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Mattias Sandström,§ Ram Kumar Selvaraju,† Jennie Malmberg,† Vladimir Tolmachev,‡

and Anna Orlova*,†

†Preclinical PET Platform and ∥Organic Pharmaceutical Chemistry, Department of Medicinal Chemistry, Faculty of Pharmacy,
and ‡Biomedical Radiation Sciences, Department of Radiology, Oncology and Radiation Science, Faculty of Medicine, Uppsala
University, Uppsala, Sweden
§PET Centrum, Uppsala University Hospital, Uppsala, Sweden

*S Supporting Information

ABSTRACT: The gastrin-releasing peptide receptor (GRPR/
BB2) is a molecular target for the visualization of prostate
cancer. This work focused on the development of high-affinity,
hydrophilic, antagonistic, bombesin-based imaging agents for
PET and SPECT. The bombesin antagonist analog D-Phe-Gln-
Trp-Ala-Val-Gly-His-Sta-Leu-NH2 ([D-Phe6,Sta13,Leu14]-
bombesin[6−14]) was synthesized and conjugated to 1,4,7-
triazacyclononane-N,N′,N″-triacetic acid (NOTA) via a diethylene glycol (PEG2) linker. The resulting conjugate, NOTA-PEG2-
[D-Phe6,Sta13,Leu14]bombesin[6−14] (NOTA-P2-RM26), was labeled with 68Ga (T1/2 = 68 min, positron emitter) and 111In
(T1/2 = 2.8 days, gamma emitter). The labeling stability, specificity, inhibition efficiency (IC50), and dissociation constant (KD) of
both labeled compounds as well as their cellular retention and internalization were investigated. The pharmacokinetics of the dual
isotope (111In/68Ga)-labeled peptide in both normal NMRI mice and PC-3 tumor-bearing Balb/c nu/nu mice was also studied.
NOTA-P2-RM26 was labeled with 111In and 68Ga at a radiochemical yield of >98%. Both conjugates were shown to have high
specificity and binding affinity for GRPR. The KD value was determined to be 23 ± 13 pM for the 111In-labeled compound in a
saturation binding experiment. In addition, natIn- and natGa-NOTA-P2-RM26 showed low nanomolar binding inhibition
concentrations (IC50 = 1.24 ± 0.29 nM and 0.91 ± 0.19 nM, respectively) in a competitive binding assay. The internalization rate of
the radiolabeled conjugates was slow. The radiometal-labeled tracers demonstrated rapid blood clearance via the kidney and GRPR-
specific uptake in the pancreas in normal mice. Tumor targeting and biodistribution studies in mice bearing PC-3 xenografts
displayed high and specific uptake in tumors (8.1 ± 0.4%ID/g for 68Ga and 5.7 ± 0.3%ID/g for 111In) and high tumor-to-
background ratios (tumor/blood: 12 ± 1 for 68Ga and 10 ± 1 for 111In) after only 1 h p.i. of 45 pmol of peptide. The xenografts
were visualized by gamma and microPET cameras shortly after injection. In conclusion, the antagonistic bombesin analog NOTA-
PEG2-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2 (NOTA-P2-RM26) is a promisindg candidate for prostate cancer imaging
using PET and SPECT/CT.

■ INTRODUCTION

Prostate cancer is, in most cases, a slow-growing cancer, and
symptoms arise only when the tumor has already spread out of
the local gland. Thus, patients often have metastatic disease at
the time of diagnosis.1 Staging, the detection of bone and soft
tissue involvement, is essential for guiding optimal therapy. The
selection of treatment options highly depends on the stage of
the cancer. Radical prostatectomy and/or external radiation
therapy are the treatment modalities used for early diagnosed,
locally confined prostate tumors, whereas androgen deprivation
therapy (ADT) is the first-line treatment for the palliation of sympto-
matic, late stage prostate cancer that has already metastasized.2,3

PC cells show tropism for bone, which is a strongly preferred
site for the spread of this cancer. Bone scans using 99mTc-methylene
diphosphonate are the initial, most sensitive, and most cost- and
time-efficient imaging modality for the metastatic evaluation of PC.4

Clinically, the imaging of soft tissue metastases remains a significant
problem for the staging of this disease.
Radionuclide-based molecular imaging allows practitioners to

obtain local information from primary tumors as well as to
determine the extent of the disease. Overexpression of GRPR
was found in 63−100% of prostate primary tumors and over
50% of lymph and bone metastases.5 High receptor density was
observed in androgen-dependent,6 lower-grade, and smaller-
sized tumors.7 The expression pattern of GRPR in PC suggests
that this receptor might serve as an imaging target for the
detection of PC extracapsular extensions and local soft tissue
metastases.8
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GRPR (also referred to as BB2) is a member of the bombesin
receptor family in mammals, together with the neuromedin B
receptor (NMBR/BB1) and the bombesin receptor subtype 3
(BB3) and subtype 4 (BB4, only in amphibians). Bombesin
receptors are G protein-coupled receptors that are activated by
BN and/or bombesin-like peptides.9 BN, which has two
mammalian homologues, neuromedin B (NMB)10 and GRP,11

is a linear tetradecapeptide and has high affinity for GRPR. BN-
based tracer agonists have been extensively investigated in pre-
clinical12,13 and clinical studies.14,15 All of these agonists demon-
strate a high binding affinity for GRPR and good radioligand
internalization properties, which are essential factors for optimal
imaging. However, agonist-based bombesin analogs demon-
strate strong physiological potency and mitogenicity even in
trace amounts16 as well as high and maintained uptake in normal
GRPR-positive organs and liver (if lipophilic linker was used),17

which results in images with poor contrast. It was suggested that
antagonistic BN analogs with tumor growth inhibitory effects,
which have been introduced recently,18,19 could overcome these
drawbacks (reviewed in refs 20,21). Despite a very low inter-
nalization rate, somatostatin receptor antagonists have higher
and more well-retained tumor uptake than the equipotent
agonists.22 This phenomenon has also been detected for
bombesin analogs. BN-based antagonists were shown to have
superior in vivo biodistribution and targeting properties com-
pared to agonists.23 In addition, it was reported that GRPR
antagonists have more binding sites than agonists, which may
make them preferable to agonists for in vivo tumor targeting.24

More binding sites for radioconjugates may enhance local-
ization accuracy, especially in small lesions and tumors with low
receptor expression. Both high affinity and a low dissociation
rate are important contributors to the superiority of analogs
with antagonistic functions.
The aim of the present study was to develop a high-affinity

imaging agent for PC staging that had optimal pharmacoki-
netics and was based on a nine-amino-acid bombesin analog,
D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2 (RM26).20 RM26
variants modified with DOTA as a chelator and glycine-4-
aminobenzoyl24 or 4-amino-1-carboxymethyl-piperidine25 as a
spacer have been previously investigated. In this study, NOTA,
which forms a stable complex with 68Ga,26 was coupled to the
peptide via a synthetic polymer, diethylene glycol (PEG2), to
decrease the lipophilicity of the conjugate and to modulate its
pharmacokinetics. In addition, the peptide was labeled with
radiometals suitable for PET and SPECT (68Ga and 111In,
respectively).

■ MATERIAL AND METHODS

Peptide Synthesis. The bombesin analog NOTA-PEG2[D-
Phe6,Sta13,Leu14]bombesin[6−14] (further denoted as NOTA-
P2-RM26, see Chart 1) was synthesized by standard manual

solid-phase peptide synthesis,27 as described in Supporting
Information.

Radiolabeling and in Vitro Stability Test. A 68Ge/68Ga
generator (50 mCi, Obninsk, Eckert and Ziegler) was eluted
with 1 mL fractions of 0.1 M HCl (Merck). The second
fraction (200 MBq) was buffered with sodium acetate (0.2 M,
pH 4.6, 200 μL) and sodium hydroxide (10 M, 10 μL) to
ensure a pH of 4.2−4.6, followed by the addition of an aqueous
solution of NOTA-P2-RM26 (10 nmol, 10 μL in Milli-Q
water). The mixture was incubated at 75 °C for 10 min. The
crude product was analyzed by HPLC (Beckman), with UV and
radioactivity detectors coupled in series and using a column
packed with SOURCE 15RPC chromatography polymeric
medium (Resource RPC, 17−1181−01, GE Healthcare). The
acquired data were analyzed with the Beckman System Gold
Nouveau chromatography software package. The reaction
mixture was also analyzed by radio-ITLC (Biodex Medical
Systems) with running buffer containing 0.2 M citric acid (pH
2.0) (Rf = 0.0 for the peptide and Rf = 1.0 for the free
radiometal) and pyridine:acetic acid:water (5:3:1.5) (Rf = 0.9
for the peptide and Rf = 0.0 for the free radiometal). The
distribution of radioactivity on the strips was measured with a
Cyclone storage phosphor imaging system and analyzed using
OptiQuant image analysis software (Perkin-Elmer Sweden AB).
For 111In labeling, an aqueous solution of NOTA-P2-RM26

(10 nmol, 10 μL in Milli-Q water) and 80 μL of 0.2 M
ammonium acetate (pH 5.5) (Merck) were mixed with 60 MBq
(80−150 μL in 0.05 M hydrochloric acid) of 111In (Covidien)
and incubated at 75 °C for 30 min. The buffers for 111In
labeling were purified from metal contamination using Chelex
100 resin (Bio-Rad Laboratories). Radio-ITLC analysis was per-
formed on a small aliquot of the reaction mixture as described
above.
For metal loading, an aqueous solution of 14 nmol of

natGaCl3 (14 μL) or 13.5 nmol of natInCl3 (13.5 μL) (Sigma-
Aldrich) was added to 10 nmol of NOTA-P2-RM26 (10 μL)
using the same protocol described for the radioactive isotopes.
To evaluate the labeling stability, 68Ga-NOTA-P2-RM26 and

111In-NOTA-P2-RM26 were challenged with a 500-fold molar
excess of EDTA disodium salt (Sigma) and incubated for 1 h at
RT. The samples were analyzed by radio-ITLC. Additionally,
the samples were analyzed by SDS-PAGE, and free radiometals
were applied as low molecular weight internal references in
another well on the same gel.
To test the stability of the peptide in serum, 5 nmol of

radiolabeled NOTA-P2-RM26 was incubated in 0.5 mL murine
serum at 37 °C for 1 h. The samples were analyzed by ITLC
and SDS-PAGE.

In Vitro Studies. The GRPR-expressing human prostate
cancer cell line PC-3 (ATCC, LGC Standards AB) was cultured
in RPMI medium supplemented with 10% FCS, 2 mM L-glutamine
and PEST (100 IU/mL penicillin) (all from Biochrom AG).

Chart 1. Structural Formula of NOTA-PEG2-[D-Phe
6,Sta13,Leu14]bombesin[6-14] (NOTA-P2-RM26)
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This medium is referred to as complete medium in the text. All
experiments were performed in triplicate. One million cells per
dish were seeded one day before the experiment.
In Vitro Binding Specificity Assay. The binding specificity of

radiolabeled NOTA-P2-RM26 to PC-3 cells was tested by
incubating the cells with 1 nM of the 68Ga- or 111In-NOTA-P2-
RM26 solution for 2 h at 4 °C. To one set of dishes, a 100-fold
excess of unlabeled NOTA-P2-RM26 was added 5 min before
the addition of 68Ga- or 111In-NOTA-P2-RM26. After incubation,
the cells were detached using 0.5 mL of a 25% trypsin/0.02%
EDTA solution in buffer (Biochrom AG) and collected. The cell-
associated radioactivity was measured in an automated gamma-
counter with a 3-in. NaI(Tl) detector (1480 WIZARD, Wallac Oy).
Cellular Processing Assay. To study cellular processing, PC-

3 cells were incubated at 37 °C (5% CO2) with 1 nM 111In-
NOTA-P2-RM26 in complete medium. At predetermined time
points, the membrane-bound and internalized radioactivity was
estimated as previously described.28

Internalization Assay. The internalization of 68Ga-NOTA-
P2-RM26 and 111In-NOTA-P2-RM26 was compared with that
of 125I-Tyr4-BBN (PerkinElmer) by analyzing the internalized
radioactivity after the PC-3 cells were incubated with a 2 nM
solution of the labeled conjugates for 30 min at 37 °C.
In Vitro Competitive Binding Assay; IC50 Determination.

An in vitro competitive binding assay was performed using
125I-Tyr4-BBN. The half maximal inhibitory concentration (IC50)
was determined for nonlabeled, natGa-loaded and natIn-loaded
conjugates. Cell monolayers were incubated for 5 h at 4 °C
with 0.1 pmol of 125I-Tyr4-BBN in the presence of increasing
concentrations of competitor ((0−1) × 10−6 M). After incubation,
the cells were collected, and their radioactivity was measured.
Real-Time Ligand Binding and Receptor Saturation Assay;

KD Determination. The binding of 111In-NOTA-P2-RM26 was
measured in real-time at RT using LigandTracer Yellow (Ridgeview
Instruments AB), as described previously.29,30 Two radioligand
concentrations were used (0.5 and 10 nM). Uptake was moni-
tored for 200 min, and retention was monitored for 1300 min.
Interaction analysis and calculation of the equilibrium dis-
sociation constant (KD) were performed with TracerDrawer
software (Ridgeview Instruments AB).
Binding Site Quantification; BMax Determination. PC-3

cells were incubated with 20 nM of 68Ga- or 111In-NOTA-P2-
RM26 at RT (LigandTracer Yellow) or 27 nM of 125I-Tyr4-
BBN at 4 °C (LigandTracer Gray). When the radioactivity
uptake reached saturation, the cells were washed twice with
serum-free media, and after being trypsinized, the detached cells
were counted and collected for radioactivity measurements. The
data were used to calculate the number of available binding sites,
Bmax, for each of the compounds on the PC-3 cells.
In Vivo Studies. All animal experiments were planned and

performed according to the national legislation on the pro-
tection of laboratory animals, and the study plans were approved
by the local committee for animal research ethics. Groups of 4
mice per data point were used in all experiments. The bio-
distribution of 68Ga- and 111In-labeled NOTA-P2-RM26 was
evaluated in male NMRI mice (weight: 33.1 ± 1.4 g). BALB/c
nu/nu male mice bearing PC-3 xenografts (5 × 106 cells/
mouse, implanted 3 weeks before the experiment) were used
for the in vivo targeting study (weight: 21.4 ± 1.0 g). The average
tumor size was 0.3 ± 0.1 g at the time of the experiment.
Biodistribution and in Vivo Binding Specificity in NMRI

Mice. Male NMRI mice were coinjected with 23 pmol of
68Ga/111In-NOTA-P2-RM26 (350 kBq of 68Ga and 10 kBq of

111In, 100 μL in PBS) into the tail vein. To test the in vivo
binding specificity, one group of animals was intravenously
preinjected with 20 nmol of unlabeled peptide 1 h before
injection with the labeled conjugate. The mice were euthanized
at 1, 2, and 24 h p.i. by intraperitoneal injection of a Ketalar-
Rompun solution (10 mg/mL Ketalar and 1 mg/mL Rompun;
20 μL of solution per gram of body weight). Blood samples
were collected by heart puncture. The organs of interest were
collected and weighed, and their radioactivity content was
measured using a gamma-counter. Whole gamma spectra were
collected for each sample. One day after the first radioactivity
measurement (68Ga radioactivity was decayed), the samples
were remeasured for 111In radioactivity using the same protocol.
Radioactivity in first measurement after subtraction of the 111In
decay-corrected radioactivity was considered to be the 68Ga radio-
activity. The organ uptake values are expressed as %ID/g.

Effect of the Peptide Dose on the Tumor Uptake and
Pharmacokinetics of 111In-NOTA-P2-RM26 in Tumor-Bearing
Mice. To study the influence of the peptide dose on its tumor
uptake and pharmacokinetics, male Balb/c nu/nu mice bearing
PC-3 xenografts were injected with 111In-NOTA-P2-RM26 (30 kBq,
100 μL in PBS). The administered peptide dose was adjusted to
3.6, 15, 25, or 45 pmol/mouse by diluting with nonlabeled
NOTA-P2-RM26. The mice were sacrificed 2 h p.i. The radio-
activity content of the blood and selected organs was measured
using the 111In protocol and expressed as described earlier.

Biodistribution and in Vivo Binding Specificity in Balb/c
nu/nu Mice Bearing PC-3 Prostate Cancer Xenografts. To
study tumor targeting, male BALB/c nu/nu mice bearing PC-3
xenografts were intravenously injected with 45 pmol of
68Ga/111In-NOTA-P2-RM26 (350 kBq of 68Ga and 10 kBq of
111In, 100 μL in PBS). The mice were euthanized at 1, 3, or
24 h p.i., and the organ radioactivity content was measured and
evaluated as described above. To test the in vivo binding
specificity, a group of animals was coinjected with 20 nmol of
unlabeled peptide. For the animals in this blocked group, only
the blood, pancreas, and tumors were collected at 1 h p.i.

Imaging Studies. Tumor-bearing mice were injected with 45
pmol of 111In-NOTA-P2-RM26 (260 kBq) or 68Ga-NOTA-P2-
RM26 (300 kBq). The 111In-NOTA-P2-RM26-injected animals
were sacrificed 3 h p.i. and scanned with a clinical gamma
camera (Siemens e.cam) equipped with a MEGP collimator.
For 68Ga-NOTA-P2-RM26, images were acquired at 1 and 2 h
p.i. using a micro-PET/CT (Gamma Medica Inc.). The PET
and CT data were fused and analyzed using PMOD v3.13
(PMOD Technologies Ltd.).

Data Analysis and Statistics. The data were analyzed with
unpaired two-tailed t-tests using GraphPad Prism (version 4.0
for Windows GraphPad Software) to differentiate significant
differences (p < 0.05). For the dual labeling experiments, paired
tests were used.

■ RESULTS

Peptide Synthesis. NOTA-P2-RM26 was synthesized and
purified as described in the Supporting Information 1.
Lyophilization of the appropriate fractions from the HPLC
purification afforded 9.2 mg of purified product, corresponding
to a total yield of 44% (based on the initial loading of the
resin). HPLC/MS analysis of the final product using a Kinetex
2.6 μm C18 (50 × 3.0 mm) column and a 2.5 min, 5−60%
acetonitrile/water (0.05% formic acid) gradient gave an m/z
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value in accordance with that expected (1544.88). The purity,
as determined from the 280 nm trace, was 96.7% (Figure S1).
Radiolabeling and in Vitro Stability Testing. Because of

the almost quantitative radiolabeling yield for both 111In-
NOTA-P2-RM26 and 68Ga-NOTA-P2-RM26 (98.6 ± 0.6%),
these tracers could be used without further purification (Figure S2).
A maximum specific radioactivity of 6 GBq/μmol and 20
GBq/μmol was obtained for 111In-NOTA-P2-RM26 and
68Ga-NOTA-P2-RM26, respectively.
After 1 h of incubation at RT with a 500-fold molar excess of

EDTA, 95% of the radioactivity for 111In-NOTA-P2-RM26 and
more than 97% of the radioactivity for 68Ga-NOTA-P2-RM26
were still associated with the peptide. Furthermore, SDS-PAGE
demonstrated high stability for 68Ga-NOTA-P2-RM26 and
111In-NOTA-P2-RM26 after incubation with a 500-fold excess
of EDTA or murine serum (Figure S3). SDS-PAGE analysis of
the serum samples showed a single radioactivity peak with a
path length that equaled the path length of NOTA-P2-RM26.
No other peaks were detected, indicating that there was no
release of free radiometal, there was no peptidase cleavage of
the radiopeptide, and there was no transchelation to serum proteins.
In Vitro Studies. In Vitro Binding Specificity Assay. In vitro

binding specificity tests demonstrated that the binding of 111In-
and 68Ga-NOTA-P2-RM26 to PC-3 cells is receptor mediated.
Presaturation of the cells with nonlabeled NOTA-P2-RM26
significantly decreased the cell binding of the radiolabeled
compounds (Figure 1).
Cellular Processing Assay. The binding of 111In-NOTA-P2-

RM26 to the PC-3 cells was rapid, and the cell-associated radio-
activity reached a plateau in 4 h, at which time approximately

40% of the added radioactivity was cell associated (Figure 2A).
The internalization of the 111In-labeled conjugate was low. After
24 h of incubation, the contribution of the internalized radio-
activity to the overall cell-bound radioactivity was only 33 ± 3%.

Internalization Assay. To further assess the internalization
properties of the tracers, the internalization rates of 68Ga-
NOTA-P2-RM26, 111In-NOTA-P2-RM26, and the agonist
125I-Tyr4-BBN by the PC-3 cells were compared. After 30 min
of incubation at 37 °C, almost 50% of the total cell-bound
125I radioactivity was internalized by the cells, while less than 8% of
the 68Ga or 111In radioactivity was internalized (Figure 2B).

In Vitro Competitive Binding Assay; IC50 Determination.
The IC50 values of natIn-NOTA-P2-RM26 and natGa-NOTA-
P2-RM26 were determined to be 1.2 ± 0.3 nM and 0.9 ± 0.2
nM, respectively. These values were more than 4-fold lower
than that of nonlabeled-NOTA-P2-RM26 (5 ± 1 nM), indi-
cating an improvement in the affinity of the conjugate upon
loading with metal cations (Figure 3).

Real-Time Ligand Binding and Receptor Saturation Assay;
KD Determination. According to the LigandTracer data, the
calculated KD for 111In-NOTA-P2-RM26 was 23 ± 13 pM
(Figure S4).

Binding Site Quantification; BMax Determination. The
number of binding sites for the antagonists 111In- and 68Ga-
NOTA-P2-RM26 was 280 000 ± 14 000 receptors/cell, while
the number was significantly lower for the agonist 125I-Tyr4-
BBN (120 000 ± 5000 receptors/cell, p < 0.05).

In Vivo Studies. Biodistribution and in Vivo Binding
Specificity in NMRI Mice. A biodistribution study was per-
formed in NMRI mice to determine the cross-reactivity of the

Figure 1. In vitro specificity test of 111In- and 68Ga-NOTA-P2-RM26 for PC-3 cells. The radiolabeled conjugates were added to cultured PC-3 cells at
a concentration of 1 nM. One set of culture dishes in each experiment was pretreated with a 100-fold molar excess of nonlabeled NOTA-P2-RM26
before incubation with the labeled conjugate. Data are presented as the means ± SD of three culture dishes.

Figure 2. (A) Cellular processing of 111In-NOTA-P2-RM26 by PC-3 cells during continuous incubation with 1 nM of 111In-NOTA-P2-RM26. (B)
Internalization of 125I-Tyr4-BBN (agonist), 68Ga-NOTA-P2-RM26 (antagonist), and 111In-NOTA-P2-RM26 (antagonist) by PC-3 cells. Data are
presented as the means ± SD of three culture dishes.
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radioconjugates with murine GRPR in normal organs and to
assess their blood and whole body clearance (Figure 4, Table S1).
Both radiopeptides showed rapid blood clearance. The liver uptake
of both conjugates was low, and a low level of radioactivity was
detected in the gastrointestinal tract. The radioactivity uptake
in the kidney was also low. Preinjection of 20 nmol of non-
labeled conjugate caused a significant reduction in the radio-
activity uptake in the GRPR-positive organs (pancreas, stomach,
and small intestine) (p < 0.05). In addition, a small but significant
reduction in uptake was observed in the blood and spleen for the
68Ga-labeled conjugate and in the liver, spleen, muscle, and bone
for the 111In-labeled conjugate. The radioactivity washout from the
receptor-positive organs was also rapid: the radioactivity con-
centration in the pancreas decreased more than 4-fold between 1
and 2 h p.i.
Effect of the Peptide Dose on the Tumor Uptake and

Pharmacokinetics of 111In-NOTA-P2-RM26 in Tumor-Bearing
Mice. The data on the effect of the injected peptide dose on the
biodistribution and tumor-to-organ ratios of 111In-NOTA-P2-
RM26 are presented in Figure 5 and Table S2. The results of
the biodistribution studies in the NMRI mice and tumor-
bearing mice were in good agreement, as both showed high
tracer uptake in normal receptor-positive organs. No significant
differences in the tumor-to-organ ratios were observed for most
of the organs and tissues for peptide doses between 3.6 and
45 pmol (Figure 5B).
Biodistribution and in Vivo Binding Specificity in Balb/c

nu/nu Mice Bearing PC-3 Prostate Cancer Xenografts. The
biodistribution and tumor targeting of 68Ga/111In-NOTA-P2-
RM26 in PC-3-xenografted mice were studied in a dual isotope

study, and the results are presented in Figure 6 and Table S3.
Both radioconjugates were rapidly cleared from the blood. Low
kidney retention and low liver uptake were displayed for the
tracers in the tumor-bearing mice. In good agreement with their
biodistribution in the NMRI mice, high uptake was observed
for the receptor-positive organs. The washout rate from the
target-expressing normal tissues was higher than that from the
tumors, leading to increasing tumor-to-organ ratios over time.
High uptake and long retention of the radioconjugates were
observed in the tumors. The uptake in the pancreas (a GRPR-
expressing tissue in rodents) and tumors was specific, as shown
in the in vivo saturation experiment. The pancreas uptake
decreased more than 34-fold for the 111In-labeled conjugate and
21-fold for the 68Ga-labeled conjugate in animals that were
coinjected with an excess of nonlabeled peptide. The tumor
radioactivity was reduced from 6.0 ± 0.3%ID/g to 0.5 ± 0.3%
ID/g for 111In-NOTA-P2-RM26 and from 8.1 ± 0.4%ID/g to
0.37 ± 0.05%ID/g for 68Ga-NOTA-P2-RM26 after in vivo receptor
saturation, which indicates specific GRPR-mediated uptake.

Imaging Studies. The coronal gamma camera scan that was
performed 3 h p.i. of 111In-NOTA-P2-RM26 is presented in
Figure 7A. The tumor was clearly visualized. The receptor-
positive organs in the abdomen and the kidneys could also
be seen in the gamma camera image. MicroPET/CT images
(Figure 7B and C) were obtained at 1 and 2 h p.i. of 68Ga-
NOTA-P2-RM26. Due to the predominant renal excretion of
the radioconjugate, high kidney uptake and urinary bladder
accumulation were observed at 1 h p.i. In addition, pancreatic
uptake was visualized. Rapid washout of the tracers from normal
organs, including the kidneys, resulted in a microPET/CT image
showing absolutely dominant radioactivity accumulation in the
tumor tissue at 2 h p.i.

■ DISCUSSION
Accurate staging is crucial for the selection of PC treatment.
The sensitivity of the existing screening modalities is not suffi-
cient to confirm the presence or extent of disseminated cancer.31−33

This is especially important for the visualization of soft tissue
metastases. In many cases, this lack of sensitivity leads to the
understaging and overtreatment of PC patients.34 The over-
expression of GRPR in human PC suggests that this receptor
can be used for visualization and as a therapeutic molecular
target in PC patients, especially in the targeting of soft tissue
metastases.9 The progression of PC leads to the transition of
androgen-responsive tumor growth toward hormone-refractory

Figure 3. Inhibition of 125I-Tyr4-BBN binding to PC-3 cells with natGa-
NOTA-P2-RM26, natIn-NOTA-P2-RM26, and nonlabeled NOTA-P2-
RM26. Data are the means ± SD of 3 culture dishes.

Figure 4. (A) Biodistribution of 68Ga-NOTA-P2-RM26 and (B) 111In-NOTA-P2-RM26 in male NMRI mice at different time points in a dual isotope
study (total injected mass of 23 pmol). Data are presented as the mean percentage of the injected dose per gram of tissue (%ID/g ± SD, n = 4). The red
asterisks denote significant differences between the blocked and nonblocked animals (p < 0.05).
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prostate cancer (HRPC). It has been reported that prostate
tumors present different expression levels of GRPR at different
stages in tumor progression. Overexpression of GRPR is found
in early stage and androgen-dependent prostate tumors, whereas
low receptor-mediated binding of radiolabeled-bombesin analogs
is observed for androgen-independent PC xenografts.35 These
results suggest that GRPR may be a favorable target for the
imaging and treatment of early stage PC tumors.
In this study, we synthesized the NOTA-conjugated bombesin

antagonist D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2.

PEG2 was used as a linker to conjugate the chelator NOTA to
the peptide. Adding to the overall hydrophilicity, PEG provided
favorable pharmacokinetic properties to the peptide, as mani-
fested in the low liver radioactivity uptake and rapid radioactivity
excretion in normal GRPR-positive organs. NOTA will be suitable
for labeling with many PET radionuclides, such as 68Ga,26,36 and
64Cu,37 as well as 18F using AlF,36,38 in future studies.
The peptide was stably radiolabeled with 111In and 68Ga, with

high labeling yields and specific radioactivities, which permitted

Figure 5. Dose escalation study of 111In-NOTA-P2-RM26 in male BALB/c nu/nu mice bearing PC-3 xenografts. (A) Biodistribution and (B) tumor-
to-organ ratio at 2 h after the injection. Data are presented as the mean percentage of the injected dose per gram of tissue (%ID/g ± SD, n = 4).

Figure 6. Biodistribution of 68Ga-NOTA-P2-RM26 (A) and 111In-
NOTA-P2-RM26 (B) in male BALB/c nu/nu mice bearing PC-3
xenografts at different time points in a dual isotope study (total
injected mass of 45 pmol). Data are presented as the mean percentage
of the injected dose per gram of tissue (%ID/g ± SD, n = 4). The red
asterisks indicate that the 68Ga-NOTA-P2-RM26 uptake was
significantly higher than that of 111In-NOTA-P2-RM26 at the same
time point (p < 0.05). The blue asterisks indicate that the 111In-
NOTA-P2-RM26 uptake was significantly higher than that of 68Ga-
NOTA-P2-RM26 at the same time point (p < 0.05).

Figure 7. Imaging of GRPR expression in PC-3 xenografts in BALB/c
nu/nu male mice. The animal used for the gamma camera imaging (A)
was injected with 45 pmol of 111In-NOTA-P2-RM26 (260 kBq) and
euthanized at 3 h p.i. The micro-PET/CT images were acquired at 1 h
(B) and 2 h (C) p.i. of 45 pmol of 68Ga-NOTA-P2-RM26 (300 kBq).
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the use of the radiolabeled conjugates in in vitro and in vivo
experiments without further purification.
A slow PC-3 cell internalization rate was observed for 111In-

NOTA-P2-RM26 up to 24 h. The internalization of 68Ga-
NOTA-P2-RM26 and 111In-NOTA-P2-RM26 was 6-fold lower
in comparison with the internalization of the agonistic analog
125I-Tyr4-BBN (Figure 2B), indicating that the antagonistic
function of RM26 was preserved after modification.24

The binding properties of this new peptide, both nonlabeled
and loaded with metal, were studied in a competitive binding
assay using 125I-Tyr4-BBN as a displacement radioligand. The
IC50 values for the analogs loaded with metals were somewhat
lower than for their nonlabeled counterpart. It was previously
demonstrated that bombesin agonists with positive charges at
their N-termini exhibit higher affinities for GRPR, while negative
charges decrease its affinity.18,39 The overall charge of the
complex of dianionic NOTA with indium or gallium is +1.40

This positive charge explains the greater than 4-fold lower IC50
values for the metal-loaded analogs compared with the non-
loaded peptide in our study.

111In-NOTA-P2-RM26 showed an affinity (KD) in the low
picomolar range (23 ± 13 pM), and 2-fold more binding sites
on the human PC-derived PC-3 cells were recognized by the
antagonist peptide in comparison with the 125I-labeled universal
agonistic analog. These data were in good agreement with the
findings of other researchers.22,24

The biodistribution of the 111In- and 68Ga-labeled peptides in
normal mice demonstrated the specific uptake of the com-
pounds in the receptor-positive organs in the abdominal area
(e.g., the pancreas, stomach, and small intestine). The blocking
effect of the nonlabeled peptide in the receptor-expressing
organs suggests that this peptide analog has cross-reactivity to
murine GRPR. A small reduction in the uptake in other organs
(blood, spleen, muscle, and bone) might be due to a reduction
in the number of bloodborne radioconjugates dissociating from
the GRPR-expressing organs. The kidney was found to be the
predominant excretion organ, as the radioactivity uptake in
both the liver and the gastrointestinal tract (with content) was
low. However, the radioactivity uptake in the kidney was as
low as 5 ± 2%ID/g at 1 h p.i., indicating a low degree of
reabsorption and rapid excretion.
The influence of the administered peptide dose on its

biodistribution and tumor targeting in PC-3-xenografted mice
was studied. No significant differences in the tumor-to-organ
ratios were found for doses between 3.6 and 45 pmol per
mouse, which is in agreement with data published for similar
antagonists.24 In contrast, dose-dependent uptake in GRPR-
positive organs was previously found for the bombesin agonists
67Ga-BZH341 and AMBA,42 which resulted in better tumor-to-
pancreas ratios when a low specific activity was used. The lack
of dependence of the tumor-to-organ ratio on the amount of
injected protein together with the antagonistic properties of
NOTA-P2-RM26 suggests a wide window for peptide dose
administration.
Overall, the biodistribution of 111In-NOTA-P2-RM26 was

similar to that of the 68Ga-labeled peptide. Both tracers showed
rapid blood and whole body clearance along with specific
uptake in tumors and receptor-expressing organs. However,
there were some slight differences in the biodistribution of the
111In and 68Ga-labeled peptides, although both exhibited similar
IC50 values in vitro. The

111In-labeled conjugate showed a some-
what more rapid blood clearance, but the significantly higher

tumor uptake of the 68Ga-labeled analog resulted in higher
tumor-to-organ ratios in comparison with the 111In-labeled
tracer. Different blood clearance rates for peptides and proteins
labeled with different radiometals using the same chelator are a
known phenomenon (for BN analogs, see refs 43,44). We
speculate that different coordination geometries could play a
role in the degree of binding to blood proteins, thus modulating
the exertion rate.
The rapid washout of the tracers from the GRPR-positive

organs together with the high retention of the radiolabeled
peptide in the tumor xenografts suggest that the antagonist
NOTA-P2-RM26 has high potential for the visualization of
GRPR-positive tumors, even at very early time points, per-
mitting the use of the short-lived, generator-produced radio-
isotope 68Ga. The data obtained in this study corroborate data
for other bombesin antagonists. Particularly, when bombesin
antagonists are compared directly with agonists,23,24 the tumor
uptake of the radioactivity for both agonists and antagonists is
relatively stable within 4 h p.i., but the concentration of the
radioactivity in the pancreas only decreases for antagonists.
More interestingly, it was found that the radioactivity uptake of
agonists in the pancreas is stable over time, with a minor release
of 10−20% from 1 to 4 h p.i.,41,45,46 whereas the radioactivity
uptake in tumors decreases 2-fold.41,45 This pharmacokinetic
behavior (stable tumor uptake and rapid radioactivity release
from GRPR-positive organs) may be due to affinity for murine
GRPR and/or differences in the target expression density
between tumors and receptor-positive organs. Despite high
interspecies homology (>90%) between the murine and human
GRPRs,47 different binding affinities of bombesin analogs have
been demonstrated for bombesin receptors in different species.48

Even small differences in affinity can affect the retention of radio-
activity in receptor-positive tissues with respect to mouse GRPR
expression and xenografts with human GRPR. The target
expression level also has a direct effect on ligand retention. No
data have been published on the retention of radioactivity in
low and high GRPR-expressing xenografts injected with
antagonists. However, it has been shown that the retention of
HER2-binding affibody molecules with KD values of 116.7 ±
0.1 and 157 ± 4 pM in xenografts with high receptor expression
(SKOV-3) is longer than the retention of the same high-affinity
ligand in low HER2-expressing xenografts (LS174T).49 There-
fore, the long tumor retention of our radiolabeled bombesin
analog may also be the result of high GRPR expression on PC-3
cells or a combination of both of these factors.
The high potential of our radiolabeled conjugates for the

visualization of GRPR-positive tumors was confirmed by gamma-
camera and microPET/CT images. Our biodistribution studies
suggest that the optimal time point for image acquisition falls
between 2 and 3 h p.i., at which time high tumor-to-receptor-
positive organ and tumor-to-kidney ratios were obtained. The
best image contrast, which is the most important parameter for
informative clinical images, was obtained for the 68Ga-labeled
analog at 2 h p.i.
In comparison with the biodistribution data reported for

111In-RM124 and 111In/ 68Ga-RM225 (1 h p.i.), the 111In/68Ga-
NOTA-P2-RM26 variants had (i) the same blood clearance
rates, (ii) a slightly higher liver uptake than that of 111In/ 68Ga-
RM225, and (iii) an up to 5-fold lower pancreas uptake. The
uptake of radiolabeled bombesin analogs in the pancreas is known
to decrease as the lipophilicity of the conjugate decreases.45 The
lower pancreas uptake of 68Ga-NOTA-P2-RM26 resulted in
enhanced contrast in the abdominal area, which has the highest
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likelihood for the visualization of distant soft tissue metastases,
in comparison with 68Ga-labeled RM2. Liver metastases are not
infrequent, but because they appear to be a fairly late event for
PC patients, we did not attempt imaging at that late stage.50

Taken together, the results of this study and the data in the
literature suggest that small modifications in the chelator and/
or in the linker conjugating the chelator to the peptide can ap-
preciably alter the targeting properties of the peptide.

■ CONCLUSION
We have developed a peptide-based imaging agent for the
visualization of GRPR-expressing tumors using PET and SPECT.
This tracer should undergo further clinical consideration to
overcome the deficiencies of widely used metabolic PET
tracers, such as [18F]-FDG, [11C]-choline, and [11C]-acetate, for
PC imaging.
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