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Abstract
Purpose: Tc-99m- and I-131-labeled arginine-arginine-leucine (RRL) peptides have shown the
feasibility of tumor imaging in our previous studies. However, there have been no reports using
RRL peptide for positron emission tomography (PET) imaging. In this study, RRL was
radiolabeled with Ga-68 under optimized reaction conditions to develop a better specific and
effective tumor imaging agent.
Procedures: RRL was synthesized and conjugated to a bifunctional chelating agent (DOTA-
NHS), then radiolabeled with Ga-68. Labeling yield was optimized by varying pH, temperature,
and reaction time and the stability was evaluated in human fresh serum. Cellular uptakes of
[68Ga]DOTA-RRL and FITC-conjugated RRL in HepG2 cells were evaluated using a gamma
counter, confocal microscopy, and flow cytometry. PET images and biodistribution were
performed in HepG2 tumor-bearing mice after injection of [68Ga]DOTA-RRL or [68Ga]GaCl3 at
different time points. Further, blocking study was investigated using cold RRL.
Results: The labeling yield of [68Ga]DOTA-RRL was 80.6 ± 3.9 % with a pH of 3.5–4.5 at 100 °C
for 15 min. The cellular uptake of [68Ga]DOTA-RRL in HepG2 cells was significantly higher than
that of [68Ga]GaCl3 (P G 0.05). Moreover, the high fluorescent affinity of FITC-conjugated RRL in
HepG2 cells was shown using confocal microscopy and flow cytometry. After injection of
[68Ga]DOTA-RRL in HepG2 tumor-bearing mice, tumor regions exhibited high radioactive
accumulation over 120 min and the highest uptake at 30 min. After blocked with cold RRL,
HepG2 tumors could not be visualized. [68Ga]GaCl3 was unable to show tumor images at any
time point. The biodistribution results confirmed the PET imaging and blocking results.
Conclusions: Our study successfully prepared [68Ga]DOTA-RRL with a high labeling yield under
the optimized reaction conditions and demonstrated its potential role as a PET imaging agent for
tumor-targeted diagnosis.
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Introduction
Small peptides have distinct advantages in cancer diagnosis
and therapy. The cost to synthesize them is relatively low;
they are less likely to induce an immunogenic response and
they have rapid blood clearance [1]. Tripeptide, arginine-
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arginine-leucine (RRL), was initially identified using an
in vitro bacterial peptide display library (FLiTrx) against
tumor-derived endothelial cell derived from SCC-VII murine
squamous cell carcinomas [2]; therefore, it was found to
bind tumor endothelial cells specifically. Some other tumor
angiogenesis-targeted peptides such as asparagines-glycine-
arginine (NGR) and arginine-glycine-aspartate (RGD) have
been widely studied [3]. In the comparison, RRL peptide
was not only considered as a tumor vessel endothelial cell-
targeted peptide [4, 5] but also was shown to have a strong
binding affinity to cancer parenchyma cells [6, 7], which
might provide a better candidate for tumor targeting.

Based on the binding properties of RRL to tumor cells,
we developed a nuclear medicine agent by radioiodinating
RRL for in vivo prostate cancer imaging [8]. We have also
developed several Tc-99m- and I-131-radiolabeled RRL
peptides for in vivo tumor and neovascular imaging [9–12].
However, these SPECT-based studies had limited sensitivity
and resolution for in vivo imaging [13]. For this purpose,
using positron emission tomography (PET) imaging to
visualize RRL can overcome these limitations because of
its high sensitivity in the real-time detection of molecular
events [14].

Gallium-68 is an ideal radionuclide for diagnostic
imaging due to a short half-life (t1/2 = 68 min), a suitable
time interval, and low radiation dosimetry for imaging [15,
16]. In comparison to some other positron-emitted radionu-
clides (F-18, Cu-64, Zr-89), Ga-68 is readily commercially
available and easily produced by Ge-68/Ga-68 generator,
avoiding the need for a cyclotron [15]. For Ga-68 labeling, a
variety of bifunctional chelators (BFC) can be effectively
used due to their high hydrophilicity and in vivo stability. As
a c ommon c omme r c i a l c h e l a t o r , 1 , 4 , 7 , 1 0 -
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
can be used for Ga-68 labeling fast and efficiently [16]. As
a result of these advantages, there has been an increase in the
interest in the application for Ga-68-labeled peptides.

In this study, we prepared a novel Ga-68-labeled RRL
peptide via the conjugation with DOTA for a potential PET
tumor imaging agent. The radiolabeling of [68Ga]DOTA-
RRL was optimized by varying pH, temperature, and
reaction time. Cellular uptake of [68Ga]DOTA-RRL and
cellular binding of fluorescent RRL in human
hepatocarcinoma (HepG2) cell line were evaluated. The
in vivo PET imaging and biodistribution of [68Ga]DOTA-
RRL was investigated in HepG2 tumor-bearing mice.
Finally, the specificity of RRL was evaluated via inhibition
with the cold RRL peptide.

Materials and Methods
Cell Culture and Tumor Model

The human hepatocarcinoma cancer HepG2 and human
amniotic epithelial cell (HAEC) cell lines were obtained
from the American Type Culture Collection and cultured

according to the supplier’s instructions. All animal experi-
ments were approved by Peking University Animal Studies
Committee, according to the guidelines for the Care and Use
of Research Animals (Peking University, China) (Approval
ID J201138). HepG2 tumor-bearing models were built by
subcutaneous injection of 1 × 107 HepG2 cells in nu/nu nude
mice. When the diameter of tumors reached 1 cm, mice were
used for PET imaging and biodistribution studies.

Peptide Design and Synthesis

RRL peptide was designed and modified according to
previous studies [10, 11]. Briefly, Cys-Gly-Gly peptides
were linked to each side of RRL to form and maintain a
cyclic structure via a disulfide bond [17]. The amidated
cysteine at the C-terminal and cyclic structure was used to
protect the peptides from rapid biodegradation [18]. 4-Abz
was linked to the terminal to reduce the impact of steric
hindrance on labeling efficiency and to stabilize the labeled
compound. The final sequence of RRL was NH2-Gly-4-Abz-
Cys-Gly-Gly-Arg-Arg-Leu-Gly-Gly-Cys. RRL peptides
were chemically modified and synthesized using the chem-
ical solid phase method from GL Biochem Ltd. (Shanghai,
China). Fluorescent isothiocyanate (FITC)-conjugated RRL
was also synthesized and bought from GL Biochem Ltd.
(Shanghai, China) for cellular binding assay.

DOTA Conjugation and Radiolabeling
Optimization

DOTA-NHS-ester was purchased from Macrocyclics Co.
(USA) to chelate Ga3+ ions [19]. DOTA-conjugated RRL
was prepared according to the previous method [20]. Briefly,
RRL peptide was dissolved in 0.1 M PBS and mixed with
DOTA in DMF solution at the molecular ratio of RRL to
DOTA of 1:10. The pH of the mixture was to 8.5–9.0 using
carbonate buffer. The mixture was then shocked gently at
room temperature (RT) for 2 h. Excess chelator was
removed by size exclusion chromatography using a PD-10
column with 0.1 M PBS buffer. Fractions of 1 ml were
collected from the column and tested using high-
performance liquid chromatography (HPLC). The purified
product was lyophilized and stored at − 20 °C.

Ga-68 was produced using a Ge-68/Ga-68 generator
(Isotope Technologies Garching GmbH, Germany). In
accordance with the protocol from the manufacturer, Ga-68
was eluted with 5 ml of 0.1 N hydrochloric acid. For
labeling, 1 ml (185 MBq) of [68Ga]GaCl3 was added to a
clean tube in which varying amounts of 1.25 N sodium
acetate buffer were added to study the influence of pH (G 3,
3.5–4, 9 5) in combination with 1 mg/ml of peptide-chelator
PBS solution (50 μg of peptides included). To optimize the
radiolabeling efficiency with respect to the temperature and
reaction time, the mixture was heated at different tempera-
tures including 37, 60, and 100 °C for 10, 15, and 20 min,
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respectively. Each radiolabeling reaction was evaluated by
instant thin-layer chromatography (ITLC) with the mobile
phase of a methanol/acetic acid (volume ratio of 9:1). The
radiolabeled product was evaluated using HPLC.

Polyacrylamide Gel Electrophoresis (PAGE) As-
say

To assess the stability of DOTA-RRL at different
radiolabeling reaction temperatures, DOTA-RRL (30 μg)
was incubated at RT, 60 and 100 °C for 20 min. DOTA-
RRL was loaded and analyzed by polyacrylamide gel
electrophoresis assay at 120 V for 20 min. Proteins gel
was stained with coomassie dye G-250 for 1 h and washed
with water for 40 min before evaluation.

Stability Evaluation

3.7 MBq of [68Ga]DOTA-RRL was incubated in human
fresh serum or saline at 37 °C at the concentration of 20 μg/
ml for 1, 2, and 4 h. At the different time points, the
radiochemical purity was measured by instant thin-layer
chromatography silica gel (ITLC-SG) using a methanol and
ammonium acetate solvent (volume ratio of 1:1).

Cellular Radioactivity Uptake

In vitro cellular uptake was performed in 24-well plates with
1 × 105 HepG2 cells per well (n = 3). [68Ga]DOTA-RRL or
[68Ga]GaCl3 (74 kBq/well) was incubated at 37 °C for 0.5,
1, and 2 h. After the medium was removed, cells were
washed with PBS for three times. Cells were then lysed
using 0.5 M sodium hydroxide and 1 % sodium dodecyl
sulfate and washed for three times. The cellular uptake ratio
was calculated by dividing the radio counts of lysis to the
sum of those of medium and lysis.

Confocal Microscopy

HepG2 and HAEC cells were cultured on the top of a
coverslip slide in 6-well plates at a density of 5 × 104. HAEC
cells were used as normal control cells. FITC-RRL was
incubated at the concentration of 2 μg/ml after the medium
was removed. After incubation for 6 h at 37 °C, the
coverslips were placed on slides containing one drop of
DAPI. Fluorescent images were obtained using an FV1000
confocal microscope (Olympus).

Flow Cytometry

The cellular binding of RRL to HepG2 cells was evaluated
by flow cytometry. HepG2 cells were incubated with a
20 μg/ml concentration of FITC-RRL for 2 h. A control of

HegG2 cells only was used. After cells were washed with
cold PBS twice, they were analyzed with a BD FACSAria
cytometer (Becton-Dickinson) and FlowJo analysis software
(Three Star, Inc.)

Small Animal PET Imaging

HepG2 tumor-bearing mice were injected intravenously with
5.5–7.4 MBq (10 μg) of [68Ga]DOTA-RRL or [68Ga]GaCl3
(n = 4). Small animal PET imaging, image reconstruction,
and analysis were performed using an Inveon small animal
PET scanner (Siemens Medical Solutions USA, Inc.) at 5,
15, 30, 60, and 120 min post-injection. PET images were
reconstructed using a three-dimensional ordered subset
expectation maximization (OSEM) algorithm. Before each
PET scan, mice were anesthetized with isoflurane (2 %) and
place in the scanner in a prone position. For the blocking
study, mice (n = 4) were injected with unlabeled RRL
peptide (20 mg/kg), 30 min prior to the administration of
68Ga-DOTA-RRL and then scanned after 30 min.

Biodistribution Study

Following intravenous injection with 1850 kBq of
[68Ga]DOTA-RRL (10 μg) or [68Ga]GaCl3, mice were
sacrificed after 5, 15, 30, 60, and 120 min, followed by
collecting 100 μL of blood samples. Tissues/organs of interest
(heart, liver, spleen, lung, kidney, stomach, small intestine,
bladder, skeletal muscle, bone, and tumor) were harvested,
weighed, and counted in a gamma counter (CNNC, China).
Biodistribution results were recorded as a percentage of
injected dose per gram (%ID/g). Tumor-to-nontumor (T/NT)
ratios were calculated by dividing the biodistribution results of
the tumor to that of the organ of interest.

Statistical Analysis

All results are expressed as the mean ± SD, and one-way
ANOVA analysis was used. A confidence interval of 95 %
was selected, and P G 0.05 was considered to be statistically
significant.

Results
Radiotracer Preparation and Optimization

In order to facilitate the labeling with Ga-68, DOTA was
conjugated to RRL via a primary amine isothiocyanate
conjugation reaction (Fig. 1a). The purity of DOTA-RRL
was determined using HPLC to be greater than 95 %.
MALDI-TOF analysis demonstrated the molecular mass of
DOTA-RRL was 1611.79, which was consistent with the
calculated one (1611.87) (Fig. S1). The labeling of DOTA-
RRL with Ga-68 was optimized by varying pH, temperature,
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and reaction time. DOTA-RRL was successfully labeled
with Ga-68 and had excellent yields (80.63 ± 3.89 %) with
pH of 3.5–4.5 at 100 °C for 15 min (Fig. 1b). After
purification using a PD-10 column, [68Ga]DOTA-RRL had a
high radiochemical purity at 97.75 ± 1.28 and specific
activity at 44 GBq/μmol (n = 5) shown by HPLC and ITLC

analysis (Fig. S2a). After incubation at RT for 2 h,
[68Ga]DOTA-RRL maintained the high radiochemical purity
of over 95 %, shown by HPLC (Fig. S2b). Moreover, PAGE
results showed that there was a single and clear band in each
lane, without any degradation phenomenon, after the
incubation at RT, 60 and 100 °C for 20 min (Fig. 1c).

Fig. 1. Preparation and optimization of [68Ga]DOTA-RRL. a Scheme for preparing [68Ga]DOTA-RRL. RRL was conjugated with
DOTA-NHS-ester and then radiolabeled with Ga-68. b Under different reaction conditions, the radiolabeling efficiency of
[68Ga]DOTA-RRL was measured to optimize the reaction. c SDS-PAGE analysis of DOTA-RRL after the incubation for 15 min at
RT, 60 and 100 °C, respectively.
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In Vitro Stability

After incubation in fresh human serum and saline, the
radiochemical purity of [68Ga]DOTA-RRL was measured
using ITLC. Only the radioactive peak of [68Ga]DOTA-RRL
was observed at each time point, while there was no obvious
peak of [68Ga]GaCl3 (Fig. 2a). The radiolabeled product had
a high radiochemical purity that was greater than 96 % (Fig.
2b) after the incubation in serum and saline. Thus,
[68Ga]DOTA-RRL demonstrated favorable stability in fresh
human serum.

Binding Ability

The radioactive uptake of [68Ga]DOTA-RRL and
[68Ga]GaCl3 was compared after incubation with HepG2
cells. During the incubation, [68Ga]DOTA-RRL showed
high uptake after 30 min and reached its maximum uptake of
63.5 ± 0.64 % at 1 h. To the comparison, [68Ga]GaCl3
exhibited very low levels of radioactive uptake and had a
maximum uptake of 1.2 ± 0.15 % at 2 h (Fig. 3a). Hence, a
significant difference was found in the cellular uptake of
[68Ga]DOTA-RRL and [68Ga]GaCl3 (t = 9.76, P G 0.01).
Additionally, FITC-RRL was incubated with HepG2 and
HAEC cells and visualized using confocal microscopy.
HepG2 cells showed enhanced cellular fluorescence while

normal vessel cell line HAEC displayed weak signal (Fig.
3b). Flow cytometry results showed that FITC-RRL had
high affinity with HepG2 cells, further confirming the
cellular binding ability of RRL to HepG2 cells (Fig. 3c).
These results indicate that RRL has a high affinity for
HepG2 cells in vitro.

PET Imaging

PET coronal images obtained at 5, 30, 60, and 120 min post-
injection are shown in Fig. 4. [68Ga]DOTA-RRL and
[68Ga]GaCl3 were injected intravenously in HepG2 tumor-
bearing mice. After injection of [68Ga]DOTA-RRL, PET
coronal images showed clear images of HepG2 tumors. High
uptake in the kidneys and bladder indicated predominant
renal excretion. Tumors could be visualized clearly over
time post-injection, with high tumor uptake from 30 to
60 min (Fig. 4a). To the comparison after injection of
[68Ga]GaCl3, tumor regions showed no obvious tracer
uptake. Hepatobiliary excretion was observed, which was
indicated by the nonspecific uptake in the liver within 2 h
(Fig. 4b). The quantitative value of tumor uptake (%ID/g)
based on tumor ROI indicated that [68Ga]DOTA-RRL could
reach its uptake peak in tumors as quickly as 30 min post-
injection (Fig. 4c).

Fig. 2. Stability analysis of [68Ga]DOTA-RRL in fresh human serum and saline at 15, 45, 90, and 120 min. a TLC and b
radiochemical purity results.

290 Huo Y. et al.: PET imaging of [68Ga]DOTA-RRL



Biodistribution

The results of biodistribution and its relevant T/NT ratios of
[68Ga]DOTA-RRL and [68Ga]GaCl3 (n = 3) are shown in
Fig. 5 and Fig. S3, which were consistent with the PET
imaging. After injection in HepG2 tumor-bearing mice,
[68Ga]DOTA-RRL exhibited rapid blood clearance, with
13.11 ± 0.84, 5.96 ± 0.93, and 2.19 ± 0.29 %ID/g remaining
in blood at 5, 30, and 120 min, respectively. The tumor
uptake of [68Ga]DOTA-RRL was highest with 3.95 ± 0.71
%ID/g at 30 min and remained at 3.93 ± 0.01 %ID/g and
2.99 ± 0.21 %ID/g at 1 and 2 h post-injection, respectively.

The uptake and retention of all tracers in the blood, muscle,
heart, lung, liver, and bone were relatively low at 2 h post-
injection. On the contrary, mice injected with [68Ga]GaCl3
showed very low tumor uptake of 1.35 ± 0.49, 1.22 ± 0.15,
and 1.04 ± 0.16 at 5, 30, and 120 min, respectively.
[68Ga]GaCl3 showed significantly high uptake in the spleen
and liver. There were significant differences for the tumor
biodistribution between [68Ga]DOTA-RRL and [68Ga]GaCl3
group at different time points (P G 0.05). The T/NT ratios in
muscle and blood were 11.18 ± 1.04 and 2.63 ± 0.32 after the
injection of [68Ga]DOTA-RRL, while those were 3.71 ± 0.56
and 0.29 ± 0.01 after the injection of [68Ga]GaCl3.

Fig. 3. Cellular binding of RRL in HepG2 cells. a Cellular uptake of [68Ga]DOTA-RRL and [68Ga]GaCl3 after incubation for
120 min. Compared to [68Ga]GaCl3, [

68Ga]DOTA-RRL showed significantly higher cellular uptake after 120 min. b Cellular
distribution of FITC-conjugated RRL in HepG2 and HAEC cells was observed using confocal microscopy. c FITC-conjugated
RRL showed high affinity with HepG2 cells by flow cytometry.
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Blocking Study

In the blocking study, PET imaging and biodistribution analysis
were performed in HepG2 tumor-bearing mice (n = 3) pre-
injected with cold RRL at 30 min prior to injection of
[68Ga]DOTA-RRL. After pre-treatment of cold RRL, tumor
region could not be visualized clearly in maximum-intensity
projection (MIP), coronal and axial images (Fig. 6a), suggesting
uptake of [68Ga]DOTA-RRL in the tumor was competed by cold
RRL. Moreover, biodistribution results showed the tumor uptake
was only 1.28 ± 0.04 %ID/g after blocking, while the tumor
uptake was 3.95 ± 0.71 %ID/g without blocking (P G 0.05).
Compared with unblocked mice, increased uptakes were
observed for the blockedmice in the heart, spleen, lung, stomach,
and small intestine, but decreased in the tumor (P G 0.05). T/NT
ratios of muscle and blood were 1.00 ± 0.49 and 0.23 ± 0.12 after
cold RRL blocking, which was significantly decreased after
injection of [68Ga]DOTA-RRL (P G 0.01) (Fig. 6b).

Discussion
Small molecule peptides have been used widely in tumor
diagnosis because of their excellent biological properties.

First, their low molecular weight induces no immunogenic-
ity and reduces the nonspecific uptake by the reticular
endothelial system in the liver [1]. Second, compared with
whole antibodies, small molecule peptides are more stable in
biological systems with high affinities and specificities for
their receptors. Finally, small molecule compounds can be
easily modified to improve in vivo performance [21].

In this study, we designed a RRL-contained peptide and
radiolabeled the peptide with Ga-68 via the conjugation of
DOTA to develop a novel PET tumor imaging probe.
Under optimized conditions, [68Ga]DOTA-RRL had a high
labeling yield and favorable human serum stability. RRL
showed high cellular radioactive uptake and fluorescent
binding in HepG2 cell line. Clear tumor uptake was noted
in HepG2 xenografts at 30 min post-injection of
[68Ga]DOTA-RRL. Moreover, significantly higher tumor
uptake levels of [68Ga]DOTA-RRL were observed than
those after the blocking with cold RRL in PET imaging
and biodistribution studies. These results support the
potential of [68Ga]DOTA-RRL as a tumor imaging probe
for future applications.

The RRL peptide was initially developed as a vascular
endothelial cell-specific binding small molecule [2] and later

Fig. 4. PET coronal images of HepG2 tumor-bearing mice after injection of a [68Ga]DOTA-RRL or b [68Ga]GaCl3 (b) at 5, 30,
60, and 120 min, respectively (circles indicate tumor region), as well as c the quantitative value of tumor uptake by drawing ROI.
The tumor showed high radioactive uptake from 5 to 120 min post-injection of [68Ga]DOTA-RRL, while [68Ga]GaCl3 did not
visualize the tumor.
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extended to bind to tumor cells as well [6, 11]. In our
previous studies, RRL was found to target tumor vascular
endothelial cells as well as tumor parenchyma in [131I]RRL
and FITC-RRL binding studies [3]. RRL has been success-
fully radiolabeled with single photon emission isotopes, such
as I-131 and Tc-99m, in the SPECT imaging of prostate
cancer, melanoma, liver cancer, lung metastases, and
angiosarcoma tumor models [6, 8–11]. A Tc-99m-labeled
hexapeptide RRL peptide also demonstrated increased
uptake in fibrosarcoma tumors compared with inflammation
lesion [7]. However, there have been no previous studies on
a radiolabeled RRL-related peptide with positron emitting
isotopes for PET imaging. This study firstly employs a Ga-
68-labeled RRL peptide for PET imaging in hepatocellular
carcinoma. PET imaging was utilized because it provides
better resolution and sensitivity. Tumor accumulation of
[68Ga]DOTA-RRL reached a maximum at 30 min and
remained high at 60 min post-injection, which was quicker
than that of Tc-99m- and I-131-labeled RRL in our previous
imaging studies (6 and 24 h respectively) [8–11]. The
decreased time between injection and imaging provides
better availability for tumor imaging and potential usage in

the clinic because patients do not need to wait for a long
time for imaging post-injection.

As a small molecular weight peptide, RRL might pass
through the membrane of tumor cells via passive effect or
some possible targeted receptor, such as VEGFR [3, 6]. The
cellular uptake reached its peak at 60 min but decreased in
120 min, which might be caused by passive effusion from
cancer cells. After diffused into the cytoplasm, RRL could
further bind to some nucleosomes in nuclei, shown by FITC-
RRL uptake in vitro. After intravenous injection, it showed
uptake peak at 30 min and remained high at 60 min post-
injection (3.95 ± 0.71 %ID/g and 3.93 ± 0.01 %ID/g) and
decreased after 120 min (2.99 ± 0.21 %ID/g). Although the
washout of RRL probe was also observed in vivo study, it
was slower than that in tumor cellular uptake, which might
be affected by complex factors in vivo. The possible
mechanism of [68Ga]DOTA-RRL in vivo might be related
with tumor EPR effect, internalization via some targeted
receptors expressed in different membrane structure, or some
specific ligands expressed in tumor-derived endothelial cells
(TDECs), mentioned in our previous study [6]. Compared
with other RRL probes, [68Ga]DOTA-RRL shows better

Fig. 5. a Biodistribution and b its related tumor-to-nontumor (T/NT) ratios of [68Ga]DOTA-RRL in HepG2 tumor-bearing mice
over 2 h post-injection.
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resolution and higher contrast in PET imaging and should
retain similar tumor uptake mechanism. However, the
precise mechanisms still need to be further investigated.

The sequence of RRL peptide in this study is different
from our previous studies. In this study, triple peptides Cys-
Gly-Gly and 4-Abz were used to improve the stability and
binding affinity. Biodistribution results revealed that higher
tumor uptake was obtained after this chemical modification.
For the same liver cancer model (HepG2 model), tumor
uptake reached 2.1 ± 0.3 %ID/g in this study which was
higher than [131I]RRL (1.5 %ID/g) or [99mTc]RRL (from
3.17 ± 0.63 to 5.25 ± 1.52 %ID/g) [10]. In this study, the
ratios of the tumor-to-muscle exceeded 11.2, tumor-to-liver
reached 1.62, and tumor-to-blood reached 2.23, higher than
those from [99mTc]RRL. The liver uptake was low after the
injection of [68Ga]DOTA-RRL, with a tumor-to-liver ratio
of 3.54 ± 0.58 at 2 h. The biodistribution results in blood at
30 min (5.96 ± 0.93 %ID/g) and at 2 h (2.19 ± 0.29 %ID/g at
2 h) indicate decreased background and better contrast for
68Ga-DOTA-RRL in PET imaging . There fore ,
[68Ga]DOTA-RRL showed good tumor binding ability.

For developing Ga-68-labeled probes, bifunctional
chelating is one of the most common methods [16, 22].
Macrocyclic DOTA and NOTA derivative conjugators
have open chains that are easily conjugated [22]. DOTA
derivative (DOTA-NHS) is a tetraazacycle bifunctional
chelator that can select three carboxyl groups for
protection, functionalization, and deprotection and en-
sures that only one carboxyl group participates in cross-

linking reaction [23]. This provides a mild condition for
labeling proteins or peptides with a slow rate of
hydrolysis [24]. Since DOTA derivatives have good
thermodynamic stability and kinetic properties, the 68Ga
labeling yields and tumor uptake rates are relatively high
[25]. However, [68Ga]GaCl3 is readily hydrolyzed to
form Ga(OH)3 colloids when pH is greater than 5, which
decreases the radiolabeling efficiency [26]. In our study,
acidic pH also favored the protonation of four carboxyl
groups on DOTA and increased the labeling efficiency.
The highest radiolabeling efficiency was obtained with a
pH between 3.5 and 4.5. The labeling yield was
significantly higher than that of [99mTc]RRL (76.9 ±
4.5 %) and [131I]RRL (70.0 ± 2.9 %) in our previous
studies [9, 10]. Besides, reaction temperature affects the
labeling efficiency. In a previous study, DOTA-
somatostatin analogs were radiolabeled with In-111, Y-
90 or Lu-177 at 95 °C for 25 min or 80 °C for 20 min,
resulting in nearly 100 % labeling yield [27]. In this
study, the optimized labeling yield was acquired when
the reaction was performed at 100 °C for 15 min. This
high radiolabeling efficiency provided the better need for
animal imaging.

The RRL peptide showed high radioactive cellular uptake
and fluorescent affinity using confocal microscopy and flow
cytometry. After incubation at 100 °C for 20 min, RRL
showed a clear and integrated band by SDS-PAGE gel
analysis. Compared to [68Ga]GaCl3, [

68Ga]DOTA-RRL was
able to visualize the tumor images. Moreover, the tumor-

Fig. 6. Blocking study. a MIP, coronal, and axial PET images and b T/NT ratios in HepG2 tumor-bearing mice with pre-
injection of cold RRL (short arrow) or not (long arrow) at 30 min after injection of [68Ga]DOTA-RRL (arrows indicate tumor
region). The tumor could not be seen after blocking with cold RRL. T/NT ratios in muscle and liver were higher than those after
blocking (** means P G 0.01, * means P G 0.05).
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specificity of [68Ga]DOTA-RRL probe was also illustrated
with block imaging results. Tumor images were not
visualized by [68Ga]DOTA-RRL after the blocking with
cold RRL, indicating that unlabeled RRL competed to bind
to the HepG2 tumor with [68Ga]DOTA-RRL. So far, RRL
relative radiolabeled probes have been used in several
malignant tumors such as prostate carcinoma [24], mela-
noma [27], lung metastasis [12], and liver cancer [26]. Based
on the previous study, RRL-related probes could mainly
target TDECs and become a candidate imaging agent for
tumor angiogenesis. For those tumors rich in tumor
angiogenesis and relative ligands highly expressed in
TDECs, RRL probes could be used for imaging. Besides,
as a potential imaging agent, cytotoxicity is always a key
fact. RRL was not toxic to vascular endothelial cells, normal
cells, and tumor cells [10]. Therefore, radiolabeled RRL
showed highly safe, targeted tumor neonatal small molecule
peptide probe [12].

Conclusions
In this study, Ga-68-labeled RRL was prepared with a high
labeling yield and stability via the conjugation of DOTA.
[ 6 8Ga]DOTA-RRL showed a h igh a f f i n i t y to
hepatocarcinoma cells and had a high and specific tumor
uptake in tumor xenografts. Therefore, [68Ga]DOTA-RRL
provides a novel noninvasive and efficient PET imaging
agent for tumor diagnosis.
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