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ABSTRACT: 68Ga (T1/2 = 68 min, a generator-produced nuclide) is an interesting radionuclide for
clinical positron emission tomography (PET). Recently, it was reported that radiogallium-labeled
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-conjugated (Asp)n peptide [Ga-
DOTA-(Asp)n] has great potential for bone metastases imaging. In the current study, a compound
containing an aspartic acid peptide linker (D11) as a carrier to bone metastases, an RGD peptide
[c(RGDfK) peptide] as a carrier to the primary cancer, and Ga-DOTA as a stable radiometal
complex for imaging in one molecule, Ga-DOTA-D11-c(RGDfK), was designed, prepared, and
evaluated to detect both the primary cancer and bone metastases simultaneously using 67Ga, which is
easy to handle. After DOTA-D11-c(RGDfK) was synthesized using Fmoc-based solid-phase
methodology, 67Ga-DOTA-D11-c(RGDfK) was prepared by complexing DOTA-D11-c(RGDfK) with
67Ga. Hydroxyapatite binding assays, integrin binding assays, biodistribution experiments, and single
photon emission tomography (SPECT) imaging using tumor-bearing mice were performed using
67Ga-DOTA-D11-c(RGDfK).

67Ga-DOTA-D11-c(RGDfK) was prepared with a radiochemical purity
of >97%. In vitro, 67Ga-DOTA-D11-c(RGDfK) had a high affinity for hydroxyapatite and αvβ3 integrin. In vivo,

67Ga-DOTA-D11-
c(RGDfK) exhibited high uptake in bone and tumor. The accumulation of 67Ga-DOTA-D11-c(RGDfK) in tumor decreased when
it was co-injected with c(RGDfK) peptide. 68Ga-DOTA-D11-c(RGDfK) has great potential as a PET tracer for the diagnosis of
both the primary cancer and bone metastases simultaneously.

■ INTRODUCTION
The bone is a suitable environment for tumor to metastasize
and grow because it contains abundant proliferation factors;
therefore, many kinds of malignant tumors frequently
metastasize to the bone.1,2 With the advances made in
treatments for bone metastases, the early detection of bone
metastases has become increasingly important. Although
progress has been made in anatomical imaging modalities,
such as X-ray computed tomography (CT) and magnetic
resonance imaging (MRI), over the past few decades, bone
scintigraphy in nuclear medicine is the optimum method for
detecting bone metastases because of its high sensitivity.
Examples include bone-seeking diagnostic radiopharmaceuti-
cals, such as technetium-bisphosphonate complexes [99mTc-
methylenediphosphonate (99mTc-MDP) and 99mTc-hydroxyme-
thylenediphosphonate (99mTc-HMDP)] for single photon
emission computed tomography (SPECT) and [18F]NaF for
positron emission tomography (PET), which usually localize in
metastatic lesions before the appearance of symptoms and
radiographic changes.3 These techniques allow the whole body
to be evaluated easily.
Recently, 68Ga has attracted much attention in nuclear

medicine as a promising positron-emitting radionuclide because
of its radiophysical properties (T1/2 = 68 min).4 68Ga is a
generator-produced nuclide that can be eluted at any time on
demand from an in-house generator; it does not require a

cyclotron on site. Moreover, unlike 99Mo/99mTc, which must be
purchased frequently because of the short half-life of 99Mo
(T1/2 = 66 h), the long half-life of the parent nuclide 68Ge (T1/2
= 271 d) gives it a long lifespan. Therefore, the generation of
bone imaging agents using 68Ga is desirable. Some 68Ga-labeled
bone-seeking compounds using bisphosphonate as a carrier to
bone, which consist of Ga complex-conjugated bisphosphonate
compounds, have been developed.5−7 In 2013, we reported that
Ga-complex conjugated aspartic acid peptides exhibited high
accumulation in bone and preferable biodistribution for bone
imaging.8 Therefore, aspartic acid peptides could also function
as carriers to bone.
Some pathological processes, such as tumor development,

are related to angiogenesis. Integrins are heterodimeric
transmembrane glycoproteins that play roles in cell adhesion.
Previous studies reported that αvβ3 integrin was a marker of
angiogenic blood vessels and regulated angiogenesis.9−11

Moreover, αvβ3 integrin is expressed highly on endothelial
cells during neovascularization in many kinds of cancers, such
as melanoma, glioblastoma, ovarian cancer, and breast cancer,
but it is expressed only at very low levels on quiescent
endothelial cells.12 Therefore, αvβ3 integrin has garnered much
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interest as an important target for the imaging and treatment of

tumors. Several compounds with a high affinity for αvβ3 integrin

have been investigated and developed.13,14 Cyclic pentapeptides

containing an RGD (arginine-glycine-aspartic acid) sequence

are typical ligands for the αvβ3 integrin and have been

investigated because of their high affinity. Radiolabeled RGD

peptide-containing compounds have been used as tumor

imaging agents for PET and SPECT.15,16

Scheme 1. Syntheses of Ga-DOTA-Dn-c(RGDfK) (n = 0, 8, or 11)a

aReagents and conditions: (a) 30% HFIP; (b) diphenylphosphoryl azide, NaHCO3; (c) Pd(PPh3)4/acetic acid/N-methylmorpholine (37:2:1); (d)
1,4,7,10-tetraazacyclododecane-1,4,7-tris(t-butyl acetate), HOBt, DIPCI; (e) 30% HFIP; (f) HOBt, DIPCI; (g) 95% TFA, 2.5% triisopropylsilane,
2.5% H2O; (h) Ga(NO3)3 or

67GaCl3.

Bioconjugate Chemistry Article

DOI: 10.1021/acs.bioconjchem.5b00186
Bioconjugate Chem. 2015, 26, 1561−1570

1562



In the current study, we assumed that the introduction of a
carrier to the tumor lesion, a carrier to bone metastases, and a
stable gallium complex into one molecule could be a promising
PET radiotracer using 68Ga to detect both the primary lesion
and bone metastases simultaneously. Based on this strategy,
RGD peptide with high affinity for αvβ3 integrin, aspartic acid
peptide for high affinity to hydroxyapatite in bone metastases,
and Ga-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) as a stable gallium complex were selected. The novel
complexes, Ga-DOTA-D8-c(RGDfK) and Ga-DOTA-D11-c-
(RGDfK) (compounds 17 and 18 in Scheme 1) were designed,
synthesized, and evaluated in vitro and in vivo. In this drug
design, D8 and D11 were selected because the sequence of more
than eight aspartic acids in Ga-DOTA-Dn had demonstrated
high affinity for bone in our previous study8 and also because it
is interesting to evaluate the effect of the introduction with
different length of aspartic acid linkers in Ga-DOTA-Dn-
c(RGDfK). The radiogallium complexes were prepared using
the easy-to-handle radioisotope, 67Ga rather than 68Ga.

■ RESULTS

Preparation of the Radiogallium Complexes. Precur-
sors were synthesized by the standard Fmoc-based solid-phase
methodology according to Scheme 1, and the methods are
described in Experimental Procedures.
The overall yields of the gallium complex precursors, DOTA-

D8-c(RGDfK), DOTA-D11-c(RGDfK), and DOTA-c(RGDfK)
were 2.3%, 3.3%, and 6.5%, respectively. The radiochemical
yields of 67Ga-DOTA-D8-c(RGDfK),

67Ga-DOTA-D11-c-
(RGDfK), and 67Ga-DOTA-c(RGDfK) were 93.6%, 92.4%,
and 90.0%, respectively. After purification using HPLC, the
radiochemical purities were all >97%. The retention times in
HPLC chromatograms of 67Ga-DOTA-Dn-c(RGDfK) (radio-
activity) and Ga-DOTA-Dn-c(RGDfK) (UV absorbance) were
almost the same (n = 0, 8, and 11). The comparable retention
times in the chromatograms indicate that the radiolabeled
products were identical to their nonradioactive counterparts,
determined using mass spectrometry.
αvβ3 Integrin Binding Assay. The αvβ3 integrin binding

affinities of the Ga-DOTA complex-conjugated c(RGDfK)
peptides were determined using purified human αvβ3 integrin in
a competitive binding assay with 125I-c(RGDfK). Figure 1
shows typical 125I-c(RGDfK) displacement curves achieved
using Ga-DOTA-D8-c(RGDfK), Ga-DOTA-D11-c(RGDfK),
Ga-DOTA-c(RGDfK), and c(RGDfK). The IC50 values (nM)
of Ga-DOTA-D8-c(RGDfK), Ga-DOTA-D11-c(RGDfK), Ga-
DOTA-c(RGDfK), and c(RGDfK) were 13.5 ± 5.6, 10.7 ± 1.9,

7.7 ± 1.8, and 15.1 ± 8.1, respectively. Because these values
were similar (statistically not significant), the Ga-DOTA
complex and the aspartic acid peptide linker did not
significantly impede the affinity of c(RGDfK) peptide for
αvβ3 integrin.

In Vitro Stability Experiments. 67Ga-DOTA-D8-c-
(RGDfK), 67Ga-DOTA-D11-c(RGDfK), and 67Ga-DOTA-c-
(RGDfK), which have the same DOTA ligand for chelating
with gallium, exhibited same degree of stability in PBS
(radiochemical purities (%) of 94.2 ± 3.2, 96.1 ± 2.8, and
94.6 ± 3.3 at 1 h, 91.7 ± 5.1, 92.4 ± 1.9, and 91.1 ± 2.0 at 3 h,
and 84.8 ± 2.4, 87.4 ± 3.0, and 84.5 ± 2.3 at 24 h after
incubation, respectively) and apo-transferrin solution (unbound
ratios of radioactivity to apo-transferrin (%) of 97.5 ± 3.4, 96.1
± 1.3, and 98.9 ± 1.0 at 1 h, 98.1 ± 0.5, 95.2 ± 1.3, and 96.7 ±
1.1 at 3 h, and 96.2 ± 3.7, 94.3 ± 1.2, and 95.1 ± 0.6 at 24 h,
respectively). After incubation at 37 °C in PBS for 24 h,
approximately 85% of the complexes remained intact. The
results of incubation in apo-transferrin solution suggested that
67Ga in the complexes was hardly taken away by apo-transferrin.

Hydroxyapatite Binding Assays. The binding ratios of
67Ga-DOTA-D8-c(RGDfK),

67Ga-DOTA-D11-c(RGDfK),
67Ga-

DOTA-c(RGDfK), and 67Ga-DOTA to hydroxyapatite beads
are shown in Figure 2. 67Ga-DOTA and 67Ga-DOTA-

c(RGDfK), which do not contain an aspartic acid linker, did
not bind to the hydroxyapatite significantly. In contrast, the
percentage of 67Ga-DOTA-D8-c(RGDfK) and 67Ga-DOTA-
D11-c(RGDfK) bound to the hydroxyapatite increased with
increasing amounts of hydroxyapatite. 67Ga-DOTA-D11-c-
(RGDfK), which possesses a longer aspartic acid peptide
linker, exhibited a higher binding ratio to the hydroxyapatite
than did 67Ga-DOTA-D8-c(RGDfK).

In Vitro Protein Binding Studies. The percentages of
67Ga-DOTA-D8-c(RGDfK),

67Ga-DOTA-D11-c(RGDfK),
67Ga-

DOTA-c(RGDfK), and 67GaCl3 bound to proteins in mouse
serum were 19.4% ± 5.8%, 17.0% ± 1.6%, 14.3% ± 3.5%, and
95.7% ± 0.9%, respectively. 67GaCl3 showed significantly higher
ratio of protein binding compared with 67Ga-DOTA-Dn-
c(RGDfK) compounds. Among 67Ga-DOTA-Dn-c(RGDfK)
compounds, the values of protein binding ratios were not
significantly different.

Figure 1. Typical displacement curves of competition binding assay to
the αvβ3 integrin of 125I-c(RGDyK) with Ga-DOTA-D8-c(RGDfK),
Ga-DOTA-D11-c(RGDfK), Ga-DOTA-c(RGDfK), and c(RGDfK).

Figure 2. Binding ratios of 67Ga-DOTA-D8-c(RGDfK),
67Ga-DOTA-

D11-c(RGDfK),
67Ga-DOTA-c(RGDfK), and 67Ga-DOTA to hydrox-

yapatite. Data are expressed as the mean ± SD for four samples.
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Animal Experiments. The biodistribution of 67Ga-DOTA-
D8-c(RGDfK),

67Ga-DOTA-D11-c(RGDfK),
67Ga-DOTA-c-

(RGDfK), and 67GaCl3 is shown in Tables 1 and 2.

The accumulation of 67Ga-DOTA-D11-c(RGDfK) in bone
was significantly higher than that of 67Ga-DOTA-D8-c-
(RGDfK). 67Ga-DOTA-c(RGDfK) did not accumulate in
bone appreciably. On the other hand, 67Ga-DOTA-D8-
c(RGDfK), 67Ga-DOTA-D11-c(RGDfK), and 67Ga-DOTA-c-
(RGDfK) exhibited high uptake in tumor. Although the reason
is unclear, the radioactivity in blood was slightly higher after the
injection of 67Ga-DOTA-D8-c(RGDfK) than that after the
injection of 67Ga-DOTA-D11-c(RGDfK) and 67Ga-DOTA-
c(RGDfK). The three radiogallium complexes exhibited similar

biodistribution patterns in other organs, such as slightly high
uptake in kidney, liver, intestine, and spleen and low uptake in
pancreas, lung, heart, stomach, muscle, and brain.

67GaCl3 accumulated at high levels in bone and tumor.
However, the radioactivity was also extremely high in blood and
other organs. Thus, it would be difficult to use 68GaCl3 as a
PET tracer for tumor or bone imaging because of the short half-
life of 68Ga (68 min) and its delayed clearance from the blood
and other nontargeted organs.
To evaluate the specificity of the novel gallium complex to

αvβ3 integrin in vivo, the biodistribution of 67Ga-DOTA-D11-
c(RGDfK) at 1 h after injection with an excess amount of RGD
peptide is shown in Table 1 (blocking). A significantly reduced
accumulation of 67Ga-DOTA-D11-c(RGDfK) in tumor was
observed upon co-injection with c(RGDfK) peptide. The
accumulation of radioactivity in most tissues (except bone) was
decreased in the blocking experiment.

SPECT Images. Figure 3 shows axial (A, D, and G), sagittal
(B, E, and H), and coronal (C, F, and I) views of SPECT
images captured at 2 h after the injection of 67Ga-DOTA-D11,
67Ga-DOTA-c(RGDfK), or 67Ga-DOTA-D11-c(RGDfK). The
time point of SPECT imaging was set at 2 h postinjection of
tracers. Considering the results of biodistribution experiments,
imaging at a later time point should be better to obtain images
of higher signal/noise ratios. However, because the application
for the novel tracers to 68Ga-PET is expected, imaging at an
earlier time point should be better due to the short half-life of
68Ga. 67Ga-DOTA-D11 exhibited a marked accumulation of
radioactivity in bone (Figure 3A−C). Very little accumulated
radioactivity was observed in tissues other than bone,
confirming the results of the biodistribution experiments in
our previous report.8 67Ga-DOTA-c(RGDfK) showed a high
accumulation of radioactivity surrounding the site of tumor cell
inoculation. Although kidney, which is the route of excretion,
also exhibited the accumulation of relatively high amounts of
radioactivity, the accumulation of radioactivity was lower in the
other tissues, including bone. In contrast, 67Ga-DOTA-D11-
c(RGDfK) exhibited high accumulation of radioactivity in both
tumor and bone, which is consistent with the biodistribution
experiments.

Table 1. Biodistribution of Radioactivity at 1 h after Intravenous Administration of 67Ga-DOTA-D8-c(RGDfK),
67Ga-DOTA-

D11-c(RGDfK),
67Ga-DOTA-c(RGDfK), or 67GaCl3 in U87MG Tumor Bearing Micea

tissue 67Ga-DOTA-D8-c(RGDfK)
67Ga-DOTA-D11-c(RGDfK)

67Ga-DOTA-c(RGDfK) 67GaCl3 blocking

blood 1.16(0.12)c 0.64(0.08)c,d 0.24(0.06) 17.87(1.56) 0.69(0.48)
liver 1.56(0.21) 1.57(0.13) 1.31(0.18) 4.76(0.24) 0.29(0.16)e

kidney 3.47(0.61) 2.89(0.59) 2.77(0.57) 5.59(0.60) 2.90(0.39)
small-intestine 2.26(0.72) 2.48(0.14) 1.76(0.45) 5.19(0.65) 1.47(0.59)e

large-intestine 0.92(0.14) 1.18(0.20) 1.17(0.17) 3.53(0.55) 0.38(0.12)e

spleen 1.28(0.09) 1.22(0.08) 1.17(0.21) 3.90(0.74) 0.24(0.10)e

pancreas 0.64(0.07) 0.79(0.07)c,d 0.50(0.08) 5.33(0.45) 0.31(0.20)e

lung 1.06(0.14)c 0.80(0.05)c,d 0.56(0.13) 10.77(0.69) 0.53(0.30)
heart 0.66(0.07)c 0.66(0.04)c 0.44(0.12) 4.86(0.29) 0.27(0.10)e

stomachb 0.76(0.24)c 0.56(0.06)c,d 0.29(0.06) 0.68(0.05) 0.66(0.09)e

bone 1.21(0.24)c 3.11(0.32)c,d 0.72(0.10) 11.96(1.41) 6.47(0.61)e

muscle 0.40(0.05) 0.46(0.05)c 0.36(0.03) 2.02(0.28) 0.14(0.07)e

brain 0.07(0.01) 0.08(0.01) 0.08(0.03) 0.55(0.02) 0.03(0.01)e

tumor 3.07(0.91) 2.83(1.38) 3.45(0.33) 10.57(2.69) 0.62(0.31)e

aExpressed as % injected dose per gram. Each value represents the mean (SD) for four animals. Blocking means biodistribution of radioactivity at 1 h
after co-injection of 67Ga-DOTA-D11-c(RGDfK) with c(RGDfK) (0.2 mg/mouse) in U87MG tumor bearing mice. bExpressed as % injected dose. cp
< 0.05 vs 67Ga-DOTA-c(RGDfK). dp < 0.05 vs 67Ga-DOTA-D8-c(RGDfK).

ep < 0.05 vs 67Ga-DOTA-D11-c(RGDfK).

Table 2. Biodistribution of Radioactivity at 3 h after
Intravenous Administration of 67Ga-DOTA-D8-c(RGDfK),
67Ga-DOTA-D11-c(RGDfK),

67Ga-DOTA-c(RGDfK), or
67GaCl3 in U87MG Tumor Bearing Micea

tissue

67Ga-DOTA-
D8-c(RGDfK)

67Ga-DOTA-
D11-c(RGDfK)

67Ga-
DOTA-

c(RGDfK) 67GaCl3

blood 0.86(0.09)c 0.37(0.03)c,d 0.14(0.03) 13.80(2.78)
liver 1.53(0.11) 2.67(0.22)c,d 1.66(0.17) 5.83(0.76)
kidney 2.80(0.31)c 2.95(0.25)c 2.21(0.10) 6.84(0.89)
small-
intestine

1.24(0.38)c 2.53(0.35)d 2.06(0.47) 5.33(0.54)

large-
intestine

2.25(0.29)c 4.53(0.24)c,d 2.90(0.36) 5.84(0.88)

spleen 1.25(0.11) 2.34(0.45)c,d 1.58(0.11) 4.93(1.43)
pancreas 0.44(0.04)c 0.47(0.06)c 0.25(0.04) 4.85(0.43)
lung 0.84(0.09)c 0.60(0.05)d 0.42(0.12) 9.11(0.80)
heart 0.49(0.05)c 0.57(0.04)c 0.33(0.05) 4.56(0.97)
stomachb 0.27(0.09) 0.33(0.06) 0.27(0.03) 0.77(0.09)
bone 2.28(0.22)c 4.55(0.53)c,d 0.79(0.09) 17.82(2.96)
muscle 0.25(0.05)c 0.29(0.01)c 0.16(0.04) 1.50(0.11)
brain 0.04(0.01) 0.04(0.00) 0.04(0.01) 0.38(0.05)
tumor 3.66(0.22)c 6.92(0.56)c,d 5.10(0.15) 9.81(1.55)
aExpressed as % injected dose per gram. Each value represents the
mean (SD) for four animals. bExpressed as % injected dose. cp < 0.05
vs 67Ga-DOTA-c(RGDfK). dp < 0.05 vs 67Ga-DOTA-D8-c(RGDfK).
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■ DISCUSSION
The purpose of this study was to develop a PET tracer that
could detect osteoblastic bone metastases, primary cancer, and
osteolytic metastases simultaneously. To achieve this, a stable
gallium complex site for a PET radionuclide, an aspartic acid
peptide linker as a carrier to osteoblastic bone metastases, and
an RGD peptide sequence as a carrier to the primary cancer
and osteolytic metastases were introduced into one molecule.

68Ga is one of the most practical and interesting radio-
nuclides for clinical PET because 68Ga is an in-house generator-
produced radionuclide that can be eluted at any time on-
demand. The easy labeling of short half-life radionuclides is
very important for clinical use. Although any differences
between 68Ga and 67Ga for labeling DOTA derivatives are
unclear, the radiochemical yields were very high (>90%) in the
current study. The next step for their clinical use is to optimize
the labeling conditions using 68Ga to obtain higher radio-
chemical yields at low ligand concentration. Then, preparation
of a kit for radiolabeling that does not require purification
should be tested.
In stability experiments in vitro, the results indicated that the

radiogallium complexes were slowly decomposed in a time-
dependent manner in PBS and were hardly taken away by apo-
transferrin. The slight decomposition should not be critical
problem. 67Ga-DOTA-Dn-c(RGDfK) complexes showed fast
blood clearance and free gallium (67GaCl3) showed very slow
blood clearance (Tables 1 and 2). The protein binding ratios of
67Ga-DOTA-Dn-c(RGDfK) complexes were low, and the
protein binding ratio of 67GaCl3 was extremely high from the
results of in vitro protein binding experiments. Then, if 67Ga
was released from 67Ga-DOTA-Dn-c(RGDfK), the blood
clearance of radioactivity after injection of 67Ga-DOTA-Dn-
c(RGDfK) could be delayed. Moreover, if any peptide bonds in

67Ga-DOTA-Dn-c(RGDfK) were cleaved, tumor accumulation
of radioactivity could be lower. Therefore, these results
indicated that large proportions of 67Ga-DOTA-Dn-c(RGDfK)
complexes were distributed to whole body without decom-
position. Meanwhile, the blood clearance of radioactivity after
injection of 67Ga-DOTA-Dn-c(RGDfK) was correlated with the
protein binding ratios of 67Ga-DOTA-Dn-c(RGDfK) although
the difference of the protein binding ratios among 67Ga-DOTA-
Dn-c(RGDfK) complexes was not significant. The protein
binding does not always decide the blood clearance, but there is
no conflict between the blood clearance in the biodistribution
experiments and the results of the protein binding experiments
in vitro.
Recent reports suggested that aspartic acid-containing

peptides could be useful carriers for bone imaging radio-
tracers.8,17 The affinity of aspartic acid peptides for bone is
derived from the high affinity of the acidic amino acid peptides
for hydroxyapatite in bone,18,19 which is similar to that of the
bisphosphonate compounds that have been used as carriers for
bone-seeking radiopharmaceuticals. In the current study, 67Ga-
DOTA and 67Ga-DOTA-c(RGDfK), which do not contain an
aspartic acid peptide linker, did not bind to hydroxyapatite
significantly, whereas, 67Ga-DOTA-D8-c(RGDfK) and 67Ga-
DOTA-D11-c(RGDfK), which possess an aspartic acid peptide
linker, exhibited a high affinity for hydroxyapatite, as expected
(Figure 2). Thus, in the current drug design, the aspartic acid
peptide linker between the Ga-DOTA complex and the RGD
peptide could function as a carrier to bone. In SPECT imaging,
67Ga-DOTA-D11-c(RGDfK) exhibited a high accumulation of
radioactivity in bone (Figure 3G−I), whereas 67Ga-DOTA-
c(RGDfK) did not accumulate in bone (Figure 3D−F).
Moreover, our recent report demonstrated that the affinity
for hydroxyapatite increased as the number of aspartic acid
residues increased.8 Therefore, the results of the hydroxyapatite
binding assays and biodistribution experiments demonstrated
that the affinity for bone was increased as the number of
aspartic acid residues increased [Figure 2, Tables 1 and 2; 67Ga-
DOTA-c(RGDfK) < 67Ga-DOTA-D8-c(RGDfK) < 67Ga-
DOTA-D11-c(RGDfK)]. It was reported that the bone
accumulation of 67Ga-DOTA-D14 was not higher than that of
67Ga-DOTA-D11 in our recent paper.8 Thus, 67Ga-DOTA-D14-
c(RGDfK) was not prepared in this study. But, in the case of
67Ga-DOTA-Dn-c(RGDfK), since the c(RGDfK) structure and
67Ga-DOTA structure could be a structural obstacle to access of
the Dn site to hydroxyapatite, the length of D11 may be not
enough for higher bone accumulation of 67Ga-DOTA-Dn-
c(RGDfK). The result that the bone accumulation of 67Ga-
DOTA-D11 was significantly higher than that of 67Ga-DOTA-
D11-c(RGDfK) also supports the hypothesis. 67Ga-DOTA-D14-
c(RGDfK) should be prepared and evaluated in the next study.
Bone scintigraphic radiotracers in clinical practice, which

consist of 99mTc complexes with bisphosphonate to serve as a
carrier to bone, have been used widely to diagnose metabolic
bone diseases such as cancer bone metastases. In particular,
99mTc-bisphosphonate complexes accumulate at high levels in
lesions with high osteoblastic activity because the newly formed
bone has a much larger surface area (since the crystalline
structure of hydroxyapatite in the newly formed bone is
amorphous and has a greater surface area) than does the
normal bone.20 Accordingly, it could be predicted that 67Ga-
DOTA-D11-c(RGDfK), which has an aspartic acid linker with
high affinity for hydroxyapatite as well as the bisphosphonate

Figure 3. SPECT/CT images (A, D, G, axial images; B, E, H, sagittal
images; C, F, I, coronal images) of tumor bearing mice at 2 h after the
intravenous injection of (A−C) 67Ga-DOTA-D11, (D−F) 67Ga-
DOTA-c(RGDfK), or (G−I) 67Ga-DOTA-D11-c(RGDfK). Arrows
indicate the site where tumor cells were injected.
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carrier, would also exhibit high accumulation in high
osteoblastic activity lesions, such as osteoblastic bone metastatic
lesions, in bone tissue. Meanwhile, the sensitivity and the
accuracy of 99mTc-bisphosphonate complexes in patients with
osteolytic bone metastases are lower than those of [18F]FDG,
which is the gold standard for tumor imaging using clinical
PET, because 99mTc-bisphosphonate complexes do not
accumulate well in osteolytic lesions.21 To develop a radiotracer
to accumulate in osteolytic bone metastatic lesions, Wadas et al.
reported that a radiolabeled RGD peptide (64Cu-RGD)
targeting αvβ3 integrin could be used to visualize osteolytic
bone metastases in an animal model22 since αvβ3 integrin is
expressed abundantly on the surface of angiogenic blood
vessels, certain tumor cells, and osteoclasts,23,24 which are
abundant in lesions with high osteolytic activity. Zheleznyak et
al. also demonstrated that the 64Cu-RGD could image the
increased osteoclastogenesis that is typically associated with
pathologically active bone resorption in vivo.25 In addition,
Miao et al. reported that another 99mTc-labeled RGD peptide
exhibited the higher specificity and accuracy in lung cancer
patients with bone metastases compared with 99mTc-MDP bone
scintigraphy.26 Accordingly, it is likely that αvβ3 integrin is the
target molecule and RGD peptide is the carrier to osteolytic
bone metastases. Ga-DOTA-Dn-c(RGDfK), which contains
c(RGDfK), has a high affinity for αvβ3 integrin in vitro (Figure
1). Thus, Ga-DOTA-Dn-c(RGDfK) is also expected to
accumulate in osteolytic bone metastases. Moreover, it was
reported that RGD peptide could also be a carrier to primary
cancers;27−29 therefore, Ga-DOTA-Dn-c(RGDfK), which con-
tains an aspartic acid peptide linker and c(RGDfK), could
accumulate in primary tumor, osteoblastic bone metastases, and
osteolytic bone metastases simultaneously because the RGD
peptide site is responsible for radioactivity localization in
primary tumor and osteolytic bone metastases lesions, and the
aspartic acid peptide linker is responsible for radioactivity
localization in osteoblastic bone metastases. Although the
current study confirmed that Ga-DOTA-D11-c(RGDfK)
accumulated in tumor and bone by biodistribution experiments
and SPECT imaging in U87MG tumor-bearing mice, the
accumulation in bone metastases was not confirmed. The
accumulation of Ga-DOTA-D11-c(RGDfK) in bone metastases
should be confirmed in bone metastasis animal models in the
near future.
In the current study, a blocking experiment was performed to

confirm the specific accumulation of the radiotracer. The
accumulation of 67Ga-DOTA-D11-c(RGDfK) in tumor was
reduced significantly by the co-injection of an excess amount of
RGD peptide, which suggests that the tumor accumulation of
67Ga-DOTA-D11-c(RGDfK) is caused by the specific binding
affinity of the c(RGDfK) motif to αvβ3 integrin. Moreover, the
reduced radioactivity of 67Ga-DOTA-D11-c(RGDfK) in all
tissues except kidney and bone by the co-injection of RGD
peptide was consistent with previous radiolabeled RGD studies
without accumulation in bone.30 The c(RGDfK) motif in 67Ga-
DOTA-D11-c(RGDfK) should also affect the reduction in
radioactivity. In contrast, although the bone accumulation of
labeled RGD peptides tended to be decreased by the co-
injection of RGD peptide in previous reports, the bone
accumulation of 67Ga-DOTA-D11-c(RGDfK) was significantly
increased by co-injection of RGD peptide. This suggests that
the accumulation of 67Ga-DOTA-D11-c(RGDfK) in bone is
caused by the aspartic acid linker, not the c(RGDfK) motif.

The drug design concept that includes a radiometal complex-
conjugated RGD peptide with an aspartic acid peptide linker is
applicable to both diagnosis and therapy. Radiolabeled RGD
peptides with a β emitter radionuclide, such as yttrium (90Y) or
lutetium (177Lu), have been applied to radionuclide therapy and
showed promising results.31,32 For bone-seeking agents, some
therapeutic radiopharmaceuticals labeled with α- or β-emitting
radionuclides have been approved for the palliation of bone
metastases, and many labeled compounds have been developed
and studied in basic research.33−37 Therefore, combination
peptides could be applicable to radionuclide therapy. In the
current study, we selected DOTA as the ligand and introduced
it into the designed compound, and the Ga-DOTA complexes
demonstrated high stability in buffered solution. For gallium
labeling, 1,4,7-triazacyclononane-triacetic acid (NOTA) or
triazacyclononane-phosphinate (TRAP) may be better ligands
because they could be radiolabeled with high yields of
radiogallium using lower concentrations of precursors.38

However, since DOTA ligands could form a stable complex
with not only gallium (67/68Ga) but also indium (111In), yttrium
(90Y), lutetium (177Lu), and bismuth (213Bi), DOTA-D11-
c(RGDfK) could also be labeled with these radiometals.
Therefore, DOTA may be more beneficial in radionuclide
therapy applications than NOTA or TRAP. Generally, if
radiometal complexes are stable, different complexes labeled
using the same precursor with different radiometals are
expected to have a similar biodistribution. Therefore, DOTA-
D11-c(RGDfK) could be useful for a coupling diagnosis and
therapy by labeling with diagnostic radionuclides and
therapeutic radionuclides, namely theranostics.

■ CONCLUSIONS

The present study suggests that 68Ga-DOTA-D11-c(RGDfK),
which contains 68Ga instead of 67Ga, has great potential as a
PET tracer for the diagnosis of primary cancer lesions as well as
osteoblastic and osteolytic bone metastases simultaneously.
This could provide useful information for the development of
diagnostic and therapeutic radiolabeled compounds and a
coupling method between diagnosis and therapy, namely
theranostics, for future research.

■ EXPERIMENTAL PROCEDURES

Electrospray ionization mass spectra (ESI-MS) were obtained
with JEOL JMS-T100TD (JEOL Ltd., Tokyo, Japan). Matrix
assisted laser desorption/ionization-time-of-flight mass spectra
(MALDI-TOF-MS) were obtained with ABI 4800 plus (AB
SCIEX, Foster, CA, USA). 67GaCl3 is kindly provided by Nihon
Medi-physics (Tokyo, Japan). [125I]NaI (644 GBq/mg) was
purchased from PerkinElmer (Waltham, MA, USA). 1,4,7,10-
Tetraazacyclododecane-1,4,7-tris(t-butyl acetate) (DOTA-tris)
was purchased from Macrocyclics (Dallas, TX, USA). U87MG
glioblastoma cells were purchased from DS Pharma Biomedical
(Osaka, Japan). Other chemicals and solvents were all of
reagent grade and used without further purification.

Synthesis of Precursors. Cyclic[Arg(Pmc)-Gly-Asp-
(OtBu)-D-Phe-Lys(Alloc)] (3) was synthesized manually by
the standard Fmoc-based solid-phase methodology. Namely,
Fmoc-Gly-OH (4 mol equiv to resin) was dissolved in
dichloromethane. 2-Chlorotrityl chloride resin and N,N-
diisopropylethylamine (DIEA, 3.5 equiv) were added. The
reaction mixture was rotated for 1 h, and 1 mL of methanol was
added to further react for 30 min at room temperature. The
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peptide chain was constructed according to the cycle consisting
of (a) 15 min deprotection of Fmoc group with 20% piperidine
in N,N-dimethylformamide (DMF) and (b) 1.5 h coupling of
the Fmoc-Arg(Pmc)-OH, Fmoc-Lys(Alloc)-OH, Fmoc-D-Phe-
OH, and Fmoc-Asp(OtBu)-OH (2.5 equiv) with 1,3-
diisopropylcarbodiimide (DIPCI, 2.5 equiv) and 1-hydrox-
ybenzotriazole hydrate (HOBt, 2.5 equiv) in DMF. The
coupling reaction was repeated when the resin became positive
to the Kaiser test to obtain Resin-Gly-Arg(Pmc)-Lys(Alloc)-D-
Phe-Asp(OtBu) (1).
The resin-bound peptide was treated with 30% 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP) in dichloromethane for 5 min to
cleave the bond between the resin and the peptide. After
filtration, the solvent in the filtrate was removed in vacuo. The
residue, crude Gly-Arg(Pmc)-Lys(Alloc)-D-Phe-Asp(OtBu)
(2), was used in the next reaction without further purification.
The peptide was dissolved in DMF (5 mM), and then
NaHCO3 (5 equiv) and diphenylphosphoryl azide (DPPA, 3
equiv) were added. After 24 h stirring at room temperature, the
solid NaHCO3 was removed by filtration, and DMF was
removed in vacuo. The residue, crude cyclic[Gly-Arg(Pmc)-
Lys(Alloc)-D-Phe-Asp(OtBu)] (3), was used in the next
reaction without further purification.
The Alloc protecting group of the ε amino group in lysine

was selectively deprotected by the treatment of Pd(PPh3)4 in
chloroform/acetic acid/N-methylmorpholine (37:2:1) for 2 h
under a N2 atmosphere. The crude peptide was purified by
reversed phase (RP)-HPLC on Cosmosil 5C18-AR-300 column
(10 mm × 150 mm; Nacalai Tesque, Kyoto, Japan) at a flow
rate of 4.0 mL/min with a gradient mobile phase of 55%
methanol in water with 0.1% trifluoroacetic acid (TFA) to 75%
methanol in water with 0.1% TFA for 20 min (gradient system
A). Chromatograms were obtained by monitoring the UV
absorption at a wavelength of 220 nm. The fraction containing
cyclic[Arg(Pmc)-Gly-Asp(OtBu)-D-Phe-Lys] was determined
by mass spectrometry and collected. The solvents were
removed by lyophilization to provide cyclic[Arg(Pmc)-Gly-
Asp(OtBu)-D-Phe-Lys] (4, 98.8 mg, 53.3%) as a yellow
powder.
Cyclic[Arg(Pmc)-Gly-Asp(OtBu)-D-Phe-Lys]: RP-HPLC

(gradient system A, tR = 14.9 min), ESI-MS (m/z calcd for
C45H68N9O10S ([M + H]+) 926.5, found 926.4).
DOTA(tris)-[Asp(OtBu)]8 (9) and DOTA(tris)-[Asp-

(OtBu)]11 (10) were synthesized by Fmoc solid-phase
methodology using the above-mentioned procedure and used
in the next reaction without further purification.
Cyclic[Arg(Pmc)-Gly-Asp(OtBu)-D-Phe-Lys] (4, 9.25 mg,

10.0 μmol) and DOTA(tris)-[Asp(OtBu)]11 (10, 24.6 mg, 10.0
μmol) were dissolved in 500 μL of DMF. HOBt (8 equiv) and
DIPCI (7 equiv) were added to the reaction mixture. The
reaction solution was shaken gently for 2 h, then purified by
RP-HPLC on Cosmosil 5C18-AR-300 column (10 mm × 150
mm) at a flow rate of 4.0 mL/min with a gradient mobile phase
of 70% methanol in water with 0.1% TFA to 100% methanol in
water with 0.1% TFA for 20 min (gradient system B).
Chromatograms were obtained by monitoring the UV
absorption at a wavelength of 220 nm. The fraction containing
DOTA(tris)-[Asp(OtBu)]11-cyclic[Arg(Pmc)-Gly-Asp(OtBu)-
D-Phe-Lys] (12) was determined by mass spectrometry and
collected. The solvent was removed by lyophilization to provide
a white powder (24.0 mg, 71.4%).
DOTA(tris)-[Asp(OtBu)]8-cyclic[Arg(Pmc)-Gly-Asp-

(OtBu)-D-Phe-Lys] (11, 12.4 mg, 43.5%) was obtained by the

above-mentioned method using the DOTA(tris)-[Asp(OtBu)]8
(9) as a starting material instead of DOTA(tris)-[Asp(OtBu)]11
(10).
DOTA(tris)-cyclic[Arg(Pmc)-Gly-Asp(OtBu)-D-Phe-Lys]

(13, 6.8 mg, 45.9%) was obtained by the same method as
DOTA(tris)-[Asp(OtBu)]11-cyclic[Arg(Pmc)-Gly-Asp(OtBu)-
D-Phe-Lys] (12) using the DOTA(tris) as a starting material
instead of DOTA(tris)-[Asp(OtBu)]11 (10).
DOTA(tris)-cyclic[Arg(Pmc)-Gly-Asp(OtBu)-D-Phe-Lys]:

RP-HPLC (gradient system B, tR = 8.5 min), ESI-MS (m/z
calcd for C73H118N13O17S ([M + H]+) 1480.8, found 1480.9).
DOTA(tris)-[Asp(OtBu)]8-cyclic[Arg(Pmc)-Gly-Asp-

(OtBu)-D-Phe-Lys]: RP-HPLC (gradient system B, tR = 13.9
min), ESI-MS (m/z calcd for C137H222N21O41S ([M + H]+)
2850.6, found 2850.6).
DOTA(tris)-[Asp(OtBu)]11-cyclic[Arg(Pmc)-Gly-Asp-

(OtBu)-D-Phe-Lys]: RP-HPLC (gradient system B, tR = 15.5
min), ESI-MS (m/z calcd for C161H261N24O50S ([M + H]+)
3363.8, found 3363.9).
DOTA(tris)-[Asp(OtBu)]11-cyclic[Arg(Pmc)-Gly-Asp-

(OtBu)-D-Phe-Lys] (12) was treated with a mixture of 95%
TFA, 2.5% water, and 2.5% triisopropylsilane (TIS) for 24 h at
room temperature. The crude peptide was purified by reversed
phase RP-HPLC on Cosmosil 5C18-AR-II column (4.6 mm ×
150 mm) at a flow rate of 1.0 mL/min with a gradient mobile
phase of 10% methanol in water with 0.1% TFA to 50%
methanol in water with 0.1% TFA for 20 min (gradient system
C). Chromatograms were obtained by monitoring the UV
absorption at a wavelength of 220 nm. The solvent was
removed by lyophilization to provide DOTA-D11-c(RGDfK)
(15, 1.54 mg, 11.1%) as a white powder.
Deprotection of DOTA(tris)-[Asp(OtBu)]8-cyclic[Arg-

(Pmc)-Gly-Asp(OtBu)-D-Phe-Lys] and DOTA(tris)-cyclic-
[Arg(Pmc)-Gly-Asp(OtBu)-D-Phe-Lys] was performed by the
same method. DOTA-D8-c(RGDfK) (14, 1.20 mg, 22.3%) and
DOTA-c(RGDfK) (16, 1.20 mg, 26.4%) were obtained.
DOTA-c(RGDfK): RP-HPLC (gradient system C, tR = 12.8

min), ESI-MS (m/z calcd for C43H68N13O14 ([M + H]+) 990.5,
found 990.5).
DOTA-D8-c(RGDfK): RP-HPLC (gradient system C, tR =

14.9 min), MALDI-TOF-MS (m/z calcd for C75H108N21O38

([M + H]+) 1910.7, found 1910.7).
DOTA-D11-c(RGDfK): RP-HPLC (gradient system C, tR =

16.6 min), MALDI-TOF-MS (m/z calcd for C87H123N24O47

([M + H]+) 2255.8, found 2255.9).
Preparation of Nonradioactive Gallium Complexes.

Ga(NO3)3 (3.6 mg, 14.1 μmol) was dissolved in 360 μL of
water. DOTA-D11-c(RGDfK) (15) (1.1 mg, 0.488 μmol) was
dissolved in 96 μL of water and mixed with 48 μL of the
Ga(NO3)3 solution. The mixture was heated for 2 h at 40 °C
and purified by HPLC to give Ga-DOTA-D11-c(RGDfK) (18)
(1.08 mg, 95.4%). RP-HPLC was carried on Cosmosil 5C18-
AR-II (4.6 mm × 150 mm) at a flow rate of 1 mL/min with a
gradient mobile phase of 15% methanol in water with 0.1%
TFA to 40% methanol in water with 0.1% TFA for 30 min
(gradient system D).
DOTA-D8-c(RGDfK) (14, 1.0 mg, 0.524 μmol) and DOTA-

c(RGDfK) (16, 0.60 mg, 0.606 μmol) were reacted with
Ga(NO3)3 and purified by the above-mentioned method to
give Ga-DOTA-D8-c(RGDfK) (17, 0.93 mg, 89.9%) and Ga-
DOTA-c(RGDfK) (19, 0.56 mg, 87.5%)
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Ga-DOTA-c(RGDfK): RP-HPLC (gradient system D, tR =
12.5 min), ESI-MS (m/z calcd for C43H65GaN13O14 ([M]+)
1056.4, found 1056.4).
Ga-DOTA-D8-c(RGDfK): RP-HPLC (gradient system D, tR

= 17 .0 min) , MALDI-TOF-MS (m/z ca lcd for
C75H105GaN21O38 ([M]+) 1976.6, found 1976.7).
Ga-DOTA-D11-c(RGDfK): RP-HPLC (gradient system D),

tR = 18.5 min, MALDI-TOF-MS (m/z calcd for
C87H120GaN24O47 ([M]+) 2321.7, found 2321.8).
αvβ3 Integrin Binding Assay. Binding affinities of

synthesized peptides for αvβ3 receptor were determined
according to procedures reported previously with a slight
modification.39 Plates (96-well; Thermo, Waltham, MA, USA)
were coated with 100 μL/well of a purified human integrin αvβ3
solution (600 ng/mL, Chemicon-Millipore, Billerica, MA,
USA) in coating buffer (25 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1 mM CaCl2, 0.5 mM MgCl2, and 1 mM MnCl2) for 17
h at 4 °C. The plates were washed twice with binding buffer
[containing 0.1% bovine serum albumin (BSA) in coating
buffer]. The wells were blocked for 2 h with 200 μL blocking
buffer (containing 1% BSA in coating buffer). The plates were
washed twice with binding buffer. Then, 95 μL of binding
buffer containing 22 kBq of 125I-c(RGDyK), which was
prepared by chloramine T method with c(RGDyK) peptide
and purified by HPLC, and 5 μL of binding buffer containing
various concentrations of Ga-DOTA-D8-c(RGDfK), Ga-
DOTA-D11-c(RGDfK), Ga-DOTA-c(RGDfK), or c(RGDfK)
were added and incubated at 37 °C for 1 h. After incubation,
the plates were washed three times with the binding buffer and
were counted in a γ counter (ARC-7010B, Hitachi Aloka
Medical, Ltd., Tokyo, Japan). The half maximal inhibitory
concentration (IC50) values of the peptides were calculated by
curve fitting with nonlinear regression using GraphPad Prism
5.04 (GraphPad Software Inc., San Diego, CA, USA). Each data
point is the average of four determinations, and IC50 values
were expressed as the mean ± standard deviation (SD) from
three independent experiments.
Radiolabeling with 67Ga. A precursor, DOTA-D11-

c(RGDfK) (20 μg), was dissolved in 75 μL of 0.2 M
ammonium acetate buffer (pH 5.0), and then 25 μL of
67GaCl3 (74 MBq/mL) solution was added to the solution.
After heating for 8 min at 80 °C, the solution was purified by
RP-HPLC (gradient system D).
Precursors DOTA-D8-c(RGDfK) and DOTA-c(RGDfK)

were radiolabeled with 67Ga and purified by the above-
mentioned method.
In Vitro Stability Experiments. 67Ga-DOTA-D8-c-

(RGDfK), 67Ga-DOTA-D11-c(RGDfK), and 67Ga-DOTA-c-
(RGDfK) were incubated in 0.1 M phosphate buffered saline
(PBS, pH 7.4) for 24 h at 37 °C. The solutions after incubation
of 1, 3, and 24 h were analyzed by RP-HPLC.
The tracers were incubated in 1 M PBS (pH 7.4) containing

7.5 mg/mL apo-transferrin. The solutions were incubated for
24 h at 37 °C. The solution at 1, 3, and 24 h after incubation
was analyzed by size-exclusion HPLC analysis on a TSK-GEL
Super SW3000 column (4.6 mm × 300 mm, TOSOH, Tokyo,
Japan) at a flow rate of 0.3 mL/min with an isocratic mobile
phase of 0.1 M PBS (pH 6.8).
Hydroxyapatite Binding Assays. Experiments for hydrox-

yapatite binding were performed according to procedures
reported previously with a slight modification.35,40 In brief,
hydroxyapatite beads (Bio-Gel; Bio-Rad, Hercules, CA, USA)
were suspended in Tris/HCl-buffered saline (50 mM, pH 7.4)

at 1, 2.5, 10, or 25 mg/mL. Two hundred microliters of each
solution of 67Ga-labeled peptide and 67Ga-DOTA was added to
200 μL of hydroxyapatite suspension. Corresponding pre-
cursors were added to the suspension to adjust the ligand
concentrations to 19.5 μM. The mixture was gently shaken for
1 h at room temperature. After centrifugation at 10000g for 5
min, the radioactivity of the supernatant was measured. Control
group was performed using the same procedure without
hydroxyapatite beads. The rate of hydroxyapatite binding was
determined using the following equation.

= −

×

Hydroxyapatite binding rate (%)

(1 [radioactivity of supernatant of each sample]

/[radioactivity of supernatant of control]) 100

In Vitro Protein Binding Studies. The protein binding
ratios of 67Ga-DOTA-D8-c(RGDfK),

67Ga-DOTA-D11-c-
(RGDfK), 67Ga-DOTA-c(RGDfK), and 67GaCl3 were evaluated
by ultrafiltration (Amicon ultra centrifugal filters, 0.5 mL, 30K
membrane; Millipore, Billerica, MA, USA) according to the
protocol described in a previous report with a slight
modification.41 Each tracer (6−19 kBq in 10 μL saline) was
added to 90 μL of mouse serum. Mixtures (90 μL) of each
tracer and serum were centrifuged at 14000g for 20 min at
room temperature. The radioactivity of the initial mixtures (10
μL) and the filtrates (10 μL) was measured. Free fraction ratio
and protein binding ratio were determined as follows:

=

×

Free fraction ratio (%)

(radioactivity of filtrate)/(radioactivity of initial)

100

= −Protein binding ratio (%) 100 (Free fraction ratio)

Biodistribution Experiments. Experiments with animals
were conducted in strict accordance with the Guidelines for the
Care and Use of Laboratory Animals of Kanazawa University.
The animal experimental protocols used were approved by the
Committee on Animal Experimentation of Kanazawa Uni-
versity (Permit Number AP-132633). The animals were housed
with free access to food and water at 23 °C with a 12-h
alternating light/dark schedule. To produce tumors, approx-
imately 5 × 106 of the prepared U87MG glioblastoma cells in
100 μL of PBS were injected subcutaneously into the right and
left shoulders of 4-week-old female BALB/c nude mice (15−19
g, Japan SLC, Inc., Hamamatsu, Japan). Biodistribution
experiments were performed approximately 14−21 days
postinoculation, that is, the time needed for tumors to reach
a palpable size. Groups of four mice at each time point were
intravenously administered 100 μL of saline solution of 67Ga-
DOTA-D8-c(RGDfK),

67Ga-DOTA-D11-c(RGDfK),
67Ga-

DOTA-c(RGDfK), or 67GaCl3 (37−148 kBq). Mice were
sacrificed at 1 and 3 h postinjection. Tissues of interest were
removed and weighed. Complete left femurs were isolated as
representative bone samples, radioactivity counts were
determined with an auto well γ counter, and counts were
corrected for background radiation and physical decay during
counting.
To investigate the effect of an excess amount of RGD peptide

on biodistribution, U87MG tumor bearing mice were intra-
venously administered 100 μL of a mixed solution of 67Ga-
DOTA-D11-c(RGDfK) (74 kBq) and c(RGDfK) peptide (0.2
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mg/mouse). Mice (n = 4) were sacrificed at 1 h postinjection,
and biodistribution experiments were conducted as described
above.
SPECT Imaging. Tumor-bearing mice for imaging were

prepared by the above-mentioned method with a slight
modification, namely, U87MG cells were injected subcuta-
neously into only the right shoulder of mice. Micro-SPECT/
CT imaging was performed approximately 21 days post-
inoculation, that is, the time needed for tumors to reach a
palpable size (0.7−1.0 cm in diameter). At 2 h after injection of
67Ga-DOTA-D11, which was prepared by the described method
previously,8 67Ga-DOTA-c(RGDfK), or 67Ga-DOTA-D11-c-
(RGDfK) (4.9−7.9 MBq/mouse) into tumor-bearing mice,
mice were sacrificed because of long time acquisition of SPECT
imaging. SPECT and X-ray CT images of a mouse for each
tracer were performed by the eXplore speCZT CT 120 (GE
Healthcare, Milwaukee, WI, USA). SPECT data acquisition was
performed in 1000−1300 s/frame for 50 frames. The energy
window was 65−210 keV.
Statistical Analysis. Data are expressed as means ±

standard deviations. Significance for half maximal inhibitory
concentration (IC50) values in integrin binding assays and
biodistribution experiments among 67Ga-DOTA-D8-c(RGDfK),
67Ga-DOTA-D11-c(RGDfK), and

67Ga-DOTA-c(RGDfK) was
determined using a one-way analysis of variance (ANOVA)
followed by the Tukey−Kramer post hoc test. Significance for
in vitro protein binding experiments among 67Ga-DOTA-D8-
c(RGDfK), 67Ga-DOTA-D11-c(RGDfK),

67Ga-DOTA-c-
(RGDfK), and 67GaCl3 was also determined using a one-way
analysis of variance (ANOVA) followed by the Tukey−Kramer
post hoc test. Significance between biodistribution data of 67Ga-
DOTA-D11-c(RGDfK) and its blocking data by co-injection
with c(RGDfK) peptide was determined using unpaired
Student’s t test. Results were considered statistically significant
at p < 0.05.
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