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Introduction Murine double minute 2 (MDM2) is an 
oncogene that is important in tumorigenesis, tumor 
metastasis and chemotherapy resistance. We aimed to 
synthesize a molecular imaging probe, 99mTc-HYNIC-
siRNA 1489, which could specifically bind to MDM2. The 
[99mTc]HYNIC-siRNA 1489 molecular probe provided an 
effective way of assessing MDM2 expression via single-
photon emission computed tomography.

Method Three siRNAs were designed, and their 
inhibitory efficiencies were determined using western 
blots and qRT-PCR. The selected siRNA was labeled with 
the radionuclide technetium-99m (99mTc) through the 
chelator HYNIC. The bioactivity and properties of [99mTc]
HYNIC-siRNA 1489 were evaluated prior to imaging in 
mice. Imaging and biodistribution of the probe were used 
to assess its targeting ability.

Results SiRNA 1489, which was labeled with 99mTc, 
displayed a strong inhibitory effect in Michigan Cancer 
Foundation-7 cell lines. The radiochemical purity of [99mTc]
HYNIC-siRNA 1489 was stable at various temperatures in 
phosphate-buffered serum and bovine serum. The tumor/
muscle ratio in mice injected with [99mTc]HYNIC-siRNA 
1489 was higher than that in those injected with the 

negative control, [99mTc]HYNIC-NC siRNA. The percentage 
injected dose per gram (%ID/g) of the tumors injected 
with 99mTc-HYNIC-siRNA 1489 was greater than that of the 
control group.

Conclusion The [99mTc]HYNIC-siRNA 1489 was taken 
up by the tumor, which had a high level of MDM2. The 
probe exhibited a sufficient retention time in the tumor. 
This probe may be an effective strategy for evaluating 
MDM2 expression and achieving early diagnosis in breast 
cancer. Nucl Med Commun 43: 869–876 Copyright © 2022 
The Author(s). Published by Wolters Kluwer Health, Inc.
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Introduction
Breast cancer is the most common tumor in women [1]. 
It is well known that murine double minute 2 (MDM2), 
a ubiquitin ligase, can bind p53 and inhibit p53 transacti-
vation of downstream genes [2]. In addition, MDM2 can 
ubiquitinate p53 and promote its proteasomal degrada-
tion [3–5]. As an oncogene, MDM2 is related to numerous 
types of human carcinoma, including breast cancer, gli-
oma and prostate cancer [6–8]. MDM2 is able to mediate 
the Notch pathway by downregulating lysine acetyltrans-
ferase 8 (MOF) in breast and liver cancer [9]. MDM2 is 
an E3 ligase that mediates SIRT6 degradation, and the 
interaction between MDM2 and SIRT6 is dependent 
on AKT1-mediated SIRT6 phosphorylation at Ser338 
[6,11,12]. Moreover, many studies have shown that 
MDM2 overexpression is associated with breast cancer 

that has invasive potential and resistance to chemother-
apy [10]. Thus, MDM2 may be considered a promising 
target for breast carcinoma diagnosis and therapy.

Molecular imaging is a noninvasive method for diagnos-
ing and imaging disease. With the development of molec-
ular imaging technology, many imaging agents have been 
used in medicine. Small interfering RNA (siRNA), com-
posed of a double strand of RNA, is responsible for RNA 
interference (RNAi) pathway-based gene silencing. It is 
incorporated into the RNA-induced silencing complex 
(RISC) and then Argonaute-2 cleaves the sense strand 
after siRNA is generated via dicer processing of a long 
double-stranded RNA or a synthetic siRNA is deliv-
ered into the cytoplasm [13]. However, siRNAs have 
some inherent characteristics, such as off-target effects 
and biological instability, which need to be addressed 
before they can be incorporated in clinical applications. 
Chemical modifications of siRNAs have been shown to 
improve their inherent properties. For example, rep-
resentative backbone modifications of siRNA include 
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phosphorothioate, ribose 2′-OH, and 2′-O-methyl (2′-
OMe) modifications. We selected a 2′-OMe modification 
of the purines based on the following reasons. First, this 
modification site is the most attractive as it does not need 
to be recognized by the target mRNA cleavage process 
via the RISC [14]. Second, 2′-OMe modification increases 
the resistance of RNA to nucleic acid enzymes, and its 
thermal stability (T

m
) increases 0.5–0.7 °C per modifi-

cation [15]. Third, modification of purine sites does not 
affect the silencing efficiency of siRNA.

In the present investigation, we used a chemically mod-
ified siRNA radiolabeled with technetium-99m (99mTc) 
to assess MDM2 expression directly via a visual method. 
The properties of [99mTc]HYNIC-siRNA were assessed 
in cell experiments. Furthermore, MDM2 imaging was 
used to assess MDM2 expression in breast cancer xeno-
grafts in vivo.

Methods
Design of the small interfering RNA
Three different siRNAs against MDM2 were designed, 
and the sequences were as follows: MDM2 475 sense, 
5′-GGCCAGUAUAUUAUGACUAd(TT)-3′, antisense, 
3′-UAGUCAUAAUAUACUGGCCd(TT)-5′; MDM2 
912 sense, 5′-GGAGAUAUGUUGUGAAAGAd(TT)-3′, 
antisense, 3′-UCUUUCACAACAUAUCUCCd(TT)-5′; 
MDM2 1489 sense, 5′-CAGCCAUCAACUUC 
UAGUAd(TT)-3′, antisense, 3′-UACUAGAAGU 
UGAUGGCUGd(TT)-5′. All siRNAs were modified 
with 2′-OMe by GenePharma Corp. (Shanghai, China). 
A primary amine was added at the 5′ end of the antisense 
RNA. The amine provided a coupling site for HYNIC, 
which is important for radionuclide labeling. Quantitative 
real-time PCR (qRT-PCR) and western blots were used 
to select the optimal siRNA to inhibit MDM2.

The small interfering RNA radiolabeling and 
characteristics
The siRNA (5 µg/µl) was diluted in 25 mmol/l ammonium 
acid carbonate buffer (pH = 8.5). HYNIC (GL Biochem., 
Shanghai, China) was dissolved in dimethylformamide 
(10 mg/ml). Then, siRNA was added in the proportion 20:1 
(HYNIC:siRNA). The compounds were reacted for 1 h at 
room temperature. The mixture was purified with a Sep-
Pak C18 column (Waters, Milford, Massachusetts, USA). 
The C18 column was activated by 20 ml of acetonitrile 
and washed with 20 ml of deionized water. The siRNA 
and HYNIC mixture was diluted to 1 ml with deionized 
water and then loaded on the Sep-Pak C18 column, which 
was rinsed once with 10-ml 25-mmol/l ammonium bicar-
bonate (pH  =  8.5), once with 10-ml  25-mmol/l ammo-
nium bicarbonate/5% acetonitrile, and twice with 10 ml 
5% acetonitrile, and then, siRNA was eluted with 1-ml 
30% acetonitrile four times. The HYNIC-siRNA solution 
was collected in fractions of eight drops/vial, HYNIC-
siRNA was detected at 260 nm, and vials with the highest 

concentrations of HYNIC-siRNA were combined. The 
product was then dried by rotary evaporation for 6 h, and 
the HYNIC-siRNA was stored at −80 °C.

The HYNIC-siRNA solution was prepared, and tricine 
and ethylenediamine-N,N'-diacetic acid (EDDA) were 
used as coligands. Ten microgram of HYNIC-siRNA 
were dissolved in 20  μl 25  mmol/l ammonium acid 
carbonate (pH  =  8.5). Tricine (50  μl, 5.6  mmol/l) and 
EDDA (50 μl, 5.6 mmol/l) were added to the HYNIC-
siRNA solution. Then, 10–20  μl 99mTcO

4
− solution 

(74–185 MBq; China Isotope & Radiation Corporation, 
Beijing, China) was diluted with 5.5 μl of SnCl

2
·2H

2
O 

(4.4  mmol/l in 0.1  mol/l HCl) and mixed with the 
HYNIC-siRNA solution. After 1  h, the mixture was 
purified using a G25 gel (Solarbio, Beijing, China). The 
G25 gel column was eluted with 0.9% NaCl solution, 
and the eluent was collected (40 tubes with three drops 
in each tube). The combined eluent with a radioac-
tive peak was used for imaging evaluation and calcu-
lating radiochemical purity. [99mTc]HYNIC-siRNA was 
diluted in PBS and BSA (0.01 μg/μl) and then incubated 
at room temperature and 37 °C for 6 h. Its stability in 
vitro was evaluated by its radiochemical purity, which 
was measured by high-performance liquid chromatog-
raphy at different times. Briefly, the C18 column was 
eluted with a gradient of 59–100% buffer A (A, 0.1% tri-
fluoroacetic acid in acetonitrile) and 0–40% buffer B (B, 
0.1% trifluoroacetic acid in water) in 20 min and a flow 
rate of 1 ml/min at 30 °C.

Cell lines and cell culture
Human breast cancer cell lines Michigan Cancer 
Foundation (MCF)-7 and MDA-MB-231 were pur-
chased from the Chinese Academy of Sciences Shanghai 
Cell Bank. The cells were cultured in Roswell Park 
Memorial Institute (RPMI) 1640 complete medium 
(Gibco, Carlsbad, California, USA) at 37 °C in an incu-
bator containing 5% CO

2
. The complete medium com-

prised 10% fetal bovine serum (FBS), penicillin (100 U/
ml) and streptomycin (100 μg/ml).

Transfection of [99mTc]HYNIC-siRNA
MCF-7 cells were trypsinized and transferred to six-
well plates at a concentration of 1 × 106 cells/well. The 
RPMI 1640 medium was then added to each well. After 
the cells reached 70% confluency, the medium was 
replaced with opti-MEM (Gibco, Carlsbad, California,   
USA). Two micrograms of siRNA 1489, control siRNA, 
and [99mTc]HYNIC-siRNA 1489 was dissolved in 
200  μl opti-MEM, respectively. Eight microlit-
ers of Lipofectamine 2000 (Invitrogen, Carlsbad, 
California, USA) solution were added to each of three 
200-μl aliquots of opti-MEM. Then, the Lipofectamine 
2000/opti-MEM mixture was added to the siRNA1489, 
control siRNA, and [99mTc]HYNIC-siRNA 1489 mix-
tures, which were incubated at room temperature for 
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20 min. In the final solutions, the siRNA concentration 
reached 0.01  μg/μl. Then, the liposome-encapsulated 
control siRNA, liposome-encapsulated siRNA 1489 and 
liposome-encapsulated [99mTc]HYNIC-siRNA 1489 
were individually added to MCF-7 cells and cultured 
in an incubator (37 °C and 5% CO

2
) for 6 h. The opti-

MEM was removed and complete medium was added. 
After 24 h, the MCF-7 cells were collected and used for 
qRT-PCR and western blotting.

Quantitative real-time PCR
Total RNA was extracted using an RNAprep Pure Cell/
Bacteria Kit (Tiangen, Beijing,  China) according to 
the manufacturer’s protocol. cDNAs were synthesized 
from total RNA (1  μg) using random primers with the 
RevertAid First Strand cDNA Synthesis Kit (Thermo 
Fisher  Scientific, Waltham, Massachusetts,  USA). 
qRT-PCR was performed with the MDM2 and inter-
nal reference GAPDH primer set (MDM2 forward, 
5′-CCTTAGCTGACTATTGGAAATGCA-3, reverse, 
5′-CGAAGGGCCCAACATCTGT-3′; GAPDH for-
ward, 5′-CACCCACTCCTCCACCTTTGA-3′, reverse, 
5′-ACCACCCTGTTGCTGTAGCCA-3′) under the fol-
lowing PCR conditions: predenaturation at 95 °C for 60 s, 
denaturation at 95 °C for 15 s and extension at 60 °C for 
60 s, for 40 cycles.

Western blots
MCF-7 cells were lysed in RIPA buffer with phenyl-
methylsulfonyl fluoride (100:1) for 30  min on ice and 
then centrifuged at 12 000 × g at 4 °C for 15 min. The 
supernatant was collected and mixed with SDS-PAGE 
buffer, denatured, and the total protein was meas-
ured using a BCA Protein Assay Kit (Tiangen, Beijing, 
China). Equal amounts of protein were separated by 
10% SDS-polyacrylamide gels and transferred onto pol-
yvinylidene difluoride membranes (Millipore, Billerica, 
Massachusetts,  USA). The membranes were blocked 
using 5% nonfat milk in TBST for 1 h at 37 °C, followed 
by overnight incubation with anti-MDM2 (ab178938; 
Abcam, Cambrige, UK) and anti-β-actin (20536-1-AP; 
Proteintech, Wuhan, China) antibodies at 4 °C. Unbound 
antibody was removed by three 10-min washes in TBST 
solution. The membranes were then incubated for 1 h 
at room temperature with secondary antibody (ZB-2301; 
Zhong Shan Gold Bridge, Beijing, China) conjugated with 
horseradish peroxidase, followed by three 10-min washes 
with TBST buffer (TBS buffer with 0.1% v/v Tween-20). 
The blots were visualized with enhanced chemilumines-
cence reagent (Advansta, Menlo Park, California, USA) 
and a Tanon-5200 Chemiluminescent Imaging System 
(Tanon Science & Technology, Shanghai, China).

Animal models
Female NU/NU nude mice (aged 6–8  weeks, body 
weight 18–22 g) were purchased from Peking Vital River 

Experimental Animal Co., Ltd  (Beijing, China). All 
protocols involving animals were performed under the 
supervision of the Institutional Animal Care and Use 
Committee of Harbin Medical University. The mice 
were randomly divided into two groups. An MCF-7 cell 
suspension (5 × 106 cells) was directly injected into the 
right hind limb of each mouse. The mice were main-
tained in a standard environment with sufficient food and 
drinking water. The imaging experiments were carried 
out when the tumor reached 500  mm3 [tumor volume 
(mm)3 = length (mm) × width (mm)2 × 0.5].

Molecular imaging and biodistribution assay
TurboFect (Invitrogen,  Carlsbad, California, USA)-
encapsulated [99mTc]HYNIC-siRNA 1489 (7.4  MBq) 
and [99mTc]HYNIC-control siRNA (7.4 MBq) were sep-
arately injected into the two groups of mice (n = 6) via 
the tail vein. Single-photon emission computed tomog-
raphy (SPECT, Discovery 670; GE Healthcare, Boston, 
Massachusetts, USA) with a low-energy, high-res-
olution and pinhole collimator was prepared. At 1, 4, 
and 10  h after injection, all mice were scanned using 
SPECT. All mice were subjected to abdominal anesthe-
sia with 1% pentobarbital sodium (0.04 ml/10 g). The 
static image was set at 100 counts through the pinhole 
collimator, and then, image acquisition was stopped 
and the images saved. The matrix was 256 × 256 and 
the zoom factor was 2.0. The regions of interest of each 
tumor were drawn and counted. Radiocounting of equal 
areas of muscle on the opposite limb was recorded as a 
control. Finally, the tumor-to-muscle (T/M) ratio was 
calculated.

Thirty-six NU/NU nude mice with MCF-7 xenografts 
were randomly divided into two groups of 18. A biodis-
tribution study was performed after tail vein injection 
of TurboFect-encapsulated [99mTc]HYNIC-siRNA3 
(7.4 MBq) or [99mTc]HYNIC-control siRNA (7.4 MBq). 
At 1, 4, and 6 h postinjection, four mice from each group 
were sacrificed by inhalation of isoflurane followed by 
cervical dislocation. Major internal organs, including the 
brain, lungs, liver, spleen, kidneys, stomach, intestines, 
muscle, thyroid and blood, together with the tumor, were 
collected and weighed, and the radioactivity was meas-
ured via a gamma counter. Tissue radioactivity was rep-
resented by the percentage of injected dose per gram 
(%ID/g) of organ. The mass ratio of the tumor to the con-
tralateral muscle (T/M) was also calculated.

Blocking assay
Six NU/NU nude mice with MCF-7 xenografts were 
used in the blocking assay. Nonlabeled siRNA 1489 
(1 mg/kg) encapsulated with TurboFect was injected into 
MCF-7 xenografts 3 h before the injected imaging agent. 
The imaging procedure was repeated, and tissue radioac-
tivity was represented by the %ID/g.
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Statistical analysis
Each experiment was performed in triplicate with dupli-
cate samples tested. Statistical analysis was performed 
with SPSS 18.0. Data are expressed as the mean ± SD. 
Statistical differences were analyzed via one-way anal-
ysis of variance. P  <  0.05 was considered statistically 
significant.

Results
Expression of murine double minute 2 in breast cancer 
cell lines
To select suitable cell lines with high levels of MDM2, 
qRT-PCR and western blots were used to evaluate 
MDM2 expression in MCF-7 and MDA-MB-231 cells. 
The results showed that the relative expression levels 

Fig. 1

MDM2 expression in breast cancer cell lines and the inhibitory efficiency of siRNA. (a) MDM2 mRNA relative expression (P = 0.002). (b) MDM2 
protein relative expression (P = 0.002). (c) MDM2 mRNA relative expression after transfecting siRNA in MCF-7 cells (NC vs. siRNA 475, 
P = 0.0014; NC vs. siRNA 912, P = 0.0007; NC vs. siRNA 1489, P < 0.0001). (d) MDM2 protein relative expression after transfecting siRNA 
in MCF-7 cells (NC vs. siRNA 475, P = 0.0004; NC vs. siRNA 912, P = 0.0002; NC vs. siRNA 1489, P < 0.0001). Data are presented as the 
mean ± SD based on three independent experiments. *P < 0.05; **P < 0.01 vs. the NC group. MCF, Michigan Cancer Foundation;  99mTc, techne-
tium-99m; MDM2, Murine double minute 2; NC, negative control; siRNA, small interfering RNA.
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in MCF-7 and MDA-MB-231 mRNA were 1 ± 0.14 and 
0.40 ± 0.06 (P < 0.05; n = 3), respectively (Fig. 1a). The 
protein levels in MCF-7 and MDA-MB-231 cells were 
1 ± 0.05 and 0.35 ± 0.15 (P < 0.05; n = 3), respectively 
(Fig.  1b). This indicated that MCF-7 cells had a high 
level of MDM2 and were suitable for the imaging 
experiment.

Inhibitory effects of small interfering RNA in vitro
Three siRNA sequences were designed and their inhib-
itory effects were investigated to select the best siRNA. 
The inhibitory effects of each siRNA were estimated 
according to the protein expression and mRNA content 
determined by western blots and qRT-PCR (Fig. 1c and 
d). The results of transfection with the three siRNA 
sequences showed substantially lower MDM2 mRNA 
and protein levels than those of the negative control 
siRNA and blank control groups transfected with Opti-
MEM (P < 0.05; n = 3). There were no significant differ-
ences between the three siRNA sequences.

In-vitro 99mTc-HYNIC-siRNA stability
The labeling efficiencies of [99mTc]HYNIC-siRNA 1489 
and [99mTc]HYNIC-control siRNA were 62.17  ±  3.16% 

and 61.56  ±  4.08% (P  >  0.05; n  =  4), respectively. The 
radiochemical purity of the probes was greater than 94% 
after purification. When the probes were tested at normal 
temperature (37 °C), the radiochemical purity did not 
significantly change (n = 3). With increasing incubation 
time, the probes were stable within 6 h and did not show 
significant degradation. Similarly, there was no difference 
between cultures in PBS and FBS (Fig. 2a). This indi-
cated that the probes had relatively stable physicochem-
ical properties.

In-vitro inhibitory effect of siRNA1489 after labeling 
with technetium-99m
We tested the effect of [99mTc]HYNIC-siRNA 1489 via 
qRT-PCR and western blots in MCF-7 cell lines. There 
was an obvious inhibitory effect of siRNA 1489 without 
99mTc labeling. We compared the results for siRNA 1489 
labeled with 99mTc to unlabeled siRNA 1489 and blank 
control. From our experiments, radiolabeling of siRNA 
1489 did not alter the effect of RNAi (Fig.  2b and c). 
[99mTc]HYNIC-siRNA 1489 inhibited the expression of 
MDM2. The relative expression levels of MDM2 mRNA 
and protein were 0.34 ± 0.06 and 0.46 ± 0.09 (P < 0.05; 
n = 3), respectively (Fig. 2b and c). This indicated that 

Fig. 2

Stability and biological activity of [99mTc]HYNIC-siRNA in vitro. (a) Radiochemical purity of [99mTc]HYNIC-siRNA incubated in PBS and bovine 
serum at 37 °C. (b) MDM2 mRNA relative expression after transfection with NC siRNA, siRNA 1489 and [99mTc]HYNIC-siRNA 1489 measured 
by qRT-PCR (blank vs. NC siRNA, P = 0.9970; blank vs. siRNA 1489, P < 0.0001; NC vs. [99mTc]HYNIC-siRNA 1489, P < 0.0001). (c) MDM2 
protein relative expression after transfection with NC siRNA, siRNA 1489 and [99mTc]HYNIC-siRNA 1489 measured by western blots (blank vs. 
NC siRNA, P = 0.2116; blank vs. siRNA 1489, P = 0.0003; NC vs. [99mTc]HYNIC-siRNA 1489, P = 0.0013). Data are presented as the mean ± 
SD based on three independent experiments. *P < 0.05; **P < 0.01 vs. the blank group. 99mTc, technetium-99m; MDM2, Murine double minute 2; 
NC, negative control; qRT-PCR, quantitative real-time PCR; siRNA, small interfering RNA.
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siRNA conjugated with 99mTc could be applied to in-vitro 
experiments.

Murine double minute 2 molecular imaging
Nude mice with MCF-7 xenografts were used for molecular 
imaging. The tumors were observed by SPECT at 1, 4, and 
10 h after injection of [99mTc]HYNIC-siRNA 1489 or the 
negative control, [99mTc]HYNIC-NC siRNA. We detected 
a distinct difference between the [99mTc]HYNIC-siRNA 

1489 and [99mTc]HYNIC-NC siRNA groups as the T/M 
ratios were 3.079 ± 0.57 and 1.472 ± 0.27 (P < 0.05; n = 6) at 
1 h, and were 2.927 ± 0.14 and 1.272 ± 0.11 at 4 h, respec-
tively (Fig.  3a). Furthermore, with increased time, the 
images of tumors in mice injected with [99mTc]HYNIC-
siRNA 1489 were clearer than the negative control group 
injected with [99mTc]HYNIC-NC siRNA. At 10  h, the 
T/M ratios reached a peak: [99mTc]HYNIC-siRNA 1489 
was 3.465  ±  0.43 and [99mTc]HYNIC-NC siRNA was 

Fig. 3

The imaging study of [99mTc]HYNIC-siRNA in NU/NU mice xenografts. (a) The imaging and ratio of tumor to contralateral muscles (T/M) in mice 
injected with [99mTc]HYNIC-siRNA (upper) and [99mTc]HYNIC-NC siRNA (lower) at different time points (1 h, P = 0.0115; 4 h, P < 0.0001; 
10 h, P = 0.0029). (b) The biodistribution of [99mTc]HYNIC-siRNA (upper) and [99mTc]HYNIC-NC siRNA (lower) in mice. (c) SPECT images and 
biodistribution of MCF-7 and blocked-MCF-7 (6 h vs. 6 h blocking, P = 0.0025). Data are presented as mean ± SD based on four independent 
experiments. *P < 0.05, **P < 0.01 vs. the NC group. MCF, Michigan Cancer Foundation;  99mTc, technetium-99m; siRNA, small interfering RNA; 
SPECT, single-photon emission computed tomography.
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1.804  ±  0.11 (Fig.  3a). In the NC group, the imaging of 
mouse tumors was not observed at every time point. The 
blocking experiment was used to assess the specificity of 
[99mTc]HYNIC-siRNA 1489 (Fig. 3c). The accumulation 
of [99mTc]HYNIC-siRNA 1489 pretreated with siRNA 
1489 was lower than that without siRNA 1489 in MCF-7 
xenografts. Our results showed that the MDM2 molecular 
probe could reveal MDM2 transcription levels in vivo.

Biodistribution studies
Following the imaging experiments, we measured the 
biodistribution of the probes in nude mice using a gamma 
counter (Fig.  3b). Mice injected with [99mTc]HYNIC-
siRNA 1489 showed high accumulation of nuclide in the 
tumor at 1 and 4 h (4.28 ± 0.47% ID/g and 5.93 ± 0.86% 
ID/g; n  =  6), respectively. The accumulation of [99mTc]
HYNIC-siRNA 1489 rose to a peak at 6 h (6.42 ± 0.66% 
ID/g). Mice injected with [99mTc]HYNIC-NC siRNA did 
not display an obvious accumulation of nuclide in the 
tumor at the different time points (2.24  ±  0.39% ID/g, 
1.96 ± 0.28% ID/g and 1.66 ± 0.17% ID/g). Based on these 
data, we thought that [99mTc]HYNIC-siRNA 1489 would 
be taken up by the tumor and have a long retention time. 
There was high accumulation in the liver (14.92 ± 1.46% 
ID/g in the NC group and 14.48  ±  0.99% ID/g in the 
siRNA 1489 group) and kidney (13.34 ± 1.22% ID/g in 
the NC group and 13.65 ± 1.05% ID/g in the siRNA 1489 
group) in both groups at 1 h. The radioactivity in the liver 
and kidney decreased over time. This signified that the 
molecular probe was cleared via the urinary system and 
the liver.

Discussion
In recent years, molecular biology technology has devel-
oped rapidly. Imaging used for the diagnosis of disease 
is no longer limited to anatomical imaging. Gene imag-
ing reveals changes in cellular physiological processes at 
the genetic level, and it has the potential to aid early and 
accurate diagnosis. In gene imaging, RNAi technology 
has become a hot research topic as siRNA can effectively 
combine with target gene mRNA. In the past few decades, 
the therapeutic potential of siRNA has been confirmed in 
diseases such as viral infections and cancers [16–18].

The key to molecular imaging is to synthesize molecular 
probes that target the tumor. It also requires the target 
tissue to overexpress certain molecules such as proteins 
or nucleic acids. In this study, MDM2 was selected as 
the target gene as it plays an important role in different 
tumor cells [19–21]. MDM2 is the major downstream reg-
ulator gene of p53. It can form a negative feedback loop 
with p53, leading to its degradation via ubiquitination 
and proteasomes. Mutation of p53 in different cancers 
will cause immortalization of cells, which is the first step 
in tumorigenesis [22]. However, the expression of p53 in 
cancer cells is too low to be detected in vivo by nonin-
vasive methods. As a negative regulator, the content of 

MDM2 could indirectly reflect the content of p53. Park 
found that different types of breast cancer that express 
high levels of MDM2 in both the nucleus and cytoplasm 
were more malignant [23]. Therefore, the early detection 
of MDM2 is vitally important for the diagnosis and treat-
ment of tumors. In our research, we selected two types 
of breast cancer cells with different expression levels 
of MDM2. The PCR results proved that MCF-7 cells 
expressed MDM2 at higher levels. To select a suitable 
siRNA, three different siRNAs against MDM2 were 
designed. The results of PCR and western blots revealed 
that siRNA 1489 was the best choice; thus, it was used in 
subsequent experiments.

We used TurboFect as a carrier in the in-vivo experi-
ments, and it is lipophilic and is often used for nonvi-
ral transfection. TurboFect can combine with siRNA 
through electrostatic interactions, and TurboFect-siRNA 
is adsorbed to the electronegative cytomembrane and 
transferred into the cells. Then siRNA and DNA could 
bind and play a role. In general, cells can take in large 
molecules via endocytosis, and small molecules can enter 
cells through specific channels or transporters. However, 
there is no specific channel for siRNA, and it is easily 
excreted by the reticuloendothelial system. Hence, 
the targeting efficiency may decrease in vivo, so we 
attempted to increase the probe uptake using TurboFect 
for in-vivo experiments. In order to solve the problem of 
rapid degradation and excretion of siRNA in vivo, dou-
ble-strand siRNA was selected in these experiments. As 
the half-life of double-chain siRNA is longer than that 
of single-chain siRNA, the inhibitory efficiency of dou-
ble-chain siRNA is significantly higher than that of sin-
gle-chain siRNA [24]. Furthermore, we used a 2′OMe 
modification for the sense strand of siRNA as this mod-
ification did not affect RNA silencing and splicing. This 
is one of the compatible modification methods, as it not 
only increased the resistance of siRNA to nucleases but 
also enhanced the interference effect of siRNA and its 
thermal stability [14]. In order to enhance the binding of 
siRNA to the target gene, we added two free double thy-
mine bases on the 3′-end [15]. The amino modification 
on the 5′-end was used to couple with HYNIC. Finally, 
HYNIC was chelated with 99mTcO

4
−. At the same time, 

the coligands, tricine and EDDA, were added to occupy 
the void position of 99mTcO

4
−. The PCR and western blot 

results showed that [99mTc]HYNIC-siRNA 1489 signif-
icantly inhibited the expression of MDM2 mRNA and 
protein after transfection of MCF-7 cells. In addition to 
the characteristics of the molecular probe, radiochemical 
purity and labeling efficiency were also important. If the 
radiochemical purity of the probe was low, excessive free 
99mTcO

4
− will be absorbed by the thyroid, which would 

interfere with tumor imaging. Similarly, if the labeling 
efficiency was low, the molecular probe injected into 
the nude mice would be taken up at lower levels. All 
of these factors will affect the imaging. Therefore, we 
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used chromatography to determine the radiochemical 
purity and labeling efficiency after purifying the molecu-
lar probe, and the results were satisfactory. The stability 
of the siRNA-MDM2 probe was validated in PBS and 
serum, which provided a basis for imaging animal tumors.

In these experiments, the [99mTc]HYNIC-siRNA 1489 
inhibition rate of MDM2 mRNA in vitro reached approx-
imately 70%. The western blot results showed that the 
inhibition of MDM2 protein was also substantial. To 
detect the specificity of the probe, [99mTc]HYNIC-siRNA 
1489 and [99mTc]HYNIC-control siRNA were injected 
into mice in the in-vivo experiments. Tumor images of 
the control group injected with [99mTc]HYNIC-control 
siRNA were not detected by SPECT. Furthermore, the 
tumors in the probe group injected with [99mTc]HYNIC-
siRNA 1489 were clearly delineated. The T/M ratios of 
the tumors in the molecular probe group were higher 
than those in the control group. With time, the images of 
the tumors became clearer. This indicated that the probe 
had sufficient retention time in the tumor, and siRNA 
could bind to the target genes specifically and be availa-
ble for gene targeted imaging.

Conclusion
In this article, we synthesized an imaging probe targeting 
MDM2 in breast cancer. Our results demonstrated that 
[99mTc]HYNIC-siRNA accumulated in the tumors and 
had a sufficiently long retention time to allow imaging. 
SPECT imaging also indirectly reflected MDM2 expres-
sion levels. In summary, [99mTc]HYNIC-siRNA SPECT 
imaging might be an effective method for assessing 
MDM2 expression via in-vivo imaging.
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