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ABSTRACT: Hypoxia imaging is important for diagnosis of ischemic diseases, and thus various 18F-labeled
radiopharmaceuticals have been developed. However, 18F-labeling requires multistep procedures including azeotropic distillation,
which is complicated and difficult to automate. Recently, 18F-labeling method using Al−F complex in aqueous solution was
devised that offered a straightforward 18F-labeling procedure. We synthesized nitroimidazole derivatives conjugated with 1,4,7-
triazacyclononane-1,4-diacetic acid (NODA) that can be labeled with 18F using Al−F complex and examined their
radiochemistries, in vitro and in vivo biological properties, and animal PET imaging characteristics. We found that the
synthesized derivatives have excellent 18F-labeling efficiencies, high stabilities, specific uptakes in cultured hypoxic tumor cells,
and high tumor to nontumor ratios in xenografted mice. Furthermore, the derivatives were labeled with 18F in a straightforward
manner within 15 min at high labeling efficiencies and radiochemical purities. In conclusion, 18F-labeled NODA−nitroimidazole
conjugates were developed and proved to be promising hypoxia PET agents.

■ INTRODUCTION
Hypoxia is a characteristic of many tumors, especially solid
tumors, due to oxygen deficiency caused by a poorly organized
vasculature.1,2 Tumor hypoxia is an important factor for the
treatment of human cancers3 because hypoxic cells are a major
cause of radiation therapy and chemotherapy failure.4,5 Many
studies have been undertaken to develop accurate and practical
means of quantifying hypoxia using noninvasive techniques. In
particular, positron emission tomography (PET) has received
much attention6 because of its wide scope, high sensitivity, and
because it allows hypoxia to be quantified.7

Nitroimidazoles undergo one-electron reduction by intra-
cellular reductases in a reverse oxygen dependent manner to
generate reactive intermediates that covalently bind to cellular
constituents,8 and this reduction may be useful in the context of
designing hypoxia targeting and imaging strategies. In
particular, the trapping of bioreductive substances in vivo

indicates the presence of cellular hypoxia. However, the
quantification of extent of hypoxia requires that nitroimidazole
binding be primarily dependent on oxygen concentration in
tumor cells.
The first nitroimidazole derivative used for imaging hypoxia

was [18F]fluoromisonidazole ([18F]FMISO),9,10 which was
proposed as a potential tracer for determining tumor hypoxia
in vivo by clinical PET in 1984. Subsequently, [18F]-
fluoroerythronitroimidazole ([18F]FETNIM),11 1-R-D-(2-
deoxy-2-[18F]fluoroarabinofuranosyl)-2-nitroimidazole ([18F]-
FAZA),12,13 2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-[18F]-
pentafluoropropyl) acetamide ([18F]EF-5),14 and 1-(3-[18F]-
fluorodialkylsilyl)propyl)-2-nitroimidazole15 were developed as
potential 18F-labeled hypoxia imaging agents.
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However, the preparations of all of these agents require
multistep 18F-labeling reactions such as repeated azeotropic
evaporations, radiolabeling at high temperature in organic
solvent containing base catalyst, purification by high perform-
ance liquid chromatography (HPLC), and the evaporation of
organic solvents. The multiple evaporation steps required are
particularly time-consuming and problematic with respect to
automated preparation. In fact, various solvents and catalysts
and new modalities, such as microfluidics, have been
investigated to overcome these preparation problems.16−19

Recently, an innovative and straightforward labeling method
that allows agents to be prepared within 15 min without an
evaporation step was devised.20−23 According to this method,
18F incorporation is performed as a final step. Briefly, 18F is first
attached to aluminum to form Al18F complex, which is then
chelated to compounds like 1,4,7-triazacyclononane-1,4,7-
triacetic acid (NOTA) preattached to a peptide or another
molecule.
Herein, we present a labeling approach that takes advantage

of this method. In the present study, we focused on the
synthesis of AlF-1,4,7-triazacyclononane-1,4-diacetic acid
(NODA)−nitroimidazole derivatives (Figure 1) and performed

in vitro and in vivo studies on the labeled derivatives to
determine their abilities to visualize hypoxia. Labeling NODA
(a bifunctional ligand) was conducted using a rapid one-pot
method. Labeling efficiencies were determined and PET and
biodistribution studies were conducted.

■ RESULTS AND DISCUSSION

NOTA is a well-known cyclic chelating agent with three acetic
acid side chains and forms a highly stable chelate with
gallium.24,25 Thus, various NOTA-based agents have been
developed for labeling with 68Ga.26−32 Fluoride binds strongly
to aluminum, which can also form a stable chelate with
NOTA,33,34 and thus several NOTA-based agents have been
developed for labeling with 18F using Al18F complex.20−22

Recently, it was reported that to achieve high 18F-labeling
efficiency of NOTA derivatives, electron donating atoms, such
as nitrogen or oxygen, should not be present at positions that
form pentagon or hexagon after bonding with aluminum.35

Thus, NODA was chosen rather than NOTA because it lacks a
carboxyl group that could interfere with 18F binding by
formation of pentagon ring after complexing with aluminum.
In the present study, although the nitrogen atoms of the
nitroimidazole residue in Al18F-4 and Al18F-5 are at positions
that could form pentagon and hexagon, respectively, after
bonding with aluminum, labeling efficiency was high because of
the low reactivity of the nitrogen atoms by resonance
stabilization and electron withdrawing nitro group.
To synthesize NODA−nitroimidazole conjugates, nitro-

imidazole was first reacted with 1,2-dibromoethane or 1,3-

dibromopropane in DMF using K2CO3 as a base by stirring at
room temperature overnight (Scheme 1). Pure 2 and 3 were

obtained by silica gel column purification and by recrystalliza-
tion in ether, respectively, and these were then conjugated with
NODAtBu in MeCN using K2CO3 as a base at room
temperature (Scheme 1). After silica gel column purification,
compounds 4 and 5 were obtained by removing the tBu groups
with concd HCl at room temperature. The compounds were
purified by RP-HPLC after confirming reaction completion by
mass spectroscopy. The chemical structures of the synthesized
products were confirmed by NMR and mass spectroscopy.
Their purities were checked by analytical HPLC, and NODA−
nitroimidazole derivatives 4 and 5 exhibited a single peak.
To label 4 and 5 with 18F, 18F−Al complex was first prepared

by mixing [18F]fluoride and AlCl3 stock solution in 0.1 M
AcONa (pH 4) at room temperature. The prepared Al18F was
reacted with NODA−nitroimidazole derivatives, and labeling
efficiencies were checked by ITLC-SG and found to be 84.5 ±
1.3% and 87.9 ± 2.7% for Al18F-4 and Al18F-5, respectively
(Figure 2). The radiochemical purities of both the derivatives
after alumina N-cartridge purification were greater than 99% as
determined by ITLC (Figure 2). The specific activities of Al18F-
4 and Al18F-5 were 4.3 and 3.9 GBq/μmol, respectively.
Both labeled derivatives showed high in vitro stabilities up to

4 h in prepared medium at room temperature and in human
serum at 37 °C. These stabilities in human serum also show
that the labeled derivatives are stable in the presence of serum
proteinases (Figure 3).
The serum protein binding activities of the radiolabeled

derivatives were determined by incubation in fresh human
serum at 37 °C. Al18F-4 exhibited protein-bound fractions of
0.24 ± 0.03% and 0.64 ± 0.03% after 10 and 60 min of
incubation, respectively, and Al18F-5 had protein-bound
fractions of 0.32 ± 0.06 and 0.36 ± 0.07%, respectively.
These low protein binding levels are important for rapid uptake
by target tissues and rapid clearance from blood and nontarget
tissues.
In vitro cell uptake studies were conducted to determine the

specific uptakes of Al18F-4 and Al18F-5 using HeLa, CHO, and

Figure 1. Proposed structures of aluminum fluoride complexes of
nitroimidazole derivatives.

Scheme 1. Synthesis of NODA and the Nitroimidazole
Conjugatesa

aReagents and conditions for 4 and 5 synthesis: (a) EtBr2/PrBr2 (3.0
equiv), K2CO3 (0.5 equiv), DMF, rt; (b) NODAtBu (0.3 equiv),
K2CO3 (1.0 equiv), MeCN, rt ; (c) HCl/dioxane, rt.
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Figure 2. Radio-TLC of (a) crude Al18F-4, (b) purified Al18F-4, (c) crude Al18F-5, and (d) purified Al18F-5.

Figure 3. Stability studies of (a) Al18F-4 and of (b) Al18F-5 in prepared medium and in human serum.

Figure 4. In vitro cell uptake studies for determination of the specific uptakes of the novel tracers (a) Al18F-4 and (b) Al18F-5 under normoxic and
hypoxic conditions using HeLa, CHO, and CT-26 cells. p values are of comparisons between uptakes under normoxic and hypoxic conditions (t
test): (**) p < 0.01, (*/) p < 0.05, n = 4 at each time point.
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Figure 5. Biodistribution study at 10, 60, and 120 min postinjection for (a) Al18F-4 and (b) Al18F-5 in CT-26 xenografted mice. Results are mean
percentage of injected dose per gram of tissue ± standard deviation (% ID/g ± SD); n = 4 at each time point.

Figure 6. Representative microPET images of CT26 tumor bearing mice at 30, 60, and 120 min after intravenous injection of (a) Al18F-4 or (b)
Al18F-5. Arrows indicate tumors. (c,d) SUV of Al18F-4 and Al18F-5, respectively.
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CT-26 cell lines (Figure 4). All three cell lines showed elevated
uptakes of Al18F-4 and Al18F-5 under the hypoxic versus the
normoxic condition. Both derivatives demonstrated increasing
uptake ratios from 5 to 60 min, except for Al18F-4 in HeLa cells,
in which the hypoxic to normoxic uptake ratio of Al18F-4
decreased from 9.8 at 5 min to 5.6 at 1 h. On the other hand,
this ratio increased from 1.7 at 5 min to 3.8 at 1 h in CHO cells
and from 1.6 at 5 min to 6.1 at 1 h in CT-26 cells. In the case of
Al18F-5, uptake ratios in HeLa, CHO, and CT-26 cells
increased from 2.1 at 5 min to 6.3 at 1 h, from 2.1 at 5 min
to 10.0 at 1 h, and from 4.5 at 5 min to 10.0 at 1 h,36

respectively. Furthermore, for Al18F-4, the uptake ratios of
HeLa, CHO, and CT-26 cells under hypoxic versus normoxic
conditions at 1 h were 5.6, 3.9, and 6.2, respectively, and for
Al18F-5 were 6.3, 10.0, and 10.1, respectively, that is, ratios were
higher for Al18F-5. All these in vitro results represent higher
hypoxic to normoxic uptake ratios than reported results of
[18F]FMISO and [18F]FAZA.36 For example, the in vitro
hypoxic to normoxic uptake ratios of [18F]FMISO and
[18F]FAZA were shown as 1.5 and 1.4 at 10 min, respectively,
and 3.0 and 2.7 at 100 min, respectively.36

A biodistribution study was performed using mouse colon
cancer CT-26 xenografted balb/c mice (n = 4) after injecting
Al18F-4 and Al18F-5 via a tail vein (Figure 5). Mice were
sacrificed at 10, 60, and 120 min postinjection. At 10 min
postinjection, the highest uptakes of both labeled derivatives
were observed in kidneys, and this uptake decreased rapidly
with time, indicating that the renal excretion route predomi-
nated. Liver, lung, and blood followed kidneys in terms of
uptake levels for both derivatives at 10 min postinjection. Blood
and lung activities rapidly decreased, whereas liver activity did
not. Al18F-4 showed higher liver uptake than Al18F-5, which was
somewhat unlikely because Al18F-5 might be more lipophilic
than Al18F-4. Tumor uptakes at 10 min postinjection were 2.13
± 0.41 and 1.92 ± 0.12% ID/g for Al18F-4 and Al18F-5,
respectively, and both decreased by time (at 60 min 0.24 ±
0.03% ID/g for Al18F-4 and 0.33 ± 0.05%ID/g for Al18F-5, and
at 120 min 0.23 ± 0.05% ID/g for Al18F-4 and 0.22 ± 0.04%
ID/g for Al18F-5). All other normal organs also showed
decreasing activities. Highest tumor-to-muscle (T/M) and
tumor to blood (T/B) ratios were 14.50 at 60 min and 0.49 at
120 min for Al18F-4 and 37.44 at 60 min and 0.50 at 120 min
for Al18F-5 (Figure 5). According to the literature, T/B ratios of
Al18F-4 (0.38) and Al18F-5 (0.45) were lower than [18F]FMISO
(1.19) and [18F]FAZA (3.27) at 60 min.36 However, T/B ratios
of Al18F-4 (14.50) and Al18F-5 (3.87) were higher than
[18F]FMISO (1.65) and [18F]FAZA (1.69) at 60 min.36 These
differences partly could be due to the lipophilicity differences of
the agents. After intravenous injection, more lipophilic
compounds can penetrate into tissues more rapidly and
resulting in rapid blood concentration decrease, however,
they will show higher and prolonged normal tissue uptakes.
Animal PET imaging studies were also conducted in mice (n

= 3) bearing CT-26 xenografts (Figure 6). A small animal
PET/CT scanner was used, and images were obtained at 30, 60,
and 120 min postinjection. Tumors were visualized using
labeled agents, and tumor uptakes were found to decrease with
time (Figure 6). Both agents showed high kidney uptakes,
however, liver uptake was higher for Al18F-4, which concurs
with our biodistribution study findings. SUVs and tumor to
nontumor (T/N) ratios were calculated using PET data for
quantitative analysis. T/N ratios for both labeled derivatives
increased with time: at 30, 60, and 120 min, the T/N ratios of

Al18F-4 were 7.2 ± 1.9, 11.5 ± 1.7, and 4.2 ± 0.8, and those of
Al18F-5 were 5.8 ± 1.5, 7.1 ± 1.9, and 6.4 ± 0.4, respectively.
These values were higher than literature values of [18F]FMISO
(2.7) and [18F]FAZA (2.4) at 60 min.36

■ CONCLUSIONS
In conclusion, we describe the design and synthesis of NODA−
nitroimidazole derivatives that can be labeled with 18F in a
straightforward manner within 15 min with high labeling
efficiency and high radiochemical purity. The described
aluminum fluoride method eliminates drying steps from the
labeling procedure, which is a major advantage as compared
with other 18F-labeling methods. Furthermore, both of the
labeled nitroimidazole derivatives were found to be stable in
vitro and to exhibit low serum protein binding. In addition,
comparative in vitro cell uptake studies under hypoxic and
normoxic conditions demonstrated that both agents were
preferentially taken up by hypoxic cancer cells. Our
biodistribution study also showed the derivatives have high
target to nontarget tissue ratios and that they are rapidly cleared
from blood and nontarget tissues. Finally, our PET study
findings suggest that Al18F-NODA−nitroimidazole derivatives
are promising agents for the detection of hypoxia. Synthesis of
18F-labeled nitroimidazole compounds having smaller molec-
ular weight and more hydrophilic nature might contribute to
develop PET agents showing faster infiltration into hypoxic
tumors, faster blood clearance, and lower normal tissue uptakes.

■ EXPERIMENTAL SECTION
General. Di-tert-butyl 1,4,7-triazacyclononane-1,4-diacetate (NO-

DAtBu) was purchased from CheMatech (Dijon). HPLC grade MeCN
was purchased from Fischer Scientific Korea (Seoul). All the other
commercial chemicals were obtained from Sigma-Aldrich (St. Louis,
MO) and were used as supplied. All reactions were performed under a
nitrogen atmosphere. Thin layer chromatography (TLC) was carried
out using precoated aluminum-backed silica gel 60 F254 TLC plates
(Darmstadt) to verify product purities. Waters Sep-Pak Light Accell
Plus QMA cartridges and alumina-N cartridges were from Waters
(Milford, MA). Instant thin layer chromatography-silica gel (ITLC-
SG) plates were purchased from Varian, Agilent Technologies (Lake
Forest City, CA). PD-10 desalting columns were purchased from GE
Healthcare (Buckinghamshire, UK).

Mass analysis was performed using a Waters ESI ion trap
spectrometer with electrospray ionization (ESI) or using high
resolution mass spectra (HRMS) obtained using a Jeol, JMS-600W
Agilent 6890 series mass spectrometer (Tokyo, Japan) with fast atomic
bombardment (FAB+) ionization detection in positive ion mode. The
samples were diluted 50 times with MeOH or MeCN and injected
directly into the mass spectrometers. 1H NMR and 13C NMR spectra
were recorded using an AL 300 FT NMR spectrometer (300 MHz for
1H and 75 MHz for 13C; Jeol, Tokyo). 1H NMR chemical shifts are
reported in parts per million (ppm) with respect to tetramethylsilane
with solvent resonances of CD3OD at 3.31 and 4.87 ppm. 13C NMR
spectra were recorded at 500 MHz with solvent resonance of CD3OD
at 49.1 ppm.

To purify the synthesized compounds, an XTerra prep RP18 10 μm
(10 mm × 250 mm) column (Waters Co.) at a flow rate of 5 mL/min
was used using solvent A (10 mM TFA in H2O) and solvent B
(MeCN). The HPLC UV detector was preset at 215 and 240 nm.
Analytical reverse phase (RP)-HPLC was performed using an XTerra
RP18 3.5 μm (4.6 mm × 100 mm) column (Waters Co.), using the
same conditions at a flow rate of 1 mL/min. The purities of
synthesized compounds were higher than 95% by analytical HPLC
(Supporting Information Figure 11S and 22S).

The γ scintillation counter was from Packard Cobra II (Global
Market Institute, MN).
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Nitroimidazole-ethylbromide (2). Dimethylformamide (DMF,
0.2 mL) was added to a mixture of 2-nitroimidazole (1) (0.050 g, 0.44
mmol) and K2CO3 (0.031 g, 0.22 mmol) with stirring, and then 1,2-
dibromoethane (0.249 g, 1.32 mmol) in DMF (0.5 mL) was added
dropwise to the mixture again with stirring and left to stir at room
temperature overnight. Reaction completion was confirmed by TLC.
The mixture was then filtered, and the solid obtained was washed
several times with MeOH. The solvent was then evaporated off, and
the solid obtained was purified by column chromatography using
EtOAc/hexane (2:8) to afford pure compound 2 as a yellow solid
(0.085 g, 0.39 mmol, 84%). 1H NMR (300 MHz, CD3OD) δ: 7.23 (s,
1H), 7.09 (s, 1H), 4.77 (t, 2H), 3.70−3.72 (t, J = 6 Hz, 2H). 13C NMR
(75 MHz, CD3OD) δ: 144.2, 128.0, 127.1, 50.1, 29.6. Mass spectrum
(ESI+), (M)+ and (M + 2H)+ calcd for C5H7BrN3O2, 219.97 and
221.97; found, 220.0 and 222.0. Rf = 0.6 (60% hexane, 40% EtOAc).
Nitroimidazole-propylbromide (3). K2CO3 (0.061 g, 0.44

mmol) was added to a stirring solution of 1 (0.100 g, 0.88 mmol)
in DMF (0.5 mL). 1,3-Dibromopropane (0.536 g, 2.65 mmol) in
DMF (1 mL) was then added dropwise, and the reaction mixture was
stirred at room temperature overnight. Reaction completion was
confirmed by TLC. The reaction mixture was then quenched with
water and extracted with EtOAc. After removing the solvent in vacuo,
ether was added to the residue and the mix was filtered. The solid
obtained was washed with ether, and the filtrate was evaporated to
obtain pure compound 3 as a yellow solid (0.180 g, 0.77 mmol, 88%).
1H NMR (300 MHz, CD3OD δ: 7.25 (s, 1H), 7.17 (s, 1H), 4.66−4.61
(t, J = 15 Hz, 2H), 3.43−3.39 (t, J = 12 Hz, 2H), 2.48-2.39 (m, 2H).
13C NMR (75 MHz, CD3OD) δ: 144.5, 128.5, 126.4, 48.1, 32.4, 29.0.
Mass spectrum (ESI+), (M)+ and (M + 2H)+ calcd for C6H9BrN3O2,
233.99 and 235.99; found, 234.0 and 236.0. Rf = 0.5 (70% hexane, 30%
EtOAc).
NODAtBu−ethylnitroimidazole. A mixture of NODAtBu (0.050

g, 0.14 mmol) and K2CO3 (0.058 g, 0.42 mmol) was stirred in MeCN
(2 mL). A solution of 2 (0.046 g, 0.42 mmol) in MeCN (1 mL) was
then added dropwise to this mixture with vigorous stirring at room
temperature, and the reaction mixture was left to stir for 20 h. Reaction
completion was confirmed by TLC, and the mixture was filtered. The
solid obtained was washed with MeCN, and the residual solvent was
evaporated. The crude compound obtained was purified by column
chromatography using MeOH/MeCl2 (1:9) to produce pure solid
(0.035 g, 0.71 mmol, 63%). 1H NMR (300 MHz, CD3OD) δ: 7.63 (s,
1H), 7.14 (s, 1H), 4.68 (t, 2H), 3.50−3.42 (m, 8H), 3.18 (s, 1H),
3.00−2.93 (m, 9H), 1.49−1.47 (m, 18H). 13C NMR (75 MHz,
CD3OD) δ: 170.1, 144.3, 128.0, 127.3, 81.4, 58.0, 56.4, 53.2, 49.7,
47.1, 27.8. Mass spectrum (ESI+), (M + H)+ calcd for C23H41N6O6,
497.4; found, 497.4. Rf = 0.4 (95% MeCl2, 5% MeOH).
NODAtBu−propylnitroimidazole. K2CO3 (0.058 g, 0.42 mmol)

was added to a stirring solution of NODAtBu (0.050 g, 0.14 mmol) in
MeCN (2 mL). Compound 3 (0.098 g, 0.42 mmol) in MeCN (1 mL)
was then added dropwise, and the reaction mixture was stirred at room
temperature for 20 h. Reaction completion was confirmed by TLC.
The reaction mixture was then filtered, and the solid obtained was
washed with MeCN. Solvent was evaporated, and the crude compound
obtained was purified by column chromatography using MeOH/
MeCl2 (1:9) to afford pure compound as yellow solid (0.051 g, 0.99
mmol, 70%). 1H NMR (300 MHz, CD3OD δ: 7.37 (s, 1H), 7.05 (s,
1H), 4.53−4.49 (t, J = 12 Hz, 2H), 3.25 (s, 4H), 2.84−2.81 (m, 8H),
2.66−2.64 (m, 4H), 2.46−2.42 (t, 2H), 1.96−1.87 (m, 2H), 1.39 (s,
18H). 13C NMR (75 MHz, CD3OD) δ: 171.4, 144.7, 128.2, 127.2,
80.8, 59.7, 56.1, 55.8, 55.6, 54.6, 48.2, 28.4, 28.1. Mass spectrum
(ESI+), (M + H)+ calcd for C24H43N6O6, 511.32; found, 511.2. Rf = 0.4
(95% MeCl2, 5% MeOH).
NODA−ethylnitroimidazole (4). Concd HCl (0.5 mL) was

added to a solution of NODAtBu−ethylnitroimidazole (0.026 g, 0.05
mmol) in dioxane (2 mL) and stirred vigorously at room temperature
for 15 h. Product formation was confirmed by mass analysis. RP-
HPLC (0−100% of B for 30 min and 100% of B for 5 min) was used
to purify crude compound 4 to obtain the pure compound as a light-
yellow solid (0.017 g, 0.44 mmol, 85%). Purity of the product obtained
was confirmed using an analytical HPLC with the same conditions

used for the purification. 1H NMR (300 MHz, CD3OD δ: 7.34 (s,
1H), 6.99 (s, 1H), 3.78 (s, 4H), 3.51 (s, 2H), 3.36 (s, 4H), 3.26 (s,
4H), 3.19 (s, 5H), 1.81 (s, 1H). 13C NMR (75 MHz, CD3OD) δ:
172.3, 145.0, 129.0, 128.8, 57.2, 55.7, 51.2, 50.9, 45.2. Mass spectrum
(ESI+), (M + H)+ calcd for C15H25N6O6, 385.18; found, 385.3. HRMS
(ESI+), (M + H)+ calcd for C15H25N6O6, 385.1836; found, 385.1837.

NODA−propylnitroimidazole (5). NODAtBu−propylnitroimida-
zole (0.024 g, 0.05 mmol) was dissolved in dioxane (2 mL) and concd
HCl (0.5 mL) was then added and then stirred at room temperature
for 15 h. Completion of reaction was cconfirmed by mass analysis. The
resulting product was purified by RP-HPLC (50−90% of B for 30
min) to obtain pure compound 5 as a light-yellow solid (0.015 g, 0.38
mmol, 83%). Product purity was confirmed by analytical HPLC (using
the same conditions as RP-HPLC) and by HRMS. 1H NMR (300
MHz, CD3OD) δ: 7.27 (s, 1H), 6.96 (s, 1H), 4.34 (brs, 2H), 3.75 (brs,
5H), 3.39−3.47 (m, 5H), 3.29 (brs, 4H), 3.16 (s, 4H), 2.23 (brs, 2H).
13C NMR (75 MHz, CD3OD) δ: 172.6, 144.8, 128.5, 128.4, 63.0, 57.2,
55.6, 51.6, 51.3, 50.3, 47.3, 25.3. Mass spectrum (ESI+), (M + H)+

calcd for C16H27N6O6, 399.2; found, 399.3. HRMS (ESI+), (M + H)+

calcd for C16H27N6O6, 399.1992; found, 399.1996.
AlF-4. AlCl3 solution (0.416 mg, 3.12 μmol, 1.2 eq in 100 μL of

water) was added to solution of 4 (1 mg, 2.60 μmol, 1.0 equiv in 100
μL of water) and adjusted to pH 3.5 using 1 M sodium acetate buffer.
Reaction mixture was stirred for 30 min at 100 °C on water bath. NaF
(0.546 mg, 13 μM, 5.0 equiv) was added to the reaction mixture and
heated for 1 h. Completion of the reaction was checked by mass
analysis and purified by RP-HPLC (0−100% of B for 30 min and
100% for 5 min) and lyophilized to afford pure complex as white solid.
HRMS (ESI+), (M + Na)+: calcd, 451.1298; observed, 451.1292.

AlF-5. AlCl3 (13.3 mg, 0.1 mmol) was added to solution of 5 (35
mg, 0.09 mmol in 2 mL water) and the pH of the reaction mixture was
adjusted to 4.4 using 1 M sodium acetate buffer and boiled for an hour.
Sodium fluoride was added to the reaction mixture and boiling
continued for one more hour. Completion of the reaction was checked
by mass analysis and purified by RP-HPLC (0−100% of B for 30 min
and 100% for 5 min) and lyophilized to afford pure complex as white
solid. HRMS (ESI+), (M + H)+: calcd, 443.1635; observed, 443.1630.

Radionuclide Labeling. 18F was produced using the 18O (p,n) 18F
reaction using 18O-enriched (95%) water produced using a cyclotron,
CYCLONE 18/9 (IBA, Ion Beam Applications, Louvain-la-Neuve,
Belgium). 18F in water was loaded onto a QMA cartridge (prewashed
with 5 mL of 0.4 M KHCO3 and 10 mL of water), washed with water
(5 mL), and then eluted with 0.4 mL of normal saline. Glacial acetic
acid (4 μL) was then added to adjust pH of the 18F solution to 4.
Separately, a stock solution of 2 mM AlCl3 was prepared by dissolving
AlCl3·6H2O in 0.1 M AcONa buffer (pH 4). Al18F was prepared by
mixing 45 nmol stock AlCl3 solutions (22.5 μL) with the eluted 18F
saline solution (50 μL, 66.6−115.8 MBq) and incubating the mix at
room temperature for 10 min. The prepared Al18F solution was added
to solution of synthesized ligands (50 nmol) in 0.1 M sodium acetate
buffer (1 mL). Reaction mixture was placed on 110 °C heating block
for 10 min. Labeled compounds were passed through an Alumina-N
light cartridge (prewashed with 5 mL of normal saline) to remove
unlabeled Al18F and washed with normal saline (3 mL). The labeled
products were analyzed by HPLC using XBridge Prep C18 column
(10 mm × 250 mm, Waters Co., USA) eluted with programmed
solvent (0.01 M HCl; EtOH increased from 0% to 50% for 30 min at 2
mL/min) and no impurity was found (Supporting Information Figure
23S and 24S).

Stability Study. The stabilities of Al18F-NODA−nitroimidazole
derivatives in the prepared medium at room temperature and in
human serum at 37 °C were determined by ITLC-SG (80% MeCN in
water).

Serum Protein Binding by Al18F-NODA−nitroimidazole
Derivatives. Serum protein binding fractions were determined as
previously described.25,28 Briefly, PD-10 columns were preconditioned
by loading them with 1.0 mL of 1% bovine serum albumin in 0.1 M
DTPA and repeated washing with 100 mL of phosphate buffered
saline (PBS). Al18F-NODA−nitroimidazole derivatives (1.5 MBq/10
μL) were mixed with human serum (1 mL) and incubated for 10 or 60
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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. Fraction radioactivities were
measured using a γ counter and expressed as cpm (counts per minute).
To check for the presence of protein in each fraction, aliquots (2 μL)
from each test tube were spotted on a filter paper and stained with
Coomassie blue. Protein bound fractions were appeared at the void
volume and free fractions at the bed volume.
In Vitro Cell Uptake Study. A Chinese hamster ovarian cancer

cell line (CHO), a Henrietta Lacks cervical cancer cell line (HeLa),
and a mouse colon cancer cell line (CT26) were supplied by the
Korean Cell Line Bank (KCLB, Seoul). All cell lines were maintained
in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (both from Welgene Inc., Daegu) containing
1% antibiotics mixture (penicillin, streptomycin, and amphotericin B:
10000 IU/10 mg/25 μg/mL, Mediatech Inc. Manassas, VA). Cultures
were maintained at 37 °C. Cells were subcultured overnight in 12-
multiwell culture plates (4 × 105 cells/mL for each cell line) and
preincubated under normoxic (5% CO2 in air) or hypoxic (5% CO2 in
N2) conditions for 4 h. Al18F-4 (0.18 MBq/100 μL) or Al18F-5 (0.18
MBq/100 μL) was added to wells and incubated for 5 or 60 min.
Wells were then washed with DMEM, and cells were dissolved in 0.5%
of sodium dodecyl sulfate (SDS) in PBS (0.5 mL). Tracer uptakes
were measured using a γ counter, and total protein concentrations in
samples were determined using the bicinchoninic acid method (Pierce,
Rockford, IL).
Biodistribution Study in Mice Bearing Colon Cancer

Xenografts. All animal experiments in mice were conducted using
protocols approved by the Institutional Animal Care and Use
Committee of the Clinical Research Institute at Seoul National
University Hospital (an Association for the Assessment and
Accreditation of Laboratory Animal Care-accreditated facility). In
addition, National Research Council Guidelines for the Care and Use
of Laboratory Animals (revised in 1996) were observed throughout.
The mouse colon cancer cell line CT26 was grown in RPMI 1640
medium containing 10% fetal bovine serum and 1% antibiotics. CT26
cells were washed with 10 mL of PBS by centrifugation (3000 rpm).
To induce tumor xenografts, CT26 cells were subcutaneously injected
at a concentration of 4 × 105/ 0.1 mL into the right shoulders of each
balb/c mice. At 14 days after tumor transplantation, all mice had
developed a solid tumor mass (tumor weight 0.8−1.1 g). For
biodistribution studies, each xenografted mouse (n = 4) was
administered a labeled NODA−nitroimidazole agents (0.15 MBq/
0.1 mL) through a tail vein. Mice were sacrificed by decapitation at 10,
60, and 120 min after radiotracer administration. Tumor, muscle, and
major organs were excised, blotted, and weighed, and blood samples
were taken; counts were obtained using a γ counter. The radioactivity
contents of representative organs were expressed as percentages of
injected dose per gram of tissue (% ID/g). Results are quoted as
means and SDs for four animals.
Small Animal PET Studies. To compare in vivo uptake

characteristics in CT26 bearing mice, PET studies were carried out
using a dedicated small animal PET/CT scanner (GE Healthcare,
Princeton, NJ). This unit contains hardware to control gantry and
table motion and acquires image data using 36 detectors at an axial
field of view (FOV) of 4.6 cm. Whole-body PET data were acquired in
two bed positions and sorted into 20 frames (30 s per frames). Images
were reconstructed by Fourier rebinning and by using the ordered
subsets-expectation maximization (OSEM) reconstruction algorithm,
using a ramp filter and the Nyquist limit (0.5 cycles/voxel) as the
cutoff frequency without attenuation correction. CT26 cells (2 × 105

cells) in normal saline (0.1 mL) were subcutaneously injected into the
mice right shoulders and grown for 14 days to produce tumors of
diameter of ∼16 mm. Al18F-4 (14.4 MBq/0.1 mL) or Al18F-5 (13.0
MBq/0.1 mL) was then intravenously injected through a tail vein.
Mice were anesthetized with 2% isoflurane at 30, 60, and 120 min
postinjection and placed near the center of the FOV of the microPET
to maximize image resolution and sensitivity, and PET images were
then obtained.

Data Analysis. ASIPro VM 5.0 software (Concorde Inc., Knoxville,
TN) was used to process images. To assess the tumor uptakes of
labeled derivatives, circular regions of interest (ROI) were placed (1.5
mm radius) at locations of maximum tracer uptake in tumors and in
muscle (reference). Relative tracer uptakes are expressed as ratios of
tumor versus muscle counts. Having placed ROIs, SUVs were
calculated using, SUV = CCF/(injected dose/body weight), and
CCF (decay corrected activity concentration) was calculated using,
CCF (MBq/cc) = radioactivity (mCi/cc) × branching ratio × ROI
(value/pixel); the branching ratio of 18F is 0.967.
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