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ABSTRACT: Carbonic anhydrase IX (CA-IX) is regarded as a favorable
target for in vivo imaging because of its specific expression in hypoxic
regions of tumors. Hypoxia assists tumor propagation and growth and is
resistant to chemotherapy and radiotherapy. Here, we designed and
synthesized [99mTc]hydroxamamide ([99mTc]Ham) and [99mTc]methyl-
substituted-hydroxamamide ([99mTc]MHam) complexes including a
bivalent CA-IX ligand, sulfonamide (SA), and ureidosulfonamide (UR).
In a cell binding assay, [99mTc]Ham complexes with bivalent SA
([99mTc]SAB2A and [99mTc]SAB2B) and UR ([99mTc]URB2A and
[99mTc]URB2B) showed significantly greater uptake into CA-IX high-
expressing (HT-29) cells than that into CA-IX low-expressing cells. Since the binding affinity of [99mTc]URB2A and
[99mTc]URB2B for CA-IX was significantly higher than that of [99mTc]SAB2A and [99mTc]SAB2B, we additionally synthesized
[99mTc]MURB2 (a [99mTc]MHam complex with bivalent UR) and evaluated the CA-IX-specific binding affinity of
[99mTc]URB2A, [99mTc]URB2B, and [99mTc]MURB2. Their uptake into HT-29 cells was reduced by the addition of a CA
inhibitor, acetazolamide, suggesting their CA-IX-specific binding affinity. A biodistribution study in HT-29 tumor-bearing mice
was carried out using [99mTc]URB2A and [99mTc]MURB2 with the highest specificity for HT-29 cells. [99mTc]URB2A showed
moderate tumor uptake and reduction by coinjection with acetazolamide; however, the tumor/blood ratio was insufficient for in
vivo imaging. These results provided key information for the design of novel Ham-based imaging probes targeting CA-IX.
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■ INTRODUCTION

Carbonic anhydrase IX (CA-IX) is specifically expressed in
hypoxic regions of tumors. Hypoxia assists tumor propagation
and growth and is resistant to chemotherapy and radio-
therapy.1−10 CA-IX catalyzes the reversible reaction of carbon
dioxide with water to bicarbonate ions and protons to maintain
cellular acid−base homeostasis.1,3,4,7−9 The CA-IX expression
is controlled by hypoxia-inducible factor-1α (HIF-1α), which
is reduced by von Hippel Lindau (VHL).1,3−5,7,11,12 In hypoxic
regions of tumors, the degradation of HIF-1α through VHL is
suppressed, resulting in the overexpression of CA-
IX,1,3−5,7,11,12 which is observed in various tumors.13−19 On
the other hand, CA-IX expression is primarily limited to the
gastrointestinal tract in normal tissue;20 therefore, CA-IX is
regarded as a favorable target for the in vivo imaging of tumors.
Several antibody-based nuclear medical imaging probes

targeting CA-IX have been reported. Among them, iodine-124-
labeled girentuximab showed a favorable property for the in
vivo imaging of CA-IX, and clinical studies were performed to
evaluate its efficacy and safety.21,22 However, they showed
pharmacokinetic limitations, such as slow blood clearance and
nontargeted tissue and nonspecific normal organ uptake,
raising issues of a low signal-to-background ratio and high
radiation toxicity. Small-molecule probes have also been

developed for the in vivo imaging of CA-IX. Fluorine-18 and
gallium-68-labeled probes could be used to successfully
visualize a CA-IX high-expressing tumor in a mouse
model.23−25 However, these probes are solely used for positron
emission tomography (PET), which is only available at limited
facilities. Therefore, it is necessary to develop nuclear medical
imaging probes for single photon emission computed
tomography (SPECT), which is more versatile than PET.
We previously reported an indium-111-labeled probe for
SPECT imaging of CA-IX, which successfully visualized CA-IX
high-expressing tumors in mice.26 Here, we developed a
SPECT imaging probe including a more useful radiometal,
technetium-99m (99mTc).

99mTc is the mainly used radioisotope in clinical practice. It
is available from a commercial molybdenum-99/technetium-
99m generator column, and its 141-keV γ ray is nearly optimal
for imaging with SPECT. The half-life of 99mTc is 6 h, which is
moderate for in vivo imaging. Therefore, 99mTc has played an
important part in nuclear medicine. In order to apply 99mTc to
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molecular imaging, it is necessary to incorporate a chelating
moiety into an imaging probe. Many effective coordination
molecules for 99mTc have been developed, such as type N2S2
diamidedithiols, tricarbonyl, hydrazinonicotinic acid
(HYNIC), and diethylenetriaminepentaacetic acid (DTPA).27

Among them, we have previously reported several imaging
probes based on hydroxamamide (Ham).28

Ham is a chelating agent including no thiol, which can form
the 99mTc complex with high stability and a high radiochemical
yield.29,30 It can be synthesized easily and simply from nitrile in
a one-step reaction. Moreover, Ham provides a 99mTc complex
consisting of two Ham ligands, indicating that Ham would be
helpful in the preparation of a 99mTc complex with a bivalent
targeting vector.30 Because enhancement in the binding of a
multivalent ligand compared with its monovalent ligand was
reported,31,32 the [99mTc]Ham complex with a bivalent
compound may be a candidate for in vivo imaging.
In this study, we designed [99mTc]Ham complexes with the

aim of selective and specific in vivo imaging of CA-IX. We
selected two types of structures as CA-IX ligands, sulfonamide
(SA) and ureidosulfonamide (UR), and synthesized [99mTc]-
SAB2 and [99mTc]URB2. SA is a common structure
incorporated in many types of public CA inhibitors, such as
acetazolamide. UR has been reported as a highly effective
inhibitor of CA-IX.33 The bulky structures of these [99mTc]-
Ham complexes may contribute to cell membrane imperme-
ability according to Lipinski’s rule of five (molecular weight
≥500),34 preventing them from binding to cytosolic CA
isozymes. We also synthesized [99mTc]BHam, the [99mTc]Ham
complex without CA-IX ligand, as a negative control. We
evaluated their binding affinity using CA-IX high-expressing
cells, HT-29, and RCC4 plus vector alone (RCC4-VA). After
the most effective compound ([99mTc]URB2) was identified,
we designed a UR derivative-incorporated N-methyl-substi-
tuted hydroxamamide (MHam), which provides a [99mTc]-
MHam complex constituting two N-methyl-substituted Ham
ligands with high stability,35 and synthesized [99mTc]MURB2.
After confirming its cellular binding affinity, we evaluated the
biological properties of [99mTc]URB2 and [99mTc]MURB2 in
HT-29 tumor-bearing mice.

■ EXPERIMENTAL SECTION
General. All reagents were purchased and used without

further purification unless otherwise indicated. Na99mTcO4 was
purchased from Nihon Medi-Physics Co., Ltd. (Tokyo, Japan).
Silica gel column chromatography was performed with W-Prep
2XY (Yamazen, Osaka, Japan) on a Hi Flash silica gel column
(40 μm, 60 Å; Yamazen). 1H NMR and 13C NMR spectra
were recorded using a JNM-ECS400 (JEOL, Tokyo, Japan)
with tetramethylsilane as an internal standard. Coupling
constants are reported in Hertz. Multiplicity was defined as
singlet (s), doublet (d), triplet (t), or multiplet (m). Mass
spectra were obtained using a Shimadzu LCMS-2020 (an LC-
20AT pump with an SPD-20A UV detector, λ = 254 nm;
Shimadzu) with a Cosmosil C18 column (5C18-AR-II, 4.6 mm
× 150 mm; Nacalai Tesque, Kyoto, Japan) was used for high-
performance liquid chromatography (HPLC).
Chemistry. Synthesis of N′-Hydroxy-4-sulfamoylben-

zene-1-carboximidamide (1). To a solution of 4-cyanoben-
zene-1-sulfonamide (182 mg, 1 mmol) in EtOH (10 mL) were
added hydroxylamine hydrochloride (208 mg, 3 mmol) and
triethylamine (416 μL, 3 mmol). The reaction mixture was
heated to reflux overnight. After being cooled to room

temperature, water (50 mL) was added. The mixture was
extracted with ethyl acetate (30 mL × 2). The organic phases
were combined, dried over MgSO4, and filtered. After
evaporation of the filtrate, the residue was purified by silica
gel chromatography (ethyl acetate/hexane = 9/1) to give 72
mg of 1 (34% yield). 1H NMR (400 MHz, dimethyl sulfoxide
(DMSO)-d6, δ): 5.96 (s, 2H), 7.39 (s, 2H), 7.81 (m, 4H), 9.89
(s, 1H). 13C NMR (100 MHz, DMSO-d6, δ): 125.5 (2C),
125.8 (2C), 136.5 (1C), 144.1 (1C), 149.9 (1C). MS (ESI)
m/z: 216.1 [M + H]+.

Synthesis of 4-{[(4′-Cyanophenyl)carbamoyl]amino}-
benzene-1-sulfonamide (2). To a solution of 4-amino-
benzene-1-sulfonamide (172 mg, 1 mmol) in DMSO (5 mL)
was added 1,1-carbonyldiimidazole (195 mg, 1.2 mmol). The
reaction mixture was stirred at room temperature overnight. 4-
Aminobenzonitrile (118 mg, 1 mmol) was added, and the
reaction mixture was stirred at room temperature for 6 h. After
lyophilization of the reaction mixture, the residue was purified
by silica gel chromatography (chloroform/methanol = 9/1) to
give 41 mg of 2 (13% yield). 1H NMR (400 MHz, DMSO-d6,
δ): 7.24 (s, 2H), 7.64 (m, 4H), 7.75 (m, 4H), 9.29 (s, 1H),
9.36 (s, 1H). 13C NMR (100 MHz, DMSO-d6, δ): 112.4 (1C),
117.9 (2C), 118.3 (2C), 119.3(1C), 126.9 (2C), 133.4 (2C),
137.4 (1C), 142.3 (1C), 143.9 (1C), 151.9 (1C). MS (ESI)
m/z: 317.1 [M + H]+.

Synthesis of N′-Hydroxy-4-{[(4-sulfamoylphenyl)-
carbamoyl]amino}benzene-1-carboximidamide (3). To a
solution of 2 (20 mg, 0.06 mmol) in EtOH (5 mL) were
added hydroxylamine hydrochloride (13 mg, 0.2 mmol) and
triethylamine (26 μL, 0.2 mmol). The reaction mixture was
stirred and heated to reflux overnight. After being cooled to
room temperature, water (50 mL) was added. The mixture was
extracted with ethyl acetate (30 mL × 2). The organic phases
were combined, dried over MgSO4, and filtered. After
evaporation of the filtrate, the residue was purified by silica
gel chromatography (chloroform/methanol = 9/1) to give 18
mg of 3 (84% yield). 1H NMR (400 MHz, DMSO-d6, δ): 6.69
(s, 2H), 7.23 (s, 2H), 7.53 (d, J = 9.2 Hz, 2H), 7.64 (t, J = 8.4
Hz, 4H), 7.75 (d, J = 8.4 Hz, 2H), 10.19 (s, 1H), 10.32 (s,
1H), 10.66 (s, 1H). 13C NMR (100 MHz, DMSO-d6, δ): 117.1
(3C), 117.3 (3C), 126.9 (3C), 127.5 (2C), 136.8 (1C), 142.9
(1C), 152.4 (1C). MS (ESI) m/z: 350.1 [M + H]+.

Synthesis of 4-({[4-(5-oxo-4,5-Dihydro-1,2,4-oxadiazol-3-
yl)phenyl]carbamoyl}amino)benzene-1-sulfonamide (4). To
a solution of 3 (104 mg, 0.30 mmol) in DMSO (10 mL) was
added 1,1-carbonyldiimidazole (58 mg, 0.36 mmol). The
reaction mixture was stirred and heated gradually from room
temperature to 95 °C for 6 h. The reaction mixture was
lyophilized and purified by silica gel chromatography (chloro-
form/methanol = 9/1) to give 46 mg of 4 (42% yield). 1H
NMR (400 MHz, DMSO-d6, δ): 7.08 (s, 1H), 7.23 (s, 2H),
7.62 (m, 4H), 7.73 (m, 4H), 9.40 (s, 1H), 9.44 (s, 1H). 13C
NMR (100 MHz, DMSO-d6, δ): 117.8 (2C), 118.2 (2C),
118.3 (1C), 126.9 (2C), 127.2 (2C), 137.1 (1C), 142.5 (1C),
142.7 (1C), 152.2 (1C), 159.3 (1C), 163.1 (1C). MS (ESI)
m/z: 376.0 [M + H]+.

Synthesis of 4-({[4-(4-Methyl-5-oxo-4,5-dihydro-1,2,4-ox-
adiazol-3-yl)phenyl]carbamoyl}amino)benzene-1-sulfona-
mide (5). Iodomethane (55 μL, 0.88 mmol) and potassium
carbonate (55 mg, 0.44 mmol) were added to a solution of 4
(55 mg, 0.15 mmol) in N,N-dimethylformamide (DMF) (5
mL). The reaction mixture was stirred at room temperature for
3 h. After the addition of water (50 mL), the mixture was
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extracted with ethyl acetate (30 mL × 2). The organic phases
were combined, dried over MgSO4, and filtered. After
evaporation of the filtrate, the residue was purified by silica
gel chromatography (chloroform/methanol = 9/1) to give 19
mg of 5 (34% yield). 1H NMR (400 MHz, DMSO-d6, δ): 3.24
(s, 3H), 7.24 (s, 2H), 7.64 (m, 2H), 7.69 (m, 4H), 7.75 (m,
2H), 9.32 (s, 1H), 9.34 (s, 1H). 13C NMR (100 MHz, DMSO-
d6, δ): 29.7 (1C), 116.3 (2C), 117.8 (2C), 118.3 (1C), 126.9
(2C), 129.3 (2C), 137.2 (1C), 142.5 (1C), 142.9 (1C), 158.9
(1C), 159.5 (1C). MS (ESI) m/z: 390.2 [M + H]+.
S y n t h e s i s o f N ′ - H y d r o x y -N -me t h y l - 4 - { [ ( 4 -

sulfamoylphenyl)carbamoyl]amino}benzene-1-carboximi-
damide (6). Compound 5 (19 mg, 0.05 mmol) was dissolved
in 1 M NaOH (aq)/DMF (1/1, 10 mL). The reaction mixture
was stirred at 95 °C for 14 h. After neutralization with 1 M
HCl (aq) in an ice bath, the mixture was extracted with ethyl
acetate (30 mL × 2). The organic phases were combined,
dried over MgSO4, and filtered. After evaporation of the
filtrate, the residue was purified by silica gel chromatography
(chloroform/methanol = 9/1) to give 7 mg of 6 (38% yield).
1H NMR (400 MHz, DMSO-d6, δ): 3.51 (s, 3H), 5.68 (d, J =
5.2 Hz, 1H), 7.33 (d, J = 8.0 Hz, 4H), 7.50 (d, J = 8.0 Hz, 2H),
7.62 (d, J = 8.0 Hz, 2H), 7.73 (d, J = 8.0 Hz, 2H), 9.51 (s,
1H), 9.79 (s, 1H), 10.00 (s, 1H). 13C NMR (100 MHz,
DMSO-d6, δ): 29.7 (1C), 117.4 (2C), 117.8 (2C), 126.9 (2C),
128.8 (2C), 136.9 (1C), 139.9 (1C), 142.8 (1C), 152.3 (1C),
155.2 (1C). MS (ESI) m/z: 364.1 [M + H]+.
Synthesis of N′-Hydroxybenzenecarboximidamide (7). To

a solution of benzonitrile (102 μL, 1 mmol) in EtOH (10 mL)
were added hydroxylamine hydrochloride (208 mg, 3 mmol)
and triethylamine (416 μL, 3 mmol). The reaction mixture was
heated to reflux for 2 h. After being cooled to room
temperature, water (50 mL) was added. The mixture was
extracted with ethyl acetate (30 mL × 2). The organic phases
were combined, dried over MgSO4, and filtered. After
evaporation of the filtrate, the residue was purified by silica
gel chromatography (ethyl acetate/hexane = 3/2) to give 22
mg of 7 (16% yield). 1H NMR (400 MHz, DMSO-d6, δ): 5.85
(s, 2H), 7.37 (m, 3H), 7.67 (m, 2H), 9.63 (s, 1H). 13C NMR
(100 MHz, DMSO-d6, δ): 125.4 (2C), 128.1 (2C), 128.9
(1C), 133.4 (1C), 150.9 (1C). MS (ESI) m/z: 137.1 [M +
H]+.
Synthesis of 3-Phenyl-1,2,4-oxadiazol-5(4H)-one (8). To a

solution of 7 (1013 mg, 7.4 mmol) in DMSO (20 mL) was
added 1,1-carbonyldiimidazole (1446 mg, 8.9 mmol). The
reaction mixture was stirred and heated gradually from room
temperature to 95 °C for 6 h. The reaction mixture was
lyophilized and purified by silica gel chromatography (chloro-
form/methanol = 9/1) to give 360 mg of 8 (30% yield). 1H
NMR (400 MHz, DMSO-d6, δ): 7.60 (m, 3H), 7.82 (d, J = 7.2
Hz, 2H), 12.98 (s, 1H). 13C NMR (100 MHz, DMSO-d6, δ):
123.7 (1C), 126.4 (2C), 129.7 (2C), 132.6 (1C), 157.7 (1C),
160.4 (1C). MS (ESI) m/z: 163.0 [M + H]+.
Synthesis of 4-Methyl-3-phenyl-1,2,4-oxadiazol-5(4H)-

one (9). Iodomethane (232 μL, 3.72 mmol) and potassium
carbonate (257 mg, 1.86 mmol) were added to a solution of 8
(100 mg, 0.62 mmol) in DMF (5 mL). The reaction mixture
was stirred at room temperature for 3 h. After the addition of
water (50 mL), the mixture was extracted with ethyl acetate
(30 mL × 2). The organic phases were combined, dried over
MgSO4, and filtered. After evaporation of the filtrate, the
residue was purified by silica gel chromatography (chloroform/
methanol = 9/1) to give 61 mg of 9 (55% yield). 1H NMR

(400 MHz, DMSO-d6, δ): 3.37 (s, 3H), 7.62 (m, 2H), 7.68
(m, 1H), 7.75 (m, 2H). 13C NMR (100 MHz, DMSO-d6, δ):
29.5 (1C), 123.3 (1C), 128.4 (2C), 129.2 (2C), 132.0 (1C),
159.1 (1C), 159.4 (1C). MS (ESI) m/z: 177.0 [M + H]+.

Synthesis of N′-Hydroxy-N-methylbenzenecarboximida-
mide (10). Compound 9 (115 mg, 0.65 mmol) was dissolved
in 1 M NaOH (aq)/DMF (1/1, 10 mL). The reaction mixture
was stirred at 95 °C for 14 h. After neutralization with 1 M
HCl (aq) in an ice bath, the mixture was extracted with ethyl
acetate (30 mL × 2). The organic phases were combined,
dried over MgSO4, and filtered. After evaporation of the
filtrate, the residue was purified by silica gel chromatography
(chloroform/methanol = 9/1) to give 76 mg of 10 (78%
yield). 1H NMR (400 MHz, DMSO-d6, δ): 3.34 (s, 3H), 5.76
(d, J = 5.2 Hz, 2H), 7.40 (s, 5H), 9.59 (s, 1H). 13C NMR (100
MHz, DMSO-d6, δ): 30.4 (1C), 128.2 (2C), 128.8 (2C), 132.6
(1C), 155.4 (1C). MS (ESI) m/z: 151.1 [M + H]+.

Radiolabeling. Na99mTcO4 solution (100 μL) and tin(II)
tartrate hydrate solution (3.0 mM in water, 30 μL) were added
to a solution of 1, 3, 6, 7, or 10 (1 mg) in acetic acid/EtOH
(1/4, 100 μL). After a 10 min incubation at room temperature,
the mixture was purified by reversed-phase HPLC (RP-HPLC)
on a Cosmosil C18 column using a mobile phase (10 mM
phosphate buffer (pH 7.4)/acetonitrile = 9/1 (0 min) to 1/1
(30 min) ([99mTc]SAB2) or 4/1 (0 min) to 3/2 (30 min)
([99mTc]URB2, [99mTc]BHam, [99mTc]MURB2, and [99mTc]-
MBHam)) at a flow rate of 1.0 mL/min. After the HPLC
purification, the elusion buffer containing the 99mTc-labeled
compound was subject to a stream of argon gas to remove
acetonitrile. Subsequently, the 99mTc-labeled compound was
extracted with ethyl acetate, and the extract was concentrated
through a stream of argon gas. The residue was used after
being resolved with a solvent for each experiment.

Cell Culture. HT-29 human colorectal carcinoma cells and
RCC4-VA renal cell carcinoma cells, which are VHL-deficient,
were used as CA-IX high-expressing cells, and MDA-MB-231
human breast adenocarcinoma cells and RCC4 plus VHL
(RCC4-VHL) renal cell carcinoma (cell line RCC4 stably
transfected with pcDNA3-VHL) cells were used as CA-IX low-
expressing cells. HT-29 and MDA-MB-231 cells were
purchased from Sumitomo Dainippon Pharma (Osaka,
Japan). RCC4-VA and RCC4-VHL cells were purchased
from DS Pharma Biomedical (Osaka, Japan). All cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(4000 mg/L of glucose; Nacalai Tesque), including 10% fetal
bovine serum and a 100 U/mL concentration of penicillin and
streptomycin at 37 °C in an atmosphere containing 5% CO2.

Cell Binding Assay. Cells (HT-29, MDA-MB-231, RCC4-
VHL, and RCC4-VA) were incubated in 12-well plates (4 ×
105 cells/well) at 37 °C in 95% air/5% CO2 for 24 h. After
removing the medium, the 99mTc-labeled compound (37 kBq)
in DMEM (1 mL) was added to each well, and the plates were
incubated at 37 °C in 95% air/5% CO2 for 2 h. Nonspecific
binding of [99mTc]MURB2, [99mTc]MBHam, and [99mTc]-
URB2 was evaluated in the presence of acetazolamide (2.0
μM) using HT-29 and MDA-MB-231 cells. The half-maximal
inhibitory concentration (IC50) was calculated by the addition
of acetazolamide with increasing concentrations (2000, 400,
80, 16, 3.2, 0.64, 0.128, 0.0256, and 0.00512 nM) using HT-29
cells. After incubation, the wells were washed with 1 mL of
phosphate-buffered saline (pH 7.4) (Thermo Fisher Scientific,
Massachusetts, U.S.A.), and the cells were lysed with 1 M
NaOH (aq) (0.2 mL × 2). Radioactivity in the cell solution
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was measured with a γ counter (Wallac 2470 Wizard;
PerkinElmer, Massachusetts, U.S.A.). The protein concen-
tration in the cell solution was determined using a
bicinchoninic acid protein assay kit (Thermo Fisher Scientific).
Stability in Murine Plasma Assay. The experiments with

animals were conducted according to our institutional
guidelines and approved by Kyoto University Animal Care
Committee. ddY mice (male, 5 weeks old) were purchased
from Japan SLC, Inc. (Shizuoka, Japan). After collection of
plasma (200 μL) from ddY mice, [99mTc]MURB2 or
[99mTc]URB2 (740 kBq) was added, and the solution was
incubated at 37 °C for 1, 4, and 7 h. After the addition of
acetonitrile (200 μL), they were centrifuged (4000g, 5 min).
Subsequently, the supernatant was analyzed by RP-HPLC. The
analytical method of RP-HPLC was the same as that written in
the Radiolabeling section.
Biodistribution Assay. Nude mice (BALB/c nu/nu; male,

5 weeks old) were purchased from Japan SLC, Inc. HT-29 or
MDA-MB-231 cells (1 × 107) were injected subcutaneously
into the left flank of mice. After 4 weeks, [99mTc]URB2A or
[99mTc]MURB2 (480 kBq, 150 μL in saline supplemented with
0.1% Tween 80) was intravenously injected, and the mice were
sacrificed at 1, 3, 6, or 24 h post-injection (p.i.) (n = 5 per
time-point). In the blocking experiment, acetazolamide (10
mg/kg mouse) was added to the injection. After collection of
the blood, organs of interest (spleen, pancreas, stomach,
intestines, kidneys, liver, heart, lungs, brain, muscle, and
tumor) were removed and weighed. The radioactivity in each
sample was measured with a γ counter (PerkinElmer).
Moreover, the thyroid of MDA-MB-231 tumor-bearing mice
was collected at 24 h p.i., and radioactivity was measured. The
results are expressed as a percentage of the injected dose per
gram (% ID/g) for selected organs, except the stomach and
thyroid, whose results are expressed as a percentage of the
injected dose.
Statistical Analysis. The significance of differences was

assessed by a Student’s t-test. Differences at the 95%
confidence level (P < 0.05) were regarded as significant.

■ RESULTS AND DISCUSSION

Chemistry. Synthesis of the Ham and MHam compounds
is shown in Scheme 1. The UR derivative 2 was synthesized by
reacting 4-aminobenzonitrile and 4-aminobenzene-1-sulfona-
mide with 1,1-carbonyldiimidazole. The reaction of 4-
cyanobenzene-1-sulfonamide, 2, or benzonitrile with hydroxyl-
amine gave Ham compounds according to a previously
reported method,30 which afforded 1, 3, and 7 in yields of
34, 84, and 16%, respectively. The precursors for [99mTc]-
MURB2 (6) and [99mTc]MBHam (10) were prepared in three
steps from the precursors for [99mTc]URB2 (3) and [99mTc]-
BHam (7), respectively. The reaction of 3 or 7 with 1,1-
carbonyldiimidazole provided compound 4 or 8 in DMSO.
Methylation of compounds 4 and 8 with iodomethane
provided compounds 5 and 9, which were decyclized by
heating in alkaline solution to compounds 6 and 10,
respectively (Scheme 1).

Radiolabeling. 99mTc labeling was performed using 99mTc
pertechnetate, the Ham or MHam precursor, and tin(II)
tartrate hydrate (Scheme 2). [99mTc]SAB2, [99mTc]URB2, and
[99mTc]BHam were synthesized from the precursors 1, 3, and
7, respectively. The RP-HPLC analysis of the reaction mixture
indicated that two kinds of 99mTc-labeled compounds were
generated as reported in previous reports on [99mTc]Ham
complexes, suggesting that two specific isomers of them were
given by the 99mTc labeling reaction using Ham (Figure
1A).30,35 Hereinafter, the isomers observed at shorter retention
times on RP-HPLC are referred to as the A-form ([99mTc]-
SAB2A, [99mTc]URB2A, and [99mTc]BHamA), and the others
as the B-form ([99mTc]SAB2B, [99mTc]URB2B, and [99mTc]-
BHamB). The 99mTc labeling reaction with 6 and 10 provided
a single radioactive peak at a retention time of 12.2
([99mTc]MURB2) and 13.5 min ([99mTc]MBHam) on RP-
HPLC, respectively (Figure 1B). In contrast, the reaction with
3 or 7 rendered two peaks at retention times of 9.7 and 12.7
min ([99mTc]URB2) or 7.5 and 15.5 min ([99mTc]BHam)
(Figure 1A). This suggests that introduction of the methyl
group into Ham would be useful to obtain a single
[99mTc]MHam complex.35 All 99mTc-labeled compounds
were obtained in a 14−61% radiochemical yield and over

Scheme 1. Synthetic Route for Ham and MHam Compounds
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95% radiochemical purity without contamination by the
precursors, which were observed at 0−5 min of the retention
times on RP-HPLC (Table S1).

Cell Binding Assay. We previously evaluated in vitro
expression of CA-IX in HT-29, MDA-MB-231, RCC4-VHL,
and RCC4-VA cells by Western blotting. A high CA-IX
expression was observed in HT-29 and RCC4-VA, and almost
no expression was present in the others.26 Between the A-form
and B-form of all [99mTc]Ham complexes, cellular uptakes
were not markedly different. The uptake of each [99mTc]Ham
complex with a bivalent CA-IX ligand ([99mTc]SAB2A,
[99mTc]SAB2B, [99mTc]URB2A, and [99mTc]URB2B) into
HT-29 cells was significantly greater than that into MDA-
MB-231 cells. Moreover, the uptake into RCC4-VA cells was
also significantly greater than that into RCC4-VHL cells,
indicating marked selectivity for the CA-IX high-expressing
cells (Figure 2). However, [99mTc]BHamA and [99mTc]-

BHamB, [99mTc]Ham complexes with no CA-IX ligand, also
bound to HT-29 cells. In contrast, both complexes showed
almost no binding to RCC4-VA cells, suggesting that uptakes
of [99mTc]BHamA and [99mTc]BHamB into HT-29 cells would
not be due to CA-IX. The uptakes of [99mTc]URB2A and
[99mTc]URB2B were greater than those of [99mTc]SAB2A and
[99mTc]SAB2B. These results corresponded with a report that
UR showed a much greater affinity for CA isozymes as
compared with nonsubstituted SA.33

After the most effective compound ([99mTc]URB2) was
identified, we evaluated the CA-IX-specific binding affinity of
[99mTc]MURB2 and [99mTc]MBHam (a negative control of
[99mTc]MURB2) (Figure 3). The uptake of [99mTc]MURB2
into HT-29 cells was significantly reduced by the addition of
acetazolamide, indicating that [99mTc]MURB2 CA-specifically
bound to HT-29 cells. On the other hand, [99mTc]MBHam
also bound to HT-29 cells; however, this uptake was not
reduced by the addition of acetazolamide, suggesting that the
uptake of [99mTc]MBHam into HT-29 cells is not CA-IX-
specific, as with [99mTc]BHamA and [99mTc]BHamB. The
uptakes of [99mTc]URB2A and [99mTc]URB2B were also
reduced by the addition of acetazolamide, supporting the CA-
IX-specific binding.
In the acetazolamide inhibition assay, IC50 values of

acetazolamide in the presence of [99mTc]MURB2, [99mTc]-
URB2A, and [99mTc]URB2B were not significantly different
(22.7, 38.2, and 33.5 nM, respectively), suggesting that N-
methylation of Ham would not affect the CA-IX binding
affinity (Table 1 and Figure 4).
For application to further studies, we selected two effective

compounds, [99mTc]URB2A and [99mTc]MURB2, which

Scheme 2. 99mTc Labeling Route and Structure of
[99mTc]Ham and [99mTc]MHam Complexes

Figure 1. Radiochromatograms of [99mTc]Ham (A) and [99mTc]-
MHam (B) complexes.

Figure 2. In vitro uptake of [99mTc]Ham complexes into cells. Values
are expressed as the mean ± standard error of six independent
experiments. *P < 0.05, and †P < 0.005 (Student’s t-test).
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showed higher CA-IX-specificity, determined by the ratio of
uptake without acetazolamide to that with 2.0 μM
acetazolamide into HT-29 cells (4.4, 3.9, and 1.9 for
[99mTc]MURB2, [99mTc]URB2A, and [99mTc]URB2B, respec-
tively).
Stability in Murine Plasma Assay. The stability of

[99mTc]URB2 and [99mTc]MURB2 in murine plasma was
examined after incubation at 37 °C for 1, 4, and 7 h. The
recovery rates of radioactivity in the supernatant after
centrifugation were 86.9 and 83.7% for [99mTc]URB2 and
[99mTc]MURB2, respectively (n = 3). In other words, the
protein-bound rates of [99mTc]URB2 and [99mTc]MURB2

were 13.1 and 16.3%, respectively (n = 3). Both compounds
showed over 80% radiochemical purity until 7 h (Table 2).

Biodistribution. We previously confirmed that high and
low levels of CA-IX expression were present in HT-29 and
MDA-MB-231 tumor lysate from model mice, respectively.
Thus, HT-29 and MDA-MB-231 tumors were used as CA-IX
high-expressing and low-expressing tumors in vivo, respec-
tively.26 We examined the stability of [99mTc]URB2A and
[99mTc]MURB2 in saline supplemented with 0.1% Tween 80.
The HPLC analysis after incubation for 1 h at room
temperature showed no marked decomposition of [99mTc]-
URB2A or [99mTc]MURB2, indicating that they were stable in
the injectate. The uptake of [99mTc]URB2A and [99mTc]-
MURB2 in each organ was expressed as % ID/g (Figure 5, and

Tables S2 and S3). Tumor uptake of [99mTc]URB2A was 3.44,
3.13, 2.75, and 2.18% ID/g at 1, 3, 6, and 24 h p.i., respectively.
This uptake was markedly greater than that previously reported
using 99mTc-labeled CA-IX probes in HT-29 tumor-bearing
mice.36,37 The in vivo blocking studies were performed at the
latest time to minimize the possibility of nontargeted
accumulation of the 99mTc-labeled compound. Coinjection
with acetazolamide (10 mg/kg mouse) significantly reduced
the accumulation of [99mTc]URB2A in the HT-29 tumor at 24
h p.i. (1.62% ID/g), indicating CA-specificity of [99mTc]-

Figure 3. In vitro uptake of [99mTc]MURB2, [99mTc]MBHam,
[99mTc]URB2A, and [99mTc]URB2B into cells. Values are expressed
as the mean ± standard error of six independent experiments. *P <
0.005 (Student’s t-test).

Table 1. Half-Maximal Inhibitory Concentration (IC50, nM)
for the Binding of Acetazolamide to CA-IX Determined
Using [99mTc]Ham and [99mTc]MHam Complexes as
Ligands

compound IC50 of acetazolamide (nM)a

[99mTc]MURB2 22.7 ± 7.5
[99mTc]URB2A 38.2 ± 10.5
[99mTc]URB2B 33.5 ± 6.8

aValues are expressed as the mean ± standard error of six
independent experiments.

Figure 4. Inhibition curves of [99mTc]MURB2, [99mTc]URB2A, and
[99mTc]URB2B from the inhibition assay for binding acetazolamide to
CA-IX. Values are expressed as the mean ± standard error of six
independent experiments.

Table 2. In Vitro Stability of [99mTc]MURB2 and
[99mTc]URB2 in Murine Plasmaa

radiochemical purity (%) at given incubation times

compound 1 h 4 h 7 h

[99mTc]MURB2 93.9 ± 1.4 90.2 ± 2.3 86.9 ± 4.1
[99mTc]URB2 90.7 ± 2.3 83.5 ± 2.3 80.0 ± 3.1

aValues are expressed as the mean ± standard error of six
independent experiments.

Figure 5. Radioactivity of extracted organs after intravenous injection
of [99mTc]URB2A (A) and [99mTc]MURB2 (B) in the HT-29 tumor-
bearing mice. Values are expressed as the mean ± standard deviation
of five mice. *Coinjection of acetazolamide (10 mg/kg mouse).
†Values are expressed as % injected dose. §P < 0.05, and ‡P < 0.001
(Student’s t-test).
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URB2A. Moreover, the accumulation of [99mTc]URB2A in the
HT-29 tumor (2.18% ID/g at 24 h p.i.) was significantly
greater than that in the MDA-MB-231 tumor (0.77% ID/g at
that time), suggesting marked in vivo selectivity for the CA-IX
high-expressing tumor (Figure 6). On the other hand, high

blood retention was observed at all times, and the tumor/
blood ratio was 0.4, 0.6, 0.7, and 1.0 at 1, 3, 6, and 24 h p.i.,
respectively. The low ratio should be improved because it
causes a high background signal on in vivo imaging. One
strategy to solve this problem is connecting two Ham by an
ethylene or propylene linker, which showed shorter blood
retention in a previous report.38 Meanwhile, [99mTc]URB2A
showed high kidney uptake, which was significantly blocked by
acetazolamide coinjection. It was reported, that other trans-
membrane CA isozymes (CA-IV and CA-XIV) are expressed
in the kidney;39 therefore, the kidney uptake of [99mTc]URB2A
might be caused by binding to these CA isozymes. A recent
report suggested that expression levels of CA-IV and CA-XIV
might be lower than that of CA-IX, and that blocking of
binding sites in the kidney and other normal organs with
nonradioactive CA ligands at suitable concentrations led to a
higher tumor/normal organ ratio.40 Moreover, the decrease in
kidney uptake of [99mTc]URB2A might be influenced by the
diuretic effect of acetazolamide.
Tumor uptake of [99mTc]MURB2 was 2.10, 1.87, 1.45, and

0.73% ID/g at 1, 3, 6, and 24 h p.i., respectively. In contrast to
[99mTc]URB2A, coinjection of acetazolamide did not signifi-
cantly reduce the accumulation of [99mTc]MURB2 in the HT-
29 tumor at 24 h p.i. (0.57% ID/g). Because the in vitro CA-
IX-selective binding affinity of [99mTc]MURB2 was confirmed
by a cell binding assay, this nonsignificance is caused by a
change in pharmacokinetics through the N-methyl-substitution
of Ham. The accumulation of radioactivity was decreased in
not only the tumor but also the normal organs, suggesting that
radioactivity circulation was insufficient to specifically accu-
mulate in the tumor at 24 h p.i. On the other hand, the in vivo
selectivity of [99mTc]MURB2 for the HT-29 tumor as
compared with the MDA-MB-231 tumor was demonstrated
at 24 h p.i. (0.73 and 0.43% ID/g for HT-29 and MDA-MB-
231 tumors, respectively) (Figure 6). Interestingly, the slight
structural difference of Ham markedly reduced the kidney
uptake at 1 and 3 h p.i., and alternatively increased the stomach
uptake at 1 h p.i. Although it is well-known that 99mTcO4

−

predominantly accumulates in the stomach, the high radio-

activity in the stomach would not be caused by the
accumulation of 99mTcO4

− following collapse of the 99mTc
complex, because high in vitro stability in murine plasma was
confirmed. In addition, no marked accumulation of [99mTc]-
URB2A or [99mTc]MURB2 in the thyroid at 24 h p.i. was
observed (<0.1% injected dose for all evaluated mice),
suggesting their limited decomposition to pertechnetate.
Moreover, in our previous study, a [99mTc]MHam complex
showed marked accumulation in the stomach as compared
with the corresponding [99mTc]Ham complex (unpublished
data), suggesting that [99mTc]MHam complexes may generally
accumulate in the stomach by an active system, although the
details are unclear. On the other hand, radioactivity retention
in the blood was not significantly changed by N-methyl-
substitution of Ham, and the tumor/blood ratio was 0.3, 0.4,
0.5, and 1.0 at 1, 3, 6, and 24 h p.i., respectively. These results
suggest that [99mTc]URB2A is more effective for in vivo CA-IX
imaging than [99mTc]MURB2.

■ CONCLUSION
We designed and synthesized [99mTc]Ham and [99mTc]MHam
complexes with bivalent SA and UR and evaluated their
binding to CA-IX-expressing cells. An in vitro cellular binding
assay showed that bivalent [99mTc]Ham and [99mTc]MHam
complexes exhibited specific binding affinity for CA-IX. After
that, we evaluated the biodistribution of [99mTc]URB2A, which
showed the highest cellular binding affinity, and moderate
tumor uptake of [99mTc]URB2A was observed and reduced by
coinjection with the CA inhibitor, acetazolamide. These
studies provided key information for the design of novel
Ham-based imaging probes targeting CA-IX.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.molpharma-
ceut.8b01120.

Tables of radiochemical yield and radiochemical purity
of [99mTc]Ham and [99mTc]MHam complexes, and data
on the biodistribution of [99mTc]URB2A and [99mTc]-
MURB2 in HT-29 tumor-bearing mice (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*Phone: +81-75-753-4556; Fax: +81-75-753-4568; E-mail:
ono@pharm.kyoto-u.ac.jp.

ORCID
Hideo Saji: 0000-0002-3077-9321
Masahiro Ono: 0000-0002-2497-039X
Author Contributions
†S.I. and K.T. contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The study was partially supported by a Grant-in-Aid for
Scientific Research (B) (Grant 26293274) and a Japan Society
for the Promotion of Science (JSPS) Research Fellowship for
Young Scientists (16J05493).

Figure 6. Radioactivity of extracted tumors at 24 h p.i. of
[99mTc]URB2A or [99mTc]MURB2 in the HT-29 or MDA-MB-231
tumor-bearing mice. Values are expressed as the mean ± standard
deviation of five mice. *P < 0.01 (Student’s t-test).

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.8b01120
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

G

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.molpharmaceut.8b01120
http://pubs.acs.org/doi/abs/10.1021/acs.molpharmaceut.8b01120
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b01120/suppl_file/mp8b01120_si_001.pdf
mailto:ono@pharm.kyoto-u.ac.jp
http://orcid.org/0000-0002-3077-9321
http://orcid.org/0000-0002-2497-039X
http://dx.doi.org/10.1021/acs.molpharmaceut.8b01120


■ REFERENCES
(1) Brahimi-Horn, M. C.; Pouyssegur, J. Oxygen, a source of life and
stress. FEBS Lett. 2007, 581 (19), 3582−91.
(2) Harris, A. L. Hypoxia-a key regulatory factor in tumour growth.
Nat. Rev. Cancer 2002, 2 (1), 38−47.
(3) Hon, W. C.; Wilson, M. I.; Harlos, K.; Claridge, T. D.; Schofield,
C. J.; Pugh, C. W.; Maxwell, P. H.; Ratcliffe, P. J.; Stuart, D. I.; Jones,
E. Y. Structural basis for the recognition of hydroxyproline in HIF-1α
by pVHL. Nature 2002, 417 (6892), 975−8.
(4) Jaakkola, P.; Mole, D. R.; Tian, Y. M.; Wilson, M. I.; Gielbert, J.;
Gaskell, S. J.; von Kriegsheim, A.; Hebestreit, H. F.; Mukherji, M.;
Schofield, C. J.; Maxwell, P. H.; Pugh, C. W.; Ratcliffe, P. J. Targeting
of HIF-α to the von Hippel-Lindau ubiquitylation complex by O2-
regulated prolyl hydroxylation. Science 2001, 292 (5516), 468−72.
(5) Maxwell, P. H.; Wiesener, M. S.; Chang, G. W.; Clifford, S. C.;
Vaux, E. C.; Cockman, M. E.; Wykoff, C. C.; Pugh, C. W.; Maher, E.
R.; Ratcliffe, P. J. The tumour suppressor protein VHL targets
hypoxia-inducible factors for oxygen-dependent proteolysis. Nature
1999, 399 (6733), 271−5.
(6) McDonald, P. C.; Dedhar, S. Carbonic anhydrase IX (CAIX) as
a mediator of hypoxia-induced stress response in cancer cells. Subcell.
Biochem. 2014, 75, 255−69.
(7) Semenza, G. L. Hypoxia and cancer. Cancer Metastasis Rev. 2007,
26 (2), 223−4.
(8) Supuran, C. T. Carbonic anhydrases: novel therapeutic
applications for inhibitors and activators. Nat. Rev. Drug Discovery
2008, 7 (2), 168−81.
(9) Thiry, A.; Dogne, J. M.; Masereel, B.; Supuran, C. T. Targeting
tumor-associated carbonic anhydrase IX in cancer therapy. Trends
Pharmacol. Sci. 2006, 27 (11), 566−73.
(10) Wilson, W. R.; Hay, M. P. Targeting hypoxia in cancer therapy.
Nat. Rev. Cancer 2011, 11 (6), 393−410.
(11) Ratcliffe, P. J.; Pugh, C. W.; Maxwell, P. H. Targeting tumors
through the HIF system. Nat. Med. 2000, 6 (12), 1315−6.
(12) Stillebroer, A. B.; Mulders, P. F.; Boerman, O. C.; Oyen, W. J.;
Oosterwijk, E. Carbonic anhydrase IX in renal cell carcinoma:
implications for prognosis, diagnosis, and therapy. Eur. Urol. 2010, 58
(1), 75−83.
(13) Dorai, T.; Sawczuk, I.; Pastorek, J.; Wiernik, P. H.; Dutcher, J.
P. Role of carbonic anhydrases in the progression of renal cell
carcinoma subtypes: proposal of a unified hypothesis. Cancer Invest.
2006, 24 (8), 754−79.
(14) Hussain, S. A.; Ganesan, R.; Reynolds, G.; Gross, L.; Stevens,
A.; Pastorek, J.; Murray, P. G.; Perunovic, B.; Anwar, M. S.;
Billingham, L.; James, N. D.; Spooner, D.; Poole, C. J.; Rea, D. W.;
Palmer, D. H. Hypoxia-regulated carbonic anhydrase IX expression is
associated with poor survival in patients with invasive breast cancer.
Br. J. Cancer 2007, 96 (1), 104−9.
(15) Hutchison, G. J.; Valentine, H. R.; Loncaster, J. A.; Davidson, S.
E.; Hunter, R. D.; Roberts, S. A.; Harris, A. L.; Stratford, I. J.; Price, P.
M.; West, C. M. Hypoxia-inducible factor 1α expression as an intrinsic
marker of hypoxia: correlation with tumor oxygen, Pimonidazole
measurements, and outcome in locally advanced carcinoma of the
cervix. Clin. Cancer Res. 2004, 10 (24), 8405−12.
(16) Koukourakis, M. I.; Giatromanolaki, A.; Sivridis, E.; Pastorek,
J.; Karapantzos, I.; Gatter, K. C.; Harris, A. L. Hypoxia-activated
tumor pathways of angiogenesis and pH regulation independent of
anemia in head-and-neck cancer. Int. J. Radiat. Oncol., Biol., Phys.
2004, 59 (1), 67−71.
(17) Ord, J. J.; Agrawal, S.; Thamboo, T. P.; Roberts, I.; Campo, L.;
Turley, H.; Han, C.; Fawcett, D. W.; Kulkarni, R. P.; Cranston, D.;
Harris, A. L. An investigation into the prognostic significance of
necrosis and hypoxia in high grade and invasive bladder cancer. J.
Urol. 2007, 178 (2), 677−82.
(18) Swietach, P.; Vaughan-Jones, R. D.; Harris, A. L. Regulation of
tumor pH and the role of carbonic anhydrase 9. Cancer Metastasis Rev.
2007, 26 (2), 299−310.
(19) Swinson, D. E.; Jones, J. L.; Richardson, D.; Wykoff, C.; Turley,
H.; Pastorek, J.; Taub, N.; Harris, A. L.; O’Byrne, K. J. Carbonic

anhydrase IX expression, a novel surrogate marker of tumor hypoxia,
is associated with a poor prognosis in non-small-cell lung cancer. J.
Clin. Oncol. 2003, 21 (3), 473−82.
(20) Pastorek, J.; Pastorekova, S. Hypoxia-induced carbonic
anhydrase IX as a target for cancer therapy: from biology to clinical
use. Semin. Cancer Biol. 2015, 31, 52−64.
(21) Divgi, C. R.; Pandit-Taskar, N.; Jungbluth, A. A.; Reuter, V. E.;
Gonen, M.; Ruan, S.; Pierre, C.; Nagel, A.; Pryma, D. A.; Humm, J.;
Larson, S. M.; Old, L. J.; Russo, P. Preoperative characterisation of
clear-cell renal carcinoma using iodine-124-labelled antibody chimeric
G250 (124I-cG250) and PET in patients with renal masses: a phase I
trial. Lancet Oncol. 2007, 8 (4), 304−10.
(22) Divgi, C. R.; Uzzo, R. G.; Gatsonis, C.; Bartz, R.; Treutner, S.;
Yu, J. Q.; Chen, D.; Carrasquillo, J. A.; Larson, S.; Bevan, P.; Russo, P.
Positron emission tomography/computed tomography identification
of clear cell renal cell carcinoma: results from the REDECT trial. J.
Clin. Oncol. 2013, 31 (2), 187−94.
(23) Lau, J.; Liu, Z.; Lin, K. S.; Pan, J.; Zhang, Z.; Vullo, D.;
Supuran, C. T.; Perrin, D. M.; Benard, F. Trimeric radiofluorinated
sulfonamide derivatives to achieve in vivo selectivity for carbonic
anhydrase IX-targeted PET imaging. J. Nucl. Med. 2015, 56 (9),
1434−40.
(24) Lau, J.; Zhang, Z.; Jenni, S.; Kuo, H. T.; Liu, Z.; Vullo, D.;
Supuran, C. T.; Lin, K. S.; Benard, F. PET imaging of carbonic
anhydrase IX expression of HT-29 tumor xenograft mice with 68Ga-
labeled benzenesulfonamides. Mol. Pharmaceutics 2016, 13 (3),
1137−46.
(25) Zhang, Z.; Lau, J.; Zhang, C.; Colpo, N.; Nocentini, A.;
Supuran, C. T.; Benard, F.; Lin, K. S. Design, synthesis and evaluation
of 18F-labeled cationic carbonic anhydrase IX inhibitors for PET
imaging. J. Enzyme Inhib. Med. Chem. 2017, 32 (1), 722−30.
(26) Iikuni, S.; Ono, M.; Watanabe, H.; Shimizu, Y.; Sano, K.; Saji,
H. Cancer radiotheranostics targeting carbonic anhydrase-IX with
111In- and 90Y-labeled ureidosulfonamide scaffold for SPECT imaging
and radionuclide-based therapy. Theranostics 2018, 8 (11), 2992−
3006.
(27) Banerjee, S. R.; Maresca, K. P.; Francesconi, L.; Valliant, J.;
Babich, J. W.; Zubieta, J. New directions in the coordination
chemistry of 99mTc: a reflection on technetium core structures and a
strategy for new chelate design. Nucl. Med. Biol. 2005, 32 (1), 1−20.
(28) Iikuni, S.; Ono, M.; Watanabe, H.; Matsumura, K.; Yoshimura,
M.; Kimura, H.; Ishibashi-Ueda, H.; Okamoto, Y.; Ihara, M.; Saji, H.
Imaging of cerebral amyloid angiopathy with bivalent 99mTc-
hydroxamamide complexes. Sci. Rep. 2016, 6, 25990.
(29) Nakayama, M.; Saigo, H.; Koda, A.; Ozeki, K.; Harada, K.;
Sugii, A.; Tomiguchi, S.; Kojima, A.; Hara, M.; Nakashima, R.;
Ohyama, Y.; Takahashi, M.; Takata, J.; Karube, Y. Hydroxamamide as
a chelating moiety for the preparation of 99mTc radiopharmaceuticals-
II. The 99mTc complexes of hydroxamamide derivatives. Appl. Radiat.
Isot. 1994, 45 (6), 735−40.
(30) Nakayama, M.; Xu, L. C.; Koga, Y.; Harada, K.; Sugii, A.;
Nakayama, H.; Tomiguchi, S.; Kojima, A.; Ohyama, Y.; Takahashi,
M.; Okabayashi, I. Hydroxamamide as a chelating moiety for the
preparation of 99mTc-radiopharmaceuticals III. Characterization of
various 99mTc-hydroxamamides. Appl. Radiat. Isot. 1997, 48 (5), 571−
7.
(31) Johansson, S. M.; Arnberg, N.; Elofsson, M.; Wadell, G.;
Kihlberg, J. Multivalent HSA conjugates of 3′-sialyllactose are potent
inhibitors of adenoviral cell attachment and infection. ChemBioChem
2005, 6 (2), 358−64.
(32) Liu, S. Radiolabeled cyclic RGD peptides as integrin αvβ3-
targeted radiotracers: maximizing binding affinity via bivalency.
Bioconjugate Chem. 2009, 20 (12), 2199−213.
(33) Pacchiano, F.; Carta, F.; McDonald, P. C.; Lou, Y.; Vullo, D.;
Scozzafava, A.; Dedhar, S.; Supuran, C. T. Ureido-substituted
benzenesulfonamides potently inhibit carbonic anhydrase IX and
show antimetastatic activity in a model of breast cancer metastasis. J.
Med. Chem. 2011, 54 (6), 1896−902.

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.8b01120
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

H

http://dx.doi.org/10.1021/acs.molpharmaceut.8b01120


(34) Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J.
Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug
Delivery Rev. 2001, 46 (1−3), 3−26.
(35) Thipyapong, K.; Uehara, T.; Tooyama, Y.; Braband, H.;
Alberto, R.; Arano, Y. Insight into technetium amidoxime complex:
oxo technetium(V) complex of N-substituted benzamidoxime as new
basic structure for molecular imaging. Inorg. Chem. 2011, 50 (3),
992−8.
(36) Akurathi, V.; Dubois, L.; Lieuwes, N. G.; Chitneni, S. K.;
Cleynhens, B. J.; Vullo, D.; Supuran, C. T.; Verbruggen, A. M.;
Lambin, P.; Bormans, G. M. Synthesis and biological evaluation of a
99mTc-labelled sulfonamide conjugate for in vivo visualization of
carbonic anhydrase IX expression in tumor hypoxia. Nucl. Med. Biol.
2010, 37 (5), 557−64.
(37) Nakai, M.; Pan, J.; Lin, K. S.; Thompson, J. R.; Nocentini, A.;
Supuran, C. T.; Nakabayashi, Y.; Storr, T. Evaluation of 99mTc-
sulfonamide and sulfocoumarin derivatives for imaging carbonic
anhydrase IX expression. J. Inorg. Biochem. 2018, 185, 63−70.
(38) Xu, L. C.; Nakayama, M.; Harada, K.; Nakayama, H.;
Tomiguchi, S.; Kojima, A.; Takahashi, M.; Arano, Y. Synthesis and
evaluation of hydroxamamide-based tetradentate ligands as a new
class of thiol-free chelating molecules for 99mTc radiopharmaceuticals.
Nucl. Med. Biol. 1998, 25 (3), 295−303.
(39) Oosterwijk, E. Carbonic anhydrase expression in kidney and
renal cancer: implications for diagnosis and treatment. Subcell.
Biochem. 2014, 75, 181−98.
(40) Krall, N.; Pretto, F.; Mattarella, M.; Muller, C.; Neri, D. A

99mTc-labeled ligand of carbonic anhydrase IX selectively targets renal
cell carcinoma in vivo. J. Nucl. Med. 2016, 57 (6), 943−9.

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.8b01120
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

I

http://dx.doi.org/10.1021/acs.molpharmaceut.8b01120

