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Heterobimetallic complexes with the evolutionary, well-preserved, histidyl-alanyl-valinyl (HAV) sequence for
cadherin targeting, an organometallic Ru core with anticancer activity and a radioactive moiety for imaging
may hold potential as theranostic agents for cancer. Visible-light irradiation of the HAVAY-NH2 pentapeptide
in the presence of [(η5-Cp)Ru(η6-naphthalene)]+ resulted in the formation of a full sandwich type complex,
(η6-Tyr-RuCp)-HAVAY-NH2 in aqueous solution, where the metal ion is connected to the Tyr (Y) unit of the
peptide. Conjugation of this complex to 2,2′-(7-(1-carboxy-4-((4-isothiocyanatobenzyl)amino)-4-oxobutyl)-
1,4,7-triazonane-1,4-diyl)diacetic acid (NODA-GA) and subsequent metalation of the resulting product with
stable (natGa) and radioactive (67Ga) isotope yielded natGa/67Ga-NODA-GA-[(η6-Tyr-RuCp)-HAVAY-NH2]. The
non-radioactive compounds were characterized by NMR spectroscopy and Mass Spectrometry. The cellular up-
take and cytotoxicity of the radioactive and non-radioactive complexes, respectively, were evaluated in various
human cancer cell lines characterized by different levels of N- or E-cadherins expression. Results from these stud-
ies indicate moderate cellular uptake of the radioactive complexes. However, the inhibition of the cell prolifera-
tion was not relevant.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Although the physicochemical properties of metal complexes as po-
tential anticancer drugs can widely be modified by the change of the
metal ion and the coordinating ligands, lack of selectivity is still a
major drawback for those (mostly square planar Pt(II)) compounds re-
cently used in the treatment of some cancers [1]. Aiming to overcome
this issue, these anticancer compounds can be conjugated to targeting
biomolecules such as peptides for a specific accumulation in the tumor
tissues/cells [2,3]. Indeed, tumor-seeking peptides, are among the
most effective targeting moieties known for cellular receptors or drug
delivery [2,3].

Endothelial cells form the inner lining of blood vessels and partici-
pate in the regulation of the exchange of nutrients and cells between
blood and the respective tissues [4]. As nonmalignant cells, they can
also be found in solid tumorsmaintaining a tumor-supportingmicroen-
vironment [4]. To preserve the epithelial organization, Ca(II)-dependent
cell–cell adhesion and signal transducing integral membrane glycopro-
teins, cadhedrins, play an important role [5]. Cadherins are expressed
in tissue-specific manner as exemplified by the classical cadherins: E-
(epithelial), P-(placental) and N-(neural) cadherin [5,6].
.

N-cadherins have shown to be involved in the formation of
blood vessels [7,8]. As adequate blood supply and increased
tumor growth are strongly connected to each other, tumor growth
is dependent on N-cadherin [9]. It was also demonstrated that in
many carcinomas N-cadherin is overexpressed while E-cadherin is
down-regulated (cadherin switch) causing tumor cells to resist apopto-
sis, becoming invasive and metastatic [8,10]. A common structural fea-
ture of cadherins is that the first amino-terminal extracellular repeat
contains a highly conserved cell adhesion recognition (CAR) sequence,
histidyl-alanyl-valinyl (HisAlaVal or HAV), that is crucial for the
homophilic cadherin interactions [5,8].

Synthetic oligopeptides, based on the CAR sequence HAV, were
shown to inhibit N-cadherin-mediated processes, act as angiogenesis
inhibitors or cause apoptosis of various cancer cells [8]. These HAV-
containing peptides, as cadherin antagonists, can interfere with
cadhedrin mediated cell–cell adhesion and therefore they may also
have potential application for the modulation of the intercellular junc-
tions of the biological barrier to improve permeation of drugs via the
paracellular pathway [11,12]. Furthermore, in targeted therapy, using
an N-cadherin antagonist HAV-peptide, remarkable augmentation of
the antitumor effects of chemotherapy was demonstrated to optimize
the treatment for melanoma [13].

Organometallic Ru(II) complexes as promising anticancer drug
candidates have been the subject of several studies in recent
years [14–17]. In particular, full sandwich (η6-arene)Ru(η5-Cp*)
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(Cp* = pentamethylcyclopentadienyl anion) type complexes have
been shown to exhibit potent antiproliferative effects too [18,19].
Their bioconjugation to tumor-seeking peptides may result in
highly selective tumor specific drugs [3,20–22].

Regarding the synthesis of this type of complexes, it was demon-
strated that besides the terminal amino or carboxylate groups, phenyl
(Phe), phenolic (Tyr) or indol (Trp) aromatic groups of amino acid
side chains of the peptides can also be used to obtain organometallic
Ru(II) precursors resulting in full sandwich type peptide bioconjugates
[23–28]. [(η5-Cp)Ru(η6-naphthalene)]PF6 (Cp = cyclopentadienyl
anion) is a readily accessible and air-stable source of the CpRu+ frag-
ment used in complex synthesis and recently was shown to react with
the above aromatic side chain groups of peptides in water using visi-
ble-light irradiation [25,26,29]. Reaction of the half-sandwich type
units (η6-p-cym)Ru(II), (η5-Cp*)Ru(II), (η5-Cp*)Rh(III), (η5-Cp*)Ir(III)
(p-cym = 1-methyl-4-isopropylbenzene) with aromatic amino acids
in the presence of trifluoroacetic acid, resulting in the formation of
sandwich complexes with hexa- or pentahapto coordination of the
aromatic ring of the amino acid, together with the pH-dependent
change in the hapticity of Tyr at high pH in the full sandwich product,
is also well documented in the literature [30–32].

Radiolabeled tumor-seeking peptides are widely accepted as clini-
cally useful nuclear tools for molecular imaging or agents for peptide
receptor radionuclide therapy, depending on the type of radiation
emmitted by the radionuclide [2,33,34]. Among others, the gallium ra-
dioisotopes 67Ga (t1/2 = 3.26 days, γ-emitter) or 68Ga (t1/2 = 68 min,
β+-emitter), for Single Photon Emission Computed Tomography
(SPECT) or Positron Emission Tomography (PET) imaging, respectively,
complexed by cyclic polyaminocarboxylate ligands, namely 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA) derivatives, can
Scheme 1. Synthetic routes for the Ga-NODA-GA-HAVAY-NH2 and
efficiently be used for these purposes due to the high thermodynam-
ic stability and the slow ligand exchange processes of the resulting
complexes [2,35,36]. The complexing capabilities can be studied
using the stable (natGa) isotopes.

Based on the above, and taking into account the highly conserved
HAVmotif of cadherins, we report herein on the synthesis, characteriza-
tion and preliminary biological evaluation of a heterobimetallic
theranostic complex containing the HAV sequence for tumor targeting,
a full sandwich type (η6-Tyr)Ru(η5-Cp) fragment with potential
antitumor activity and a radioactive unit (67Ga-NODA-GA, where
NODA-GA = 2,2′-(7-(1-carboxy-4-((4-isothiocyanatobenzyl)amino)-
4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid) for imaging
(Scheme 1).

2. Materials and methods

2.1. Chemicals

[η5-cyclopentadienyl(η6-naphthalene)ruthenium(II)](PF6), NODA-
GA were commercial products of the highest purity available
(Sigma-Aldrich, CheMatech), and used as received. Rink Amide
AM resin, TBTU, Fmoc-protected amino acids were Novabiochem
products. N,N-Diisopropyl-ethylamine (DIPEA), trifluoroacetic acid and
dimethylformamide (DMF) were purchased from Merck. L-tyrosine
was a Reanal (Hungary) product. N-Methylpyrrolidone (NMP),
1-hydroxybenzotriazole hydrate (HOBt ⋅H2O), triisopropylsilane
(TIS), 2-methyl-2-butanol and HPLC grade trifluoroacetic acid (TFA)
were Sigma-Aldrich products. Dichloromethane, diethyl ether, acetic
acid, piperidine, acetic anhydride and acetonitrile were supplied by
VWR or Molar.
Ga-NODA-GA-(η6-Tyr-RuCp)-HAVAY-NH2 peptide complexes.
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2.2. Synthesis and physical measurements

2.2.1. [H-HisAlaValAlaTyr-NH2](CF3COO)2 (HAVAY-NH2)
The peptide was synthesized by solid phase peptide synthesis in a

microwave-assisted Liberty 1 Peptide Synthesizer (CEM, Matthews,
NC), using the TBTU/HOBt/DIPEA activation strategy on Rink Amide
AM resin (substitution 0.71 mmol ⋅g−1, 0.25 mmol ⋅g scale, 352 mg of
resin). Removal of the Fmoc group was carried out by means of 20% pi-
peridine/0.1 M HOBt ⋅H2O in DMF at 75 °C with 35 watts microwave
power for 180 s. 0.5 M HOBt ⋅H2O/0.5 M TBTU in DMF and 2 M DIPEA
in NMP were used for coupling at 75 °C with 25 watts microwave
power, for 300 s, adding 4 times excess of amino acids. The N-terminal
Fmoc group was removed as described before. Cleaving from the resin
and removal of the side chain protective groups were carried out by
treatment with a mixture containing TFA/TIS/H2O/DODT (94/2.5/2.5/
1 v/v %) at room temperature for 1.5 h. After cleaving the solution, the
free peptide was separated from the resin by filtration. Cold Et2O was
used to precipitate the crude peptide from the solution and to wash
from the contaminants of the reagents of the synthesis and cleaving
agents. After filtering, the product was dried under argon, redissolved
in water and lyophilized. Purity of the peptide (N95%) was checked by
analytical RP-HPLC. Rt = 4.47 min using HPLC (system I). Yield:
145.5 mg (74%). 1H NMR (D2O, 400 MHz): δ [ppm] 8.70 (1H, s, His-
CHε); 7.44 (1H, s, His-CHδ); 7.14 (2H, d, J = 8.4 Hz, Tyr-CHδ); 6.83
(2H, d, J = 8.4 Hz, Tyr-CHε); 4.50 (1H, dd, J = 7.9 Hz and 6.7 Hz, Tyr-
CHα); 4.44 (1H, q, J = 7.2 Hz, Ala-CHα); 4.36–4.28 (overlapping: 1H,
q, Ala-CHα and 1H, dd, His-CHα); 4.07 (1H, d, J = 7.5 Hz, Val-CHα);
3.48–3.34 (2H, m, His-CHβ); 3.00 (2H, m, J = 22.4 Hz, 14.0 Hz and
7.4 Hz, Tyr-CHβ); 1.99 (1H, m, J = 13.8 Hz and 6.8 Hz, Val-CHβ); 1.39
(3H, d, J = 7.2 Hz, Ala-CHβ); 1.32 (3H, d, J = 7.1 Hz, Ala-CHβ); 0.89
(6H, dd, J = 23.8 Hz and 6.7 Hz Val-CHβ). 13C NMR (D2O, 100.6 MHz):
δ [ppm] 175.5, 174.7, 174.1, 172.7, 167.6 (5C, CO); 154.4 (1C, Tyr-Cζ);
134.4 (1C, His-Cε); 130.5 (2C, Tyr-Cδ); 128.1 (1C, His-Cγ); 125.5 (1C,
Tyr-Cγ); 118.7 (1C, His-Cδ); 115.4 (2C, Tyr-Cε); 59.5 (1C, Val-Cα);
54.7 (1C, Tyr-Cα); 51.6 (1C, His-Cα); 49.6 (1C, Ala-Cα); 49.2 (1C, Ala-
Cα); 36.2 (1C, Tyr-Cβ), 30.2 (1C, Val-Cβ); 26.0 (1C, His-Cβ); 18.3 (1C,
Val-Cγ); 17.7 (1C, Val-Cγ); 16.6 (1C, Ala-Cβ); 16.5 (1C, Ala-Cβ). ESI-
MS (pos.) m/z: 559.293 [M – 2 CF3COO – H]+, calc. for C26H39N8O6:
559.299; 581.275 [M − 2 CF3COO – 2H + Na]+, calc. for
C26H38N8O6Na: 581.281.

2.2.2. [(η6-Tyr-RuCp)-HAVAY-NH2](CF3COO)3
[η5-cyclopentadienyl(η6-naphthalene)ruthenium(II)](PF6)

(26.34 mg, 60 μmol) and HAVAY-NH2 (34.63 mg, 44 μmol) were
dissolved in D2O (6.5 ml). Visible-light irradiation was performed by a
halogen lamp (500 W, 9 k lumen) at ca. 35 °C. The reaction mixture
was stirred for 4 days. Color of the solution changed from yellow to
brownish and free naphthalene as solid appeared. After complete
reaction (monitored by 1H NMR) the solution with the full sandwich
ruthenium(II) peptide conjugate was lyophilized and the naphthalene
formed was removed in a vacuum-line. The crude product was
redissolved in distilled water and purified using HPLC (system II)
(purity N95%). Rt = 5.17 min. 1H NMR (D2O, 400 MHz, low-field re-
gion): δ [ppm] 8.75 (1H, s, His-CHε); 7.48 (1H, s, His-CHδ); 6.14
(2H, m, (η6-Tyr-CHδ)Ru(η5-Cp); 6.03 (2H, m, (η6-Tyr-CHε)Ru(η5-
Cp); 5.34 (5H, s, (η6-Tyr)Ru(η5-Cp-HAr)). 13C NMR (D2O, 100.6 MHz): δ
[ppm] 134.4 (1C, His-Cε); 118.7 (1C, His-Cδ); 85.5 (2C, (η6-Tyr-
Cε)Ru(η5-Cp); 84.9 (2C, (η6-Tyr-Cδ)Ru(η5-Cp), 80.2 (5C, (η6-Tyr)Ru(η5-
Cp-CAr). ESI-MS (pos.) m/z: 725.225 [M − 3 CF3COO − 2 H]+, calc. for
C31H43N8O6Ru: 725.235; 363.112 [M − 3 CF3COO − H]2+, calc. for
C31H44N8O6Ru: 363.121.

2.2.3. [NODA-GA-HAVAY-NH2](CH3COO)2
To a 25ml round-bottom flask containingN-terminally free HAVAY-

NH2 pentapeptide (4.2 mg, 5.3 μmol) and DIPEA (20 μl) in DMF (0.8 ml)
was added NODA-GA (2.8 mg, 5.4 μmol). The reaction mixture was
stirred at room temperature for 4 h and the reaction was quenched
with AcOH (30 μl in 2.0 ml of water). The crude product was purified
with a semi-preparative HPLC (III). The fractions collected were
evaporated, redissolved in water and lyophilised (purity N95% by
HPLC (system II), Rt = 10.19 min). 1H NMR (D2O, 400 MHz): δ [ppm]
8.72 (1H, s, His-CHε); 7.44 (2H, d, J = 8.2 Hz, NODA-ArH); 7.40 (1H, s,
His-CHδ); 7.15 (2H, d, J = 8.4 Hz, Tyr-CHδ); 7.02 (2H, d, J = 8.1 Hz,
NODA-BnH); 6.83 (2H, d, J = 8.5 Hz, Tyr-CHε); 4.50 (1H, dd, J =
8.3 Hz and 6.4 Hz, Tyr-CHα); 4.42 (1H, q, J = 15.6 Hz, His-CHα); 4.31
(1H, q, J = 7.1 Hz, Ala-CHα); 4.12 (1H, dd, J = 7.2 Hz, Ala-CHα); 4.08
(1H, d, J = 7.5 Hz, Val-CHα); 3.81–2.50 (overlapping signals); 2.27–
2.00 (overlapping: 2×2H, m, NODA-CH2); 1.96 (1H, m, J = 13.7 Hz
and 6.9 Hz, Val-CHβ); 1.50 (3H, d, J = 7.1 Hz, Ala-CHβ); 1.31 (3H, d,
J = 7.2 Hz, Ala-CHβ); 0.87 (6H, dd, J = 20.7 Hz and 6.8 Hz Val-CHβ).
ESI-MS (pos.) m/z: 1080.567 [M − 2 CH3COO − H]+, calc. for
C49H70N13O13S: 1080.494; 541.122 [M − 2 CH3COO]2+, calc. for
C49H71N13O13S: 541.252.

2.2.4. [NODA-GA-(η6-Tyr-RuCp)-HAVAY-NH2](CH3COO)3
To a 25 ml round-bottom flask containing (η6-Tyr-RuCp)-HAVAY-

NH2 complex (4.8 mg, 4.5 μmol) and DIPEA (20 μl) in DMF (0.8 ml)
was added NODA-GA (2.8 mg, 5.4 μmol). The reaction mixture was
stirred at room temperature for 6 h and the reaction was quenched
with AcOH (30 μl in 2.0 ml of water). The crude product was purified
by preparative HPLC (system III). The fractions collectedwere evaporat-
ed, redissolved in water and lyophilised. The purity of the product was
N95% by HPLC (system II), Rt = 7.98 min. 1H NMR (D2O, 400 MHz, low-
field region): δ [ppm] 8.75 (1H, s, His-CHε); overlapping (2H, d, NODA-
ArH; 1H, s, His-CHδ); 7.06 (2H, d, NODA-BnH); 6.14 (2H, m, (η6-Tyr-
CHδ)Ru(η5-Cp); 6.06 (2H, m, (η6-Tyr-CHε)Ru(η5-Cp); 5.35 (5H, s, (η6-
Tyr)Ru(η5-Cp-HAr). ESI-MS (pos.) m/z: 623.714 [M − 3 CH3COO −
H]2+, calc. for [C54H75N13O13RuS]2+: 623.719; 1246.318 [M − 3
CH3COO − 2H]+, calc. for C54H74N13O13RuS: 1246.429; ESI-MS (neg.)
m/z: 1244.468 [M − 3 CH3COO − 4H]−, calc. for C54H72N13O13RuS:
1244.417.

2.2.5. [Ga-NODA-GA-HAVAY-NH2](CH3COO)
To a 25 ml round-bottom flask containing NODA-GA-HAVAY-NH2

(1.8 mg, 1.5 μmol) dissolved in acetate buffer pH 4.0 (0.8 ml) was
added Ga(NO3)3 ∙H2O (2.0 mg, 7.2 μmol). The reaction mixture was
stirred at room temperature for 2 h and was purified by HPLC (system
III). The fractions collected were evaporated, redissolved in water and
lyophilised. The purity of the productwas N95% by analytical HPLC (sys-
tem II). Rt = 7.14min. 1H NMR (D2O, 400MHz, low-field region): δ [ppm]
8.44 (1H, s, His-CHε); 7.36 (2H, d, J = 8.2 Hz, NODA-ArH); 7.34 (1H, s,
His-CHδ); 7.08 (2H, d, J = 8.4 Hz, Tyr-CHδ); 6.97 (2H, d, J = 8.1 Hz,
NODA-BnH); 6.76 (2H, d, J = 8.5 Hz, Tyr-CHε). 71Ga NMR (D2O,
122 MHz at 313.15 K): δ [ppm] 164.7 (1Ga, s, Δω½ = 517 Hz), 0 (1Ga,
s, [Ga(H2O)6]3+); ESI-MS (pos.) m/z: 1146.7 [M − CH3COO]+, calc. for
C49H67GaN13O13S: 1146.396.

2.2.6. [Ga-NODA-GA-(η6-Tyr-RuCp)-HAVAY-NH2](CH3COO)2
To a 25 ml round-bottom flask containing NODA-GA-(η6-Tyr-

RuCp)-HAVAY-NH2 (0.7 mg, 0.5 μmol) in acetate buffer pH 4.0
(0.8ml)was addedGa(NO3)3 ∙H2O (2.0mg, 7.2 μmol). The reactionmix-
ture was stirred at room temperature for 4 h. The reaction mixture was
purified by preparative HPLC (system III). The fractions collected were
evaporated, redissolved inwater and lyophilised. Thepurity of theprod-
uct was N95% by analytical HPLC (system II). Rt = 5.84 min. 1H NMR
(D2O, 400 MHz, low-field region): δ [ppm] 8.65 (1H, s, His-CHε); 7.31
(overlapping 2H, d, NODA-ArH and 1H, s, His-CHδ); 6.98 (2H, d, NODA-
BnH); 6.13 (2H, m, (η6-Tyr-CHδ)Ru(η5-Cp); 6.05 (2H, m, (η6-Tyr-
CHε)Ru(η5-Cp); 5.34 (5H, s, (η6-Tyr)Ru(η5-Cp-HAr). 71Ga NMR (D2O,
122 MHz at 313.15 K): δ [ppm] 164.5 (1Ga, s, Δω½ = 565 Hz), 0 (1Ga, s,
[Ga(H2O)6]3+). ESI-MS (pos.) m/z: 656.665 [M − 2 CH3COO]2+, calc. for
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[C54H72GaN13O13RuS]2+: 656.670; 1312.230 [M−2CH3COO−H]+, calc.
for C54H71GaN13O13RuS: 1312.332.

2.2.7. Radiosynthesis of 67Ga-labeled peptide conjugates
67Ga is a gamma emitter (t1/2 = 3.25 days; E = 93 keV (35.7%),

185 keV (19.7%), 300 keV (16.0%)). Therefore, all manipulations were
carried out under the supervision of well experienced researchers in
specially equipped licensed laboratories in compliance with the
radiation protection and safety program of the C2TN.

Gallium-67 citrate was a gift from the nuclear medicine service of
Hospital de Santa Maria (Lisbon, Portugal). Gallium-67 chloride
(67GaCl3) was prepared from Gallium-67 citrate as described in the lit-
erature [37]. 67GaCl3 (150 to 300 μCi) was added to the conjugates
(5.0 × 10−5 M) in 0.3 ml of 400 mM sodium acetate buffer pH 5.0 and
incubated at room temperature for 1 h. The reaction mixture was puri-
fied using a Sep-pak C18 cartridge to separate the uncomplexed radio-
active gallium (eluted with water) from the 67Ga-labeled peptide
conjugates (eluted with ethanol). The radiochemical purity was deter-
mined by HPLC analysis (system IV). Rt = 11.6 min (67Ga-NODA-GA-
HAVAY-NH2), 11.5 min (67Ga-NODA-GA-(η6-Tyr-RuCp)-HAVAY-NH2).

2.3. Solution studies

2.3.1. pH-potentiometry
For solution studies doubly deionized and ultra-filtered water was

obtained from a Milli-Q RG (Millipore) water purification system. pH-
potentiometric measurements were carried out at an ionic strength of
0.20 M KNO3 and at 25.0 ± 0.1 °C. Carbonate-free KOH solutions of
known concentrations (ca. 0.2 M) were used as titrant. HNO3 stock so-
lution (ca. 0.2 M) was prepared from concentrated nitric acid and the
exact concentration was determined by potentiometric titrations
using the Gran's method [38]. A Mettler Toledo T50 titrator equipped
with a Metrohm double junction electrode (type 6.0255.100) was
used for the pH-metric measurements. The electrode system was cali-
brated according to Irving et al. [39], the pH-metric readings could
therefore be converted into hydrogen ion concentration. Thewater ion-
ization constant, pKw, was 13.76 ± 0.01. Automatic titrations with a
maximum waiting time of 2.5 min in every step were performed in
the pH range 2.0–11.0 using samples of 4.00 ml. The samples were in
all cases completely deoxygenated by bubbling purified argon for ca.
20 min before the measurements. Calculation of the protonation
constants of the HAVAY-NH2 was performed with the aid of the
SUPERQUAD computer program [40].

2.3.2. High-performance liquid chromatography
HPLC (system I): Jasco analytical HPLC instrument, equipped with a

Jasco MD-2010 plus multiwavelength detector. The analyses were per-
formed on a Vyday C18 chromatographic column (250 × 4.6 mm,
300 Å pore size, 5 μm particle size) by eluting 10% of solvent A (0.1%
TFA in water) and 90% of solvent B (0.1% TFA in ACN) at flow rate of
1 ml/min monitoring the absorbance at 222 nm. Method: 30 min 90%
A and 10% B (isocratic).

HPLC (system II): Perkin-Elmer Series 200 analytical HPLC instru-
ment, equippedwith aUV/Vis detector (LC 290). The analyseswere per-
formed on a Supelco Analytical Discovery BIO WidePore C18_5 column
(250 × 4.6 mm, 300 Å pore size, 5 μm particle size) by eluting A solvent
(0.1% TFA in water) and B solvent (0.1% TFA in ACN) at flow rate of
1 ml/min monitoring the absorbance at 254 nm. Method: 10 min 90%
A and 10% B (isocratic), 20 min 20% A and 80% B (gradient).

HPLC (system III): Waters semi-preparative HPLC instrument (Wa-
ters 2535 Quaternary Gradient Module), equipped with a diode array
detector (Waters 2996). The analyses were performed on a Supelco
Analytical Discovery BIO WidePore C18_5 column (250 × 10 mm,
300 Å pore size, 10 μm particle size) by eluting A solvent (0.1% TFA in
water) and B solvent (0.1% TFA in ACN) at flow rate of 2 ml/min moni-
toring the absorbance at 254 and 280 nm.Method: 2min 85%A and 15%
B (isocratic), 20min 0% A and 100% B (gradient), 3min 0% A and 100% B
(isocratic), 2 min 85% A and 15% B (gradient), 3 min 85% A and 15% B
(isocratic).

HPLC (system IV): Perkin-Elmer LC 200HPLC coupled to a LC 290 UV/
Vis detector and to a Berthold LB-507 A radiometric detector. The
analyses were performed on a EC 250/4 Nucleosil 100-10 C18 (REF:
720023.40). (250 × 4mm, 300 Å pore size, 5 μmparticle size) by eluting
A solvent (0.1% TFA in water) and B solvent (0.1% TFA in ACN) at flow
rate of 1 ml/min monitoring the absorbance at 254 nm. Method:
2 min 95% A and 5% B (isocratic), 20 min 0% A and 100% B (gradient),
3 min 0% A and 100% B (isocratic), 2 min 95% A and 5% B (gradient),
3 min 95% A and 5% B (isocratic).
2.3.3. NMR spectroscopy
TheNMR spectra (1H, 13C, 1H–1H COSY, 1H–13C HSQC, 71Ga)were re-

corded on a Bruker AvanceDRX400MHzFT-NMR instrument. Chemical
shifts are reported in ppm (δH) from sodium 3-(trimethylsilyl)-propio-
nate (TSP) as internal reference. NMR studies were carried out in D2O
(99.8%). pH* was set up with NaOD or DNO3 in D2O. pH* values (direct
pH-meter readings in a D2O solution of a pH-meter calibrated in H2O
according to Irving et al. [39]) were converted to pH values using the
following equation: pH=pH*+0.40 [41]. Calculation of the protonation
constant of (η6-L-Tyr-Ru(η5-Cp) complex was carried out with the aid of
the Scientist program [42].
2.3.3.1. Formation of [(η6-(HO-C6H4-CH(NH3)COO)Ru(η5-Cp)]+ in solution.
[η5-cyclopentadienyl(η6-naphthalene)ruthenium(II)](PF6) (9.88 mg,
20 μmol or 5.09 mg, 10 μmol) and L-tyrosine (3.66 mg, 20 μmol or
1.89 mg, 10 μmol) were dissolved in D2O (2.0 ml) or in H2O (1.0 ml),
respectively.

Visible-light irradiation was performed by a halogen lamp (500 W,
9 k lumen) at ca. 31 °C, while stirring for 1 day in both samples. The
solutions changed from yellow to brownish and free naphthalene ap-
peared in the vessels. The reaction was monitored by using 1H NMR
techniques. 1H NMR (D2O, 400 MHz, pH = 3.23): δ [ppm] 6.17–6.08
(4×1H, m, L-Tyr-HArδ and L-Tyr-HArε); 5.34 (5H, s, (η5-L-Tyr)Ru(η5-Cp-
HAr); 3.95 (1H, m, L-Tyr-CHα); 2.95 (2H, m, L-Tyr-CHβ). 13C NMR (D2O,
100.6 MHz): δ [ppm] not observed (1C, −C(=O)O); 131.76 (1C, L-Tyr-
Cζ, C-OH); 95.16 (1C, L-Tyr-Cγ); 85.6, 85.2 (2C, L-Tyr-Cδ); 80.6 (5C, Cp-
C); 75.1, 74.9 (2C, L-Tyr-Cε); 55.4 (1C, L-Tyr-Cα); 34.9 (1C, L-Tyr-Cβ).
ESI-MS (pos.)m/z: 348.006 [M− H]+, calc. for C14H16NO3Ru: 348.017.
2.3.3.2. Formation of [(η5-(O-C6H4-CH(NH2)COO)Ru(η5-Cp]− in solution.
In the NMR sample of [(η6-(HO-C6H4-CH(NH3)COO)Ru(η5-Cp)]+

the pH was increased with NaOD to form the η5-oxohexadienyl
coordinating L-tyrosine in the full sandwich type [(η5-(O-C6H4-
CH(NH2)COO)Ru(η5-Cp)]− complex. 1H NMR (D2O, 400 MHz, pH =
9.73): δ [ppm] 5.77 (2×1H, m, L-Tyr-HArδ); 5.50 (2×1H, m, L-Tyr-HArε);
5.11 (5H, s, (η5-L-Tyr)Ru(η5-Cp-HAr); 3.51 (1H, m, L-Tyr-CHα); 2.64 (2H,
m, J = 20.8 Hz, 13.9 Hz and 6.4 Hz, L-Tyr-CHβ). 13C NMR (D2O,
100.6 MHz): δ [ppm] not observed (1C, −C(=O)O); 146.1 (1C, L-Tyr-
Cζ); 92.7 (1C, L-Tyr-Cγ); 85.6 (2C, L-Tyr-Cδ); 78.2 (5C, Cp-C); 75.4 (2C,
L-Tyr-Cε); 57.3 (1C, L-Tyr-Cα); 38.7 (1C, L-Tyr-Cβ). ESI-MS (neg.) m/z:
346.001 [M− 3H]−, calc. for C14H14NO3Ru: 346.002.
2.3.4. Mass spectrometry
ESI-TOFMS analysis in the positive or negativemodewas carried out

on a BrukermicrOTOFQ instrument. Themeasurementswere performed
in water, acetonitrile or methanol. Temperature of drying gas (N2) was
180 °C. The pressure of the nebulizating gas (N2) was 0.3 bar. The flow
rate was 3 μl/min. The spectra were accumulated and recorded by a
digitalizer at a sampling rate of 2 GHz. DataAnalysis (version 3.4) was
used for the calculation.



Table 1
Downfield (Cp) or upfield (Tyr) shifts of the hydrogen atoms and upfield shifts of the car-
bon atoms of the Tyr, as a result of the formation of (η5-Cp)Ru(η6-Tyr) type full sandwich
complex.

Cp-HAr (η5-Cp)Ru(η6-Naphthalene) (η6-Tyr-RuCp)-HAVAY-NH2 Δδ (ppm)

Hα 5.02 5.34 +0.32
Tyr-HAr HAVAY-NH2 (η6-Tyr-RuCp)-HAVAY-NH2 Δδ (ppm)

Hδ 7.14 6.14 −1.01
Hε 6.83 6.08 −0.75
Tyr-CAr HAVAY-NH2 (η6-Tyr-RuCp)-HAVAY-NH2 Δδ (ppm)

Cδ 130.5 85.5 −45.0
Cε 115.4 84.9 −30.5
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2.4. In vitro studies

2.4.1. Cell culture
MCF-7 andMDA-MB-231 breast adenocarcinoma and A375melano-

ma cells of human origin (Table 2) [11,43,44] were grown in Dulbecco's
modified Eagle's medium containing GlutaMax I supplemented with
10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin/
streptomycin antibiotic solution. PC-3 human prostate cancer cells
(Table 2) [43] were grown in RPMI 1640 medium supplemented with
10% FBS and 1% antibiotic solution. Cells were cultured in a humidified
5% CO2 atmosphere, at 37 °C.

2.4.2. Cellular uptake studies
Cellular uptake studies of the 67Ga complexes were performed using

MCF-7, MDA-MB-231, PC-3 and A375 cell lines. Cells were seeded at a
density of 2 × 105 cells/0.5 ml per well in 24-well plate in culture medi-
um and allowed to attach overnight. After 24 h, the medium was
removed and cells were treated with fresh medium containing approx-
imately 4 × 105 cpm/0.5ml of each 67Ga complex and incubated under a
humidified 5% CO2 atmosphere, at 37 °C. After 5, 15, 30, 60, 120 and
240 minutes incubation period the cells were washed twice with cold
PBS, lysed with 0.1 M NaOH and the cellular extracts were measured
for radioactivity. Each experiment was performed in duplicate with
each point determined in four replicates. Cellular uptake data were
expressed as an average plus the standard deviation of % of total permil-
lion cells.

2.4.3. Internalization studies
Internalization assays were performed by incubation of 2 × 105 cells

with 4 × 105 cpm/0.5 ml of each 67Ga complex per well in 24multiplate
for a period of 5 min to 4 h as described above. Incubation was finished
bywashing the cells with ice-cold assaymedium. Cell surface bound ra-
dioactivitywas removed by two steps of acid washwith 50mMglycine,
HCl/100 mM NaCl, pH 2.8 at room temperature for 4 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. The radioac-
tivity associated to each fractionwasmeasured in a gamma counter and
expressed as the percentage of the total activity added to the cells.

2.4.4. Retention studies
After 2 h preincubation of cells with each 67Ga complex in humidi-

fied 5% CO2 atmosphere, at 37 °C, the medium containing the complex
was removed, washed with cold PBS and replaced by fresh medium.
Table 2
Cadherin expression in different cancer cell lines [11,43,44].

A375[11] PC-3[43] MCF-7[44] MDA-MB-231[44]

Cancer cell type Melanoma Prostate Breast Breast
N-Cadherin + + – –
E-Cadherin – + + –
The cellular retention of the internalized 67Ga complex was determined
up to 1 h by washing twice the cells with cold PBS, lysis with 0.1 M
NaOH and measured of radioactivity.

2.4.5. Cytotoxicity assays
The cytotoxicity of the complexes against the MDA-MB-231 cells

was evaluated using a colorimetric method based on the tetrazolium
salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide),which is reduced byviable cells to yield purple formazan crystals.
Cells were seeded in 96-well plates at a density of 0.8 × 104 cells per
well in 200 μl of culture medium and left to incubate overnight for opti-
mal adherence. After careful removal of themedium, 200 μL of a dilution
series of the compounds (stock solutions prepared fresh; 200–0.1 μM)
in medium were added and incubation was performed at 37 °C/5%
CO2 for 72 h. The percentage of DMSO in cell culturemediumdid not ex-
ceed 1%. At the end of the incubation period, the compounds were re-
moved and the cells were incubated with 200 μl of MTT solution
(500 μg/ml). After 3–4 h at 37 °C/5% CO2, the medium was removed
and the purple formazan crystals were dissolved in 200 μl of DMSO by
shaking. The cell viability was evaluated by measurement of the absor-
bance at 570 nmusing a plate spectrophotometer (PowerWave Xs, Bio-
Tek). The cell viability was calculated dividing the absorbance of each
well by that of the control wells. Each experiment was repeated at
least two times and each point was determined in at least four
replicates.

3. Results and discussion

3.1. Synthesis and characterization of the peptide and its conjugates

The pentapeptide HAVAY-NH2was synthesized by Fmoc solid phase
peptide synthesis using a microwave-assisted peptide synthesizer and
fully characterized by NMR spectroscopy, Mass Spectrometry and pH-
potentiometry (see experimental part). The titration curve of the pep-
tide (Fig. S1) indicates three deprotonation processes with pK values
of 5.44(1), 7.27(2) and 9.52(3) (Table S1), which most likely belong to
the imidazolium side chain, the N-terminal ammonium group and to
the tyrosine phenolic OH-groups, respectively, in agreement with the
structure of the peptide.

Conjugation of HAVAY-NH2 to themetal fragment RuCpwas accom-
plished using visible-light irradiation (see Scheme 1) as previously re-
ported for aromatic side chain-containing amino acids [26] and
monitored by 1H NMR (Fig. 1). The spectra clearly show the appearance
of new signals at 7.55 and 7.92 ppm attributed to free naphthalene, at
6.11 ppm assigned to Tyr and at 5.34 ppm for RuCp in a new chemical
environment, strongly suggesting the formation of the full sandwich
type complex (η6-Tyr-RuCp)-HAVAY-NH2, where the metal ion is
Fig. 1. Time dependence of the low-field region of the 1H NMR spectrum of a sample
containing HAVAY-NH2 and [η5-Cp(η6-naphthalene)Ru]+ in D2O (T = 298.15 K).



Fig. 2. Low-field region of the 1H NMR spectra of HAVAY-NH2 (a), [η5-
cyclopentadienyl(η6-naphthalene)Ru]+ (b), naphthalene (c) and that of the HAVAY-
NH2 – [η5-cyclopentadienyl(η6-naphthalene)Ru]+ system in D2O (T = 298.15 K) after
1 h (d) and 90 h (e) irradiation.

Fig. 4. Representative observed and simulated ESI-TOF-MS spectra of the full sandwich
type [(η6-Tyr-RuCp)-HAVAY-NH2]2+ complex.
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connected to the Tyr unit of the peptide. The reaction was found to be
complete after four days as depicted in Fig. 2. Only the signals assigned
to the Tyr of HAVAY-NH2, but not those of the His amino acid, show a
characteristic upfield shift (see Table 1). Furthermore, comparison of
the resonance of the Cp signal (5.02 ppm) in the free complex [η5-
Cp(η6-naphthalene)ruthenium(II)]+ with the new resonance at
5.34 ppm is also consistent with the formation of the full sandwich
type complex. Spectrum e in Fig. 2 shows the resonances of the complex
after the removal of the free naphthalene as it was indicated in Part
2.2.2. Identical trend in the shift of the signal belonging to η5-Cp*Rh2+

was observed upon the chemoselective coordination of Tyr1 of Leu-
enkephalin to this half-sandwich core [22]. ESI-MS spectrum provided
(Fig. 3) corroborates for the formation and identity of the peptide com-
plex. Indeed, the MS spectrum acquired in the reaction mixture
Fig. 3. ESI-TOF-MS spectrum of the [(η5-cyclopentadienyl)Ru(η6-naphthalene)]+ –HAVAY-
NH2 system after 90 h visible-light irradiation.
supports the formation of the desired product, while in Fig. 4 the esti-
mated and observed isotope pattern of [(η6-Tyr-RuCp)-HAVAY-
NH2]2+ can be seen.

As the resonances of the coordinated Tyr residue of HAVAY-NH2 in
Fig. 2e showed unexpected multiplicity we monitored whether light ir-
radiation could also mediate the formation of the full sandwich (η6-L-
Tyr)Ru(η5-Cp) complex with the model L-Tyr amino acid. For this, two
samples (see experimental part 2.3.3.1 and 2.3.3.2) with either acidic
or basic pH were prepared and characterized by NMR spectroscopy
and Mass Spectrometry. In particular, the detailed pH dependence of
the low-field region of the 1H NMR spectrum of a mixture containing
[η5-Cp(η6-naphthalene)ruthenium(II)]+ and L-Tyr after 24 h visible-
light irradiation is seen in Fig. 5. At pH 3.35, besides the two doublets
of the free L-Tyr in the range 6.9–7.2 ppm the signal assigned to the
complexed Tyr (6.0–6.2 ppm) and Cp (5.34 ppm) and uncomplexed
RuCp precursor (5.02 ppm) are detected. As expected, on increasing
the pH, the free L-Tyr signals show an upfield shift above pH9.0 only, in-
dicating the deprotonation of the phenolic OHwhile the Cp signal of the
[η5-Cp(η6-naphthalene)ruthenium(II)]+ at 5.02 ppm does not shift in
the pH range studied. The resonances of complexed L-Tyr and Cp, how-
ever, exhibit an upfield shift with increasing pH, with the L-Tyr signals
also splitting. The cross peak in the 1H–1H COSY spectrum (Fig. 2S) at
pH = 9.73 between the resonances at 5.50 and 5.77 ppm supports the
fact that these signals belong to protons in a non-symmetrical environ-
ment of the same phenyl ring. The 1H–13C HSQC spectrum (Fig. 3S) also
Fig. 5. Dependence on pH of the low-field region of the NMR spectra of a mixture
containing [η5-Cp(η6-naphthalene)ruthenium(II)]+ and L-Tyr in D2O after 24 h visible-
light irradiation.



Fig. 6. ESI-MS spectrum of a solution containing [η5-Cp(η6-naphthalene)ruthenium(II)]+

and L-Tyr at 1:1 ratio after 24 h visible-light irradiation at pH= 2.02.
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provides proof for this. Furthermore, this multiplicity change of the res-
onances of the Tyr ring protons can be rationalized with the change in
hapticity from η6 to η5 (oxohexadienyl coordination) if the pH is in-
creased. Evaluation of the pH-dependent shift (Fig. 5) of the complexed
L-Tyr (two multiplets) and Cp signals by the Scientist program [42] re-
sulted in pK values of 5.09(11), 5.08(3) and 5.11(7), respectively,
which clearly indicate that all these signals belong to the samemolecule
revealing thus the formation of the full sandwich structure. Identical in-
crease in the acidity of the phenolic OH-group of L-Tyr upon coordina-
tion in a full sandwich complex and change in hapticity was also
reported for (η6-p-cym)Ru(η6-Tyr) or (η5-Cp*)Rh/Ir(η6-Tyr) [31,32,
45–47]. MS information (Fig. 6) at various pH values is also consistent
with the formation of the above mentioned complex and as a represen-
tative example the excellent agreement of the estimated and observed
spectra are shown in Fig. S4.
Fig. 7. Cellular uptake of 67Ga-NODA-GA-HAVAY-NH2 (A) and 67Ga-NODA-GA-(η6-Tyr-RuCp)-H
percentage of total radioactivity per million cells.
The peptide-containing complex [(η6-Tyr-RuCp)-HAVAY-NH2]2+

was reacted with NODA-GA in DIPEA/DMF with formation of thiourea
bonds between the bifunctional chelator and the terminal amino
group, leaving all three carboxylic groups of the macrocycle intact and
available for coordination to Ga(III) [48]. The same reaction was also
carried out usingHAVAY-NH2 for comparative purposes. The conjugates
obtained were purified by semi-preparative HPLC (system III). After
lyophilisation, the identity of the compounds was checked by Mass
Spectrometry and 1HNMR spectroscopy. Representative ESI-MS spectra
(see Figs. S5, S6 and S7) show the observed m/z values.

Reaction of the NODA-containing compounds with Ga(NO3)3 ∙H2O
afforded the corresponding gallium(III) complexes, [Ga-NODA-GA-
HAVAY-NH2](CH3COO) and [Ga-NODA-GA-(η6-Tyr-RuCp)-HAVAY-
NH2](CH3COO)2. These complexes were purified by HPLC (system III)
and their identity was confirmed by 71Ga NMR spectroscopy and ESI-
MS (Figs. S8 and S9). pH dependence of equilibrated samples with
Ga(NO3)3 and the NODA-containing compounds revealed the formation
of the corresponding complex (Fig. S8) as the signal of 71Ga showed a sig-
nificant downfield shift upon complexation (0 ppm [(Ga(H2O)6]3+;
164.7 ppm Ga-NODA-GA-HAVAY-NH2, 164.5 ppm Ga-NODA-GA-[(η6-
Tyr-RuCp)-HAVAY-NH2]; T = 313.15 K), and the chemical shift value is
in the range of values for similar Ga(III)-macrocycle complexes (NOTA:
171, NOTAC6: 165.5 and NOTAC8: 165.8 ppm) [33]. As a further proof,
the obtained T1 = 4.399(10) ms relaxation time for the [Ga-NODA-GA-
HAVAY-NH2](CH3COO) complex also supports the conformity with an
octahedral coordination what has been observed for [Ga(H2O)6]3+

(T1 = 5.529(1) ms) at the same temperature, T = 313.15 K. The 71Ga
NMR signal was observed unchanged over a period of amonth, reflecting
the high stability of the chelate in aqueous solution.

Radiolabelling of the above NODA-containing compounds with 67Ga
was carried out in acetate buffer by reacting the NODA-containing com-
pounds with the radioactive precursor 67GaCl3 at room temperature for
1 h. The resulting complexes [67Ga-NODA-GA-HAVAY-NH2](CH3COO)
and [67Ga-NODA-GA-(η6-Tyr-RuCp)-HAVAY-NH2](CH3COO)2 were
AVAY-NH2 (B) in human cancer A375, PC-3, MCF-7 andMDA-MB-231 cells expressed as a



Fig. 8. Cellular retention of internalized 67Ga-NODA-GA-HAVAY-NH2 (A) and 67Ga-NODA-
GA-(η6-Tyr-RuCp)-HAVAY-NH2 (B) in MDA-MB-231 cells over time.
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purified by a Sep-pak C18 cartridge and obtained with high radiochem-
ical purity (N95%) as confirmed by HPLC analysis (system IV). The frac-
tions collected were used for the various biological studies described
below.

3.2. Cellular uptake studies

The cellular uptake of the 67Ga-compounds was studied in four
human cancer cell lines, MCF-7, MDA-MB-231 (breast), A375 (melano-
ma) and PC-3 (prostate) (Table 2) up to 4 h. In general, the results
indicate (Fig. 7) a moderate uptake in the four lines that increases
over time. The highest uptake was found in breast MDA-MB-231
cells (14.9 ± 0.8% and 13.2 ± 0.9% for [67Ga-NODA-GA-HAVAY-
NH2](CH3COO) (A) and [67Ga-NODA-GA-(η6-Tyr-RuCp)-HAVAY-
Fig. 9. Cellular viability of MDA-MB-231 cells treated with HAVAY-NH2 (C), NODA-GA-
HAVAY-NH2 (D), Ga-NODA-GA-HAVAY-NH2 (E), (η6-Tyr-RuCp)-HAVAY-NH2 (F),
NODA-GA-(η6-Tyr-RuCp)-HAVAY-NH2 (G) and Ga-NODA-GA-(η6-Tyr-RuCp)-HAVAY-
NH2 (H) for 72 h at 37 °C.
NH2](CH3COO)2 (B), respectively, at 4 h). This trend seems to be
in good agreement with the highest cytotoxicity of the [natGa-
NODA-GA-HAVAY-NH2](CH3COO) complex, whose results are
also presented hereafter.

The internalization of the 67Ga complexes and the radioactivity asso-
ciated to the cell membrane was also evaluated in the same cell lines
(data not shown), however, the internalization is very low in any of
the cell lines (b0.7%/million cells)while a considerable amount of radio-
activity remains associated to the cell membrane (reaching 6–7%/
million cells). This finding may explain the low cytotoxic activity of
the cold Ga complexes described below. Additionally to the low rate of
internalization a low cellular retention was observed with 41% and
22% of the internalized activity retained into the cells after 1 h (Fig. 8).

3.3. MTT viability assay

The cytotoxic activity of HAVAY-NH2 (C), NODA-GA-HAVAY-NH2

(D), Ga-NODA-GA-HAVAY-NH2 (E), (η6-Tyr-RuCp)-HAVAY-NH2 (F),
NODA-GA-(η6-Tyr-RuCp)-HAVAY-NH2 (G) and Ga-NODA-GA-(η6-Tyr-
RuCp)-HAVAY-NH2 (H) was tested on human breast cancer MDA-MB-
231 cells. These cells were treated with decreasing concentrations
(200–0.1 μM) of the each compound and incubated for 72 h at 37 °C.
All tested compounds were solubilized in water and then diluted in
the cell culturemedium. After appropriate treatment, the cellular viabil-
ity was assessed by the MTT assay. The inhibition of growth was calcu-
lated by correlation with vehicle treated cells. Results are presented as
percentage of viable cells (Fig. 9).

The results obtained indicated that in general none of the ligands
(HAVAY-NH2, (η6-Tyr-RuCp)-HAVAY-NH2 and respective NODA-GA
conjugates) exhibited any cytotoxicity. Nevertheless, the Ga complexes
inhibited cell growth, for concentrations above 100 μM, especially the
Ga-NODA-GA-HAVAY-NH2 complex. However, that inhibition is not
significant.

4. Conclusions

We have synthesized and fully characterized, to the best of our
knowledge, the first heterobimetallic complexes containing a histidyl-
alanyl-valinyl (HAV) sequence for targeting, a full sandwich Ru(II)
unit with potential anticancer activity and a natGa- or 67Ga-NODA-GA
moiety to monitor biodistribution. The cellular uptake of the 67Ga-
compounds was studied in four human cancer cell lines, and a low to
moderate uptakewas observed. The highest uptakewas found in breast
MDA-MB-231 cells. The internalization of the 67Ga complexes was also
very low in any of the cell lines tested while a considerable amount of
radioactivity remained associated to the cell membrane. Additionally
to the low rate of internalization a low cellular retention was also ob-
served. Brought together, these cell assaysmay explain the low cytotox-
ic activity associated to the non-radioactive natGa complexes.

Abbreviations
AcOH acetic acid
A375 human malignant melanoma cell line
BSA bovine serum albumin
Cadherin Calcium-dependent cell adhesion protein
CAR cell adhesion recognition
COSY Correlation Spectroscopy
Cp cyclopentadienyl anion
Cp* pentamethylcyclopentadienyl anion
DCM dichloromethane
DIPEA N,N-diisopropyl-ethylamine
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide, (CH3)2SO
DODT 3,6-dioxa-1,8-octanedithiol
ESI-TOF-MS ElectroSpray Ionization Time-Of-Flight Mass Spectrometry
Fmoc N-fluorenylmethoxycarbonyl
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HAV histidyl-alanyl-valinyl sequence, His-Ala-Val
HAVAY-NH2 H-His-Ala-Val-Ala-Tyr-NH2

HOBt ∙H2O 1-hydroxybenzotriazole hydrate
HSQC Heteronuclear Single Quantum Coherence
MCF-7 hormone-dependent human breast adenocarcinoma cell line
MDA-MB-231 hormone-independent human breast adenocarcinoma

cell line
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide
natGa natural, stable isotopes of gallium
NMP N-methylpyrrolidone
NODA-GA 2,2′-(7-(1-carboxy-4-((4-isothiocyanatobenzyl)amino)-4-

oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid
NOTA 1,4,7-triazacyclononane-1,4,7-triacetic acid
NOTAC6 1,4,7-triazacyclononane-1-hexanoic acid-4,7-diacetic acid
NOTAC8 1,4,7-triazacyclononane-1-octanoic acid-4,7-diacetic acid
PBS phosphate-buffer saline
PC-3 human prostate adenocarcinoma cell line
p-cym 1-methyl-4-isopropylbenzene
RuCp [(η5-cyclopentadienyl)Ru]+, [(η5-C5H5)Ru]+

TBTU 2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate

TFA trifluoroacetic acid
TIS triisopropylsilane
Tyr L-Tyrosine
[(η6-Tyr-RuCp)-HAVAY-NH2] H-His-Ala-Val-Ala-(η6-Tyr-RuCp)-NH2
67Ga Gallium-67 is a gamma-emitting isotope with t1/2 = 3.26 days
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