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Abstract: Antisense imaging uses radionuclide labeled antisense oligonucleotides to hybridize with nucleic acids
in vivo, display the expression of target genes, and directly quantify biological processes at the cellular and subcellular levels. The anti-miRNA oligonucleotides (AMOs) are a series of single-stranded DNA oligonucleotides that are
widely used in gene imaging and gene therapy. However, due to the negative charge and high molecular weight,
the permeability through the membrane of AMOs is generally low so that most AMOs cannot enter the cells. Based
on the 99mTc-labeled AMOs imaging in previous studies, this study developed a novel tetrapeptide Glycine-AlanineGlycine-Lysine (Gly-Ala-Gly-Lys, GAGK) for one-step labeling AMO with 99mTc. The labeling conditions were optimized
by changing the number of stannous ions, the reaction time, and the temperature, respectively. The labeled products were identified by gel electrophoresis and their serum stability was evaluated. The optimal labeling condition
in this study was using 1 mg/mL SnCl2·2H2O and heating for 30 min at 100°C. Gel electrophoresis confirmed the
verification of successful labeling of 99mTc-GAGK-AMO. After being incubated with human fresh serum for 12 h, 99mTcGAGK-AMO showed good stability and no obvious degradation. Therefore, this labeling method has high labeling
efficiency and stable labeling, which provides an effective method for the application of miRNA-targeted imaging.
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Introduction
Cancers are malignant diseases, which seriously endanger human health and quality of
life. Nuclear medicine uses radionuclide tracer
technology for molecular imaging, which has
advantages in tumor imaging because of its
high sensitivity, specificity, and non-invasive
characteristics. In recent years, there have
been many studies on radionuclide-labeled
imaging for different targeted biomolecules [1,
2]. Radionuclides used for labeling need to be
selected according to the energy released during the decay process, half-life, and chemical
form. Among these radionuclides, technetium99m (99mTc) has been commonly used in the
clinic because of its wide availability and favorable physical features.
Antisense imaging is the application of radioactive labeling technology to antisense theory. It

uses radionuclide labeled antisense oligonucleotides to hybridize with nucleic acids in vivo,
display the expression of target genes, and
directly express and quantify biological processes at the cellular or subcellular level [3-5].
MicroRNA (miRNA) is a kind of endogenous
non-coding single-stranded RNA with a low
molecular weight, which generally has 20 to 24
nucleotides. They can target specific messenger RNA (mRNA) to inhibit translation or to regulate at the post-transcriptional level and cause
specific degradation [6]. Direct imaging of overexpressed mRNA can provide information on
gene expression patterns at the cell level, and
reveal molecular changes in the relatively early
stage of the disease [7]. When the expression
of some miRNAs is abnormal due to gene deletion, amplification, variation, and other reasons,
it may lead to malignant tumors. However, the
most commonly used detection method for
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miRNA is the pathological examination, which
is invasive and may appear false negative.
Therefore, to detect miRNA noninvasively and
achieve early diagnosis of tumors, it is necessary to develop a method that can detect
miRNA expression in vivo. Previous studies
have shown that one of the necessary methods
to detect miRNA is to use antisense nucleic
acids, which are based on base pairing interactions [8]. To study the application of miRNAs,
synthetic anti-miRNA oligonucleotides (AMOs)
have complementary sequences with mature
miRNAs. AMO can specifically bind to their targeted miRNA and cause gene expression to be
suppressed [9]. MiRNA-21 has been considered one of the most important miRNAs and is
overexpressed in many tumors [10]. AMO-21
can be regarded as a potential probe for targeting miRNA-21 in vitro and in vivo.
Oligopeptides have the advantages of low
molecular weight and low toxicity. It has been
widely used and studied in materials science,
molecular imaging, and carrier studies for disease diagnosis and treatment [11]. Some studies reported that using the oligopeptide of four
amino acids Glycine(D)-Alanine-Glycine-Glycine
(Gly(D)-Ala-Gly-Gly, GAGG), a strong chelating
residues structure similar to the N4 structure
which could be used for labeling 99mTc [4, 12].
To eliminate space hindrance, γ-Aminobutyric
acid (Aba) is used as a spacer to chelate 99mTc.
However, its labeling stability is not satisfactory
[12]. In this study, we designed a novel tetrapeptide sequence of Glycine-Alanine-GlycineLysine (Gly-Ala-Gly-Lys, GAGK) which was used
to label AMO-21 with 99mTc and optimized the
labeling conditions and serum stability.
Materials and methods
Oligonucleotides
AMO-21 is a single-stranded DNA oligonucleotide that can bind with mature miRNA-21 [13].
To improve binding stability and affinity, we
modified 2’-O-methyl (2’-OMe) bases and phosphorothioate linkage bases at each end of AMO
[14]. AMO-21 (5’-TCAACATCAGTCTGTGTGATAAGCTA-3’) were synthesized by Shanghai Science Peptide Biological Technology Co. Then the
products were purified by reversed-phase highperformance liquid chromatography (HPLC)
with a C18 column (Waters, SunFire 100 A, 5
μm, 4.6 × 250 mm). The elution gradient was
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from 20% to 40%, with acetonitrile and 0.1 M
tetraethylammonium bromide in water as the
gradient at the 1.5 mL/min elution flow rate. A
mass spectrometer (Shimadzu-Kratos AXIMACFR PLUS TOF) was used to analyze the product mass spectra of Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF).
All oligonucleotides with modification were
stored at -80°C after the purification and
verification.
Design and synthesis of GAGK
This study designed a novel peptide sequence
of Gly-Ala-Gly-Lys (GAGK) for radiolabeling with
99m
Tc. Tetrapeptide of GAGK was linked to the 3’
end of AMO-21 with the sequence of 3’-GAGKATCGAATAGTCTGACTACAACT-5’. 3’-end was chosen as the linked site by avoiding affecting the
activity of the nucleic acid probe. The N4-like
structure formed by four amino acids provides
4-5 coordination electrons to form strong chelating residues to chelate 99mTc. All GAGK peptides were synthesized by Shanghai Sangon
Biological Engineering (China), then purified
and modified as before.
Radiolabeling
Tc radiolabeling was performed according
to the previous study [15]. In brief, fresh
SnCl2·2H2O were dissolved in ascorbic HCl (10
mM). 0.5 M sodium bicarbonate, 0.25 M ammonium acetate, and 0.175 M ammonium hydroxide were used to prepare sodium tartrate buffer (50 mg/mL, pH 9.2). Lyophilized GAGK peptide conjugated product (4 nmol) was dissolved
in this buffer (15 µL) with ammonium acetate
solution (40 µL 0.25 M) to a final pH of 8.0-8.5.
Different concentrations of fresh SnCl2·2H2O (5
µL) were added following the addition of fresh 99mTc-pertechnetate solution (15 µL), which
was produced by the China Institute of Atomic
Energy. The amount of sodium pertechnetate
required for labeling typically depended on the
purpose of the labeling.
99m

Labeling optimization
Labeling conditions were optimized by adjusting concentrations of SnCl2·2H2O, reaction temperature, and reaction time. For different concentrations of fresh SnCl2·2H2O (1, 2, 4, 8 mg/
mL), different temperatures (100°C and room
temperature), and different heating duration
(0, 5, 15, 30, 45, 60 min), 99mTc-radiolabeled
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radiolabeled product. Unlabeled GAGK-AMO, 99mTc-GAGKAMO, 99mTc-pertechnetate were loaded on agarose gel (2%)
respectively and then analyzed
after running 20 min at 200 V.
The agarose gel was stained
by GV-2 staining reagents (Beijing SBS Genetech). Oligonucleotide bands were visualized
under ultraviolet light at 300
nm using a gel imaging analyzer. Then the gel was divided
into equal portions and a NaI
scintillation detector (PerkinElmer) was used to measure
their corresponding radioactive counts. A SPECT (Discovery NM/CT 670, GE Healthcare) was used to scan the
radiograph.
Figure 1. Scheme of 99mTc-GAGK-AMO. A. The molecule weight of GAGK-AMO
was 7195.22 which was measured by mass spectroscopy. B. The tetrapeptide sequence of GAGK provides the Coordination bonds for 99mTc radiolabeling.

Serum stability

Tc-GAGK-AMO was incubated in fresh human serum (0.01
mg/mL) for 12 h at room temperature to evaluate the in
vitro labeling stability. At 0, 1, 2, 4, 6, 8, 10, and
12 h, 99mTc-GAGK-AMO was tested respectively
by agarose gel electrophoresis to measure its
ability against degradation in human serum.
The gels were also evaluated by gel imaging
and radioactive counts in different portions as
described above.
99m

Results
Radiolabeling of AMO
Figure 2. Radioactive distribution and 260 nm absorbance results of different portions after purification
with a Sephadex G25 column. The radioactivity and
260 nm absorbance peak tubes are located in the
same portions.

GAGK-AMO were measured by radio-TLC and
purified using Sephadex G25 column. TLC was
performed using silica gel GF-254 coated on
glass plates (Analtech Inc.). Finally, the absorbance value and radioactivity at 260 nm were
measured.
Agarose gel electrophoresis
The function of agarose gel electrophoresis
was to identify the accuracy and integrity of the
145

After the tetrapeptide GAGK was linked at 3’
end of AMO-21, mass spectroscopy was used
to test the molecule weight of the GAGK-AMO
products. The measured molecular weight was
7195.22, which was consistent with the expected one (Figure 1A). GAGK-AMO was then
radiolabeled by 99mTc successfully via the tetrapeptides sequence providing 4-5 coordination
electrons to form strong chelating residues
(Figure 1B). The radioactivity of radiolabeled
products was measured after purification. The
radioactivity peak of radiolabeled products was
correlated with the nucleic acid peak at 260
nm, suggesting the successful labeling (Figure
2). The radioactivity peak was solely displayed
with the labeling rate at about 90.03%±4.16%
Am J Nucl Med Mol Imaging 2022;12(5):143-151
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Figure 3. Optimization of radiolabeling condition. (A) Reaction time with/without heating and (B) concentration
of SnCl2·2H2O were optimized and showed the radioactivity efficiency reached 90.03%±4.16% under the optimal
reaction conditions with 1 mg/mL concentration of SnCl2·2H2O and heating for 30 min.

and the specific activity at 32.25±7.6 μmCi/
μmol (n=5). After purifying with Sephadex G25,
99m
Tc-labeled oligonucleotides were tested for
their radioactivity and absorbance at 260 nm.
The recovery rate of oligo after each labeling
reaction was more than 90% with the average
concentration at 42.8±6.8 ng/μL.

The radiolabeling efficiency after heating is
higher than that at room temperature whereas
the highest labeling rate at room temperature
was about only 52.40%±4.55% (Figure 3A).
Therefore, 30 min and 100°C were chosen as
the optimized heating condition because of the
high labeling efficiency.

Radiolabeling efficiency using different reaction time

Radiolabeling efficiency using different concentrations of SnCl2·2H2O

Different reaction times (5, 15, 30, 45, and 60
min) at 100°C or room temperature affected
the labeling efficiency. For the optimization of
the labeling in this study, we used 200-300 µCi
fresh sodium pertechnetate in 15 µL, whereas
we will add more sodium pertechnetate with a
higher concentration for the labeling for animal
studies. The specific activity should be more
than 32.3 µCi/nmol. Different labeling efficiency of labeled products was obtained under different heating conditions. After heating for 15
min, the labeling efficiency was higher than
78.46%±4.00%, and heating for 30 min got the
highest labeling efficiency (90.03%±4.16%).
But, prolonging reaction time by more than 30
min decreased rather than improve the radiolabeling efficiency, suggesting that heating for 30
min can be used to shorten the radiolabeling
time. The radiolabeled efficiency dropped to
45.00%±3.97% at 60 min. Without heating, no
more labeled products can be obtained by prolonging the reaction time (Figure 3A).

The concentration of SnCl2·2H2O is also an
important factor in 99mTc-radiolabeled reaction.
The labeling rate of SnCl2·2H2O at the concentration of 1 mg/mL is about 90.67%±3.13%
reaching the highest labeling efficiency. In the
comparison, high concentrations of stannous
lead to decreased labeling efficiency, from
83.10%±3.72% to 46.17%±4.30%. As the concentration of SnCl2·2H2O Increased, the labeling
efficiency was reduced (Figure 3B). Excessive
stannous may lead to unnecessary technetium
colloid, thus reducing the labeling efficiency.
Therefore, using SnCl2·2H2O of 1 mg/mL concentration and heating for 30 min was chosen
for the optimized labeling condition in this
study.

Radiolabeling efficiency under different temperature
Different temperatures (100°C and room temperature) also affected the labeling efficiency.
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Verification of radiolabeling
Gel electrophoresis was to show the position
and situation of GAGK-AMO before and after
labeling with 99mTc. The results of gel imaging
showed that GAGK-AMO bands were clear and
were located at the same position before and
after 99mTc labeling, suggesting there is no
effect in the labeling process (Figure 4A, left
panel). After being imaged by SPECT, the GAGKAMO band showed obvious radioactive distribuAm J Nucl Med Mol Imaging 2022;12(5):143-151
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Figure 4. Verification of 99mTc-GAGK-AMO. A. The results of gel imaging and radio scintigraphy after gel electrophoresis showed radioactive distribution was consistent with the location of 99mTc-GAGK-AMO. B. Radioactive counts were
measured after dividing the gel into equal portions and confirmed the successful AMO labeling.

presented a single and clear
band in the gel within 12
hours, suggesting the relative
stability of AMO in serum. Although the band brightness
decreased slightly over time
relating to the possible degradation in serum, considering
that it was pure serum and the
probe has not been modified
to improve its stability, the
99m
serum stability of the probe
Figure 5. Serum stability of Tc-GAGK-AMO. (A) Gel electrophoresis showed
was acceptable (Figure 5A).
clear bands within 12 h. Radiolabeling stability was shown by (B) gel electrophoresis and (C) radioactive percent measurement. The radioactive peak
Furthermore, we tried diluted
was consistent with the position of AMO bands in the gel, confirming good
serum as the incubated medi99m
stability of Tc-GAGK-AMO within 10 h.
um (10% human fresh serum).
The results of labeling stability
tion in the same position as the band in the gel.
measurement showed that the labeled prod99m
Tc-pertechnetate showed radioactive distriucts had no obvious degradation within 10 h in
bution ahead of the position of AMO due to the
diluted serum, the band brightness was unismall molecular weight (Figure 4A, right panel).
form, and the radioactivity at the band was at
After dividing the gel into equal portions, an
the peak of gel. There was no radioactivity peobvious radioactivity peak was found at the 5th
ak at other positions (Figure 5B). The above
portion which was corresponding to the nucleic
results showed that the labeled probe has
acid band whereas the 99mTc-pertechnetate
good labeling stability and serum stability, and
radioactive peak was located at the 7th portion
there is no obvious off-labeling phenomenon.
(Figure 4B). The above results confirmed that
99m
Discussion
Tc-GAGK-AMO labeling was successful.
Stability in serum
The probe was incubated in fresh human serum for 0, 1, 2, 4, 6, 8, 10, and 12 h respectively to observe the serum stability. Observed
by gel electrophoresis, the radiolabeled AMO
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With the successful application of antisense
imaging and radionuclide tracer technology,
molecular-level accurate tracer technology is
gradually used in tumor localization and treatment. 99mTc is the most commonly used radionuclide in clinic nuclear medicine so far, which
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has the advantages of a pure γ ray emitter, with
appropriate half-life and ray energy, simple
acquisition, and low cost. It has been widely
used in the clinic, and it is also an ideal radionuclide for labeling drugs. The methods of
99m
Tc labeling AMOs include direct labeling and
indirect labeling. At present, the commonly
used method is the indirect labeling method
using a bifunctional chelator (BFCA). The earliest BFCA used in antisense imaging is diethylene triamine pentaacetate acid (DTPA) [16], but
its labeling rate and specific activity are low,
and the product is unstable [17], which is gradually replaced by other BFCAs. At present, commonly used BFCAs include hydrazinonictinamide (HYNIC), N-hydroxysuccinimide derivative of S-acetylmercaptoacetyltriglycine (NHSMAG3), etc. However, the labeling rate using
chelating agents is affected by the coupling
results. To solve this problem, this study tries to
develop a direct labeling method by using a tetrapeptide sequence GAGK to achieve miRNA
radiolabeling of 99mTc. We obtained a high labeling rate by different reaction conditions optimization, and confirmed the reliability and stability of labeling in vitro, providing a new idea for
99m
Tc radiolabeling AMOs.
Tetrapeptide can be regarded as a derivative
of MAG3, in which amino acid residues replace mercaptoacetyl residues. Previous animal experiments have proved that 99mTc-GAGG
has a renal excretion rate similar to 99mTcMAG3, which can be excreted quickly through
urine and is rarely absorbed in the liver and
other organs [18]. These results showed that
the 99mTc-peptide-AMOs probe can be used for
tumor gene expression imaging if tumor uptake
can be enhanced. At present, the commonly
used method is the indirect labeling method
using BFCA, therefore, for labeling, two steps
should be needed. The efficiency of conjugation between chelators and probes can affect
the labeling efficiency to a large extent. Onestep labeling method using peptide coupling
could overcome this shortage and provide some other advantages, including ready-to-label
preparation, less operation, long-term storage,
and easier use for kits [19]. Therefore, based
on the structural advantages, using a short
peptide structure to mediate 99mTc labeling is
now a research hotspot, but there is no study on 99mTc labeling AMO-21 with peptide
sequence.
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Due to the low molecular weight of miRNA, antisense oligonucleotides are considered to be
the best measurement tool for targeting miRNA
[20]. Therefore, radiolabeled probes based on
AMOs are widely used in gene imaging and
gene therapy [21]. AMOs have 15 to 25 nucleotide complementary single chains which can
bind to the target gene. Studies have shown
that after chemical synthesis and modification
of AMOs, the plasma binding protein affinity of
AMOs increases, and the nuclease degradation
rate of AMOs decreases, thus having good biological effects and stability [22, 23]. Compared
with other imaging methods such as MRI and
CT, antisense imaging has the advantage that it
detects specific gene expressions rather than
anatomical changes [5]. Moreover, it can show
the molecular level changes of the disease in
the early stage non-invasively.
AMOs are negatively charged with electricity
and their molecular weight is high, so their permeability of the membrane is low, and most
AMOs cannot penetrate the cell. Whether the
targeted nucleic acid molecules can specifically
bind to the target gene and the uptake rate of
the probe by the tumor are the keys to the
success of targeted imaging technology [24].
Unmodified nucleic acid molecules are prone to
degradation in vivo or in serum, resulting in the
loss of activity. Certain chemical modification
methods should be used to ensure the biological stability of oligonucleotides. Appropriate
chemical modification can not only improve the
hybridization affinity between the nucleic acid
probe and target RNA, and improve its ability
to resist nuclease degradation, but also slow
down the plasma clearance rate of the nucleic
acid probe and improve the ability to be absorbed by the organization. Previous studies
have shown that the use of oligopeptide conjugated nucleic acids has many advantages.
Different peptides have different biological
characteristics after conjugation with nucleic
acids, which can achieve targeted endocytosis
[25]. Modifying the peptide at the 3’-end of RNA
can improve the serum stability of the conjugate, and the nuclease resistance, and keep
the silencing activity for a longer time [26]. After
conjugating RNA with oligopeptide, other radionuclides can also be labeled. For example,
AMOs radiolabeled iodine can be achieved
after conjugating Tyr [27]. The correct design
and modification of AMOs are also very impor-

Am J Nucl Med Mol Imaging 2022;12(5):143-151

A tetrapeptide for chelator-free 99mTc radiolabeling
tant to enhance their binding with miRNA specifically and firmly [28].
At present, the effect of 99mTc labeled nucleic
acid is not ideal. In the past, many studies have
constructed RNA radioactive labeled probes
for antisense imaging through liposomes [29],
transporters, membrane penetrating peptides,
TAR binding peptides [30], SV40 nuclear localization sequences [31, 32], disulfide cyclic peptide IGF1 analogs [33, 34], dihydrotestosterone
or nuclear localization peptides [35]. However,
in these studies, there are many problems,
such as complex labeling, low labeling efficiency, easy degradation, difficulty in penetrating
the cell membrane, relatively high non-specific
uptake of blood and other organs, and relatively low tumor uptake. Our research group has
also coupled AMO with NHS-MAG3, and the
99m
Tc labeling efficiency reached 97% [15]. In
other studies, 99mTc was used to label AMO/cellpenetrating peptide PepFect6 (PF6), misAMO/
PF6, and Naked AMO and commercial Lipofectamine 2000-based nano-particles. The
labeling efficiency was 72.6%±1.42%, 72.4%±
2.71%, and 69.8%±3.69%, respectively [36].
However, the indirect labeling method has the
disadvantages of long time, complex steps,
many influencing factors, and nonspecific combination with serum proteins to form high polymers [4, 6, 37].
In this study, we successfully designed a new
oligopeptide sequence GAGK for chelator-free
radiolabeled AMO-21. The optimal labeling
conditions were explored through labeling
under different heating times and different
SnCl2·2H2O concentrations. Our results show
that the highest labeling efficiency can be
obtained by labeling 99mTc-GAGK-AMO at the
concentration of 1 mg/mL SnCl2·2H2O and
heating for 30 min. Heating can shorten the
labeling time and reduce the formation of colloids. By optimizing the reaction conditions,
the final labeling efficiency reached 90.03%±
4.16%, which is enough for further purification
for antisense imaging. The gel electrophoresis
results showed that we successfully used
GAGK to radiolabel AMO-21. The stability of
radiolabeled AMO-21 in human fresh serum is
very important, which seriously affects the imaging effect. The stability measurement results
of this study showed that 99mTc-GAGK-AMO was
only degraded slightly in serum within 12 hours
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of incubation, indicating that GAGK-modified
AMO-21 can remain stable in human serum.
We assume that the peptide added on the
5’-end might play a role in the protection of this
oligomer, which was similar to PNA. In addition,
to improve binding stability and affinity, we
modified 2’-O-methyl (2’-OMe) bases and phosphorothioate linkage bases at each end of
AMO, which was mentioned in the material and
method parts. Our study improved the problem
of low labeling efficiency in previous AMO antisense imaging studies, while further verification of tumor uptake in vivo should be investigated.
Conclusion
We designed a new tetrapeptide GAGK to
chemically modify AMO-21 which is targeting
miRNA-21. After optimizing the reaction conditions, 99mTc radioactive labeling was achieved.
This labeling method has high labeling efficiency and stable labeling, which provides an effective method for the application of miRNA-targeted imaging.
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