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Abstract

Anthraquinones are molecules with numerous biological properties that can act as
DNA intercalators and topoisomerase Ila inhibitors. In this work, the development of
technetium-99m radiotracers was pursued via the technetium-tricarbonyl “2 + 1” mixed-
ligand approach, fac-[*™Tc][Tc!(CO)s(NN')(N)]*, with a (N,N’) bidentate chelator and
a N co-ligand. In one approach, the ligands used were 2,2'-bipyridine (bpy) and N-
functionalized-imidazole, where imidazole was conjugated to an anthraquinone moiety.
In the other approach, 2-picolylamine and imidazole were used as the mixed-ligand sys-
tem, where picolylamine was conjugated to an anthraquinone moiety. The synthesis of
the ligands was achieved by reaction of 2-picolylamine with a suitably functionalized an-
thraquinone (Aqpa) or anthrapyrazole (Appa) and imidazole with a suitably functionalized
anthraquinone (Aqim). The rhenium reference compounds, fac—[ReI (CO)3(bpy)(Agim)]*
with bpy as a bidentate chelator and fac—[ReI(CO)3(qua or Appa)(Im)]*, with imida-
zole (Im) as a co-ligand, were synthesized and characterized with spectroscopic meth-
ods. The radiotracer technetium-99m complexes ﬁzc—[gngc][Tc(CO)3(bpy)(Aqim)]+ and
fﬂC-[gngC][TC(CO)g(Aan or Appa)(Im)]* were prepared and characterized with standard
methods. The purified radiotracers displayed high stability (>90%) after incubation 24 h in
1 mM L-histidine or rat plasma. The tracers’ cell uptake was evaluated in vitro in CT-26
cells, and their pharmacokinetic properties and tumor uptake were evaluated in vivo in
CT26-tumor-bearing mice. The “2 + 1” technetium-tricarbonyl approach leads to in vitro
stable tracers, and this mixed-ligand system shows promise for further evaluation.
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1. Introduction

Technetium-99m is a radionuclide widely used in nuclear medicine with Single Photon
Emission Computerized Tomography (SPECT) for diagnostic imaging due to the following
advantages: its facile and low-cost production through the *Mo/?™Tc generators, its
optimal nuclear properties (1, = 6.02 h, Ey = 141 keV) and its versatile chemical behavior.
It can form structurally distinct complexes in various oxidation states, such as the oxotech-
netium complexes in oxidation state V with a variety of donor atoms and ligands forming
square planar, trigonal bipyramidal or octahedral complexes. This oxidation state has been
used at large for the development of *™Tc radiopharmaceutical kits for the functional or
anatomical imaging of many organs and tissues [1-3].

Technetium-99m tricarbonyl complexes, another extensively studied area of tech-
netium chemistry, are formed from the organometallic ﬁzc—[99mTc][Tc(CO)g(H?_O)3]+ precur-
sor, where the metal is in oxidation state I and adopts a low-spin d® configuration. The
precursor contains three kinetically inert Tc-CO bonds and three labile H,O ligands that
can be replaced by mono-, bi- or tridentate ligands—with a variety of donor atoms. The
preparation of these complexes is achieved in high yields and purities, and these complexes
exhibit excellent in vitro and in vivo stability. These features make tricarbonyl-based Tc(I)
core a flexible and potent foundation for the development of target-specific SPECT radio-
pharmaceuticals [4-6]. As a result, a lot of effort has been poured into the development of
99mTe-tricarbonyl radiopharmaceuticals for a wide range of applications [7]. Specifically,
the most notable example of clinical success is *™Tc-MIP-1404, a complex of the general
structure of tricarbonyltechnetium(N,N,N-bis(imidazolylmethyl)amine), substituted with
a moiety suitable for targeting the prostate-specific membrane antigen (PSMA). This ra-
diotracer has been under clinical evaluation for the molecular imaging of prostate cancer
and was recently approved by the Medicines and Healthcare products Regulatory Agency
(MHRA), making it the first tricarbonyltechnetium licensed radiopharmaceutical [8-10].

The family of anthraquinone-based molecules includes anthracenediones such as
mitoxantrone and pixantrone, anthracyclines such as doxorubicin and plant-derived an-
thraquinones like emodin. Anthraquinones are bioactive molecules with a planar structure
suitable for intercalation between the base pairs of the double-stranded DNA, while they
may also act as DNA topoisomerase Il poisons or generate cytotoxic reactive oxygen species
and inhibit kinases [11,12]. Extensive evaluation of anthraquinones has indicated a plethora
of actions in various critical cellular systems that lead to cell-cycle arrest and apoptosis.
Therefore, anthraquinones’ biological activity combines DNA-directed cytotoxicity, signal-
modulatory activity and redox reactivity, making them attractive scaffolds for antitumor
drug development with improved therapeutic indices [13,14].

Anthraquinone-based scaffolds have been exploited for the development of diagnostic
radiopharmaceuticals. Their planar n-systems exhibit high DNA intercalating affinity,
which has been used to image necrosis via exposed DNA-binding, for the detection of heart
infarcts, as, for example, with BIrhein [15-17]. 2™ Tc-labeled anthraquinones and other
planar scaffolds with DNA-binding affinities have been exploited for tumor imaging as well
as radiotherapy via the emission of Coster—Kronig electrons [18-20]. Anthraquinones can
be readily labeled with a plethora of radioisotopes; they exhibit rapid blood clearance and
suitable pharmacokinetics for SPECT or PET images [21,22]. In addition, significant efforts
have been made to develop anthraquinone-based molecules, such as anthrapyrazoles
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and doxorubicin, conjugated to suitable chelators for tricarbonyltechnetium-99m labeling.
The nonradioactive rhenium analogs of these complexes have shown promise for their
biological activities, a fact that justifies further interest in their exploitation [23,24].

In our recent work, we developed a series of tricarbonylrhenium anthrapyrazole com-
plexes and studied them as DNA-intercalators and cytotoxic agents [24]. Out of this series,
the complex where anthrapyrazole was conjugated to picolylamine (N,N’) bidentate chela-
tor, fac-[Re(CO)3(x*-N.N")Br], exhibited high cytotoxicity, and its ™ Tc-analog exhibited a
promising in vitro and in vivo tumor uptake. In continuation, the goal herein is to evaluate
the biological and pharmacokinetic properties of a series of “™Tc-tricarbonyl anthraquinone
and anthrapyrazole complexes as tumor imaging agents. For this study, we utilized the
mixed-ligand platform of the general formula fac-[**™Tc][Tc(CO)3(N,N')(N)]*, where (N,N’)
is picolylamine or 2,2'-bipyridine and where (N) is an imidazolyl ligand. The introduction
of the monodentate N-donating ligand is considered beneficial to improve the pharmacoki-
netics of the corresponding complexes, given the fact that [**™Tc][Tc(CO)3(N,N’)]* exhibits
slower blood clearance and high hepatobiliary uptake [25]. Furthermore, in this work,
we evaluated the efficiency of the [*™Tc][Tc(CO)3(N,N')(N)]* platform to accommodate
the anthraquinone or anthrapyrazole pharmacophore, conjugated either on the bidentate
chelator or on the monodentate chelator (Figure 1).

OH O OH

moiety ioactive
adyus /N
o N=Te<

Anth| i 2 /\NH
nthraquinone =
7%
N o] é /
o) Nl—N\/\OH
O‘O {99MT¢(CO)4}-mixed ligand targeted agents
[¢]
Anthrapyrazole

Figure 1. Design of tricarbonyltechnetium-99m anthraquinone and anthrapyrazole mixed-ligand
complexes as DNA-targeted imaging agents.

2. Results and Discussion
2.1. Synthesis and Spectroscopic Characterization of Rhenium Complexes

The anthraquinone ligands were synthesized from 1,8-dihydroxy-anthraquinone (Aq)
by reaction with 1,3-dibromopropane, and the monosubstituted product 1 was obtained.
This intermediate product was then conjugated on 2-picolylamine (Pa) to form the bidentate
ligand Aqpa or on imidazole (Im) to form the monodentate ligand Aqim. The synthesis of
the ligands is shown in Scheme 1.

OH © OH O O7™"Br  OH O O TNHTYTS
N~
O‘O - QO3
1,8- Dlhydroxy 1 Anthraqulnone picolylamine (Aqpa)

anthraquinone (Aq)
OH 0 O "Ny

O

Anthraquinone-imidazole (Agim)

Scheme 1. Synthesis of ligands. (i) 1,3-dibromopropane, TBAB, K,COj3; (ii) 2-picolylamine, K,COs3;
(iii) KH, imidazole.
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The mixed-ligand tricarbonylrhenium complexes were prepared either in one-step or
two-step procedures (Scheme 2). Initially, the prototype complex fac-[Re(CO)3(Pa)(Im)]OTf
(RePalm) was prepared by reaction of the precursor fac-[Re(CO)3(MeOH)3]JOTf with an
equimolar amount of picolylamine (Pa) and heating for 2 h, followed by the addition of
imidazole (Im) equimolarly and continuing the heating for 2 days. The same product
was also prepared in one step by the simultaneous addition and heating of the three
components, Re-precursor, Pa and Im, for 1 day. The yield of both reactions was similar
according to HPLC analysis, and the purified product was isolated in a low overall yield of
16%. The low yield is attributed to the presence of by-products, which required multiple
chromatographic purifications. The analysis of the complex indicated the presence of C=0
stretching vibration at 2027 and 1905 cm ! in the infrared spectrum, and the corresponding
proton signal in the 'H NMR spectrum. Particularly, the picolylamine protons exhibit two
doublet-of-triplet signals at 4.38 and 4.09 ppm, which correspond to the two methylene
protons and two broad multiplet signals at 5.89 and 4.81 ppm, which also correspond to
the two amine protons; overall, the signals of the other pyridine ring protons indicate
the coordination of Pa as a bidentate chelator. Furthermore, the presence of imidazole is
evident by the three singlets at 7.79, 7.18 and 6.80 ppm.

3
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Scheme 2. Synthesis of mixed-ligand rhenium complexes.

The analogous rhenium mixed-ligand complexes of the bidentate Pa chelators bear-
ing an anthraquinone moiety (Aqpa) or an anthrapyrazole moiety (Appa) (the synthesis
of Appa was reported previously [24]) with monodentate Im were synthesized follow-
ing the one-step process. In the preparation of complex fac-[Re(CO)s(Appa)(Im)](OTf)
(ReAppalm), four equivalents of imidazole were added to receive an 85% yield of the
complex. The increase in imidazole was critical for converting all the intermediate product,
fac-[Re(CO)3(Appa)(MeOH)](OTY), to the “2 + 1”7 complex ReAppalm as exhibited by
HPLC analysis. The product was purified from the reaction mixture by collecting the two
diastereomer peaks with a 70:30 ratio, eluting at 19.85 min (major isomer) and 20.35 min
(minor isomer) together. The formation of diastereomers was also observed in our initial
study of the complex, fac-[Re(CO)3(Appa)Br] [24]. The IR spectrum of the complex exhibits
the characteristic CO stretching vibrations of the tricarbonylrhenium core at 2021, 1909
and 1867 cm~!. The NMR signals indicate a fac-[Re(CO)3(N,N’)(N)] coordination mode. In
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particular, two dd signals at 5.22 and 4.50 ppm corresponding to the methylene protons
of picolylamine chelate were identified, as well as the broad signal of NH at 5.74 ppm. In
addition, the imidazole signals were detected at ~7.8, 6.79 and 6.77 ppm, respectively. As
for the signals of the minor isomer, 7.94, 7.3 and 7.64 ppm correspond to the coordinated
imidazole, and 4.8 and 3.7 ppm correspond to the methylene protons.

Complex fac-[Re(CO)3(Agpa)(Im)](OTf) (ReAqpalm) was formed as a mixture of two
isomers similar to that of ReAppalm, in moderate yield according to chromatography. The
HPLC elution time of the isomers is tg = 19.28 min for the major isomer and tg = 20.7 min
for the minor isomer, in a 75:25 ratio. Because of their greater elution difference, it was
possible to separate them by semi-prep HPLC, and the diastereomers were characterized
independently. The IR spectra of the complexes exhibit the characteristic CO stretching
vibrations at 2022, 1916 and 1907 cm ™! for the major isomer and 2026, 1918 and 1907 cm ™!
for the minor isomer. Analogous 'H-NMR signals were observed with the signal of NH at
5.46 ppm, and 2 dd at 5.22 and 4.14 ppm for the two methylene protons of picolylamine
chelate in the major (M) isomer. The respective NMR signals for the minor (m) isomer are
7.07 ppm for NH, and 2 dd at 4.75 and ~3.8 ppm. The coordination of imidazole is evident
from the 'H NMR spectrum with the appearance of four new peaks, one at 11.25 ppm,
corresponding to the imidazole -NH- and three -CH- proton signals at 7.71, 6.64, 6.46 ppm
for M and 11.25, 7.38,7.17, 6.6 ppm for m (Table 1).

In the literature, the combination of 2,2’-bipyridine (bpy) as the bidentate ligand and
a substituted imidazole as the pharmacophore-bearing ligand has been proposed as a
platform for the preparation of tricarbonyltechnetium imaging agents [26]. Therefore, for
the synthesis of the “2 + 1”7 complex, fac-[Re(CO)s(bpy)(Aqim)](OTf) (RebpyAqim), a
two-step process was adopted, where the intermediate complex fac-[Re(CO);(bpy)](OTf)
was reacted with 4 x excess of ligand Aqim. [26] The IR spectrum of the complex exhibits
the characteristic CO stretching vibrations of the tricarbonylrhenium core at 2027, 1919 and
1903 cm~!. The coordination of imidazole is evident from the ' H-NMR spectrum with the
presence of the signals at 7.54, 7.05 and 6.57 ppm as well as the 4 2,2"-bipyridine signals at
9.03, 8.28, 8.11 and 7.58 ppm.

Table 1. Selected NMR shifts in picolylamine Re-complexes.

Mg Reram S Kamn Ketmm Kb
Py-CH,-NH 4.38,4.09 (dt) 5.52, 4.14 (dd) 4.75,3.6 (dd) 5.22,4.50 (dd) 48,37
Py-CH,-NH 5.89, 4.81 5.46 7.08 5.74

Imidazole 7.79,7.18, 6.80 7.81, 6.64, 6.46 7.38,7.17, 6.66 7.82,6.77, 6.79 7.94,7.64,7.3

The UV-vis spectra of the complexes were recorded in DMSO solution, and the
expected intraligand and charge-transfer bands were observed in the range 266441 nm.
The UV-vis spectra of the complexes were also recorded in the presence of buffer solutions
used for the biological experiments, and no significant changes were observed (i.e., shift in
the Amax Or new bands), suggesting their integrity in such solvent mixtures.

2.2. DNA-Binding Studies of the Compounds

The study of the DNA interaction of the anthraquinone ligands Aqpa, Aqim, their
rhenium complexes described herein (ReAppalm, ReAqpalm (major diastereomer) and
RebpyAqim), as well as the prototype complexes RePalm and RebpyIm (synthesized
according to reference [27]), was performed in order to evaluate their ability to interact with
calf-thymus (CT) DNA. The interaction between a compound and CT DNA may induce
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changes to the UV bands of the compound upon addition of CT DNA in diverse mixing
ratios (v = [compound]/[DNA]). The UV spectra of the compounds in DMSO (1074 M)
recorded in the presence of increasing amounts of CT DNA are shown in Figure S1.

The UV spectra of all compounds exhibited slight hypochromism accompanied by low
red shift upon addition of CT DNA solution, while in some cases, hyperchromism was also
observed (Table 2). The results extracted from the UV spectroscopic titration studies should
be enhanced with additional evaluation studies to provide more solid evidence regarding
the compound’s mode of DNA interaction [28].

Table 2. UV-vis spectroscopic data concerning the interaction of the compounds with CT DNA: UV-
band (Amax, in nm) (percentage of the observed hyper-/hypo-chromism (AA /Ay, in %), blue-/red
shift of the Amax (AA, in nm)); DNA-binding constant (Kj, in M~

Compound Band, A (nm) (AA/A, ? (%), AA P (nm)) Ky, M-1)
Appa [24] 278 (—10, 0); 326 (sh) (—3.5, 0); 441(—4, +2) 7.74 (+0.03) x 10*
Agpa 266 (—122, +2b); 414 (—13, 0); 435 sh (—13, 0) 7.64 (£0.11) x 10°
Agim 270 (—17,0); 417 (-2, 0) 1.62 (£0.27) x 10°
RePalm 268 (—17, +3) 9.09 (£0.42) x 10%
RebpyIm 282 (+302, 0); 320 sh (—12, elim); 352 (—15, +4) 6.54 (+0.55) x 10°
ReAppalm 274 (—4,0); 299 sh (-5, +2); 323 sh (+5, 0); 437 (—2, 0) 5.65 (£0.45) x 10°
ReAqpalm 277 (+10, 0); 416 (—8, 0); 437 sh (—7, 0) 1.61 (£0.17) x 10°
RebpyAqim 266 (—20, +2); 310 sh (—8, 0); 320 (—7,0); 411 (—6, 0) 5.90 (£0.18) x 10°

sh = shoulder; elim = eliminated. * “— denotes hypochromism, “+” denotes hyperchromism. ® “+” denotes red

shift, “—" denotes blue shift.

The DNA-binding constants of the complexes (K}) as calculated with the Wolfe-Shimer
equation [27] (Equation (S1)) and plots [DNA]/(ea-¢¢) vs. [DNA] (Figure S2) are similar
to those of the corresponding free ligands (Table 2). The K, values suggest a strong
binding of the compounds to CT DNA, which are closer to or higher than that of the
classical intercalator ethidium bromide (EB) (=1.23 (0.07) x 10° M~1), as calculated in the
literature [29]. In most cases, the anthraquinones Aqpa and Aqim are better DNA binders
than their rhenium complexes. The Kj, value of Aqim (=1.62 (£0.27) x 106 M~1) is the
highest DNA-binding constant among the tested compounds.

Measurement of viscosity reveals significant information concerning the mode of
DNA interaction of the tested compounds. When intercalation occurs, the DNA bases are
separated to host the intercalating compound, which leads to enhanced DNA length and
increased DNA viscosity. However, in the case of partial and/or non-classic intercalation
(for example, groove binding or electrostatic interaction), the compounds do not intercept
between the DNA bases, and a DNA helix bend or kink occurring does not significantly
affect the DNA length, so the DNA viscosity may remain either unchanged or exhibit a light
decrease [30]. Viscosity measurements were carried out on CT DNA solution (0.1 mM) upon
the addition of increasing amounts of the tested compounds. The relative DNA viscosity
exhibited an increase in the presence of all the compounds under study (Figure 2). These
results indicated intercalation as the most possible mode of interaction of the compounds
with DNA.

The ability of the compounds to displace EB from the EB-DNA complex has been
widely used as a means to evaluate possible intercalation between the compounds and
DNA. EB is a fluorescence dye and a typical indicator of intercalation due to the insertion
of the planar phenanthridinium ring of EB between adjacent base pairs on the double
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helix. Furthermore, the EB-DNA complex emits intense fluorescence at 592 nm (with
Aex = 540 nm), which may be quenched in the presence of another intercalator, i.e., the
tested compounds, competing with EB for the DNA intercalating sites [31]. The tested
compounds did not exhibit significant fluorescence in the presence of DNA and EB at
540 nm excitation, and, therefore, they were used as EB competitors in this study. The
fluorescence emission spectra of CT DNA pre-treated with EB for 1 h were obtained for
[EB] =40 uM, [DNA] = 40 uM and for increasing amounts of the compounds (up to r = 0.48)
(shown in Figures 3A and S3). The addition of increasing amounts of the compounds
resulted in a significant decrease in the intensity of the emission band of the DNA-EB
complex at 592 nm. In particular, the quenching induced by the tested compounds was
up to 78% of the initial EB-DNA fluorescence (Table 3). Therefore, the tested compounds
exhibit EB-displacing ability and compete with EB in binding to DNA (Figure 3B), thus
indirectly proving their interaction with CT DNA via intercalation [32].

1.6

—8— Aqgpa

—&— Aqim
159 —a—RePalm

—¥— Rebpylm 7 e
1.44 —*— ReAppalm i

ReAgpalm w7
—»— RebpyAqim

0.0 O:l 0:2 0:3 0.4
r = [compound] / [DNA]

Figure 2. Relative viscosity (n/ M0)Y/3 of CT DNA (0.1 mM) in buffer solution (150 mM NaCl
and 15 mM trisodium citrate at pH 7.0) in the presence of the compounds at increasing amounts
(r = [compound]/[DNA]).

10,000
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—»— RebpyAgim
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Figure 3. (A) Fluorescence emission spectra (Aexcitation = 540 nm) for EB-DNA conjugate ([EB] = 40 uM,
[DNA] = 40 uM) in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH = 7.0) in the
absence and presence of increasing amounts (up to ¥ = [compound]/[DNA] = 0.48) of ReAppalm.
The arrow shows the changes in intensity upon increasing amounts of the complex. (B) Plot of relative
EB-DNA fluorescence emission intensity at Agmission = 594 nm (I/Io, %) vs. 1 (¥ = [compound]/[DNA])
in the presence of the compounds (up to 25.1% of the initial EB-DNA fluorescence for Aqpa, 23.9%
for Aqim, 22.6% for RePalm, 25.1% for RebpyIm, 21.8% for ReAppalm, 22.0% for ReAqpalm and
28.7% for RebpyAqim).
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According to the Stern—Volmer plots of EB-DNA fluorescence in the presence of the
compounds (Figure 54), the quenching of EB-DNA by the compounds is in good agreement
(R =0.99) with the linear Stern—Volmer equation (Equation (52)) [33], and the Kgy values
(Table 3) may show tight binding of the complexes to DNA. Since the fluorescence lifetime
of EB-DNA (7,) is 23 ns [34], the K, values as calculated via Equation (S3) are much
higher than 10'® M~1s~1; these values indicate a static quenching mechanism revealing
the formation of a new adduct between the studied complexes and DNA, and confirm
indirectly intercalation as the most possible mode of interaction [31].

Table 3. Fluorescence features of the EB-displacement studies of the compounds: percentage of
EB-DNA fluorescence emission quenching (AI/Iy, in %), Stern-Volmer (Ksy, in M~!) and quenching
constants (Kg, in M-1s71y,

Compound Al/T, (%) Ksy M-1) K; M~1s71)
Agpa 74.9 1.26 (0.06) x 10° 5.47 (£0.24) x 10'2
Aqgim 76.1 2.02 (£0.06) x 10° 8.77 (£0.27) x 10'2

RePalm 77.4 6.83 (£0.25) x 10* 2.97 (£0.11) x 10'2
RebpyIm 74.9 1.00 (£0.25) x 10° 435 (4+0.11) x 10'2

ReAppalm 78.2 8.24 (£0.30) x 10* 3.58 (£0.13) x 102

ReAgpalm 78.0 5.56 (0.26) x 10* 2.42 (£0.11) x 102

RebpyAqim 71.3 1.96 (£0.07) x 10° 8.50 (£0.30) x 10'2

2.3. Radiochemistry

The %™ Tc mixed-ligand complexes were synthesized in two consecutive steps: first by
reaction of the precursor, fac—[99mTc][TC(CO)3(H20)3]Jr with the bidentate ligands, Appa,
Aqpa or bpy in 1 mM concentration, followed by the addition of the monodentate imidazole
or Aqim in higher concentrations (approx. 1 mg), similar to reported methods in the
literature [26,35] (Scheme 3). The formation of the 2 + 1 complexes was observed by HPLC;
they were identified by comparison with the elution times of their Re-analogs (Table 4).

1. Pa or Bpy or Aqpa
or Appa ( 0.001 M,
70°C, 30 min) 9MTcPalm,*®*TcAppalm,

99m +
[ Tc][Tc(co)S(HZO)S] gngchpaIm,gngchyAqim

2. Im or Agim (1 mg,
70°C, 45 min)

Scheme 3. Synthesis of mixed-ligand technetium-99m complexes.

Table 4. RP-HPLC elution times of the rhenium and technetium-99m complexes and radiochemical
yield (RCY) of the ™Tc complexes.

Complex HPLC Elution Time (min) RCY * (%)
_ . 14.7 (M = Re),
fac-[M(CO)3(Appa)(Im)]* 19.85/20.35, 7:3 (M = Re), 20.00/20.42, 7:3 (M = ™Tc) 65+ 3
i . 19.89/20.55, 45:55 (Re),
fac-[M(CO)s(Aqpa)(Solv)] 20.01/20.55, 33:67(°™Tc) 756
fac-[M(CO)3(Agpa)(Im)]* 19.25/20.75, 7:3 (Re), 19.48/20.87, 7:3 (*™Tc) 4045
fac-[M(CO)3(bpy)(Aqim)]* 20.87 (Re)/20.85 (°™Tc) 75+5

* Non-isolated and estimated by radio-HPLC by 3-5 independent analyses.
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The radiotracer ™ TcAppalm was formed with a radiochemical yield of 65% as two
diastereomers with elution times tg = 20.00 and 20.42 min at a 7:3 ratio identical with
the Re-analog, with tg = 19.85 and 20.35 min at a 7:3 ratio, respectively (Figure 4 and
Table 4). The radiotracer ™ TcAqpalm was formed with a radiochemical yield average
of 40%. Initially, formation of complex fac-[Tc(CO);(Aqpa)(H,O)]* was achieved with a
radiochemical yield of 75% and an HPLC elution of tg = 20.01 and 20.55 min at a 33:67
ratio, analogous to the fac-[Re(CO)3(Aqpa)(MeOH)]* product, which was prepared after
precipitation of bromide (with AgOTf from fac-[Re(CO)3(Aqpa)Br] and preparation in ESI)
with tg = 19.89 and 20.55 min at a 45:55 ratio, respectively (Figure S5). After the addition of
imidazole, fﬂC-[gngC][TC(CO)g(qua)(HZO)]+ was converted to the mixed-ligand product
fac-[P™Tc][Te(CO)3(Agpa)Im)]* (**™TcAqpalm) with an HPLC elution of tg = 19.48 and
20.87 min at a 65:35 ratio, identical with the Re-analog, with tg = 19.25 and 20.75 min at a
75:25 ratio, respectively. Because of the large difference in the elution times of this “2 + 1”
radiotracer, only the major isomer at tg = 19.48 min was isolated and used in the stability
and biological studies (Figure S5 and Table 4). The radiotracer ™ TcbpyAqim was formed
by 75% conversion of fac-[**™Tc][Tc(CO)3(bpy)(H20)]* to the mixed-ligand complex after
45 min heating, with an HPLC elution at tg = 20.87 min, identical to its Re-analog with
tr = 20.85 min (Figure 4 and Table 4). All the “2 + 1” complexes were purified by HPLC
with a radiochemical purity of 100% and were then used in the in vitro and in vivo studies.

RePalm "TcPalm

clivity

Jl\

L{min) 1 t{min

ReAppalm

CAppalm

ReBpyAgqim

"TcBpyAqim

Figure 4. Comparative HPLC analysis of selected analogous Re- and *™Tc-complexes.

The stability of the tracers was evaluated in vitro under conditions that resemble the
biological fluids. Therefore, the complexes were incubated for 24 h in L-histidine and
rat plasma at 37 °C (Table 5). The percentage of intact complex was calculated by HPLC
injection at various time points. The prototype mixed-ligand complex ™ TcPalm was
moderately stable under these conditions. The anthraquinone/anthrapyrazole substituted
mixed-ligand complexes #™TcAppalm, " TcAqpalm, and *™TcbpyAqim, on the other
hand, were highly stable under these conditions, as shown in Table 5. This indicates
that the mono-substitution of Pa in the Appa and Aqpa ligands enhances the stability
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of the complexes, so that it could be assumed that the pharmacophore moiety sterically
inhibits the interaction between the complex and other potential biological chelators, or
also electronic parameters may be influenced as well. Furthermore, the introduction of the
monodentate imidazole significantly reduces the protein binding to 33% in ¥™TcAppalm
vs. 54% in the bidentate complex ™ TcAppa after 24 h incubation in rat plasma, observed
in our previous study [24]. On the other hand, the substituted imidazole Aqim ligand is
well tolerated as the stability of the basic complex core fac—[gngc][TC(CO)g,(bpy)(im)]Jr is
maintained [26,35]. The low percentages of degradation for the tracers ™ TcAppalm and
9mTcAqpalm correspond to regeneration of pertechnetate at 3.2 min, while for the tracer
M TecbpyAqim, a conversion to complex fac-[*™Tc][Tc(CO)z(bpy)]* is observed.

Table 5. Lipophilicity of complexes; in vitro stability of complexes in L-histidine and rat plasma.

Histidine Stability (%) Rat Plasma Stability (%) * Lipophilicity (logD7.4)
Complex
1h 4h 24h 1h 4h 24h
99m TcPalm 92 85 57 44 (20) 37 (21) 27 (47) 0.39 £0.13
9m TcAppalm 97 97 96 95(21) 95 (27) 91(34) 1.62 +0.04
9m TcAqpalm 98 98 92 97 (14) 90 (19) 98 (22) 1.98 £0.01
9m TcbpyAqim 96 96 89 93 (28) 97 (35) 90 (38) 0.89 £0.15

* Values denoted as % intact complex in the supernatant after precipitation (% protein binding).

The lipophilicity is a fundamental physicochemical property of drugs that determines
their solubility, membrane permeability and thus their ability to finally reach the desired
target. All tracers exhibited lipophilicity calculated as logD values within the drug-likeness
window [36], which indicates the ability of the tracers to permeate cellular membranes
(Table 5). The model tracer *™TcPalm exhibited significantly lower lipophilicity compared
to M TcAppalm and ™ TcAqpalm, which displays the drastic effect of the anthraquinone
scaffold on the physicochemical properties of the tracers.

2.4. Biological Evaluation of ™ Tt Tracers

The potential use of the radiotracers as tumor-imaging agents was tested both in vitro,
by calculating the complex tumor cell uptake after their incubation in cell cultures, and
in vivo, in tumor-bearing mice. In both cases, the CT26 colon adenocarcinoma cell line was
employed, a cell line syngeneic with the BALB/c mice used in the studies. All the mixed-
ligand complexes exhibit similar cellular uptake values that do not exceed 1% (Figure 5).
In our previous work [24], we exhibited that the tracer [**™Tc][Tc(CO)3(Appa)(H,O)]*
showed relatively higher uptake with values of approx. 5%. It is possible that the free
coordination site in the complexes that do not bear an imidazole monodentate ligand results
in interactions that promote membrane permeation and possibly intracellular binding and
accumulation of the tracer.

In the in vivo studies, first, the prototype tracer fac-[*™Tc][Tc(CO);3(Pa)(Im)]* was
evaluated in healthy mice to assess its biodistribution profile. As can be observed from
Figure 6, it displayed fast blood elimination and primarily hepatobiliary clearance. Fur-
thermore, urinary excretion was observed with a value of 35.83 = 3.58% ID at 120 min post
injection (p.i.) (Table S1).

Then, the biodistribution of the pharmacophore-conjugated tracers in tumor-bearing
mice was evaluated (Tables 6 and S2). By first comparing the bidentate complex ™ TcAqpa
and the analogous mixed-ligand complex ™ TcAqpalm, faster blood elimination can be
observed over time for the “2 + 1”7 complex, which is an important property for imaging
agents. Also, in comparison, reduced heart and lung uptake can be observed in the mixed-
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ligand analog. Furthermore, improved stability for the mixed-ligand complex can also be

observed, with lower stomach uptake. Stomach uptake is associated with degradation of

the tracer and the formation of the pertechnetate ion [P Tc][TcO4] .

1.00

0.80

0.60

0.40

% cell uptake

0.20

0.00

Cell uptake of **™Tc-complexes

100
t (min)

@® TcAppalm

TcAgpalm

200 250

300

Figure 5. Uptake of the 2 + 1 ¥™Tc-complexes in CT26 cells.

20
18
16
14
12
10

% ID/g

o N b O

Blood

Heart Liver

Lungs Muscle Kidneys Spleen Intestine Stomach

Figure 6. Distribution of PMTePalm in healthy mice (% ID/g).

® 30 min

%120 min

Table 6. Biodistribution results of the anthraquinone and anthrapyrazole ™Tc-complexes as

%ID/g (£SD).
Organ PmTcAqpa PmTcAqpalm PmTcAppalm M TcbpyAqim
30 min 120 min 30 min 120 min 30 min 120 min 30 min 120 min
Blood 5.70 = 1.00 2,62 £1.14 0.89 £ 0.04 0.47 £0.31 6.79 £1.84 1.39 £0.10 1.58 £0.59 0.64 £0.33
Tumor 1.83 +£0.18 1.23+£0.23 0.90 £ 0.05 0.85 £ 0.61 424 +1.39 234 £1.29 2.51+1.76 0.63 £ 0.42
Heart 6.44 + 0.55 4.65+1.17 1.29 4+ 0.07 0.89 +0.27 1.79 £ 0.36 0.81 +0.07 2.87 £0.70 1.63 £ 0.64
Liver 34.01 £5.75 29.20 £ 3.47 35.52 £ 6.50 17.15+ 3.46 26.08 £ 8.50 2116 £3.79  31.12+11.02  19.20 £5.95
Lungs 9.38 +1.30 4.26 £0.35 0.98 + 0.05 0.69 £ 0.09 234+ 044 0.96 +0.15 2.17 £ 0.63 1.05 £+ 0.29
Muscle 1.27 £ 0.26 0.94 £0.11 0.38 £+ 0.03 0.32 £0.15 0.88 £0.14 0.50 £0.11 1.34 £ 0.53 0.83 £0.71
Kidneys 12.48 +£0.28 9.90 £ 0.91 53.03£3.09 3650+ 11.04  24.09 + 3.69 24.06 £3.89 2944 +16.81 24.56 +12.09
Spleen 3.74 £0.34 1.92 £0.57 0.80 £ 0.12 0.59 £0.22 1.44 +0.31 0.76 £0.11 2.40 £0.73 1.15+0.25
Intestine 510 £ 1.05 11.62 +2.51 23.41 £ 3.59 31.40 £7.59 12.78 £2.28 3413 +4.42 6.97 £ 2.60 20.68 £ 7.51
Stomach 13.57 +7.33 12.21 + 6.47 3.54 £217 5.09 £2.78 3.59 £2.42 1284 +7.06 54.67 £28.86 26.25 £ 17.65
Tu/Bl 0.33 £ 0.05 0.49 £0.13 0.99 £ 0.09 2.30 £+ 0.61 0.70 £ 0.45 1.63 £0.92 1.28 £0.85 1.16 + 0.02
Tu/Mu 1.48 +0.31 1.34 + 0.66 249+ 0.21 242 +1.42 4.76 £0.98 5.10 + 3.55 1.51 £+ 0.60 1.36 £+ 0.97

As for tumor uptake, the bidentate tracer ™ TcAqpa exhibited higher tumor uptake of
1.83 £ 0.18% ID/g at 30 min p.i., compared to the mixed-ligand analog (0.90 £ 0.05% ID/g
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at 30 min), which can also be correlated with the higher in vitro cell uptake of the former.
The tumor accumulation of the tracers was measured from the target/nontarget ratios
and specifically tumor/blood (Tu/Bl) and tumor/muscle (Tu/Mu) ratios. Importantly, the
Tu/Bl and Tu/Mu ratios of the mixed-ligand tracer ™ TcAqpalm were higher at all time
points, compared to the bidentate tracer, which indicates an overall better targeting profile
and more suitable pharmacokinetics for the mixed-ligand tracer complex. More precisely,
PmTcAqpalm displayed higher tumor-to-blood (0.99 + 0.09 vs. 0.33 & 0.05 at 30 min) and
tumor-to-muscle (2.49 4 0.21 vs. 1.48 4 0.31 ratios at 30 min) ratios vs. ™ TcAqpa.

The comparison of the mixed-ligand tracers indicated fast blood elimination and
significant hepatobiliary clearance for all, while at the same time, kidney accumulation is
observed at 120 min p.i., which was not associated with urinary excretion. As for tumor
uptake, the tracer ™ TcAppalm exhibited the highest tumor uptake equal to 4.24 + 1.39%
ID/g, followed by #™TcbpyAqim with an uptake of 2.51 + 1.76% ID/g, respectively, at
30 min p.i. The tumor accumulation, as indicated by the Tu/Mu ratios, is higher in the
tracers ™ TcAppalm and *™TcAqpalm, with values of 5.10 + 3.55 and 2.42 + 1.42 at
120 min p.i., respectively, compared to ™ TcbpyAqim (1.36 + 0.97). The Tu/Bl ratios of
the tracers ™ TcAqpalm, ™ TcAppalm show an increase over time, reaching values of
2.30 £ 0.61 and 1.63 + 0.92 at 120 min p.i., respectively. ™ TcAppalm, although it has
target/nontarget values greater than 1% at both time points, the uptake diminishes between
the two time points.

3. Materials and Methods
3.1. General

All chemicals were reagent grade and were used as such unless otherwise noted. For
the chromatographic purifications, Silica gel 60 (0.040-0.063 mm) from Merck was used.
The precursors Re(CO)5Br, Re(CO)5(OTf) and fac-[Re(CO)3(MeOH);3](OTf) were prepared
according to literature procedures [37,38]. For the ®™Tc-labeling, a kit containing 5.5 mg of
NaBHy, 4 mg of Nap,COgz, and 15 mg of Na-K tartrate was purged with CO gas prior to the
addition of [**™Tc]NaTcOy, as described in the literature [39]. Solvents for high-performance
liquid chromatography (HPLC) were HPLC grade, and solvents for mass spectroscopy (MS)
were MS grade. They were filtered through membrane filters (0.22 pm, Millipore, Milford,
MA, USA) and degassed. The ESI-HRMS spectra were recorded on an Agilent Q-TOF Mass
Spectrometer, G6540B model with Dual AJS ESI-MS (Santa Clara, CA, USA) and the spectra
were processed using MassHunter Qualitative Analysis (Qual) software. IR spectra were
recorded as KBr pellets on a Spectrum BX spectrophotometer (Perkin Elmer, Waltham, MA,
USA) in the region of 4000-500 cm ! and the Spectrum v5.3 software was used. NMR
spectra were recorded on a DD2 500 MHz spectrometer (Agilent, Santa Clara, CA, USA),
where the OpenVnmr] software was used. RP-HPLC analyses (Agilent Eclipse XDB C18
column 25 cm x 4.6 mm, 5 um) and semi-prep HPLC purifications (Agilent Eclipse XDB
C18 column 25 cm x 9.4 mm, 5 um) were conducted by applying a binary gradient method
of the following: Solvent A: HyO-0.1% v/v TFA and Solvent B: Methanol. The methanol
was HPLC grade, while the TFA solution was prepared utilizing ultra-pure water (MiliQ,
18.2 MQ)-cm) and was filtered through membrane filters (Durapore® MF 0.45 um, Millipore,
Milford, MA, USA). The HPLC analyses were performed on an Agilent 1260 Infinity II
series pump (HP, Waldbronn, Germany) connected to a Gabi gamma detector (Raytest,
Straubenhardt, Germany) and subsequently to an Agilent 1200 series diode array detector.
The flow rate was set at 1 mL/min for the analyses or at 2 mL/min for the purifications and
the composition was as follows: (min, A %, B %); Method A: (0, 100, 0); (15, 25, 75); (20, 5,
95); (25, 5, 95); (27, 100, 0); (30, 100, 0); Method B: (0, 60, 40); (15, 10, 90); (20, 5, 95); (25, 5, 95);
(27, 60, 40); (30, 60, 40). The Chemstation OpenLab software was used. UV-visible (UV-vis)
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spectra were recorded in solution on a Hitachi U-2001 dual-beam spectrophotometer (UV
solutions software). Fluorescence spectra were recorded in solution on a Hitachi F-7000
(Tokyo, Japan) fluorescence spectrophotometer (FL solutions software). For the viscosity
experiments, an Alpha L Fungilab rotational viscometer was used, equipped with an 18
mL LCP spindle, and the measurements were conducted at 100 rpm.

DNA stock solution was prepared by dilution of CT DNA to buffer (containing 15 mM
trisodium citrate and 150 mM NaCl at pH 7.0), followed by exhaustive stirring for three
days, and was kept at 4 °C for no longer than a week. The stock solution of CT DNA gave
a ratio of UV absorbance, at 260 and 280 nm (Apgp/Azgp), of 1.85, indicating that the DNA
was sufficiently free of protein contamination [40]. The DNA concentration was determined
by the UV absorbance at 260 nm after a 1:20 dilution using & = 6600 M~ lem~1 [41].

The cell cultures of murine colorectal adenocarcinoma CT26 cells were performed as
described in the literature [42,43,43,44].

CAUTION! #™Tc is a gamma (y)-emitting radionuclide (t; /2 = 6 h, y-energy, 140 keV),
and handling was performed according to Greek legislation and the EU regulations
(2013/59/Euratom). *™Tc was obtained as sodium pertechnetate in sterile saline from a
commercial Mo /%™ Tc generator (AHEPA General Hospital, Thessaloniki, Greece).

3.2. Chemistry

1-(3-bromopropoxy)-8-hydroxy-9,10-anthraquinone (1). To a stirring solution of
1,8-dihydroxy-9,10-anthraquinone (1 g, 4.16 mmol) in dry acetone (150 mL), tetrabuty-
lammonium bromide (TBAB) (187 mg, 0.58 mmol), K,CO3 (575 mg, 4.16 mmol) and
1,3-dibromopropane (475 pL, 4.66 mmol) were added, and the reaction mixture was heated
to reflux for 2-3 d (monitored by TLC). After the filtration of the reaction mixture, the filtrate
was concentrated and purified by silica gel chromatography (petroleum ether/ethyl acetate,
7:3), resulting in 1 as an orange solid (240 mg, 16% yield) [45,46]. R¢ = 0.40 (petroleum
ether/ethyl acetate, 7:3). IR (em~1, KBr): 1668, 1638 (>C=0), 745 (aromatic rings). TH-NMR
(500 MHz, CDCl3) 6 13.03 (s, 1H, -OH), 7.97 (d, ] = 7.6 Hz, 1H, H3), 7.78 (d, ] = 7.5 Hz, H3/),
7.74 (t,]=8.2Hz, H2),7.62 (t,] =79 Hz, 1H, H2'),7.37 (d, ] = 8.4 Hz, 1H, H1),7.30 (d, ] = 8.3
Hz, 1H, H1),4.33 (t, ] = 5.6 Hz, 2H, H4), 3.87 (t, ] = 6.2 Hz, 2H, H6), 2.47 (quint., ] = 5.9 Hz,
2H, H5). 13C-NMR (126 MHz, CDCl3) 6 188.62, 182.66, 162.40, 159.97, 135.75, 135.68, 135.66,
132.64, 124.65, 120.89, 120.24, 119.19, 118.77, 117.02, 66.71, 32.05, 30.34. HR(-)-MS (m/z):
(C17H13BrOy) calc’d: 359.9980, 361.9958; found: 359.9850, 361.9831 for [M-Br + DMSO] .

1-hydroxy-8-(3-((pyridin-2-ylmethyl)amino)propoxy)-9,10-anthraquinone (Aqpa). A
solution of 1 (500 mg, 1.38 mmol), 2-picolylamine (212 pL, 2.07 mmol) and K,COj3 (191 mg,
1.38 mmol) in dry acetonitrile (90 mL) was heated to reflux for 24 h. After the evaporation
of the acetonitrile, the residue was redissolved in dichloromethane (DCM) and poured
into a NaCl solution. The organic layer was collected, dried and purified by silica gel
chromatography (DCM:MeOH, 9:1 and then, DCM:MeOH:NH3 (25 wt%), 8:2:0.1) to yield
Agpa as a red oil (96 mg, 18% yield) [11]. R¢ = 0.29 (DCM:MeOH:NHj3; (25 wt%), 8:2:0.1).
IR (cm~!, KBr): 1670, 1637 (>C=0), 745 (pyridine and anthraquinone aromatic rings). 1H-
NMR (500 MHz, CDCl3,) 6 8.46 (d, ] =4.0 Hz, 1H, H11),7.93 (d, ] = 7.6 Hz, 1H, H3), 7.74
(dd,J=7.5,1.0 Hz, 1H, H3'), 7.70 (t, ] = 8.1 Hz, 1H, H2), 7.61 (td, ] = 7.6, 1.5 Hz, 1H, H2),
759 (t,] =7.8 Hz, H9),7.35(d, ] = 7.8 Hz, 1H, H8), 7.34 (d, ] = 8.4 Hz, 1H, H1), 7.25 (dd,
J =8.2,1.0 Hz, 1H, H1'), 7.11 (dd, ] = 7.0, 5.3 Hz, 1H, H10), 4.30 (t, ] = 5.9 Hz, 2H, H4),
4.03 (s, 2H, H7), 3.06 (t, ] = 6.3 Hz, 2H, H6), 2.21 (quint., | = 6.1 Hz, 2H, H5). 3C-NMR
(126 MHz, CDCl3) 4 188.62, 182.71 (-C(=0)-), 162.35, 160.09, 158.62, 149.26, 136.55, 135.73,
135.70, 135.60, 132.65, 124.67, 122.46, 122.12, 120.71, 120.06, 119.04, 118.74, 117.00, 68.49 (C4),
54.83 (C6), 46.69 (C7), 28.89 (C5). HR(+)-MS (m1/z): (Co3HpoNOy4) calc’d: 389.1550; found:
389.1493 for [M + H]*.
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1-(3-(1H-imidazol-1-yl)propoxy)-8-hydroxyanthracene-9,10-dione (Aqim). Imidazole
(41 mg, 0.6 mmol) was dissolved in anhydrous acetonitrile at 0 °C, and then KH (73 mg,
0.6 mmol, 30-35% w/w) was added. The mixture was stirred under N for 30 min. Then,
compound 1 (54 mg, 0.15 mmol) was added, and the mixture was heated under reflux
for 24 h. After the evaporation of the solvent, the residue was redissolved in DCM and
poured into a NaCl solution. The organic layer was collected, dried and purified by silica
gel chromatography (DCM:MeOH, 95:5) to yield Aqim as a red solid. Yield 21% (11 mg).
R¢ = 0.29 (DCM:MeOH:NHj3 (25 wt%), 8:2:0.1). 'H-NMR (500 MHz, CDCl3, ppm) 6 13.09 (s,
OH), 7.97 (d, ] = 7.2 Hz, H3), 7.79 (dd, ] = 7.5, 1.0 Hz, H3'), 7.70 (t, ] = 8.0 Hz, H2), 7.63 (t,
] =6.9 Hz, H2'), 7.60 (s, H7), 7.31 (dd, ] = 8.4, 1.1 Hz, H1), 7.23 (d, ] = 8.0 Hz, H1'), 6.96, 7.04
(s, H8, H9), 452 (t, ] = 6.4 Hz, 2H, H4), 4.03 (t, ] = 5.6 Hz, 2H, H6), 2.36 (quint., ] = 6.1 Hz,
2H, H5). HR(+)-MS (m/z): (CooH16N20y) calc’d: 349.1183; found: 349.1171 for [M + H]".
fac-[Re(CO);z(picolylamine)(imidazole)] Triflate, fac-[Re(CO)3(Pa)(im)](OTY) (Re-
Palm). Method A (two steps): To a stirring methanol solution of fac-[Re(CO)3;(MeOH)3]*
(0.11 mmol), 2-picolylamine (12 mg, 0.11 mmol) was added, and the reaction mixture was
heated to reflux for 2 h. 14 mg (0.2 mmol) of imidazole was also added; the mixture was
heated for other 2 d and then concentrated. Method B (one step): To a stirring methanol
solution of fac-[Re(CO)3(MeOH)3]* (0.042 mmol), 2-picolylamine (4.5 mg, 0.042 mmol)
and imidazole (2.9 mg, 0.042 mmol) were added. The reaction mixture was heated to reflux
for 24 h and then concentrated. The residues were combined and purified by silica gel
chromatography (DCM:MeOH, 8:2) and semi-prep HPLC (Method A), to afford the desired
complex—a greenish oil (11 mg, 16% yield) [47]. R¢ = 0.42 (DCM:MeOH, 8:2). Calc. for
C13H12F3N4OgReS: C, 26.22; H, 2.03; N, 9.41; Found: C 26.55; H 2.40; N 9.57. IR (cm™!,
KBr): 2027, 1905 (-C=0). 'H-NMR (500 MHz, CD;0D) 6 8.96 (d, ] = 5.5 Hz, 1H, H1), 8.07
(td,J=7.8,1.4Hz, 1H, H3), 7.63 (s, 1H, Ha), 7.60 (d, ] = 7.9 Hz, 1H, H4), 7.51 (dd, ] = 7.8,
5.5 Hz, 1H, H2), 7.13 (s, 1H, Hb), 6.74 (s, 1H, Hc), 5.89 (s, 1H, -NHy), 4.81 (s, 1H, -NH>),
4.38 (dt, J=16.7, 5.9 Hz, 1H, He), 4.09 (dt, | = 16.8, 6.1 Hz, 1H, He). HR(+)-MS (m/z):
(C12H12N4O3Re) calc’d: 445.0429(60%), 447.0443 (100%); found: 445.0423 (60%), 447.0455
(100%) for [M]™.
fac-tricarbonylrhenium(2-(pyridin-2-ylmethyl)amino)ethyl)-10-methoxy-anthra [1,9-
cd]pyrazol-6(2H)-one)(imidazole) Triflate, fac-[Re(CO)3(Appa)(im)](OTf) (ReAppalm). To a
solution of fac-[Re(CO)3(MeOH)s]* (0.1 mmol), a solution of Appa, 2-(2-Picolylaminolethyl)-
10-methoxy-anthra[1,9-cd]pyrazol-6(2H)-one [24] (38 mg, 0.1 mmol and imidazole (28 mg,
0.4 mmoL)) in MeOH (3 mL) was added, and the reaction mixture was heated to re-
flux for 24 h. The reaction mixture was concentrated to 1 mL MeOH and was subjected
to semipreparative HPLC purification. Yield: 40 mg, 83.5%. tg: 19.1 min. Rg: (SiO,,
CH,Cl,:MeOH, 9:1) 0.80. m.p. 187-190 °C. Calc. for C3yHp1F3NgOgReS: C, 41.33; H, 2.77;
N, 9.64; Found: C 41.69; H 2.40; N 9.49. IR (Cm_l, KBr): 3477, 3412.39, 2927, 2027, 1919.09,
1907.97, 1685.7, 1637.4, 1617.89, 1449, 1282, 1230. 'H NMR (500 MHz, CD30D) 6 for M:
9.12 (d, ] =5.5 Hz, 1H, H11), 8.25 (td, ] = 7.8, 1.2 Hz, H9), 7.99 (d, ] = 7.8 Hz, H3), 7.90-7.78
(m, 4H, H3', H8, Ha, H2), 7.67 (dd, ] = 7.6, 5.5 Hz, H10), 7.60 (t, ] = 8.0 Hz, H2'), 7.40 (d,
] =8.0 Hz, H1), 7.10 (d, ] = 8.0 Hz, H1'), 6.79 (m, 1H, Hb), 6.77 (m, 1H, Hc), 5.74 (m, NH),
522 (dd, ] = 15.9, 5.1 Hz, 1H, H7), 4.81 (m, 2H, H5), 4.50 (dd, ] = 15.9, 9.4 Hz, 1H, H7), 4.16
(m, 1H, H6), 3.95 (m. 1H, H6), 3.25 (br, 3H, H4). HR(+)-MS (m/z): (Co9H4NgO5Re) calc’d:
721.1162 (60%), 723.1626 (100%), found: 721.1315 (60%), 723.1348 (100%) for [M]*.
fac-tricarbonylrhenium(1-hydroxy-8-(3-((pyridin-2-ylmethyl)amino) propoxy)-9,10-
anthraquinone)(imidazole)Triflate, fac-[Re(CO)3(Aqpa)(im)](OTf) (ReAqpalm). To a
methanolic solution of fac-[Re(CO)3(MeOH)3](OTf) (0.05 mmol), a solution of Agpa (20 mg,
0.05 mmol) and imidazole (3.4 mg, 0.05 mmol) in MeOH (5 mL) was added and the reaction
mixture was heated to reflux for 24 h. The mixture was concentrated to less than half its
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volume, and the precipitate was removed. The supernatant was purified by semi-prep
TLC 20 x 20 cm (DCM:MeOH 9:1), and a band with Ry = 0.29 was isolated as an orange
solid and yielded 25 mg. The mixture of isomers was separated by semi-preparative HPLC
(Method B) to afford the major isomer (M) product (g = 19 min) with a yield of 5 mg (25%)
and the minor (m) isomer with a yield of 2 mg (11%). Calc. for C3pH4F3N4O19ReS (M):
C, 41.14; H, 2.76; N, 6.40; Found: C 41.05; H 3.10; N 6.20. IR (cm~!, KBr): 2022, 1916, 1908
(-C=0), 1633, 1281, 1203. 'H-NMR (500 MHz, CDCl3, ppm) ¢ for M: 13.25 (s, 1H, -OH),
11.25 (s, 1H, NH;nm), 8.98 (d, ] = 5.3 Hz, 1H, H11), 8.11 (t, ] = 7.6 Hz, 1H, H9), 7.95 (d, | = 7.4
Hz, 1H, H3), 7.81 (s, Ha), 7.75-7.69 (m, 2H, H2, H3), 7.67 (d, ] = 7.7 Hz, 1H, H8), 7.61 (dd,
J=73,5.3 Hz, H10), 7.54 (t, ] = 7.9 Hz, 1H, H2'), 7.28 (d, ] = 8.3 Hz, 1H, H1), 7.01 (d, ] = 8.3
Hz, 1H, H1'), 6.64 (s, 1H, Hc), 6.45 (s, 1H, Hb), 5.46 (s, 1H, NH), 5.22 (dd, ] = 15.2, 4.4 Hz,
1H, H7), 4.51-4.44 (m, 1H, H4), 4.30-4.24 (m, 1H, H4), 4.14 (dd, ] = 15.1, 10.2 Hz, 1H, HY),
4.07-3.99 (m, 1H, H6), 3.74-3.64 (m, 1H, H6), 2.55-2.46 (m, 1H, H5), 2.22 (d, ] = 16.1 Hz, 1H,
H5); IR (cm ™1, KBr): 2026, 1916, 1908 (-C=0), 1654, 1284, 1202. 'H-NMR (500 MHz, CDCl;,
ppm) & for m: 13.50 (s, 1H, -OH), 11.25 (s, 1H, NH;p), 9.08 (d, ] = 5.3 Hz, 1H, H11), 8.11 (t,
J=69Hz, 1H, H9),8.05(d,]=74Hz, 1H, H3),7.84 (t,] =8.0 Hz, H2),7.75 (d, ] =7.4 Hz,
1H, H3'), 7.64 (dd, ] = 7.7, 5.3 Hz, 1H, H10), 7.59 (m, 2H, H2', H8), 7.41 (d, ] = 8.5 Hz, 1H,
H1), 7.38 (m, 1H, Ha), 7.17 (m, Hc), 7.08 (s, 1H, NH), 7.01 (d, ] = 7.6 Hz, 1H, H1’), 6.66 (s, 1H,
Hb), 4.75 (d, ] = 11.5 Hz, 1H, H7), 4.44 (m, 2H, H4), 3.65-3.52 (m, 2H, H7, H6), 3.18-3.09 (m,
1H, H6), 2.44-2.33 (m, 1H, H5), 2.33-2.22 (m, 1H, H5). HR(+)- MS (m/z): (C29H24N4O7Re)
caled: 725.1155 (60%), 727.1156 (100%), found for M: 725.1162 (60%), 727.1193 (100%) and
for m: 725.1146 (60%), 727.1180 (100%) for [M]*.

fac-tricarbonylrhenium(2,2’-bipyridine)(1-(3-(1H-imidazol-1-yl) propoxy)-8-ydroxyanth
racene-9,10-dione) Triflate, fac-[Re(CO)3(bpy)(Aqim)|(OTf) (RebpyAqim). Agim (20 mg,
0.05 mmol) and fac-[48] (0.02 mmol) were dissolved in acetonitrile (5 mL), and the reaction
mixture was heated to reflux for 24 h. The solvent was evaporated to dryness, redissolved
in methanol, and purified by preparative TLC 20 x 20 cm (DCM:MeOH 9:1) and semi-
preparative RP-HPLC (Method A, 2 mL.min~! flow rate) to afford the desired complex as
an orange solid. Yield was 27% (6 mg). Rf = 0.29 (DCM:MeOH, 9:1), tg 22.4 min. Calc. for
C34H,4F3N,O10ReS: C, 44.20; H, 2.62; N, 6.06; Found: C 44.56; H 2.78; N 6.15. IR (cm ™!,
KBr): 3471.49, 3413.78, 2957.82, 2027.38, 1919.09, 1903.72, 1685.54, 1637 .4, 1618.04, 1448.94,
1284.36, 1202.67, 1126.71, 624.35. 'H-NMR (500 MHz, CD3CN, ppm) & 12.87 (s, OH), 9.03
(d, ] =54 Hz, 2H, Ha), 8.28 (d, ] = 8.2 Hz, 2H, Hd), 8.11 (t, ] = 7.8 Hz, 2H, Hc), 7.96 (d,
] =7.6 Hz, 1H, H3), 7.86-7.74 (m, 3H, H3/, H2, H2'), 7.58, (dd, ] = 7.6, 5.4 Hz, 2H, Hb), 7.45
(s, 1H, H?7),7.38 (d, ] = 7.9 Hz, 1H, H1), 7.31 (d, ] = 8.5 Hz, 1H, H1’), 7.05 (s, H8), 6.57 (s,
H9), 4.32 (t, ] = 6.4 Hz, 2H, H4), 3.80 (t, ] = 5.6 Hz, 2H, H6), 2.15-2.13 (m, 2H, H5). HR(+)-
MS (m/z): (C33H24N4O7Re) calc’d: 773.1154 (60%), 775.1197 (100%); found: 773.1142 (60%),
775.1177 (100%) [M]*.

3.3. In Vitro DNA-Binding Studies

The in vitro evaluation of the interaction of the compounds with CT DNA was con-
ducted following the dissolution of the complexes in DMSO (1 mM) because of their limited
solubility in water. The experiments were conducted in the presence of aqueous buffer solu-
tions, ensuring that the ratio of DMSO in the final solution did not exceed 5% (v/v). Control
experiments were implemented to evaluate the impact of DMSO on the data. Minimal
or no alterations were observed in the spectra of CT DNA, and appropriate adjustments
were made when necessary. All the procedures and relevant equations used in the in vitro
study of the interaction of the compounds with CT DNA are described in the Supporting
Information file [27,31,34].
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3.4. Radiochemistry

Synthesis of the mixed-ligand complexes, fac-[**™Tc][Tc(CO)3(Pa)(Im)]*, fac-[™Tc]
[Tc(CO)3(Aqpa/Appa)(Im)]* and fac-[P™Tc][Tc(CO)s(Bpy)(Agim)]* is as follows: a total
of 450 puL of the pH-neutrilized solution of fac-[**™Tc][Tc(CO)3(H,0)3]* was added to a
crimped 10 mL vial containing 50 pL of a 1072 M methanolic solution of the bidentate
chelator (picolylamine, Aqpa, Appa or 2,2'-bipyridine) under inert atmosphere. The vial
was heated at 70 °C for 30 min. Then, a solution of 1M sodium bicarbonate (80 uL) and
a solution of the monodentate ligand, imidazole (1 mg in 0.1 mL MeOH) or Agim (1 mg
in 0.2 mL MeCN) was added to the vial, and the mixture was heated at 70 °C for 45 min.
The #™Tc-complexes were purified by HPLC (Method A), and after evaporation of the
solvents, they were reconstituted in 1% Tween 80 saline solution prior to in vitro and
in vivo studies. The % recoveries of the purified radiotracers from the HPC were the
following: ™ TcPalm: 48%; ¥MTcAqpa: 25%; M TcAqpalm: 20%; ™ TcAppalm: 36%;
PmTcbpyAqim: 36% [35,49].

In vitro stability tests. 50 pL of the HPLC-purified *™Tc complexes (200400 pCi)
were incubated in 450 pL of either a 1 mM solution of L-histidine in 0.1 M PBS (pH =7.4)
or rat plasma, at 37 °C for 24 h. At the 1 h, 4 h and 24 h time points, samples from the
mixtures were analyzed by HPLC. As for the rat plasma, prior to the injection, acetonitrile
(3 x volume of the sample) was added to the sample to cause protein sedimentation, which
was separated from the liquid fraction by centrifugation [50,51].

Lipophilicity studies. The distribution coefficient (D) of the ™Tc complexes was
determined according to the shake flask method. 20 uL of the HPLC-purified *™Tc
complexes (100-150 uCi) were mixed with 2 mL of 1-octanol and 1.98 mL of phosphate-
buffer solution (0.1 M, pH = 7.4) in a centrifuge tube. The mixtures were vortexed for 1 min
at room temperature and centrifuged for 10 min at 3500 rpm. The radioactivity of aliquots
(50 puL) of both the 1-octanol and PBS phase was counted in a y-counter. The experiment
was run in triplicate. The distribution coefficient (Dy4) was calculated by dividing the
counts of the 1-octanol phase by those of the PBS phase, and the results were expressed as
logD7.4 =+ SD, where SD: Standard Deviation [50,51].

3.5. Biological Evaluation of the 9™ Tc Complexes

Cellular uptake. Murine Balb/c colorectal carcinoma CT26 cells were a gift from
Prof. C. Chlichlia (Democritus University of Thrace) and were seeded at a density of
5 x 10°/500 uL in 24-well plates and allowed to attach for 6 h. A total of 5 uL of the
HPLC-purified *™Tc complexes (10-12 uCi) was added to each plate, and the cells were
incubated for 15, 60, 120 and 240 min at 37 °C in an atmosphere containing 5% (v/v) CO,.
At each time point, the culture media were collected, and the cells were incubated with
trypsin-EDTA (200 pL, 0.25% w/v) for 2 min. Fresh culture medium DMEM-FBS (200 pL)
was added, and the cells were collected in Eppendorf tubes, followed by the plate being
washed with 1 x PBS (150 pL). After centrifugation of the cell suspension (5 min, 2000 rpm),
the cells were washed twice with 1 x PBS (150 and 120 pL). The radioactivity of the cells
and the collected supernatant solutions was counted in a y-counter, and the (%) cell uptake
was calculated. The experiment was conducted in triplicate for each time point [50,51].

Biodistribution studies. Experimentation (License No 114251/528), in accordance
with the European guidelines 2010/63/EU and Greek legislation PD 56 for animal experi-
mentation. Balb/c mice, 10-12 weeks old, with a median weight of 20-25 g, were housed
in proper animal facilities (Laboratory of Development-Breeding of Animal Models and
Biomedical Research, Faculty of Health Sciences, Aristotle University, EU License No EL
54 BIOexp-10) with food and water ad libitum in constant conditions of temperature and
humidity and regular light cycles of 12/12 h light/dark. All animal experiments were
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conducted considering the 3Rs alternatives (Replacement, Refinement and Reduction), and
all mice used for the experiments were not subjected to pain or discomfort.

Balb/c mice were implanted subcutaneously with 5 x 10° CT26 cells on the hind right
flank. One week after inoculation, when the tumor size was in the range 0.4-1 cm, the
animals were injected via the tail vein with ~370 kBq of the HPLC-purified “2 + 1" 9™ Tc-
tracers in 0.1 mL saline each. Animals were sacrificed at 30 and 120 min post-injection
(pi.) by cervical dislocation, followed by blood withdrawal and myocardial excision.
The experiment and the calculated % injected dose per organ and per gram values were
obtained as described in our previous work [50,51].

4. Conclusions

Herein, novel mixed-ligand tricarbonylrhenium and -technetium complexes of the
formula fac-[M(CO)3(N,N')(N)]*, with a pharmacophore unit attached either on the biden-
tate chelator or on the monodentate chelator, have been developed. We proposed the
combination of a substituted picolylamine as a N,N’-bidentate chelator with imidazole as a
N-monodentate ligand and showed that it can be successfully applied to form stable and
biologically active tricarbonyltechnetium complexes for potential SPECT imaging appli-
cations. The N,N’ coordination of substituted picolylamine with the tricarbonylrhenium
or -technetium core leads to the formation of diastereomers. The in vitro DNA-binding
studies of the compounds indicated intercalation as a possible mode of interaction. All
radiotracers bearing the pharmacophore moieties were synthesized in moderate to high
radiochemical yields (35-77%, non-decay corrected), starting from the tricarbonyl precursor
fac-[?*™Tc][Te(CO)3(H,0)3]*, and exhibited high in vitro stability (>90% of inert complex,
at 4 h). The anthraquinone and anthrapyrazole mixed-ligand complexes exhibit lipophilic-
ity values that are acceptable for membrane permeation, although the in vitro studies in
tumor cell lines indicated low cell uptake. The tracers” in vivo tumor uptake values in mice
were in the low range; however, the complexes exhibited fast blood clearance and increased
Tu/Bl and Tu/Mu values when compared to the respective bidentate tracers. By comparing
the radiochemical and biological results with those obtained for the prototype **™TcPalm, it
can be deduced that the linkage of the pharmacophore onto the complex inhibited sterically
the interaction with chemical/biological competitors, preventing transchelation or dissoci-
ation. The addition of the imidazole to the sixth position of the complexes’ coordination
sphere improved their pharmacokinetic properties. This new platform shows promise to
be exploited for different targets as well.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/doi/s1, Figure S1: UV-vis spectra of DMSO solution of the compounds in
the presence of increasing amounts of CT DNA. The arrows show the changes upon addition of CT
DNA; Figure S2: Plot of ([EDANQ]) versus [DNA] for the compounds; Figure S3: Fluorescence emission
spectra (Aexitation = 940 nm) for EB-DNA ([EB] = 20 uM, [DNA] = 26 uM) in buffer solution in the

absence and presence of increasing amounts of the compounds (up to the value of r = 0.48). The arrow

shows the changes of intensity upon addition of the compound; Figure S4: Stern—Volmer quenching
plot of EB-DNA fluorescence for the compounds; Figure S5. The Re and *™Tc-complexes with Agpa
ligand; Figure S6: HPLC radiochromatograms of histidine and rat plasma stability studies of the *™Tc
complexes; Table S1: Biodistribution results of 99MTcPalm in healthy mic; Table S2: Biodistribution
results of the anthraquinone and anthrapyrazole ™ Tc-complexes as % ID/organ (+SD).
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