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ABSTRACT

Background: Due to the excellent physical and biochemical characteristics of *®Ga,
8Ga-1,4,7-triazacy—clononane—glutaric acid— 4,7 acetic acid- arginyl-glycyl-aspartic
acid- bombesin (*®Ga-NODAGA-RGD-BBN) was prepared as a new positron emission
tomography (PET) imaging agent, and afterward, the preclinical evaluation of this
labeled peptide was studied. Materials and Methods: ®Ga radioisotope was extracted
from a ®Ge/®®Ga generator with high radionuclide, chemical and radiochemical
purities. Then; the ®®Ga-NODAGA-RGD-BBN radiolabeled complex was prepared at
optimized conditions. The stability of the complex was evaluated in phosphate-
buffered saline (PBS) for at least 2 h. Cell studies of the radiolabeled peptide were also
assessed on the gastrin releasing peptide receptor (GRPR)-expressing cell line. Finally;
the biodistribution and whole-body scan imaging study of ®®Ga-NODAGA-RGD-BBN
was studied in normal and tumor-bearing mice. Results: The biodistribution and whole
-body scan imaging of the radiolabeled compound on GRPR-expressing tumor-bearing
mice demonstrated the high uptake in the tumor site at all post-injection intervals.
The biodistribution results also demonstrated the major excretion route of the
complex is the urinary tract. Conclusions: *®Ga-NODAGA-RGD-BBN shows high
potential for PET imaging of patients with GRPR-expressing tumors; however, more

imaging.

INTRODUCTION

Nowadays, cancer is the second leading cause of
death in the world M and prostate cancer is
considered one of the most common cancers in the
men (), The early diagnosis and timely treatment of
cancer are the most important issues in managing the
disease.

RGD and BBN are two peptides in the body that
consist of 3 and 14 amino acids, respectively G. 4.
Integrins and gastrin are the receptors of RGD and
BBN peptides, correspondingly. Integrins proteins
are one the most important factors for regulating
angiogenesis, as the key process of tumor
proliferation . 6). Since; integrins Alpha-V Beta-3
(awB3) in the angiogenesis process are overexpressed
on the cell membrane of different tumors such as
breast cancer (7.8), ovarian cancer (9 and melanoma
(10); therefore, the integrins can be considered an
excellent target for new radiolabeled compounds.
The studies confirm that the three amino acid
peptides of RGD with the known sequence of arginine
-glycine-aspartic can specifically bind to the o33
integrins (1),

Integrins and gastrin are overexpressed in a series

biological studies are still needed.

of human cancers such as breast, prostate, glioma,
pancreas, etc. (12.13). Therefore; these peptides have
been used as excellent carriers to label with
diagnostic and therapeutic radionuclides such as
64Cu, 68Ga, 18F, 123], 111]n, and 9°Y (14-17), Among the PET
radionuclides, ¢8Ga has special nuclear (half-life of 68
min; B+=89%) and chemical characteristics. Also, ¢8Ga
availability in the form of a 68Ge/68Ga generator,
makes it an excellent candidate for the development
of a new PET radiolabeled compound (15.16),

The recent investigations indicated that the
peptide heterodimers are more effective than their
monomeric components alone, in the diagnosis of the
cancers (17). The suitable chelator or linker is the
other important issue in developing new radiotracers
especially in connection of radiometals to peptides (18
-24), NODAGA is one of the newly developed chelators
that can firmly bind to the radiometals such as 68Ga
radionuclide.

Due to the fascinating physical and chemical
characteristics of 68Ga, as one of the most promising
PET radioisotopes, and the high specificity of RGD
and BBN peptides for tumor detection, this study
aimed to label RGD-BBN heterodimer peptide with
68Ga using a new developed chelator of NODAGA and
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to study the biological properties of 68Ga-NODAGA-
RGD-BBN, as a new PET imaging agent.

MATERIALS AND METHODS

Our investigation is a comprehensive descriptive
study based on the preparation, quality control, and
biodistribution assay of the 68Ga-NODAGA-RGD-BBN
compound.

Materials

All chemicals were purchased from Sigma Aldrich
Co. (Germany) and were used without further
purification. NODAGA-RGD-BBN heterodimer peptide
(purity of more than 99%) was prepared by
International Atomic Energy Agency (IAEA) (Vienna,
Austria) through F22067 Coordinated Research
Project (CRP). The ¢8Ge/¢8Ga generator with a
nominal activity of 1480 MBq was obtained from Pars
Isotope Co. (Tehran, Iran). PC3 and LNCaP cell lines
were purchased by Pasteur Institute (Tehran, Iran).
The normal and tumor-bearing nude mice were also
prepared from Royan Institute (Tehran, Iran).

Peptide radiolabeling

In this study, the 68Ga radionuclide was eluted
from a ¢8Ge/68Ga generator with a nominal activity of
1480 MBq by 0.1 M HCl in the form of 63GaCls.
Radionuclide purity and activities were measured
using a NIGC 4020 high pure germanium (HPGe)
detector (DSG Co. Germany) equipped with a
multichannel analyzer (MCA). Radiochemical purity
of 68GaClz was checked by radio thin layer
chromatography (RTLC) and using ammonium
acetate 1%: methanol (1:1) as a mobile phase and
silica gel as a stationary phase and 10 mM DTPA as a
mobile phase, and Whatman No.2 as a stationary
phase. The Chemical purity of the generator eluent
was assessed by inductively coupled plasma-mass
(ICP-MS) spectrometry.

A stock solution of peptide (1 mg/mL) was
prepared by solving 5 mg of the peptide in 5 mL
ultrapure water and used for radiolabeling purpose.
Different experiments were performed to optimize
the radiolabeling conditions. For this purpose, the pH
was considered 2 to 5 adjusted by 2-[4-(2-
hdroxyethyl) piperazin-1-yl] ethane sulfonic acid
(HEPES), while other parameters were constant. At
the optimum labeling pH, the reaction temperature
was changed from 25 to 95 9C, while other
parameters were constant. At the optimum labeling
pH and temperature, the peptide quantity was varied
from 10 to 30 pg.

Quality control and Stability
radiolabeled compound
Radiochemical purity was checked by high-
performance liquid chromatography (HPLC) (Knauer
Co., Germany) equipped with Octadecyl-silica (ODS)

studies of

column, UV, and gamma detectors. Chemical purity
was also studied by inductively coupled plasma mass
spectrometry (ICP-MS) technique. The radiochemical
purity of the final prepared radiolabeled compound
was assessed by RTLC and HPLC methods. The 1 M
ammonium acetate: Methanol (1:1; V:V) and silica-gel
paper were considered mobile and stationary phases,
respectively. For HPLC analysis, the Ciz column
(250x4.6 mm, Perfectsil Target ODS-3 5um) was
washed by two solvent systems of A [0.1%
TFA:acetonitrile (1:1)] and B [0.1% TFA:water (1:1)]
with a linear gradient at a flow rate of 1 mL/min.

The stability of the radiolabeled compound was
assessed in PBS buffer (4 2C), room temperature, and
human serum (37 2C), separately. For this purpose,
the radiochemical purity of 68Ga-NODAGA-RGD-BBN
was determined using RTLC and HPLC methods for at
least 2 h.

Partition coefficient

The activity ratio of organic and aqueous phases
was considered as P, to calculate the partition
coefficient (log P) of ¢8Ga-NODAGA-RGD-BBN. A
mixture containing 500 pL octanol, 500 pL water, and
37 MBq of the radiolabeled compound was vortexed
for 5 min at 37 ¢C. The mixture was centrifuged until
the aqueous, and organic phases were completely
separated, and then each phase was counted
separately. The experiment was repeated five times,
and the log P was reported as the average of
independent measurements.

Cell binding and Cell internalization studies

Binding assay experiment was performed on PC3
and LNCaP as the positive GRPR-expressing cell lines
and CHO as a negative GRPR-expressing cell line. 1 x
106 cells were seeded in each well of 6-well plates
and allowed to adhere overnight at 37 °C. The media
was removed and washed with PBS and replaced
with 3 mL of complete fresh media; the plates were
incubated for 1h at 37 2C and then put on the ice for
30 min. Finally, different concentration of
radiolabeled compound (50-1000 nM for LNCaP and
1-100 nM for PC3) was added to the wells, and the
plates were incubated at 4 °C, gently rocking. The
cells were washed three times with PBS, trypsinized,
and transferred to  microcentrifuge tubes.
Radioactivity associated with cells was counted in a
gamma counter. The percentage of bound
radioactivity was calculated as the ratio of bound to
the total radioactivity added per well multiplied by
100. Non-specific binding was performed using 1 uM
of cold RGD-BBN peptide. The cell internalization
follows the below instructions:

PC3, LNCaP, and CHO cell lines (1-2 x 104 cells)
were seeded into the wells and allowed to adhere
overnight. The media was removed, and the
68Ga-NODAGA-RGD-BBN with the concentration of 18
kBq/mL was added to the wells. The plates were
incubated for various intervals (30, 60, and 120 min).
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The activity of the media was measured separately. 1
mL glycine (0.05 M) was added to each well at any
interval and counted to measure the non-specific cell
binds, and finally wells were gently washed with PBS,
and 1 M NaOH was added to the wells. The final solu-
tion was also collected and counted.

Biodistribution in normal and PC3 tumor-bearing
mice

In this study, the biodistribution of 8Ga-NODAGA-
RGD-BBN was also investigated in normal and PC3
tumor-bearing nude mice. The animals were
inoculated subcutaneously with 8x105 PC3 cells in
150 pL of PBS for tumor induction. After 20-25 days,
the tumors were grown, and 100 pl (3.7 MBq) of the
final prepared radiolabeled compound was
intravenously injected into the normal and GRPR-
expressing tumor-bearing nude mice. For the
blocking study, radiolabeled compound with
unlabeled peptide [13.5 nmol/kg (2mg/kg) body
weight] was co-injected into a group of three PC3
tumor-bearing nude mice. These mice were sacrificed
(using CO2 gas) at 30 and 60 min post-injection,
whereas the normal BALB/c mice were sacrificed at
15, 30, 60, and 120 min intervals. In the following, the
main organs were removed and washed with water.
The activity of each organ was measured using the
HPGe detector, and the %ID/g of each organ was
calculated as the activity of each organ divided by
injected activity and the weight of the organ. The
entire animal experiments were conducted according
to the “General Principles and Guidelines for Care and
Use of Experimental Animals”, Tarbiat Modares
University (25,

Imaging studies

The images were acquired with a dual-head
single-photon emission computed tomography
(SPECT) system (DST-XL, France) equipped with
a  high-resolution, parallel-hole,  high-energy
collimator. Furthermore, all animals were kept on a
routine day/night standard diet. The normal and PC3
tumor-bearing mice were imaged after intravenous
injection of 100 pl (3.7 MBq) of ¢8Ga-NODAGA-RGD-
BBN. The animals were anesthetized by a
combination of ketamine:xylazine:PBS (2:1:1), and
their whole@body scintigrams were obtained at 30
and 60 min post-injection by a SPECT system.

Statistical analysis

For considering statistical analysis, three mice
were sacrificed in each time interval (n=3).
Quantitative data are expressed as mean value * SD
(standard deviation). Mean values were compared
using a one-way analysis of variance (ANOVA) and a
Student’s T-test. P values <0.05 were considered
statistically significant.

RESULTS

Quality control of $8GaCl;

Figure 1 shows the gamma spectrum of the eluted
68Ga radioisotope. The result shows all gamma peaks
emitting from the ¢8Ga radioisotope. The activity of
the eluted ¢8Ge measured at least 24 h post elution
was less than 0.001 % of the total activity, which is in
an acceptable range for radiopharmaceutical
development.
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Figure 1. Gamma Spectrum of 68GaCl3 solution. The spectrum
shows all gamma peaks emitting from the 68Ga radioisotope
(Kilo Electron Volt abbreviated as keV).

Indeed, figure 2 shows the radiochemical quality
control result. As the data show, the free ¢8Ga stays at
the origin when ammonium acetate 1%: methanol
(1:1) is used as the mobile phase, while it migrates to
the higher Res with 10 mM DTPA. Both mobile phases
showed a radiochemical purity of more than 99.9 %.
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Figure 2. Radio thin layer chromatography (RTLC) of 68GaCl3
using ammonium acetate 1%: methanol (1:1) as a mobile
phase and silica gel as a stationary phase (left), and 10 mM
DTPA as a mobile phase, and Whatman No.2 as a stationary
phase (right).
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Radiolabeling of the peptide with 68Ga

Different experiments were performed to
optimize the radiolabeling conditions. The optimized
condition was as follows: 1295 MBq 68GaCls (2 mL)
was added to the vial containing 90 mg HEPES and 20
pg NODAGA-RGD-BBN and the reaction was
continued at 95 °C for 10 min. The final solution was
purified by Cigs Sep-Pak (Waters) column
preconditioned with 5 mL ethanol, 10 mL water,
respectively. The column was then washed with 1 mL
ethanol and 9 mL of 0.9% NaCl. The complex was
obtained with radiochemical purity greater than 98



364 Int. J. Radiat. Res., Vol. 21 No. 2, April 2023

% (figure 3) and specific activity of 75 GBq/pmol.
The free gallium with a more polar nature is removed
from the column in less than one minute, while the
labeled peptide is removed from the column after 4
minutes.
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Figure 3. High-performance liquid chromatography (HPLC) of
the final radiolabeled compound. The free gallium and the
labeled peptide are removed from the column in less than 1
and 4 minutes, respectively.

Stability studies

The stability of the radiolabeled compound was
studied in PBS buffer (4 °C), room temperature, and
human serum (37 °C). The results showed that at
least for 2 h, the radiochemical purity of greater
than 96%, 95%, and 90 % in PBS buffer, room
temperature, and human serum, respectively.

Partition coefficient of $8Ga-NODAGA-RGD-BBN

The partition coefficient (organic to aqueous
phase’s activity ratio, P) study was carried out for
five independent experiments. The value of -1.14 for
the average partition coefficient (log P) for
68Ga-NODAGA-RGD-BBN indicates the hydrophilicity
of the radiolabeled compound. According to the
chemical formula of the radiolabeled compound, the
68Ga-NODAGA-RGD-BBN has an ionic nature, and
therefore, the average partition coefficient is -1.14.
The lipophilicity property of the final prepared
radioligand can help to the faster kidney washout
and unnecessary uptake.

Cell binding and Cell internalization analysis

Binding study of 68Ga-NODAGA-RGD-BBN was
performed on PC3 and LNCaP as the positive
GRPR-expressing cell lines and CHO as a negative
GRPR-expressing cell line. Figure 4 and also figure 5
demonstrate the results of the binding assay for the
radiolabeled compound using LNCaP, PC3, and CHO
cell lines. Internalization assays were also performed
using PC3, LNCaP, and CHO cell lines to demonstrate
the internalized activity as a function of time. The
result of the internalization assay is shown in figure
6.
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Figure 4. Binding assay of 68Ga-NODAGA-RGD-BBN in
different concentrations on LNCaP cell line (as a positive GRPR
-expressing cell line) and CHO cell line (as a negative GRPR-
expressing cell line).
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Figure 5. Binding assay of ®®Ga-NODAGA-RGD-BBN in different

concentrations on PC3 cell line (as a positive GRPR-expressing

cell line) and CHO cell line (as a negative GRPR-expressing cell
line).
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Figure 6. Internalization assay of **Ga-NODAGA-RGD-BBN on
PC3, LNCaP, and CHO cell lines to demonstrates the
internalized activity as a function of time.

The binding study demonstrated that the binding
would be increased with increasing the PC3 and
LNCaP cell concentrations, which is due to the
increasing the cell surface receptors. Indeed, the
binding on the CHO cell line won’t be increased by
increasing the cell concentration. As shown in figure
7, more than 40% of the radiolabeled peptide is
internalized to PC3 and LNCaP cells only in 2 h
post-incubation, while no significant internalization
was observed for CHO cells.

Biodistribution in normal and tumor-bearing mice
Biodistribution of 63Ga-NODAGA-RGD-BBN was
studied in normal and GRPR-expressing tumor-
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bearing nude mice (figures 7 and 8). The results indi-
cated that the radiolabeled complex is removed from
the blood quickly and excreted via the urinary tract.
Also, the complex demonstrated significant uptake in
GRPR-expressing tumor sites. Figure 9 shows the
tumor to non-tumor ratios for the radiolabeled
peptide at 30 and 60 min after administration of PC3
tumor-bearing nude mice.
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Figure 7. Biodistribution of 68Ga-NODAGA-RGD-BBN in normal
BALB/c mice (3.7 MBq, 100 pl, %ID/g £ SD, n=3) up to 120 min
post injection, (percentage of injected dose per gram
abbreviated as %ID/g).
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Figure 8. Biodistribution of 68Ga-NODAGA-RGD-BBN in PC3

tumor-bearing nude mice (3.7 MBq, 100 pl, %ID/g + SD, n=3)

up to 60 min post-injection, (percentage of injected dose per

gram abbreviated as %ID/g).
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Figure 9. Tumor to non-tumor tissues ratio of 68Ga-NODAGA-
RGD-BBN (3.7 MBq, 100 pl, n=3) at 30 and 60 min after
administration of the PC3 tumor-bearing nude mice.

Based on data obtained, the kidneys were shown
the high uptake at all intervals that confirmed the
high water solubility of ¢8Ga-NODAGA-RGD-BBN
(logP= -1.14) and the excretion of the radiolabeled
compound via a urinary tract. That is in agreement
with the biodistribution of ¢8Ga-NOTA-RGD-BBN and

other radiolabeled peptides (1. The radiolabeled
peptide biodistribution assay in GRPR-expressing
tumor-bearing mice demonstrated a high uptake in
the tumor site at 30 min and 60 min post-injection,
which is comparable with the uptake of ¢8Ga-NOTA-
RGD-BBN in GRPR-expressing tumors. Indeed, there
has been no indication of accumulation in the site of
the tumor in the blocking study (1. Over time
increased target to non-target uptake ratio indicates
that longer post-injection is more suitable for GRPR-
expressing tumor detection after injection of
68Ga-NOTA-RGD-BBN via PET imaging.

Imaging studies

The tumor targeting efficacy of 68Ga-NODAGA-
RGD-BBN was evaluated by whole-body imaging.
This assay was carried out using the tumor-bearing
mice at 30 and 60 min post-injection. Blocking and
unblocking images were captured via a dual-head
SPECT system. Figure 10 illustrates the whole-body
scan images of the PC3 tumor-bearing mice (a: 30
min and b: 60 min) and blocking (c: 30 min and d: 60
min) of the radiolabeled complex.

The obtained images confirm the biodistribution
results. The unblocking image results show the
significant accumulation of the radiolabeled
compound in the tumor at each time point.

Figure 10. Whole-body scan images of the PC3 tumor-bearing

mice (a: 30 min and b: 60 min) and blocking (c: 30 min and d:

60 min) post-injection of 68Ga-NODAGA-RGD-BBN (3.7 MBq,
100 pl).
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DISCUSSION

The new radiolabeled compound of ¢8Ga-NODAGA
-RGD-BBN can be prepared with high radiochemical
purity, specific activity and stability. The cell binding
studies of 68Ga-NODAGA-RGD-BBN on GRPR-
expressing PC3 and LNCaP cell lines and CHO cell line
as negative control showed that the binding would be
increased with increasing the PC3 and LNCaP cell
concentrations that is due to the increasing cell
surface receptors. Also, the percentage of the binding
for the radiolabeled compound to the LNCaP cell line
was much higher compared to PC3 cell line at the
same concentration which can be due to the more
expression of GRPRs on LNCaP cell line. The cell
internalization studies of 68Ga-NODAGA-RGD-BBN on
PC3, LNCaP and CHO cell lines showed more than
40% of the radiolabeled peptide is internalized into
PC3 and LNCaP cells only in 2 h post incubation
which is in accordance with the agonist nature of
RGD and BBN peptides, while no significant
internalization was observed for CHO cells.

However, higher tumor uptake of 68Ga-NOTA-RGD
-BBN on T47D, and MDA-MB-435 tumor cells has
been reported compared to 68Ga-NOTA-RGD and ¢8Ga
-NOTA-BBN radiolabeled compounds (26), 68Ga-
NODAGA-RGD-BBN shows the higher uptake on PC3
cells compared to 8Ga-NOTA-RGD-BBN, which can be
due to the differences in the tumor cells and the
expression of the receptors. Also, that study showed
increased uptake of ¢8Ga-NOTA-RGD-BBN on T47D,
and MDA-MB-435 tumor cells over time for both cell
lines [26], Other study has been compared the cell
uptake of 68Ga-NOTA-RGD-BBN, 64Cu-NOTA-RGD-
BBN and 18F-FB-PEG3-RGD-BBN on T47D and
MDA-MB-435 tumor cells 21) which demonstrated
significantly higher uptake of ¢4Cu-NOTA-RGD-BBN
compared to two other radiolabeled compounds.
Also, the last study confirmed that the increased
uptake with time on both tumor cell lines for all the
radiotracers.

It should be noted that due to the water solubility
of the radiolabeled compound (average partition
coefficient of -1.14), the major excretion route of 68Ga
-NODAGA-RGD-BBN is the urinary tract, like other
radiolabeled peptides. 68GaNOTA-RGD-BBN was also
shown prominent uptake in the kidneys even at early
intervals suggesting the urinary tract as a main route
of excretion (26, The similar observations were
reported for excretion of 64Cu-NOTA-RGD-BBN and
18F-FB-PEG3-RGD-BBN (21,

The biodistribution and whole-body scan imaging
of the 63Ga-NODAGA-RGD-BBN radiolabeled
compound on GRPR-expressing tumor-bearing mice
demonstrated the high uptake in the tumor site at all
intervals post-injection. It is noteworthy that the
whole-body scan images of the blocking and PC3
tumor-bearing mice confirmed the biodistribution
results. The biodistribution of the radiolabeled
compound also shows the fast removal of the

radiolabeled complex from the blood. Also, those
results demonstrated higher GRPR expression might
result in a higher uptake of the radiotracer, which is
in agreement with this study. ¢8Ga-NOTA-RGD-BBN
has been demonstrated the tumor uptake of
5.26+0.32 %ID/g at 60 min post-injection (26) which
is comparable with the tumor uptake of 5.05+0.19 %
ID/g (60 min post-injection) for ¢8Ga-NODAGA-RGD-
BBN. Other study on 18F-FB-PEG3-RGD-BBN showed
the tumor uptake of 1.81+ 0.34 vs 1.59+0.65 %ID/g
at 60 min post-injection in T47D and MDA-MB-435
tumor models, respectively (21,

According to the obtained results, the
radiolabeled compound has favorable characteristics,
including good radiochemical purity, high stability
and considerable affinity to the GRPR receptor,
significant internalization to the target cells, fast
blood clearance, and significant tumor uptake at each
time point of the study.

CONCLUSION

The 68Ga-NODAGA-RGD-BBN complex can be pre-
pared radiochemical purity of >98% and specific ac-
tivity of 75 GBq/umol at optimized conditions. This
new agent has a high affinity to the GRPR-expressing
tumor cells and can be considered as a great potential
agent for PET imaging of GRPR-expressing tumors;
however more biological studies are still needed.
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