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Abstract So far, there is no satisfactory imaging modality to
monitor antiangiogenesis therapy of ovarian cancer noninva-
sively. The aim of this study was to evaluate the effectiveness
and sensibility of an 18F labeled Arg-Gly-Asp (RGD) peptide
in imaging and monitoring antiangiogenic responds in SKOV-
3 xenograft-bearing mice. 18F-FB-NH-PEG4-E[PEG4-
c(RGDfK)]2 (denoted as 18F-RGD2) was synthesized and
employed in this study. Mice bearing ovarian cancer SKOV-
3 tumors were used for biodistribution and microPET imaging
studies compared with 18F-FDG imaging. Animals were treat-
ed with low-dose paclitaxel and the effect of paclitaxel therapy
on 18F-RGD2 accumulation was investigated. Microvascular
density (MVD) of SKOV-3 tumors was detected to assess the
reliability of 18F-RGD2 in antiangiogenesis monitoring.
Biodistribution studies for 18F-RGD2 revealed favorable
in vivo pharmacokinetic properties, with significant levels of
receptor-specific tumor uptake determined via blocking stud-
ies. MicroPET imaging results demonstrated high contrast
visualization of SKOV-3 tumors. And tumor to background
ratio (T/NT) of 18F-RGD2 uptake was significantly higher than
that of 18F-FDG. Studies on antiangiogenic therapy demon-
strated percentage of injected dose per gram of tissue (%ID/g)

tumor uptake of 18F-RGD2 which was obviously decreased in
the treatment group than the control group, especially at 60 min
(by 31.31±7.18 %, P=0.009) and 120 min (by 38.92±8.31 %,
P<0.001) after injection of 18F-RGD2. MVD measurement of
SKOV-3 tumors confirmed the finding of the biodistribution
studies in monitoring antiangiogenesis therapy. 18F-
RGD2, with favorable biodistribution properties and spe-
cific affinity, is a promising tracer for tumor imaging and
monitoring antiangiogenesis therapy in ovarian cancer
SKOV-3 xenograft-bearing mice.
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Introduction

As the second most common gynecological malignancy
worldwide, ovarian cancer is often not found until it is ad-
vanced or has spread [1]. It is generally considered sensitive to
chemotherapy. Patients should be treated with optimal
cytoreductive surgery combined with adjuvant carboplatin–
paclitaxel chemotherapy, while some unresectable patients are
treated with up-front chemotherapy [2]. Although the 5-year
survival for women presenting with advanced ovarian cancer
has shown some improvement for the past few years (to 40–
50 %), most patients will still die of this disease [3]. A large
number of trials have proven that antiangiogenic therapy plays
an important role in the treatment of various stages of ovarian
cancer [4–7].

Recently, some encouraging results of successful
antiangiogenic therapy in combination with chemotherapy
and radiotherapy in various carcinomas have been reported
[8, 9]. Consequently, there is an increasing demand for non-
invasive imaging to facilitate early response monitoring and
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screening of the appropriate patients who will benefit from
antiangiogenic treatment with positive effects [10, 11].

Integrin αvβ3 is expressed on tumor neovessels as well as
on some tumor cells but not on quiescent blood vessels in
normal tissue [12]. Due to the high integrin αvβ3-binding
affinity, many RGD-target probes have been developed for
multimodality imaging of integrin expression with the pur-
pose of tumor diagnosis and monitoring tumor treatment
response [13–15].

Paclitaxel is one of the most important first line anticancer
drugs for ovarian cancer. But the mechanisms of its antitumor
activity are not entirely understood. Various mechanisms of
paclitaxel have been reported including cell cycle arrest, in-
duction of apoptosis, and stabilization of microtubules. In
addition, the recent studies indicate that inhibition of angio-
genesis also plays an important role in its antitumor activity
[16–18]. We had reported that paclitaxel therapy could inhibit
tumor growth, proliferation, and angiogenesis in SKOV-3
xenografts [19]. And the results also demonstrated that pacli-
taxel therapy could decrease expression of integrin αvβ3 on
tumor vascular endothelial cells due to the decrease of tumor
microvascular density (MVD) but did not affect expression of
integrin αvβ3 on SKOV-3 tumor cells, which indicate that
imaging of integrin αvβ3 expression is suitable for
antiangiogenic monitoring of paclitaxel therapy.

In the present study, we synthesized the 18F labeled 18F-
FB-NH-PEG4-E[PEG4-c(RGDfK)]2 (noted as 18F-RGD2), as
a radiotracer on integrin αvβ3 imaging. And then the
biodistribution of 18F-RGD2 was determined. Subsequently,
the ability of 18F-RGD2 for imaging and antiangiogenesis
monitoring of ovarian cancer was examined.

Materials and methods

Preparation of 18F-RGD2

E[c(RGDfK)]2 and NH2-PEG4-E[PEG4-c(RGDfK)]2 (denot-
ed as RGD2) were custom-made by ChinaPeptides Co., Ltd.
(Shanghai, China). N-Succinimidyl-4-18F-fluorobenzoate
(18F-SFB) was synthesized as previously reported [20]. All
other chemicals were acquired from Sigma-Aldrich. The 18F-
fluoride in O-18 water was obtained from a GE MINItrace
Cyclotron (GE Healthcare, Buckinghamshire, UK).

The purified 18F-SFB was rotary evaporated to dryness,
redissolved in dimethyl sulfoxide (DMSO, 200 μl), and added
to a DMSO solution of RGD2 (1 mg, 0.5 μmol) and N,N-
diisopropylethylamine (DIPEA, 30 μl). The reaction mixture
was allowed to incubate at 60 °C for 30 min. After dilution
with 1000 μl of water with 1 % trifluoroacetic acid (TFA), the
mixture was diluted with 10 ml of water and the desired
product trapped on a Sep-Pak C18 column (Waters Corpora-
tion, MA, USA). The column was washed with another 10 ml

of water, and the radioactivity trapped on the C18 column was
eluted with 0.3 ml of ethanol. The ethanol solution of 18F-
RGD2 (Fig. 1) was diluted with PBS for further study, and the
radiochemical purity was checked by the radio high-
performance liquid chromatography (radio-HPLC).

HPLC was done in a Kromasil 100-5-C18 reverse phase
column (4.6×250 mm, 100-Å pore size). The flow rate for
HPLCwas set at 1 ml/min from 90% solvent A (0.1% TFA in
water) and 10 % solvent B (0.1 % TFA in acetonitrile) at 0–
2 min, followed by a gradient mobile phase going from 10 %
solvent B at 2 min to 50 % solvent B at 13 min.

The stability in vitro mouse serum of the labeled RGD
peptide was tested for up to 2 h. About 5.0 MBq of
radiolabeled RGD peptide was incubated with 200 μl of
mouse serum at 37 °C. Samples of the sulution containing
the radiotracer were analyzed with HPLC at 0, 15, 30, 60, and
120 min.

Preparation of tumor-bearing mice

The animal protocol was reviewed and approved by the Insti-
tutional Animal Care and Use Committee at School of Med-
icine, Shandong University.

The ovarian carcinoma cells SKOV-3 were purchased from
ATCC (American Type Culture Collection, Manassas, VA,
USA) and cultured inMcCoy’s 5aMedium (Invitrogen, Carls-
bad, CA, USA), supplemented with 10 % fetal bovine serum
(Gibco BRL, Gaithersburg, MD, USA). Cells were grown at
37 °C in an atmosphere of 5 % CO2.

Female athymic nu/nu mice (Shanghai SLAC Laboratory
Animal Co., Ltd, Shanghai, China) at 4 to 6 weeks of age were
subcutaneously implanted with 5×106 SKOV-3 cells in 0.1 ml
of saline into the left front flank. All procedures were per-
formed in a laminar flow cabinet using aseptic techniques.
The animals were allowed to feed ad libitum. Biodistribution
studies were performed when the tumor volume reached about
50 mm3 (8–10 days after implantation).

Biodistribution studies

Mice were injected with 1 MBq/0.1 ml 18F-RGD2 via tail vein
and were humanely sacrificed at 30, 60, and 120 min after
injection (n=4 per time point). Blood, tumor, major organs,
and tissues were collected, weighed, and counted using a
gamma-counter. The results were presented as percentage of
injected dose per gram of tissue (%ID/g).

For the blocking experiment, E[c(RGDfK)]2 was dissolved
in the solution containing 18F-RGD2 to give a concentration of
3.5 mg/ml (excess, 14 mg/kg). SKOV-3 xenograft-bearing
mice were injected with 0.1 ml of the above solution contain-
ing 1 MBq 18F-RGD2 along with unlabeled E[c(RGDfK)]2.
Mice were sacrificed at 60 min after injection for organ
biodistribution using the same procedure above.
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MicroPET imaging

The microPET static scans were performed using an Inveon
microPET scanner (Siemens Medical Solutions). Two groups
of animals were anesthetized with intraperitoneal injection of
sodium pentobarbital at a dosage of 60 mg/kg body weight.
Five-minute static scans were acquired at 60 min after injec-
tion of 3.7 MBq 18F-RGD2 or 5 MBq 18F-FDG (n=6 per
group). The images were reconstructed using a two-
dimensional ordered-subset expectation maximization algo-
rithm, and no correction was applied for attenuation or scatter.
For each microPET scan, regions of interest (ROIs) were
drawn over the tumor or muscle using vendor software ASI
Pro 5.2.4.0 on decay-corrected whole-body coronal images.
The maximum radioactivity concentrations (accumulation)
were obtained frommaximum pixel values within the multiple
ROI volumes and then converted to MBq per milliliter per
minute using a conversion factor. Uptake from the tumor was
compared with the muscle, which was taken as background
uptake and expressed as the tumor to background ratio
(T/NT). Tumor size was determined by caliper measurements
of perpendicular diameters of the tumors. The tumor volume
was estimated by the formula tumor volume=a×b×b /2,
where a and bwere the tumor’s greatest diameter and smallest
diameter, respectively, in millimeters.

Paclitaxel therapy protocol

We utilized ovarian carcinoma mouse model to evaluate
the ability of 18F-RGD2 in monitoring the therapeutic re-
sponse of paclitaxel (Sigma-Aldrich, St. Louis, MO, USA).
Paclitaxel were dissolved in dimethyl sulfoxide and diluted
by PBS to specified concentrations before use. The final
concentration of dimethyl sulfoxide in treated cultures was
<0.1 %. For biodistribution studies, mice with ovarian

cancer were divided into two groups by means of random
number table (n=12 per group). The mice were treated
according to one of the following conditions. Briefly, the
mice were injected with 0.1 ml of paclitaxel at a dosage of
10 mg/kg body weight (treatment group) or with 0.1 ml of
PBS (control group). Therapies were performed every
3 days for 16 days (six injections).

Detection of MVD on SKOV-3 tumor tissue

Immunohistochemical analysis of the SKOV-3 tumor tis-
sues harvested from the eight mice was performed 1 day
after the biodistribution studies at 120 min after injection.
After histologic processing, 4-mm slices from SKOV-3
tumors were analyzed for MVD. MVD was evaluated by
immunohistochemical analysis with antibodies to the en-
dothelial marker CD34 and determined according to the
method of Weidner [21]. Briefly, the immunostained sec-
tions were initially screened at low magnification (×40) to
identify hot spots, which are the areas of highest neovas-
cularization. Any yellow brown-stained endothelial cell or
endothelial cell cluster that was clearly separate from
adjacent microvessels, tumor cells, and other connective
tissue elements was considered a single, countable
microvessel. Within the hot spot area, the stained
microvessels were counted in a single high-power field
(×200), and the average vessel count in five hot spots was
considered the value of MVD.

Data analysis

Quantitative data were expressed as mean±SD. Data was
analyzed by t test with GraphPad statistical software
(GraphPad Software Inc., San Diego, CA, USA). Differences
were considered significant at P<0.05.

Fig. 1 Structural formulas of 18F-
SFB, RGD2, and

18F-RGD2.
18F-

SFB=N-succinimidyl-4-18F-
fluorobenzoate; RGD2=NH2-
PEG4-E[PEG4-c(RGDfK)]2;

18F-
RGD2=

18F-FB-NH-PEG4-
E[PEG4-c(RGDfK)]2
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Results

Radiochemistry, serum stability, and biodistribution
of 18F-RGD2

The radiochemical purity of product determined by radio-
HPLCwas 96.84±0.18% (the retention time=9.091min, three
times repeated). The specific activity was approximately
31 GBq/μmol. To study the stability of 18F-RGD2, the peptide
was incubated in mouse serum at 37 °C for up to 2 h and
analyzed by radio-HPLC. The result showed that there was a
high radiochemical purity even after incubation for 2 h
(>92 %), indicating the excellent stability of the imaging tracer.

The results of biodistribution studies showed that 18F-
RGD2 exhibited good imaging properties, with significant-
ly higher tumor uptake than the background (Table 1 and
Fig. 2). For example, tumor uptake measured by the
gamma-counter was 2.13±0.19 %ID/g and the tumor to
blood and muscle ratio was 7.1 and 4.7, respectively, at
60 min after injection of tracer. Co-injection of unlabeled
dimeric RGD peptide effectively blocked tumor uptake.

MicroPET scans on the SKOV-3 tumors

The tumor volumes and whole body weights of mice were
shown (Fig. 3a, b).MicroPETstatic imaging was performed at
60 min after injection of 18F-RGD2 compared with 18F-FDG.
18F-RGD2 imaging of SKOV-3 tumors, with high tumor/
muscle contrast, were more visible than 18F-FDG imaging
(Fig. 3c). Quantification of T/NT ratio of 18F-RGD2 imaging
and 18F-RGD imaging (6.04±0.92 and 3.34±0.79, respective-
ly, P<0.05) agreed well with the characteristic of microPET
imagings (Fig. 3d). ThemicroPET imagings were also in good
agreement with the data from biodistribution studies.

Effects of paclitaxel therapy on 18F-RGD2 accumulation
and MVD in SKOV-3 tumors

This part of biodistribution studies were performed to inves-
tigate the ability of 18F-RGD2 in monitoring the
antiangiogenic effect of paclitaxel. In the treatment group,
tumor uptake showed a significant decrease compared with
the control group at 30 min (by 6.45±1.24 %, P=0.085),
60 min (by 31.31±7.18 %, P=0.009), and 120 min (by
38.92±8.31 %, P<0.001) after injection of 18F-RGD2

(Fig. 4d). Especially, there was a significant difference at 60
and 120 min after injection (both P<0.05).

To corroborate the reliability of 18F-RGD2 in monitoring
antiangiogenesis in the above biodistribution studies, tumor
angiogenesis was evaluated by CD34 immunohistochemical
staining (Fig. 4a). CD34 expressionmarkedly decreased in the
paclitaxel-treated group compared with the control group
(Fig. 4b, by 39.1±5.8 %, P<0.05). Similar to CD34 expres-
sion, paclitaxel treatment led to a 48 % reduction in MVD
levels (Fig. 4c).

Discussion

Recently, more and more antiangiogenic agents were used in
clinic in diverse types of carcinomas. Despite the initial prom-
ising performance of antiangiogenic agents, three major chal-
lenges are faced in the use of antiangiogenesis therapy, in-
cluding inherent/acquired resistance, enhanced invasiveness
during treatment, and lack of validated predictive biomarkers
for monitoring tumors responses to the therapy [22]. Imaging
of integrin αvβ3 expression may be a possible solution to the
third problem. In the preclinical researches, all sorts of imag-
ing modalities have been successfully applied for imaging of

Table 1 Biodistribution of 18F-RGD2 in SKOV-3 xenograft-bearing
mice

30 min 60 min 120 min Blocking

Blood 0.45±0.04 0.30±0.02 0.11±0.01 0.23±0.01

Muscle 0.57±0.02 0.45±0.01 0.13±0.02 0.25±0.02

Bone 0.55±0.11 0.42±0.04 0.20±0.05 0.25±0.01

Brain 1.28±0.14 1.08±0.15 0.78±0.06 0.68±0.08

Heart 1.67±0.16 1.37±0.12 0.82±0.11 0.89±0.17

Liver 2.72±0.44 2.27±0.49 1.77±0.39 1.17±0.34

Lungs 1.14±0.15 0.89±0.11 0.54±0.13 0.47±0.09

Kidney 4.96±0.55 3.98±0.63 2.08±0.31 2.25±0.45

Intestines 1.98±0.34 1.58±0.38 1.09±0.27 0.79±0.08

Tumor 2.15±0.14 2.13±0.19 1.92±0.09 0.24±0.04

Data shown as %ID/g. %ID/g=percentage of injected dose per gram of
tissue

Fig. 2 Biodistribution of 18F-RGD2 in SKOV-3 xenograft-bearing nude
mice. Each mouse was injected with 1 MBq of 18F-RGD2 and
biodistribution was studied at 30, 60, and 120 min after injection with
unlabeled RGD peptide as blocking agent at 60 min after injection. %ID/
g=percentage of injected dose per gram of tissue
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Fig. 3 In vivo microPET images
of 18F-RGD2 and

18F-FDG. a, b
The tumor volumes and whole
body weights of mice for
microPET imaging. c
Representative images of SKOV-
3 xenograft-bearing mice after
injection of 3.7 MBq of 18F-
RGD2 (upper panel) or 5 MBq of
18F-FDG (lower panel). White
arrow shows SKOV-3 tumor. d
Quantification of the tumor to
background ratio (T/NT) of
tracers uptake at 60 min after
injection of 18F-RGD2 and

18F-
FDG (n=6 per group). *P<0.05
versus 18F-RGD2

Fig. 4 Effects of paclitaxel therapy on angiogenesis and 18F-RGD2

accumulation in SKOV-3 xenograft-bearing nude mice. a Illustration of
CD34 immunohistochemical detection in representative SKOV-3 tumor
comparison with control group (images at 40 magnification). b
Quantitative analysis of the percentage of CD34 expression. c
Quantitative evaluation of microvessel density (MVD) by quantitating

CD34-expressing vessels from hotspot areas, as described in “Materials
and methods.” dQuantitative analysis of paclitaxel therapy on 18F-RGD2

accumulation in vivo after injection of 1MBq of 18F-RGD2 at 30, 60, and
120 min after injection. *P<0.05 versus control group. %ID/g=
percentage of injected dose per gram of tissue
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integrin expression, including PET or SPECT, MRI, targeted
US, and optical imaging [23]. Radiolabeled techniques have
the advantage over other modalities owing to their high sen-
sitivity, and so far, only the use of RGD radiotracers has been
successfully translated into clinic [24]. Several labeled mono-
meric or dimeric RGD peptides tracers had been investigated
to monitor antiangiogenesis therapy efficacy in recent studies
[25–27]. No cl inical data regarding monitor ing
antiangiogenesis therapies is available on this subject yet,
though some clinical trials have been completed [28, 29] and
the others are ongoing [30–32].

In this study, we evaluated the 18F labeled RGD
peptide in imaging and therapy monitoring ovarian can-
cer. Biodistribution and blocking studies for 18F-RGD2

revealed favorable in vivo pharmacokinetic properties,
with significant levels of receptor-specific tumor uptake.
MicroPET imaging studies demonstrated high contrast
visualization of SKOV-3 tumors. The kidneys showed
the highest radioactivity accumulation in biodistribution
studies, indicating dominant renal-urinary clearance of
the imaging tracers. MicroPET imaging also confirmed
this finding, with high activity in the bladder, indicating
that 18F-RGD2 is excreted mainly via the kidneys into
the urine. All the above results suggested 18F-RGD2

was a promising probe for tumor imaging and can be
used in selecting patient population for antiangiogenesis
therapy.

Although many kinds of RGD radiotracers were devel-
oped for the purpose of imaging integrin αvβ3, relatively
little studies were focused on the ability of these radio-
tracers to monitor the response of tumors to therapies that
target the vasculature, the most likely clinical use of these
imaging agents. Jung et al. [25] stated that radiolabeled
RGD peptide can be used for monitoring response to
antiangiogenic therapy by demonstrating that paclitaxel
therapy resulted in a decreased LLC uptake of a 99mTc-
labeled glucosamino RGD-containing peptide. And it was
reported that paclitaxel could cause an antiangiogenic
effect at a low dose without significant tumor shrinkage
[16]. In this study, the data suggested 18F-RGD2 could
sensitively and reliably detect the antiangiogenic effect
even under the low dose of paclitaxel. Higher T/NT ratio
of 18F-RGD2 uptake means it is more sensitive for non-
invasive tumor imaging than 18F-FDG imaging, which is
widely used in clinic.

In conclusion, the results presented in this article suggest
that 18F-RGD2, with favorable biodistribution and imaging
properties, is a promising tracer for tumor imaging and mon-
itoring antiangiogenesis therapy in ovarian cancer SKOV-3
xenograft-bearing mice. And in the future, the radiotracer may
be used in combination with other imaging modalities, which
would reinforce our insight into the antiangiogenic mecha-
nism of antiangiogenic agents.
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