc(I) complex.

Based on the lead compounds L—L?, we have also synthesized
and characterized the bifunctional chelating analogs L7%/7b, L3—L1°,
and LM2MP \which combine a N,N,N donor atom set for metal co-
ordination and a carboxylate (L7a/ 7> and L8—L'®) or amine pendant
arm (LM2Mb) 4t the central amine of the ligand backbone for
conjugation to biomolecules (Fig. 3) [36,38,39,44]. These bifunc-
tional chelators react with adequate precursors to afford complexes
of the type fac-[M(CO)3(k>-L)]* (M = %*™Tc and Re), in which the
chelators act as tridentate through the nitrogen atoms, similarly to
what has been observed for the corresponding model complexes

(Scheme 2). The ®®™Tc complexes were obtained in high yields
(>90%) with high radiochemical purity and specific activity, using
ligand concentrations spanning from 10 to 10~> M. These
radioactive complexes are also stable in vitro against cysteine and
histidine exchange reactions. The biological properties of all
99mTe(1) complexes stabilized by these bifunctional chelators were
assessed in mice at different time points, and compared with those
of the corresponding model radioactive complexes previously
described. The biodistribution (% 1.D./g) and total excretion (%I.D.)
for all complexes in CD-1 Charles River mice 4 h after intravenous
administration is shown in Table 1.

Analysis of blood and urine samples have shown that complexes
are stable in vivo, as no radiochemical species follow-on metabo-
lization or transchelation reactions have been detected. Moreover,
only a small fraction of the injected radioactivity (<1.1% 1.D./g) was
retained in stomach, indicating that none of the complexes un-
derwent in vivo re-oxidation to pertechnetate, highlighting again
the high stability of the complexes.

The biodistribution data have also shown that all complexes are
quite efficiently cleared from blood stream via hepatobiliar and/or
renal pathways. None was significantly taken up by any major
organ except those involved in the excretory routes like kidneys,
liver and intestines. The main differences among them were
related to the level of radioactivity retention in these organs, as
well as to the percentage of total excretion from whole animal
body.
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The complexes containing pendant carboxylate arms °°™Tc(I)-
L73, 9MTe(D)-L8, and %°™Tc(I)-L? present considerably lower
retention in the excretory pathways and higher percentage
of total excretion than those with pendant amine groups
(99mTe(1)-LM2 and %9™Tc(1)-L'P). As expected, the complexes
99mTe(1)-L7? and 99™Tc(1)-L'°, bearing also carboxylate arms, but

Table 1

with higher molecular weight, present a slower radioactivity
excretion rate.

Based on the in vivo stability and biological profile of the com-
plexes **™Tc(1)-L72, 2°™Tc(1)-L8 and *°™Tc(1)-L?, the BFCs L7, L8 and L°
were considered the most promising for labeling biologically active
compounds, being, so far, L’ the most explored for that purpose.

Biodistribution (% L.D./g) and total excretion (% L.D.) of *™Tc(CO); complexes in CD-1 Charles River mice, 4 h after intravenous administration.

Organ 99mTc(l)_L7a 99mTc(l)_L7b gngC(l)—Ls gngC(l)—Lg gngC(l)—Llo gngC(l)—L“a 99mTc(l)_L11b
Blood 0.60 + 0.10 0.19 4+ 0.09 0.15 £ 0.01 0.15 + 0.02 0.90 + 0.60 0.13 4 0.02 0.12 + 0.01
Liver 2.50 £ 0.20 2.40 + 0.40 272 £ 1.59 0.96 + 0.27 4.80 &+ 1.00 10.80 + 2.30 16.50 + 1.80
Intestine 9.90 +2.70 15.70 + 2.40 7.06 + 0.44 3.35+0.49 13.30 + 1.90 9.80 + 1.60 8.00 + 1,00
Spleen 0.50 = 0.10 0.34 + 0.08 0.12 + 0.01 0.22 + 0.04 0.38 £ 0.21 0.19 + 0.06 2.60 + 0.80
Heart 0.28 + 0.04 0.06 + 0.01 0.10 £ 0.01 0.05 + 0.01 0.37 £0.18 0.12 £ 0.01 0.80 &+ 0.30
Lung 0.33 + 0.08 0.15 £ 0.03 0.18 = 0.01 0.09 £ 0.05 0.45 + 0.34 0.18 + 0.06 0.25 £+ 0.02
Kidney 1.40 +0.20 1.80 + 0.40 234 +£0.15 0.42 + 0.05 330+ 0.30 19.80 + 1.80 46.20 + 4.60
Muscle 0.10 £ 0.02 0.03 4+ 0.01 0.05 + 0.00 0.02 + 0.00 0.24 4+ 0.04 0.05 + 0.01 0.11 £+ 0.02
Bone 0.12 £ 0.01 0.04 + 0.02 0.06 -+ 0.00 0.03 £ 0.01 0.26 + 0.04 0.06 + 0.03 0.13 £ 0.01
Stomach 0.26 + 0.01 0.20 £ 0.10 0.31 £0.12 0.11 £+ 0.04 1.00 + 0.30 1.10 £ 0.20 0.40 + 0.10
Excretion 60.2 + 4.8 376455 70.7 £2.4 853 +£20 445+ 2.7 339+3.6 255429
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3. Target-specific *™Tc(I) complexes

Considering the clinical relevance of different receptor families,
intracellular metabolic pathways or endogenous gene expression,
we have investigated the possibility of using bioactive peptides,
oligonucleotide analogs or low molecular weight compounds,
such as enzyme inhibitors/substrates (tyrosine kinase and inducible
nitric oxide synthase), for target-specific delivery of fac-[**™Tc
(CO)3]* aimed at imaging molecular targets related to various dis-
eases. We have also studied the conjugation of DNA-binding mol-
ecules to some of the above described pyrazolyl-diamine chelators,
aiming to evaluate the relevance of **™Tc(I) in the design of Auger-
emitting radiopharmaceuticals for targeted therapy. More recently,
we have also successfully explored %°™Tc(CO)s-dextran pyrazolyl-
diamine derivatives for Sentinel Lymph Node Detection (SLND) at
the preclinical level. In the next sections, which are organized ac-
cording to the nature of the targeting biomolecules, we will present
our most relevant achievements in the target-specific delivery of
99MTe(1) complexes for SPECT-imaging.

3.1. Peptides

During the last years, a significant research effort has been
devoted to finding radiolabeled peptides suitable for the in vivo
detection, functional characterization or therapy of tumors [19—
21,46,47). Such effort has been driven by the favorable features of
peptides as carrier molecules that can recognize receptors over-
expressed in tumor cells and involved in the different processes
underlying tumor pathology, such as proliferation, angiogenesis or

H,N_ _O

HN

metastasis. The most important achievements in this area have
been obtained for somatostatin analogs (e.g. '''In-DTPA-octreotide
— Octreoscan®), which are clinically relevant for the management
of neuroendocrine malignancies [20,21,46,48]. Some progresses
have also been reported for other classes of radiolabeled peptides,
namely for analogs of bombesin (BBN) or a-melanocyte stimulating
hormone (¢-MSH), and for peptides containing the ArgGlyAsp
amino acid sequence (RGD). We have explored the tricarbonyl
technology and pyrazolyl-diamine chelators for *™Tc-labeling of
BBN analogs, cyclic RGD-based peptides and o-MSH analogs, as
reviewed herein.

Bombesin (BBN) is a 14 amino acid peptide with very high af-
finity for the gastrin-releasing peptide receptor (GRPr; BB2 or BBN
receptor subtype 2). The GRPr is expressed on a variety of tumors
including breast, prostate, pancreatic, and small-cell lung cancer
[46,49,50]. Therefore, BBN or BBN derivatives have been used as
targeting vectors for the design and development of GRPr-specific
diagnostic or therapeutic radiopharmaceuticals [50,51]. BBN con-
jugates of the type L’3-X-BBN[7—14]NH; (X = GlyGlyGly, SerSerSer,
B-alanine) were synthesized and characterized [36,41]. Competitive
binding assays in human prostate PC-3 tumor cells demonstrated
specific binding affinity of the L>-X-BBN[7—14]NH, conjugates for
the GRPr, with IC59 values of 0.20 + 0.02 nM (X = GlyGlyGly),
1.90 + 0.10 nM (X = SerSerSer) and 0.70 + 0.04 nM (X = B-alanine).
These conjugates allowed the preparation of the radiometallated
peptides 9°™Tc(CO)3~(L7-X-BBN[7—14]NH;) (X = GlyGlyGly, Ser-
SerSer, p-alanine) in high radiochemical yield (>95%) by reaction
with the precursor fac-[**™Tc(CO)3(H,0)]* (Fig. 4). All radioactive
complexes showed remarkable in vitro stability [36,41].
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In vitro internalization and efflux studies in human prostate PC-
3 cells showed an agonistic binding behavior for all radiometallated
BBN analogs. The highest uptake and residualization of radioac-
tivity was observed for the conjugate containing the f-alanine
spacer, however, the exact mechanism for its increased retention is
still unclear.

The pharmacokinetic profile of the radiopeptides was evaluated
in SCID mice bearing xenografted human prostate PC-3 tumors. A
tumor accumulation of 1.76 + 1.20% ID/g (*°™Tc(CO)3(L7®-Gly-
GlyGly-BBN[7—14]NH,)), 1.76 + 0.79% ID/g (*°™Tc(CO)3(L7-Ser-
SerSer-BBN[7—14]NH3)), and 1.08 + 0.41% ID/g (®°*™Tc(CO)3(L73-p-
alanine-BBN[7—14]NH3)) at 1 h p.i. was found. Blocking studies
with “cold” BBN[1—14] reduced the accumulation of radioactivity in
the tumor (~22—40% reduction, 1 h pi), demonstrating in vivo
specificity of these analogs for GRPr-expressing cells.

Radiolabeled peptides containing the RGD amino acid
consensus sequence have also been extensively studied to
develop site-directed targeting vectors for integrin receptors
upregulated on tumor cells and neovasculature [21,52—60].
Integrin recognition of the canonical RGD sequence plays a pivotal
role in many cell—cell and cell—-extracellular matrix (ECM) in-
teractions. The integrins of most interest in cancer imaging and
therapy contain the a, subunit, particularly the a,f3 and oyBs
subtypes [21,52—60]. Aimed at introducing novel nuclear tools
suitable to image angiogenesis and tumor formation in vivo by
SPECT, the cyclic RGD conjugate cyclo-(Arg-Gly-Asp-DTyr-Lys-L?)
has been prepared, and labeled with fac-[>°™Tc(CO)3(H,0)]* to
afford the radiopeptide %*™Tc(CO)s-cyclo(Arg-Gly-Asp-D-Tyr-Lys-
L’?) in high yield (>90%) and high specific activity (ca. 6 x 10° Ci/
mol) (Fig. 4) [40].

In vitro internalization and blocking assays in ayf3 receptor-
positive human M21 melanoma cancer cells showed that
99MTe(CO)3-cyclo(Arg-Gly-Asp-D-Tyr-Lys-L72) targets the integrin
receptor with high specificity and selectivity. In vivo accumulation
of radioactivity in mice bearing either o,B3 receptor-positive or
negative human melanoma tumors showed receptor specific up-
take of the radiotracer with accumulations of 2.50 + 0.29% ID/g and
0.71 £ 0.08% ID/g in B3 integrin positive (M21) and negative
(M21L) tumors at 1 h post-injection, respectively. A comparative
study with other cyclo-RGD peptides labeled with different %°™Tc-
cores revealed that 9°™Tc(CO)s-cyclo(Arg-Gly-Asp-D-Tyr-Lys-L7?)
competes well with the best performing compound ([**™Tc]EDDA/
HYNIC-RGD) in terms of pharmacokinetic profile and receptor-
mediated tumor uptake in mice bearing either a,fB3 receptor-
positive or negative human melanoma tumors [61].

Melanoma is the most aggressive type of skin cancer due to its
high metastatic potential and resistance to current cytotoxic
agents. Improvement of patient survival relies mostly on an early
diagnosis in combination with an accurate staging of disease
extension [62—64]. Therefore, the design of radioactive compounds
for melanoma imaging or therapy became a quite attractive
approach for the management of both metastatic and non-
metastatic melanoma patients [65—67]. Most human and murine
melanoma metastasis bear upregulated c-melanocyte stimulating
hormone (o-MSH) receptors, namely the melanocortin type 1 re-
ceptor (MC1R). a-MSH is the most potent naturally occurring
melanotropic peptide and the most active peptide of MCIR
(Table 2) [68—71]. In the last few years, a great deal of effort has
been directed toward the development of radiolabeled analogs of
the tridecapeptide a-MSH for diagnosis (y- or B*-emitter radio-
nuclides) or treatment (f~-emitter) of melanoma [19,67,72]. Aim-
ing to target the MCIR in vivo, we focused our attention on the
99MTe(CO)s-labeling of linear and cyclic a-MSH analog conjugates
bearing a pyrazolyl-diamine chelating unit (Table 2 — Entries 4—11)
[11,38,44,72—77].

Table 2
Structure of a-melanocyte-stimulating hormone (2-MSH) and analogs.

Entry Peptide

1 Ac-Ser-Tyr-Ser- Met? -Glu®-His-Phe-Arg-Trp -Gly-Lys-Pro-Val-NH,
(a-MSH)

Ac-Nle*-Asp®-His-DPhe-Arg-Trp-Gly-Lys-NH, (NAPamide)
Ac-Nle*-c[Asp®-His-DPhe-Arg-Trp-Lys]-NH, (MTII)
L72-BAla*-Nle*-Asp’-His-Dphe-Arg-Trp-Lys-NH,
Ac-Nle*-Asp®-His-Dphe-Arg-Trp-Gly-Lys(L7)-NH,
c[S—NOz—C6H3—C0—&Dphe—Arg—Trg-Cys]—Lys(L7‘)—NH2
c[NH7NOrcsH3*CO*&DPhe-Arg-Trp_-Lys]-Lys(L“)fNHZ
L72-BAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,
L3-BAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,
L9-BAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,
L'°-BAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,

- =0 NN WN

=

We would like to underline that in the case of the cyclic peptide
conjugates of the type L-BAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-
NH, (L = L7 L8 L% and L9 cyclization involves a lactam
bridge through the Lys and Asp side chains [44,74], whereas in the
case of c[S—NO,—CgH3—CO—His-DPhe-Arg-Trp-Cys]-Lys(L’#)—NH,
and ¢[NH—NO,—CgH3—CO—His-DPhe-Arg-Trp-Lys]-Lys(L’)—NHo,
an alkylamine- or alkylthioaryl-bridge [11] is present, respectively.

The peptide conjugates cyclized via a lactam bridge display sub-
nanomolar MC1R binding affinity, as determined in a competition
binding assay in B16F1 cells using ['?°I]-NDP-¢MSH as radioligand.

All peptide conjugates react with fac-[>°™Tc(CO)3(H,0)]™,
yielding (>95%) stable radiometallated peptides of the type
99MT¢(CO)3-L-o-MSH analog (L = L7, L%, L® and L1%) [11,38,44,
72-77].

The cyclic radiopeptides containing a lactam bridge (Fig. 5)
present high in vitro stability, confirming their resistance to pro-
teolytic degradation caused by endogenous peptidases, and the
high ability of the pyrazolyl-diamine chelating unit to stabilize the
core fac-[>°™Tc(CO);]*, without transmetalation to serum-based
proteins or amino acids and/or reoxidation to **™Tc(VII) [44,74].
Internalization studies in murine B16F1 melanoma cells demon-
strated that cellular uptake was MC1R-mediated, suggesting that
the affinity of the radiopeptides was preserved upon radio-
metalation. Indeed, the radiopeptides displayed high level of time-
dependent internalization in murine B16F1 melanoma cells, which
was strongly inhibited (92—-99%) by receptor saturation with NDP-
MSH, a known o-MSH analog with high affinity for MCIR
(ICsp = 0.21 nM) [44,74].

The in vivo MC1R-targeting properties of the radiopeptides were
evaluated in B16F1 melanoma-bearing mice, and a high melanoma
uptake (ca. 10% ID/g) was observed for all radiopeptides at 1 h pi.
However, the substitution pattern of the aromatic ring of the
chelator had a profound effect on the pharmacokinetic profile of
the radiopeptides. The absence of the methyl groups in the azolyl
ring  of 9°™Tc(CO)s-(LE-BAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-
NH>) not only reduced significantly the kidney and liver accumu-
lation (87% and 69%, respectively, at 4 h pi) but also increased
the total activity excreted by urinary route (51%, at 4 h pi)
when compared with 9°™Tc(CO)3-(L72-BAla-Nle-c[Asp-His-DPhe-
Arg-Trp-Lys]-NH;). Nevertheless, a considerable accumulation of
99MTe(CO)3-(L8-BAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,) in the
liver and kidney (4.02 + 0.17 and 7.09 + 0.42% ID/g, respectively)
was observed at 4 h pi. The radiopeptides %°™Tc(CO)3~(L?-BAla-Nle-
c[Asp-His-DPhe-Arg-Trp-Lys]-NH;) and 2°™Tc(CO)s-(L'°-pAla-Nle-
c[Asp-His-DPhe-Arg-Trp-Lys]|-NH>) presented a striking kidney and
liver uptake reduction (>90%, at 4 h pi) upon comparison with
[®°™Tc(CO)3~(L7-pAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,)].
Moreover, the overall radioactivity elimination of both radio-
peptides occurred mainly through the renal pathway, and the
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whole body clearance was faster than that observed for *>™Tc(CO)s3-
(L72-BAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH;). The favorable
biodistribution profile of *™Tc(CO)3-(L?-pAla-Nle-c[Asp-His-DPhe-
Arg-Trp-Lys]-NH3)] and ®°™Tc(CO)3-(L'°-BAla-Nle-c[Asp-His-DPhe-
Arg-Trp-Lys]-NH;) allows a clear visualization of flank melanoma
lesions in tumor-bearing mice by SPECT-imaging at 1 h pi. More-
over, an enhanced tumor-to-kidney and tumor-to-liver ratios for
both compounds generated high contrast between tumor and
background. As an illustrative example, Fig. 6 presents planar
scintigraphic images of B16F1 murine melanoma-bearing C57BL/6
mice injected with 2*™Tc(CO);-(L2-BAla-Nle-c[Asp-His-DPhe-Arg-
Trp-Lys]-NHz) at 1 h pi.

In addition to their high potential as melanoma imaging agents
demonstrated at the preclinical level, the results presented herein
highlight how the selection of the most appropriate ligand for an
organometallic compound may tune/modulate its biological prop-
erties. Indeed, this study demonstrated that structural modifica-
tions on the chelating system, particularly the introduction of
carboxylate groups shifts the excretion pathway of a radiopeptide
from mainly hepatobiliar toward mainly renal and, simultaneously,
improves notably tumor-to-non-target-organs ratios.

With the aim of applying the multivalency concept to melanoma
imaging, we have designed homobivalent conjugates ([NAPa-
mide],-L, L = L'?, L% containing a pyrazolyl-diamine chelating
unit and two copies of the targeting peptide NAPamide (Table 2,
Entry 1), a linear ¢-MSH analog. The two peptide units are sepa-
rated by linkers of different nature (L2, symmetric alkyl chain; L'°,
asymmetric semi-rigid spacer) and length (L2, 9 atoms; L'°, 14
atoms) [38]. The in vitro MC1R-binding affinity of the bivalent
conjugates was found to be 19-fold (L'?) and 4-fold (L'%) higher
than that of the monovalent NAPamide conjugate (L7?), previously
described [75]. Metalation of the bivalent conjugates yielded iso-
structural complexes of the type fac-[M(CO)s([NAPamide],-L)],
with the rhenium complexes fac-[Re(CO)3([NAPamide],-L'?)] and
fac-[Re(CO)3([NAPamide],-L1%)] displaying binding affinities in the
subnanomolar and nanomolar range (Fig. 7).

Cell internalization studies in B16F1 murine melanoma
cells have shown that fac-[**™Tc(CO)3([NAPamide]»-L1%)] and fac-

Fig. 6. Planar scintigraphic image of B16F1 murine melanoma-bearing C57BL/6 mice
injected with %°™Tc(CO)3-(L-pAla-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,) at 1 h p.i.
[44]. Adapted with permission from M. Morais, B.L. Oliveira, ].D.G. Correia, M.C. Oli-
veira, M.A. Jimenez, I. Santos, P.D. Raposinho, Influence of the bifunctional chelator on
the pharmacokinetic properties of *™Tc(CO)s-labeled cyclic alpha-melanocyte stim-
ulating hormone analog, J. Med. Chem. 56 (2013) 1961—1973. Copyright 2013 American
Chemical Society.
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Fig. 7. Metalated homobivalent a-MSH analogs (M = *™Tc, Re).

[*°™Tc(CO)3([NAPamide],-L'?)] internalize via an MC1R-mediated
mechanism. The biodistribution studies in B16F1 melanoma
bearing mice have shown that melanoma uptake correlates well
with the in vitro MC1R binding affinity of the rhenium surrogates
(fac-[Re(CO)3([NAPamide],-L12)], ICso = 0.15 nM; fac-[Re(CO)3([-
NAPamide]»-L1%)], ICsg = 1.14 nM). However, there is no positive
correlation between tumor uptake and valency, even in the case of
fac-["™Tc(CO)3([NAPamide],-L'2)], which had the highest cellular
internalization level and better retention.

3.2. Peptide nucleic acids

Peptide nucleic acids (PNAs) are DNA analogs in which the
sugar—phosphate backbone has been replaced by a pseudopeptide
chain constituted by N-(2-aminoethyl)glycine [78—82]. PNAs are
achiral, neutral, and stable over a wide range of pH, resistant to
enzymatic degradation, and do not activate RNase H degradation of
mRNA. They can also bind to complementary DNA/RNA, resulting in
hybrid PNA/DNA or PNA/RNA duplexes, which are thermodynam-
ically more stable than the homoduplexes [78—82]. PNAs and their
derivatives have been used as potential drugs, or as components for
designing radioactive probes for in vivo imaging of endogenous
gene expression trough the antisense strategy [83,84]. The latter
approach is directed to transcription of genes into messenger RNA
(mRNA), using a complementary sequence of the target mRNA for
imaging.

With the goal of exploring the possibility of labeling clinically
relevant PNA sequences with the organometallic core fac-
[®™Tc(CO)3]* we have synthesized and characterized the 16-mer
peptide nucleic acid sequence H-AGAT CAT GCC CGG CAT-Lys-
NH,, complementary to the translation start region of the N-myc
oncogene messenger RNA [85—88], and coupled it to L2, yielding
the novel PNA-conjugate L73-A GAT CAT GCC CGG CAT-Lys-NH,
[89,90]. The conjugate was labeled with fac-[**™Tc(CO)3]*, afford-
ing quantitatively fac-[*™Tc(CO)3(L72-A GAT CAT GCC CGG CAT-
Lys-NH,)]?>* in high specific activity. The identity of the radio-
complex was confirmed by comparing its HPLC profile with that of
the rhenium surrogate. UV melting experiments of H-AGAT CAT
GCC CGG CAT-Lys-NH; and fac-[Re(CO)3(L7®-A GAT CAT GCC CGG
CAT-Lys-NH,)]>* with the complementary DNA sequence, led to
the formation of stable duplexes, indicating that the conjugation of
the 16-mer peptide nucleic acid sequence to the bifunctional
chelator and to the metal fragment fac-[M(CO)3]" did not affect the
recognition of the complementary sequence and the duplex
stability.

Cell internalization and retention studies in N-myc expressing
SH-SY5Y human neuroblastoma cells, have shown that fac-
[®°™Tc(CO)3-L72-A GAT CAT GCC CGG CAT-Lys-NH,)]?* internalizes
with a relatively high cellular retention (only 40% of internalized

activity is released from the cells after 5 h). These values are in line
with the reported higher permeability of neuronal cell lines to PNA,
and with the internalization of a rhodamine-conjugated PNA into
neuroblastoma cells.

3.3. Dextran-based polymeric nanoparticles for sentinel lymph
node detection

Most recently, we have described the first class of fully charac-
terized 2°™Tc(CO)3-mannosylated dextran derivatives with relevant
biological properties for sentinel lymph node detection (SLND)
[91,92]. Dextran derivatives, containing the same number of
pendant mannose units (13) and a variable number () of pyrazolyl-
diamine chelating units for °™Tc(CO); labeling (n = 1, 4 and 8),
have been synthesized and fully characterized. Radiolabeled poly-
mers have been obtained quantitatively in high radiochemical
purity (98%) upon reaction of the dextran derivatives with fac-
[2°™Tc(CO)3(H20)3]t [91]. The radioactive species were identified
by comparing their y-traces in the HPLC chromatograms with the
UV/Vis traces of the corresponding rhenium surrogates, which have
been characterized both at the chemical (NMR and IR spectroscopy,
and HPLC) and physical level (Dynamic Light Scattering, Atomic
Force Microscopy and Laser Doppler Velocimetry). SPECT-CT im-
aging and biodistribution studies in Wistar rats with one of the
radioactive polymers (13 mannose units, 8 pyrazolyl-diamine
units) have shown good accumulation in the sentinel node at
60 min post injection, with significant retention up to 180 min [93].
A clear delineation of the SLN without significant washout to other
regions was observed in the scintigraphic images (Fig. 8). These
findings demonstrate that °™Tc(CO);-labeled dextran polymeric

1h

Fig. 8. SPECT-CT image of a Wistar rat after subcutaneous injection of a %™Tc(CO)s-
mannosylated dextran derivative at 1 h p.i., with clear delineation of the sentinel
lymph node [93]. IS = Injection site, 1st LN = sentinel lymph node.
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nanoparticles are promising and merit further evaluation as ra-
diopharmaceuticals for SLND at the clinical set.

3.4. Small biomolecules

3.4.1. Estradiol derivatives

With the aim of imaging ER-positive breast tumors by SPECT, we
have explored the possibility of using **™Tc(CO)z-labeled estradiol
derivatives containing a pyrazolyl-diamine chelating unit, based on
L! for targeting the estrogen receptor (ER). However, preliminary
ER binding affinity assays and cellular internalization studies in an
ER expressing cell line, MCF-7, suggested a non ER mediated uptake
mechanism [94,95].

3.4.2. 1-Arg derivatives

Nitric Oxide Synthase (NOS) is the enzyme responsible for the
catalytic oxidation of r-arginine (1-Arg) to L-citrulline and nitric
oxide (NO), an endogenous free radical, which is a key signaling
mammalian mediator in several pathophysiological processes [96].
NOS is a heme-containing protein that presents two constitutively
expressed isoforms (neuronal NOS, nNOS and endothelial NOS,
eNOS) and one inducible isoform (iNOS). The isoforms differ in
their tissue distribution and biological role [97]. The low levels of
NO resulting from the activity of the constitutive isoforms regulate
blood pressure, platelet aggregation and neurotransmission. The
iNOS is expressed and induced at a transcriptional level by in-
flammatory stimuli (e.g. interferon, IFN-y and bacterial lipopoly-
saccharide), and the relatively high levels of NO produced by this
isoform are linked to several diseases, including stroke, hyperten-
sion, cancer, and rheumatoid arthritis, among others [98—100].
Thus, the in vivo imaging of NO/NOS expression would allow earlier
diagnosis, earlier treatment, better prognosis and individualized
patient management of the diseases associated to NO/NOS dereg-
ulation [101]. Considering our interest in the design of innovative
radiometal-based complexes as probes for in vivo molecular im-
aging of NOS, a set of M(CO)3-complexes (M = 9*™Tc, Re) containing
pendant NOS-recognizing units have been designed [39,102,103].
Among the various Re(CO)3-complexes prepared as “cold” surro-
gates of the analog %°™Tc(CO)s-complexes, those containing a
pendant N“-NO,-1-Arg moiety with known inhibitory ability
toward NOS, displayed the most favorable targeting properties. In
contrast, the complexes bearing a pendant L-Arg moiety substrate
of NOS, lost completely the ability to recognize the enzyme. The
complexes containing chelators with a propyl fac-[Re(CO)3(L72-
Prop-N“-NO,-L-Arg)] or an hexyl spacer fac-[Re(CO)3(L7P-Hex-N*-
NO,-1-Arg)], in which the a-NH; group of N*-NO,-L-Arg is involved
in the conjugation to the metal center, presented remarkable af-
finity for purified iNOS, being similar to that of the free non-
conjugated inhibitor (K; = 3—8 uM) in the case of the complex
bearing the hexyl spacer (K; = 6 M) (Fig. 9).
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Fig. 9. %°™Tc/Re tricarbonyl complexes with a pendant N“-NO,-L-Arg moiety.

Interestingly, the rhenium complexes presented higher inhibi-
tory potency than the respective metal-free conjugates. Addition-
ally, these complexes permeate through RAW 264.7 macrophage
cell membranes, interacting specifically with the target enzyme in
the cytosol, as confirmed by the suppression of NO biosynthesis
(30%—50%) in Lipopolysaccharide(LPS)-treated macrophages. The
respective 2™Tc(CO)3 analog complexes also presented the ability
to cross cell membranes, as demonstrated by internalization
studies in the same cell model. Preliminary biodistribution studies
in LPS-pretreated mature female C57BL6 mice suggest that the
complexes accumulate in tissues with iNOS upregulation. With the
goal of establishing a preliminary structure—activity relationship,
we performed a molecular docking study to evaluate the binding
modes of the N”-NO,-L-Arg-containing conjugates and of the cor-
responding rhenium complexes [15,104,105]. Molecular dynamics
simulations were used to refine the conformations obtained by
docking and to identify the most prevalent interactions between
the Re complexes and the iNOS isoform, more specifically, between
the “Re(CO)3” metallic fragment and the active site of the enzyme.
The higher inhibitory effect of the rhenium compound with the
hexyl spacer (fac-[Re(CO)3(L”P-Hex-N"-NO,-1-Arg)]) arises from
the stronger, unique, electrostatic interactions observed between
the “Re(CO)s” core and the residues Arg-260 and Arg-382 (Fig. 10).
This interaction, is only possible due to the higher flexibility asso-
ciated to the C6-carbon linker when compared to the C3 linker
present in the other rhenium analog. Moreover, the computational
studies demonstrated that the metal center plays a key role in the
organization and orientation of the organic ligands, defining the
overall shape of the inhibitors that fit better in the active pocket
of iNOS.

In conclusion, computational methods may be useful for pre-
dicting the affinity of putative novel rhenium and technetium
complexes. Such an approach may provide strategies for the design
of novel metal-based substrates/inhibitors with unique shapes and
higher structural diversity with the aim of targeting NOS in vivo
more effectively.

3.4.3. Quinazoline derivatives

Tumor imaging of EGFR receptors with radioactive probes has
been a field of intense research in the last years, namely based on
tyrosine kinase inhibitors such as quinazoline derivatives [108—
116]. The radiolabeling of small molecule protein kinase inhibitors
for imaging protein kinase expression by PET or SPECT has been
recently reviewed, highlighting the importance of the topic in the
development of novel target specific agents for imaging cancer or
the central nervous system [117]. Searching for useful %°™Tc(I)
probes for early detection and staging of EGFR positive tumors, we
have conjugated the quinazoline pharmacophore (3-chloro-4-
fluorophenyl)quinazoline-4,6-diamine (TKi) to a bifunctional
chelator based on L°H (Fig. 3), which contains a N,N,0-donor atom
set [42,118]. The corresponding complex fac-[**™Tc(CO)3(L>-TKi)]
was obtained in quantitative yield and with high radiochemical
purity after optimization of the labeling conditions to avoid cleav-
age of the pendant arm carrying the pharmacophore (Fig. 11).
In vitro studies confirmed that the corresponding rhenium surro-
gate fac-[Re(CO)3(L3-TKi)] still inhibits significantly the EGEFR
autophosphorylation and also inhibited A431 cell growth.

3.4.4. Bisphosphonates

The drawbacks associated to the **™Tc-labeled bisphosphonates
(%9™Tc-BP) routinely used for bone imaging (**™Tc-MDP,
MDP = methylenediphosphonate, and %°™Tc-HMDP, HMDP =
hydroxymethylenediphosphonate), namely in vivo instability, and
relatively slow blood and soft-tissue clearance [119—123], promp-
ted us to design novel *™Tc(CO)s-based bone-seeking radiotracers
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Fig. 10. A: Proposed structure of fac-[Re(CO)3(L7>-N®-NO,-i-Arg)] in complex with iNOS obtained by MD simulation [15,104]. The following color scheme is used: nitrogen in blue,
oxygen in red, sulfur in yellow, iron in orange and rhenium in deep teal. All distances shown in A. B: Molecular surface of the active site of the same system colored according to
electrostatic potential. The Figure was generated using the VASCo PyMOL plug-in [106,107]. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

with improved chemical and biological properties [124—128].
Among the various phosphonate-containing radioactive complexes
prepared, the well-defined stable complexes fac-[**™Tc(CO)3(L72-
PAM)]~ and fac-[**™Tc(CO)s(L7®-ALN)]~, which comprise the
bifunctional chelator L7 for metal stabilization and a pendant
pamidronate (PAM) or alendronate (ALN) moiety for bone target-
ing, have emerged as the most promising for bone targeting (Fig. 11)
[128]. The biodistribution studies in Balb-c mice demonstrated that
both radiotracers presented high bone uptake (ca. 18% 1.D./g, at 1 h
post injection), similar to the gold standard %°™Tc-MDP, with
comparable clearance from most tissues and increased total
excretion. The bone-to-blood and the bone-to-muscle ratios are
higher than the ones found for **™Tc-MDP at 4 h post injection.
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Fig. 11. Metal tricarbonyl complexes (M = %°™Tc, Re) bearing pendant small molecules.

Planar whole-body gamma camera images of Sprague Dawley rats
injected with fac-[>°™Tc(CO)3(L7-PAM)]~ and fac-[*°™Tc(CO)3(L7-
ALN)]~ confirmed the overall adequate biological profile of the new
radiotracers for bone imaging. As an illustrative example, a whole
body image of a Sprague Dawley rat acquired at 2 h after injection
of fac-[?*™Tc(CO)3(pz-ALN)]~ is presented in Fig. 12.

Fig. 12. Planar whole-body gamma camera image of a rat injected with fac-
[9®™Tc(CO)3(L73-ALN)] ", 2 h p.i. [128]. E. Palma, ].D.G. Correia, B.L. Oliveira, L. Gano, I.C.
Santos, 1. Santos, *™Tc(CO)s-labeled pamidronate and alendronate for bone imaging,
Dalton Trans. 40 (2011) 2787—2796. Reproduced by permission of The Royal Society of
Chemistry.
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3.4.5. Benzamide and triphenylphosphonium (TPP) derivatives

Benzamide derivatives are a class of small organic molecules
with relevance for in vivo targeting of melanoma and its metastases.
As already mentioned, early diagnosis of melanoma and accurate
follow-up can decrease mortality and provide the best chance for
optimal clinical management. Previously, encouraging results have
been reported for radioiodinated benzamides, which in some cases
have undergone clinical trials [129]. We have studied a large family
of neutral and cationic *™Tc(CO)3-complexes with pyrazolyl-based
tridentate N3- and N,O-donor ligands bearing benzamides or their
fragments as melanin binders, as exemplified for [*°*™Tc(CO)3(NNO-
diethylamine)] in Fig. 11. In general, these complexes displayed
moderate to high in vitro affinity for synthetic melanin [130—132].
Some of them showed a moderate tumor uptake in a B16-F1
melanoma-bearing mouse and rather favorable target/non-target
ratios.

Triphenylphosphonium (TPP) derivatives are another class of
small organic molecules that has been explored in the design of
target-specific radiopharmaceuticals due to their well known
ability to accumulate in the energized mitochondria of tumor cells
[133—135]. We have investigated TPP-containing Re/**™Tc organ-
ometallic compounds as probes for in vivo targeting of energized
mitochondria, using bifunctional chelators of the pyrazole-diamine
(N,N,N-donor atom set) and pyrazole-aminocarboxylic (N,N,0-
donor atom set) type [136]. The synthesized complexes presented a
dicationic or monocationic character and their lipophilicity was
readily tuned by the use of different spacers (butylene vs p-xylene)
to link the TPP pharmacophore to the central amine of the corre-
sponding tridentate chelators. In vitro studies have shown that
these complexes accumulate in different types of tumor cells, being
the mitochondria a relevant intracellular target as pointed out by
the results obtained with isolated mitochondria. For the complex
with the highest mitochondrial uptake, fac-[**™Tc(CO);NNO-TPP]
(Fig. 11), the in vitro studies suggested the accumulation in mito-
chondria of tumor cells by diffusion, in favor of the electrochemical
gradient and showing a strong dependency on the mitochondrial
and plasma membrane potentials. Moreover, this complex has
shown a higher affinity toward tumor mitochondria than
toward normal mitochondria, as well as a higher uptake in human
tumor cells if compared with normal cells from human origin.
Altogether, these results indicate that TPP-containing °™Tc(I)
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tricarbonyl complexes are promising platforms to design radioac-
tive metalloprobes targeted to the mitochondria for in vivo detec-
tion of tumor tissues.

3.5. DNA-binders

99mTe_complexes may hold potential for targeted antitumor
therapy since *°™Tc is also an Auger-electron emitting radiometal.
However, due to the short range of Auger electrons, there is a need
for preferential accumulation of the complexes into the nucleus of
the tumor cells in order to elicit significant DNA damage, and
consequently a therapeutic effect [137,138]. Therefore, the
improvement of the therapeutic efficiency of **™Tc requires the
design of compounds having a better ability to target the nucleus.
This type of study was pioneered by Alberto and co-workers, who
have shown that a trifunctional **™Tc(I) tricarbonyl complex, con-
taining a pyrene intercalator and a NLS peptide, can reach the nu-
cleus of B16-F1 mouse melanoma cells and induce much stronger
radiotoxic effects than [**™TcO4] .The same group has observed
that related tricarbonyl **™Tc(I) or Re(I) complexes bearing acridine
orange as a DNA-binding group could also target the nucleus of
murine B16F1 cells without the presence of a carrier NLS sequence
[139]. With the goal of developing %°™Tc(I) radiopharmaceuticals
for targeted radiotherapy, and taking advantage of the versatile
nature of pyrazolyl-diamine chelators, we have evaluated *°™Tc(I)/
Re(1) tricarbonyl complexes bearing anthracene ([**™Tc(CO)3(L!-
Anthr)]") or acridine orange ([*°™Tc(CO)3(L*-A0)]*) groups for
DNA interaction (Fig. 13) [140—143]. Both complexes rapidly
entered the cells and accumulate in the nucleus. Complex
[°™Tc(CO)3(L -Anthr)]* exhibited pronounced radiotoxic effects
and induced an apoptotic cellular outcome [141].

Complex [*°™Tc(CO)3(L*-A0)]* was further “decorated” with a
pendant bombesin (BBN) analog (GlyGlyGlyBBN[7—14]) for
receptor-mediated uptake in cells overexpressing the gastrin
releasing peptide receptor (GRPr) [144]. The resulting complex
99MT(CO)3(L1°-A0-GlyGlyGlyBBN[7—14]) presented high and spe-
cific cellular internalization in PC3 cells and a remarkably high
nuclear uptake in the same cell line. Live cell confocal imaging
microscopy studies with the Re surrogate complex have shown a
considerable accumulation of fluorescence into the nucleus with
uptake kinetics similar to that exhibited by [**™Tc(CO)3(L4-A0)]*

fac-[M(CO);(L*-AO)]*

HN

q"? NSO \i 1 1 JLSW \iﬁw

99MT¢(CO)5(L'0-AO-GlyGlyGly-BBN[7-14]NH,)

Fig. 13. M(I) tricarbonyl complexes functionalized with polyaromatic DNA intercalators (M =

99MTe Re).
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Fig. 14. Live cell uptake of complex Re(CO)3(L'°-AO-GlyGlyGlyBBN[7—14]) in PC3 cells, visualized by time-lapse confocal microscopy imaging [144].

(Fig.14). These compounds are the first examples of multifunctional
99mTe(1) bioconjugates that combine specific cell targeting with
nuclear internalization, a crucial issue for the exploitation of **™Tc
in Auger therapy.

4. Conclusions

The tridentate asymmetric pyrazolyl-containing chelators with
N,N,N (neutral) or N,N,0 (monoanionic) donor atom sets reviewed
herein have several favorable features (e.g. high stability, water
solubility, easy functionalization and coordination possibilities) for
the design of innovative >*™Tc(I)-based target-specific probes. Such
versatility led to the preparation of a wide variety of well-defined
cationic or neutral complexes of the type fac-[M(CO)s(k3-L)]*/
0 (M = Re, ?*™Tc) in high yield. The **™Tc(I) model complexes were
stable against cysteine and histidine exchange reactions and
toward oxidation. The high stability, together with the adequate
biological profile, indicated that the chelators could be further
explored in the design of bifunctional chelating ligands for the la-
beling of biomolecules. Our studies revealed that the functionali-
zation of the model chelators through the central secondary amine,
as well as through the pyrazolyl ring, did not change the coordi-
nation ability of the bifunctional chelators toward the tricarbonyl
unit, and did not affect the in vivo stability of the resulting com-
plexes. Taking advantage of such properties, tumor-seeking pep-
tides (bombesin and o-MSH analogs, and peptides containing the
RGD sequence) and a peptide nucleic acid (PNA) have been con-
jugated to the chelators and labeled in high yield and high specific
activity with the moiety fac-[>®™Tc(CO)s]*. Despite exhibiting
promising tumor-targeting properties, the pharmacokinetic profile
of some of the labeled peptides has still to be further improved.
Besides peptides, low molecular weight biomolecules such as qui-
nazoline derivatives, bisphosphonates, L-arginine derivatives, ben-
zamides, TPP derivatives and DNA binders have also been labeled in
high yield and high specific activity with retention of biological
activity, as assessed using appropriate cell and animal models. In
addition, we have also labeled polymeric nanoparticles based on
dextran for sentinel lymph node detection (SLND), which allowed
the visualization of the SLN accurately at the preclinical level. In
conclusion, the versatility of the pyrazolyl-containing chelators
allowed the preparation of %°™Tc(I) complexes with tunable phys-
icochemical and biological properties for the labeling of a wide
range of relevant biomolecules, spanning from small organic
pharmacophores to dextran-based polymeric nanoparticles.
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