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ABSTRACT: The expression of carbonic anhydrase-IX (CA-IX)
in tumors can lead to a poor prognosis; thus, CA-IX has attracted
much attention as a target molecule for cancer diagnosis and
treatment. An 111In-labeled imidazothiadiazole sulfonamide (IS)
derivative, [111In]In-DO3A-IS1, exhibited marked tumor accumu-
lation but also marked renal accumulation, raising concerns about
it producing a low signal/background ratio and a high radiation
burden on the kidneys. In this study, four 111In-labeled IS
derivatives, IS-[111In]In-DO2A-ALB1−4, which contained four
different kinds of albumin binder (ALB) moieties, were designed
and synthesized with the aim of improving the pharmacokinetics of
[111In]In-DO3A-IS1. Their utility for imaging tumors that strongly
express CA-IX was evaluated in mice. An in vitro binding assay of cells that strongly expressed CA-IX (HT-29 cells) was performed
using acetazolamide as a competitor against CA-IX, and IS-[111In]In-DO2A-ALB1−4 did not exhibit reduced binding to HT-29 cells
compared with [111In]In-DO3A-IS1. In contrast, IS-[111In]In-DO2A-ALB1−4 showed a greater ability to bind to human serum
albumin than [111In]In-DO3A-IS1 in vitro. In an in vivo biodistribution study, the introduction of an ALB moiety into the 111In-
labeled IS derivative markedly decreased renal accumulation and increased HT-29 tumor accumulation and blood retention. The
pharmacokinetics of the IS derivatives varied depending on the substituted group within the ALB moiety. Single-photon emission
computed tomography imaging with IS-[111In]In-DO2A-ALB1, which showed the highest tumor/kidney ratio in the biodistribution
study, facilitated clear HT-29 tumor imaging, and no strong signals were observed in the normal organs. These results indicate that
IS-[111In]In-DO2A-ALB1 may be an effective CA-IX imaging probe and that the introduction of ALB moieties may improve the
pharmacokinetics of CA-IX ligands.
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■ INTRODUCTION

In mammals, the α-family of carbonic anhydrase (CA) has
been reported to contain 16 members, which are closely
related zinc metalloenzymes.1 Each isozyme exhibits different
catalytic activity, subcellular localization, and tissue distribution
characteristics. CA-IX plays a key role in regulating intra- and
extracellular pH, as it catalyzes the reversible hydration of
carbon dioxide to a bicarbonate anion and proton and
promotes cancer cell survival.1−4 In addition, CA-IX
contributes to tumor invasion and metastasis.5 The expression
of CA-IX is markedly increased in many types of tumors
through hypoxia-inducible factor-1.1 CA-IX expression is
upregulated not only by hypoxia but also by a deficit of the
von Hippel Lindau tumor suppressor protein, which is
generally found in patients with clear cell renal cell
carcinoma.6−10 On the other hand, CA-IX is not expressed
in normal tissues except in the gastrointestinal tract.11 In
addition, CA-IX is located at the cell surface; therefore, it is
considered to be a promising endogenous target for the
diagnostic imaging of cancer.

To date, many CA-IX imaging probes based on antibodies
or small-molecule CA-IX inhibitors have been reported.12−15

We previously reported an 111In-labeled CA-IX imaging probe,
[111In]In-DO3A-IS1, which was based on our original CA-IX
ligand, imidazothiadiazole sulfonamide (IS) (Figure 1).16

[111In]In-DO3A-IS1 demonstrated a greater uptake (8.71%
injected activity/g at 24 h postinjection) by tumors that
strongly expressed CA-IX (HT-29 tumors) than previously
reported probes,17−21 and HT-29 tumors were clearly
visualized in model mice that had been injected with the
probe on single-photon emission computed tomography
(SPECT). However, [111In]In-DO3A-IS1 exhibited marked
renal accumulation (65.1−115% injected activity/g at 1−24 h
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postinjection). Most CA-IX imaging probes show marked renal
accumulation,14 raising concerns that strong background
signals may occur during tumor imaging.
One strategy to improve the pharmacokinetics of small-

molecule radioligands is to introduce a small-molecule albumin
binder (ALB).22 ALB moieties, such as 4-(4-iodophenyl)-
butyric acid, have a micromolar affinity for albumin and exhibit
reversible binding to albumin in the blood.23,24 Therefore, the
introduction of an ALB moiety may enhance the tumor
accumulation and retention and reduce the nontarget binding
of ALB-conjugated radioligands that use albumin as a
reversible carrier for drug delivery. In the present study, to
improve the pharmacokinetics of [111In]In-DO3A-IS1, we
designed and synthesized four IS derivatives, which contained
4-(4-substituted phenyl)-moieties as ALB moieties (IS-
[111In]In-DO2A-ALB1−4) (Figure 1), and evaluated their
utility for imaging tumors that strongly express CA-IX.

■ EXPERIMENTAL SECTION
General. All reagents were obtained commercially and used

without further purification unless otherwise indicated. [111In]-
InCl3 was obtained from Nihon Medi-Physics (Tokyo, Japan).
1H and 13C nuclear magnetic resonance (NMR) spectra were
recorded on 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). Electrospray
ionization (ESI) liquid chromatography−mass spectrometry
(LC−MS) was conducted with a Shimadzu LCMS-2020
(Shimadzu, Kyoto, Japan). High-resolution mass spectrometry
(HRMS) was conducted with an LC−MS-ion trap-time of
flight system (Shimadzu). Reversed-phase (RP) high-perform-
ance liquid chromatography (HPLC) was performed with a
Shimadzu system (an LC-20AT pump with an SPD-20A UV
detector, λ = 254 nm; Shimadzu).
Chemistry. Methyl N6-(4-(4-Iodophenyl)butanoyl)-L-lysi-

nate (1). First, 4-(4-iodophenyl)butyric acid (116 mg, 0.40
mmol), 1-ethyl-3-(dimethylaminopropyl)carbodiimide (EDC)
hydrochloride (153 mg, 0.80 mmol), 1-hydroxybenzotriazole

(HOAt) (109 mg, 0.80 mmol), and triethylamine (150 μL, 1.1
mmol) were added to a solution of Boc-Lys(OMe)-OH (118
mg, 0.40 mmol) in N,N-dimethylformamide (DMF) (20 mL).
The mixture was stirred at room temperature overnight. After
being lyophilized, trifluoroacetic acid (TFA) (2 mL) was
added to the residue. The mixture was stirred at room
temperature for 3 h. After the solution was concentrated, the
residue was purified by silica gel chromatography (CHCl3/
MeOH = 5:1) to give 172 mg of compound 1 (100%). 1H
NMR (400 MHz, CDCl3) δ: 7.57 (d, J = 8.4 Hz, 2H), 6.91 (d,
J = 8.0 Hz, 2H), 4.03 (s, 1H), 3.77 (s, 3H), 3.20 (s, 2H), 2.54
(t, J = 7.6 Hz, 2H), 2.18 (t, J = 7.4 Hz, 2H), 1.98 (s, 2H), 1.87
(t, J = 7.2 Hz, 2H), 1.50−1.40 (m, 4H). 13C NMR (100 MHz,
CDCl3) δ: 173.9, 170.0, 141.1, 137.2 (2C), 130.5 (2C), 90.9,
53.1, 52.8, 38.7, 35.4, 34.5, 29.6, 28.4, 27.0, 21.7. MS (ESI) m/
z calculated for C17H26IN2O3

+ [M + H]+: 433.1; found: 433.1.
Methyl N6-(4-(4-Tolyl)butanoyl)-L-lysinate (2). The same

reaction used to prepare compound 1 was employed, and 128
mg of compound 2 (100%) was obtained from 4-(4-
tolyl)butyric acid. 1H NMR (400 MHz, CDCl3) δ: 8.58 (s,
2H), 7.06 (d, J = 8.4 Hz, 2H), 7.02 (d, J = 8.4 Hz, 2H), 6.43
(s, 1H), 4.02 (t, J = 6.0 Hz, 1H), 3.73 (s, 3H), 3.17 (d, J = 5.2
Hz, 2H), 2.54 (t, J = 7.6 Hz, 2H), 2.29 (s, 3H), 2.17 (t, J = 7.4
Hz, 2H), 1.97 (d, J = 6.4 Hz, 2H), 1.90−1.82 (m, 2H), 1.48 (s,
broad, 4H). 13C NMR (100 MHz, CDCl3) δ: 174.0, 169.9,
138.3, 135.2, 128.9 (2C), 128.1 (2C), 53.0, 52.8, 38.6, 35.6,
34.6, 29.6, 28.4, 27.3, 21.8, 20.8. MS (ESI) m/z calculated for
C18H29N2O3

+ [M + H]+: 321.2; found: 321.2.
Methyl N6-(4-(4-Bromophenyl)butanoyl)-L-lysinate (3).

The same reaction used to prepare compound 1 was
employed, and 154 mg of compound 3 (100%) was obtained
from 4-(4-bromophenyl)butyric acid. 1H NMR (400 MHz,
CDCl3) δ: 8.58 (s, 1H), 7.36 (d, J = 8.0 Hz, 2H), 7.02 (d, J =
8.0 Hz, 2H), 6.58 (t, J = 5.6 Hz, 1H), 4.02 (t, J = 6.4 Hz, 1H),
3.74 (s, 3H), 3.17 (d, J = 5.6 Hz, 2H), 2.54 (t, J = 7.6 Hz, 2H),
2.16 (t, J = 7.6 Hz, 2H), 2.00 (s, 2H), 1.89−1.84 (m, 2H), 1.48
(s, broad, 4H). 13C NMR (100 MHz, CDCl3) δ: 173.9, 170.0,
140.5, 131.2 (2C), 130.1 (2C), 119.5, 53.0, 52.9, 38.7, 35.4,
34.4, 29.6, 28.4, 27.0, 21.7. MS (ESI) m/z calculated for
C17H26BrN2O3

+ [M + H]+: 385.1; found: 385.1.
Methyl N6-(4-Phenylbutanoyl)-L-lysinate (4). The same

reaction used to prepare compound 1 was employed, and 109
mg of compound 4 (89%) was obtained from 4-phenylbutyric
acid. 1H NMR (400 MHz, CDCl3) δ: 8.53 (s, 2H), 7.25−7.11
(m, 5H), 6.74 (t, J = 5.6 Hz, 1H), 4.00 (t, J = 6.4 Hz,1H), 3.69
(s, 3H), 3.14 (d, J = 5.6 Hz, 2H), 2.57 (t, J = 7.6 Hz, 2H), 2.15
(t, J = 7.6 Hz, 2H), 1.94 (s, 2H), 1.90−1.82 (m, 2H), 1.45 (s,
broad, 4H). 13C NMR (100 MHz, CDCl3) δ: 173.9, 170.0,
141.5, 128.3 (2C), 128.2 (2C), 125.8, 53.0, 52.8, 38.6, 35.6,
35.1, 29.6, 28.4, 27.2, 21.8. MS (ESI) m/z calculated for
C17H27N2O3

+ [M + H]+: 307.2; found: 307.2.
(S ) -2 ,2 ′ - (4- (2- ( (1-Carboxy-5- (4- (4- iodophenyl ) -

butanamido)pentyl)amino)-2-oxoethyl)-10-(2-oxo-2-((4-(2-
sulfamoylimidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)-
amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)-
diacetic Acid (IS-DO2A-ALB1) (5). First, 2,2′-(4,10-bis(2-(tert-
butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)-
diacetic acid and 6-(4-aminophenyl)imidazo[2,1-b][1,3,4]-
thiadiazole-2-sulfonamide were synthesized according to our
previous report.16 Then, 2,2′-(4,10-bis(2-(tert-butoxy)-2-ox-
oethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)diacetic acid
(103 mg, 0.20 mmol), EDC hydrochloride (38 mg, 0.20
mmol), HOAt (27 mg, 0.20 mmol), and triethylamine (27 μL,

Figure 1. Chemical structures of IS-[111In]In-DO2A-ALB1−4 and
[111In]In-DO3A-IS1. An albumin binder (ALB) was introduced into
an imidazothiadiazole sulfonamide (IS) derivative to improve its
pharmacokinetics.
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0.20 mmol) were added to a solution of compound 1 (86 mg,
0.20 mmol) in DMF (5 mL). The mixture was stirred at room
temperature for 24 h. Then, 6-(4-aminophenyl)imidazo[2,1-
b][1,3,4]thiadiazole-2-sulfonamide (59 mg, 0.20 mmol), EDC
hydrochloride (38 mg, 0.20 mmol), HOAt (27 mg, 0.20
mmol), and triethylamine (27 μL, 0.20 mmol) were added.
After being stirred at room temperature for 24 h, the solution
was lyophilized. HCl (6 N, 2 mL) was slowly added to the
resultant residue in an ice bath. After being stirred at room
temperature for 12 h, the solution was concentrated. The
residue was purified by RP-HPLC with a Cosmosil C18 column
(5C18-AR-II, 20 × 250 mm; Nacalai Tesque, Kyoto, Japan) at a
flow rate of 5.0 mL/min using H2O/MeCN/TFA [85:15:0.1
(0 min) to 55:45:0.1 (120 min)] as a solvent (the mobile
phase) to give 2.5 mg of compound 5 (1.2%). HRMS (ESI)
m/z calculated for C42H56IN11NaO11S2

+ [M + Na]+:
1104.2539; found: 1104.2458.
(S)-2,2′-(4-(2-((1-Carboxy-5-(4-(4-tolyl)butanamido)-

pen t y l ) am ino ) - 2 -oxoe thy l ) - 10 - ( 2 -oxo -2 - ( ( 4 - ( 2 -
sulfamoylimidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)-
amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)-
diacetic Acid (IS-DO2A-ALB2) (6). The same reaction used to
prepare compound 5 was employed, and 1.3 mg of compound
6 (0.6%) was obtained from compound 2. HRMS (ESI) m/z
calculated for C43H60N11O11S2

+ [M + H]+: 970.3910; found:
970.3911.
(S)-2,2′-(4-(2-((5-(4-(4-Bromophenyl)butanamido)-1-

carboxypentyl)amino)-2-oxoethyl)-10-(2-oxo-2-((4-(2-
sulfamoylimidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)-
amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)-
diacetic Acid (IS-DO2A-ALB3) (7). The same reaction used to
prepare compound 5 was employed, and 3.0 mg of compound
7 (1.5%) was obtained from compound 3. HRMS (ESI) m/z
calculated for C42H56BrN11NaO11S2

+ [M + Na]+: 1056.2678;
found: 1056.2665.
(S)-2,2′-(4-(2-((1-Carboxy-5-(4-phenylbutanamido)-

pen t y l ) am ino ) - 2 -oxoe thy l ) - 10 - ( 2 -oxo -2 - ( ( 4 - ( 2 -
sulfamoylimidazo[2,1-b][1,3,4]thiadiazol-6-yl)phenyl)-
amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)-
diacetic Acid (IS-DO2A-ALB4) (8). The same reaction used to
prepare compound 5 was employed, and 3.0 mg of compound
8 (1.7%) was obtained from compound 4. HRMS (ESI) m/z
calculated for C42H58N11O11S2

+ [M + H]+: 956.3753; found:
956.3760.
IS-[natIn]In-DO2A-ALB1 (9). InCl3 anhydrous (10 eq) was

added to a solution of compound 5 in 2-(N-morpholino)-
ethanesulfonic acid (MES) buffer (0.1 M, pH 5.5, 300 μL).
The mixture was stirred at 60 °C overnight. After being
concentrated, the mixture was purified by RP-HPLC with a
Cosmosil C18 column (5C18-AR-II, 20 × 250 mm; Nacalai
Tesque) at a flow rate of 5.0 mL/min using H2O/MeCN/TFA
[85:15:0.1 (0 min) to 55:45:0.1 (60 min)] as a solvent (the
mobile phase) to give compound 9. HRMS (ESI) m/z
calculated for C42H54I

115InN11O11S2
+ [M]+: 1194.1524; found:

1194.1541.
IS-[natIn]In-DO2A-ALB2 (10). The same reaction used to

prepare compound 9 was employed, and compound 10 was
obtained from compound 6. HRMS (ESI) m/z calculated for
C43H57

115InN11O11S2
+ [M]+: 1082.2714; found: 1082.2590.

IS-[natIn]In-DO2A-ALB3 (11). The same reaction used to
prepare compound 9 was employed, and compound 11 was
obtained from compound 7. HRMS (ESI) m/z calculated for
C42H54Br

115InN11O11S2
+ [M]+: 1146.1662; found: 1146.1675.

IS-[natIn]In-DO2A-ALB4 (12). The same reaction used to
prepare compound 9 was employed, and compound 12 was
obtained from compound 8. HRMS (ESI) m/z calculated for
C42H55

115InN11O11S2
+ [M]+: 1068.2557; found: 1068.2548.

Radiolabeling. An [111In]InCl3 (100 μL, 3.7 MBq)
solution was mixed with an acetate buffer (0.1 M, pH 4.6,
200 μL) and preincubated at room temperature for 10 min.
Ten microliters of the precursor (compound 5, 6, 7, or 8) in
dimethyl sulfoxide (1 mM) was added to this solution, and the
mixture was incubated at 90 °C for 30 min. After being cooled
to room temperature, the mixture was purified by RP-HPLC
on a Cosmosil C18 column (5C18-AR-II, 4.6 × 150 mm;
Nacalai Tesque) with H2O/MeCN/TFA used as a solvent (the
mobile phase) [85:15:0.1 (0 min) to 70:30:0.1 (60 min)] at a
flow rate of 1.0 mL/min.

Measurement of Partition Coefficients. The exper-
imental determination of partition coefficients was performed
in 1-octanol and phosphate-buffered saline (PBS) (pH 7.4). 1-
Octanol (3 mL) and PBS (3 mL) were pipetted into a 15 mL
test tube containing IS-[111In]In-DO2A-ALB1−4 (740 kBq).
The test tube was vortexed for 2 min and then centrifuged
(4000g, 5 min). Aliquots (0.5 mL) from the 1-octanol and PBS
phases were transferred into two test tubes for counting. The
amount of radioactivity in each tube was measured with a γ
counter (Wallac 2470 Wizard; PerkinElmer, Waltham, MA,
USA). The partition coefficient was calculated using the
following equation: log Pow = log[count1‑octanol/countPBS].

Animals. All animal experiments were performed in
accordance with our institutional guidelines and were approved
by the Kyoto University Animal Care Committee (ethics
approval number: 20-20). Male BALB/c-nu/nu nude mice and
male ddY mice were purchased from Japan SLC (Shizuoka,
Japan). The animals were housed in a sterile environment
under a 12 h light−dark cycle, were fed standard chow, and
had free access to water. All efforts were made to minimize
suffering.

Cell Culture. HT-29 and MDA-MB-231, which are human
colorectal cancer cell and human breast cancer cell lines,
respectively, were purchased from Sumitomo Dainippon
Pharma (Osaka, Japan). The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Nacalai
Tesque) supplemented with 10% heat-inactivated fetal bovine
serum (Thermo Fisher Scientific, Waltham, MA, USA), 100
U/mL penicillin, and 100 μg/mL streptomycin at 37 °C in an
atmosphere containing 5% CO2.

In Vitro Cell-Binding Assay. HT-29 and MDA-MB-231
cells were incubated in 12-well plates (4 × 105 cells/well) at 37
°C in an atmosphere containing 5% CO2 for 24 h. After
removing the medium, IS-[111In]In-DO2A-ALB1−4 or
[111In]In-DO3A-IS1 (37 kBq) in DMEM (1 mL) with or
without human serum albumin (HSA) (1 mg) was added to
each well, and the plates were incubated at 37 °C in an
atmosphere containing 5% CO2 for 2 h. The half-maximal
inhibitory concentration (IC50) was calculated by adding
increasing concentrations (5.1 pM−50 μM) of acetazolamide
to the HT-29 cell culture. After incubation, the wells were
rinsed with 1 mL of PBS (pH 7.4) (Nacalai Tesque), and the
cells were lysed with 1 N NaOH (0.2 mL × 2). The
radioactivity in the cell solution was measured with a γ counter
(PerkinElmer). The protein concentration of the cell solution
was determined using a bicinchoninic acid protein assay kit
(Thermo Fisher Scientific).
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Protein-Binding Assay. Human plasma was purchased
from Cosmo Bio (Tokyo, Japan). Mouse plasma was obtained
by centrifuging mouse blood (ddY mouse, male, 5 weeks old)
in venous blood collection tubes (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA). A solution of IS-
[111In]In-DO2A-ALB1−4 or [111In]In-DO3A-IS1 (37 kBq) in
PBS (50 μL) was added to 200 μL of PBS, human plasma,
mouse plasma, or HSA solution (45 mg in 1 mL of PBS, which
was based on the approximate physiological concentration of
HSA). After being vortexed, the solution was incubated at 37
°C for 10 min. Then, after incubation, 100 μL of the solution
was loaded onto a gel filtration column (Sephadex G-50 Fine;
Cytiva, Tokyo, Japan) with 0.1 M acetate buffer (pH 6.0)
followed by centrifugation (1500g, 2 min). The radioactivity of
the column and eluate was then measured with a γ counter
(PerkinElmer).
Tumor Model. Under isoflurane-induced anesthesia (2%

isoflurane in an air mixture), BALB/c-nu/nu nude mice (male,
5 weeks old) were subcutaneously inoculated (in the shoulder)
with HT-29 cells (5 × 106 cells/mouse) or MDA-MB-231 cells
(1 × 107 cells/mouse) in 150 μL of DMEM and Geltrex
(Thermo Fisher Scientific) at a 1:1 ratio. All efforts were made
to minimize suffering.
Biodistribution Study Involving HT-29 Tumor-Bear-

ing Mice. A saline solution (100 μL) of IS-[111In]In-DO2A-
ALB1−4 (259 kBq) containing L-ascorbic acid (3 mg) or a
saline solution (100 μL) of [111In]In-DO3A-IS1 (259 kBq)
containing L-ascorbic acid (1 mg) was directly injected into the
tail vein of HT-29 tumor-bearing mice (n = 5 in each group).
The mice were sacrificed at 1, 4, 8, 24, 48, 96, or 192 h
postinjection, and then the organs and tissues of interest were

collected. Each organ was weighed and radioactivity was
measured using a γ counter (PerkinElmer). The % injected
activity/g of the samples was calculated by comparing the
sample counts with the injected activity count. Area under the
curve (AUC) values were determined for the radioactivity in
the blood, kidneys, and tumors after the injection of IS-
[111In]In-DO2A-ALB1−4 or [111In]In-DO3A-IS1 based on
non-decay-corrected biodistribution data using the GraphPad
Prism software.

Biodistribution Study Involving MDA-MB-231
Tumor-Bearing Mice. A saline solution (100 μL) of IS-
[111In]In-DO2A-ALB1 (259 kBq) containing L-ascorbic acid
(3 mg) was directly injected into the tail vein of MDA-MB-231
tumor-bearing mice (n = 5). The mice were sacrificed at 48 h
postinjection, and then the organs and tissues of interest were
collected. Each organ was weighed and radioactivity was
measured using a γ counter (PerkinElmer). The % injected
activity/g of the samples was calculated by comparing the
sample counts with the injected activity count.

SPECT/CT of HT-29 or MDA-MB-231 Tumor-Bearing
Mice. A saline solution (150 μL) of IS-[111In]In-DO2A-ALB1
(7.6−8.0 MBq) containing L-ascorbic acid (3 mg) was injected
into the tail vein of BALB/c nu/nu mice with HT-29 or MDA-
MB-231 tumors. The mice were anesthetized using isoflurane
(2% in an air mixture). SPECT and CT images of the mice
were obtained at 4, 24, and 48 h postinjection using a Triumph
combined PET/SPECT/CT system (TriFoil Imaging, Chats-
worth, CA, USA) with 1.0 mm pinhole collimators, and the
images were reconstructed using the ordered subset expect-
ation maximization (OSEM) method according to a previous
report.25 In addition, a saline solution (150 μL) of [111In]In-

Scheme 1. Synthetic Routes for ALB-Conjugated IS Derivatives
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DO3A-IS1 (23−29 MBq) was injected into the tail vein of
BALB/c nu/nu mice with HT-29 tumors. SPECT and CT
images were obtained at 24 h postinjection using the U-
SPECT-II system (MILabs, Utrecht, the Netherlands) with 1.0
mm pinhole collimators, and the images were reconstructed
using the OSEM method. The acquired SPECT and CT data
were analyzed using the PMOD software (version 3.3; PMOD
Technologies, Zürich, Switzerland).
Statistical Analysis. All data were analyzed with GraphPad

Prism or Microsoft Excel. Differences at the 95% confidence
level (P < 0.05) according to the two-tailed Student t test were
considered significant.

■ RESULTS

Chemistry and Radiolabeling. The synthetic pathways
for IS-DO2A-ALB1−4 (compounds 5−8) and the correspond-
ing nonradioactive indium complexes (compounds 9−12) are
outlined in Scheme 1. After the introduction of the relevant
ALB moiety (compounds 1−4) into 2,2′-(4,10-bis(2-(tert-
butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,7-diyl)-
diacetic acid, 6-(4-aminophenyl)imidazo[2,1-b][1,3,4]-
thiadiazole-2-sulfonamide16 was conjugated with the carboxylic
acid on the opposite side using EDC and HOAt. After that, the
precursors (compounds 5−8) were prepared by subjecting
tert-butyl and methyl ester to deprotection. Compounds 9−12
were synthesized from compounds 5−8 through chelation
reactions with InCl3 and 0.1 M MES buffer (pH 5.5).

111In-labeling was carried out by incubating the precursors
with [111In]InCl3 in 0.1 M acetate buffer (pH 5.5) at 90 °C
(Scheme 2). After RP-HPLC-based purification, IS-[111In]In-
DO2A-ALB1−4 were obtained with high radiochemical purity
(>95%), as determined by RP-HPLC. They were synthesized
at radiochemical yields of 31−44%. The radiochemical
identities of IS-[111In]In-DO2A-ALB1−4 were verified by
comparative RP-HPLC, with the corresponding natIn complex
used as a reference (Figure S1). The molar activity of these
tracers was calculated to range from 22 to 87 GBq/μmol.
In Vitro Cell-Binding Assay. A cell-binding assay was

performed to evaluate the ability of IS-[111In]In-DO2A-
ALB1−4 and [111In]In-DO3A-IS1 to bind to CA-IX-expressing
cells in vitro (Figure S2). Based on the findings of our previous
study, HT-29 and MDA-MB-231 cells were used as cells with
high and low CA-IX expression levels, respectively.19 A fixed
concentration of the 111In complex and increasing concen-
trations of nonradioactive acetazolamide, a classical CA
inhibitor, were incubated with HT-29 cells, and then the
IC50 value for acetazolamide was determined in the presence of
each 111In complex. A higher IC50 value for acetazolamide
indicated that the radiotracer bound to the cells to a greater
extent. IS-[111In]In-DO2A-ALB1−4 and [111In]In-DO3A-IS1
bound to HT-29 cells to a similar extent in the absence of

acetazolamide (300−400% initial activity/mg protein). Aceta-
zolamide showed an IC50 value of 127 ± 20 nM in the
presence of [111In]In-DO3A-IS1, while values of 105−574 nM
were observed in the presence of IS-[111In]In-DO2A-ALB1−4
(Table 1), indicating that the ALB-conjugated IS derivatives

bound to the cells to a comparable or greater degree than
[111In]In-DO3A-IS1. Conventional saturation binding assays
using nonradioactive test compounds were not performed
owing to the low yields of the natIn complexes. However, the
competition binding assay conducted with nonradioactive
acetazolamide in this study allowed the determination of IC50
values and suggested that IS-[111In]In-DO2A-ALB1−4 ex-
hibited a high affinity for HT-29 cells. Moreover, the IC50 value
for acetazolamide seen in the presence of IS-[111In]In-DO2A-
ALB1, which bound to HT-29 cells to a greater extent than the
other radiotracers, was also evaluated in a medium containing
HSA to assess the effects of the presence of HSA on binding to
CA-IX. The IC50 value obtained in the presence of HSA was
101 ± 63 nM, which was lower than that without HSA (574 ±
53 nM) and comparable to that of the compound without an
ALB moiety ([111In]DO3A-IS1, 127 ± 20 nM) (Table S1),
indicating that the binding of IS-[111In]In-DO2A-ALB1 to its
target cells was slightly decreased in the presence of HSA. In
addition, IS-[111In]In-DO2A-ALB1 exhibited a more selective
binding to HT-29 cells (396% initial activity/mg protein) than
the MDA-MB-231 cells (52.8% initial activity/mg protein),
which expressed CA-IX at low levels (Figure S3).

Protein-Binding Assay. The binding of the ALB-
conjugated IS derivatives to plasma proteins was evaluated
by gel filtration chromatography (Figure S4). After being
incubated in PBS, none of the IS derivatives produced marked
radioactivity in the eluent fraction containing high-molecular-
weight compounds. On the other hand, incubating them in
human or mouse plasma resulted in increased radioactivity in
the eluent for all IS derivatives, suggesting that the IS
derivatives had bound to plasma proteins. Among the four

Scheme 2. 111In-Labeling of ALB-Conjugated IS Derivatives

Table 1. Half-Maximal Inhibitory Concentration (IC50, nM)
for the Binding of Acetazolamide to HT-29 Cells
Determined Using IS-[111In]In-DO2A-ALB1−4 and
[111In]In-DO3A-IS1 as Ligandsa

compound IC50 for acetazolamide (nM)

IS-[111In]In-DO2A-ALB1 574 ± 53
IS-[111In]In-DO2A-ALB2 165 ± 61
IS-[111In]In-DO2A-ALB3 288 ± 46
IS-[111In]In-DO2A-ALB4 105 ± 8.0
[111In]In-DO3A-IS1 127 ± 20

aValues are expressed as the mean ± standard deviation for six
independent experiments.
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compounds, IS-[111In]In-DO2A-ALB1 showed the highest
degree of binding to human and mouse plasma proteins
(both 93%), while IS-[111In]In-DO2A-ALB4 showed the
lowest level of binding to such proteins (48 and 43%,
respectively), indicating that the substituted group within the
ALB moiety (I, CH3, Br, or H) has a critical effect on protein
binding. However, the IS derivative without an ALB moiety
([111In]In-DO3A-IS1) also bound to human and mouse
proteins (53 and 61%, respectively), suggesting that the IS
scaffold binds to such proteins. After incubation in HSA
solution, IS-[111In]In-DO2A-ALB1−3 showed marked protein
binding (90−95%); however, IS-[111In]In-DO2A-ALB4
showed a slightly lower protein binding (74%), and
[111In]In-DO3A-IS1 demonstrated a relatively low level of
protein binding (22%), suggesting that the introduction of an
ALB moiety had an effect on the binding of the derivatives to
proteins.
Biodistribution. A biodistribution study was carried out

using HT-29 tumor-bearing mice to evaluate the in vivo
biodistributions of the 111In-labeled IS derivatives (Figure 2,
Figure S5, and Tables S2−S6). High and low levels of CA-IX
expression were detected in HT-29 and MDA-MB-231 tumors,
respectively, in our previous study.19 Compared with that
exhibited by [111In]In-DO3A-IS1 (0.14% injected activity/g at
1 h postinjection), the blood retention of the derivatives was
markedly increased by the introduction of ALB-I, -CH3, or -Br
(2.22−8.03% injected activity/g at 1 h postinjection).
However, the introduction of ALB-H did not cause a marked
retention of radioactivity in the blood (0.56% injected activity/
g at 1 h postinjection). These findings corresponded with the
ability of each moiety to bind to HSA in vitro (Figure S4). In
addition, compared with the tumor uptake of [111In]In-DO3A-

IS1 (1.49−5.92% injected activity/g at 1−192 h postinjection),
the introduction of the ALB moieties significantly increased
the tumor uptake of the derivatives (11.54−18.49% injected
activity/g at 48 h postinjection), although IS-[111In]In-DO2A-
ALB4 showed no marked retention in the blood. IS-[111In]In-
DO2A-ALB3 exhibited the greatest tumor accumulation
(Figure S5), while IS-[111In]In-DO2A-ALB1 bound to the
HT-29 cells to a greater extent than the other radiotracers in
vitro (Table 1). At 1 h postinjection, IS-[111In]In-DO2A-
ALB1−4 exhibited a significantly lower renal accumulation
(17.55−56.06% injected activity/g) than [111In]In-DO3A-IS1
(91.30% injected activity/g), suggesting that the ALB moieties
had powerful effects on renal accumulation. IS-[111In]In-
DO2A-ALB1, which showed the greatest degree of plasma
protein binding, demonstrated the highest tumor/kidney ratio
at all evaluated time points among the four compounds, and
the value of this ratio was around 1 at 24−192 h postinjection
(Figure S5). On the other hand, IS-[111In]In-DO2A-ALB1
remained in the blood the longest; however, its tumor/blood
ratio was ≥1 at 4 h postinjection, which would allow it to be
used for in vivo tumor-specific imaging. These results indicate
that IS-[111In]In-DO2A-ALB1 is the most useful of the
examined agents for in vivo diagnostic imaging of tumors.
Moreover, we performed a biodistribution study using male
mice with MDA-MB-231 tumors to evaluate the selectivity of
the radiotracers for CA-IX-expressing tumors. We used male
mice as we also used male mice to evaluate [111In]In-DO3A-
IS1 in our previous study,16 and the incidence of breast cancer
in males is approximately 1%. The HT-29 tumors exhibited a
greater IS-[111In]In-DO2A-ALB1 uptake (12.32% injected
activity/g at 48 h postinjection) than the MDA-MB-231
tumors (5.05% injected activity/g) (Figure S6 and Table S7).

Figure 2. In vivo biodistribution study of IS-[111In]In-DO2A-ALB1 (A), IS-[111In]In-DO2A-ALB2 (B), IS-[111In]In-DO2A-ALB3 (C), IS-
[111In]In-DO2A-ALB4 (D), and [111In]In-DO3A-IS1 (E) using HT-29 tumor-bearing mice. Values are expressed as % injected activity per gram of
organ tissue. Each value represents the mean ± standard deviation for five mice. *Values are expressed as % injected activity.
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In comparison with the AUC values of [111In]In-DO3A-IS1,
IS-[111In]In-DO2A-ALB1−3 exhibited markedly increased
tumor AUC values (375.6 vs 869.9−1189) and blood AUC
values (60.33 vs 158.2−393.1) and markedly decreased kidney
AUC values (3266 vs 893.7−1919) until 192 h postinjection
(Figure S7 and Table S8), indicating the marked effects of
these ALB moieties. The increased blood AUC values are a
problem in terms of the radiation burden; however, the
markedly decreased kidney AUC values may minimize
radiotoxicity to the kidneys, where the 111In-labeled IS
derivatives mainly accumulated. Only IS-[111In]In-DO2A-
ALB1 showed a tumor/kidney AUC ratio (0.973) of almost
1, suggesting that the ALB-I moiety has the greatest clinical
potential.
SPECT/CT. A SPECT study of HT-29 or MDA-MB-231

tumor-bearing mice was performed with IS-[111In]In-DO2A-
ALB1 (Figure 3 and Figure S8). In our previous study, SPECT

with [111In]In-DO3A-IS1 provided clear imaging of HT-29
tumors; however, a marked accumulation of [111In]In-DO3A-
IS1 was observed in the kidneys.16 In contrast, IS-[111In]In-
DO2A-ALB1 resulted in HT-29 tumors being clearly
visualized, while no marked radioactivity was observed in the
kidneys (Figure 3). These findings corresponded with those of
the biodistribution study (Figure 2). Moreover, IS-[111In]In-
DO2A-ALB1 exhibited more marked accumulation in the HT-
29 tumors than in the MDA-MB-231 tumors (Figure S8). A
maximum intensity projection of the whole body is shown in
Figure S9.

■ DISCUSSION
The kidneys are critical organs for small-molecule radioligands
since marked renal accumulation may cause strong background
signals and a high radiation burden.26 However, small-
molecule radioligands, especially those targeting CA-IX, the
folate receptor (FR), or prostate-specific membrane antigen
(PSMA), often show marked accumulation in the kidneys due
to their clearance through the urinary tract and the expression
of endogenous receptors (isoforms) within the kidneys.14,27,28

Recently, the introduction of ALB moieties into radioligands
has attracted much attention as a strategy for decreasing
nonspecific uptake in normal organs and increasing specific
uptake in tumors.22 Müller et al. reported an ALB-conjugated
folate-based radioligand that showed a lower renal accumu-
lation than a corresponding folate-based radioligand without
an ALB moiety.29 The effects of the conjugation of ALB

moieties to the FR and PSMA ligands have been well
evaluated;22,29−34 however, no study has examined the effects
of ALB moieties on CA-IX ligands.
Among several previously reported ALB moieties,23 4-(4-

iodophenyl)butyric acid and truncated Evans blue entities have
been attached to many radioligands as ALB moieties.22

Selecting appropriate ALB moieties for radioligands is critical
since they may cause marked changes in the pharmacokinetics
of radioligands, including tumor and renal accumulation.30,34

The introduction of an ALB moiety does not necessarily cause
a reduction in renal accumulation, especially for PSMA
ligands.31−33 Thus, ALB moieties should be carefully selected
for each radioligand to reduce background (renal) accumu-
lation while increasing tumor accumulation. To explore the
optimal ALB moiety for tumor imaging, in this study, we
selected four ALB moieties [4-(4-iodophenyl), 4-(4-tolyl), 4-
(4-bromophenyl), and 4-phenyl] with different affinities for
albumin23 and conjugated each ALB moiety to [111In]In-
DO3A-IS1, which demonstrated favorable tumor accumulation
but marked renal accumulation in our previous study.
The hydrophilicity of 111In complexes was evaluated by

measuring the partition coefficients using 1-octanol and PBS
(Table S9). Hydrophilicity was decreased by the introduction
of an ALB moiety, and IS-[111In]In-DO2A-ALB1, in which 4-
(4-iodophenyl) was used as the ALB moiety, exhibited the
lowest hydrophilicity (−1.70 ± 0.01). In in vitro assays, IS-
[111In]In-DO2A-ALB1−4 bound to HSA to a greater extent
than [111In]In-DO3A-IS1 (Figure S4), but binding to target
cells was not decreased (Table 1). Dumelin et al. reported that
4-(4-iodophenyl), 4-(4-tolyl), and 4-(4-bromophenyl) had a
moderate affinity for HSA in isothermal titration calorimetry
studies conducted in a solution (Kd = 3.2, 52, and 30 μM,
respectively).23 In addition, a chromatographic albumin
binding assay indicated that the HSA-binding activity of the
four ALB moieties that we selected for this study exhibited the
following order: 4-(4-iodophenyl) > 4-(4-bromophenyl) > 4-
(4-tolyl) > 4-phenyl.23 The results of the protein-binding assay
in the present study using HSA were consistent with those of
previously reported binding experiments (IS-[111In]In-DO2A-
ALB1−3, 90−95%; IS-[111In]In-DO2A-ALB4, 74%), while
[111In]In-DO3A-IS1 (which did not have an ALB moiety)
showed no marked binding to HSA (22%). Moreover, the
ability of the derivatives to bind to HSA partially corresponded
with their hydrophilicity; i.e., the IS derivatives with lower
hydrophilicity bound to HSA to a greater extent. This suggests
that hydrophilicity is related to the nonspecific binding to
albumin to some extent in vitro.
IS-[111In]In-DO2A-ALB1−4 showed marked HT-29 tumor

accumulation at 24 h postinjection (9.61−16.48% injected
activity/g). Indeed, their tumor accumulation was much
greater than that of previously reported CA-IX radioligands,
including [111In]In-DO3A-IS1.16−21 Several PSMA radio-
ligands have demonstrated increased tumor and renal
accumulation after the introduction of an ALB moiety.31−33

In the current study, the ALB-conjugated IS derivatives
showed higher tumor accumulation and lower renal accumu-
lation than [111In]In-DO3A-IS1. Blood retention was also
increased by the introduction of ALB moieties into the IS
derivatives; however, all of the IS derivatives showed blood
retention values of <10% injected activity/g, while ALB-
conjugated PSMA radioligands exhibited blood retention
values of >10% injected activity/g at 1 h postinjection,31−33

indicating the utility of ALB-conjugated IS derivatives for

Figure 3. Coronal SPECT/CT images of an HT-29 tumor-bearing
mouse obtained at 24 h postinjection using IS-[111In]In-DO2A-ALB1
or [111In]In-DO3A-IS1. Yellow arrows and circles indicate HT-29
tumors and kidneys, respectively.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://dx.doi.org/10.1021/acs.molpharmaceut.0c00953
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00953/suppl_file/mp0c00953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00953/suppl_file/mp0c00953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00953/suppl_file/mp0c00953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00953/suppl_file/mp0c00953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00953/suppl_file/mp0c00953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00953/suppl_file/mp0c00953_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00953?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00953?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00953?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00953?fig=fig3&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://dx.doi.org/10.1021/acs.molpharmaceut.0c00953?ref=pdf


diagnostic imaging. The reduction in renal accumulation
caused by ALB moieties may be due to the decreased rates of
filtration and reabsorption in the proximal renal tubules,35,36

which may also limit the access of radioligands to other CA
isozymes expressed in the kidneys.
This is the first study to demonstrate the utility of

introducing ALB moieties into CA-IX radioligands for
reducing their renal accumulation and increasing their tumor
accumulation. The results indicate that the introduction of
ALB moieties into pharmaceuticals targeting CA-IX is a
powerful strategy for improving their pharmacokinetics, which
may contribute to not only in vivo diagnostic imaging but also
treatments, such as targeted radionuclide therapies that do not
produce critical toxicities affecting normal organs. However,
the introduction of ALB moieties led to not only markedly
decreased kidney AUC values but also increased blood AUC
values, raising concerns about hematological toxicities,
especially during targeted radionuclide therapy. A series of
ALB moieties with various affinities for albumin have been
reported;22 thus, the selection of the optimal ALB moiety for
each case may lead to personalized radiotheranostics with
maximal effects on tumors and minimal radiotoxicity, especially
in the kidneys and blood.

■ CONCLUSIONS
Based on the findings of our previous study in which [111In]In-
DO3A-IS1 exhibited marked tumor accumulation but also
marked renal accumulation, we synthesized IS-[111In]In-
DO2A-ALB1−4, which included four different ALB moieties,
and evaluated their utility for CA-IX-SPECT imaging. IS-
[111In]In-DO2A-ALB1−4 bound to HSA to a greater extent
than [111In]In-DO3A-IS1, while their binding to HT-29 cells
was not decreased in vitro. The introduction of the ALB
moieties into the 111In-labeled IS derivatives markedly
decreased their renal accumulation while increasing their
tumor accumulation and blood retention. In addition, the kind
of ALB moiety used markedly influenced the pharmacokinetics
of the 111In-labeled IS derivatives. IS-[111In]In-DO2A-ALB1
showed the highest tumor/kidney ratio but remained in the
blood the longest. In contrast, IS-[111In]In-DO2A-ALB4
showed the lowest tumor/kidney ratio and did not exhibit
marked blood retention. IS-[111In]In-DO2A-ALB3 displayed
the greatest uptake by the HT-29 tumors, and marked amounts
remained in the blood. SPECT imaging with IS-[111In]In-
DO2A-ALB1 clearly depicted tumors that strongly expressed
CA-IX without marked background signals. These results
indicate that IS-[111In]In-DO2A-ALB1 may be an effective
CA-IX imaging probe and that the introduction of ALB
moieties may improve the pharmacokinetics of CA-IX ligands.
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bearing mouse with IS-[111In]In-DO2A-ALB1 (Figure
S9), and partition coefficient of IS-[111In]In-DO2A-
ALB1−4 and [111In]In-DO3A-IS1 (PDF)
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carbonic anhydrase; CT, computed tomography; DMEM,
Dulbecco’s modified Eagle’s medium; DMF, N,N-dimethylfor-
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ESI, electrospray ionization; FR, folate receptor; HOAt, 1-
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(N-morpholino)ethanesulfonic acid; NMR, nuclear magnetic
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specific membrane antigen; RP-HPLC, reversed-phase high-
performance liquid chromatography; SPECT, single-photon
emission computed tomography; TFA, trifluoroacetic acid
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