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Evaluation of a *Cu-labeled 1,4,7-triazacyclononane, 1-glutaric
acid-4,7 acetic acid (NODAGA)-galactose-bombesin analogue
as a PET imaging probe in a gastrin-releasing peptide
receptor-expressing prostate cancer xenograft model
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Abstract. Gastrin-releasing peptide receptor (GRPR) is overex-
pressed by a variety of human tumors and in particular, identified
to be upregulated in prostate cancers. The current study aimed
to develop clinically translatable BBN analogue-based radioli-
gands for positron emission tomography (PET) of GRPR-positive
tumors. We developed radiolabeled BBN analogues and modi-
fied radiolabeled galacto-BBN analogues and then investigated
their tumor-targeting efficacy in vivo. The chelator 1,4,7-triazacy-
clononane, 1-glutaric acid-4,7 acetic acid (NODAGA) was
used to radiolabel the peptides with ®*Cu. The peptides were
evaluated by measuring cell-based receptor-binding affinities.
Biodistribution experiments and small animal imaging using
PET were performed in nude mice bearing subcutaneous PC3
human prostate cancer xenografts. The conjugates were radiola-
beled with yields >99%. The stability assay showed that [**Cu]
NODAGA-BBN and [**Cu]NODAGA-galacto-BBN remained
stable in both human and mouse serum for 1 h at 37°C. PET
images of PC3 tumor-bearing nude mice were acquired at 1, 3,
24, 48 and 72 h after injection. [**Cu]NODAGA-galacto-BBN
showed retention in tumors for 72 h, low liver uptake, and rapid
renal clearance. PET imaging results were also confirmed by
biodistrubution 1 and 3 h after injection. [**Cu[NODAGA-BBN
and [**Cu]NODAGA-galacto-BBN are promising new PET
probes for GRPR-positive prostate cancer.
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Introduction

Prostate cancer is the second most frequently diagnosed cancer
in men (914,000 new cases, 13.8% of the total), the fifth most
common cancer across both genders, and the sixth leading cause
of death from cancer in men in 2008 (1). Hormone ablation
therapy is a first-line treatment for prostate cancer; however,
the duration of remission is limited and androgen-independent
regrowth is observed in most patients (2). Additionally, most
chemotherapeutic agents provide only a marginal benefit of
survival or quality of life. Therefore, the development of early
diagnostic imaging agents and effective therapeutics for pros-
tate cancer is important for prolongation of survival time and
enhancement of patient quality of life.

Somatostatin and bombesin/gastrin-releasing peptide
(BBN/GRP) receptors are highly expressed in prostate
cancers and can be selectively targeted by cytotoxic peptide
conjugates. Peptide analogues are an exciting potential treat-
ment for androgen-independent prostate cancer (3). BBN is a
14-amino-acid neuropeptide, first isolated from frog skin (4,5),
and it has high affinity for the gastrin-releasing peptide
receptor (GRPR). BBN and its mammalian counterpart, GRP,
have similar biological properties and share nearly identical
C-terminal amino acid sequences. In prostate cancer, GRPR
expression is closely associated with neoplastic transforma-
tion (6), cell migration (7,8), proliferation (6,9), and invasion
capacity (10,11).

GRPR is an important target for radiolabeled BBN
analogues that function as diagnostics or radionuclide thera-
pies for GRPR-positive tumors (12). Various BBN analogues
have been labeled with radiometals and suitable chelators
and used for positron emission tomography (PET) imaging in
GRPR-positive tumors (13-15). *™Tc-labeled BBN analogues
have been synthesized with diaminedithiol (DADT) and the
dithiadiphosphine framework (P,S,-COOH) as chelators.
These analogues were evaluated in normal mice (16,17)
and PC3 tumor-bearing mice, which represented a model of
prostate cancer (18,19). Bifunctional chelators and linkers are
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necessary for specific uptake into the tumors and to reduce
uptake of radiometals into normal tissue. Rogers et al labeled
1,4,7,10-tetraazacyclododecane-N,N',N",N'""'-tetraacetic acid
(DOTA)-Aoc is 8-aminooctanoic acid (Aoc)-BBN(7-14) with
%Cu and then applied this radiotracer to a PC3 xenograft
model (20). The tumor was well-visualized; however, sustained
blood concentrations and persistent liver and kidney retention
limited the potential clinical application of this tracer.

Peptides as targeting molecules have unique characteris-
tics in vivo including fast washout and excretion via the kidney
because of their hydrophilic nature. To modulate the phar-
macokinetic characteristics of radiolabeled peptide in vivo,
researchers have tried to optimize to lower uptake in non-target
organ and higher in target organ by modification of chelator
and linker. Parry et al reported that shorter aliphatic linkers
(from C4 to C12) between the DOTA and BBN resulted in
lower liver uptake with simultaneous higher uptake into
GRPR-positive breast tumors (21). Another group applied
1,4,7-triazacyclononane-1,4-diacetic acid (NO2A) and various
aliphatic linkers as a 1,4,7-triazacyclononane-1,4,7-triacetic
acid (NOTA) derivative chelator and a pharmacokinetic modi-
fier to BBN for %“Cu labeling to improve tumor uptake and
pharmacokinetic properties, respectively. They reported that
shorter and more hydrophilic linker produced superior small
animal PET images, with minimal accumulation in collateral
tissue but the longer and more lipophilic linker resulted in
high accumulation of radioactivity in liver and abdominal
region (22). Parry et al introduced short peptides as a linker
between DOTA and BBN to reduce retention of the tracer
in the liver by activating the hepatobiliary pathway (23).
Glycosylating the peptides is an alternative strategy to
improve pharmacokinetic properties (24,25). Arg-Gly-Asp
(RGD) peptide conjugates (['** " >T]Gluco-RGD (25) and ['*F]
Galacto-RGD) (24,26,27), which can be used to target new
vascularization in tumors, showed very similar kinetics in the
kidney. In addition, RGD peptide conjugates displayed clearly
reduced activity in the liver as well as increased uptake and
retention in the tumor compared with the unmodified parent
peptides. %*Cu is widely used because it is easy to produce with
a medical cyclotron (28). **Cu can be used in PET to evaluate
the kinetics of protein or peptide interactions with target cells,
and has a suitable positron energy (17.8%, Ep+,,,=656 keV),
and a 8 emitter (39.6%, Eg-,,,,=573 keV) with a relatively long
half-life (12.7 h) (29).

In this study, we evaluated **Cu-labeled 1,4,7-triazacy-
clononane, 1-glutaric acid-4,7 acetic acid (NODAGA)-BBN
and %“Cu-labeled NODAGA-galacto-BBN in an in vitro
receptor-binding assay and for in vivo tumor targeting by visu-
alizing PC3 prostate xenograft tumors with small animal PET.

Materials and methods

Materials. All reagents were purchased from commercial
sources and used as received without further purification.
NODAGA-BBN(7-14)NH, and NODAGA-galacto-BBN(7-14)
NH, were obtained from AnyGen Co., Ltd. (Jeollanam-do,
Korea). ['*I]Tyr*-BBN(1-14) was obtained from PerkinElmer,
Inc. (Branford, CT, USA). Ham's F-12K medium was purchased
from WelGENE, Inc. (Daegu, Korea). Bovine serum albumin
(BSA), CaCl,, glacial acetic acid, NaCl, NaOH, MnCl,,
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penicillin, phosphate-buffered saline (PBS), sodium acetate,
streptomycin, and tris(hydroxymethyl)aminomethane (Tris)
were purchased from the Sigma-Aldrich Corp. (St. Louis, MO,
USA). Matrigel (BD Matrigel Basement Membrane Matrix)
was purchased from BD Biosciences (San Jose, CA, USA).
Instant Thin Layer Chromatography-Silica Gel (ITLC-SG)
was purchased from Agilent Technologies, Inc. (Santa Clara,
CA, USA). Antibiotics and antimycotics, including ampho-
tericin B, streptomycin, and penicillin, were purchased from
Invitrogen Life Technologies (Carlsbad, CA, USA). The
PC3 human prostate cancer cell line was obtained from the
American Type Culture Collection (Manassas, VA, USA).

High-performance liquid chromatography and mass spec-
trometry. The purity of NODAGA-BBN(7-14)NH, and
NODAGA-galacto-BBN(7-14)NH, was analyzed using
high-performance liquid chromatography (HPLC) (Shimadzu
HPLC 10AVP system) with a C18 analytical column (5 ym,
3.0x150 mm). The elution conditions were as follows: a
mixture of an aqueous solution of solvent A [0.1% trifluoro-
acetic acid (TFA) in acetonitrile] and B (0.1% TFA in water)
with a 30-min linear gradient from 5 to 65% at a flow rate
of 1 ml/min. Matrix-assisted laser desorption/ionization
(MALDI) and MALDI time-of-flight (MALDI-TOF) experi-
ments were performed on a Kratos Shimadzu Axima-CFR.

Synthesis. Solid-phase peptide synthesis (SPPS) was
performed on a PIT-Symphony Peptide Synthesizer using
the 9-fluorenylmethoxycarbonyl (Fmoc) methodology
to produce the BBN(7-14)NH, peptide (22). Conjugation
of NODAGA to the BBN(7-14)NH, peptide resulted in
NODAGA-BBN(7-14)NH, via an active ester. A solution of
NODAGA (286 pmol) in dimethylformamide (DMF) (1 ml)
and N,N-diisopropylethylamine (DIEA) (2 M, 800 pl) was
added on the resin with stirring at room temperature (RT).
The stirring was continued for 12 h, after which the resin
was washed three times with DMF. Fmoc deprotection was
performed in 20% piperidine; subsequently, the resin was
washed three times with DMF. The NODAGA-BBN(7-14)NH,
was isolated by HPLC.

The preparation of NODAGA-galacto-BBN(7-14)NH, was
essentially similar to the preparation of NODAGA-BBN(7-14)
NH, described above. Galacturonic acid was conjugated
via an active ester onto the amine of glutamine (Q) on the
BBN(7-14)NH,. To a mixture of galacturonic acid (10 zmol) in
DMF (140 ul), hydroxybenzotriazole (HOBt) (2 M, 40 pl) and
1,3-diisopropylcarbodiimide (DIC) (2 M, 40 ul) were added
on the resin with stirring at RT. The stirring was continued
for 12 h, after which the resin was washed three times with
DMEF. Fmoc deprotection was performed in 20% piperidine,
and the resin was washed three times with DMF. A solution
of NODAGA (286 ymol) in DMF (1 ml) and DIEA 2 M,
800 pl) was added to the resin with stirring at RT for 12 h.
NODAGA-galacto-BBN(7-14)NH, was isolated by HPLC.
HPLC analysis and mass spectroscopy were used to confirm
the identity of the product.

Preparation of [**Cu]NODAGA-BBN and [**Cu]NODAGA-
galacto-BBN. **Cu was produced at the Korea Institute
of Radiological and Medical Sciences (KIRAMS) (Seoul,
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Korea) with 50 MeV of cyclotron irradiation using methods
reported previously (30). The solvent was evaporated for
30 min under a stream of argon at 110°C. To prepare the
[**Cu]NODAGA-BBN and [**Cu]NODAGA-galacto-BBN,
a %Cu solution (74-185 MBq) was added to a solution of
NODAGA-BBN and NODAGA-galacto-BBN (24 pg/1 ml
0.2 M sodium acetate buffer, pH 4.0) in a glass vial. The
resulting mixture was shaken at 70°C for 20 min. Subsequently,
%Cu incorporation was determined by radio-thin layer chro-
matography (radio-TLC).

Cell culture and cell binding assay. The human prostate cancer
PC3 cell line cultured in Ham's F-12K medium containing
20% (v/v) FBS and 1% (v/v) penicillin/streptomycin solution.
Cultures were maintained in a 37°C incubator with 5% CO, in
air, and the medium was changed every 3 days.

Cell binding assays for [**Cu]NODAGA-BBN or [*Cu]
NODAGA-galacto-BBN on PC3 cells were performed as
described previously (13). PC3 cells (2x10°/100 pl) were resus-
pended in binding buffer (Ham's F-12K medium containing
20 mM Tris,pH 7.4, 150 mM NacCl, 2 mM CaCl,, | mM MnCl,,
and 0.1% BSA). For the assay, equal volumes of non-radio-
active ligands (NODAGA-BBN or NODAGA-galacto-BBN)
and radioactive ligand (3.7 MBq ['*’I]Tyr*-BBN; PerkinElmer,
Inc., Waltham, MA, USA) were added. The GRPR ligands
were added at concentrations 107*-10""* M. The tubes were
incubated for 60 min at RT. Then, the reaction medium was
removed and the cells were washed three times with cold PBS.
The cells were harvested and the bound radioactivity was
counted with a gamma counter (1480 Wizard 3" Automatic
Gamma Counter; PerkinElmer, Inc.). Data were analyzed with
GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA,
USA) to determine the half maximal inhibitory concentration
(ICs,) value. Experiments were performed in triplicate.

Partition coefficient determination. The octanol/water
partition coefficient of [**Cu]NODAGA-BBN and [*Cu]
NODAGA-galacto-BBN was determined using the following
protocol. Approximately 3.7 MBq of [*Cu]NODAGA-BBN
or [**Cu]NODAGA-galacto-BBN in 3 ml of PBS (pH 7.4) was
added to 4 ml of octanol. The mixture was then vigorously
stirred for 5 min and centrifuged (3,000 rpm, 5 min). The
activity of both the PBS and octanol phases was measured in
the gamma counter, and logP values were calculated (n=3).

Internalization studies and in vitro stability of [**Cu]
NODAGA-BBN and [**Cu]NODAGA-galacto-BBN in human
serum. Internalization studies for [**Cu]NODAGA-BBN or
[**Cu]NODAGA-galacto-BBN on PC3 cells were performed
as described previously (18,19). One million PC3 cells per tube
were prepared for internalization studies. The cells were washed
with PBS and then incubated with [**Cu]NODAGA-BBN
or [**Cu]NODAGA-galacto-BBN (0.0001 MBgq/tube) for
2 h at 4°C. To remove unbound radioactivity, the cells (n=3)
were washed twice with ice-cold PBS and incubated with
prewarmed culture medium at 37°C for 0, 5, 15, 30, 45, 60,
90, and 120 min to allow internalization.

To remove cell surface-bound radiotracer, the cells were
washed twice with acid (50 mM glycine-HCl/100 mM NaCl,
pH 2.8). The acid solution was collected, and radioactivity was
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measured with the gamma counter. The results were measured
as surface-bound activity. The cells were treated with 1 M
NaOH, and the resulting lysate was then measured with the
gamma counter. The results are expressed as the percentage of
internalized activity relative to the total activity (surface-bound
activity + internalized activity). The results are expressed as
the mean =+ standard deviation (SD).

The stability of compounds [**Cu]NODAGA-BBN
and [**Cu]NODAGA-galacto-BBN was assessed with a
radio-TLC scanner and instant TLC (ITLC) paper. Either
[**Cu]NODAGA-BBN or [*Cu]NODAGA-galacto-BBN
(185 MBq/50 ul) was incubated at 37°C in 1 ml of human
serum and mouse serum for different time intervals (1,
4 and 24 h). Free **Cu was used as a reference. The mobile
phase consisted of 20 mM sodium acetate and 50 mM EDTA
(pH 5.0). ITLC was performed using a radio-TLC scanner
(Aloka, Tokyo, Japan).

Pharmacokinetic study of [**Cu]NODAGA-BBN and [**Cu]
NODAGA-galacto-BBN. The care, maintenance, and treat-
ment of animals in these studies followed protocols approved
by the Institutional Animal Care and Use Committee (IACUC)
of the KIRAMS (IACUC no. KIRAMS 2013-80). Female
nude mice (BALB/cSlc-nu/nu, 6-weeks old) were purchased
from Japan SLC, Inc. (Shizuoka, Japan). Animals were main-
tained in a temperature-controlled chamber at 22+3°C with
a 12-h light/dark cycle. Relative humidity was maintained at
55+20%. Sterilized rodent diet and purified tap water were
supplied ad libitum. Animals were acclimatized to the condi-
tion described above for a week prior to use for the study.

Nude mice received [**Cu]NODAGA-BBN or [**Cu]
NODAGA-galacto-BBN via their tail veins at 7.4 MBqg/head
dose (n=6each).Blood samples were collected fromretro-orbital
plexus via the sodium-heparinized capillary tube (75 mm; Paul
Marienfeld GmbH & Co. KG, Lauda-Konigshofen, Germany)
at 0,0.0833,0.167,0.25,0.5, 1,2, 4, 6,8 and 24 h after admin-
istration. Dosing solution (20 ul) and blood samples (50 pl)
were transferred to polyethylene tubes. Each radioactivity of
them was counted by a scintillation counter. The radioactivity
concentration of blood sample was expressed as the percentage
of injected dose per a milliliter of blood (% ID/ml).

Pharmacokinetic parameters were estimated from
the blood radioactivity concentration vs. time data by
non-compartmental method using the non-linear least-squares
regression program, WinNonlin ver. 2.0 (Pharsight Corp.,
Cary, NC, USA).

Biodistribution studies. Male athymic nude (Nu/Nu) BALB/c
mice (Nara Biotech Co., Ltd., Seoul, Korea) were injected
subcutaneously with 1x107 PC3 human prostate cancer
cells suspended in 100 ul of a Matrigel and PBS mixture
(Matrigel:PBS = 1:1) at 6 weeks of age in the flank of the left
thigh. The mice were subjected to biodistribution studies and
PET imaging when the tumor reached 0.7-0.9 cm in diameter
(18-21 days after implantation).

The PC3 tumor-bearing nude mice (n=3 for each group)
were injected with ~1.48 MBq of [**Cu]NODAGA-BBN or
[**Cu]NODAGA-galacto-BBN via the tail vein and sacrificed
at 1 or 3 h after injection. The tumor and normal tissues of
interest were removed and weighed, and their radioactivity
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Figure 1. In vitro characterization of the BBN analogues. (A) Chemical structure of 1,4,7-triazacyclononane, 1-glutaric acid-4,7 acetic acid (NODAGA)-BBN
and NODAGA-galacto-BBN. (B) Radio-thin-layer chromatography (radio-TLC) of (a) **Cu, (b) [*Cu]NODAGA-BBN, and (c) [**Cu]NODAGA-galacto-BBN.

levels were measured using a gamma counter. The uptake of
radioactivity in the tumor and normal tissues was expressed as
percent of injected dose per gram (% ID/g).

Small animal PET studies. Whole-body PET images were
obtained using a dedicated small animal PET/CT scanner
(Inveon™; Siemens Preclinical Solutions, Malvern, PA, USA).
Animals were anesthetized with 1.5% isoflurane (Foran;
Choongwae Pharma Co., Seoul, Korea) and injected with
11.1-18.5 MBq (100 pl) of [**Cu]NODAGA-BBN or [**Cu]
NODAGA-galacto-BBN via the caudal vein, and 30-min static
scans were acquired at 1, 3, 24, 48 and 72 h after injection.
In vivo GRPR-blocking experiment performed to confirm
specific tumor-targeting efficiency. To block GRPR, 15 mg/kg
of NODAGA-BBN or NODAGA-galacto-BBN intravenously
injected 30 min ahead of [**Cu]NODAGA-BBN or [**Cu]
NODAGA-galacto-BBN injection, then PET images were
acquired at 1 h after injection. PET images were reconstructed
using an ordered subset expectation maximization (OSEM) 2D
algorithm with four iterations. Regions of interest (ROIs) were
drawn on the reconstructed images using Inveon Research
Workplace (IRW), provided by Siemens Preclinical Solutions.

Statistical analysis. Data were analyzed with GraphPad
Prism statistical software (GraphPad Software, Inc.). Student's
two-tailed t-test was used to determine statistical significance
at the 95% confidence level, with P<0.05 considered signifi-
cantly different.

Results

Chemistry and radiochemistry. The NODAGA-BBN(7-14)
NH, conjugate was obtained with a 97.2% yield and a 19.2-min
retention time (Rt) on analytical HPLC. The MALDI-TOF
mass of NODAGA-BBN(7-14)NH, was m/z=1298.3 (calcu-
lated for CsgHggN,cO,6S,, 1297.5) (Table 1).

The NODAGA-galacto-BBN(7-14)NH, conjugate was
obtained in 95.2% yield with a 19.8-min Rt on analytical HPLC.
The MALDI-TOF mass of NODAGA-galacto-BBN(7-14)
NH, was m/z=1487.2 (calculated for CyHgyN,,0,,S,,
1486.6) (Table I). NODAGA-BBN and NODAGA-galacto-BBN
were labeled with %“Cu at 70°C for 20 min. The final products of
the NODAGA-BBN and NODAGA-galacto-BBN complexes are
shown in Fig. 1A. The radiolabeling yields of NODAGA-BBN
and NODAGA-galacto-BBN were >99% (Table I and Fig. 1B).
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Table I. The MALDI-TOF mass of NODAGA.

NODAGA-
NODAGA-BBN galacto-BBN
Chemical formula CsgHggNO6S, CysHooN,0,, S,
Calculated MW 1297.5 1486.6
MALDI-TOF mass 1298.3 14872
LogP -3.09+0.03 -3.29+0.08
Radiolabeling 100+0.00 100+0.00

efficiency (%)

MALDI-TOF, matrix-assisted laser desorption/ionization time-of-
flight; NODAGA, 14,7-triazacyclononane, 1-glutaric acid-4,7 acetic
acid; MW, molecular weight.
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Figure 2. Average blood radioactivity concentration versus time curves
obtained in nude mice after intravenous (i.v.) injection of [**Cu]l,4,7-tri-
azacyclononane, 1-glutaric acid-4,7 acetic acid (NODAGA)-BBN or [**Cu]
NODAGA-galacto-BBN (injected dose: 200 pCi/head, n=6). Values are
represented as mean % ID/ml + standard deviation (SD). % ID/ml, the
percent-injected dose per a milliliter of blood.

Pharmacokinetic study of [**CuJNODAGA-BBN and
[*CuJNODAGA-galacto-BBN. The blood radioactivity
concentration-time profiles following single intra-venous
(i.v.) bolus injection of [*Cu]NODAGA-BBN or [**Cu]
NODAGA-galacto-BBN in nude mice are shown in Fig. 2.
In both, the blood radioactivity concentrations decreased
biexponentially and reached the steady state at 4 h after
administration. At the steady state, the blood radioactivity
level of [“Cu]NODAGA-BBN was ~6 times higher than that of
[**Cu]NODAGA-galacto-BBN. Table IT summarizes the blood
pharmacokinetic parameters obtained by non-compartmental
analysis. The blood concentration extrapolated to time zero (C,)
was 15.8+1.74 and 16.2+1.48% ID/ml, the terminal elimination
half-life (t,,,,) was 70.7+43.71 and 29.2+20.61 h, and the area
under blood concentration-time curve (AUC,, ,,;,) was 14.6+3.00
and 7.44+2.02% ID-h/ml, respectively, after i.v. injection of
[*“Cu]NODAGA-BBN or [**Cu]NODAGA-galacto-BBN. The
volume of distribution at terminal phase (V,) was 195+75.04
and 395+171.95 ml, the systemic clearance (Cl) was 2.22+0.96
and 10.3£2.89 ml/h, and the mean retention time (MRT) was
7.87+0.87 and 2.70+0.24 h, respectively, after i.v. injection of
[**Cu]NODAGA-BBN or [*Cu]NODAGA-galacto-BBN.
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Table II. Non-compartmental pharmacokinetic parameters of
radioactivity in blood obtained after i.v. injection of [**Cu]
NODAGA-BBN or [*Cu]NODAGA-galacto-BBN (injected
dose: 7.4 MBg/head) in nude mice (n=6 each).

[#Cu]NODAGA-
Parameter [#*Cu]NODAGA-BBN galacto-BBN
C, (% ID/ml) 15.8+1.74 16.2+1.48
tys, () 70.7+4371 29242061
AUC,,s1 14.6+3.00 7442202
(% ID-h/ml)
V, (ml) 195+75.04 395+171.95
Cl (ml/h) 2.22+0.96 10.3£2.89
MRT,, (h) 7.87+0.87 270+0.24

i.v., intravenous; NODAGA, 1.4,7-triazacyclononane, 1-glutaric
acid-4,7 acetic acid; C,, blood concentration extrapolated to time
zero; t,,,, terminal elimination half-life; AUC, ,, , area under blood
concentration-time curve; V,, volume of distribution at terminal
phase; Cl, systemic clearance; MRT, mean retention time.
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Figure 3. (A) In vitro cell binding assay and (B) in vitro internalization
assay of BBN analogues. (A) Inhibition of ['*I]Tyr*-BBN(1-14) binding
to PC3 cells with various concentrations of 1,4,7-triazacyclononane,
1-glutaric acid-4,7 acetic acid (NODAGA)-BBN (n=3) (closed circle) and
NODAGA-galacto-BBN (closed square). The data are presented as the
mean = standard deviation (SD) (n=3). (B) Internalization data for [**Cu]
NODAGA-BBN (closed circle) and [**Cu]NODAGA-galacto-BBN (closed
square) in PC3 cells. The data are presented as the mean + SD (n=3).

Invitro characterization. The stability of [**Cu]NODAGA-BBN
and [**Cu]NODAGA-galacto-BBN, in terms of the percentage
of the intact conjugate, was measured in human or mouse
serum. No de-radiometallation or major degradation of the
BBN tracer was detected after incubation with human and
mouse sera at 37°C for 1 h as monitored by radio-TLC.
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Figure 4. (A and B) Biodistribution and (C and D) calculated tumor-to-normal tissue uptake ratios for [**Cu]l,4,7-triazacyclononane, 1-glutaric acid-4,7 acetic
acid (NODAGA)-BBN and [**Cu]NODAGA-galacto-BBN in PC3 tumor-bearing mice. (A and B) Biodistribution data of (A) [**Cu]NODAGA-BBN (n=3) and
(B) [**Cu]NODAGA-galacto-BBN (n=3), 1 h (open bar) and 3 h (closed bar) after BBN probe injection. The data are presented as percent of injected dose per
gram (% ID/g) [mean =+ standard deviation (SD)]. (C and D) Tumor-to-normal tissue (liver, kidney, and blood) uptake ratios for [**Cu]NODAGA-BBN (open
bar, n=3) and [**Cu]NODAGA-galacto-BBN (closed bar, n=3) at (C) 1 h and (D) 3 h after tracer injection. Data are presented as the mean + SD, P<0.05 ([**Cu]

NODAGA-BBN vs. [**Cu]NODAGA-galacto-BBN).

Cell binding assays with NODAGA-BBN and NODAGA-
galacto-BBN showed that both compounds inhibited the
binding of ['**I]Tyr*-BBN to PC3 cells in a concentra-
tion-dependent manner. As shown in Fig. 3A, the calculated
IC;, value of NODAGA-BBN was 547+38.9 nM, whereas a
somewhat higher affinity (64.1+6.34 nM) was observed for
NODAGA-galacto-BBN.

Both [**Cu]NODAGA-BBN and [**Cu]NODAGA-galacto-
BBN showed similar logP values of -3.09+0.03 and -3.29+0.08,
respectively, indicating that the complexes were highly hydro-
philic and that adding the galactose moiety made the peptide
even more hydrophilic.

The internalization studies presented in Fig. 3B showed
that [“Cu]NODAGA-BBN and [**Cu]NODAGA-galacto-BBN
are rapidly taken up (within 5 min) into PC3 cells. The
intracellular uptake of [**Cu]NODAGA-BBN and [**Cu]

NODAGA-galacto-BBN reached a plateau at 15 min; 75-80%
of cell-bound activity was attributed to the internalization of
the peptides in the cells.

Biodistribution studies. The in vivo uptake of [**Cu]
NODAGA-BBN and [**Cu]NODAGA-galacto-BBNinto several
organs, including a GRPR-expressing PC3 prostate tumor, was
measured at 1 and 3 h after i.v. injection (Fig. 4). Rapid blood
clearance was observed for both [**Cu]NODAGA-BBN and
[**Cu]NODAGA-galacto-BBN, with <0.5% ID/g remaining.
Liver uptake of the [**Cu]NODAGA-galacto-BBN-injected
group was relatively low (1 h, 1.13£0.19% ID/g; 3 h,
0.82+0.35% ID/g) (1 h,P<0.05; 3 h, P<0.01), compared with the
[**Cu]NODAGA-BBN-injected group (1 h, 2.69+0.60% ID/g;
3 h, 2.47+0.23% 1D/g). However, the tumor uptake of [**Cu]
NODAGA-galacto-BBN was significantly greater (P<0.01)
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than that of [**Cu]NODAGA-BBN; the tumor uptake at
1 and 3 h for [*Cu]NODAGA-galacto-BBN was 3.26+0.53
and 1.96+1.16% ID/g, respectively, whereas the tumor uptake
at 1 and 3 h for [**Cu]-NODAGA-BBN was 1.62+0.23 and
1.18+0.18% 1D/g, respectively. There was a significant differ-
ence in uptake pattern between [**Cu]NODAGA-BBN and
[**Cu]NODAGA-galacto-BBN in other organs including
the blood, heart, lungs, and intestines (Fig. 4A and B). At
1 and 3 h, the ratio of tumor to non-target (i.e., liver, kidney,
and blood) for [**Cu]NODAGA-galacto-BBN was higher than
that of [**Cu]NODAGA-BBN (Fig. 4C and D). Therefore, [**Cu]
NODAGA-galacto-BBN has a higher targeting efficiency than
[**Cu]NODAGA-BBN.

Small animal PET imaging studies. To evaluate the in vivo
kinetics of [**Cu]NODAGA-BBN and [**Cu]NODAGA-
galacto-BBN, small animal PET imaging studies were
performed in PC3 prostate cancer-bearing mice. Fig. 5
shows a single slice of the transverse and coronal small
animal PET images of a representative mouse at 1, 3,
24, 48 and 72 h after injection of [*Cu]NODAGA-BBN
or [**Cu]NODAGA-galacto-BBN. [**Cu]NODAGA-BBN
and [“*Cu]NODAGA-galacto-BBN exhibited high tumor
uptake at 1 h; the location of tumor was clearly visible for
72 h (Fig. SA and C). Although differences of tumor uptake
between two probes were not statistically significant by quan-
titative ROI analysis (P>0.05, from 1 to 72 h), liver uptake
of [**Cu]NODAGA-galacto-BBN was significantly lower than
that of [**Cu]NODAGA-BBN throughout the scanning periods
(P<0.05, from 1 to 72 h). Tumor and liver uptake of [**Cu]
NODAGA-BBN and [**Cu]NODAGA-galacto-BBN longitudi-
nally decreased >72 h (Fig. 5B and D). Tumor uptake of [**Cu]
NODAGA-BBN or [**Cu]NODAGA-galacto-BBN was barely
detectable upon administration of 15 mg/kg NODAGA-BBN
or NODAGA-galacto-BBN as a blocking agent 30 min before
tracer injection (Fig. 6A). Tumor uptake was decreased in the
group treated with the blocking agent ([**Cu]NODAGA-BBN
(block): 0.09+0.03% ID/g and [**Cu]NODAGA-galacto-BBN
(block): 0.14+0.05% ID/g) compared with the group that
did not receive the blocking agent ([**Cu]NODAGA-BBN:
1.23+0.70% 1ID/g and [**Cu]NODAGA-galacto-BBN:
1.46+1.20% 1D/g) (Fig. 6B).

Discussion

Here, for the first time, we evaluated BBN analogues radiola-
beled with **Cu that contained a galactose moiety as a linker
between the BBN peptide and NODAGA chelator. These
analogues were designed to provide relatively low liver and
high prostate tumor uptake. In order to investigate the effects of
galactose moiety in BBN in systemic circulation, blood radio-
activity concentration-time profiles of [“*Cu][NODAGA-BBN
or [**Cu]NODAGA-galacto-BBN were determined. The blood
radioactivity level of [**Cu]NODAGA-BBN was ~6 times
higher than that of [**Cu]NODAGA-galacto-BBN at steady
state as shown in Fig. 2 and Table II. This result suggests
that [“*Cu]NODAGA-galacto-BBN is faster excreted from
blood circulation compared to that of [**Cu]NODAGA-BBN.
In the PET imaging and biodistribution analysis, [**Cu]
NODAGA-galacto-BBN was more favorable in vivo tumor

1165

retention and pharmacokinetic properties than [*Cu]
NODAGA-BBN (Figs. 4 and 5). In the biodistribution studies,
the tumor uptake for [**Cu]NODAGA-galacto-BBN was higher
than the tumor uptake for [*Cu]NODAGA-BBN at 1 and 3 h
(3.26+0.53 vs. 1.62+0.23% at 1 h and 1.96+1.16 vs. 1.18+0.18%
at 3 h, respectively). Moreover, the liver uptake for [**Cu]
NODAGA-galacto-BBN was lower than the liver uptake
for [**Cu]NODAGA-BBN from 1 to 72 h according to PET
imaging (Fig. 5). In the biodistribution studies, liver uptake of
[**Cu]NODAGA-galacto-BBN was significantly lower than that
of [*Cu]NODAGA-BBN at 1 and 3 h (1.13+0.19 vs. 2.69+0.69 at
1 h and 0.82+0.35 vs. 2.47+0.23% at 3 h, respectively) (Fig. 4).
The tumor/blood ratios for [*Cu]NODAGA-galacto-BBN are
higher at 1 h (19.05+10.82) and 3 h (24.89+10.36) to any previ-
ously reported results in [**Cu]NO2A-(AMBA)-BBN (2.6 at
24 h) (22), [**Cu]NOTA-Bn-SCN-Aoc-BBN (18.029 at 4 h) (31),
and [**Cu]DOTA-amino acid linker-BBN (~4-8) (23). The
favorable tumor/blood ratio of [*Cu]NODAGA-galacto-BBN
might be due to its fast clearance from systemic circulation as
shown in Fig. 2. These pharmacokinetic properties might be
caused by use of NODAGA and galactose as a chelator and
a linker, respectively. i) NODAGA as a chelator; The group
of Rogers hypothesized that a six-coordinate **Cu-labeled
NOTA-Bn-SCN-Aoc-BBN would have greater in vivo stability
than five-coordinate ®*Cu-labeled NO2A-Aoc-BBN and
tumor/blood ratio of six-coordinate complex at 4 h after injec-
tion was found to be 18 (31). NODAGA is a chelator that can
form with “Cu to six-coordinated state. However, the formation
of six-coordinated structure of NODAGA with **Cu in [**Cu]
NODAGA-BBN or [**Cu]NODAGA-galacto-BBN in vivo state
must be determined in further study. ii) Galactose as alinker; the
improved tumor/blood ratios of [“*Cu]NODAGA-galacto-BBN
might be a role of galactose as a linker. Generally, purpose of
linker insertion in radiometal-labeled peptide analogues could
be the enhancement of in vivo stability or targeting efficiency.
The use of galactose as a linker could reduce the lipophilicity
of the conjugate, reduce liver accumulation and result in fast
excretion of radioactivity.

Radiolabeling NODAGA-BBN with %*Cu is simple. Previ-
ously,Liu etal developed a PET probe using NODAGA-RM1 and
NODAGA-AMBA as a BBN analogue with **Cu; this strategy
provided aradiochemical yield of >85% (32).In the current study,
[**Cu]NODAGA-BBN and [*Cu]NODAGA-galacto-BBN were
obtained with higher radiochemical yields (>99%) after incu-
bation at 70°C for 20 min (Table I). After labeling with %Cu,
NODAGA-BBN and NODAGA-galacto-BBN were very stable
in both human and mouse serum at 37°C for 1 h, demonstrating
no de-radiometallation.

Mansi et al produced a new conjugate, RM2, with the
chelator DOTA coupled to D-Phe-GIn-Trp-Ala-Val-Gly-His-
Sta-Leu-NH, via cationic spacer 4-amino-1-carboxymethyl-
piperidine for labeling with and presented ['''InJRM?2 and [®*Ga]
RM2 as ideal candidates for single photon emission computed
tomography (SPECT) and PET agents, respectively (33). [®Ga]
DOTA-BBN, BAY86-7548 has been investigated for safety,
metabolism, pharmacokinetics, biodistribution and radiation
dosimetry in five healthy men (34), and applied to prostate
cancer patients for detecting intraprostatic prostate cancer (35).

Peptides used as targeting molecules have been labeled
with %*Cu using various suitable chelators such as DOTA,
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Figure 5. Small animal positron emission tomography (PET)/CT images of [**Cu]l,4,7-triazacyclononane, 1-glutaric acid-4,7 acetic acid (NODAGA)-BBN
and [**Cu]NODAGA-galacto-BBN in PC3 human prostate cancer-bearing mice. (A and C) Decay-corrected whole-body transverse and coronal images were
acquired at 1, 3,24, 48 and 72 h after intravenous (i.v.) injection with 11.1-18.5 MBq of (A) [**Cu]NODAGA-BBN (n=3) or (C) [**Cu]NODAGA-galacto-BBN
(n=3). L, liver; T, tumor. (B and D) Radioactivity curves for the tumor (closed diamond) and liver (closed square) were constructed using PET images after
injection of 11.1-18.5 MBq of (B) [**Cu]NODAGA-BBN and (D) [**Cu]NODAGA-galacto-BBN from 1 to 72 h. Radioactivity was determined by region of
interest (ROI) analysis and presented as percent of injected dose per gram (% ID/g) [mean + standard deviation (SD)].
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Figure 6. Small animal positron emission tomography (PET) imaging using a blocking agent. (A) Decay-corrected whole-body transverse and coronal small
animal PET images at 1 h after injection with [**Cu]l,4,7-triazacyclononane, 1-glutaric acid-4,7 acetic acid (NODAGA)-BBN, [*Cu]NODAGA-galacto-BBN
and NODAGA-BBN (15 mg/kg) or NODAGA-galacto-BBN (15 mg/kg) as the blocking agent. Arrows indicate the tumor site. (B) Comparison between uptake
of [**Cu]NODAGA-BBN and that of [**Cu]NODAGA-galacto-BBN in PC3 tumors with or without NODAGA-BBN- or NODAGA-galacto-BBN-blocking
agents. Radioactivity was determined by region of interest (ROI) analysis and presented as % ID/g [mean + standard deviation (SD)].

NOTA, and NO2A including NODAGA (13,14,32,36). demonstrates that use of galactose and NODAGA in complex
Improved in vivo kinetics is important for *Cu-based PET  could induce the favorable pharmacokinetic characteristic such
imaging and therapy. Clearly, the targeting efficiency of [**Cu]  as rapid clearance from systemic circulation. Given its serum
NODAGA-galacto-BBN to PC3 tumor might be not superior stability in vitro and favorable in vivo tumor-targeting proper-
to previously reported data (22,23,32). However, this study ties (Figs. 3 and 4), [**Cu]NODAGA-galacto-BBN warrants
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further investigation for clinical translation. Additionally,
’Cu (t,,=61 h) has favorable therapeutic 3 energy (100%,
Ep-nax=377 keV, E, =195 keV), and nearly equivalent to **Cu
in coordination chemistry. Moreover, the in vivo kinetics of
7Cu-labeled molecules can be predicted with **Cu-labeled
compounds (37). Thus, “Cu-labeled BBN analogues may
be utilized for radiotherapy of GRPR-expressing tumors. In
conclusion, NODAGA-BBN and NODAGA-galacto-BBN have
been successfully prepared and radiolabeled with %*Cu. The
radiolabeling procedures were simple and straightforward.
Both [*Cu]NODAGA-BBN and [**Cu]NODAGA-galacto-BBN
stable against in vitro de-radiometallation and showed excel-
lent in vivo tumor-targeting properties. In further studies, we
will perform precise evaluation and characterization of these
PET probes in vitro and in vivo.
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