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ARTICLE INFO ABSTRACT

Keywords: Previously, we reported a [*™Tc(|)]* labeled D-glucoamine derivative (**™Tc-CN5DG) and evaluated it as a tumor
g{]‘]lcose derivative imaging agent in mice bearing A549 tumor xenografts. In this paper, **™Tc-CN5DG was further studied in U87
Te MG (human glioma cells), HCT-116 (human colon cancer cells), PANC-1 (human pancreatic cancer cells) and
E;l:tl):r TE-1 (human esophageal cancer cells) tumor xenografts models to verify its potential application for imaging of
SPECT different kinds of tumors. The biodistribution data showed that *™Tc-CN5DG had a similar biodistribution pattern
in four tumor models at 2h post-injection with high accumulation in tumors and kidneys. The tumor/muscle
ratios (from 4.08 +0.42 to 9.63 + 3.53) and tumor/blood ratios (from 17.18 +7.40 to 53.17 + 16.16) of %™ Tc-
CN5DG in four tumor models were high. All four kinds of tumors could be clearly seen on their corresponding
SPECT/CT images. Pharmacokinetic study in healthy CD-1 mice demonstrated that *™Tc-CN5DG cleared fast
from blood (2 min, 12.97 + 0.88%ID/g; 60 min, 0.33 + 0.06%ID/g) and the blood distribution, elimination half-
life was 5.81 min and 21.16 min, respectively. No abnormality was observed through the abnormal toxicity study.
All of the above results demonstrated that *™Tc-CN5DG could be a broad-spectrum SPECT probe for tumor

imaging and its further clinical application is warranted.
Introduction Over the past ten years, we have been working on this field in order to

Nuclear medicine molecular imaging plays an increasingly important
role in disease diagnosis and treatment over the past few decades [1, 2].
Positron Emission Tomography (PET) and Single Photon Emission To-
mography (SPECT) are the two main imaging modalities that are used
annually in the whole world. As we know, tumor cells need to consume
more glucose to meet their enhanced metabolic rate. 2-[18F]fluoro-2-
deoxy- -glucose (['8F]FDG) is the most used PET radiopharmaceutical
for various cancer diagnosis (such as lung cancer, breast cancer, lym-
phoma, esophageal cancer, pancreatic cancer) and staging due to its
similar chemical structure to glucose [3-7]. However, in most develop-
ing countries, the use of [8F]FDG has limitation due to the need of a
cyclotron for producing 8F isotope and high cost. In addition, another
drawback of [18F]FDG is the fact that also non-FDG-avid tumors exist.

99mTe is the most used nuclide for SPECT because of its inexpen-
sive cost and availability from the °*Mo/*°™Tc generator. Besides, the
overall number of SPECT scanners is far more than PET scanners in
the whole world. Therefore, the development of *™Tc labeled glucose
derivatives as broad-spectrum SPECT probes for tumor imaging is nec-
essary but remains challenging. Although %°™Tc labeled glucose deriva-
tives for tumor imaging has been studied for about three decades, no one
has been approved for routine use for tumor diagnosis in clinic [8-16].
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develop a ?°™Tc labeled glucose derivative with high tumor uptake and
low background uptake [17-23]. Fortunately, a ,-glucoamine derivative
with an isonitrile group (CN5DG) was synthesized and radiolabeled with
99mTe(|) to produce 2°™Tc-CN5DG (Fig. 1). Preliminary studies in A549
tumor xenografts demonstrated that *™Tc-CN5DG would be a powerful
tool as a SPECT probe for tumor detection [24]. In order to verify the ef-
fectiveness of %™Tc-CN5DG for detecting other kinds of tumor models,
we conducted the evaluation of **™Tc-CN5DG on four different human
cell lines (U87 MG, human glioma cells; HCT-116, human colon cancer
cells; PANC-1, human pancreatic cancer cells; TE-1, human esophageal
cancer cells) to explore its feasibility as a broad-spectrum SPECT probe
for tumor imaging. Moreover, its stability in vivo and pharmacokinetic
properties are also studied.

Materials and methods
Materials and equipments

CN5DG kit which contains 0.5mg CN5DG, 2.6 mg sodium citrate,
1 mg L-cysteine, 100 ug SnCl,*2H,0 and 20 mg mannitol was obtained
from Beijing Shihong Pharmaceutical Center, Beijing, China. Radio-
chemical purity was analyzed by a HPLC system equipped with a Waters
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Fig. 1. Preparation of ™ Tc-CN5DG and the chemical structure of CN5DG and ?*™Tc¢-CN5DG.

2489 UV and a Gabi raytest radioactivity detector using an analytical
column (18C, Kromasil, 100-5 ym, 250 x 4.6 mm). The HPLC gradient
elution method was: (A, purified water; B, acetonitrile). 0-2 min, 10%
B; 2-17 min, 10%—-90% B; 17-20 min, 90% B; 20-25 min, 90%—-10% B;
25-30min, 10%B. *°™TcO,~ was eluted from a **Mo/%*™Tc generator
(Atomic High Technology Co., Ltd, Beijing, China). Radioactivity was
recorded by a Gamma Counter (WIZARD2®2480 Perkin-Elmer system).
SPECT/CT images were acquired on a small animal SPECT/CT scanner
(Triumph SPECT/CT, console-gr157, USA).

Animals and tumor models

Balb/c nude mice (14-16 g) and CD-1 mice were purchased from Bei-
jing Vital River Laboratory Animal Technology Co., Ltd (Beijing, China)
and animal studies were conducted in compliance with the Regulations
on Laboratory Animals of Beijing Municipality and the guidelines of the
Ethics Committee of Beijing Normal University. HCT116, PANC-1 and
TE-1 cells were purchased from Cell Bank of Chinese Academy of Sci-
ences (Shanghai, China). U87 MG cells were obtained from Key Labora-
tory of Radiopharmaceuticals of Ministry of Education, Beijing Normal
University. U87 MG, HCT116, PANC-1 and TE-1 cells were cultured in
MEM, IMDM, DMEM and RPMI 1640 (ATCC modified) medium con-
taining 10% FBS and 1% penicillin-streptomycin, respectively. Tumor
xenografts bearing mice models were developed by injecting tumor cells
(3~5x10° cells) into the right forelimb of balb/c nude mice subcuta-
neously. Biodistribution and SPECT/CT imaging studies were carried
out when the tumors reached 0.3-0.6 cm in diameter after 7-14 days
post-inoculation.

Biodistribution studies

99mTc.CN5DG was successfully prepared using a CN5DG kit accord-
ing to previous published literature [24]. **™Tc-CN5DG (0.1 mL, 74
kBq) was injected into nude mice bearing different tumor xenografts
(U87 MG, HCT116, PANC-1, TE-1, n=3) via the tail vein. The animals
were sacrificed at 2h post-injection. The interested tissues or organs
(such as heart, liver, tumor, lung, kidney) were removed, weighted and
their radioactivity were recorded by a gamma counter. The uptake val-
ues were calculated as the percentage of the injected dose per gram

(%ID/g). The uptake results were presented as average + SD (standard
derivation) of 3 animals.

SPECT/CT imaging studies

55.5-74 MBq of °™Tc-CN5DG was injected into mice (n =3 for each
tumor model) and the mice were scanned at 2h post-injection using a
small animal SPECT/CT scanner (3 D whole-body scan, MMP 919 colli-
mator). SPECT/CT images were reconstructed by HiSPECT software and
analyzed by a Vivoquant 2.5 software.

Dynamic uptake SPECT studies of ™Tc-CN5DG was performed on
nude mice bearing U87 MG tumor xenografts. 18.5 MBq of *°™Tc-
CN5DG was injected into the mice and the SPECT data were acquired
continuously from 5 to 60 min after injection (half-body scan, MMP 930
collimator). The dynamic SPECT images were generated from every 5
min’s SPECT data. The Regions of Interest (ROIs) from tumor tissues and
the ROIs from muscle were drawn on SPECT images.

Metabolic studies in vivo

99mTc.CN5DG (0.1-0.2mlL, 2 mGi) was injected into A549 tumor
bearing nude mice (n=3) via the tail vein. The mice were sacrificed at
30 min post-injection, then blood and tumor were collected. The blood
was centrifuged at 10,000 rpm for 5 min. 300 uL of the supernatant was
mixed with 600 L of acetonitrile. The precipitated protein was removed
by centrifugation and the supernatant was collected, concentrated and
then analyzed by HPLC. For metabolic stability in tumor, the separated
tumors were homogenized by a tissue-tearor (DREMEL, Model 3000)
and the tumor homogenate was passed through a 0.22 ym membrane.
To the filtrate, 600 uL of acetonitrile was added and the precipitated
protein was removed by centrifugation, then the supernatant was col-
lected, concentrated and analyzed by HPLC.

Pharmacokinetic characteristics

36 normal female CD-1 mice (18-22 g) were divided into 6 groups (6
mice for one group, 3 female mice and 3 male mice). 370 kBq of °™Tc-
CN5DG was injected into the mice via the tail vein. The mice were killed
at 2min, 10min, 30 min, 60 min, 120 min and 240 min post-injection
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Fig. 2. (A) Biodistribution data of *°™Tc-
CN5DG in nude mice bearing U87 MG,
HCT-116, PANC-1 and TE-1 tumors at
2h post-injection. (B) Comparison of the
tumor/muscle and tumor/blood ratios in
four tumor models.
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[25]. The blood samples were collected, weighted and the radioactivity
were recorded by a gamma counter. The blood uptake value was pre-
sented as%ID/g + SD of 6 animals. The blood uptake-time curves were
generated and analyzed by DAS 3.2.8 software.

Abnormal toxicity studies

For novel radiopharmaceuticals, the abnormal toxicity was within
consideration. Thus, we carried out the toxicity of the solution of #°™Tc-
CN5DG according to the regulation of pharmacopoeia of People’s Re-
public of China (2015 Edition). The total volume of the reaction mix-
ture was adjusted to 5 mL. Then, 0.5 mL of this solution were injected to
healthy CD-1 mice (n=5, 18-20g) via the tail vein. The toxicity of the
solution was determined by observing the death and survival of mice in
the next 48 h.

Statistical analysis

The biodistribution data were calculated and analyzed with Mi-
crosoft Excel 2016 and Prism 5.01. All data were presented as aver-
age + SD. To compare differences between two data, the one tail-paired
student t-test was used. P < 0.05 indicated a statistically significant dif-
ference.

Results
Biodistribution studies

The biodistribution patterns (Fig. 2) were similar in all four kinds of
tumor models with high accumulation in kidneys and tumors. Among
the four tumor models, the uptake of %°™Tc-CN5DG in HCT-116,
PANC-1 and TE-1 tumors (from 0.95 + 0.09%ID/g to 1.24 + 0.28%ID/g)
were higher than that in U87 MG tumors (0.42+0.07%ID/g). The
tumor/muscle ratios in U87 MG, HCT-116, PANC-1 and TE-1 were
4.02+0.42, 4.53 +0.54, 9.63 + 3.53 and 9.35 + 3.38, respectively. The
tumor/blood ratios in PANC-1 (41.41 +8.75) and TE-1 (53.17 +16.16)
tumor models were significantly higher than that in U87 MG
(17.18 +7.40) and HCT-116 (30.59 + 9.62) tumor models. The high tu-
mor/blood ratios in all four tumor models indicated that 9°™Tc-CN5DG
has low blood uptake. Taken together, these results demonstrated that
99mTc.CN5DG had a significant uptake in a variety of tumors and would
be more suitable for the detection of PANC-1 and TE-1 tumors.

SPECT/CT studies
SPECT/CT three-dimensional whole body images were acquired at

2h after the injection of *™Tc-CN5DG (74 MBq) via the tail vein (n = 3).
From the SPECT/CT images (Fig. 3), tumors could be clearly seen in

all four tumor models. The ROI ratios of the tumor sites versus cor-
responding non-tumor sites for U87 MG, HCT-116, PANC-1 and TE-
1 were 3.09+0.19, 4.73+0.15, 5.51 +0.79 and 6.01 +1.37, respec-
tively. Moreover, kidney and bladder could also clearly seen from the
SPECT/CT images, suggesting its clearance way was through the uri-
nary system. These results were in consistence with the biodistribution
data and verified that °®™Tc-CN5DG holds potential for the diagnosis of
glioma, colon cancer, pancreatic cancer and esophageal cancer.

Dynamic SPECT images (5-60 min) in nude mice bearing U87 MG
tumor xenografts were shown in Fig. 4. From the SPECT images (Fig.
4A), U87 MG tumors could be clearly seen from 5min to 60 min post-
injection. The tumor uptake value reached the highest before 30 min
after injection and cleared slowly afterwards. The tumor/muscle ratios
(ROI ratios) drawn from the SPECT images were shown in Fig. 4B. The
values increased from 1.79 (5-10 min) to 2.89 (55-60 min) and reached
a plateau at about 50 min post-injection.

Metabolic studies in vivo

To investigate the metabolic stability of *™Tc-CN5DG in blood and
tumor in vivo, A549 tumor xenografts bearing nude mice were used. As
shown in Fig. 5a, the retention time of co-injection (control and tumor)
was 13.19min, indicating that °™Tc-CN5DG kept intact in tumor. As
shown in Fig. 5b, the retention time (13.57 min) of 99MTe.CN5DG in
blood at 30 min after intravenous injection was consistent with the con-
trol (13.85 min), suggesting its stability in blood in vivo. Combined with
our previous studies, we concluded that **™Tc-CN5DG was transported
into tumor cells through glucose transporters and was not further me-
tabolized in tumors [24].

Pharmacokinetic characteristics

The pharmacokinetic parameters were calculated by the statistical
moment method of the two-compartment model using DAS 3.2.8 soft-
ware. Time-activity curve of blood of **™Tc-CN5DG in healthy CD-
1 mice was shown in Fig. 6. The blood uptake of °™Tc-CN5DG at
2 min post-injection was 12.97 + 0.88%ID/g while the uptake value was
0.33+0.06%ID/g at 60 min post-injection. These data suggested that
99mTc.CN5DG had a fast clearance rate in blood in vivo. Major phar-
macokinetics parameters are listed in Table 1. The blood distribution
half-life was 5.81 min and the blood elimination half-life was 21.16 min.

Abnormal toxicity studies

In the abnormal toxicity study, none of five mice showed abnormal-
ity or died after 48h. If one takes a person weighing 60kg, the dose
received by a mouse (20 g) was about 300 times as much as a human
received per kilogram, suggesting the low toxicity of the solution of
99mTc.CN5DG.
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Fig. 3. SPECT/CT images of ™ Tc-CN5DG in nude mice bearing U87 MG(A), HCT-116(B), PANC-1(C) and TE-1(D) tumor xenografts at 2 h after intravenous injection.
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Fig. 4. (A) The dynamic SPECT images of *>™Tc-CN5DG on nude mice bearing U87 MG tumors from 5 min to 60 min post-injection (a, CT; b-1, SPECT). (B) The ROI
ratios of tumor/muscle drawn on the SPECT images (b-1).

Fig. 5. HPLC profiles of the radioactivity in tumor (a)
and blood (b) at 30min after the injection of °™Tc-
CN5DG in A549 tumor bearing mice.
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Discussion in U87 MG, HCT-116, PANC-1 and TE-1 tumor models and its pharma-

cokinetic characterization in vivo.

Developing a %°™Tc labeled glucose derivative for tumor detection
has been of great importance. In our previous studies, °*™Tc-CN5DG
was evaluated in nude mice bearing A549 tumor and would be a poten-
tial agent for tumor imaging. In this study, we explored its application

99mTc.CN5DG could be readily prepared by using a CN5DG kit (Fig.
1). When the pH value of the kit was adjusted to about 6.0, the RCP
of the product was more than 95%. Lower pH value (pH < 4.0) is not
suitable because isonitrile is not stable under highly acidic conditions.
Sodium citrate is a necessary compound in the CN5DG kit to stabi-
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Fig. 6. Time-activity curve of **™Tc-CN5DG in the blood of healthy mice. Data
are expressed as mean + SD.

Table 1

Major pharmacokinetics parameters derived by two-
compartmental modeling after the administration of
99mTc.CN5DG in healthy CD-1 mice within 4 h post-injection

(n=6).

Parameter Unit Value
AUC(0-t) %ID/g *min 236.313
AUC(0-o0) %ID/g *min 261.388
t1/2a min 5.81
t1/2p min 21.16
V1 L/kg 0.007
V2 L/kg 0.003

lize Sn%* and ?°™TcO,enH,0 would be formed without it. Commonly,
740 MBq~1110 MBq of ®*™Tc labeled radiopharmaceuticals would be
used to perform a SPECT scan in clinic, so we studied the radioactivity
amount of *™TcO," to prepare **™Tc-CN5DG. As a result, when the ra-
dioactivity of ®™TcO,~ was up to 3700 MBq, the RCP of °™Tc-CN5DG
was still over 95%.

In our previous biodistribution studies in A549 tumor bearing mice,
99mTc.CN5DG had the highest uptake in tumors at 30 min post-injection
and the tumor/muscle ratio was high at 60 min post-injection, but
the uptakes in blood and other tissues (such as heart, stomach) were
also high at 60min. It should be noted that the tumor/muscle and
tumor/blood ratios were both high at 2h post-injection. Based on
these data, in this study, we performed the biodistribution and SPECT
imaging studies at 2h post-injection to get ideal tumor/non-target
ratios. The biodistribution data in four tumor models revealed that
99mTc.CN5DG had a moderate tumor uptake (from 0.42 +0.07%ID/g
to 1.24+0.28%ID/g) and high tumor/muscle (from 4.08+0.42 to
9.63 + 3.53), tumor/blood ratios (from 17.18 +7.40 to 53.17 +16.16).
These data were in accordance with that in A549 tumor model (tu-
mor uptake, 1.48+0.23%ID/g; tumor/muscle ratio, 29.68 +3.12; tu-
mor/blood ratio, 60.79 +2.86) [24]. The uptake of 9°™Tc-CN5DG in
U87 MG tumor was significantly lower than that in other three kinds of
tumors, possibly because the amounts of Gluts that transport the tracer
into U87 MG tumor cells are lower than those on the other three tumor
cell lines. This needs further investigation.

The SPECT/CT images of 2™Tc-CN5DG verified its broad-spectrum
application in U87 MG, HCT-116, PANC-1 and TE-1 tumor models. The
ROIs (regions of interest drawn from SPECT images) ratios of the tumor
sites versus corresponding non-tumor sites for U87 MG, HCT-116, PANC-
1 and TE-1 were 3.09+0.19, 4.73+0.15, 5.51+0.79 and 6.01 +1.37,
respectively. These data nearly consisted with the tumor/muscle ra-
tios (from 4.08 +0.42 to 9.63 + 3.53) from biodistribution data. More-
over, there is no observable background uptake on SPECT images, sug-
gesting the low uptake in blood, which is also consistence with the
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biodistribution data (tumor/blood ratios varied from 17.18 +7.40 to
53.17 +£16.16). In addition, the kidney/tumor ratios in TE-1 and PANC-
1 tumor bearing mice are 1.97 and 1.67 from the biodistribution data,
while the ROIs ratios of kidney/tumor from SPECT images in TE-1 and
PANC-1 are 2.01 and 1.64. The biodistribution data also corresponded
with the data drawn on SPECT images. Although U87 MG tumor uptake
(0.42 + 0.07%ID/g) was lower than the uptake in HCT-116, PANC-1 and
TE-1 tumors (from 0.95 + 0.09%ID/g to 1.24 + 0.28%ID/g), the U87 MG
tumor could also be clearly seen in the whole-body SPECT/CT images.
Dynamic SPECT images further verified that the U87 MG tumors could
be detected at 5min after the injection of *°™Tc-CN5DG. These results
warranted the early tumor detection ability of *™Tc-CN5DG in other
three kinds of tumor models (HCT-116, PANC-1 and TE-1). When com-
pared to [18F]FDG, 9°™Tc-CN5DG has very low physiological uptake in
the brain (0.02%ID/g). As presented in Fig. 1, ©™Tc-CN5DG is a pos-
itively charged complex, while [18F]FDG is a neutral molecule. Hence,
['8F]FDG can cross the blood-brain barrier easily while °*™Tc-CN5DG
can’t. So little uptake of 9°™Tc-CN5DG was observed in mouse brain.
As a result, the tumor/brain ratio of 9°Tc-CN5DG in U87 MG tumor
bearing mice was high (19.00+0.71). This findings may compensate
the deficiency of [18F]FDG for brain tumor detection.

The evaluation of °*™Tc-CN5DG as a tumor imaging agent was ini-
tially studied in A549 tumor bearing nude mice (including tumor uptake
studies, biodistribution studies, SPECT/CT imaging studies) [24], as a
continuous study of this work, A549 tumor bearing mice were used for
the metabolic study of ™ Tc-CN5DG in vivo. In this study, ™ Tc-CN5DG
was also found to be stable in blood and had no other metabolite in A549
tumors, suggesting it exhibited high stability in vivo. The significant tu-
mor uptake, fast blood clearance and good safety of *™Tc-CN5DG war-
ranted its further clinical application for cancer diagnosis.

Conclusion

In this study, °*™Tc-CN5DG exhibited moderate tumor uptake, tu-
mor/muscle and tumor/blood ratios in U87 MG, HCT-116, PANC-1 and
TE-1 tumor models. SPECT/CT images in four tumor models demon-
strated that all four kinds of tumors could be clearly detected. More-
over, %MTc-CN5DG was stable in blood and tumors in vivo and rapidly
cleared from blood. These findings verified *™Tc-CN5DG could be used
as a promising broad-spectrum tumor imaging agent and had potential
for clinical translation.
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