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Abstract 

Development of 68Ga-Labeled Multivalent Nitroimidazole 

Derivatives for Hypoxia Imaging  

Seelam Sudhakara Reddy 

Department of Nuclear Medicine 

Interdisciplinary Program in Radiation Applied Life Science 

The Graduate School 

Seoul National University College of Medicine 

Radiolabeled nitroimidazole (NI) derivatives have been extensively 

studied for imaging hypoxia. To increase the hypoxic tissue uptake, we 

developed 68Ga-labeled agents based on mono-, bis-, and trisnitroimidazole 

conjugates with the chelating agent 1,4,7-triazacyclononane-1,4,7-

tris[methyl(2-carboxyethyl)phosphinic acid] (TRAP). All the three agents 

showed high radiolabeling yields (>96%) and were found to be stable up to 4 

h in prepared medium at room temperature and in human serum at 37 °C. The 

trivalent agent showed a significant increase in hypoxic to normoxic uptake 

ratio (p < 0.005) according to the in vitro cell uptake experiments. 

Immunohistochemical analysis confirmed the presence of hypoxia in 

xenografted CT26 tumor tissue. The trivalent derivative (68Ga-3: 0.17 ± 0.04, 
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68Ga-4: 0.33 ± 0.04, 68Ga-5: 0.45 ± 0.09, and 68Ga-6: 0.47 ± 0.05% ID/g) 

showed the highest uptake by tumor cells according to the biodistribution 

studies in CT-26 xenografted mice. All the nitroimidazole derivatives showed 

significantly higher uptake by tumor cells than the control agent (p < 0.05) at 

1 h post-injection. The trivalent derivative (68Ga-3: 0.10 ± 0.06; 68Ga-4: 0.20 

± 0.06; 68Ga-5: 0.33 ± 0.08; 68Ga-6: 0.59 ± 0.09) also showed the highest 

standard uptake value for tumor cells at 1 h post-injection in animal PET 

studies using CT-26 xenografted mice. In conclusion, we successfully 

synthesized multivalent 68Ga-labeled NI derivatives for imaging hypoxia. 

Among them, the trivalent agent showed the highest tumor uptake in 

biodistribution and animal PET studies. 

Keywords: trisnitroimidazole; bisnitroimidazole; multidentate; gallium-

68; hypoxia; PET. 
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1. Introduction 

Radiolabeled nitroimidazole derivatives are used for imaging hypoxic 

tissue because the nitroimidazole residue is reduced to reactive chemical 

species that can bind to intracellular components in the absence of sufficient 

oxygen [1-5].  

In particular, 2-nitroimidazole can be reduced to form a reactive chemical 

species, which can bind to cell components in the absence of sufficient 

oxygen, and thus, the development of radio labeled nitroimidazole derivatives 

for the imaging of hypoxia remains an active field of research to improve 

cancer therapy result. When a nitroimidazole enters hypoxic cells, the 

molecule undergoes an enzymatic single electron reduction depending on 

availability of oxygen which forms a radical anion [6]. In the presence of 

normal oxygen levels the molecule is immediately reoxidized (Figure 1). This 

futile shuttling takes place for some time, before the molecule diffuses out of 

the cell. In hypoxic tissue the low oxygen concentration is not able to 

effectively compete to reoxidize the molecule and further reduction appears to 

take place, culminating in the association of the reduced nitroimidazole with 

various intracellular components. The association is not irreversible, since 

these agents clear from hypoxic tissue over time. The radical anion appears to 

undergo additional reduction and binds to macromolecules, and thus the 

associated radiolabel is selectively retained in hypoxic cells. This under 
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hypoxic conditions, bioreductive metabolism leads to further stepwise 

reduction of 1-e- reduction product to nitroso (2e-), hydroxylamine (4e-) and 

amine (6e-) derivatives (Figure 2). Labeled nitroimidazole derivatives are 

therefore potential radiopharmaceuticals for imaging hypoxic areas. So, 

development of radiolabeled derivatives of nitroimidazole for hypoxia 

imaging remains an active field of research for a better clinical outcome.  
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Figure 1. proposed mechanism for loss of nitroimidazole from well 

oxygenated tissue. 
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Halogenated nitroimidazole, such as [18F]fluoromisonidazole 

([18F]FMISO, Figure 3) [7-9], [18F] 1-α-D-(2-deoxy-2-

fluoroarabinofuranosyl)-2-nitroimidazole ([18F]FAZA) [10-13] and [123I] 1-

(5-iodo-5-deoxy-ß-D-arabinofuranosyl)-2-nitroimidazole (iodoazomycin 

arabinoside) ([124I]IAZA) [14] have been used clinically to detect hypoxia in 

tumors. [18F]FMISO is the first and well known nitroimidazole agent used for 

imaging hypoxia. However it is rather lipophilic, which may contribute to the 

finding that hypoxia specific accumulation is rather slow. The need to wait 

several hours to permit clearance of the agent from the normoxic background 

tissue (contrast between lesion and and background typically < 2:1 at about 90 

min after injection), which is a serious fault to 18F labeled agents having a 

relatively short half-life (110 min). Therefore, a continuous attempt to develop 

more feasible compounds for clinical use is in progress. One such candidate is 

fluorine-18 labeled fluoroerythronitroimidazole ([18F]FETNIM) [15], which 

is a more hydrophilic nitroimidazole compound and shows rapid elimination 

of non-target tissues via excretion through the urinary pathway. [18F]1-R-D-

(2-deoxy-2-fluoroarabinofuranosyl)-2-nitroimidazole ([18F]FAZA) [10-13], 

2-(2-nitroimidazol-1-yl)-N-(3,3,3-[18F]-trifluoropropyl)acetamide, ([18F]EF-

3) [16], [18F]2-(2-nitro-1H-imidazol-1-y1)-N-(2,2,3,3,3-pentafluoropropyl) 

acetamide (([18F]EF-5) [17-20], 3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-

yl)methyl)-1H-1,2,3,-triazol-1-yl)-propan-1-ol ([18F]HX-4) [21], 
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fluoroetanidazole ([18F]FETA) [22], 1-[18F]Fluoro-3-(3-nitro-1H-1,2,4-

triazol-1-yl)propan-2-ol ([18F]NEFA), 2-[18F]Fluoro-N-(2-(2-nitro-1H-

imidazol-1-yl)ethyl)acetamide ([18F]NEFT) [23], 3-[18F]Fluoro-2-(4-((2-

nitro-1H-imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol ([18F]3-

NTR) [28] and [124I]1-R-D-(2-deoxy- 2-fluoroarabinofuranosyl)-2-

nitroimidazole ([124I]IAZA) [14] are other known hypoxia imaging agents 

(Figure 3) developed to improve the imaging performance by improving target 

to non-target ratio by increasing excretion rates. However, the production of 

these radioisotopes is limited on cyclotron chemistry processing system which 

is expensive as well as difficult to handle. This has led to a great interest in the 

development of 68Ga-labeled analogues which would be less expensive and 

more convenient to use. 
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Figure 2. Proposed mechanism for nitroimidazole. 
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Figure 3. Known nitroimidazole agents for imaging hypoxia. 
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Furthermore 64Cu-diacetyl-bis(N4-methylthiosemicarbazone) (ATSM) 

[25, 26] and 60Cu-ATSM [25, 27] have been developed, showing faster 

clearance rate from normoxic tissue allows a shorter waiting time between 

administration and imaging. The PET images of 60Cu-ATSM showing a 

hypoxic tumor (tumor-to-muscle ratio=3.1) and a normoxic tumor (tumor to 

muscle-to-muscle ratio=2.3) can be seen in Figure 4. The tumor has increased 

tracer uptake compared with surrounding tissues because the 60Cu-ATSM is 

reduced and retained more avidly in hypoxic tissues [28]. However the 

production of 60Cu and 64Cu requires a special solid target and expensive target 

material, and hence, its use is likely to be limited. In fact, the productions of 

18F, 64Cu, and 124I require a cyclotron and chemical processing, which are 

expensive and difficult to operate and maintain. 
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Figure 4. (A) 60Cu-ATSM-positron emission tomography scan showing a 

hypoxic tumor. (B) 60Cu-ATSM-positron emission tomography scan showing 

a normoxic tumor. The bright spot above the tumor is the bladder. Reprinted 

by permission of the Springer from: Dietz, D W., et al., Diseases of the Colon 

& Rectum, 2008;51(11):1641-8.  
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Positron emission tomography (PET) is a nuclear imaging technique 

applied for diagnosis of various types of cancers such as colorectal cancer, 

melanoma, head & neck cancer, lung cancer, breast cancer, prostate cancer, 

and so on, due to its wide scope and high sensitivity [8, 29-34]. 68Ga (t1/2 = 68 

min, 89% β+, Eβ+max = 1.92 MeV, 11% EC) is a generator-produced 

radionuclide that offers excellent coordination chemistry with a wide range of 

bifunctional chelating agents. It also provides rapid radiolabeling in various 

pH ranges [35-42].  

For preparing 68Ga-labeled radiopharmaceuticals, 1,4,7-

triazacyclononane-1,4,7-triacetic acid (NOTA, 1, Figure 5) is one of the most 

commonly used bifunctional chelating agents due to its commercial 

availability and  its formation an extremely stable six-coordinate Ga complex 

with high thermodynamic stability [43]. The bifunctional chelating agents like 

1,4,7-triazacyclononane-1,4,7-triaceticacid (NOTA,) [44] and 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) [45] have been most 

widely utilized which shows good conformational and size selectively towards 

small cation like Ga3+ with higher stability and easy availability. Especially 

the triazamacrocyclic ligand, NOTA, has been reported to form highly stable 

complexes with small cations like Ga3+, and thus, various peptides conjugated 

with NOTA derivatives have been developed. NOTA has six coordinating 
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donor atoms with three nitrogens and three oxygens and DOTA has eight 

coordinating donor atoms with four nitrogens and four oxygens.  

    Due to the commercial availability of NOTA and DOTA derivatives,  

these are extensively used for conjugational chemistry related to medical 

imaging, including 68Ga applications [36, 46, 47]. Actually, NOTA-based  

ligands showed higher selectivity towards Ga3+ ion and their complexes are 

more stable, as the size of the NOTA cavity is almost ideal for this ion [40, 

48]. However, application of NOTA for a targeted PET probe design is 

restricted because of its limited bifunctionality. The coordinating ability of the 

NOTA with 68Ga is compromised due to the loss of a coordinating pendant 

carboxylate group after conjugation with a targeting vector with it. Therefore, 

NOTA derivatives containing a linker, such as 2-(4-isothiocyanatobenzyl)-

1,4,7-triazacyclononane-1,4,7 triaceticacid (p-SCN-Bn-NOTA) and 2-(4,7-

bis-(carboxymethyl)-1,4,7-triazonan-1-yl)pentanedioic acid (NODAGA), 

1,4,7-triazacyclononane-1,4-bis[methylene(hydroxymethyl)phosphinic acid]-

7-[methylene(2-carboxyethyl)phosphinic acid] (NOPO) have been designed 

to avoid this problem [36, 49-52].  
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Figure 5. Structures of NOTA (1), NOTGA (contains glutaric acids), (2) and 

TRAP (contains phosphinic acids) (3). 
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Although nitroimidazole derivatives conjugated with 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) for 68Ga labeling 

have been reported, NOTA-nitroimidazole conjugates have shown higher 

tumor-to-muscle standard uptake value (SUV) ratios than DOTA-

nitroimidazole derivatives [53, 54]. 18F-labeled 1,4,7-triazacyclononane-1,4-

diacetic acid (NODA)-nitroimidazole derivatives have been reported and these 

conjugates showed the higher SUVs and tumor-to-muscle ratios than NOTA 

and DOTA nitroimidazole derivatives (Figure 6) [55].  
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Figure 6. Structures of 68Ga labeled nitroimidazole derivatives which were 

developed recently. 
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The above-reported derivatives contain only one nitroimidazole residue 

per molecule. Bisnitroimidazole derivatives labeled with 99mTc have been 

reported and showed improved biodistribution [56, 57]. Multivalent effect was 

used for increasing the uptake of nitroimidazole derivatives. Generally, a 

multimeric ligand enhances its local concentration on the cell surface thus 

increase the feasibility of the specific ligand-receptor interaction, which 

results in enhanced affinity and target accumulation [47]. Nitroimidazole 

derivatives are trapped inside cells in hypoxic condition after formation of 

reactive species. If a molecule has two or more nitroimidazole moieties, then 

it would be trapped in the hypoxic cells with higher probability. Recent 

attention in ligand design has been focused on studying and optimising 

chelators N-functionalised with three pendant arms containing sites for both 

coordination and conjugation, and developed 1,4,7-triazacyclononane-1,4,7-

triglutaric acid (NOTGA, 2, Figure 5) or 1,4,7-triazacyclononane-1,4,7-

tris[methyl(2-carboxyethyl)phosphinic acid] (TRAP, 3, Figure 5) for 

multivalent conjugation of ligands to the three pendant arms and 68Ga labeling 

(Figure 5) [47, 48, 58] . Compared to the other ligands, synthesis of TRAP is 

more simple, fast and scalable. Moreover, protection is not required before 

conjugation with ligands by amide formation [48, 58]. Another advantage of 

the phosphinate based chelators is phosphonate donating groups are much less 

susceptible to transmetalation when compared with acetic acid donors. The 
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above studies has been used to form trimeric bioconjugate species although 

keeping the coordinating atoms for 68Ga radiolabeling. Further studies showed 

that 68Ga-labeled trivalent derivatives of TRAP and NODGA derivatives have 

higher binding affinity and tumor accumulation than their monovalent and 

bivalent counterparts [47, 48, 58-60]. 

 
In the present study, we attempted to develop a series of TRAP-based 

nitroimidazole derivatives, such as 3-((7-mono((hydroxy(3-(2-(2-

nitroimidazolyl)ethylamino)-3-oxopropyl)phosphoryl)methyl)-1,4,7-

triazonane -1,4-[methyl(2-carboxyethyl)phosphinic acid] (4), 3-(((4,7-

bis((hydroxy(3-(2-(2-nitroimidazolyl)ethylamino)-3-

oxopropyl)phosphoryl)methyl)-1,4,7-triazonane -1-[methyl(2-

carboxyethyl)phosphinic acid] (5), and 1,4,7-triazonane-1,4,7-

triyl(tris(methylene)tris(3-(2-(2-nitroimidazolyl)ethylamino)-3-

oxopropylphosphinic acid (6) by conjugation of 2-(2-

nitroimidazolyl)ethylamine hydrochloride with 3 to be used as 68Ga-based 

hypoxia PET probe (Scheme 1). 
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Scheme 1. Synthesis of 4, 5 and 6a  

 

a Reagents and conditions: (i) 3 (0.2 mmol), 2-(2-nitroimidazolyl)ethylamine 

hydrochloride (1.1 mmol), HBTU (1.3 mmol), DIPEA (1.5 mmol), and DMSO 

(8 mL); (ii) 3 (0.1 mmol), 2-(2-nitroimidazolyl)ethylamine hydrochloride (1.0 

mmol), HBTU (1.2 mmol), DIPEA (1.2 mmol), and DMSO (2 mL). 
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2. Materials and methods 

2-1. General 

1,4,7-triazacyclononane was purchased from ChemaTech (Dijon, France). 

All other chemicals were purchased from Sigma/Aldrich (St. Louis, MO, 

U.S.A.). The 68Ge/68Ga-generator was purchased from Isotope Technologies 

Garching GmbH (Garching, Germany). 1H, 13C, and 31P NMR spectra were 

recorded using a Brucker Avance 600 FT NMR spectrometer (600 MHz for 

1H, 150 MHz for 13C, and 242 MHz for 31P; Brucker Ltd., Germany). Chemical 

shifts (δ) were reported in ppm downfield from tetramethylsilane and 

multiplicities are indicated by s (singlet), d (doublet), t (triplet), m (multiplet), 

and br (broad). Electrospray ionization positive mode mass spectra (ESI+-MS) 

were acquired on a Waters ESI ion trap spectrometer (Milford, MA, U.S.A.). 

The samples were diluted 1 to 100 times with methanol and injected directly 

into the injection port. Data are reported in the form of (m/z) versus intensity. 

HRMS were acquired on a LTQ-Orbitrap Velos ion trap spectrometer 

(Thermo Scientific, France). HPLC was performed using an XTerra RP18 (10 

mm  250 mm) and RP18 (4.5 mm  100 mm) columns from Waters 

Corporation (Milford, MA, U.S.A.). The solvent systems used were A (10 mM 

HCl in H2O) and B (MeCN), and the flow rates for analytical and preparative 

HPLC were 1 and 5 mL/min with the suggested linear gradients, respectively. 

The purities of the synthesized compounds were confirmed to be higher than 
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99% by analytical HPLC (Supporting Information). A Packard Cobra II 

(Global Market Institute, MN, U.S.A.) gamma scintillation counter was used 

to measure the radioactivity. The labeling yield was determined by Instant 

Thin-Layer Chromatography (ITLC SG; Varian, Agilent Technologies (Lake 

Forest City, CA, U.S.A.) in 0.1 M Na2CO3 solution. The strip was counted 

using a TLC scanner (AR-2000; Bioscan, U.S.A.). PET images were obtained 

using a small-animal PET scanner from GE Healthcare (Princeton, NJ, 

U.S.A.).  

All animal experiments were performed with the approval of the 

Institutional Animal Care and Use Committee of the Biomedical Research 

Institute at Seoul National University Hospital (a facility accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care). In 

addition, the National Research Council guidelines for the care and use of 

laboratory animals (revised in 1996) were observed throughout. 

 

2-2. Chemical synthesis 

2-2-1. 3-((7-mono ((hydroxy(3-(2-(2-nitroimidazolyl)ethylamino)-3-

oxopropyl)phosphoryl)methyl)-1,4,7-triazonane -1,4-[methyl(2-

carboxyethyl)phosphinic acid] (4) and 3-(((4,7-bis((hydroxy(3-(2-(2-

nitroimidazolyl)ethylamino)-3-oxopropyl)phosphoryl)methyl)-1,4,7-

triazonane -1-[methyl(2-carboxyethyl)phosphinic acid]  (5).  
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   N,N-Diisopropylethylamine (DIPEA, 1.5 mmol, 200 mg, 0.27 mL) and 2-

(2-nitroimidazolyl)ethylamine hydrochloride (1.1 mmol, 182 mg) were added 

to a stirred solution of TRAP (0.2 mmol, 150 mg) in dimethylsulfoxide 

(DMSO, 8 mL). 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluoro phosphate (HBTU, 1.3 mmol, 500 mg) was added in small portions 

within 10 min. The mixture was left to react overnight at room temperature. 

Progress of the reaction was monitored by ESI+-MS. The reaction mixture was 

injected into a preparative HPLC (0–45% of B with A for 40 min) for 

purification. The peaks containing the desired products (Rt = 21.4 min, 5; Rt = 

19.6 min, 4) were collected and the solutions were evaporated to dryness under 

reduced pressure. Recrystallization in isopropanol gave pure compounds 4 (38 

mg, 30.8%) and 5 (43 mg, 29.2%) as pale yellow solids. After purification, the 

products were injected into an analytical HPLC under the same conditions 

used for purification, and single peaks were observed for both products. 4: 1H 

NMR (D2O): δ 7.43 (s, 1H), 7.19 (s, 1H), 4.61–4.59 (t, 2H, J = 5.28 Hz), 3.70–

3.68 (t, 2H, J = 5.28 Hz), 3.51–3.49 (m, 12H), 3.44–3.43 (d, 4H, J = 5.66 Hz), 

3.36–3.35 (d, 2H, J = 5.66 Hz), 2.69–2.64 (m, 4H), 2.42–2.37 (m, 2H), 2.06–

2.02 (m, 4H), 1.90–1.86 (m, 2H); 13C NMR (D2O) δ 180.37, 178.55, 147.53, 

131.54, 130.71, 57.91, 57.31, 54.50, 54.40, 54.20, 44.05, 41.69, 30.70, 29.72, 

28.40, 27.77, 23.21; 31P NMR (D2O) δ 39.30, 38.74. HRMS (ESI+), (M + 

H)+calcd for C23H42N7O13P3, 718.2123; found, 718.2128. 5: 1H NMR (D2O) δ 



  

- 21 - 
 

7.43 (s, 2H), 7.19 (s, 2H), 4.61–4.59 (t, 4H, J = 5.66 Hz), 3.70–3.68 (t, 4H, J 

= 5.66 Hz), 3.48–3.46 (m, 12H), 3.42–3.41 (d, 2H, J = 6.04 Hz), 3.34–3.33 (d, 

4H, J = 5.66 Hz), 2.69–2.64 (m, 2H), 2.42–2.37 (m, 4H), 2.06–2.37(m, 2H), 

1.90–1.85 (m, 4H); 13C NMR (D2O) δ 178.06, 147.49, 131.50, 130.66, 57.30, 

54.49, 54.32, 54.17, 52.35, 41.66, 30.65, 29.72, 28.92, 28.30, 26.62; 31P NMR 

(D2O) δ 39.28, 38.68. HRMS (ESI+), (M + H)+calcd for C28H48N11O14P3, 

856.2670; found, 856.2670.  

 

2-2-2. 1,4,7-triazonane-1,4,7-triyl(tris(methylene)tris(3-(2-(2-

nitroimidazolyl) ethylamino)-3-oxopropylphosphinic acid (6). 

    DIPEA (1.2 mmol, 178 mg, 0.24 mL) and 2-(2-nitroimidazolyl)ethylamine 

hydrochloride (1.0 mmol, 162 mg) were added to a stirred solution of 3 (0.1 

mmol, 100 mg) in DMSO (2 mL). HBTU (1.2 mmol, 460 mg) was added in 

small portions within 10 min. The mixture was left to react overnight at room 

temperature. The reaction progress was monitored by ESI+-MS. The reaction 

mixture was injected into a preparative HPLC (0–45% of B with A for 40 min) 

for purification. The peak containing the desired product was collected at Rt = 

22.9 min and the solution was evaporated to dryness under reduced pressure. 

Recrystallization in isopropanol gave pure compound 6 as a pale yellow solid 

(62 mg, 36.2%). After purification, the product obtained was injected into an 

analytical HPLC under the same conditions used for purification, and a single 



  

- 22 - 
 

peak was observed. 1H NMR (D2O) δ 7.43 (s, 3H), 7.18 (s, 3H), 4.61–4.59 (t, 

6H, J = 5 .66 Hz), 3.69–3.67 (t, 6H, J = 5.66 Hz), 3.44 (s, 12H), 3.329–3.320 

(d, 6H, J = 5.66 Hz), 2.41–2.37 (m, 6H), 1.89–1.84 (m, 6H); 13C NMR (D2O) 

δ 178.07, 147.47, 131.49. 130.66, 57.33, 56.75, 54.33, 52.34, 41.65, 30.69, 

28.91, 28.29, 26.61; 31P NMR (D2O) δ 39.13. HRMS (ESI+), (M + H)+calcd 

for C33H54N15O15P3, 994.3215; found, 994.3216.  

 

2-2-3. natGaШ complexes of TRAP (3) derivatives.  

   Each 1 mmol/0.5 mL (pH 3.0) aqueous solution of the TRAP derivative and 

Ga(NO3)3 was mixed in a 5-mL vial and heated at 95 °C for 10 min in a water 

bath. Formation of the GaIII complex was confirmed by mass spectrometry 

[58]. natGaIII complexed-nitroimidazole derivatives were purified by HPLC. 

natGa-4: Mass spectrum (ESI+), (M) + calcd. for C23H39GaN7O13P3, 784.23; 

found, 784. 

natGa-5: Mass spectrum (ESI+), (M) + calcd. for C28H45GaN11O14P3, 922.36; 

found, 922. 

natGa-6: Mass spectrum (ESI+), (M) + calcd. for C33H51GaN15O15P3, 1060.49; 

found, 1060. 

 

2-3. Radiolabeling  

        68GaCl3 (0.2 mL, 199 MBq) eluted from a 68Ge/68Ga-generator using 0.05 
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M HCl was added to a solution of 3 (10 nmol) in NaOAc buffer (1 M, pH 4.5, 

0.2 mL), and then the mixture was heated in a 95 °C aluminum block for 10 

min. The labeled derivatives were passed through an alumina-N cartridge pre-

washed with water and monitored by ITLC-SG using 0.1 M Na2CO3 solution 

as a mobile phase to verify labeling efficiency (Supporting Information Figure 

S1). Ten nmol of each 4, 5, and 6 was labeled with 68Ga (82–199 MBq) using 

the same procedure. Then the labeled compounds (68Ga-4, 68Ga-5 and 68Ga-6) 

radiochemical purities were measured by radio-HPLC. 

   

2-4. Stability study 

The 68Ga-3, 68Ga-4, 68Ga-5, and 68Ga-6 were stored in prepared medium at 

room temperature and in human serum at 37 °C for 10, 30, 60, 120, and 240 

min and then analyzed using ITLC-SG/0.1 M Na2CO3 (the 68Ga3+ remained at 

the origin and the labeled products moved with the solvent front) and 0.1 M 

citric acid (the 68Ga3+ moved with the solvent front and the labeled products 

remained at the origin) was used as the mobile phase. 

 

2-5. Measurement of partition coefficients 

Na2HPO4 buffer (0.1 M, pH 7.4, 2 g) was added to octanol (2 g), and then 

68Ga-3 (0.37 MBq/2 μL) was added, mixed vigorously, and centrifuged (3,000 

rpm for 5 min). The radioactivities of the octanol fraction (0.5 g) and the 0.1 
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M Na2HPO4 buffer fraction (0.5 g) were measured using a γ scintillation 

counter, and log P values were calculated. The same procedure was used for 

68Ga-4, 68Ga-5, and 68Ga-6. 

 

2-6. Measurement of serum protein binding  

      Human serum protein binding assays were performed as previously 

described [61, 62]. PD-10 columns were preconditioned by loading 1.0 mL of 

1% bovine serum albumin in 0.1 M diethylenetriaminepentaacetic acid 

(DTPA) and eluted with 100 mL of phosphate buffered saline (PBS). 68Ga-3 

(1.1 MBq/10 μL) was mixed with human serum (1 mL) and incubated for 60 

min at 37 °C. Each mixture was loaded onto a preconditioned PD-10 column 

and eluted with PBS; 30 fractions (fraction size = 0.5 mL) were collected per 

sample in 5-mL test tubes. The radioactivity of each fraction was measured 

using a γ-scintillation counter and expressed as cpm (counts per minute). To 

verify the presence of protein in each fraction, an aliquot (2 μL) from each test 

tube was spotted on a filter paper and stained with Coomassie blue. Percentage 

protein bindings were calculated using fraction activity curves. The same 

procedure was used for the other labeled agents. 

 

2-7. In vitro cellular uptake study  

Cellular uptake studies were performed using the U87MG and CT-26 cell  
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lines. The U87MG cell line was maintained in minimum essential medium 

(MEM) and the CT-26 cell line was maintained in Dulbecco’s modified 

Eagle’s medium (DMEM), both media obtained from Welgene Inc., Korea. 

Both media were maintained (10% fetal bovine serum and a 1% mixture of 

antibiotics (penicillin:streptomycin:amphotericin B = 10,000 IU:10 mg:25 μg 

in 1 mL, Mediatech Inc., Manassas, VA, U.S.A.)) in an incubator with 5% 

CO2 atmosphere and at 37°C. The cells were subcultured overnight in 24-well 

plates (2  105 cells/well). Preincubation was performed under normoxic (5% 

CO2 in air) or hypoxic (5% CO2 in 95% N2) conditions for 4 h. 68Ga-3 (0.18 

MBq/100 μL) was added to each well and incubated for 15, 30, and 60 min. 

Wells were washed twice with 1 mL DMEM and the cells were dissolved in 

0.5% sodium dodecyl sulfate (SDS) in 0.1 mL PBS. Tracer uptake was 

measured using a γ-scintillation counter and the total protein concentrations of 

samples were determined using the bicinchoninic acid method (Pierce, 

Rockford, IL, U.S.A.). The same procedure was used for the other labeled 

agents. 

 

2-8. Immunohistochemical analysis  

Hypoxyprobe™-1 (pimonidazole hydrochloride (60 mg/kg)) was diluted 

in 150 μL of PBS and intravenously injected into each CT-26 xenografted 

mouse (n = 3). Mice were sacrificed at 1.5 h post-injection. The tumor was 
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isolated and directly frozen in liquid nitrogen until cryosectioning into 7-μm 

thin slices using a Leica CM1800 Cryostat (IMEB Inc., CA, U.S.A.). The 

sections were then stored at -80°C until staining. The fixed tumor sections 

were washed with PBS containing 0.2% Brij 35 and exposed to 3% hydrogen 

peroxide for 5 min at room temperature to quench endogenous peroxidase 

activity. The sections were incubated with a protein-blocking agent for 5 min 

at room temperature to minimize nonspecific binding. The samples were 

incubated for 60 min at room temperature with mouse monoclonal anti-

pimonidazole antibody (MAb1) diluted in PBS, and washed. Samples were 

incubated with a secondary biotinylated antibody (Vector Laboratories Inc., 

Burlingame, CA, U.S.A.) and with a biotin-streptavidin-peroxidase complex, 

and, finally, with 3,3′-diaminobenzidine (DAB), which imparts a clear brown 

color to the marker-antibody complex around the nucleus of the hypoxic cells. 

Between all steps of the staining procedure, the sections were rinsed three 

times with PBS (0.2% Brij 35) for 2 min at 0°C. Finally, the sections were 

mounted with CC/Mount from Sigma/Aldrich (St. Louis, MO, U.S.A.). The 

cells and histological sections were viewed with a microscope (Olympus 

America Inc., Melville, NY, U.S.A.) to investigate whether they were stained 

brown, indicating hypoxia. 
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2-9. Biodistribution study of xenografted mice 

CT-26 cells cultured in DMEM containing 10% fetal bovine serum were 

harvested after treatment with 0.05% trypsin. Cells were washed with 10 mL 

of PBS by centrifugation (3000 rpm). Each BALB/c mouse was 

subcutaneously injected with 2  105/0.1 mL CT-26 cells in the right shoulder. 

After 2 weeks, 68Ga-labeled agents (0.37 MBq/0.1 mL) were intravenously 

injected into each xenografted mouse (n = 4). Mice were sacrificed at 1 h post-

injection. Tumor, blood, muscle, and other organs were separated 

immediately, and their weights and radioactivity values were obtained using a 

balance and a γ-scintillation counter, respectively. Results are expressed as the 

percentage of injected dose per gram of tissue (% ID/g). The same procedure 

was used for the other labeled agents. 

 

2-10. PET of tumor-bearing mice 

CT-26 cells (2  105 cells) in normal saline (0.1 mL) were subcutaneously 

injected into the right shoulders of the mice and grown for 14 days to produce 

tumors of ~16 mm in diameter. 68Ga-3 (23 MBq/0.1 mL) was intravenously 

injected through the tail vein (n=3). Mice were anesthetized with 2% 

isoflurane by inhalation and PET images were obtained at 1 h. PET studies 

were performed using a dedicated small-animal PET scanner. Emission data 

were acquired for 20 min. The three-dimensional raw emissions data were 
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reconstructed to temporally framed sinograms by Fourier rebinning, using an 

ordered subset expectation maximization (OS-EM) reconstruction algorithm 

attenuation correction. For the PET images, data from 20 frames were 

analyzed (10 times with 1-min frames). The same procedure was used for the 

other labeled agents. 

 

2-11. Data analysis  

The software AsiPro VM 5.0 from Concorde Inc., (Knoxville, TN, U.S.A.) 

was used to process images. To assess uptake of the labeled derivatives by 

tumors cells, circular regions of interests (ROI) were placed (1.5-mm radius) 

at locations of maximum tracer uptake in tumors and in muscles as references. 

Relative tracer uptake was expressed as the ratio of tumor to muscle counts. 

Having placed ROIs, standard uptake values (SUVs) were calculated using the 

equation SUV = CCF/(injected dose/body weight of mouse). The CCF (decay-

corrected activity concentration) was calculated using the equation CCF 

(MBq/mL) = radioactivity (mCi/mL) × branching ratio × ROI (value/pixel); 

the branching ratio of 68Ga is 0.891. 
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3. Results and Discussions 

3-1. Synthesis  

TRAP (3) was synthesized according the previously reported methods [48].  

Compared to the other ligands, synthesis of TRAP is more simple, fast and 

scalable. Moreover, protection is not required before conjugation with ligands 

by amide formation [48, 58]. The nitroimidazole residue, 2-(2-

nitroimidazolyl)ethylamine hydrochloride was also synthesized according to 

a previously published method [53, 54].  

The nitroimidazole residue, 2-(2-nitroimidazolyl)ethylamine was 

conjugated with 3 via an acid-amine coupling reaction in dimethylsulfoxide 

(DMSO) using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU) as a coupling agent in the presence of N,N-

diisopropylethylamine (DIPEA) as a base (Scheme 1). The yields of the 

prepared derivatives 4, 5, and 6 were 30.8%, 29.2%, and 36.2%, respectively. 

The chemical structures of the final products were confirmed by NMR and 

ESI+-MS. Their purities were verified by analytical HPLC, and were 

confirmed by appearance of single peaks. 

Complexes of natural gallium with the synthesized compounds were 

obtained by reaction with Ga(NO3)3 in aqueous solution [58]. Product 

formation of the GaIII complex was confirmed by MS-ESI+. 
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3-2. Radiochemistry  

Radiolabeling with 68Ga was conducted at pH 4.5 at 95 C in an aluminum 

heating block for 10 min. Labeling efficiencies of the prepared derivatives 

were verified by ITLC using 0.1 M Na2CO3 (the 68Ga3+ remained at the origin 

and the labeled products moved with the solvent front)  as a mobile phase 

(Figure 2-3). Radiochemical yields of the prepared derivatives were found to 

be greater than 96% for all derivatives (Table 1). Radiochemical purities of 

the 68Ga labeled conjugates were measured by radio-HPLC, and found to be 

greater than 99%. The 68Ga-labeled derivatives showed low partition 

coefficients (log P), indicating that all are very hydrophilic (Table 1). The log 

P values for 68Ga-3 and 68Ga-4 could not be determined because only 

background radioactivity was detected in the octanol phase. Three carboxylic 

residues of 68Ga-3 and two carboxylic residues of 68Ga-4 might contribute high 

hydrophilicity. The prepared derivatives 68Ga-5 and 68Ga-6  showed lower 

partition coefficients (log P) values than the standard hypoxia imaging agents 

like [18F]FMISO (2.6), [18F]FAZA (1.1) [4, 63]. All of the 68Ga-labeled 

derivatives showed lower protein-binding values (Table 1) than the reported 

agents such as 68Ga-NOTA-SCN-NI (2.45 ± 0.06), 68Ga-DOTA-NI (15.29 ± 

0.28), and 68Ga-DOTA-SCN-NI (14.04 ± 0.49) at 60 min time point [53, 54],  

which might favor rapid uptake by target tissues and rapid clearance from 

blood and non-target tissues. Furthermore, all showed high in vitro stability, 
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up to 4 h in prepared media at room temperature and in human serum at 37 °C 

(Figure 2-4). These stability test results show the suitability of the labeled 

derivatives for radiopharmaceutical applications. 
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Figure 7. Radio TLC (ITLC-SG) of (A) 68Ga-3; (B) 68Ga-4; (C) 68Ga-5 and 

(D) 68Ga-6 0.1 M Na2CO3 solution as a mobile phase. 
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Figure 8. Stability studies of (A) 68Ga-3, (B) 68Ga-4, (C) 68Ga-5, and (D) 
68Ga-6 in prepared medium and in human serum. 
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Table 1. Partition Coefficient, Protein Binding, Radiochemical Yield, 

and Specific Activity of the Labeled Compoundsa 

Compound Partition 

coefficient  

(log P) 

Protein 

binding (%) 

Radiochemical 

yield (%) 

Specific 

activity  

(106 Ci/mol) 
68Ga-3 ND b 0.32 ± 0.02 97.9 ± 1.62 0.229 ± 0.103 

68Ga-4 ND b 1.18 ± 0.64 96.9 ± 2.00 0.322 ± 0.095 

68Ga-5 -3.64 ± 0.15 1.24 ± 0.12 97.4 ± 1.56 0.262 ± 0.050 

68Ga-6 -3.28 ± 0.22 1.42 ± 0.36 97.6 ± 1.28 0.291 ± 0.071 

 

a The values represents mean  SD (n = 4). 

b No radioactivity was measured in the octanol phase.  
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3-3. In vitro cellular uptake study  

U87MG (human glioblastoma) and CT-26 (mouse colon cancer) cell lines 

were used for the cellular uptake study. In vitro experiments proved that the 

68Ga-6 demonstrated the most significantly increased hypoxic tumor cellular 

uptake, followed by 68Ga-5 under hypoxic conditions for both cell lines 

(Figure 2-5). The hypoxic-to-normoxic uptake ratios of 68Ga-6 in U87MG 

cells were 7.5, 8.2, and 6.0 at 15, 30, and 60 min, respectively; in CT-26 cells 

they were 5.5, 7.6, and 2.5 at 15, 30, and 60 min, respectively. The uptake 

ratios for 68Ga-5 in U87MG cells were 3.0, 2.3, and 1.6 at 15, 30, and 60 min, 

respectively; in CT-26 cells they were 1.0, 1.5, and 3.0 at 15, 30, and 60 min, 

respectively. The uptake ratios for 68Ga-4 in U87MG cells were 1.2, 1.1, and 

1.4 at 15, 30, and 60 min, respectively; in CT-26 cells they were 2.0, 1.0, and 

2.0 at 15, 30, and 60 min, respectively. For 68Ga-3, the uptake ratios in U87MG 

cells were 0.5, 1.6, and 1.6 at 15, 30, and 60 min, respectively; in CT-26 cells 

they were 1.2, 1.5, and 1.0 at 15, 30, and 60 min, respectively. 68Ga-6 showed 

significantly increased (p < 0.005) cellular uptakes in hypoxic condition at all 

investigated time points, and 68Ga-5 showed significantly increased (p < 0.05) 

cellular uptake in hypoxic conditions at 60 min only. However, the other 

compounds did not show significantly increased cellular uptake in hypoxic 

conditions at any time point. This in vitro cellular uptake experiment 

demonstrated the increased uptake of the trivalent agent 68Ga-6 by hypoxic 
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cancer cells. Only 68Ga-6 showed higher hypoxic-to-normoxic uptake ratios 

than the reported agents such as 68Ga-NOTA-NI (1.5), 68Ga-NOTA-SCN-NI 

(2.6), 68Ga-DOTA-NI (6.8), and 68Ga-DOTA-SCN-NI (3.4) at 60 min time 

point in CT-26 cell lines [53, 54].  

It has been reported that the introduction of second 2-nitroimidazole 

residue greatly enhanced the hypoxic accumulation in murine sarcoma S180 

cells in in-vitro cell uptake study. An increase of 2.4 fold hypoxia cell uptake 

was observed in 99mTc-labelled bisnitroimidazole derivative (59.0 ± 0.9%) 

than the corresponding 99mTc-labelled mono-nitroimidazole (24.4 ± 3.9%) at 

4 h [56].  

In the present study, 68Ga-6  showed 7.7 and 8.2 fold increased cellular 

uptakes than 68Ga-5 and 68Ga-4,  respectively, in U87MG cell line at 60 min 

in hypoxic condition. 68Ga-6 showed 7.4 and 22 fold increased cellular uptakes 

than 68Ga-5 and 68Ga-4, respectively, in CT-26 cell line at 60 min in hypoxic 

condition (Figure 3). 68Ga-5 also showed 1.0 and 3.0 fold increased cellular 

uptakes in U87MG and CT-26 cell lines, respectively, than 68Ga-4 at 60 min 

in hypoxic condition (Figure 3). 

In vitro cell uptake experiment can be concluded that the uptake of the 

labeled agents by hypoxic cancer cells increased with positive correlation with 

the conjugated nitroimidazole number, and thus 68Ga-6 showed the most 

significantly increased uptake at all investigated time points (Figure 3).  
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Figure 9. In vitro cellular uptake studies for determination of the specific 

uptake of the novel tracers (A) 68Ga-3, (B) 68Ga-4, (C) 68Ga-5, and (D) 68Ga-6 

under normoxic and hypoxic conditions using U87MG and CT-26 cells. P-

values show comparisons of uptake under normoxic and hypoxic conditions 

(t-test): (**) p < 0.005, (*) p < 0.05, n = 3 at each time point. 
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3-4. Immunohistochemistry  

The presence of hypoxia in the CT-26 xenografted tumor tissue was 

verified by immunohistochemical analysis. After injection of a standard 

exogenous hypoxia marker, pimonidazole hydrochloride, into CT-26 

xenografted mice via the tail vein, the mice were sacrificed at 1.5 h post-

injection. The tumors were dissected and cut into 7-μm slices at -20 °C, and 

then were processed using the antibody kit obtained from Hypoxyprobe. 

Immunohistochemical staining (brown) revealed the presence of hypoxic 

areas (Figure 2-6). 
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Figure 10. Immunohistochemical staining of CT26 tumor xenografts to detect 

hypoxia. Tumor tissue was obtained from xenografted mice at 1.5 h after 

intravenous injection of HypoxyprobeTM-1. Hypoxic lesions are shown in 

brown. (A) 40× and (B) 100× magnification images.  
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3-5. Biodistribution in xenografted mice 

A biodistribution study was performed using mouse colon cancer CT-26 

xenografted BALB/c mice after injection of 68Ga-3, 68Ga-4, 68Ga-5, and 68Ga-

6 (0.37 MBq/0.1 mL) via the tail vein (Table 2). Mice were sacrificed at 1 h 

post-injection. Among the organs evaluated, the kidneys showed the highest 

uptake for all the labeled agents (68Ga-3: 1.65 ± 0.07 68Ga-4: 2.06 ± 0.22, 68Ga-

5: 2.64 ± 0.36, and 68Ga-6: 2.72 ± 0.21% ID/g) indicating that the major 

excretion route is via kidneys. However, the nitroimidazole-conjugated 

derivatives did not differ significantly in kidney uptake. The prepared 

derivatives in the present study showed improved clearance properties than 

[18F]fluoromisonidazole ([18F]FMISO), demonstrating that kidney is the 

major excretion pathway for the prepared derivatives in this study, whereas 

[18F]FMISO clearance mainly occurs through the hepatobiliary and 

gastrointestinal pathway [21].  

At 1 h post-injection, the liver uptake of the labeled agents 68Ga-3, 68Ga-

4, 68Ga-5, and 68Ga-6 was 0.15 ± 0.01, 0.24 ± 0.05, 0.29 ± 0.02, and 0.34 ± 

0.06% ID/g, respectively. The results demonstrated that the liver uptake 

increased by hydrophobicity.   
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Table 2. Biodistribution of 68Ga-Labeled Derivatives in CT-26 
Xenografted Mice after 1 h Post-injectiona 
 

 

a Data are expressed as mean ± SD% ID/g (n = 4). 

 

 

 

 

 

 

 

 

 

Organ 68Ga-3 68Ga-4 68Ga-5 68Ga-6 

Blood 0.22 ± 0.04 0.41 ± 0.09 0.54 ± 0.04 0.52 ± 0.16 

Muscle 0.12 ± 0.02 0.17 ± 0.02 0.21 ± 0.01 0.20 ± 0.14 

Tumor 0.17 ± 0.04 0.33 ± 0.04 0.45 ± 0.09 0.47 ± 0.05 

Heart 0.07 ± 0.02 0.16 ± 0.06 0.19 ± 0.04 0.24 ± 0.09 

Lung 0.22 ± 0.04 0.38 ± 0.07 0.60 ± 0.05 0.75 ± 0.14 

Liver 0.15 ± 0.01 0.24 ± 0.05 0.29 ± 0.02 0.34 ± 0.06 

Spleen 0.09 ± 0.02 0.17 ± 0.03 0.19 ± 0.03 0.29 ± 0.06 

Stomach 0.09 ± 0.02 0.22 ± 0.12 0.26 ± 0.04 0.32 ± 0.08 

Intestine 0.15 ± 0.05 0.24 ± 0.07 0.38 ± 0.02 0.50 ± 0.06 

Kidney 1.65 ± 0.07 2.06 ± 0.22 2.64 ± 0.36 2.72 ± 0.21 
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The uptake of the labeled agents by tumor was positively correlated with 

the conjugated nitroimidazole number (68Ga-3: 0.17 ± 0.04, 68Ga-4: 0.33 ± 

0.04, 68Ga-5: 0.45 ± 0.09, and 68Ga-6: 0.47 ± 0.05% ID/g). All 68Ga-

nitroimidazole derivatives in this study showed significantly higher uptake by 

tumor cells than the control agent 68Ga-3 (p < 0.05) at 1 h post-injection (Table 

2). Furthermore, 68Ga-6 also showed significantly higher uptake by tumor cells 

than 68Ga-4 at 1 h post-injection (p < 0.05). At 1 h post-injection, the relative 

tumor retention rates were 68Ga-4 < 68Ga-5 < 68Ga-6, indicating a multi-valent 

effect.  

All 68Ga-nitroimidazole derivatives in this study showed higher tumor-to-

blood uptake ratios (68Ga-3: 0.78 ± 0.13, 68Ga-4: 0.80 ± 0.23, 68Ga-5: 0.84 ± 

0.15, and 68Ga-6: 0.89 ± 0.12) than 68Ga-NOTA-NI (0.62), 68Ga-NOTA-SCN-

NI (0.73), 68Ga-DOTA-NI (0.73), and 68Ga-DOTA-SCN-NI (0.65) at 1 h post-

injection [22, 23]. Tumor-to-muscle uptake ratios of the of the labeled agents 

68Ga-3, 68Ga-4, 68Ga-5, and 68Ga-6 were, 1.41 ± 0.33, 1.94 ± 0.12, 2.14 ± 0.19, 

and 2.35 ± 0.17, respectively. Only 68Ga-6 also showed a higher tumor-to-

muscle ratio than the reported agents 68Ga-NOTA-NI (2.13) and 68Ga-NOTA-

SCN-NI (1.64) at 1 h post-injection [53, 54].  

Thus, of the three agents tested, 68Ga-6 showed the highest mean tumor 

uptake, tumor-to-blood and tumor-to-muscle ratios at 1 h post-injection. The 

blood activity was always higher than tumor uptake due to the lower blood 
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flow in the hypoxic than in the normoxic tumor, which is common finding of 

hypoxia imaging. However, 68Ga-6 has own advantage over the currently 

available 18F-labeled nitroimidazole derivatives. Because 68Ga can be obtained 

from a generator which is much more economical and convenient than a 

cyclotron.  

 

3-6. PET imaging of tumor bearing mice. 

A small animal PET study was performed using CT-26 xenografted mice. 

Images were obtained at 1 h after intravenous injection of 68Ga-3, 68Ga-4, 

68Ga-5, and 68Ga-6 (23 MBq/ 0.1 mL) into the mice via the tail vein (Figure 2-

7). All agents showed high rates of kidney and bladder uptake, as predicted 

from the biodistribution study. 68Ga-6 demonstrated higher uptake by tumor 

tissues than the other labeled agents. Standardized uptake values (SUVs) were 

calculated, using the PET images. 68Ga-6 showed a higher SUV than the other 

labeled agents (68Ga-3: 0.10 ± 0.06; 68Ga-4: 0.20 ± 0.06; 68Ga-5: 0.33 ± 0.08; 

68Ga-6: 0.59 ± 0.09) at 1 h post-injection. 68Ga-6 also showed a higher mean 

SUV than the reported agents 68Ga-NOTA-NI (0.30 ± 0.2), 68Ga-NOTA-SCN-

NI (0.19 ± 0.1), 68Ga-DOTA-NI (0.53 ± 0.1), and 68Ga-DOTA-SCN-NI (0.17 

± 0.1) at 1 h post-injection [22, 23]. Moreover, tumor-to-non-tumor SUV ratio 

of 68Ga-6 (7.41 ± 1.12) was higher than 68Ga-3 (2.97 ± 0.01), 68Ga-4 (3.50 ± 

0.02), and 68Ga-5 (4.12 ± 0.06). 68Ga-6 also showed a higher tumor-to-muscle 
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SUV ratios than the reported agents 68Ga-NOTA-NI (5.70 ± 2.5), 68Ga-

NOTA-SCN-NI (3.95 ± 1.3), 68Ga-DOTA-NI (5.64 ± 0.8), and 68Ga-DOTA-

SCN-NI (3.83 ± 0.8) at 1 h post-injection [53, 54].  

Although the level of uptake in the kidneys was high, it is acceptable for a 

PET agent because it can be easily kept under a hazardous radiation level and 

would seldom disturb image reading or analysis [36]. The trivalent derivative 

68Ga-6 also showed the highest SUV for tumor tissues at 1 h post-injection, 

which is consistent with in vitro experiment (Figure 4). 
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Figure 11. Small animal PET images of 68Ga-labeled nitroimidazole 

derivatives. Images of mice bearing colon cancer CT-26 xenografts were 

recorded at (A) 1 h post-injection (23 MBq/0.1 ml per mouse via the tail vein). 

SUVs obtained after (B) 1 h and post-injection from animal PET images.  
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    The clinical importance of hypoxia PET imaging using various agents such 

as [18F]fluoromisonidazole ([18F]FMISO), [18F]fluoroazomycin ([18F]FAZA), 

3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-

yl)propan-1-ol ([18F]HX4), [18F]fluoroerythronitroimidazole ([18F]FETNIM), 

and [64Cu] diacetyl-bis(N4-methylthiosemicarbazone  ([64Cu]-ATSM) have 

been reviewed [64]. A large heterogeneity in uptake, imaging time, and tumor 

and animal models for different hypoxia markers have been observed in the 

literature, making comparison hard to interpret [21]. The above mentioned 

nitroimidazole derivatives have been developed to overcome some of the 

limitations of [18F]FMISO such as nonspecific retention, metabolic 

conversion, and low partition coefficient, all leading to faster clearance 

properties [65]. Radioresistant hypoxic lesions of various cancers including 

glioma, head and neck cancer, brain tumor, pancreatic cancer, uterine cervix 

cancer, and rectal cancer have been imaged using the above agents, and 

concluded that the development of improved agent would make PET imaging 

and hypoxic modification a standard of care in the clinical setting for many 

cancer types. We hope that  68Ga-6 could be one of the such new agents. 
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4. Conclusion 

We synthesized derivatives of the chelating agent TRAP (3) conjugated 

with one, two, and three nitroimidazole residues 4, 5, and 6, respectively. All 

derivatives, including 3 as a control, were labeled with 68Ga; all conjugates 

were labeled with high efficiency (>99%). The labeled agents were stable in 

prepared medium at room temperature and in human serum at 37°C. In vitro 

cell uptake experiments using U87MG and CT-26 cell lines showed that a 

trisnitroimidazole derivative, 68Ga-6, lead to significant increase in the 

hypoxic to normoxic uptake ratio. Immunohistochemical staining of tumor 

hypoxia using HypoxyprobeTM-1 showed the presence of hypoxia lesions in 

CT-26 tumor xenograft tissue. A biodistribution study in CT-26 xenografted 

mice showed that the increased tumor-to-muscle ratios and were rapidly 

cleared from the blood and other non-target tissues. 68Ga-6 showed higher 

uptake by tumor tissues than the other labeled agents. In the PET study, 68Ga-

6 also showed the highest SUV at 1 h post-injection. Although the hypoxic 

tumor uptake was not very high due to low blood flow, 68Ga-6, which has an 

advantages over 18F-labeled agents in practicability, showed an excellent 

image compare to the other agents.  In conclusion, we successfully developed 

a novel trivalent 68Ga-labeled nitroimidazole derivative for hypoxic tissue 

imaging. 
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Abstract in Korean 

 

방사성 표지 니트로이미다졸 (NI) 유도체는 저산소증 영상 분야에서 

광범위하게 연구되어 오고 있다. 본 연구에서는 특별히 저산소 

조직에 대한 흡수를 높이기 위해 킬레이트화제 TRAP 에 모노-, 

비스-, 트리스니트로이미다졸을 결합시킨 68 갈륨 표지화물을 

개발하였고 이에 대한 결과들을 소개를 하고 있다.  

세 가지 표지화물 모두 높은 방사표지 효율 (>96%)을 보였으며 

준비한 매질 내 상온과 37 °C 사람 혈청에서 모두 4 시간까지 

안정한 것으로 나타났다. 생체 외 세포 흡수 실험에 의하면 3 가 

화합물이 가장 높은 저산소 대비 정상세포 흡수비율 (p < 0.005)을 

보였다. 이종 이식한 CT26 종양 조직에서의 저산소증은 

면역조직화학적 분석으로 확인하였다. CT26 이종 이식한 쥐를 

이용한 생체분포 실험에서 3 가 유도체가 암 세포에 가장 많이 

흡수되었다 (68Ga-3: 0.17 ± 0.04, 68Ga-4: 0.33 ± 0.04, 68Ga-5: 0.45 

± 0.09, and 68Ga-6: 0.47 ± 0.05% ID/g).  모든 니트로이미다졸 

유도체가 대조 화합물과 비교하여 1 시간 주사 후 암 세포에 

유의미한 높은 흡수율을 보였다. CT26 이종 이식한 쥐를 이용한 
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소동물 양전자단층촬영 (PET) 연구에서 3 가 유도체는 또한 주사 후 

1 시간 뒤 암세포에 대해 가장 높은 표준섭취화계수 (SUV) 를 보였다 

(68Ga-3: 0.10 ± 0.06; 68Ga-4: 0.20 ± 0.06; 68Ga-5: 0.33 ± 0.08; 

68Ga-6: 0.59 ± 0.09). 결론적으로 저산소증 영상을 위한 다가 68 갈륨 

표지 니트로이미다졸 유도체들을 성공적으로 합성하였으며, 그 중 3 

가 화합물이 생체 내 분포 실험과 양전자단층촬영 연구에서 가장 

높은 암 세포 흡수를 보였다.  

 

 키워드 : trisnitroimidazole; bisnitroimidazole; 다 자리; 갈륨-68; 

저산소증; 양전자단층촬영. 
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