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ABSTRACT

Hypoxia, defined as the deficiency of oxygen, is a significant hallmark of cancers presenting in the majority of solid tumors.
Detection of tumor hypoxia is essential in cancer diagnosis to prevent cancer progression, metastasis, and resistance to cancer
therapies in clinical practices. Single-photon emission computed tomography (SPECT) is one of the methods studied and
applied for hypoxia detection with the use of radiolabeled imaging agents in which *"Tc is the common radioisotope used for
radiolabeling. Nitroimidazoles are the hypoxia-targeting moieties presenting in numerous *"Tc-radiolabeled imaging agents due
to their bio-reducible ability in hypoxic environments. Recently, in addition to *“™Tc-labeled radiopharmaceuticals containing one
nitroimidazole unit, there has been considerable attention given to *"Tc-radiopharmaceuticals bearing two or more nitroimidazole
units. This review summarizes the synthesis of hypoxia-targeting chelators and radiolabeling processes to produce these *"Tc-
radiopharmaceuticals for SPECT imaging.
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Introduction

Molecular imaging is a non-invasive imaging technique that can monitor biological activities at the cellular and sub-cellular levels [1,2]. Positron
emission tomography (PET) and single photon emission computed tomography (SPECT) are the common molecular imaging techniques that
have been used in the detection, characterization, and quantification of a variety of diseases such as cancer, heart diseases, and neurodegenerative
disorders [3-8]. In SPECT, gamma-emitting radioisotopes are used as the radiotracers to generate radiation that can be detected by gamma cameras
from different angles, thus creating three-dimensional images of their accumulation in cells and organs, indicating biological events happening
in the body [9,10]. Several gamma-emitting radioisotopes are commonly employed in SPECT imaging, namely, ™ Tc, I, '**Xe, ' Tl, and "'In.
Among these radioisotopes, *™Tc is preferable for SPECT imaging because *™Tc only emits gamma radiation, has a photon energy of 140.5 keV
which is ideal for gamma cameras, and the preparation of “™Tc labeled radiopharmaceuticals is convenient with the use of cold labeling kits [11].

Hypoxia is a phenomenon in which there is an inadequacy of oxygen levels in tissues and cells due to the imbalance of oxygen intake and
consumption [12]. In cancer research, hypoxia is recognized as one of the important hallmarks of solid cancer and plays many roles in cancer
progression [9,10,13]. In addition, hypoxia is also related to the resistance of cancer cells to therapies and treatment failure [14,15]. Therefore,
targeting hypoxia plays an important role in cancer treatment and diagnosis [14]. Because nitroimidazole moieties selectively retain in low-oxygen

cells and tissues, they have been widely employed in the development of hypoxia-detection radiopharmaceuticals [16]. Moreover, “™Tc can create
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various complexes with a diverse array of chelates [17].

Besides the common *™Tc-labeled radiopharmaceuticals containing one moiety of nitroimidazole in the structures, there has been significant
interest in the past decades in the development of hypoxia targeting agents that feature *™Tc-radiopharmaceuticals containing two or more
nitroimidazole moieties. This review provides a summary of developments since 2013 in the production of hypoxia-targeting agents labeled

with *™Tc that contain several nitroimidazole units in their structures.

1. Development of ®™Tc-labeled radiotracers with two nitroimidazoles

1. 1. Synthesis of *TcN-N4IPDTC, *™TcO-N4IPDTC and *™Tc(CO)s-N4IPDTC

In 2015, Zhang and co-workers synthesized the ligand 3-(4-nitro-1H-imidazolyl)propy! dithiocarbamate (N4IPDTC) and labeled it with
PmTeN, “mTeO, and *™Te(CO)s [18]. The substitution reaction of 4-nitroimidazole 1 with N-(3-bromopropyl)phthalimide 2 in the presence
of KoCOs generated compound 3. The addition of hydrazine to 3, followed by addition of HCI provided amine hydrochloride 4 bearing
4-nitroimidazole. Ligand N4IPDTC was synthesized via the reaction of 4 with carbon disulfide in the presence of NaOH (Fig. 1). Precursor
[P TeNJ* was synthesized from [*™TcOa] and succinic dihydrazide (SDH). Substitution reaction of ligand NAIPDTC and [*™TeNT** generated
PmTeN-N4IPDTC. *™TcO-N4IPDTC was afforded via the substitution reaction of NAIPDTC with *™Tc-GH, which was produced from
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Fig. 1. Synthesis of the N4IPDTC ligand.
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Fig. 2. Radiosynthesis of ®™TcN-N4IPDTC, *mTcO-N4IPDTC and *mTc(CO)s-N4IPDTC.
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[*™TcO4] by using a glucoheptonate (GH) kit (Fig. 2). The fac-[*™Tc(CO)s(H20):]" precursor was prepared via the reaction with [*™TcO4],
NaxCOs, and CO in saline. Substitution of H20 in a complex with NAIPDTC produced the desired *Tc(CO);-N4IPDTC. Three " Te-labeled

radiotracers were obtained in high yield and with >95% radiochemical purity.

1.2. Synthesis of ®™TcN-SNXT and *™TcO-SNXT complexes

In 2018, a xanthate derivative of secnidazole (SNXT) was synthesized by Zhang and co-workers serving as a bidentate ligand. They then
proceeded to label this ligand using [®™"TcNT** and [*™TcOJ** precursors [19]. The SNXT ligand (10) was prepared via a reaction between
secnidazole, carbon disulfide, and NaOH in water (Fig. 3). The precursors [*"TcNT** and [*™TcO]** were obtained from *™TcOs by using
a succinic dihydrazide (SDH) kit and GH Kit, respectively. Reactions of the SNXT ligand with [*™TcNJ** and [*™TcOJ** cores were carried
out in the presence of Na,CO; and CO in saline (Fig. 4) to produce two *™Tec-labeled complexes (" TcN-SNXT and **TcO-SNXT) in high

radiochemical purity.
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N N N N
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Fig. 3. Synthesis of SNXT ligand.
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Fig. 4. Radiolabeling reactions of SNXT ligand for the synthesis of " TcN-SNXT and *™TcO-SNXT complexes.

1.3. Synthesis of *™TcN-NMXT and *™TcO-NMXT

In 2020, two complexes were synthesized and labeled with ™ Tc by Zhang and co-workers, namely *"TeN-NMXT and *"TcO-NMXT,
both bearing 4-nitroimidazole xanthate ligands (NMXT) [20]. The reaction of 2-methyl-4-nitroimidazole 13 with 4-bromobutan-1-ol 14 in
the presence of K»CO; in acetonitrile provided compound 15 (NMOH), which was then reacted with carbon disulfide and NaOH in water
to generate the sodium salt of the desired ligand NMXT (16) (Fig. 5). The [ TcNJ** core was prepared from *™TcOs by using an SDH
kit. Radiolabeling NMXT ligand with [*"TcN]** core provided " TeN-NMXT with >95% radiochemical purity. The [*™TcOJ** core was
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synthesized from *™TcOs by using a GH kit. “™TcO-NMXT was obtained in high radiochemical purity (>95%) via a radiolabeling reaction of
the [*™TcOT** core with the NMXT ligand (Fig. 6).
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- N CS,, NaOH - N
M, N
OH OCS,Na
NMOH (15) NMXT (16)
Fig. 5. Synthetic pathway to the NMXT ligand.
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Fig. 6. Synthesis of “"Tc-labeled complexes *™TcN-NMXT and *mTcO-NMXT.
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1.4. Synthesis of MetroNC-[*"TcN(PNP)] complex

In 2016, Banerjee and co-workers introduced a ™ TcN(PNP)-complex featuring a metronidazole isocyanide (MetroNC) ligand
[21]. Compound 2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethanamine hydrochloride 19 was transformed into a formamide derivative of
S-nitroimidazole 20 via a reaction with ethylformate and triethylamine. The reaction of 20 with p-TsCl and pyridine in DCM changed the
formamide group of 20 to the isocyanide of compound 21 (Fig. 7). The [®"TcN]** intermediate was prepared via a reaction of Na”TcOs with
succinic dihydrazide (SDH) in the presence of SnCl. in ethanol, followed by a reaction with PNP2 ligand to give precursor [*™TcN(PNP)J*".
[MetroNC] (21) was added to precursor [ TcN(PNP)]* to generate MetroNC-[*"TcN(PNP)] (22) in high radiochemical purity with two
proposed structures (Fig. 8).
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Fig. 7. Synthetic pathway to metronidazole isocyanide (MetroNC) ligand.
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Fig. 8. Radiolabeling reaction of MetroNC ligand and the proposed structures of MetroNC-[*"TcN(PNP)] complex.

2. Development of *™Tc-labeled radiotracers with multi-nitroimidazoles

2. 1. Synthesis of [*™Tc(CO)s(MetroNC)s]‘complex

Mallia and co-workers synthesized a hypoxia-targeting complex in 2018, incorporating three metronidazole isocyanide moieties (MetroNC)

with *™Tc(CO)s [22]. The MetroNC ligand was prepared via the reaction of metronidazole 23 with ethylformate and triethylamine, followed

by a reaction with p-TsCl and pyridine in DCM (Fig. 9), which was similar to the synthesis of the MetroNC ligand for the preparation of
MetroNC-[*™TecN(PNP)] [21]. The [*™Tc(CO)s(H20)s]" precursor was prepared from Na”™TcO4 by using an Isolink® kit vial. MetroNC
ligand was radiolabeled with freshly prepared [*"Tc(CO)(H20)3]" in ethanol to afford the [*™Tc(CO)s:(MetroNC)s]* complex (Fig. 10) with

high radiochemical purity (>95%).

The Korean Journal of Nuclear Medicine Technology



Synthetic Approach to 99mTc-labeled SPECT Radiotracers with Multi-nitroimidazoles for Hypoxia

NH; NHCHO

NC
p-TsCl
Ethylformate Pyridine

N N N
02N 13/ EtsN OZN\<\_P/ DCM ozm\&p/
23

N N
24 MetroNC (25)
Fig. 9. Synthetic pathway to MetroNC ligand.
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Fig. 10. Radiosynthesis of the [*Tc(CO)s(MetroNC)sJ*complex.

2.2. Synthesis of [*™Tc]34 and [*™Tc]35

In 2020, two *™Tc(CO)s complexes bearing isocyanide derivatives of 4-nitroimidazole (32) were developed by Zhang and co-workers [23].
The substitution reaction of 4-nitroimidazole 27 and N-(2-bromoethyl)phthalimide 28 in the presence of K2COs in DMF at reflux generated
compound 29. Compound 30 bearing primary amine was formed via the reaction of 29 with hydrazine hydrate in ethanol at reflux. The amine
group of 30 was then transformed into the isocyanide group of 32 via the reaction of 30 and 31 in the presence of triethylamine in methanol (Fig.
11). The [*™Tc(CO):(H20):]" precursor was synthesized by adding Na?™TcOs to a solution of NaCOs, NaBHs, and potassium sodium tartrate
after purging the solution with CO. Interestingly, radiolabeling ligand 32 with the [*"Tc(CO)3(H20)s]" precursor at 100 °C and 25 °C gave the

corresponding products, *™Tc(CO):-34 containing three ligands 32 and *™Tc(CO):-35 containing two ligands 32, respectively, with high RCY
and >95% radiochemical purity (Fig. 12).
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Fig. 11. Synthetic pathway to isocyanide derivative of 4-nitroimidazole.
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Fig. 12. Radiosynthesis of ®™Tc(CO)s-34 and ®mTc(CO)s-35 complexes.
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2.3. Synthesis of [*"Tc(M)e]* and [*™Tc(CO)s(M)s]*

In 2020, Zhang and co-workers prepared the isocyanide derivative of 4-nitroimidazole, and proceeded to radiolabel it with [*™Te(I)]" and
[P Te(I)(CO)s]* [24]. Nucleophilic substitution of 4-nitroimidazole 36 and N-(2-bromoethyl)-phthalimide 37 in the presence of K2COs in DMF
generating compound 38 was subsequently converted to compound 39 bearing primary amine via reaction with hydrazine hydrate in ethanol.
Ligand M was obtained via the amidation of 39 and 2,3,5,6-tetrafluorophenyl 2-isocyanoacetate 40 in the presence of triethylamine in methanol
(Fig. 13). Reduction of *"Tc-pertechnetate with SnCl. and ligand M in the presence of sodium citrate at room temperature gave the six-
coordinated complex [*™Tc(M)s]*. Fac-[*"Tc(CO)(H20)s]" precursor 43 was produced by adding *™TcOx to the solution of NaxCOs, NaBHa,
and potassium sodium tartrate and flushed with CO at 80 °C. [*™Tc(CO)s(M)s]” was synthesized via the reaction of M ligand with prepared fac-
[*™Te(CO)(H20)3]" precursor at pH 5-6. Two “™Te-labeled complexes were both obtained with high RCY's and >95% radiochemical purities
(Fig. 14).
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Fig. 13. Synthetic route to 4-nitroimidazole isocyanide derivative M.
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Fig. 14. Radiolabeling reactions for the synthesis of [*™Tc(M)s]* and [*™Tc(CO)s(M)s]*.

2.4. Synthesis of [*™Tc]57-60

In 2018, four chelates containing derivatives of 2-nitroimidazole isocyanide were synthesized and radiolabeled with *™Tc¢ by Zhang and
co-workers [25]. The substitution reaction of 2-nitroimidazole 45 with N-(2-bromoethyl)phthalimide 46 in the presence of K.COs in DMF
produced compound 47, which was then reacted with hydrazine in ethanol to give intermediate 48. Reactions of 48 with four active esters
bearing isocyanide (49-52) in the presence of triethylamine in methanol provided the corresponding ligands 174a-d (Fig. 15). *™Tc-complexes
57-60 were synthesized in high radiochemical purity (>95%) via direct radiolabeling reactions of ligands 49-52 with Na”"TcOs and reducing

agent SnCl: in sodium citrate buffer (Fig. 16).
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Fig. 15. Synthesis of 2-nitroimidazole isocyanide ligands.
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Fig. 16. Radiolabeling reactions for the synthesis of complexes *mTc-57-60.

Conclusion

Detection of hypoxia in solid tumors is crucial in the early diagnosis of cancers and prevention of cancer progression and metastasis. Many

approaches have been made to detect tumor hypoxia in which SPECT imaging is a promising non-invasive approach to identify and quantify

hypoxic regions in vivo. In recent years, numerous *"Tc-labeled radiopharmaceuticals bearing nitroimidazoles as hypoxia-targeting moieties

have been developed due to the versatility of ™Tc in forming different types of complexes with a wide range of chelators. *™Tc-labeled

radiopharmaceuticals bearing two or more nitroimidazoles in their structures have been successfully prepared, providing a potential approach

to enhance the hypoxia selectivity and effectiveness of the hypoxia-targeting agents for SPECT imaging.
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