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Introduction 

Radiopharmaceuticals are a class of pharmaceutical agents containing radioisotopes (RIs). They 

are administered to patients by localized, intravascular, or oral administration but are most often 

given intravenously. 1,2 Currently, a wide range of RIs are employed clinically, including radioactive 

metals and radioactive halogens. These agents are utilized to diagnose and treat various diseases, 

including cancer, through the radiation emitted by the RIs. Among these RIs, γ-ray or β+-

particle emitting RIs are used for diagnosis because of the high penetrability of the emitted 

radiation. On the other hand, β--particle or α-particle emitting RIs are used for therapy because 

of their high cytotoxicity. 

Two types of diagnostic systems are used for radiopharmaceutical-based diagnosis. If the RIs emit 

γ-rays, they can be used for Single Photon Computed Tomography (SPECT), and if the RIs emit 

β+-particles, they can be used for Positron Emission Tomography (PET) imaging. SPECT images 

are obtained using γ-cameras to acquire multiple 2-D images from multiple angles, which are then 

reconstructed using a computer to get a 3-D image. SPECT uses collimators in front of the 

detectors to block γ-rays from directions other than the pre-determined one, resulting in a 

significantly lower radiation detection sensitivity.3 As a result, SPECT provides low-resolution and 

low-quantitative images compared to PET.4 However, in general, the half-life of the RIs used in 

SPECT is longer than that of the RIs used in PET and commercially available, so clinically, the 

number of SPECT machines is much larger than that of PET machines. On the other hand, in PET 

images, β+-particle emitting RIs are used. The β+-particles produce two annihilation radiations 

with an energy of 511 keV due to the interaction of positrons and electrons. As these annihilation 

photons are emitted in diametrically opposite directions, the radiation can be determined without 

collimators by coincidence detection by γ-cameras installed in the opposite direction. 

Coincidence detections can also allow radiation attenuation correction, so PET images provide 

higher resolution and quantitative images than SPECT images. Although the number of PET 

systems in clinical use is smaller than the number of SPECT systems due to the short half-life of 

RIs used in PET, these features of PET imaging have resulted in seven times the number of recent 

publications on PET studies than the number of publications on SPECT studies.5 

β⁻- and α-particles are used in radiotherapy because of their cytotoxic properties. In general, 

these radiations induce cellular damage through direct mechanisms (e.g., DNA damage and protein 

damage) and indirect mechanisms (e.g., cellular damage from reactive oxygen species (ROS) 

generated by radiolysis of water).6 β⁻-particles are electrons, which are small particles with one 

negative charge. The interaction of β⁻-particles to materials is not strong, and then the path 

length of β⁻-particles in the body is long (0.5-5 mm), indicating the linear energy transfer (LET) 
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is low. In general, β⁻-particles show cytotoxic effects by inducing single-strand DNA breaks 

through indirect mechanisms. As the path length of β⁻-particles is long, they can damage many 

cells in the vicinity of the RIs.7 On the other hand,α-particles are nuclei of helium and have two 

positive charges. Since the interaction of α-particles to materials is very high and then the path 

length of α-particles is very short (50-100 μm), their LET is approximately 400 times higher 

than that of β⁻-particles.8 Generally, α-particles show cytotoxic effects by inducing double-

strand DNA breaks through direct mechanisms. The shorter path length of α particles compared 

to β−-particles can provide very strong damage only to cells adjacent to the RIs, minimizing 

damage to healthy cells.7 These properties of α-particles have led to several recent studies on 

the development of radiolabeled compounds using α particle-emitting RIs.  

To use RI for diagnosis and therapy for diseases, it is necessary to deriver RI to the lesion. If the 

RIs themselves have inherent targeting abilities (e.g., radium-223 (223Ra) and strontium-89 (89Sr), 

which have bone-targeting properties, are used for bone metastatic cancers, and iodine-123 (123I), 

iodin-131 (131I), which are recognized by the sodium iodide symporter (NIS), are used for thyroid 

cancer), these RIs are administered as is. 9 In the case of radiometals, as some radiometal-chelate 

complexes accumulate in specific tissues and lesions due to physiological effects, they can be used 

to diagnose and treat diseases. For instance, 99mTc-labeled mercaptoacetyltriglycine (99mTc-MAG3) 

is utilized to evaluate renal function due to its characteristic rapid accumulation in renal tubular 

cells and subsequent swift excretion into urine.10 Additionally, 111In-labeled 

diethylenetriaminepentaacetic acid (111In-DTPA) is utilized to evaluate cerebrospinal fluid (CSF) 

space lesions. This is because 111In-DTPA exhibits physiological similarities to CSF and distributes 

along the CSF flow patterns when administered into the subarachnoid space.11 Another method of 

delivering RI to the lesion is to bind the RI to a targeting molecule that accumulates at the lesion 

site. Various compounds are used as targeting molecules, including small molecules, peptides, 

antibodies, or antigens that interact with transporters, enzymes, receptors, or nanoparticles. To 

prepare radiolabeled targeting molecules, RIs are bound directly or indirectly to the targeting 

molecules. A typical example of a direct method is direct iodination of proteins. In this method, 

RI-labeled proteins are obtained by binding reactive I+ generated using an oxidizing agent (such as 

chloramine-T) to tyrosine residues in the protein.12 While this method allows for simple and high-

yield radioiodine labeling of proteins, the use of oxidizing and reducing agents may risk protein 

denaturation or disulfide bond cleavage.13,14 On the other hand, some targeting molecules do not 

have radiolabeling moieties. In such cases, RI-labeled compounds are prepared by indirect 

methods. Indirect methods include introducing an RI-labeled agent into the targeting molecule or 

introducing a chelating agent into the targeting molecule (bifunctional chelating agent: an agent 

with both a chelating moiety and a protein binding moiety) to label the radiometal. Typical RI-
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labeled agents used to prepare RI-labeled compounds are the Bolton-Hunter reagent and N-

succinimidyl 3-iodobenzoate.15 Using these RI-labeled agents, radioiodine-labeled protein can be 

obtained without oxidative and reductive conditions. A typical bifunctional chelating agent is p-

SCN-Bn-DOTA. p-SCN group binds to the targeting molecules via amino group and DOTA 

moiety complexes with radiometal. DOTA can form stable complexes with a variety of radiometals 

such as indium-111 (111In), gallium-68 (68Ga), lutetium-177 (177Lu), and actinium-225 (225Ac). 

Therefore, DOTA is the most used chelating agent in nuclide medicine. In recent years, indirect 

method has been mainly used for the preparation of radiolabeled compounds, because indirect 

methods can be introduced various functions, such as the ability to hold RIs stably or to show high 

stability against enzymatic degradation. 

Theranostics refers to the combination of therapy and diagnosis, and when radionuclides are 

used, it is specifically called radiotheranostics.16 In the case of radiopharmaceuticals, it is easy to 

prepare RI-labeled compounds with similar biodistribution of diagnostic and therapeutic RI-labeled 

compounds by replacing the RIs to be labeled from diagnostic RIs to therapeutic RIs. If the 

therapeutic RI-labeled compound shows a similar biodistribution as the diagnostic RI-labeled 

compound, the biodistribution of the therapeutic RI-labeled compounds can be predicted from the 

biodistribution of diagnostic RI-labeled compounds. In such cases, the diagnostic RI-labeled 

compound shows accumulation in the target tissues, such as tumors. The therapeutic RI-labeled 

compound is also expected to accumulate in the target tissue, and the patient can be treated with 

the therapeutic RI-labeled compound. If the diagnostic RI-labeled compound does not show 

accumulation in the target tissues, the therapeutic RI-labeled compound is also not expected to 

accumulate in the target tissue, and the patient changes the treatment method.  

Radiotheranostics offers several notable benefits. One such advantage is the provision of 

evidence-based medicine (EBM). Historically, anticancer agents are administered initially, and the 

therapeutic response is determined after several months, determining whether treatment with that 

anticancer agent should be continued. As a result, treatment results are often disappointing. In the 

case of radiotheranostics, the treatment effect can be predicted before the therapeutic RI-labeled 

compound is administered, thus providing highly reliable EBM-based treatment. In addition, 

radiotheranostics not only selects patients expected to respond well to treatment but also enables 

monitoring of target expression levels through periodic imaging after treatment initiation, allowing 

for adjustment of therapeutic agent dosage or consideration of alternative therapies. Thus, this 

treatment strategy contributes to personalized medicine. Moreover, radiotheranostics, with these 

advantages, is rational from a healthcare economics perspective. Since many countries, including 

Japan, face an aging population and social security costs are straining national budgets, optimizing 

medical costs is significantly essential. 
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 In the early days of radiotheranostics, the pair of SPECT diagnosis and therapy using β⁻-

emitting RIs were used for radiotheranostics. Examples include radiotheranostics of thyroid cancer 

with iodine-123 (123I) and iodine-131 (131I), radiotheranostics of malignant lymphomas with 111In and 

yttrium-90 (90Y) using RI-labeled antibodies, and even radiotheranostics neuroendocrine tumors 

with 111In and 177Lu using somatostatin targeting peptide. 17,18 Currently, the pair of PET diagnosis 

and therapy using β⁻-emitting RIs has become the mainstay of radiotheranostics because PET can 

provide higher resolution images than SPECT. For example, radiotheranostics of neuroendocrine 

tumors with 68Ga and 177Lu using somatostatin targeting peptide and radiotheranostics of prostate 

cancer with 68Ga and 177Lu using prostate-specific membrane antigen (PSMA)-targeted peptide 

have been performed.19,20 Furthermore, in recent years, the high therapeutic efficacy of α-particle 

emitting RIs has been reported, and it is expected that the pair of PET diagnosis and therapy using 

α-particle emitting RIs will become the mainstay of radiotheranostics in the near future. Indeed, 

recently, PSMA-targeted peptides labeled with 68Ga and 225Ac (α-particle emitting RI) 

combinations have been reported. This study demonstrated significant therapeutic effects with 

225Ac-labeled PSMA-targeting agents in patients who showed a tendency for progression with 

177Lu-labeled PSMA-targeted agents. 21,22 

As mentioned above, as, it is expected that the pair of PET diagnosis and therapy using α-

particle emitting RIs will become the mainstay of radiotheranostics in the near future, the RIs-

labeled compounds using β+- and α-particle emitting RIs are being developed. However, there 

are several problems in the production of these radiolabeled compounds. One of the most 

significant problems is the difficulty of producing α-particle emitting RIs. 225Ac is one of the most 

studiedα-emitting nuclides in the world, but the current 225Ac production is insufficient to meet 

the growing global demand. 23 To address this problem, various production methods are being 

explored. In Japan, experimental production of 225Ac using charged particles with 226Ra has recently 

started, but the supply system is still inadequate.24 Securing the raw material 226Ra for domestic 

production of 225Ac remains a concern. In addition, in 225Ac-labeled radiopharmaceuticals, releasing 

daughter nuclides from the chelator due to recoil energy during α-decay is inevitable. These 

daughter nuclides undergo further decay（Figure 1）, and the relatively long-lived daughter nuclide 

(213Bi) produced in this process redistributes to healthy tissues, potentially causing side effects. 6,25 

Since α-particle has high biological effects, α-particle emitting RIs must be reliably delivered to 

target tissues. Therefore, the instability of 225Ac-labeled compounds is not suitable for producing 

RI-labeled compounds. 

211At is an α-emitting RI that has recently shown promise for therapeutic use. 26,27 With a half-life 

of 7.2 hours, 211At is suitable for the pharmacokinetics of target molecules with relatively rapid 

blood clearance, such as small molecules, peptides, and antibody fragments. Furthermore, 211At 
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provides high therapeutic efficacy as 100% of its decay results in α-particle emission (Figure 1). 

Unlike 225Ac, 211At does not generate long-lived, cytotoxic radiation-emitting daughter nuclides, 

thus limiting redistribution and damage to healthy tissues. Additionally, the availability of 211At is 

superior compared to other therapeutic RIs. The most commonly used nuclear reaction for 211At 

production is 209Bi(α, 2n)211At, where natural bismuth (209Bi) is irradiated with alpha beams 

generated by accelerators such as cyclotrons. 28 The raw material 209Bi is 100% naturally abundant, 

making it low-cost and easily obtainable, and 211At can be produced using cyclotrons, facilitating 

domestic production. Due to these excellent characteristics, clinical applications of 211At are 

anticipated, and several clinical studies have begun in Japan.  

Table 1 shows the radionuclides in clinical use in Japan. A wide variety of RIs are clinically used, 

and many are imported. In particular, all radionuclides currently in clinical use are imported. 

Because of the short half-life of RIs used in radiopharmaceuticals, RIs are usually transported by 

air. However, air transport is susceptible to delays due to weather conditions, mechanical issues, 

and changes in international circumstances. Delays in the transport of RIs may result in insufficient 

radioactivity. Consequently, this may necessitate treatment cancellation or modification, 

potentially causing a significant burden on both patients and healthcare providers. Therefore, 

therapeutic RIs that can be manufactured domestically would be very useful. As mentioned above, 

211At is a radionuclide that can be produced domestically, and the development of radiotheranostic 

agents using 211At as a therapeutic RI is considered to be very effective. 

211At is an α-emitting RI belonging to the halogen family. Several radiohalogens are used 

clinically. Fluorine-18 (18F) is a β+-particle emitting RI used for PET diagnosis. 123I is a γ-ray 

emitting RI and is used for SPECT diagnosis. 131I emits both γ-ray and β—particle and is then 

used for SPECT diagnosis and therapy. In addition, 125I is a γ-ray emitting RI with a long half-life 

(ca. 60d), making it useful for preclinical studies. Among these RIs, 18F is a promising RI for clinical 

applications. 18F emits short-range β+-particles (providing high resolution) at a high emission rate 

(97%) and has a low proportion of γ-rays and an adequate half-life (110 minutes). 29 Furthermore, 

18F can be produced using cyclotrons. These attractive characteristics have led to the 

development of various 18F-labeled agents, including [18F]-fluorodeoxyglucose ([18F]FDG). 30–32 

[18F]FDG is a glucose analog transported into cells via glucose transporters (GLUTs) like glucose. 

Once internalized, [18F]FDG is phosphorylated by hexokinase. However, due to the absence of a 

hydroxyl group at the 2-position, [18F]FDG does not undergo further metabolism. Consequently, 

the phosphorylated [18F]FDG becomes trapped within the cell (metabolic trapping). This property 

allows [18F]FDG to accumulate selectively in tissues exhibiting high glucose uptake. As a result, 

[18F]FDG can be utilized to diagnose various types of tumors that demonstrate increased glucose 

consumption compared to normal tissues. Since the approval of [18F]FDG use in Japan in 2005, 18F 
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has been routinely produced in domestic cyclotrons. Consequently, 18F is the most readily 

available PET nuclide in Japan. These properties of 18F are expected to lead to the development of 

radiotheranostic agents using the pair of 18F and 211At. 

 

Table 1. Radionuclides used in Japan 

 

 

Figure 1. Decay chains of α-emitters 

(A) represents the decay chains of 225Ac, and (B) represents the decay chains of 211At 

Half-lifePurposeRadionuclide

110 mPET18F

3.3 dSPECT67Ga

2.8 dSPECT111In

13 hSPECT123I
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68 mPET68Ga
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As mentioned above, considering the domestic availability of these RIs, radiotheranostics 

combining 211At (α-particle therapy) and 18F (PET) is expected to be the most feasible approach in 

Japan. However, despite 18F and 211At belonging to the halogen group, they exhibit several 

significantly different characteristics.  

One difference is the reactivity of labeling. 18F is produced as [18F]F2 or 18F-, with the latter being 

preferred for 18F-labeled agents development due to its superior specific activity. 18F- is obtained 

as an aqueous solution, but its nucleophilicity is significantly reduced due to hydrogen bonding 

with surrounding water molecules. 33 Therefore, it is necessary to evaporate the water and conduct 

labeling reactions in non-protic polar solvents. Although the addition of phase-transfer catalysts 

improves the nucleophilicity of 18F, harsh reaction temperatures are still required. 33,34 In contrast, 

211At exhibits high nucleophilicity and electrophilicity, making labeling easy for both aliphatic and 

aromatic scaffolds. 35 

Another difference is the in vivo stability of their respective radiolabeled agents. This has 

hindered the utilization of 18F and 211At in radiotheranostics. Generally, the stability of 

radiohalogen-labeled compounds can be explained by the strength of the carbon-halogen (C-X) 

bond energy. C-X bond energy tends to weaken with heavier halogens (Table 2), making 18F-

labeled compounds the most stable against dehalogenation, while 211At-labeled compounds exhibit 

lower stability.27 Furthermore, aliphatic labeling scaffolds have weaker C-X energies than aromatic 

scaffolds, suggesting that aromatic scaffolds are more suitable for 211At labeling. Indeed, 

radioiodine, which is a heavy halogen element like 211At, is introduced into benzene derivatives 

such as iodobenzoate, and these radioiodinated compounds show high stability both in vitro and in 

vivo. However, 211At-labeled benzene derivatives such as 211At-astatobenzoate showed high 

stability in vitro but less stability in vivo, where deastatination was observed. 36,37 Free 211At in vivo 

tends to accumulate in the stomach, thyroid, spleen, and lungs. 27 Several animal studies have 

reported toxicity associated with free 211At, with observed damage to various organs, particularly 

the thyroid.38 Deastatination occurs more rapidly, with small molecules metabolizing faster than 

antibodies.39 This poses a significant challenge for 211At with a relatively short half-life because it is 

suitable for small carriers such as small molecules and peptides that exhibit rapid distribution. 
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Table 2. Phenyl and alkyl-halogen bond energies (kJ/mol)  

The table was cited from François et al.39 

 

 

To prevent in vivo deastatination, several studies have attempted to develop stable 211At-labeled 

compounds. Notable examples include boron cage compounds and benzoate-type labeling scaffolds 

containing guanidinomethyl groups (Figure 3). The high in vivo stability of 211At-labeled boron cage 

compounds can be explained by the stronger B-At bond than the C-At bond. 40 However, the 

application of boron cage compounds is limited due to unfavorable kidney and liver retention. 40 

Astatobenzylguanidine derivatives show some resistance to deastatination but still exhibit 

significantly higher accumulation in tissues where free 211At concentrates compared to their 

radioiodine-labeled counterparts. 41 Currently, no labeling scaffold provides 211At-labeled agents 

with attractive pharmacokinetics. 

 

 

Figure 3. Structures of iodobenzoate and 211At-labeled derivatives. 
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To realize radiotheranostics combining domestically producible 18F (PET) and 211At (α-particle 

therapy), it is essential to develop scaffolds that demonstrate high stability against in vivo 

dehalogenation and allow labeling of all radiohalogens under acceptable reaction conditions. In 

particular, developing labeling scaffolds that can stably retain 211At in vivo is highly needed 

because such scaffolds are extremely limited. 

Therefore, I initially decided to develop labeling scaffolds for 18F and 211At radiotheranostics. 

Alkyl halides typically undergo dehalogenation in vivo through nucleophilic attack by biomolecules 

such as glutathione or metabolism via cytochrome P450 (CYP). 42 The former dehalogenation 

mechanism should be overcome by using a bulky scaffold. Thus, this study focused on the 

neopentyl-type labeling scaffold used for 18F labeling. However, the stability of neopentyl halides 

against the latter dehalogenation mechanism remains unclear. Therefore, in Chapter 1, I evaluated 

the stability of 211At-labeled compounds using neopentyl-type labeling groups and derived a 

labeling scaffold applicable to radiotheranostics combining 18F and 211At. 

In Chapter 2, I aimed to develop radiotheranostic agents using the derived neopentyl-type 

labeling scaffold. This chapter focused on the increased demand for amino acids due to active 

cellular processes in cancer and selected amino acids as cancer-targeting molecules. I developed 

18F and 211At-labeled amino acid derivatives with neopentyl scaffolds and evaluated their usefulness 

as radiotheranostic agents. 
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Chapter 1. Development of alkyl-type labeling scaffold for in vivo 

stable 211At-labeled compounds 

Introduction 

There are 32 known isotopes of astatine, all of which are radioactive, and even the longest-lived 

of them, 210At, has a half-life of only 8.2 h. Because of these characteristics, no labeled scaffold 

specific for astatine had been developed. Because astatine is a heavy halogen element like iodine 

and supposed to have similar chemical properties to iodine, 211At-labeled compounds have been 

prepared by replacing the radioiodine in radioiodine-labeled compounds with 211At. Since 

iodobenzoate derivatives such as Bolton-Hunter reagent and N-succinimidyl 3-iodobenzoate have 

been used for radioiodine labeling agents with high in vivo stability, astatobenzoate derivatives 

have been widely used to prepare 211At-labeled compounds. However, numerous studies have 

reported deastatination as a significant issue with astatobenzoate derivatives.43–45 

While some deastatination mechanisms have been proposed, the precise process remains 

elusive.35,46 To enhance the stability of astatobenzoate, the introduction of substituents such as 

guanidino groups to introduce a positive charge or electron-donating methoxy groups to increase 

the electron density of the aromatic ring was attempted.47,48 Nevertheless, these efforts have not 

fully resolved the in vivo stability issues of 211At-labeled compounds. Therefore, developing a new 

scaffold that provides in vivo stable 211At-labeled compounds remains crucial. 

Alkyl halides, particularly alkyl iodides and alkyl astatides, are unstable in vivo. These compounds 

undergo dehalogenation due to nucleophilic attacks by biomolecules such as glutathione and 

metabolism by cytochrome P450 (CYP) enzymes.42 However, from the organic chemistry 

perspective, acquiring stability against the former dehalogenation mechanism should be possible 

using a sterically hindered labeling scaffold. 

Several studies have reported that steric bulk inhibits CYP-mediated metabolism.49,50 In drug 

metabolism mediated by CYPs, since hydrophobic and steric interactions primarily determine 

substrate binding and orientation, steric hindrance restricts access to the iron-bound oxidizing 

species at the active site.51,52 Furthermore, it has been reported that steric hindrance can induce 

"metabolic site switching," wherein metabolism at alternative sites is favored over 

dehalogenation.53  

Considering this, I focused on the bulky neopentyl structure as a potential labeling scaffold for 

radiohalogens. Neopentyl halides exhibit high stability against nucleophilic attacks due to their 
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significant steric hindrance.54 However, the stability of neopentyl halides against CYP-mediated 

metabolism remains unexplored. 

[18F]1-(2,2-dihydroxymethyl-3-fluoropropyl)-2-nitroimidazole ([18F]DiFA) has been reported as a 

compound with a neopentyl halide.55 Based on the structure of [18F]DiFA, [125I]BHIN and 

[211At]BHAN (Figure 4) were designed as model compounds to evaluate the stability of the 

neopentyl structure against dehalogenation. While [18F]DiFA possesses two hydroxyl groups on its 

neopentyl structure, these hydroxyl groups may not be essential for the steric hindrance of the 

neopentyl structure. From the consideration, I also synthesized [125I]EHIN, with one hydroxyl 

group, and [125I]DEIN, with no hydroxyl group, as derivatives of [125I]BHIN. Opportunities to obtain 

211At are limited, so 125I was used in the preliminary study because it is commercially available.  

In this study, the stabilities of the 125I-labeled neopentyl derivatives were evaluated, and a 

promising scaffold that can stably retain radiohalogen in vivo was explored. After identifying a 

promising scaffold through the assessment, I labeled it with 211At and evaluated its stability in vivo. 

I also prepared 125I and 211At labeled compounds using the conventional halogen labeling scaffold 

benzoate ([125I]MIBAN, [211At]MABAN, Figure 5) and compared their stability with neopentyl 

halides. 

 

 

 

Figure 4. Structure of neopentyl halide derivatives 

 

 

Figure 5. Structure of benzoate derivatives 
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Results 

Synthesis 

The non-radioactive [127I]BHIN, [127I]EHIN, and [127I]DEIN were synthesized through the pathways 

shown in Schemes 1 to 3. 

The synthesis of non-radioactive [127I]MIBIN was accomplished through the condensation of 

previously reported N-(2-aminoethyl)-2-nitroimidazole with meta-iodobenzoic acid (Scheme 4).56 

Additionally, N-[N-(meta-tributylstannylbenzoyl)-2-aminoethyl]-2-nitroimidazole was synthesized 

as a labeling precursor for [125I]MIBAN and [211At]MABAN by condensing meta-

tributylstannylbenzoic acid with N-(2-aminoethyl)-2-nitroimidazole. 

 

Scheme 1. Synthesis of [127I]BHIN 

 

 

Scheme 2. Synthesis of [127I]EHIN 
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2-nitroimidazole, DIEA, CH2Cl2; (d) sodium iodide, MeCN; (e) 1M HCl aq., MeOH.
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Scheme 3. Synthesis of [127I]DEIN 

 

Scheme 4. Synthesis of [127I]MIBAN and compound 15 

 

The glucuronide conjugates (GC) of non-radioactive [127I]BHIN and [127I]EHIN ([127I]BHIN-GC 

and [127I]EHIN-GC) were prepared by reacting [127I]BHIN or [127I]EHIN with uridine 5′-

diphosphoglucuronic acid (UDPGA) in the solution of mouse liver microsomes. After removing the 

enzyme with ethanol, [127I]BHIN-GC and [127I]EHIN-GC were purified using reverse-phase (RP) 

HPLC.  

 

125I/211At Labeling 

[125I]BHIN, [125I]EHIN, and [125I]DEIN were labeled with 125I through an SN2 reaction with [125I]NaI 

starting from compounds 2, 7, and 11, respectively. For [125I]BHIN and [125I]EHIN, the protective 

groups were removed after the introduction of 125I. The radiochemical yields were 68.8% (2 steps) 

for [125I]BHIN, 12.5% (2 steps) for [125I]EHIN, and 17.9% for [125I]DEIN. The 125I labeling of 

[125I]EHIN exhibited enhanced yield in the presence of organic bases (67.0%, 2 steps). 

[211At]BHAN was obtained by introducing 211At through an SN2 reaction starting from compound 2, 

followed by deprotection of the protective groups. The radiochemical yield was 88.6% (2 steps). 
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Reagent(s): (a) 1-[bis(dimethylamino)methyliumyl]-1H-1,2,3-triazolo[4,5-

b]pyridine-3-oxide hexafluorophosphate (HATU), 1-hydroxy-7-

azabenzotriazole (HOAt), triethylamine, MeCN ; (b)HATU, HOAt, 

triethylamine, DMF.



 17 

[125I]MIBAN and [211At]MABAN were obtained from compound 15 by introducing 125I or 211At 

through an electrophilic reaction. The radiochemical yields were 94.2% and 39.2%, respectively. 

The purity of all labeled compounds was over 95%. The production of all 125I-labeled compounds 

was confirmed by matching the retention times in RP-HPLC with those of their 127I-labeled 

counterparts (Figure 6). Since astatine has no stable isotopes, the production of [211At]BHAN and 

[211At]MABAN was confirmed by matching the retention times in RP-HPLC with those of the non-

radioactive [127I]BHIN and [127I]MIBAN, respectively. 

The glucuronide conjugates of [125I]BHIN and [125I]EHIN ([125I]BHIN-GC and [125I]EHIN-GC) were 

synthesized by reacting [125I]BHIN or [125I]EHIN with UDPGA in the solution of mouse liver 

microsomes, followed by purification using RP-HPLC.  
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Figure 6. RP-HPLC radiochromatograms of [125I]BHIN and [211At]BHAN (A), [125I]EHIN (B), 

[125I]DEIN (C), and [125I]MIBAN and [211At]BHAN (D) 
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In vitro assessment 

Stability against nucleophilic attack 

The stability of neopentyl derivatives in GSH solution (10 mM) is shown in Table 3. [125I]BHIN, 

[125I]EHIN, [125I]DEIN, and [211At]BHAN all remained intact at over 95% after 24 hours of 

incubation in the GSH solution. 

Table 3. Stability of neopentyl derivatives in GSH solution. 

 

*Results are reported as mean ± SD (n=3). 

 

Stability against CYP metabolism 

The stability of neopentyl derivatives in CYP-activated microsome solutions is shown in Table 4. 

When using liver microsomes derived from mice, [125I]BHIN remained stable and intact even after 

30 minutes of incubation (Figure 7). However, the proportion of intact [125I]EHIN and [125I]DEIN 

decreased, and the proportion of the void volume peak increased. Using hydrophilic interaction 

liquid chromatography (HILIC)-HPLC, which is suitable for the analysis of highly water-soluble 

substances, each of the void peaks was reanalyzed, and the retention times of these peaks were 

found to correspond to those of the [125I]NaI peak (Figure 8). When human liver microsomes were 

used instead of mouse liver microsomes at similar final CYP concentrations (0.233 mM for mice and 

0.257 mM for humans), [125I]EHIN remained intact after incubation, but [125I]DEIN showed a 

significant decrease in radioactivity in the void volume. [125I]BHIN, [125I]BHIN-GC, and [125I]EHIN-

GC recorded a single radioactivity peak with retention times similar to those of the intact 

fractions. [211At]BHAN also remained unchanged after incubation with human and mouse liver 

microsomes. 

  

% Control

[211At]BHAN[125I]DEIN[125I] EHIN[125I]BHIN
Time 

(h)

Not 

determined
0.2±98.30.2±99.90.2±98.41

Not 

determined
0.1±98.00.5±99.10.2±98.53

Not 

determined
0.7±97.30.1±98.50.3±98.26

1.7±98.80.7±95.10.3±96.41.0±96.624
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Table 4. Stability against CYP metabolism.  

 

Area % of the fraction not retained by RP-HPLC is shown in brackets. 

*Determined by RP-TLC analysis. 

 

 

Figure 7. RP-HPLC charts of 125I-labeled neopentyl derivatives ((A): [125I]BHIN, (B): [125I]EHIN, 

(C): [125I]DEIN, (D): [125I]BHIN-GC, (E): [125I]EHIN-GC) after incubation in CYP-activated mouse- 

and human-derived microsome solutions. 
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Figure 8. HILIC-HPLC reanalysis of metabolites eluted in the void volume of RP-HPLC following 

stability testing using microsomes. 

 

Glucuronidation test  

[125I]BHIN, [125I]EHIN, and [211At]BHAN were incubated for 30 minutes in a solution containing 

mouse-derived or human-derived liver microsomes and UDPGA. These microsomes contain uridine 

5’-diphosphate glucuronosyltransferase (UGT), which is responsible for glucuronidation. When 

using mouse-derived microsomes, peaks with shorter retention times (indicating increased 

hydrophilicity) were detected for [125I]BHIN and [125I]EHIN compared to the intact compounds 

(Figure 9). Similarly, [211At]BHAN produced metabolites with higher Rf values (indicating increased 

hydrophilicity) after incubation with mouse-derived microsomes. Similar tests using non-

radioactive iodine and extensive mass spectrometry and 1H-NMR results identified these 

metabolites as the respective glucuronide conjugates ([125I]BHIN-GC, [125I]EHIN-GC and 

[211At]BHAN-GC) (Figure 10).  

On the other hand, when using human-derived liver microsomes, [125I]EHIN was slightly 

converted to its glucuronide conjugate, but [125I]BHIN was hardly converted. However, when the 

incubation time was extended to 6 hours, [125I]BHIN was also converted to its glucuronide 

conjugate. [211At]BHAN underwent glucuronidation similarly to [125I]BHIN, with a comparable 

formation rate.   
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Figure 9. In vitro glucuronidation of [125I]BHIN, [125I]EHIN and [211At]BHAN. (A) shows the RP-

HPLC chromatograms obtained following glucuronidation assays of [125I]BHIN using mouse- and 

human-derived liver microsomes. (B) shows the RP-HPLC chromatograms obtained following 

glucuronidation assays of [125I]EHIN using mouse- and human-derived liver microsomes. (C) shows 

the RP-TLC of [211At]BHAN standard and the RP-TLC obtained following glucuronidation assays 

of [211At]BHAN using mouse- and human-derived liver microsomes. 
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Figure 10. Comparison of retention times with nonradioactive glucuronide conjugates. The figure 

shows the RP-HPLC chromatograms obtained from glucuronidation assays using mouse liver 

microsomes. The red line represents the chromatogram of the radiolabeled samples ([211At]BHAN, 

[125I]BHIN, and [125I]EHIN) after the glucuronidation assay, while the black line depicts the 

chromatogram of the non-radioactive glucuronide conjugates ([125I]BHIN-GC, and [125I]EHIN-GC). 
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Biodistributions 

The time-dependent biodistribution after administration of [125I]BHIN, [125I]EHIN, [125I]DEIN, 

[125I]MIBAN, [211At]BHAN, and [211At]MABAN to normal mice are shown in Table 5-10. The 125I-

labeled neopentyl derivatives ([125I]BHIN, [125I]EHIN, [125I]DEIN) exhibited rapid blood clearance 

(Figure 11). Among these derivatives, [125I]DEIN showed the highest accumulation in the stomach 

at 6 hours post-administration and in the neck (including the thyroid) at 24 hours post-

administration. In contrast, [125I]BHIN showed the lowest accumulation in these tissues. All 125I-

labeled neopentyl derivatives were primarily excreted in the urine. The accumulation of 

[211At]BHAN in the stomach and spleen was low (Figure 12). [211At]BHAN exhibited similar 

pharmacokinetics to [125I]BHIN, with no significant differences except for the radioactivity in the 

kidneys at 1-hour post-administration. On the other hand, [125I]MIBAN and [211At]MIBAN showed 

different pharmacokinetics, with significant differences observed in many organs. In the group 

administered [211At]MIBAN, high radioactivity was observed in the stomach, neck (including the 

thyroid), and spleen, showing significantly higher accumulation compared to [125I]BHIN, 

[125I]MIBAN, and [211At]BHAN.   
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Table 5. Biodistribution of [125I]BHIN 

 

*Tissue radioactivity is expressed as %ID/g for each group (n=5); results are reported as mean ± SD. 

†Expressed as %ID.‡,§,║,¶,#Statistical significances were determined by Tukey’s test; p < 0.05 

compared with [125I]DEIN (‡), [125I]EHIN (§), [125I]MIBAN (║), [211At]BHAN (¶) and [211At]MABAN 

(#). 

Table 6. Biodistribution of [125I]EHIN 

 

*Tissue radioactivity is expressed as %ID/g for each group (n=5); results are reported as mean ± SD. 

†Expressed as %ID. ‡, §, ║Statistical significances were determined by Tukey’s test; p < 0.05 compared 

with [125I]DEIN (‡), [125I]BHIN (§) and  [125I]MIBAN (║). 

                   

                                                                 

                                                                   

                                                        

                                                                   

                                                             

                                                                

                                                                                 

                                                          

                                                             

                           

                        

                   

                                                       

                                                         

                                                   

                                                           

                                                          

                                                       

                                                                     

                                                    

                                                        

                          

                         



 26 

Table 7. Biodistribution of [125I]DEIN 

 

*Tissue radioactivity is expressed as %ID/g for each group (n=5); results are reported as mean ± SD. 

†Expressed as %ID. ‡,§,║Statistical significances were determined by Tukey’s test; p < 0.05 compared 

with [125I]EHIN (‡), [125I]BHIN (§), and [125I]MIBAN (║). 

Table 8. Biodistribution of [125I]MIBAN 

 

*Tissue radioactivity is expressed as %ID/g for each group (n=5); results are reported as mean ± SD. 

†Expressed as %ID.‡,§,║,¶,#Statistical significances were determined by Tukey’s test; p < 0.05 compared 

with  [125I]DEIN (‡), [125I]EHIN (§), [125I]BHIN (║), [211At]BHAN (¶) and [211At]MABAN (#). 
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Table 9. Biodistribution of [211At]BHAN 

 

*Tissue radioactivity is expressed as %ID/g for each group (n= ); results are reported as mean ± SD. 

†Expressed as %ID. ‡, §, ║Statistical significances were determined by Tukey’s test; p < 0.05 compared 

with [125I]BHIN  (‡), [125I]MIBAN (§) and [211At]MABAN (║). 

 

Table 10. Biodistribution of [211At]MABAN 

 

*Tissue radioactivity is expressed as %ID/g for each group (n= ); results are reported as mean ± SD. 

†Expressed as %ID. ‡, §, ║Statistical significances were determined by Tukey’s test; p < 0.05 compared 

with [125I]BHIN (‡), [211At]BHAN (§) and [125I]MIBAN (║). 
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Figure 11. Pharmacokinetics of 125I-labeled neopentyl derivatives. Red line: [125I]BHIN, black line: 

[125I]EHIN, blue line: [125I]DEIN. The data points represent the radioactivity levels in blood, 

stomach, and neck (including the thyroid) at 10 minutes, 1 hour, 3 hours, 6 hours, and 24 hours 

post-administration. 
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Figure 12. Comparison of biodistribution between neopentyl derivatives ([125I]BHIN (red line) and 

[211At]BHAN (blue line)) and benzoate derivatives([125I]MIBAN (black line) and [211At]MABAN (pink 

line) ). The data points represent the radioactivity levels in blood, stomach, and spleen at 10 

minutes, 1 hour, 3 hours, 6 hours, and 24 hours post-administration. 
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Analysis of urinary metabolites. 

The results of the analysis of urinary metabolites by RP-HPLC are shown in Figure 13. [125I]BHIN 

was mainly excreted as a glucuronide conjugate, and there were almost no peak in the void volume. 

From [125I]EHIN samples, peaks of glucuronide conjugates and void volume were observed. Most of 

the radioactivity in the urine of the [125I]DEIN administration group was observed in the void 

volume. When the void volume peaks observed in the analysis of [125I]EHIN and [125I]DEIN were 

reanalyzed by HILIC-HPLC, the peaks matched the retention time of [125I]NaI (Figure 14). 

[211At]BHAN, like [125I]BHIN, was mainly excreted as a glucuronide conjugate (Figure 15). On the 

other hand, when the urine sample of the [211At]MABAN administration group was analyzed, most 

of the radioactivity was observed in the void volume. When 211At− was analyzed in the same 

system, it was also observed in the void volume. 
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Figure 13. Urinary analysis of 125I-labeled neopentyl derivatives. (A) shows the RP-HPLC charts 

in the following order from top to bottom: [125I]BHIN standard, urine from mice administered 

[125I]BHIN, and [127I]BHIN -GC. (B) shows the RP-HPLC charts in the following order from top to 

bottom: [125I]EHIN standard, urine from mice administered [125I]EHIN, and [127I]EHIN -GC. (C) 

shows the RP-HPLC charts in the following order from top to bottom: [125I]DEIN standard and 

urine from mice administered [125I]DEIN 
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Figure 14. HILIC-HPLC reanalysis of metabolites eluted in the void volume of RP-HPLC analysis 

of urine. 
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Figure 15. HPLC radiochromatograms of urine samples collected for 6 h postinjection of 

[211At]BHAN and [211At]MABAN, and their comparison with [127I]BHIN-GC and 211At- 
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Discussion 

The neopentyl structure has low reactivity to nucleophilic attack due to steric hindrance57. This 

characteristic affects the labeling yield of neopentyl derivatives, resulting in low labeling yields 

(<20%) for [125I]EHIN and [125I]DEIN. In contrast, [125I]BHIN showed a good labeling yield (about 

70%) due to introducing an acetal-protecting group, which limited the steric hindrance of the 

substituents. When a compound with a tosyl group was used as a labeling precursor for [125I]BHIN, 

the synthesis yield was low even at high temperatures (110 ˚C), leaving unreacted precursors (data 

not shown). On the other hand, the presence of organic bases contributed to improved yields in 125I 

labeling. This is likely due to their ability to neutralize the acidic conditions that arise from the 

decomposition of the triflate group on the precursor during the reaction. Indeed, TLC analysis 

suggested the presence of iodine species other than I− when no base was added (data not shown). 

Because thiol groups have high nucleophilic reactivity, GSH, a thiol-containing low-molecular-

weight compound in many biological systems, is a major nucleophilic biomolecule 58,59. GSH exists 

in cells at concentrations of 0.5 to 10 mM, mainly in the reduced form. Therefore, the stability of 

125I-labeled neopentyl derivatives against nucleophilic attack was evaluated by incubating them in a 

10 mM GSH solution. As expected from the labeling reaction, all three compounds, [125I]BHIN, 

[125I]EHIN, and [125I]DEIN were stable against nucleophilic substitution reactions. However, 

significant differences were observed in their stability against CYP-mediated metabolism. While 

[125I]BHIN mainly remained intact after incubation, [125I]DEIN was almost completely metabolized. 

[125I]EHIN showed intermediate stability. The primary metabolites of [125I]EHIN and [125I]DEIN via 

CYP metabolism were I-, indicating deiodination via CYP metabolism. Deiodination occurred more 

readily in mouse liver microsomes than in human liver microsomes. The CYP content in this 

study's mouse and human liver microsomes was equivalent (final concentration: mouse 0.233 

nmol/mL, human 0.257 nmol/mL), suggesting the difference of species may cause these 

reactivities. 

Due to the expression of the Na/I symporter, free [125I]I- accumulates in the stomach and 

thyroid60,61. Therefore, accumulation in these tissues serves as an indicator of in vivo deiodination. 

The radioactivity accumulation of [125I]EHIN in these organs was lower than that of [125I]DEIN, and 

[125I]BHIN showed the lowest accumulation. This result is consistent with in vitro stability studies. 

All three 125I-labeled neopentyl derivatives were primarily excreted in the urine. Analysis of urine 

samples by RP-HPLC showed that the [125I]DEIN was unstable in vivo, with most of it being 

metabolized to release [125I]I- and excreted in the urine. [125I]EHIN showed moderate stability, with 

partially released [125I]I- and another metabolite observed as the main peak. However, almost no 

radioactivity of [125I]I- was observed from the [125I]BHIN samples, suggesting that the C-I bond of 



 35 

[125I]BHIN is stable in vivo. 

Another in vitro test was conducted to identify the primary radioactive metabolites observed in 

the urine analysis of [125I]BHIN and [125I]EHIN. Since several nitroimidazole derivatives, such as 

pimonidazole and FMISO, are reported to undergo glucuronidation, 62,63 it was predicted that the 

metabolites of [125I]BHIN and [125I]EHIN would be glucuronidated compounds. In vitro metabolism 

studies using microsomes can also be applied to evaluate UGT-mediated glucuronidation in the 

presence of uridine 5'-diphosphate-glucuronic acid (UDPGA) as a glucuronic acid donor. As a 

result, glucuronidation was investigated using microsomes, and the glucuronide conjugates were 

obtained in all tests of [natI]BHIN, [125I]BHIN, [natI]EHIN, and [125I]EHIN. The isolated 

glucuronidated compounds of [125I]BHIN and [125I]EHIN were stable against CYP-mediated 

metabolism. This result suggests that independent of glucuronide conjugates, the C-I bond of 

[125I]BHIN is stable against CYP-mediated dehalogenation, while [125I]EHIN acquires resistance to 

CYP-mediated deiodination through glucuronidation. The tendency of dehalogenation reactions of 

neopentyl derivatives suggests that the number of hydroxyl groups in the labeling scaffold plays a 

vital role in the stability of CYP-mediated metabolism. This result is consistent with the high in 

vivo stability of [18F]DiFA. 64 Although the role of hydroxyl groups in stability against CYP-

mediated dehalogenation is still unclear, considering that CYP-mediated deiodination involves the 

introduction of a hydroxyl group to the carbon bonded to iodine, hydroxyl groups in the scaffold 

might inhibit this process. 42 

Based on the evaluation of the in vivo stability of neopentyl derivatives, [211At]BHAN was 

designed. [125I]NaI is supplied as NaOH solution, and adding an aqueous solution is undesirable for 

the labeling reaction, resulting in moderate to low radiochemical yields. However, 211At purified by 

dry distillation can be eluted in various solvents suitable for the labeling reaction. Therefore, 211At 

was eluted with acetonitrile and reacted under anhydrous conditions, yielding [211At]BHAN in high 

yield (>90%) under mild conditions (37 °C).  

Similar to [125I]BHIN, [211At]BHAN was stable in all in vitro stability tests, including incubation 

with GSH and CYP-mediated metabolism. This result was reflected in the in vivo distribution test. 

Free astatide, like iodide, accumulates in the stomach and thyroid via the Na/I symporter, making 

accumulation in these tissues an indicator of in vivo deastatination.65 In addition to these tissues, 

unlike iodine, accumulation in the spleen and lungs is also observed.27 This seems to reflect the 

metallic characteristics of 211At. [211At]BHAN showed low radioactivity levels in the stomach, neck 

(including the thyroid), spleen, and lungs, comparable to those of [125I]BHIN. In addition to these 

results, the analysis of urine metabolites confirmed the high stability of [211At]BHAN against in vivo 

dehalogenation, as no [211At]At- was detected. Furthermore, analysis of urine samples showed 
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metabolites with retention times close to [125I]BHIN-GC. This metabolite was confirmed to be the 

glucuronidated compound of [211At]BHAN by glucuronidation tests using liver microsomes. The 

similarity confirmed by in vitro and in vivo glucuronidation studies indicates that the UGT 

recognition of [125I]BHIN and [211At]BHAN is biologically equivalent. The similarity in 

pharmacokinetics, including metabolic recognition of [125I]BHIN and [211At]BHAN, suggests that 

the neopentyl glycol labeling scaffold with two hydroxyl groups is helpful for radiotheranostics with 

radioiodine and 211At. On the other hand, [125I]MIBAN and [211At]MABAN, which are benzoate 

derivatives, showed different pharmacokinetics, with significantly higher radioactivity levels of 

[211At]MABAN in the stomach, neck, spleen, and lungs. Analysis of urine metabolites of 

[211At]MABAN confirmed the release of At-. Thus, the in vivo stability of radioiodine and 211At-

labeled compounds via the benzoate derivatives differed significantly. Such different in vivo 

distribution profiles have been observed in previous reports and are considered to result from 

differences in the stability of radioiodinated and astatinated compounds.26 

The neopentyl glycol structure with two hydroxyl groups provides radioiodine- and 211At-labeled 

compounds with high stability in vivo. Considering that this structure has also been used as a 

labeling scaffold for 18F, the structure could be used as a common labeling scaffold for 18F, 

radioiodine, and 211At. 66,67  
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Summary 

The neopentyl structure exhibited the intended stability against nucleophilic attack but was 

insufficient for in vivo stability. The addition of two hydroxyl groups in the neopentyl structure 

improved against CYP-mediated dehalogenation. Neopentyl glycol (NpG) with two hydroxyl groups 

provided radioiodine and 211At labeled compounds with high stability against two dehalogenation 

mechanisms and high in vivo stability. Considering that the NpG structure also provides in vivo 

stable 18F-labeled compounds, the NpG structure would be a useful labeling scaffold for stable 

radiohalogen-labeled compounds.   
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Chapter 2. Development of radiotheranostic agents using the 

neopentyl-based labeling scaffold 

Introduction 

Due to their active cellular activities, cancer cells increase the expression of several types of 

amino acid transporters more than normal cells to enhance the uptake of amino acids.68,69 Among 

the amino acid transporters overexpressed in cancer cells, L-type amino acid transporter 1 (LAT1) 

has been confirmed to be overexpressed in various cancer cells. This transporter exchanges large 

neutral amino acids with bulky side chains in a sodium-independent manner.69,70 Moreover, LAT1 

exhibits a relatively broad substrate recognition profile. Considering this characteristic, it is 

anticipated that radiohalogen-labeled agents would receive similar recognition regardless of 

radiohalogen type. Consequently, LAT1 is a promising target for radiotheranostics using 18F and 

211At. 

To date, several radiopharmaceuticals recognized by LAT1, such as [18F]fluoroethyl-tyrosine 

([18F]FET), [18F]fluoro-L-DOPA ([18F]FDOPA), and [123I]iodomethyl-tyrosine ([123I]IMT), have been 

developed for diagnostics (Figure 16). The usefulness of these compounds has been demonstrated 

through preclinical and clinical studies.71–75 

Recently, alpha-emitting therapeutic agents such as [211At]astato-phenylalanine ([211At]AtPA) 

have been reported.76 However, while [211At]AtPA demonstrated tumor growth inhibition effects, 

its low in vivo stability still needs to be solved, as with many other 211At-labeled compounds. In 

Chapter 1, I demonstrated that the neopentyl glycol (NpG) scaffold provides in vivo stable 211At-

labeled compounds. Therefore, I expected that incorporating this scaffold could improve the 

stability of 211At-labeled amino acid derivatives against deastatination. 

Chapter 2 aims to develop radiohalogen-labeled amino acid derivatives using the NpG scaffold 

and evaluate their utility as radiotheranostics agents. Based on the structure of [18F]FET, I 

hypothesized that substitutional modification to the phenolic hydroxyl group of the tyrosine side 

chain is tolerant to the substrate recognition by LAT1. Therefore, three radiohalogenated amino 

acid derivatives ([211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT, Figure 17) were designed by 

introducing the NpG structure to the hydroxyl group of the tyrosine side chain. These derivatives' 

properties as substrates of LAT1 and biodistribution were evaluated and compared. Additionally, 

the therapeutic efficacy of [211At]At-NpGT was assessed in tumor-bearing mouse models. 
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Figure 16. Chemical structures of radiohalogen-labeled amino acid derivatives 

 

 

Figure 17. Chemical structures of NpGT derivatives evaluated in this study 
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Results 

Synthesis and Radiolabeling 

The non-radioactive [127I]I-NpGT and [19F]F-NpGT were synthesized according to the following 

scheme (Scheme 5). 

 

Scheme 5. Synthesis scheme of [19F]F-NpTyr and [127I]I-NpTyr 

 

[211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT were synthesized from compound 20 through a 

two-step reaction involving halogen labeling and deprotection reactions (Scheme 6). The 

preparation of [211At]At-NpGT and [125I]I-NpGT were conducted at 37°C, yielding radiochemical 

yields of 44.3% (two steps) and 40.9% (two steps), respectively. The reaction rate for 211At labeling 

improved in the presence of reducing agents, with most compound 20 converting to compound 23 

after 30 minutes (Table 11). In contrast, [18F]F-NpGT was obtained through an 18F labeling 

reaction at 100°C, achieving a radiochemical yield of 35.4% (two steps). When analyzed by RP-

HPLC, both [125I]I-NpGT and [18F]F-NpGT showed a single peak with the same retention time as 

the non-radioactive compounds. For 211At, since there is no non-radioactive astatine isotope, a 

non-radioactive iodine-labeled amino acid derivative ([127I]I-NpGT) was used as a standard. 

[211At]At-NpGT exhibited a single peak with a retention time similar to that of [127I]I-NpGT. To 

evaluate tumor uptake, I synthesized [125I]IMT, an existing cancer diagnostic agent, as a control 

compound. 

The radiochemical purity of all compounds, determined by RP-HPLC, was over 99%, and these 

radiolabeled compounds were used in subsequent experiments (Figure 18). 

Reagent(s): (a) 2,2-dimethoxypropane, (+)-10-camphorsulfonic acid, DMF; (b) trifluoromethanesulfonic anhydride, 
2,6-lutidine, CH2Cl2; (c) sodium hydride, THF; (d) tetrabutylammonium fluoride,THF; (e) sodium iodide, MeCN; (f) 

TFA ,H2O; (g) TFA, H2O 

O

N
H

O

O

O

O

OTf

OO

O

N
H

O

O

O

O

X

OO

OH

N
H

O

O

O

O

OH OH

OHOH

OH OH

OO

OTf OTf

OO

O

H2N
OH

O

X

OHOH

(a) (b)

(c)

X=19F:(d)
127I:(e)

16 17 18

19

20 X= 19F: 21 
127I: 22

X=19F: [19F]F-NpGT
127I: [127I]I-NpGT

X=19F:(f)
127I:(g)



 41 

 

Scheme 6. Radiohalogen labeling of NpGT derivatives 

 

Table 11. 211At-labeling conversion rates in the absence or the presence of reductants. 
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Figure 18. Identifications of [211At]At-NpGT (A), [125I]I-NpGT (B), [18F]F-NpGT (C), and [125I]-

IMT (D) using RP-HPLC. 

 

In vitro stability 

[211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT exhibited high stability in PBS and FBS, with 

less than 1% halogen dissociation observed (Table 12). 
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Table 12. Stability of NpGT derivatives in PBS and FBS.

 

*The data was performed by TLC 

**The data was performed by RP-HPLC 

 

In vitro experiments  

The intracellular uptake of [211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT by C6 glioma cells 

increased over time (Figure 19). Additionally, these radiolabeled compounds were gradually 

excreted from the cells. RP-HPLC analysis revealed that intact [125I]I-NpGT was excreted from 

the cells (Figure 20). The uptake of these radiolabeled compounds was significantly inhibited in the 

presence of BCH, an inhibitor of the L-type amino acid transporter AMT, amino acids recognized 

by LAT1, and L-tyrosine (Figure 21). In contrast, MeAIB, an inhibitor of the A-type amino acid 

transporter, did not inhibit their intracellular uptakes.  

In the extracellular release study of [125I]I-NpGT, the supernatant was analyzed by RP-HPLC 

(System A). The presence of intact [125I]I-NpGT indicates the involvement of LAT1, a co-

transported amino acid transporter. 
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Figure 19. Cellular uptake and release of [211At]At-NpGT, [125I]I-NpGT and [18F]F-NpGT from C6 

cells. (a) Time-course study of uptake. (b) Time-course study of extracellular release. The Y-axis 

shows the percentage release of each agent.  
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Figure 20. RP-HPLC radiochromatograms of [125I]I-NpGT standard (upper) and radiometabolites of 

[125I]I-NpGT released from C6 cells (bottom). 
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Figure 21. Inhibition of each agent’s uptake with amino acids and a LAT1-selective inhibitor (1 

mM). The Y-axis shows the percentage of the control. The inhibitors were as follows Tyr = L-

tyrosine; BCH = 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid; MeAIB = α-methyl-

aminoisobutyric acid; AMT = α-methyl-L-tyrosine 
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In vivo evaluations 

Biodistribution in normal mice 

I administered [211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT to normal ICR mice and compared 

their biodistribution. All three compounds showed rapid clearance from the bloodstream(Table 13, 

Figure 22). Both [211At]At-NpGT and [125I]I-NpGT exhibited minimal accumulation in the stomach 

and thyroid, in which free astatide and iodide accumulate. [18F]F-NpGT showed minimal 

accumulation in the bones, in which free fluoride accumulates.  At both 1 hour and 3 hours post-

injection, [211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT displayed similar biodistribution across 

almost all tissues. 

 

Table 13. Biodistribution of NpGT derivatives in normal mice. 

 

Activity uptake in distinct organs is expressed as percentage of injected dose per organ mass 

(%ID/g) or as b percentage of injected dose (%ID) 
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Figure 22. Comparison of radioactivity levels of NpGT derivatives in blood, liver, kidney, spleen, 

bone, stomach, and neck (including thyroid) at 1 hour or 3 hours post-administration. The pink 

line represents [211At]At-NpGT, the black line represents [125I]I-NpGT, and the blue-green line 

represents [18F]F-NpGT.  
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Tumor uptake 

C6 glioma-bearing mice were administered [211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT to 

evaluate their biodistribution and tumor uptake in vivo. As a control, [125I]IMT, a conventional 

cancer diagnostic agent, was used for comparison. [211At]At-NpGT, [125I]I-NpGT, and [18F]F-

NpGT exhibited similar biodistribution patterns (Table 14). Furthermore, [211At]At-NpGT, [125I]I-

NpGT, and [18F]F-NpGT showed higher tumor uptake than [125I]IMT at 1 and 3 hours post-

injection (Figure 23). The tumor-to-blood ratios of these radiolabeled compounds were equal or 

superior to that of [125I]IMT.  
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Table 14. Biodistribution at 1 h and 3 h Post-injection in Tumor-Bearing Mice 

 

aTissue radioactivity was expressed as %ID/g ± SD for each group (n = 5) 

*Tissue radioactivity was expressed as %ID. Statistical analysis was performed using on-way 

ANOVA followed by Tukey’s test between [211At]At-NpGT and [125I]I-NpGT (b), [211At]At-NpGT 

and [18F]F-NpGT (c), [125I]I-NpGT and [18F]F-NpGT (d), [211At]At-NpGT and [125I]I-IMT (e), 

[125I]I-NpGT and [125I]-IMT (f), and [18F]F-NpGT and [125I]I-IMT (g) 
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Figure 23. Comparisons of blood clearance, tumor uptake, and tumor/blood ratio of [211At]At-

NpGT (red), [125I]I-NpGT (black), [18F]F-NpGT (blue), and [125I]IMT (yellow) at 1 hour or 3 hours 

post-administration.  
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Analysis of Urinary Metabolites 

A urine sample (100 μL) was filtered using a 10 kDa cutoff ultrafiltration membrane, achieving a 

recovery rate of 73%. RP-HPLC analysis revealed the presence of intact [125I]I-NpGT and 

unidentified metabolites in the urine (Figure 24). Minimal radioactivity was observed in the void 

volume fraction where free I− elutes. 

  

Figure 24. RP-HPLC radiochromatograms of [125I]I-NpGT standard and radiometabolites of 

[125I]I-NpGT in the urine. 
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Treatment study 

C6 glioma-bearing mice were administered [211At]At-NpGT (0.1 MBq/mouse or 0.3 MBq/mouse) 

or PBS (control). Compared to the control mice, [211At]At-NpGT significantly inhibited the growth 

of C6 glioma tumors in a dose-dependent manner (Figure 25). Even in the group that received 0.3 

MBq/mouse of [211At]At-NpGT, there was no significant difference in body weight compared to the 

control mice.  

 

Figure 25. Tumor growth inhibition (a) and body weight change (b) by [211At]At-NpGT. Statistical 

significances were determined by Tukey’s test; p < 0.05 compared with 0.1 MBq (‡), 0.3 MBq(§) 

 

Discussion 

The relatively short half-life of 211At (7.2 hours) necessitates rapid labeling reactions. Since the 

labeling of benzoate derivatives with 211At typically takes about 10 minutes, it is desirable for the 

labeling of NpG-type scaffolds with 211At to be completed within a comparable reaction time.77 The 

211At labeling of NpG structures is a nucleophilic substitution reaction, which exclusively involves 

At−. However, the manufactured 211At exists in multiple oxidation states. 27 Therefore, I 

hypothesized that increasing the proportion of At− in the 211At solution would enable rapid 211At 

labeling of NpG structures. Several reducing agents are reported to prepare At− from solutions 

containing different chemical forms of astatine.65 Therefore, I evaluated the labeling reactivity of 

211At in the presence of reducing agents. As a result, I observed the acceleration of the 211At-

labeling reaction in the presence of reducing agents. This allowed us to achieve satisfactory 211At 

labeling in a comparable time with preparing astatobenzoate derivatives. Because of the resistance 

to radiolysis and tolerance to the human body, sodium ascorbate is considered the most suitable 

reductant for 211At labeling among evaluated reductants. 
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As expected, the 18F labeling conditions were more severe than those for radioiodine or 211At 

labeling. The reason is that 18F is recovered as an aqueous solution, and nucleophilic reactivity of 

18F is highly reduced by the presence of small amounts of water, more so than for radioiodine and 

211At. To facilitate the 18F-labeling reaction, multiple azeotropic distillation steps using anhydrous 

acetonitrile were necessary. This process ensured the removal of residual water, which is critical 

for the 18F-labeling reaction. Although the reaction time was not optimized, this study's reaction 

temperature for 18F labeling was similar to that of other 18F-labeled agents.78–80 Since no precursor 

20 was present after the 100 °C labeling reaction, the extended reaction time is unlikely to 

improve the labeling yield. 

Excellent radiochemical conversion rates >80% were achieved for all reaction steps of [211At]At-

NpGT, [125I]I-NpGT, and [18F]F-NpGT, but overall yields ranged from 30-40%. The loss of 

radioactivity due to purification by Sep-Pak and HPLC resulted in these lower radiochemical 

yields. The labeling and deprotection reactions were conducted consecutively in a single pot to 

eliminate the need for purification steps. However, only for [211At]At-NpGT did this approach 

result in the unintended dissociation of 211At during the deprotection process (data not shown). It 

is worth noting that the decomposition of 211At-labeled compounds during deprotection has also 

been reported in other studies.81 The Resin-Assisted Purification and Deprotection (RAPD) 

system, which performs purification and deprotection reactions consecutively on a solid phase, may 

offer a solution to reduce radioactivity loss while preventing the degradation of labeled 

compounds.82  

Results of the in vitro studies demonstrate that these radiohalogen-labeled NpGT derivatives 

would be transported bidirectionally in cancer cells, which was consistent with the properties of the 

 AT  transport system. In addition, the intracellular uptake of [211At]At-NpGT, [125I]I-NpGT, and 

[18F]F-NpGT were all inhibited by BCH, AMT, or L-Tyr, respectively. Interestingly, the degree of 

inhibition rates was similar for each amino acid derivative. These results indicated that LAT1 

recognized these amino acid derivatives as similar substrates. Taking account of these differences in 

molecular weight ([211At]At-NpGT: 493, [125I]I-NpGT: 407, [18F]F-NpGT: 300), the present result 

is intriguing. This similarity supports my expectation that modifying the tyrosine’s phenolic 

hydroxyl group has a limited impact on LAT1 recognition.  

Matching the pharmacokinetics of diagnostic and therapeutic agents is a prerequisite for their use 

in radiotheranostics. Especially the instability of most 211At-labeled agents has caused 

discrepancies in the pharmacokinetic properties when comparing 211At-labeled agents with 

radioiodine-labeled counterparts39,83. Notably, low molecular weight 211At-labeled compounds 

undergo significant deastatination even at 1 hour post-administration.84,85 Therefore, it is essential 
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to verify the stability against dehalogenation and the biodistribution match of radiohalogen-labeled 

amino acid derivatives at early time points. Considering that PET imaging with 18F-labeled agents 

is typically performed between 1 and 2 hours post-administration, the biodistribution studies of 

[18F]F-NpGT and [211At]At-NpGT were evaluated at 1 hour and 3 hours post-injection. In 

biodistribution studies, [211At]At-NpGT exhibited very low uptake in the spleen, lungs, stomach, 

and neck (including thyroid), which is consistent with the findings observed in Chapter 1 and 

suggests it to be stable against in vivo deastatination. Furthermore, low radioactivity levels in the 

stomach and neck of [125I]I-NpGT and the bone of [18F]F-NpGT indicated stability against general 

dehalogenation mechanisms. The biodistribution beyond 3 hours post-administration was evaluated 

using [125I]I-NpGT, which has a longer half-life. There was minimal radioactivity accumulation in 

tissues other than the excretory organs, namely the liver, kidneys, and intestines. Analysis of the 

urinary samples after [125I]I-NpGT administration showed almost no radioactivity in the free iodine 

fraction (void volume), supporting high resistance to in vivo dehalogenation. [211At]At-NpGT, 

[125I]I-NpGT, and [18F]F-NpGT had rapid blood clearance, and all displayed similar kinetics in 

almost every tissue. Moreover, these agents showed comparable tumor uptake. Given these 

similarities, these amino acid derivatives are promising for radiotheranostics. In particular, this is 

the first time in the world that the possibility of combining    - and    At-labeled compounds in 

radiotheraostics has been demonstrated.  

After intravenous injection, [211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT showed rapid uptake 

in the kidneys and pancreas followed by very rapid excretion from these organs. These 

biodistribution patterns appear to be analogous to other radiolabeled amino acid derivatives.86,87 

Radiohalogen-labeled amino acid derivatives (e.g., [18F]FET and [123I]IMT) accumulate in the 

pancreas in mouse studies but not in humans. 88,89 The differences in LAT1 expression distribution 

in the pancreas of mice and humans could contribute to this discrepancy, but the causes remain 

unknown. 90,91 

 [211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT showed moderate washout from the tumor. 

This is in accordance with what is observed for other radiolabeled amino acid derivatives that have 

been reported to be radiotracers targeting LAT1.86 LAT1 is a bidirectional amino acid transporter, 

and radiolabeled amino acid tracers such as [18F]FET and [123I]IMT are not included in protein 

synthesis92,93. Therefore, the uptake of these radiolabeled compounds in tumors gradually 

decreases along with blood clearance. Although the radioactive metabolites within tumor cells were 

not evaluated in this study, considering that most of the radioactivity excreted from cancer cells 

was intact [125I]I-NpGT, it is likely that [211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT were not 

used for protein synthesis. However, the rapid clearance of each radiohalogen-labeled derivative 

resulted in a high tumor-to-blood ratio at 3 hours postinjection. 
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Due to the unavailability of small animal PET equipment, this study did not provide PET images of 

[18F]F-NpGT. However, the tumor-to-blood ratio of [18F]F-NpGT was equal to or greater than 

that of [125I]IMT at the evaluated time points. Furthermore, considering that the reported tumor-

to-blood ratio of [18F]FET is comparable,86 it can be inferred that the diagnostic performance of 

[18F]F-NpGT is equivalent to conventional amino acid tracers. 

The radioactivity in the liver and intestines of [211At]At-NpGT, [125I]I-NpGT, and [18F]F-NpGT 

were similarly higher than that of [125I]IMT. This undesirable accumulation is hypothesized to be 

associated with the increased lipophilicity of the NpGT derivatives. Although liver uptake of 

[18F]FMT has been demonstrated in murine models, nonspecific abdominal uptake has not been 

seen in clinical trials. 94 Accordingly, radiohalogen-labeled NpGT derivatives might not be subject 

to accumulation in the liver and intestine in clinical. 

For the evaluation of therapeutic efficacy, the tumor size change in the mouse model was 

observed. Without any treatment, the tumor grew to more than 800 mm3 by day 8. In contrast, 

treatment of mice with 0.1 MBq/mouse of [211At]At-NpGT significantly slowed the expansion of the 

tumors. Moreover, the 0.3 MBq/mouse group showed more suppressed tumor growth with no 

significant weight reduction. These results indicate the usefulness of [211At]At-NpGT as a 

therapeutic agent. 

 

 

Summary 

Radiohalogen-labeled amino acid derivatives with the NpG structure ([211At]At-NpGT, [125I]I-

NpGT, [18F]F-NpGT) exhibited similar characteristics, including LAT1 recognition, 

pharmacokinetics, and tumor uptake. Furthermore, [211At]At-NpGT demonstrated a dose-

dependent therapeutic effect. These findings suggested that radiohalogen-labeled NpG derivatives, 

particularly the pair of [18F]F-NpGT (PET) and [211At]At-NpGT (α-particle therapy), would have 

potential applications in cancer radiotheranostics.  

 

Conclusions 

The present study showed that the NpG structure as a labeling scaffold for radiohalogens allows 

for the labeling of all radiohalogens under acceptable reaction conditions and can stably retain all 
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radiohalogens, including 211At in vivo. 18F, 125I, and 211At -labeled amino acid derivatives with NpG 

structure showed similar pharmacological properties, including LAT1 recognition, 

pharmacokinetics, and tumor uptake, suggesting that they were promising as radiotheranostic 

agents. This is the first time in the world that the possibility of the combination of 18F- and 211At-

labeled compounds in radiotheranostics has been demonstrated. Since 18F, 123I, and 211At are 

domestically produced radionuclides, the NpG scaffold would be useful for these radiohalogens and 

accelerate the development of radiotheranostic agents in Japan.  
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Methods 

Chapter 1. 

General 

[125I]NaI (≃3.7 MBq/μL) was purchased from Perkin Elmer (Waltham, MA, USA). CD1 mouse 

liver microsomes (CYP content: 1.166 nmol/mg protein) and human liver microsomes (CYP 

content: 0.428 nmol/mg protein) were purchased from Sekisui Xenotech (Kansas, KS, USA). 

Alamethicin and UDPGA trisodium salt were purchased from Sigma-Aldrich Japan (Tokyo, Japan). 

Glucose 6-phosphate (G6P) and β-nicotinamide-adenine dinucleotide phosphate oxidized form 

(β-NADP+) were purchased from Oriental Yeast (Tokyo, Japan). Glucose 6-phosphate 

dehydrogenase (G6PDH) was purchased from FUJIFILM Wako Pure Chemical Industries (Osaka, 

Japan). N-[5-(Hydroxymethyl)-2,2-dimethyl-1,3-dioxan-5-yl]methyl-2-nitroimidazole (1), meta-

tributylstannylbenzoic acid (13), and N-(2-aminoethyl)-2-nitroimidazole HCl salt (14) were 

prepared by the same procedure described previously.95–97 The other chemicals purchased from 

commercial sources were of reagent grade or higher and used without further purification. 1H-

NMR/13C-NMR spectra were obtained by a JEOL ECS-400 spectrometer (JEOL, Tokyo, Japan). 

Mass spectrometry was obtained on an AccuTOF LC-plus (JMS-T100LP, JEOL). The melting 

points were measured using an MP-500D (Yanako, Kyoto, Japan) and were reported uncorrected. 

The chemical purity of non-radioactive compounds was found to be >95%, as determined by RP-

HPLC analyses. Radiochemical purities were determined by TLC and RP-HPLC and were >98% for 

both analyses.  

Analytical Methods 

Analytical R -H  C was performed with a  nison  S-C   column ( .  ×  50 mm, Imtakt,  yoto, 

Japan) at a flow rate of   m /min with a linear gradient starting from  5% A (0.0  M acetate buffer, 

pH  .0) and 5% B (acetonitrile) for 5 min, to  0% B at  0 min, to  00% B at  0 min, and then 

 00 %B for 5 min (system A for the analyses of [  5I]BHIN and [   At]BHAN), or from  5% A (0.0  

M acetate buffer, pH  .0) and 5% B (acetonitrile) for 5 min, to  0% B at  0 min, to  00% B at  0 

min, and then  00 %B for 5 min (system B for the analyses of [  5I]EHIN, [  5I]DEIN, [  5I]MIBAN, 

[   At]MABAN, and [   At]At-), or from  0% A (water) and  0% B (acetonitrile) to  00% B at  0 

min, (system C for the purification of [  5I]DEIN and [  5I] ), or from  0% A (water) and  0% B 

(acetonitrile) to  0% B at  0 min, to  00%B at  5 min (system D for the purification of [   At]BHAN) 

or from  0% A (water) and  0% B (acetonitrile) to 50% B at  0 min, to  00%B at  0 min, and then 

 00 %B for 5 min (system E for the purification of [  5I] ) or from  0% A (water) and  0% B 



 59 

(acetonitrile) to  00% B at  0 min and then  00 %B for 5 min (system   for the purification of 

[  5I]EHIN) or from  0% A (water) and  0% B (acetonitrile) to  0% B at  0 min, to  00%B at  0 min, 

and then  00 %B for 5 min (system G for the purification of [  5I]MIBAN and [   At]MABAN), and 

from  0% A (water) and  0% B (acetonitrile) to  00% B at  0 min, and then  00 %B for 5 min 

(system H for the purity check of  5). HI IC-H  C was performed with a cosmosil HI IC packed 

column ( .  ×  50 mm, Nacalai tesque,  yoto, Japan) at a flow rate of  .0 m /min with an isocratic 

solvent mixture of 5% A (0.05 M aqueous solution of HCOONH ) and  5% B (acetonitrile). The 

effluent was monitored by detection at  5  nm with a  V detector ( -  05, Hitachi, Tokyo, Japan) 

coupled to a NaI(Tl) radioactivity detector (Gabi star, Raytest, Strubenhardt, Germany), or collected 

with a fraction collector ( rac-  0, GE Healthcare Japan, Tokyo) at  .0 min intervals, and the 

radioactivity counts in each fraction were determined with an automated gamma well counter (Wizard 

 ,  erkinElmer Japan, Yokohama, Japan). T C (Silica gel  0   5 , Merck, Tokyo, Japan) was 

developed with a mixture of hexane and ethyl acetate ( : 0 for [  5I]BHIN,  :5 for [   At]BHAN, 

[  5I]MIBAN and [   At]MABAN,  :  for [  5I]EHIN and  :  for [  5I]DEIN [  5I]  and [  5I] , v/v). 

R -T C (Silica gel  0 R -     5 S, Merck) was developed with a mixture of 0. % aqueous 

solution of T A and acetonitrile containing 0. %T A ( : , v/v). The T C developed for 

radioiodinated compounds was cut into 5 mm fractions, and the radioactivity of each fraction was 

measured with an automated gamma well counter. The T C developed for astatinated compounds was 

visualized and quantified using an imaging scanner (Typhoon   A 000, GE Healthcare Japan, 

Tokyo). 

 

Syntheses 

N-[5-(Trifluoromethanesulfonyloxymethyl)-2,2-dimethyl-1,3-dioxan-5-yl]methyl-2-

nitroimidazole (2) 

Trifluoromethanesulfonic anhydride (139 μL, 0.848 mmol) was added to a mixture of 

compound 1 (153 mg, 0.565 mmol) and 2,6-lutidine (330 μL, 2.83 mmol) in dichloromethane (7.0 

mL) at −78 °C under an Ar atmosphere. After the addition, the temperature of the reaction 

mixture was gradually raised to room temperature and then stirred for 1 h at the same 

temperature. To the reaction mixture was added water (20 mL), and it was extracted with ethyl 

acetate (15 mL × 3). The combined organic phase was dried over MgSO4, and the solvent was 

removed in vacuo. The residue was subjected to flash column chromatography using hexane/ethyl 

acetate (100/0 to 40/60) as an eluent to provide 2 as a brown solid (122 mg, 0.303 mmol, 53.6%). 

Mp: 88–90 °C. 1H NMR (400 MHz, CDCl3): δ 1.42 [6H, s, CH3], 3.70 [2H, d, J = 12.4 Hz, 

CH2], 3.80 [2H, d, J = 12.4 Hz, CH2], 4.50 [2H, s, CH2], 4.75 [2H, s, CH2], 7.20 [1H, s, CH], 
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7.21 [1H, s, CH]. 13C NMR (100 MHz, CDCl3): δ 22.63, 24.20, 29.65, 39.23, 48.74, 61.76, 

75.27, 99.34, 113.65, 116.84, 120.02, 123.21, 127.15, 128.93, 145.28. HRMS(ESI) calcd for 

C12H16F3N3NaO7S [M + Na]+: m/z 426.0559, found 426.0577. HPLC purity >99%, retention time 

9.8 min (system C). 

N-[5-(Iodomethyl)-2,2-dimethyl-1,3-dioxan-5-yl]methyl-2-nitroimidazole (3) 

NaI (77 mg, 0.513 mmol) was added to a solution of compound 2 (104 mg, 0.257 mmol) in 

acetonitrile (2.0 mL) at room temperature and stirred for 0.5 h. To the reaction mixture was added 

water (10 mL), and it was extracted with ethyl acetate (5 mL × 3). The combined organic phase 

was dried over MgSO4, and the solvent was removed in vacuo to provide 3 as a pale yellow oil (85 

mg, 0.224 mmol, 87.1%). 1H NMR (400 MHz, CDCl3): δ 1.40 [3H, s, CH3], 1.42 [3H, s, CH3], 

3.07 [2H, s, CH2], 3.55 [2H, d, J = 12.4 Hz, CH2], 3.80 [2H, d, J = 12.4 Hz, CH2], 4.82 [2H, s, 

CH2], 7.17 [1H, s, CH], 7.68 [1H, s, CH]. 13C NMR (100 MHz, CDCl3): δ 8.10, 20.57, 26.35, 

36.85, 50.40, 65.53, 99.07, 126.65, 128.43, 145.84. HRMS(ESI) calcd for C11H17IN3O4 [M + 

H]+: m/z 382.0264, found 382.0268. HPLC purity 98.0%, retention time 7.8 min (system C). 

N-[2,2-Bis(hydroxymethyl)-2-(iodomethyl)ethyl]-2-nitroimidazole ([127I]BHIN) 

p-Toluenesulfonic acid (3.5 mg, 0.184 mmol) was added to a solution of compound 3 (43 mg, 0.112 

mmol) in methanol (1.0 mL) and stirred for 2 days at room temperature. After the solvent was 

removed in vacuo, a 5% aqueous NaHCO3 solution (1.0 mL) was added to the residue, and the 

mixture was extracted with ethyl acetate (3.0 mL × 3). After the combined organic phase was 

washed with a saturated aqueous NaCl solution (1.0 mL × 1) and dried over Na2SO4, the solvent 

was removed in vacuo. The residue was purified by preparative TLC (PLC silica gel 60 F254, 1 mm, 

Merck) using a mixture of hexane/ethyl acetate (1:2) as a developing solvent to provide 1a as a 

white solid (32 mg, 0.0923 mmol, 82.5%). Mp: 127–128 °C. 1H NMR (400 MHz, CD3Cl): δ 3.23 

[2H, s, CH2], 3.64 [4H, dd, J = 16.4 and 10.8 Hz, CH2], 4.77 [2H, s, CH2], 7.17 [1H, s, CH], 

7.39 [1H, s, CH]. 13C NMR (100 MHz, CD3OD): δ 10.17, 45.13, 51.10, 64.51, 127.93, 128.87, 

147.38. HRMS(ESI) calcd for C8H12IN3NaO4 [M + Na]+: m/z 363.9770, found 363.9788. HPLC 

purity 96.7%, retention time 19.8 min (system A). 

2-Ethyl-2-[(methoxymethoxy)methyl]propane-1,3-diol (5) 

A solution of chloromethyl methyl ether (0.423 mL, 5.61 mmol) in THF (5 mL) was added to a 

mixture of trimethylolpropane (1.50 g, 11.2 mmol), N,N-diisopropylethylamine (DIEA, 7.68 mL, 

44.8 mmol), and 4-dimethylaminopyridine (0.140 g, 1.14 mmol) in THF (10 mL) at 0 °C. After 

the addition, the temperature of the reaction mixture was gradually raised to room temperature, 

and the mixture was stirred overnight at the same temperature. After removing the solvent in 
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vacuo, the residue was dissolved in ethyl acetate (10 mL). The solution was washed with a 

saturated aqueous NH4Cl solution (10 mL × 1), water (10 mL × 1), and a saturated aqueous 

NaCl solution (10 mL × 1). The combined organic phase was dried over MgSO4, and the solvent 

was removed in vacuo. The residue was subjected to flash column chromatography using 

hexane/ethyl acetate (50/50 to 0/100) as an eluent to provide 5 as a colorless oil (402 mg, 2.25 

mmol, 40.2%). 1H NMR (400 MHz, CDCl3): δ 0.68 [3H, t, J = 7.6 Hz, CH3], 1.16 [2H, q, J = 7.6 

Hz, CH2], 3.21 [2H, s, CH2], 3.30 [2H, s, CH2], 3.33 [4H, s, CH2], 4.49 [2H, s, CH2]. 
13C NMR 

(100 MHz, CD3OD): δ 7.72, 22.94, 44.31, 55.45, 63.82, 69.12, 97.86. 

O,O′-Bis(trifluoromethanesulfonyl)-2-ethyl-2-((methoxymethoxy)methyl)propane-1,3-diol (6) 

Trifluoromethanesulfonic anhydride (0.846 mL, 5.15 mmol) was added dropwise to a mixture 

of 5 (400 mg, 2.24 mmol) and DIEA (1.04 mL, 8.96 mmol) in dichloromethane (4 mL) at −78 °C 

under an Ar atmosphere. After the addition, the temperature of the reaction mixture was gradually 

raised to −20 °C, and the mixture was stirred for an additional 18 h at the same temperature. 

The temperature of the reaction mixture was then gradually raised to room temperature. The 

reaction mixture was washed with a saturated aqueous NaHCO3 solution (10 mL × 1), a saturated 

aqueous NH4Cl solution (10 mL × 2), and a saturated aqueous NaCl solution (10 mL × 1). The 

organic phase was dried over MgSO4, and the solvent was removed in vacuo. The residue was used 

for the following reaction without further purification. 1H NMR (400 MHz, CDCl3): δ 0.96 [3H, 

t, J = 7.6 Hz, CH3], 1.57 [2H, q, J = 7.6 Hz, CH2], 3.35 [3H, s, CH3], 3.46 [2H, s, CH2], 4.46 

[4H, s, CH2], 4.60 [2H, s, CH2]. 13C NMR (100 MHz, CDCl3): δ 6.77, 21.78, 42.83, 55.65, 

60.16, 65.25, 75.86, 96.78, 113.78, 116.96, 120.14, 123.32. 

N-[2-Ethyl-2-(methoxymethoxy)methyl-2-(trifluoromethanesulfonyloxymethyl)ethyl]-2-

nitroimidazole (7) 

A mixture of 6 and DIEA (821 μL, 7.05 mmol) in dichloromethane (5 mL) was added to a solution 

of 2-nitroimidazole (213 mg, 1.88 mmol) in dichloromethane (5 mL) at −78 °C. After the 

addition, the temperature of the reaction mixture was gradually raised to room temperature, and 

the mixture was stirred overnight at the same temperature. The reaction mixture was washed with 

a saturated aqueous NaHCO3 solution (20 mL × 1), a saturated aqueous NH4Cl solution (20 mL 

× 2), and a saturated aqueous NaCl solution (20 mL × 1). The organic phase was dried over 

MgSO4, and the solvent was removed in vacuo. The residue was subjected to flash column 

chromatography using hexane/ethyl acetate (96/4 to 47/53) as an eluent to provide 7 as a yellow 

oil (276 mg, 0.680 mmol, 30.4% in 2 steps). 1H NMR (400 MHz, CDCl3): δ 0.94 [3H, t, J = 7.6 

Hz, CH3], 1.42–1.59 [2H, m, CH2], 3.31 [3H, s, CH3], 3.45 [2H, dd, J = 10.4 and 29.6 Hz, CH2], 

4.45 [2H, d, J = 2.8 Hz, CH2], 4.51 [2H, s, CH2], 4.68 [2H, dd, J = 14.0 and 130.0 Hz, CH2], 7.11 
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[1H, s, CH], 7.16 [1H, s, CH]. 13C NMR (100 MHz, CDCl3): δ 7.01, 23.80, 43.43, 50.46, 55.91, 

67.63, 76.41, 96.78, 113.65, 116.84, 120.02, 123.20, 126.56, 128.18, 145.52. HRMS(ESI) calcd 

for C12H19F3N3O7S [M + H]+: m/z 406.0896, found 406.0880. HPLC purity >99%, retention time 

13.4 min (system E). 

N-[2-Ethyl-2-(methoxymethoxy)methyl-2-(iodomethyl)ethyl]-2-nitroimidazole (8) 

NaI (144 mg, 0.961 mmol) was added to a solution of compound 7 (130 mg, 0.321 mmol) in 

acetonitrile (1.0 mL) at room temperature and stirred for 3 h. After the solvent was removed in 

vacuo, the residue was dissolved in chloroform (5 mL). The solution was washed with a saturated 

aqueous NaHCO3 solution (5 mL × 1), water (5 mL × 1), and a saturated aqueous NaCl solution 

(5 mL × 1). The organic phase was dried over MgSO4 before removing the solvent in vacuo. The 

residue was subjected to flash column chromatography using chloroform as an eluent to 

provide 8 as a yellow oil (108 mg, 0.282 mmol, 87.8%). 1H NMR (400 MHz, CDCl3): δ 0.86 [3H, 

t, J = 7.6 Hz, CH3], 1.42 [2H, q, J = 7.6 Hz, CH2], 3.17 [2H, dd, J = 8.0 and 17.6 Hz, CH2], 3.30 

[3H, s, CH3], 3.39 [2H, s, CH2], 4.47 [3H, t, J = 7.0 Hz, CH3], 4.81 [2H, d, J = 14.8 Hz, 

CH2],7.11 [1H, s, CH], 7.24 [1H, s, CH]. 13C NMR (100 MHz, CDCl3): δ 7.00, 11.85, 26.63, 

41.78, 51.77, 55.86, 69.53, 96.64, 126.21, 127.82, 145.95. HRMS(ESI) calcd for C11H19IN3O4 [M + 

H]+: m/z 384.0420, found 384.0423. HPLC purity >99%, retention time 17.3 min (system E). 

N-[2-Ethyl-2-hydroxymethyl-2-(iodomethyl)ethyl]-2-nitroimidazole ([127I]BHIN) 

A 1 N aqueous HCl solution (2 mL) was added to a solution of compound 8 (98 mg, 0.256 mmol) in 

methanol (2.4 mL), and the mixture was stirred for 2 days at 60 °C. After neutralizing the 

mixture with a saturated NaHCO3 solution, methanol was removed in vacuo. The reaction mixture 

was then extracted with chloroform (5 mL × 3). After washing with a saturated aqueous NaCl 

solution (10 mL × 1), the organic phase was dried over MgSO4, and the solvent was removed in 

vacuo. The residue was subjected to flash column chromatography using hexane/ethyl acetate 

(58/42 to 20/80) as an eluent to provide [127I]BHIN as a yellow oil (50 mg, 0.146 mmol, 57.0%). 

Mp: 108–109 °C. 1H NMR (400 MHz, CDCl3): δ 0.87 [3H, t, J = 7.4 Hz, CH3], 1.33–1.46 [2H, 

m, CH2], 3.16 [2H, dd, J = 8.0 and 18.8 Hz, CH2], 3.51 [2H, s, CH2], 4.65 [2H, dd, J = 14.0 and 

102.8 Hz, CH2], 7.12 [1H, s, CH], 7.32 [1H, s, CH]. 13C NMR (100 MHz, CDCl3): δ 7.00, 11.77, 

26.09, 42.41, 51.27, 64.17, 126.91, 127.84, 145.72. HRMS(ESI) calcd for C9H15IN3O3 [M + 

H]+: m/z 340.0158, found 340.0162. HPLC purity 95.6%, retention time 24.5 min (system B). 

O,O′-Bis(trifluoromethanesulfonyl)-2,2diethylpropane-1,3-diol (10) 

A solution of trifluoromethanesulfonic anhydride (1.81 mL, 11.0 mmol) in dichloromethane (10 mL) 

was added dropwise to a mixture of 2,2-diethylpropane-1,3-diol (0.66 g, 5.00 mmol) and 2,6-
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lutidine (1.16 mL, 10.0 mmol) in dichloromethane (10 mL) at −78 °C under an Ar atmosphere. 

After the addition, the temperature of the reaction mixture was gradually raised to room 

temperature, and the mixture was stirred for 1 h at the same temperature. The reaction mixture 

was washed with water (20 mL × 3) and saturated NaCl (20 mL × 1), and the organic phase was 

dried over MgSO4. After removing the solvent in vacuo, the residue was subjected to column 

chromatography on silica gel using ethyl acetate as an eluent to provide 10 as a pale yellow oil 

(1.80 g, 4.55 mmol, 91.1%). 1H NMR (400 MHz, CDCl3): δ 0.90 [6H, t, J = 7.6 Hz, CH3], 1.40 

[4H, q, J = 7.5 Hz, CH2], 4.33 [4H, s, CH2]. 
13C NMR (100 MHz, CDCl3): δ 6.27, 21.10, 41.39, 

75.84, 113.81, 117.00, 120.17, 123.35. HRMS(ESI) calcd for C9H14F6N3NaO6S2 [M + 

Na]+: m/z 419.0034, found 419.0044. 

N-[2,2-Diethyl-2-(trifluoromethanesulfonyloxymethyl)ethyl]-2-nitroimidazole (11) 

A solution of compound 10 (1.00 g, 2.52 mmol) in DMF (2.5 mL) was added dropwise to a chilled 

mixture (0 °C) of 2-nitroimidazole (0.285 g, 2.52 mmol) and potassium carbonate (1.05 g, 7.57 

mmol) in DMF (7.5 mL), and the mixture was stirred at room temperature for 4 h under an Ar 

atmosphere. To the reaction mixture was added ethyl acetate (80 mL), and the organic phase was 

washed with water (40 mL × 3) and saturated NaCl (40 mL × 1). After drying over Na2SO4, the 

solvent was removed in vacuo. The residue was subjected to column chromatography on silica gel 

using hexane/ethyl acetate (3:2) as an eluent to provide 11 as a pale yellow tacky solid (0.514 g, 

1.43 mmol, 56.7%). 1H NMR (400 MHz, CDCl3): δ 0.91 [6H, t, J = 7.6 Hz, CH3], 1.31–1.40 [2H, 

m, CH2], 1.45–1.54 [2H, m, CH2], 4.30 [2H, s, CH2], 4.59 [2H, s, CH2], 7.04 [1H, s, CH], 7.18 

[1H, s, CH]. 13C NMR (100 MHz, CDCl3): δ 6.80, 23.46, 42.19, 51.83, 78.44, 113.58, 116.76, 

119.93, 123.12, 126.45, 128.40, 145.42. HRMS(ESI) calcd for C11H16F3N3NaO5S [M + 

Na]+: m/z 382.0661, found 382.0647. HPLC purity >99%, retention time 12.4 min (system F). 

N-[2,2-Diethyl-2-(iodomethyl)ethyl]-2-nitroimidazole ([127I]DEIN) 

NaI (125 mg, 0.835 mmol) was added to a solution of compound 11 (150 mg, 0.417 mmol) in 

acetonitrile (7 mL) and stirred at room temperature for 1 h. To the mixture was added water (20 

mL), and it was extracted with ethyl acetate (10 mL × 3). The combined organic phase was dried 

over Na2SO4, and the solvent was removed in vacuo to provide [127I]DEIN as a white solid (114 mg, 

0.338 mmol, 81.1%). Mp: 61–63 °C. 1H NMR (400 MHz, CDCl3): δ 0.83 [6H, t, J = 7.6 Hz, 

CH3], 1.23–1.32 [2H, m, CH2], 1.42–1.51 [2H, m, CH2], 3.11 [2H, s, CH2], 4.55 [2H, s, CH2], 

7.14 [1H, s, CH], 7.30 [1H, s, CH]. 13C NMR (100 MHz, CDCl3): δ 7.55, 17.27, 25.95, 40.62, 

53.08, 125.94, 128.23, 145.81. HRMS(ESI) calcd for C10H16IN3NaO2 [M + Na]+: m/z 360.0185, 

found 360.0201. HPLC purity 97.9%, retention time 28.4 min (system B). 
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N-[N-(meta-Tributylstannylbenzoyl)-2-aminoethyl]-2-nitroimidazole (15) 

A solution of 13 (31 mg, 0.199 mmol) in triethylamine (550 μL) was stirred at room temperature 

for 5 min. A solution of 14 (163 mg, 0.397 mmol) in acetonitrile (8 mL), 1-hydroxy-7-

azabenzotriazole (HOAt, 108 mg, 0.793 mmol), and 1-[bis(dimethylamino)methyliumyl]-1H-1,2,3-

triazolo[4,5-b]pyridine-3-oxide hexafluorophosphate (HATU, 302 mg, 0.794 mmol) were added to 

the mixture at 0 °C. After the addition, the temperature of the reaction mixture was raised to 

room temperature and then stirred overnight at the same temperature. After the solvent was 

removed in vacuo, the residue was dissolved in chloroform (10 mL). That solution was washed with 

a 1 N aqueous NaOH solution (10 mL × 1), a 10% aqueous citric acid solution (10 mL × 2), and a 

saturated aqueous NaCl solution (5 mL × 1). The organic phase was dried over MgSO4, and the 

solvent was removed in vacuo. The residue was subjected to flash column chromatography using 

hexane/ethyl acetate (75/25 to 43/57) as an eluent to provide 15 as a pale yellow solid (95 mg, 

0.172 mmol, 86.9%). Mp: 98–100 °C. 1H NMR (400 MHz, CDCl3): δ 0.83–0.87 [9H, m, CH3], 

0.95–1.12 [6H, m, CH2], 1.24–1.33 [6H, m, CH2], 1.41–1.53 [6H, m, CH2], 3.89 [2H, dd, J = 5.6 

and 11.6 Hz, CH2], 4.72 [2H, t, J = 5.6 Hz, CH2], 6.84 [1H, t, J = 5.6 Hz, NH], 6.91 [1H, s, CH], 

7.02 [1H, s, CH], 7.34 [2H, t, J = 7.2 Hz, CH], 7.57–7.62 [2H, m, CH], 7.76–7.87 [1H, m, 

CH]. 13C NMR (100 MHz, CDCl3): δ 9.50, 11.21, 13.56, 26.95, 27.24, 27.52, 28.82, 28.92, 

29.02, 40.01, 49.30, 126.58, 127.48, 127.74, 127.87, 132.80, 134.96, 139.90, 142.94, 144.18, 

169.22. HRMS(ESI) calcd for C24H38N4NaO3Sn [M + Na]+: m/z 573.1864, found 573.1873. HPLC 

purity 97.3%, retention time 18.5 min (system H). 

N-[N-(meta-Iodobenzoyl)-2-aminoethyl]-2-nitroimidazole ([127I]MIBAN) 

The compound [127I]MIBAN was prepared according to the same procedure as 15 using meta-

iodobenzoic acid (63 mg, 0.403 mmol). The purification by flash chromatography on silica gel using 

hexane/ethyl acetate (96/4 to 20/80) as an eluent provided [127I]MIBAN as a white solid (125 mg, 

0.324 mmol, 80.3%). Mp: 187–189 °C. 1H NMR (400 MHz, CD3OD): δ 3.82 [2H, t, J = 5.6 Hz, 

CH2], 4.67 [2H, t, J = 5.6 Hz, CH2], 7.09 [1H, s, CH], 7.21 [1H, t, J = 8.0 Hz, CH], 7.35 [1H, s, 

CH], 7.69 [1H, d, J = 7.6 Hz, CH], 7.87 [1H, d, J = 7.6 Hz, CH], 8.07 [1H, t, J = 1.6 Hz, 

CH]. 13C NMR (100 MHz, DMSO): δ 49.10, 94.65, 126.50, 127.66, 128.51, 130.50, 135.47, 

136.03, 139.81, 144.74, 165.13. HRMS(ESI) calcd for C12H12IN4O3 [M + H]+: m/z 386.9957, found 

386.9954. HPLC purity 98.2%, retention time 24.4 min (system B). 

The Glucuronide Conjugate of [127I]BHIN ([127I]BHIN-GC) 

Alamethicin (5 μg) was added to a solution of mouse liver microsomes. The mixture was diluted 

with 50 mM Tris–HCl buffer (pH 7.4) (2 mg protein/mL) and left on ice for 15 min. An equivalent 
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volume of a mixed solution of [127I]BHIN (5.86 mM), UDPGA trisodium salt (10 mM), and 

MgCl2 (10 mM) in 50 mM Tris–HCl buffer (pH 7.4) was added to 500 μL of the mixture. After 

incubation for 2 h at 37 °C, the mixture was mixed with ethanol (100 μL), and centrifuged 

(10,000 g, 5 min). After purification of the supernatant by RP-HPLC (system A), the fraction 

containing the product was applied to a Sep-Pak C18 cartridge (Nihon Waters, Tokyo, Japan), 

washed with water, and then eluted with methanol. The eluent was evaporated in vacuo to 

provide [127I]BHIN-GC as a white solid (0.3 mg, 20.8%). 1H NMR (400 MHz, D2O): δ 3.16–3.56 

[11H, m, CH and CH2], 3.84 [1H, d, J = 10.4 Hz, CH], 4.29 [1H, d, J = 8.4 Hz, CH], 7.06 [1H, s, 

CH], 7.47, 7.49 [1H, s, CH]. HRMS(ESI) calcd for C14H19IN3O10 [M-H]−: m/z 516.0115, found 

516.0120. HPLC purity 98.7%, retention time 13.6 min (system A). 

The Glucuronide Conjugate of [127I]EHIN ([127I]EHIN-GC) 

[127I]EHIN-GC was synthesized according to the procedure described above using [127I]EHIN (5.90 

mM) in place of [127I]BHIN. Purification by RP-HPLC (system B) provided [127I]EHIN-GC as a 

white solid (0.3 mg, 20.1%). 1H NMR (400 MHz, D2O): δ 0.67–0.71 [3H, m, CH3], 1.19–1.37 [2H, 

m, CH2], 3.05–3.54 [9H, m, CH and CH2], 3.80 [1H, d, J = 10.4 Hz, CH], 4.24 [1H, m, CH], 

7.03, 7.04 [1H, s, CH], 7.46, 7.47 [1H, s, CH] (This compound was prepared as a mixture of 

diastereomers.) HRMS(ESI) calcd for C15H21IN3O9 [M-H]−: m/z 514.0323, found 514.0339. HPLC 

purity >99%, retention time 17.0 min (system B). 

Radiosynthesis 

Preparation of 211At 

211At was supplied from the Research Center for Nuclear Physics at Osaka University and RIKEN 

through the Supply Platform of Short-lived Radioisotopes. 211At was produced by the 209Bi(α, 

2n)211At reaction followed by separation and purification by a dry distillation method. 98,99 Briefly, a 

20 mg/cm2 metallic bismuth target was prepared by vacuum evaporation onto an aluminum foil 

(approximately 20 mm × 10 mm). An irradiated target was heated on a quartz tube at 850 °C 

under streaming helium/oxygen mixed gas. Distilled 211At was deposited in a cooled Teflon tube 

connected to the quartz tube, and 211At was eluted with 100 μL of chloroform (10–20 MBq) or 

water (47 MBq). Finally, a chloroform solution of 211At was evaporated by the gentle flow of N2 gas 

and redissolved in acetonitrile (100 μL). 

Radiosynthesis of [125I]BHIN 

A solution of [125I]NaI (1.0 μL) was added to a solution of 2 in acetonitrile (10 mM, 100 μL), and 

the mixture was allowed to react for 1 h at 37 °C. The radiochemical yield was determined by 

TLC. After the reaction, [125I]3 was purified by RP-HPLC (system C). The fractions containing the 
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product were concentrated in vacuo to provide an aqueous solution of [125I]3. A 2% aqueous 

solution of p-toluenesulfonic acid (10 μL) was added to a solution of [125I]3, and the mixture was 

heated at 60 °C for 0.5 h. The mixture was applied to a Sep-Pak C18 cartridge, washed with 

water, and then eluted with methanol. The eluent was concentrated in vacuo to provide an aqueous 

solution of [125I]BHIN (60.1%). This solution of [125I]BHIN was diluted with D-PBS(−) (Nacalai 

Tesque), and used for further evaluation studies. Radiochemical purity >99%, retention time 20.0 

min (system A). 

Radiosynthesis of [125I]EHIN 

A solution of [125I]NaI (1.0 μL) was added to a solution of 7 in acetonitrile or 1% 

diisopropylethylamine (DIEA) acetonitrile (10 mM, 100 μL), and each mixture was allowed to 

react for 1 h at 37 °C. The radiochemical yield was determined by TLC. After the reaction, 

[125I]8 was then purified by RP-HPLC (system E). The fractions containing the product were 

concentrated in vacuo to provide an aqueous solution of [125I]8. The solution of [125I]8 was added to 

an equivalent volume of a 2 N HCl aqueous solution and reacted for 0.5 h at 60 °C. The mixture 

was purified by RP-HPLC (system F) to isolate [125I]EHIN. The fractions containing the product 

were concentrated in vacuo to provide an aqueous solution of [125I]EHIN (in acetonitrile: 7.6 %, in 

1%DIEA acetonitrile: 67.0%). This solution of [125I]EHIN was diluted with D-PBS(−) and used for 

further evaluation studies. Radiochemical purity >99%, retention time 24.6 min (system B). 

Radiosynthesis of [125I]DEIN 

A solution of [125I]NaI (1.0 μL) was added to a solution of 11 in 10% DMSO/acetonitrile (10 mM, 

100 μL), and the mixture was allowed to react for 1 h at 37 °C. The radiochemical yield was 

determined by TLC. After heating the mixture for 5 min at 120 °C to decompose 11, 

[125I]DEIN was purified by RP-HPLC (system C). The fractions containing the product were 

concentrated in vacuo to provide an aqueous solution of [125I]DEIN (13.2%). This solution was 

diluted with D-PBS(−) and used for further evaluation studies. Radiochemical purity >99%, 

retention time 28.5 min (system B). 

Radiosynthesis of [125I]MIBAN 

A solution of [125I]NaI (1.0 μL) was added to a solution of 15 in 1% acetic acid/methanol (0.36 

mM, 100 μL) and a 4% solution of N-chlorosuccinimide (NCS) in methanol (5 μL) and reacted for 

5 min at room temperature. The radiochemical yield was determined by TLC. After the reaction, 

an 8% aqueous solution of NaHSO3 (5 μL) was added to the mixture, and [125I]MIBAN was purified 

by RP-HPLC (system G). The fractions containing the product were concentrated in vacuo to 

provide an aqueous solution of [125I]MIBAN (71.4%). This solution was diluted with D-PBS(−) and 
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used for further evaluation studies. Radiochemical purity >99%, retention time 24.6 min (system B). 

Radiosynthesis of [211At]BHAN 

Compound 2 was added to a solution of 211At in acetonitrile (4.31 and 5.12 MBq, n = 2) at a final 

concentration of 10 mM (100 μL). After the addition of DIEA (1.0 μL), the mixture was allowed 

to react for 5, 15, 30, and 60 min at 37 °C. Radiochemical yields were determined by TLC. After 

the reaction, an equivalent volume of a 4% aqueous solution of p-toluenesulfonic acid was added to 

the reaction solution, and the mixture was allowed to react for 5 min at 60 °C. After the mixture 

was neutralized with a 0.1 N aqueous NaOH solution, [211At]BHAN was purified by RP-HPLC 

(system D). A 10% aqueous solution of ascorbic acid (10 μL) was added to the fractions containing 

the product, and the solvent was removed in vacuo. Finally, an aqueous solution of [211At] 

BHAN  (3.06 and 3.23 MBq) was diluted with D-PBS(−) (uncorrected yield: 71.0% and 63.1%, n = 

2). The total synthesis time was about 1.5 h. Radiochemical purity 98.4%, retention time 20.1–21.0 

min (system A). 

Radiosynthesis of [211At]MABAN 

A solution of 15 in 1% acetic acid/methanol (1.82 mM, 100 μL) was added to an aqueous solution 

of 211At (4.31 MBq/5 μL). A 10% solution of NCS in methanol (10 μL) was added, and the 

mixture was allowed to react for 15 min at room temperature. Radiochemical yields were 

determined by TLC. After the reaction, a 20% aqueous solution of Na2S2O5 (10 μL) was added to 

the mixture, and [211At]MABAN was purified by RP-HPLC (system G). A 10% aqueous solution of 

ascorbic acid (10 μL) was added to the fractions containing the product, and the solvent was 

removed in vacuo. Finally, an aqueous solution of [211At]MABAN (1.50 MBq) was diluted with D-

PBS(−) (uncorrected yield: 34.8%). The total synthesis time was about 1 h. Radiochemical purity 

98.0%, retention time 24.1–25.0 min (system B). 

In vitro Stability Study in GSH Solution 

This study was conducted according to the procedure of Weinstock et al. with slight 

modifications.100 Briefly, A solution of [125I]BHIN, [125I]EHIN, [125I]DEIN (11.1 kBq/20 μL), or 

[211At]BHAN (6 kBq/20 μL) was added to a mixture of 12.5 mM GSH and 1.25 mM EDTA in 

nitrogen-purged 0.1 M P.B. (pH 7.4) (80 μL), and the mixture was incubated at 37 °C. After 

incubation for 1, 3, 6, and 24 h, a 2 μL aliquot of each solution was drawn, and the percent of the 

intact compound was determined by TLC (n = 3). 

In vitro Metabolic Study Using Microsomes 

CYP-Mediated Metabolism 
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A solution of [125I]BHIN, [125I]EHIN, [125I]DEIN, or [211At]BHAN was added to a solution of liver 

microsomes from mice or humans diluted with 50 mM Tris–HCl buffer (pH 7.4) (0.4 mg protein/mL 

for mouse liver microsomes and 1.2 mg protein/mL for human liver microsomes, 370 kBq/mL 

for 125I-labeled compounds and 0.3 MBq/mL for [211At]BHAN). After preincubating the mixture for 

5 min, 50 μL aliquots of the solution were mixed with an equivalent volume of a mixture of 

MgCl2 (10 mM), G6P (10 mM), G6PDH (2 units/mL), and β-NADP+ (2 mM) in 50 mM Tris–HCl 

buffer (pH 7.4). After incubation for 30 min at 37 °C, ethanol (100 μL) was added to the 

solution, and the mixture was centrifuged (10,000g, 5 min). The supernatant was analyzed by TLC 

and RP-HPLC (n = 3). 

Similar experiments were carried out for [125I]BHIN-GC and [125I]EHIN-GC obtained by the 

methods described below. In the RP-HPLC analysis of [125I]EHIN and [125I]DEIN, the fractions at 

the void volume (retention time of 1.5–2.5 min) were collected and reanalyzed by HILIC-HPLC. 

The total radioactivity of all fractions eluted after the HILIC analyses was almost equal to the 

applied radioactivity (>95%). 

Glucuronide Conjugation 

Alamethicin (5 μg) was added to a solution of mouse liver microsomes. The mixture was diluted 

with 50 mM Tris–HCl buffer (pH 7.4) (0.4 mg protein/mL) and left on ice for 15 min. To the 50 

μL aliquots of the mixture were added an equivalent volume of a mixed solution of UDPGA 

trisodium salt (10 mM) and MgCl2 (10 mM) in 50 mM Tris–HCl buffer (pH 7.4) containing 

[125I]BHIN (370 kBq/mL), [125I]EHIN (370 kBq/mL), or [211At]BHAN (0.3 MBq/mL). After 

incubation for 30 min at 37 °C, ethanol (100 μL) was added to the solution, and the mixture was 

centrifuged (10,000g, 5 min). The supernatant was analyzed by RP-TLC and RP-HPLC. The RP-

HPLC fractions containing [125I]BHIN-GC and [125I]EHIN-GC were concentrated in vacuo, diluted 

with D-PBS(−), and used for the in vitro study described above. Radiochemical purity of [125I] 

BHIN-GC > 99%, retention time 13.5 min (system A) and radiochemical purity of [125I] EHIN-GC > 

99%, retention time 17.1 min (system B). 

Biodistribution Study 

Animal studies were conducted in accordance with the institutional guidelines approved by the 

Chiba University Animal Care Committee and the Osaka University Animal Care Committee. Male 

ICR mice (6 weeks old, 31–35 g) were intravenously injected with 125I-labeled compounds (7.4 kBq) 

or 211At-labeled compounds (30 kBq) in D-PBS(−) (100 μL). At 10 min, 1 h, 3 h, 6 h, and 24 h 

postinjection, mice (n = 4–5) were sacrificed, and the organs were dissected. The organs of interest 

were weighed, and the radioactivity counts were measured with an auto-well γ counter. Urine and 

feces were collected for 6 and 24 h after injection of 125I-labeled compounds, and their radioactivity 
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counts were also measured. 

Urine Analysis 

A solution (100 μL) of [125I]BHIN, EHIN, DEIN (300–370 kBq), [211At]BHAN, [211At]4c, or 

[211At]At– (200 kBq) was injected intravenously into male ICR mice (6 weeks old, 31–35 g), and the 

urine samples were collected for 6 h. The urine samples (100 μL) were filtered through a 10 kDa 

cutoff ultrafiltration membrane before being analyzed by RP-HPLC. During the analysis of 

[125I]BHIN and [125I]EHIN, the fractions at the void volume (retention time of 1.5–2.5 min) were 

collected and reanalyzed by HILIC-HPLC. The total radioactivity of all fractions eluted after the 

HILIC analyses were almost equal to the applied radioactivity (>95%). 

Statistical Analysis 

All data are presented as the mean ± standard deviation (SD) of at least three independent 

measurements. Biodistribution studies were analyzed using one-way ANOVA followed by Tukey’s 

test for multiple comparisons (GraphPad Prism, CA). Significance was assigned at P < 0.05. 

 

Chapter 2. 

General. 

[125I]NaI (ca. 3.7 MBq/μL) was purchased from PerkinElmer (Waltham, MA, USA). 211At was 

supplied by the Research Center for Nuclear Physics at Osaka University through the Supply 

Platform of Short-lived Radioisotopes and from Fukushima Medical University. 211At was produced 

by the 209Bi(α, 2n)211At reaction followed by separation and purification by a dry distillation 

method. 18F was supplied by the Chiba University Hospital. 1H-NMR, 13C-NMR and 19F-NMR 

spectra were recorded on a JEOL JNM-ECS 400 spectrometer (JEOL, Tokyo, Japan). Mass 

spectrometry was carried out using an AccuTOF LC-plus (JMS-T100LP, JEOL, Tokyo). HPLC 

purification was performed using a Hitachi L-2400 system coupled to a NaI(Tl) radioactivity 

detector (Gabi star, Raytest, Strubenhardt, Germany). The radioactivity counts were determined 

with an automated gamma well counter (Wizard 3, PerkinElmer Japan, Yokohama, Japan). Nα-tert-

butoxycarbonyl-L-tyrosine tert-butyl ester was prepared according to a previously described 

method.101 The other chemicals obtained from the commercial sources were of reagent grade or 

higher and were used without purification. 

 

HPLC or TLC methods 
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Analytical reversed-phase HPLC (RP-HPLC) was performed with a Unison US-C18 column (4.6 

× 150 mm, Imtakt, Kyoto, Japan) at a flow rate of 1 mL/min using a linear gradient mobile phase 

starting from 90% A (0.1% aqueous trifluoroacetic acid (TFA)) and 10% B (acetonitrile with 0.1% 

TFA) to 50% A and 50% B in 20 min, followed by 0% A and 100% B in 30 min (System A) or from 

95% A and 5% B to 0% A and 100% B in 30 min (System B). In System C, the mobile phase was 

maintained 100% A and 0% B for 5 min, then changed to 70% A and 30% B, followed by a change 0% 

A and 100% B. In System D, the mobile phase was maintained 95% A (0.01 M acetate buffer (pH 

6.0)) and 0% B (acetonitrile) for 5 min, then changed gradiently to 70% A and 30% B in 20 min, 

followed by a change 0% A and 100% B in 30 min. RP-TLC was performed using Silica gel 60 RP-18 

F254S (Merck, Darmstadt, Germany) and was developed in a mixture of tert-butyl alcohol : acetic 

acid : H2O (4:1:1, v/v). Preparative RP-HPLC was performed with a Unison US-C18 column (20 

× 150 mm, Imtact, Kyoto) at a flow rate of 5 mL/min using a linear gradient mobile phase starting 

from 90% A and 10% B to 50% A and 50% B in 30 min (System D).  

Synthesis 

2,2-Dimethyl-1,3-dioxane-5,5-dimethanol (17) 

Pentaerythritol (16) (6.00 g, 44.1 mmol) and (+)-10-camphorsulfonic acid (0.205 g, 0.881 mmol) 

were dissolved in N,N-dimethylformamide (DMF) (120 mL) and the solution was heated to 80 °C. 

After completion of dissolution, the temperature was reduced to 40 °C, and 2,2-

dimethoxypropane (6.50 mL, 52.8 mmol) was added dropwise. The mixture was allowed to cool to 

room temperature and stirred continuously for 2 days. Triethylamine (370 μL, 2.65 mmol) was 

added to neutralize the reaction. After removing the solvent in vacuo, the residue underwent a 

Soxhlet extraction with hexane for 2 days. The solvent was removed in vacuo, then compound 17 

was recrystallized from a mixture of ethyl acetate and hexane as a white solid (633 mg, 3.59 mmol, 

36.1%). 1H-NMR (DMSO-d6): δ 1.29 (6H, s, CH3), 3.35-3.36 (4H, d, CH2), 3.59 (4H, s, CH2), 

4.48-4.51 (2H, t, OH). 13C-NMR (DMSO-d6): 23.83, 38.88, 60.50, 61.67, 91.12. HRMS(ESI) 

calcd. for C8H16NaO4 [M + Na]+: m/z 199.0946, found 199.0940.  

2,2-Dimethyl-1,3-dioxane-5,5-diyl)bis(methylene) bis(trifluoromethanesulfonate) (18) 

Compound 17 (633 mg, 3.59 mmol) was dissolved in dichloromethane (40 mL), and 2,6-lutidine 

(4.2 mL, 35.9 mmol) was added. After cooling to -78 °C, trifluoromethanesulfonic anhydride 

(Tf2O) (2 mL, 12.2 mmol) was added dropwise, and then the solution was stirred for 1 h. The 

reaction temperature was subsequently raised to -20 °C and maintained overnight. The mixture 

was successively washed with saturated NaHCO3 solution (20 mL), 5% citric acid solution (30 mL), 

and saturated brine (20 mL). The organic layer was dried over magnesium sulfate, and then the 

solvent was evaporated in vacuo. The product was purified by silica gel chromatography using 
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hexane: ethyl acetate (10:1) as an eluent to produce compound 18 as a white solid (1.30 g, 2.94 

mmol, 82.0%). 1H-NMR (CDCl3): δ 1.44 (6H, s, CH3), 3.79 (4H, s, CH2), 4.57 (4H, s, CH2). 
13C-

NMR (CDCl3): 23.39, 39.00, 60.88, 73.54, 99.71, 113.92, 117.11, 120.29, 123.47. HRMS(ESI) 

calcd. for C10H14F6NaO8S2 [M + Na]+: m/z 462.9932, found 462.9917. 

Nα-(tert-butoxycarbonyl)-O-((2,2-dimethyl-5-((((trifluoromethyl)sulfonyl)oxy)methyl)-1,3-

dioxan-5-yl)methyl)-L-tyrosine tert-butyl ester (20) 

NaH (10.8 mg, 0.270 mmol) was suspended in tetrahydrofuran (THF) (0.50 mL). Under an argon 

atmosphere, a solution of compound 19 (76.0 mg, 0.226 mmol) in THF (1.50 mL) was added 

dropwise to the NaH suspension under ice-cold conditions. The mixture was stirred at room 

temperature for 30 min. Subsequently, compound 18 (100 mg, 0.226 mmol) was added, and the 

reaction mixture was stirred for 40 min at room temperature. After removing the solvent, the 

resulting residue was redissolved in ethyl acetate (10 mL) and washed thrice with a saturated 

NaHCO3 solution (10 mL each). The organic phase was dried over magnesium sulfate. After 

removing the solvent, the residue was purified by a preparative TLC plate using a mixture of 

hexane: ethyl acetate (2:1) as a solvent to obtain compound 20 as a colorless oil (86.2 mg, 0.137 

mmol, 60.8%). 1H-NMR (CDCl3): δ 1.41-1.45(24H, overlapped, CH3), 2.99-3.01 (2H, t, CH2), 

3.81-3.93 (6H, overlapped, CH2), 4.39-4.41 (1H, multiple, CH), 4.79 (2H, s, CH2), 4.96-4.98 

(1H, d, NH), 6.80-6.82 (2H, d, aromatic), 7.08-7.10 (2H, d, aromatic). 13C-NMR (CDCl3): 21.58, 

25.62, 28.07, 28.43, 37.71, 38.90, 55.01, 61.85, 66.22, 75.43, 79.75, 82.16, 99.19, 113.94, 

114.43, 117.12, 120.30, 123.48, 129.57, 130.61, 130.75, 155.19, 157.21, 170.93, 171.07. 

HRMS(ESI) calcd. for C27H40F3NaNNaO10S [M + Na]+: m/z 650.2223, found 650.2218. 

Nα-(tert-butoxycarbonyl)-O-((5-(iodomethyl)-2,2-dimethyl-1,3-dioxan-5-yl)methyl)-L-tyrosine 

tert-butyl ester (22) 

Compound 20 (64.6 mg, 0.103 mmol) was dissolved in acetonitrile (1 mL). After adding sodium 

iodide (46 mg, 0.309 mmol), the mixture was stirred overnight at room temperature. After 

removing the solvent, the resulting residue was redissolved in ethyl acetate (5 mL) and washed 

sequentially with a 5% NaHCO3 solution (5 mL), twice with water (5 mL each), and finally with 

saturated brine (5 mL). The organic layer was dried over magnesium sulfate. After removing the 

solvent in vacuo, the residue was purified by a preparative TLC plate using a mixture of hexane: 

ethyl acetate (2:1) as an eluent to afford compound 22 as a colorless oil (51.4 mg, 0.0849 mmol, 

82.4%). 1H-NMR (CDCl3): δ 1.42-1.44 (24H, overlapped, CH3), 2.99-3.01(2H, t, CH2), 3.41 (2H, 

s, CH2), 3.78-3.91 (4H, multiple, CH2), 3.98 (2H, s, CH2), 4.40-4.41 (1H, multiple, CH), 4.95-

4.97 (1H, d, NH), 6.83-6.85 (2H, d, aromatic), 7.07-7.09 (2H, d, aromatic). 13C-NMR (CDCl3): 

10.42, 27.58, 24.74, 28.11, 28.45, 36.84, 37.63, 55.02, 64.84, 68.81, 79.73, 82.11, 98.85, 114.63, 
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129.00, 130.65, 155.21, 157.76, 171.11. HRMS(ESI) calcd for C26H40INNaO7 [M + Na]+: m/z 

628.1747, found 628.1778. 

O-(3-hydroxy-2-(hydroxymethyl)-2-(iodomethyl)propyl)-L-tyrosine ([127I]I-NpGT) 

Compound 22 (10.2 mg, 16.8 nmol) was dissolved in a mixture of TFA (800 μL) and H2O (200 

μL), and the solution was stirred at room temperature for 5 h. After removing the solvent in 

vacuo, the residue was subjected to azeotropic drying with acetonitrile (1 mL × 2). The residue 

was purified by preparative RP-HPLC (System D) to afford [127I]I-NpGT as a white solid (5.45 mg, 

10.8 nmol, 64.1%). 1H-NMR (D2O): δ 2.95-3.14 (2H, multiple, CH2), 3.20 (2H, s, CH2), 3.51 (4H. 

s, CH2), 3.79 (2H, s, CH2), 4.04-4.07 (1H, q, CH), 6.86-6.88 (2H, d, aromatic), 7.07-7.09 (2H, d, 

aromatic). 
13C-NMR (D2O): 9.39, 36.07, 44.10, 56.65, 61.77, 68.26, 115.96, 128.24, 131.19, 

158.65, 174.59. HRMS(ESI) calcd. for C14H20INNaO5 [M + Na]+: m/z 432.0284, found 432.0314. 

Nα-(tert-butoxycarbonyl)-O-((5-(fluoromethyl)-2,2-dimethyl-1,3-dioxan-5-yl)methyl)-L-

tyrosine tert-butyl ester (21) 

Compound 20 (20.0 mg, 0.0319 mmol) was dissolved in THF (0.5 mL). To this solution, 

tetrabutylammonium fluoride (TBAF, approximately 1 mol/L in THF) (64 μL, 0.0637 mmol) was 

added. The mixture was then stirred at room temperature overnight. After removing the solvent, 

the residue was redissolved in ethyl acetate (5 mL) and successively washed with water twice (5 

mL each), saturated ammonium chloride solution (5 mL), and saturated brine (5 mL). The organic 

layer was dried over magnesium sulfate. After removing the solvent in vacuo, compound 21 was 

obtained as a white solid (15.0 mg, 30.1 nmol, 94.5%).1H-NMR (CDCl3): δ 1.40-1.48 (24H, 

overlapped, CH3), 2.96-3.00(2H, t, CH2), 3.82-3.93 (6H, overlapped, CH2), 3.98 (2H, s, CH2), 

4.37-4.39 (1H, multiple, CH), 4.52-4.63 (2H, d, CH2) 4.92-4.94 (1H, d, NH), 6.80-6.82 (2H, d, 

aromatic), 7.04-7.07 (2H, d, aromatic). 13C-NMR (CDCl3): 23.23, 24.05, 28.00, 28.11, 28.33, 

37.49, 39.00, 39.17, 54.91, 61.45 61.52, 66.69, 79.60, 81.88 ,81.99, 83.58, 98.54, 114.39, 

128.92, 130.55, 155.09, 157.67, 170.97. HRMS(ESI) calcd. for C26H40FNNaO7 [M + Na]+: m/z 

520.2687, found 520.2691. 

O-(3-hydroxy-2-(hydroxymethyl)-2-(fluoromethyl)propyl)-L-tyrosine ([19F]F-FNT) 

Compound 21 (12.0 mg, 20.4 nmol) was dissolved in a mixture of TFA (4.0 mL) and water (1.0 

mL), and the resulting solution was stirred at 60 °C for 3 h. After removing the solvent, the 

residue was subjected to azeotropic drying using acetonitrile (1 mL × 2). The residue was purified 

by preparative RP-HPLC (System D) to afford [19F]F-FNT as a white solid (5.20 mg, 13.1 nmol, 

64.0%) and was successfully isolated as a white solid. 1H-NMR (D2O): δ 2.99-3.16 (2H, multiple, 

CH2), 3.59 (4H. s, CH2), 3.91 (2H, s, CH2), 4.02-4.04 (1H, q, CH), 4.46-4.54 (2H, d, CH2), 6.91-
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6.92 (2H, d, aromatic), 7.13-7.14 (2H, d, aromatic). 
13C-NMR (D2O): δ35.69, 46.18, 46.28, 

55.62, 60.49, 60.53, 66.87, 83.37, 84.47, 115.98, 127.63, 131.27, 158.87, 173.19. 19F-NMR 

(D2O): -237.09, -237.03, -236.94. HRMS(ESI) calcd. for C14H20FNNaO5 [M + Na]+: m/z 324.1223, 

found 324.1214. 

Radiosynthesis of [211At]At-NpGT 

211At was dissolved in acetonitrile (20 µL), 10% sodium ascorbate solution (2.5 μL), and 1% N, N-

diisopropylethylamine (DIEA)/acetonitrile solution of compound 20 (0.3 mg/50 µL) were added. 

The mixture was heated at 37°C for 30 min and passed through a Sep-Pak C18 cartridge using 

H2O and acetonitrile as solvent. After removing the solvent, 80% trifluoroacetic acid (TFA)/H2O 

was added to remove the protecting groups. The mixture was heated at 60°C for 30 min. TFA 

was evaporated by N2 gas, and the solution was neutralized with a 2M sodium acetate solution. The 

solution was purified by RP-HPLC with system A, then desalted through a Sep-Pak C18 cartridge 

using H2O and acetonitrile as solvents. The solvent was removed in vacuo, diluted with 

Phosphate-Buffered Saline (PBS), and used for further evaluation studies. 

Assessment of the effect of reducing agents on 211At labeling 

211At was dissolved in acetonitrile (1 µL), 1% N, N-diisopropylethylamine (DIEA)/acetonitrile 

solution of compound 20 (0.06 mg/10 µL) and cysteine (100 µg/1 µL), glutathione (100 µg/1 µL), 

sodium sulfite (100 µg/1 µL), sodium ascorbate (100 µg/1 µL) or D-PBS(-) (1µL) were added. The 

reaction mixture was incubated at 37°C, and the conversion rate was analyzed by RP-TLC at 10 

minutes and 30 minutes (N=3). 

Radiosynthesis of [125I]I-NpGT 

A solution of [125I]NaI (0.5 µL) was added to a 1% DIEA/acetonitrile solution of compound 20 (0.3 

mg/50 µL). The mixture was heated at 37°C for 60 min and passed through a Sep-Pak C18 

cartridge using H2O and acetonitrile as solvent. After removing the solvent, 80% TFA/H2O was 

added to remove the protecting groups. The mixture was heated at 60°C for 30 min. TFA was 

evaporated by N2 gas, and the solution was neutralized with a 2M sodium acetate solution. The 

solution was purified by RP-HPLC with system A, then desalted through a Sep-Pak C18 cartridge 

using H2O and acetonitrile as solvents. The solvent was removed in vacuo, diluted with PBS, and 

used for further evaluation studies. 

Radiosynthesis of [18F]F-NpGT 

To the reaction vial, an aqueous potassium carbonate solution (5.85 mg/L, 0.3 mL), a Cryptofix 

222 acetonitrile solution (14 mg/0.3 mL), and a solution containing 18F were added. The mixture 
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was concentrated using a CEV1B evaporator (BioChromato, Kanagawa, Japan) with heating to 

100°C. Subsequently, super-dehydrated acetonitrile (Wako, Osaka, Japan) was added to facilitate 

azeotropic evaporation. An acetonitrile solution of compound 20 (1.0 mg/50 μL) was added to the 

reaction vial. The mixture was heated at 100°C for 30 min and passed through a Sep-Pak C18 

cartridge using H2O and acetonitrile as solvent. After removing the solvent, 80% TFA/H2O was 

added to remove the protecting groups. The mixture was heated at 60°C for 30 min. TFA was 

evaporated by N2 gas, and the solution was neutralized with a 2M sodium acetate solution. The 

solution was purified by RP-HPLC with system C, then desalted through a Sep-Pak C18 cartridge 

using H2O and acetonitrile as solvents. The solvent was removed in vacuo, diluted with PBS, and 

used for further evaluation studies. 

Radiosynthesis of [125I]-IMT 

α-Methyl L-tyrosine (0.2 ng/35 µL in 0.4 M phosphate buffer (pH 6.2)) and [125I]NaI (0.5 μL, 

ca. 1 MBq) were mixed. A 10 µL of Chloramine-T (0.45 mg/mL in 0.05 M phosphate buffer (pH 

6.2)) was added to the mixture for 2 min at room temperature. The reaction was terminated by 

adding a 10% Na2SO4 solution (20 μL). The solution was purified by RP-HPLC using system B, 

and [125I]I-IMT was desalted through a Sep-Pak C18 cartridge using H2O and acetonitrile as 

solvent. The product solution was concentrated in vacuo, diluted with PBS, and used for further 

evaluation studies.  

 

Cellular uptake study 

The rat glial cell line, C6 (RCB2854), was provided by the RIKEN BRC through the National Bio-

Resource Project of the MEXT/AMED, Japan. The C6 glioma cells were trypsinized and 

suspended in 10% Fetal Bovine Serum (FBS) (Cosmo Bio Co., LTD., Tokyo, Japan) /RPMI1640 

(Nacalai Tesque, Kyoto, Japan) medium at a density of 5 × 105 cells/tube. Each tube was 

centrifuged at 300 × g for 5 min. The supernatant was discarded, and the cells were washed with 

10 mM HEPES/Hanks’ balanced salt solution (HBSS) (Nacalai Tesque) (1 mL × 2). The cells were 

resuspended in 10 mM HEPES/HBSS (500 µL). After preincubation at 37 ˚C for 5 min, 20 μL of 

10 mM HEPES/HBSS containing either [125I]I-NpGT (3.7 kBq), [211At]At-NpGT (30 kBq), or 

[18F]F-NpGT (40 kBq) was added and incubated at 37 ˚C for 1, 10, and 30 min. The uptake of 

radiolabeled amino acid derivatives was terminated by adding 1000 μL of ice-cold PBS (Nacalai 

Tesque), and the mixture was allowed to stand for 2 min under ice-cold conditions. After 

centrifugation at 300 × g for 5 min, the supernatant was removed, and the cells were washed twice 

with ice-cold PBS (1 mL × 2). The radioactivities of the precipitate and supernatant were 

measured using an auto-well gamma counter (Wizard 3, PerkinElmer Japan, Yokohama, Japan). 
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Extracellular release study 

As described above, C6 glioma cells were incubated with [211At]At-NpGT (30 kBq), [125I]I-NpGT 

(3.7 kBq), or [18F]F-NpGT (67 kBq) for 10 min, then 1000 μL of ice-cold PBS was added 

subsequently. After centrifuging the mixture at 300 × g for 5 min, the supernatant was discarded, 

and the cells were washed twice with 1000 μL of ice-cold PBS. Cells were resuspended in 10 mM 

HEPES/10% FBS/RPMI1640 medium (500 μL) and incubated at 37°C for 1, 10, or 30 min. The 

reaction was stopped by adding 1000 µL of ice-cold PBS, and the mixture was allowed to stand for 

2 min under ice-cold conditions. After centrifugation at 300 × g for 5 min, the supernatant was 

removed, and the cells were washed twice with ice-cold PBS (1 mL × 2). The radioactivities of the 

precipitate and supernatant were measured using an auto-well gamma counter. In the study of 

[125I]I-NpGT, the supernatant was analyzed by RP-HPLC (System A). 

Inhibition assay 

C6 glioma cells were suspended in 10 mM HEPES/HBSS (500 μL) containing 1 mM various 

inhibitors (L-tyrosine (Tyr), 2-aminobicyclo[2.2.1]heptane-2-carboxylic acid (BCH) (Sigma-

Aldrich Japan, Tokyo, Japan), α-(methylamino)isobutyric acid (MeAIB) (Tokyo Chemical Industry 

Co., Ltd, Tokyo, Japan), α-methyl-L-tyrosine (AMT)) (Sigma-Aldrich Japan), and preincubate at 

37°C for 5 min. Subsequently, [211At]At-NpGT (30 kBq), [125I]I-NpGT (3.7 kBq), or [18F]F-NpGT 

(35 kBq) dissolved in 10 mM HEPES/HBSS (20 μL) was added to the mixture and incubated for 

30 min. The reaction was stopped by adding 1000 μL of ice-cold PBS. The reaction mixture was 

allowed to stand on ice for 2 min and centrifuged at 300 × g for 5 min. After centrifugation at 

300 × g for 5 min, the supernatant was removed, and the cells were washed twice with ice-cold 

PBS (1 mL × 2). The radioactivities of the precipitate and supernatant were measured using an 

auto-well gamma counter. 

Stability against dehalogenation in PBS or FBS 

[211At]At-NpGT (44.4 kBq), [125I]I-NpGT (11.1 kBq), or [18F]F-NpGT (1.0 MBq) dissolved in 

aqueous solution (5 μL) were added to either PBS (50 μL) or FBS, 50 μL). In the PBS stability 

studies, RP-TLC was performed at 1, 3, and 6 h for [125I]I-NpGT, and at 1 and 3 h for [211At]At-

NpGT and [18F]F-NpGT to evaluate the percentage of the free halogen fraction. For stability 

studies in FBS with [125I]I-NpGT, after incubation for 24 h, acetonitrile (100 µL) was added to the 

reaction, and the contents were centrifuged at 13,000 rpm for 10 min. The supernatant was 

analyzed by RP-HPLC (System A) to determine the percentage of radioactivity corresponding to 

the free halogen fraction. In the other studies performed [211At]At-NpGT or [18F]F-NpGT, after 

incubation for 3 h, acetonitrile (100 µL) was added to the reaction mixture, and the procedure 

above for sample analysis was repeated to determine the percentage of radioactivity corresponding 
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to the free halogen fraction. 

Preparation of animals 

Animal studies were conducted in accordance with the institutional guidelines approved by the 

Chiba University Animal Care Committee or Osaka University Animal Care Committee. Six-week-

old male ICR normal mice and five-week-old male BALB/c nude mice were purchased from Japan 

SLC, Inc. (Hamamatsu, Japan). C6 glioma cells (5.0 × 106 cells) were suspended in 100 μL of 

culture medium and Matrigel (1:1 ratio; BD Biosciences, Franklin Lakes, NJ, USA). Tumor 

xenograft models were prepared by subcutaneously injecting a suspension of C6 glioma cells into 

immunodeficient nude mice. 

Biodistribution of tumor-bearing mice 

The animal study was conducted according to the protocol reviewed and approved by Chiba 

University Animal Care Committee (Permit No. 4–183) or Osaka University Animal Care 

Committee (Permit No. 30–103-008). One week after C6 glioma cell transplantation, nude mice 

were injected intravenously with [211At]At-NpGT (30 kBq/mouse), [125I]I-NpGT (7.4 kBq/mouse), 

[18F]F-NpGT(400 kBq/mouse) or [125I]IMT (7.4 kBq/mouse) in PBS (100 μL). At 1 and 3 h post-

injection., the mice (n = 4–5) were euthanized by cervical dislocation after isoflurane (Viatris Inc., 

New York) inhalation, and the organs were dissected. The organs of interest were weighed, and 

radioactivity counts were measured using an auto-well gamma counter. 

Urine analysis 

Male ICR mouse was injected intravenously with [125I]I-NpGT (185 kBq/mouse) in PBS (100 μL). 

At 6 h post-injection, a urine sample was collected. The urine sample (100 μL) was filtered 

through a 10 kDa cutoff ultrafiltration membrane (Sartorius, Germany) before being analyzed by 

RP-HPLC (system D). 

Therapeutic study 

The animal study was conducted according to the protocol reviewed and approved by Chiba 

University Animal Care Committee (Permit No. 5–225). Tumor-bearing mice were prepared in the 

same manner as described in the biodistribution study. After tumor volumes had reached 

approximately 150–200 mm3, [211At]At-NpGT (0.1 MBq/mouse (n = 5), 0.3 MBq/mouse (n = 5)) or 

D-PBS(-) (control (n = 5)) was administered intravenously. Tumor size (mm3) was measured using 

calipers and calculated using the following elliptical sphere model equation: 

V =4/3×𝜋× a2× b 

where V is the volume of the tumor (mm3), a is the shorter radius (mm), and b is the longer radius 
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(mm)). 

In case of weight loss of more than 20%, the appearance of moribund state signs, or tumor size 

greater than 800 mm3, the mice were euthanized humanely by isoflurane inhalation. 

Statical analysis 

All data are presented as the mean ± standard deviation (SD) of at least three independent 

measurements. Biodistribution studies were analyzed using one-way analysis of variance (ANOVA) 

followed by Tukey’s test for multiple comparisons (GraphPad Prism; GraphPad Software, San 

Diego, CA, USA). Statistical significance was set at P < 0.05. 
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