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Abstract. – OBJECTIVE: To design a new
Arg-Gly-Asp (RGD) peptide that can specifically
bind integrin αvβ3 and evaluate the possibility of
using 131I-labeled peptide for imaging αvβ3-positive tumors.
MATERIALS AND METHODS: The structure of
the RGD monomer was selected using V-life
software. Based on the RGD monomer, a dimer
of cyclic RGD [c(RGD)2] linked by Tyr-(D)SerLys-(D)Ser-Ser with a Gly-Gly-(D)Ala-Gly side
chain on the lysine residue was synthesized. 131Ic(RGD)2 was synthesized using the chloramineT (ChT) method, and the octanol-water partition
coefficient was experimentally measured. To
evaluate its binding affinity and selectivity, its
equilibrium dissociation constant (Kd) with U87
MG glioma cells was measured in vitro, while
whole body imaging and biodistribution were
assessed in vivo in mice bearing U87 MG
xenografts.
RESULTS: The optimal structure of the
monomer was cyclic [-Cys-Arg-Gly-Asp-(D)SerCys-]. The 131I-c(RGD)2 molecule exhibited good
stability and was highly hydrophilic. The Kd value was (3.87 ± 0.05) × 10-9 M, suggesting a high
αvβ3-binding affinity and specificity. The tumors
were clearly visualized at 3 and 6 h post-injection. Biodistribution data of the 131I-c(RGD)2 molecule showed rapid clearance from the blood
and predominant accumulation in the tumor and
kidney. The tumor-to-normal tissue (T/NT) ratio
increased over time. At 24 h post-injection, the
tumor-to-liver, tumor-to-muscle, and tumor-toblood ratios were 4.92, 4.29, and 5.00, respectively.
CONCLUSIONS: These results suggest that
the 131I-c(RGD)2 molecule may serve as a promising tracer for the detection of αvβ3-positive tumors.
Key Words:
Radionuclide labeling, Radionuclide imaging, Integrin ανβ3, RGD peptides.

Introduction
Integrins are a well-known family of cell adhesion molecules that play an important role in tumor angiogenesis, which is necessary for both tumor growth and metastasis1. Integrins are heterodimeric glycoproteins composed of an α- and a
β-subunit. To date, 25 combinations of the 19 αand 8 β-subunits have been identified2. Among
them, the integrin αvβ3 is likely the most strongly
involved in the regulation of angiogenesis and is
drawing increasing attention3. The expression of
integrin αvβ3 is up-regulated in the tumor vasculature and on a variety of solid tumor surfaces, but it
is low in both resting endothelial cells and most
normal organ systems4-7. Integrin αvβ3 can regulate cell proliferation, survival, differentiation, migration, and mechanotransduction through bidirectional signal transduction8,9. It is vital for the interaction of endothelial cells with extracellular matrix proteins (e.g., vitronectin, fibronectin, and collagen) during angiogenesis, which occurs via their
Arg-Gly-Asp (RGD) tripeptide sequence10. Integrin αvβ3 is not only capable of producing independent signals, but it also exhibits cross-talk with
signals generated by soluble factors. For example,
vascular endothelial growth factor receptor-2 and
integrin αvβ3 jointly regulate vessel formation11-13.
Recently, integrin αvβ3 has been shown to be an
efficient molecular target for therapeutic drugs
and angiogenesis imaging agents14.
The RGD sequence is currently the basic module for many radiotracers that have been designed to specifically bind to integrin αvβ3. The
first radiotracer used to image integrin αvβ3 was
introduced in 1999 10. Currently, a variety of
RGD derivatives have been described, but only a
small set has entered clinical trials. [18F]GalactoRGD has been used in clinical studies and ex-
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hibits a predominantly rapid renal elimination
and a low radiation burden for patients. Nevertheless, the low tumor-to-background ratio limits
its wide clinical application15. Thus, one important direction for molecular nuclear medicine involving integrin αvβ3 receptor research is to improve αvβ3 targeting and reduce the compound
concentration in non-cancerous organs.
Recently, the concept of polyvalency has been
used to enhance the binding affinity of multimeric RGD peptides. The binding affinity and tumor
incept of RGD derivatives follow the sequence
octamer > tetramer > dimer > monomer14. However, with increasing peptide multiplicity, the uptake of radiolabeled multimeric RGD derivatives
in non-targeted organs also markedly increases16.
In addition, the cost of RGD tetramers and RGD
octamers is prohibitively high for the development of αvβ3-targeted derivatives17. The binding
affinity of cyclic RGD peptide tetramers to ανβ3
is bivalent, although they have four identical
RGD motifs18,19.
Due to the drawbacks of the multimeric RGD
peptides mentioned above, the use of dimeric
scaffolds is more favorable. Cyclization of RGD
peptides via linkers, such as double disulfide
bonds, often leads to a higher receptor binding
affinity and selectivity20. The RGD peptides that
include two disulfide bonds are at least 20-fold
more potent inhibitors of integrin ανβ3-mediated
cell attachment than those with a single disulfide
bond, and they are 200-fold more potent than
commonly used linear RGD peptides21.
In this study, a novel cyclic RGD peptide
[c(RGD)2] with double disulfide bonds was synthesized, and the characteristics of 131I-labeled
c(RGD)2 were evaluated. The probe was applied
to a subcutaneous U87 MG xenograft (human
glioblastoma) model with high integrin ανβ3 expression6. Our aim was to assess the feasibility of
using 131I-c(RGD)2 as a noninvasive tumor-imaging agent.

Materials and Methods
Cell Culture and Animal Model
The U87 MG glioma cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM,
high glucose) supplemented with 10% fetal
bovine serum (Gibco, Carlsbad, CA, USA). The
cells were cultured at 37°C in a humidified 5%
CO2 atmosphere and routinely passaged three to
four times per week.
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All animal experiments were approved by the
Peking University Animal Studies Committee in
accordance with the Guidelines for the Care and
Use of Research Animals (Peking University,
Peking, China). BALB/c nude mice from the same
colony weighing 18 ± 2 g were obtained from the
Department of Laboratory Animal Science of
Peking University First Hospital. A 100-µL cell
suspension (1 × 107 U87 MG cells/animal) was
subcutaneously inoculated into the right upper
limbs of the mice. When the tumor diameter was
greater than 0.8-1.0 cm, in vivo biodistribution and
imaging analyses were performed. To block the
concentration of radiotracers in the thyroid, the
mice were administered 0.5% sodium iodine in
their drinking water 3 days before the experiments.
Design of c(RGD)2
The cRGD molecule library was built using
the V-life software for a computer-aided drug design (CADD) system, and the cRGD peptide
structure with the lowest score was identified using the DOCK procedure. The Tyr-(D)Ser-Lys(D)Ser-Ser sequence was designed to conjugate
the two cyclic RGD moieties, and a side chain Gly-Gly-(D)Ala-Gly was linked to the lysine
residue. The product was synthesized by GL
Biochem Ltd. (Shanghai, China).
Radiosynthesis
The chloramine-T (CH-T) method was used for
¹³¹I-labeling of c(RGD)2. The c(RGD)2 (50 µg) was
diluted in 100 µL of 0.5 M phosphate buffer (pH
7.4), and 10 µL of 131INa (74 MBq) was then added.
Fresh CH-T (9 µL, 10 µg/µL) was subsequently
added to the solution. The mixture was gently shaken at room temperature for 2 min and then immediately isolated and purified by gel filtration on a
Sephadex G-10 column (0.7 × 10 cm) with 0.05 M
phosphate buffer (pH = 7.4) as the eluate.
As a quality control for the radiolabeled
c(RGD)2, paper chromatography on XinHua filter paper (Hangzhou Xinhua Paper Industry Co.,
Ltd, China) was performed to assess the labeling
efficiency and radiochemical purity. The mobile
phase solution was butanol-alcohol-ammonia
(5:2:1, v/v/v).
In vitro Stability
A sample of 131I-c(RGD)2 with a concentration
of 0.01 µg/µL was incubated in 0.9% saline at
4°C and in fresh human serum at 37°C. Paper
chromatography was performed at different time
intervals to assess stability.
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Octanol-Water Partition Coefficient
To determine the lipophilicity of 131I-c(RGD)2,
10 µL of column-purified 131I-c(RGD)2 was diluted in 1 mL of saline and 1 mL of octanol, and the
resulting biphasic system was blended vigorously for 15 min and gently for another 10 min. The
two phases were separated by vortexing (3 min,
10000 r/min), and 100-µL aliquots were removed
from each phase for radioactive counting. The
partition coefficient was expressed as the ratio of
radioactive counts in the octanol phase to the radioactive counts in the saline phase, and log p
values were calculated. The experiment was repeated 3 times.
Cell Integrin Receptor-Binding Assay
The in vitro integrin binding affinity of the
c(RGD) 2 was assessed via displacement cellbinding assays using 125I-c(RGD)2 as the integrin-specific radioligand. The c(RGD) 2 was
conjugated with 125I using the Iodogen method.
The U87 MG cells were scraped and diluted to
a concentration of 5 × 106 /mL in the binding
buffer (0.5 M Tris, pH = 7.2; 150 mM NaCl; 2
mM CaCl 2; 1 mM MgCl 2; 1 mM MnCl 2; and
1% bovine serum albumin). A cell suspension
of 100 µL was placed in an Eppendorf tube and
incubated with 100 µL 125I-c(RGD) 2 (2 × 10 5
cpm) in the presence of increasing concentrations of c(RGD)2 (0-10 nM). The total incubation volume was maintained at 300 µL. After
incubation at room temperature for 2 h and centrifugation at 10000 rpm for 30 sec, the tubes
were washed twice with cold binding buffer.
The deposition was collected, and radioactive
counts were measured using a ν-well counter
(Beijing Nuclear Instrument Factory, Peking,
China). The Kd values were assessed by nonlinear regression using SPSS 17.0 (SPSS Inc.,
Chicago, IL, USA).
SPECT Imaging
In the SPECT imaging studies, 3 mice with
U87 MG tumor xenografts were injected intra-

venously with 131I-c(RGD) 2 (3.7 MBq in 0.1
mL/mouse). A whole body imaging analysis was
performed at 3 and 6 h after injection at the Department of Nuclear Medicine, Peking University
First Hospital, using SPECT (General Electric
Company, Fairfield, CT, USA). Planar images
were acquired at 100,000 counts with a zoom
factor of 1.0 and were digitally stored in a 256 ×
256 matrix.
Biodistribution
Twenty-five BALB/c nude mice with U87
MG xenografts were randomly divided into 5
groups (5 mice in each) and were intravenously
injected with 131I-c(RGD)2 dimer (0.74 MBq in
0.1 mL/mouse). Animals were sacrificed at 1, 3,
6, 14, and 24 h after injection. A 100 µL blood
sample was obtained, and organs of interest were
removed and weighed separately. Their radioactive counts were assessed using a ν-well counter
(Beijing Nuclear Instrument Factory, Peking,
China). The percent of injected dose per gram of
tissue or per organ (% ID/g) was calculated as
previously described22,23.
Statistical Analysis
Values are presented as means ± standard deviation. All statistical computations were performed using SPSS software (version 17.0).

Results
Radiolabeling of 131I-c(RGD)2
The structure of the cRGD monomer with the
lowest score was cyclic [-Cys-Arg-Gly-Asp(D)Ser-Cys-]. To accelerate the clearance from the
blood and non-target organs and minimize liver
accumulation of the radiotracer, -Tyr-(D)Ser-Lys(D)Ser-Ser- was designed as a bridge to link the
two identical monomer sequences (Figure 1), as
the (D)serine residues in the linker can modify the
route of excretion and/or kidney retention24. The
tyrosine residue in the linker was designed to be

Gly-Gly-(D)Ala-Gly
NH2-Cys-Arg-Gly-Asp-(D)Ser-Cys-Tyr-(D)Ser-Lys-(D)Ser-Ser-Cys-Arg-Gly-Asp-(D)Ser-Cys-COOH

Figure 1. Amino acid sequence of the cyclic RGD dimer.
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Figure 2. In vitro stability. Radiochemical purity of 131I-c(RGD)2 in 0.9% saline at 4°C (A) and in fresh human serum at 37°C (B).

labeled with 125I and 131I. In addition, -Gly-Gly(D)Ala-Gly on the lysine residue was chosen as a
chelating moiety to anchor 99mTc25. The relative
molecular mass of the cRGD dimer was 2054.30,
and the purity was over 95%.
The radiolabeling efficiency of the 131 Ic(RGD)2 was 76.35% ± 2.33, and radiochemical
purities > 95% were obtained after purification.
The product was stable for up to 6 h when stored
in saline at 4°C (Figure 2A) or fresh human
serum at 37°C (Figure 2B). The 131I-c(RGD)2 had
a log p-value of –1.628.
Cell Integrin Receptor-Binding Assay
To determine the binding affinity of 125 Ic(RGD)2 to integrin ανβ3, a cell-binding assay
was performed. Binding of the 125I-c(RGD)2 to
integrin ανβ3 was obtained with non-radiolabeled
c(RGD)2 in a concentration-dependent manner.
The Kd value was (3.867 ± 0.052) × 10-9 M (r =
–0.976, p = 0.004, Figure 3).
Imaging Study
Static SPECT scans were performed on mice
with the U87 MG xenograft model. The U87 MG
tumors were clearly visualized with a high contrast to the contralateral background at 3 and 6 h,
and the uptake of the 131I-c(RGD)2 increased over
time (Figure 4).
Biodistribution Study
The calculated %ID/g values of the U87 MG
tumors and major tissues/organs are shown in
Table I. At different times after administration of
the 131I-c(RGD)2, the probe concentrated primarily in the kidneys and bladder, followed by the tumor. The blood data revealed that 131I-c(RGD)2
was characterized by rapid blood clearance, with
4.57 %ID/g remaining 1 h after administration
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and 0.73 %ID/g remaining after 6 h. The specific
uptake of the 131I-c(RGD)2 by tumor tissue increased after 1 h and remained at a relatively
high level until 14 h post-injection. The calculated %ID/g was relatively high in the spleen, stomach, intestine, and liver at the 1-h time point but
then decreased over time. As a result, the ratio of
T/NT accumulation after the administration of
131
I-c(RGD)2 increased as the time post-injection
elapsed, particularly at the 24-h time point. The
ratios of tumor-to-muscle (T/M) and
tumor-to-blood (T/B) peaked at 4.29 and 5.00,
respectively, at the 24-h time point.

Discussion
In this study, we successfully designed a novel
cyclic RGD dimer that was efficiently labeled
with 131I using the CH-T method. It had high radiochemical purity, good stability, and high
affinity.

Figure 3. Scatchard plot of the binding test. Inhibition of
the binding of 125I-c(RGD)2 to αvβ3 integrin was performed
in U87 MG cells using non-radiolabeled c(RGD)2.
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Figure 4. Planar imaging of tumor xenografts. Imaging of
nude mice bearing U87 MG cells was conducted at 3 and 6
h following the administration of 131I-c(RGD)2. Tumors on
the front right upper extremities are clearly shown.

We introduced (D)serine, a hydrophilic amino
acid, to improve the hydrophilicity, which was
validated by the octanol-water partition coefficient (log p-value = –1.628). Generally, compounds with a log p-value < 1 can be thought of
as hydrophilic, while those with a log p-value > 4
are lipophilic. Therefore, the 131I-c(RGD)2 molecule had a hydrophilic characteristic that enabled
it to redirect the excretion route toward the urinary system. This is particularly favorable for enhancing the clearance kinetics of the probe from
non-cancerous organs, such as the liver, kidney,
and lung14. The Kd value was (3.867 ± 0.052) ×
10-9 M, suggesting that the c(RGD)2 molecule
possessed a high integrin αvβ3 binding affinity
and specificity.

The characteristics of the c(RGD)2 molecule,
including its binding affinity, specificity, and
hydrophilicity were confirmed in vivo in U87
MG tumor-bearing mice by SPECT imaging
and biodistribution experiments. Due to thyroid
blockage, the concentration of the molecule in
the thyroid glands was not evident during
SPECT imaging. The tumors were clearly visualized at 3 and 6 h, and the uptake of 131 Ic(RGD) 2 increased over time. Substantial radioactivity accumulated in the abdomen due to
rapid renal elimination. The biodistribution
study was consistent with the imaging study.
The tumor tissue showed higher accumulation
of the peptide than other organs, except for the
kidney. The initially rapid, high tumor concentration and much longer tumor retention could
be attributed to the high integrin ανβ3 binding
affinity of the tracers.
The in vivo imaging and biodistribution experiments revealed that the predominant clearance
route of the 131I-(RGD)2 molecule was via the urinary system, and the uptake of radiotracer in the
liver was low. The tumor/liver (T/L) ratio reached
4.92 at 24 h post-injection, providing further evidence for the high hydrophilic characteristics of
the probe. Biodistribution data showed rapid
blood clearance, with more than 68% of the peptide cleared at 3 h post-injection and 0.73 %ID/g
remaining after 6 h. Due to the rapid clearance of
the radiotracer, good T/B, T/L, and T/M ratios
were achieved at 24 h after injection. The ratio of
T/NT tissue is also a marker used to evaluate a potential tumor-imaging radiotracer. For clinical

Table I. Biodistribution data and tumor-to-normal tissue/organ ratio of 131I-c(RGD)2 in mice bearing U87 MG xenografts.
Tissue

1h

3h

6h

14 h

24 h

Blood
Heart
Spleen
Liver
Lung
Kidney
Stomach
Small intestine
Bladder
Bone
Skeletal Muscle
Tumor
Tumor/Blood
Tumor/Muscle
Tumor/Liver
Tumor/Heart

4.57 ± 1.81
1.04 ± 0.20
3.11 ± 0.84
3.28 ± 0.09
2.18 ± 0.84
12.49 ± 2.83
4.52 ± 1.47
4.38 ± 1.74
6.53 ± 2.94
0.83 ± 0.71
4.38 ± 0.41
10.73 ± 9.53
2.08 ± 1.32
2.38 ± 1.94
2.89 ± 2.06
4.72 ± 3.95

1.43 ± 0.24
0.61 ± 0.07
2.02 ± 0.41
1.01 ± 0.35
1.19 ± 0.36
7.55 ± 0.80
1.85 ± 0.34
2.21 ± 0.73
3.93 ± 1.18
1.16 ± 0.32
1.52 ± 0.71
3.32 ± 1.33
2.40 ± 1.06
2.46 ± 1.25
3.24 ± 0.55
5.43 ± 1.91

0.73 ± 0.10
0.42 ± 0.06
1.56 ± 0.38
0.68 ± 0.12
0.89 ± 0.21
6.67 ± 0.68
1.54 ± 0.39
2.30 ± 0.36
2.74 ± 1.15
0.95 ± 0.27
0.74 ± 0.37
2.38 ± 0.84
3.20 ± 0.76
3.40 ± 0.87
3.52 ± 0.11
5.57 ± 1.15

0.70 ± 0.18
0.41 ± 0.15
1.48 ± 0.70
0.66 ± 0.23
0.94 ± 0.28
2.16 ± 0.75
1.15 ± 0.20
1.30 ± 1.06
3.91 ± 1.30
0.67 ± 0.13
0.77 ± 0.33
3.10 ± 1.52
4.32 ± 1.08
4.05 ± 0.80
4.64 ± 1.03
7.85 ± 2.50

0.15 ± 0.04
0.09 ± 0.03
0.30 ± 0.07
0.15 ± 0.01
0.41 ± 0.05
0.62 ± 0.04
0.45 ± 0.01
0.40 ± 0.00
0.48 ± 0.11
0.25 ± 0.06
0.17 ± 0.01
0.73 ± 0.08
5.01 ± 0.75
4.29 ± 0.77
4.92 ± 101
8.46 ± 1.85

Each value is expressed as an average plus/minus the standard deviation.
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imaging, the T/NT ratio should reach 1.4-1.926.
Therefore, the c(RGD) 2 molecule used in our
study could be radionuclide-labeled for imaging.
cRGD [NH2-Cys-Arg-Gly-Asp-Tyr-CysCOOH (disulfide bridge: Cys 1 -Cys 6 )] is a
polypeptide that was reported by Liu et al27. The
accumulation of 131I-cRGD was only 1.39 %ID/g
in melanoma xenograft tumors at 1 h after injection, which was much lower than the value of
10.73 %ID/g found in our study. The higher integrin ανβ3 binding affinity of 131I-c(RGD)2 can be
mainly explained by the dimerization of cRGD.
Nevertheless, it should be noted that the integrin
ανβ3 receptor exhibited a higher expression level
in glioma xenografts than in melanoma
xenografts, which also contributed to a greater
accumulation of radiotracers in the tumor.
Liu et al28 reported the polypeptide RGD-4CK,
H2N-Cys-Asp-Cys-Arg-Gly-Asp-Cys-Lys-CysCOOH (disulfide bridge: Cys1-Cys9, Cys3-Cys7).
The liver uptake of 99mRGD-4CK remained at
3.18% ID/g at 6 h after injection. Such substantial liver uptake and hepatobiliary excretion,
which may result from its lipophilic characteristics, led to decreased image quality. Thus, it is
not optimal for early liver cancer diagnosis. Our
hydrophilic c(RGD)2 molecule was designed to
improve the excretion kinetics and to minimize
liver uptake to reduce the accumulation of radioactivity in the upper abdominal area. Integrin
αvβ3 is highly expressed in liver tumor cells and
tumor vasculature29. For this reason, it has the
potential to improve the diagnostic rate and provide reliable evidence for liver cancer treatment.
The c(RGD)2 molecule used in our study was superior to RGD-4CK in this regard.

Conclusions
We successfully designed a new cyclic RGD
dimer peptide, c(RGD)2 with the assistance of a
CADD system. The probe 131I-c(RGD)2 presents
suitable characteristics as an imaging agent for
αvβ3 expression in tumor angiogenesis.
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