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Background: This study was specifically designed to develop a new *™Tc compound with 3-amino-4-[2-(2-methyl-5-nitro-
1H-imidazol)-ethylamino]-4-oxo-butyrate (5-ntm-asp) and to verify whether this compound is feasible to be a
radiopharmaceutical for hypoxic tumors.

Material/Methods: Metronidazole derivative 5-ntm-asp was synthesized and then radio-labeled by Na [*™TcO,], forming **"Tc-
5-ntm-asp. Another two complexes of *™Tc-2- and **™Tc-5-nitroimidazole-iminodiacetic acid (*™Tc-2-ntm-IDA
and *mTc-5-ntm-IDA) were also synthesized based on previous studies. Physicochemical properties (stability,
lipophilicity, protein binding) of the compounds were compared, and we also assessed the accumulation sta-
tus of the compounds within A549 cells under both hypoxic and aerobic conditions. Distribution of the com-
plex was also studied in vivo using BALB/c nude mice that were injected with A549 cells.

Results: Compared with #™Tc-2-ntm-IDA and *™Tc-5-ntm-IDA, *"Tc-5-ntm-asp was more stable in both phosphate-
buffered saline (PBS) buffer and human plasma (P<0.05). Besides that, ®™Tc-5-ntm-asp offered lower lipophi-
licity and protein-binding rate than the two complexes (P<0.05). During assessment of hypoxic uptake status
and high hypoxic/aerobic ratio in mice injected with A549 cells, *"Tc-5-ntm-asp exhibited a more favorable
profile than °™Tc-2-ntm-IDA and #™Tc-5-ntm-IDA, including uptake ratio of tumor/blood and uptake ratio of
tumor/muscle.

Conclusions: With overall consideration of physicochemical properties and biological uptake behavior, it is feasible to use
9mTc-5-ntm-asp as an imaging agent for tumor hypoxia.
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Background

Hypoxia is defined as a status in which cells have deficient ox-
ygen supply, and it may affect living functions of cells. Several
risk factors for hypoxia have been identified, including cancer,
diabetes, infection/wound healing, and cardiovascular/cerebro-
vascular diseases [1]. Early detection of tumor hypoxia is ex-
tremely important since it has significant influence on those
patients who may benefit from hypoxia-directed therapy [1].
Apart from that, tumor hypoxia may cause resistance to both
radiotherapy and chemotherapy, and it is associated with poor
prognosis [2]. As a result, identification and quantification of
tumor hypoxia may assist in predicting both clinical and diag-
nostic outcomes [3]. Hypoxia markers have been extensive-
ly investigated over the past decade, and several potential ra-
diopharmaceuticals along with some bio-reductive compounds
have been proved to be valuable markers for tumor hypoxia as
they may selectively diminish hypoxic tissues in order to acti-
vate intermediates that bind with intracellular molecules [4].
Therefore, the main objective for detecting tumor hypoxia is to
find appropriate molecules that are able to target hypoxic tissues.

Nitroimidazoles are classified as antibiotic drugs that are cat-
egorized based on the location of the nitro functional group
on the imidazole ring and xanthine oxidase. Furthermore, ni-
troimidazoles are widely explored and accepted for target-
ing hypoxic tissues [5]. Xanthine oxidases play a catalytic role
in the reaction and may further reduce cellular components
under hypoxic conditions, while the supply of oxygen is able
to obtain electrons derived from the nitro radical anion un-
der normal conditions. Therefore, we suspected that deriva-
tives of radiolabeled nitroimidazoles are likely to serve as hy-
poxia markers [4].

Nitroimidazoles as molecules for targeting hypoxic tissues have
been investigated in many studies, and differently substituted
nitroimidazoles, i.e., 2-, 4- and 5-nitroimidazole, have variations
in their physicochemical properties. For instance, Chu et al. re-
ported that *™Tc-BATO complex containing 4-nitroimidazole
can selectively retain hypoxic tissues [3]. Furthermore, Evans
et al. conducted a study on the development of '8F-labeled
2-nitroimidazole as a non-invasive imaging modality for hy-
poxia, and they concluded that this compound was a desir-
able radiotracer for non-invasive imaging of tumor hypoxia [6].
Nevertheless, these hypoxia markers contained several limita-
tions such as selectivity deficiency and excessive background
signal of blood [5]. As a result of this, alternative compounds
that are able to identify tumor hypoxia and overcome these
limitations may provide additional assistance [7]. The 5-nitro-
imidazole metronidazole with high affinity for hypoxic tumors
in vitro and in vivo is one of the potential hypoxia makers, and
it is considered to be the original material for preparing *™Tc
radiopharmaceuticals [8].

ANIMAL STUDY

Technetium is a kind of transition metal, which is a major chal-
lenge for devising radiopharmaceuticals that contain desirable
properties in vivo [9]. Moreover, it has been acknowledged that
#mTc has a critical role in nuclear medicines that are used for
disease diagnosis, and it is valued in several chemical diag-
nostic scans that are conducted in hospitals [9]. On top of
that, "Tc has been verified as an alternative for nuclear im-
aging due to its low production cost compared with other el-
ements such as ®F and 23| [5]. Previous studies have conclud-
ed that combining bio-reductive pharmacophore with *™Tc is
able to form highly stable complexes in vivo and in vitro [10].
Additionally, ®"Tc contains a newly available chelating moi-
ety for creating ®™Tc radiopharmaceuticals that can be used
to design hypoxic tissue markers [11].

In this study, we synthesized **"Tc-5-ntm-asp and monitored
radiopharmaceuticals using high-pressure liquid chromatog-
raphy (HPLC) and mass spectrometry (MS) analysis. We also
analyzed and compared several main biological and physico-
chemical properties of *™Tc-5-ntm-asp, **"Tc-2-ntm-IDA, and
9mTc-5-ntm-IDA in vitro and in vivo. Comparison of these prop-
erties, as reflected by the compounds, enabled us to evaluate
the feasibility of "Tc-5-ntm-asp as a promising hypoxia-tar-
geting radiopharmaceutical in clinical practice [8].

Material and Methods

General

Metronidazole, phthalic diamide, triphenylphosphine, diiso-
propyl azodiformate (DIPA), Boc-L-aspartic acid 1-benzyl es-
ter (Boc-Asp-0Bzl), diethyl chlorophosphate (DECP), and triflu-
oromethanesulfonic acid (TfOH) were purchased from Sigma
Aldrich, USA. Diethylene oxide, aether, hydrobromic acid, tri-
ethylamine, dichloromethane, magnesium sulfate, trifluoro-
acetic acid (TFA), and baking soda were purchased from Fluka,
Germany. Na[**"TcO,] was obtained from a generator pur-
chased from China Isotope and Radiation Corporation labora-
tory (Beijing). All other basal reagents were purchased from
VWR International, USA. Pre-coated plates of silica gel 60 F254
(Merck, India) were obtained for the purpose of thin layer chro-
matography (TLC). HPLC analyses were carried out under the
JASCO PU 2080 Plus dual pump HPLC system (Waters, USA).
C18 reversed phase HiQ Sil column (4x250 mm) was used for
separating various components in the process of radioactive
preparation. Mass spectra were performed with an APl 300
LC/MS Trap mass spectrometer (ABI, USA). Radioactivity was
assessed using a scintillation counter for gamma (1470-002,
PerkinElmer, USA).

Human lung cancer cell line A549 was purchased from the
Institute of American Type Culture Collection (ATCC, USA).
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Figure 1. Synthesis of 5-nitroimidazole-
asparagine (compound 1).
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Cells were cultured at 37°C in Dulbecco’s Modified Eagle
Medium (Gibco, Carlsbad, California) with 10% fetal bovine
serum (Gibco, Carlsbad, California) in an incubator that con-
tained 5% CO,. Male BALB/c nude mice (Laboratory Animal
Center of Southern Medical University) with an average age
of 4 weeks and weight of 16-18 g were obtained in order to
build tumor growth models. All mouse experiments complied
with the Guidance for Care and Usage of Laboratory Animals
and were adopted by the National Cancer Institute Animal
Care and Use Committee.

Synthesis of compounds
Synthesis of 2- and 5-nitroimidazole-iminodiacetic acid (IDA)

Synthesis and characterization of 2- and 5-nitroimidazole-IDA
were conducted based on earlier reports [1], and the structures
are shown in Supplementary Figure 1.

Synthesis of 3-amino-4-[2-(2-methyl-5-nitro- 1H-imidazol)-
ethylamino]-4-oxo-butyrate (5-nitroimidazole-asparagine, 1)

As suggested by Figure 1, synthesis of 5-ntm-asp was imple-
mented using a four-step reaction.

Synthesis of N-[2-(2-methyl-5-nitro- 1H-imidazol)-ethy!]-
phthalimide (4)

Metronidazole (2, 4.0 g), phthalic diamide (3, 5.15 g), and tri-
phenylphosphine (9.18 g) were dissolved in dry diethylene ox-
ide (200 mL). After these compounds were cooled to 0°C, a so-
lution of DIAD (15.2 g) dissolved in diethylene oxide (20 mL)
was slowly added to the former mixture with whisking. Then
incubation was carried out at room temperature for 4 hours.
After that, this solution was removed using a rotary evaporator,
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and white solid (compound 4, 5.5 g) was separated out and
washed with isopropanol (100 mL).

Synthesis of 2-(2-methyl-5-nitro- 1H-imidazol)-hydrogen
bromide (5)

Compound 4 (3.0 g) was dissolved in 30% hydrobromic acid
(110 mL), and this mixture was heated to reflux for 16 hours
and then concentrated with reduced pressure. Once the mix-
ture was washed twice with dry ethyl alcohol (50 mL) followed
by a final wash with dry diethyl, yellow solid (compound 5,
2.6 g) was separated out and washed with ethanol (100 mL).

L3 Synthesis of 3-(butyl-oxygen-carbonyl-amino)-4-[2-(2-meth-
yl-5-nitro-1H-imidazol)- ethylamino]-4-oxo-benzyl butyrate (6)

Boc-Asp-OBzl (0.33 g), compound 5 (0.25 g), and triethylamine
(0.3 mL) were dissolved in dry dichloromethane (5 mL), and
this mixture was cooled to 0°C. DECP (0.33 mL) was added to
the solution and mixed for 1 hour. This solution was mixed
for another 3 hours once room temperature was reached, and
then it was washed with water. The organic layer was sepa-
rated out and washed with dry magnesium sulfate. Finally,
compound 6 (0.1 g) was purified using the method of column
chromatography.

Synthesis of 3-amino-4-[2-(2-methyl-5-nitro- 1H-imidazol)-
ethylamino]-4-oxo-butyrate (5-nitroimidazole-asparagine, 1)

Compound 6 (0.5 g) was dissolved in TFA (4 mL) and mixed
under an ice-salt bath. Then TfOH (4 mL) was slowly added to
the solution over 20 minutes, and incubation was performed
under the ice-salt bath for 4-5 hours. After that, dry diethyl
(10 mL) was slowly added to the mixture under the ice-salt
bath for another 10 minutes. Supernatant was separated and
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Figure 2. Mass spectrometry analyses of compound 4 (A), compound 5 (B), compound 6 (C), and compound 1 (D).
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Figure 3. Radiolabeling route (A) and typical HPLC chromatograms for Na[*"TcO,] (B) and *™Tc-5-nitroimidazole-asparagine (C).

washed 5-7 times with dry diethyl, and removed using a rota-
ry evaporator. Finally, the solid was dissolved in purified wa-
ter (1 mL) and its pH value was adjusted within the range of
7-8 using baking soda. Compound 1 (0.2 g) was purified us-
ing the approach of column chromatography (Sephadex G-10)

MS analysis

Once purification of the synthesized 5-ntm-asp was completed,
intermediate and final compounds were characterized by MS.
As shown in Figure 2, MS analyzed the presence of m/z frag-
ments that were associated with an expected molecular ion
(IM+H*] ion peaked at m/z 300.99 for compound 4, 170.77 for
compound 5, 476 for compound 6, and 286 for compound 1).

Radiolabeling
9mTc complex preparation

The radiolabel of ntm-IDA was achieved based on earlier re-
ports [1], and synthesis of ®™Tc-ntm-asp complex is shown
in Figure 3A.

The solution of compound 1 (0.2 mL, 1 g/L) was mixed with
potassium sodium tartrate solution (0.025 mL, 1g/L). The pH
value of the mixture was adjusted to 7.0-7.4 using phosphate
buffer (0.1 mol/L, pH 7.4). Then fresh SnCl, (0.01 mL, 1g/L) dis-
solved in HCI (0.01 mol/L) and fresh Na[**"TcO,] solution (0.1
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mL, 37 MBq) were added into the mixture. Mixing was per-
formed at 75°C for 15 min.

HPLC analysis

Finally, purities of the radiochemical precursor Na[*"TcO,] and
%mTc-ntm-asp complex were evaluated using the method of
HPLC. The retention times of these two compounds were 4.0
min and 14.0 min, respectively (Figure 3B, 3C).

Physicochemical characteristics of complexes
Stability in vitro

The three studied **"Tc-complexes (100 pL, 7.4 MBq) were
incubated in phosphate-buffered saline (PBS) at room tem-
perature for up to 4 hours. Then, the radiochemical purities
were calculated using the HPLC approach under general ex-
perimental conditions.

Serum stability in vitro

The three studied **"Tc-complex (100 pL, 7.4 MBq) was add-
ed to 900 pL of human serum and then incubated for up to 4
hours at 37°C. After incubation was carried out for 1, 2, and 3
hours, samples (200 pL) were extracted from the original com-
plexes and analyzed using the HPLC approach once the pro-
teins were precipitated using ethanol (200 pL).
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Partition coefficient (lipophilicity)

Firstly, ®Tc-complex (100 pL), water (900 pL), and n-octanol
(1000 pL) were mixed together using a vortex mixer. Secondly,
this mixture was added to MicroSpin G-50 columns and then
centrifuged at 3500 g for 3 min. After 800 pL of octanol was
withdrawn and 800 pL of water was added, the mixture was
blended and centrifuged again. Finally, radioactivity results
were calculated in a Nal (Tl) counter and expressed as Log
(P,,)=Log [(counts in octanol)/(counts in water)].

Protein binding

The three studied **™Tc-complexes (100 pL, 7.4 MBq) were add-
ed to 900 pL of human plasma, and then the mixture was in-
cubated at 37°C for up to 2 hours. Samples (50 L) were ex-
tracted from the original mixture once incubation had been
carried out for 2 hours. After that, the extracted samples were
added into G-50 columns and centrifuged at 2000 g for 3 min.
Finally, elute was collected, and radioactivity was calculated in
a Nal (Tl) counter. Protein-binding results were expressed as a
percentage of elute activity over column activity.

Biological evaluation
Cell uptake studies in vitro

A549 cells were grown in fresh medium until the desired cell
density (10°/mL) was achieved. Once cells were equilibrated
in glass vials at 37°C under two separate gas conditions — hy-
poxia exposure (95% N, +5% CO,) and aerobic exposure (95%
air +5% CO,) - they were added with three types of 99mTc-
complexes (200 uL, 14.8 MBq) whose final radioactivity was
0.25 MBg/mL. Samples of 0.2 mL were separated from the orig-
inal complex and placed in another tube in which the same
gas condition was applied to cells. This procedure was repli-
cated at various time points (5 min, 0.5 h, 1 h, 2 h, 4 h). Then
cells were separated from samples using 1500 r/min centrifu-
gation for another 5 minutes. The radioactivity of supernatant
(180 pL) was counted as Cs, whereas the radioactivity of the
remaining samples (20 pL) was counted as Cr. Results of radio-
activity uptake in cells were calculated as: (Cr—Cs/9)/(Cr+Cs).

Cell uptake in vivo

A549 cells were subcutaneously injected into the neck of mice
(1x10¢° cells for each mouse). Once tumor nodules (0.5-1.5 cm,
75-1200 mg) were successfully developed in the mice, three
groups of mice were separately injected with the three stud-
ied *mTc-complexes (100 pL, 7.4 MBq). Cervical dislocation
treatment was carried out for each mouse, and tissues along
with organ samples were collected from mice at various time
points (30 min, 2 h, 4 h). Finally, the radioactivity of samples

Zhang Q et al.:
Nitroimidazole-**"Tc-complex as tumor hypoxia marker
© Med Sci Monit, 2016; 22: 3778-3791

was evaluated using gamma counter, and all relevant results
were expressed as a percentage of injected dosage over weight
of tissues in grams (%ID/g).

Blood retention of *"Tc-complex in mice

The three studied *"Tc-complexes (200 pL, 14.8 MBq) were
intravenously injected into the tail vein of mice. Blood sample
of 10 pL were collected from mice and analyzed using a gam-
ma counter at various post-injection time points (2, 15, and
30 minutes, and 1, 2, 4, 6, 8, 12, 16, and 24 hours). Results
were shown as%ID/g.

Statistical analysis

All statistical analyses were performed with SPSS 18.0 soft-
ware (Chicago, Illinois, USA). Data are presented in the form
of mean + standard deviation (SD). The two-tailed student’s
t-test or one-way analysis of variance (ANOVA) was used to
analyze differences in continuous variables among groups.
Categorical or counted data were compared and analyzed us-
ing the chi-square test. P<0.05 provided evidence of statisti-
cal significance.

Results

Physicochemical evaluation of complexes
Stability

Three types of *™Tc-complexes including *™Tc-2-ntm-IDA,
9mTc-5-ntm-IDA, and *™Tc-5-ntm-asp all exhibited high sta-
bility (0.915+0.04, 0.935+0.012, and 0.950+0.023 respective-
ly, Table 1) when they were evaluated in PBS solutions. We
concluded that *™Tc-2-ntm-IDA, **™Tc-5-ntm-IDA, and *°™Tc-
5-ntm-asp were all stable at this temperature for at least 4
hours in PBS solutions in vitro. Besides that, we also studied
the stability of these complexes in human plasma. As shown
in Figure 4, dissociation or decomposition of these three com-
plexes was rarely detected after 4-hour incubation.

Lipophilicity

As shown in Table 1, we also measured the partition coef-
ficient between water and octanol. The Log P, of 5-ntm-
asp (-0.72+0.05) was much lower than that of 2-ntm-IDA
(0.4740.03) and 5-ntm-IDA (0.38+0.02) (P<0.05). This trend
was associated with different structures of the three complexes
since the lipophilicity was decreased by using asparagine units.
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Table 1. Some physicochemical properties of developed Tc-complexes.

Complex Stability in PBS% Protein binding%
2-ntm-IDA 91.5+4.0 0.47+0.03 24.745.2
"""""""" SntmiDA  935¢12 038002  132:33
"""""""" Sntmasp  950¢23  -072¢005  152:47

2-ntm-IDA — 2-nitroimidazole-iminodiacetic acid; 5-ntm-IDA — 5-nitroimidazole-iminodiacetic acid;
5-ntm-asp — 5-nitroimidazole-asparagine.

Figure 4. Stability of ®™Tc-complexes in human plasma. Data
110 1 are presented as mean +SD for three independent
experiments.
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Figure 5. Blood retention curve of *"Tc-complexes. Data are presented as mean +SD for three independent experiments.
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Table 2. Accumulation of Tc-complexes in cells under hypoxic/aerobic conditions.

2-ntm-IDA

5-ntm-IDA 5-ntm-asp

4h 7.57%3.09 32.64+4.78 9.14+1.30 40.90+1.96 12.58+0.73 40.87+4.74

Protein binding 6 -
%mTc-nitroimidazole complex exhibited a low rate of protein
binding, which was related to adequate pharmacokinetics. As A
suggested by Table 1, the protein binding rate of 5-ntm-asp was
15.2+4.7, which was close to that of 5-ntm-IDA (13.2+3.3) but =

XX
significantly lower than that of 2-ntm-IDA (24.7+5.2) (P<0.05). — >-ntm-IDA

27 — 5-ntm-IDA
Biological evaluation of complexes — Sntm-asp
Cell uptake studies
0 10 20 30
Time (h)

Cell uptake analysis of the three *"Tc-complexes was carried

out using human lung cancer cell line A549 under both nor-
moxia and hypoxia conditions. The propidium iodide viabili-
ty test was used to ensure that the viability of cell line A549
was maintained above 90% under hypoxic conditions [12]. As
shown in Figure 5 and Table 2, the cell uptake patterns ap-
peared to be consistent among the three groups in which
cells were incubated with the three types of *"Tc-complexes.
The cell uptake status under normoxia conditions was leveled
among all three groups, whereas the cell uptake status under
hypoxia conditions was steadily increased over time across
the three groups (P<0.05). Moreover, cells under hypoxia con-
ditions exhibited significantly higher cell uptake compared
with those under normoxia conditions over the experiment
(P<0.05). Although cells incubated with **™Tc -5-ntm-asp ex-
hibited a relatively higher cell uptake (40.87+4.74) at the end
of the experiment compared with the other two groups, its
cell uptake ratio between hypoxic and normoxia conditions
was 3.25+0.08, which was lower than that of cells incubat-
ed with **"Tc-2-ntm-IDA (4.47+0.10) (P<0.05). Furthermore,
cells incubated with **"Tc-5-ntm-asp had higher cell uptake
than those incubated with *™Tc-2-ntm-IDA or *"Tc-5-ntm-IDA
when the experiment was carried out under normoxia condi-
tions (P<0.05). Therefore, we concluded that asparagine unit
was likely to be associated with cell uptake status.

Figure 6. Accumulation status of *™Tc-2-ntm-IDA (A), ®™Tc-5-
ntm-IDA (B), and *™Tc-5-ntm-asp (C) in A549 cells
under hypoxic/aerobic conditions. Data are presented
as mean +SD for three independent experiments.

Blood retention pattern in mice

The blood retention patterns were consistent across the
three types of *Tc-complexes. Blood retention patterns of
the three studied *™Tc-complexes acted in accordance with
a typical clearance pattern for small molecule compounds, in
which fast rise and rapid washout of radioactivity were fea-
tured. The 2-ntm-IDA with higher LogP . was associated with
slower blood clearance compared to the other two complex-
es, which had lower LogP , , suggesting that blood retention
status may be related to lipophilicity of complexes (Figure 6).

Bio-distribution of **"Tc-complex in model mice

We conducted bio-distribution analysis in tumor-induced mice
at 0.5, 2, and 4 hours after the three types of *™Tc-complex-
es were injected into mice. As shown in Figure 7, the uptake
amount measured for each organ was expressed as percentage
of dose per organ. For all three ®™Tc-complexes, the intestine
exhibited an obviously higher uptake percentage than other
tissues, and this excessive uptake identified in the intestine
was followed by those in liver as well as kidney (P<0.05). This
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Figure 7. Biodistribution patterns of **"Tc-2-
ntm-IDA, *°™Tc-5-ntm-IDA, and *°™Tc-
5-ntm-asp complexes within mice
30 min (A), 2 h (B), and 4 h (C) after
injections.
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evidence suggested that these complexes were mainly excret-
ed from the intestinal and urinary systems. By contrast, other
organs including heart, lung, and spleen exhibited much lower
uptake levels (P<0.05). It was also suggested by T/NT (Table 3)
that 5-ntm-ASP was associated with the highest T/NT regard-
ing such organs as heart, lung, spleen, and kidney when com-
pared with 2-ntm-IDA and 5-ntm-IDA at 2 h and 4 h, respec-
tively, after injections. Besides, T/liver of 5-ntm-ASP was always
higher than that of 5-ntm-IDA at each detected time point (i.e.,
30 min, 2 h, and 4 h). Figure 8 and Table 4 reveals the uptake
status of blood and tumor in vivo, as well as the uptake ratio

between tumor and blood. For the synthesized **"Tc-5-ntm-
asp, we discovered a desirable tumor uptake status (1.02+0.10)
along with a lower blood uptake (0.65+0.11) when the exper-
iment had been performed for 30 minutes. Apart from that,
synthesized **"Tc-5-ntm-asp exhibited a significantly high-
er uptake ratio between tumor and blood compared with the
other two complexes (P<0.05, Figure 8, Table 4). Although ap-
proximately 60% of the uptake of the complexes was cleared
in tumor in 2 hours, the activity appeared to be remarkable at
all time points over the experiment. The uptake ratio between
tumor and blood for all three complexes was increased as the
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Table 3. Comparison of T/NT among **"Tc-5-ntm-asp, *™Tc-2-ntm-IDA and *™Tc-5-ntm-IDA within tumors of BALB/c nude mice.

2-ntm-IDA  5-ntm-IDA
T/Liver 0.07£0.01  0.04+0.01  0.07+0.01 0.07+0.01
T/intestine 0.08:0.01 0.03:001  0.05:0.01 0064001
TiKidney  0.15:0.02 0141003  0.14:0.04 0154003
T/Heart  082:0.09 0811008 3098008 0741007
T/ung  021:002 0181001 0841007 0284002
T/Spleen  0.87:0.08  135:0.11 4251036 0794006
T/Muscle  185:0.14 200:0.18 176015 2254021

5-ntm-IDA 5-ntm-asp
0.03£0.01  0.03+0.01 0.074£0.01  0.02+0.00  0.05+0.01
0024000 0011000 005:001 0013000 0.01:0.00
0126002 0361003 0171002 0.10:0.02  0.50:0.02
1074009 1181007 1163007 0513003 2173015
0195002 067:003 030:001 017:002 260:0.18
0608004 2751019 0861003 0384002 3258027
343:031  157:009 2585017 292:021 186:0.10

T — tumor; NT — non-tumor.

experiment time extended from 30 minutes to 4 hours, and
this trend was associated with fast blood clearance.

Discussion

Tumor hypoxia is closely related to the deterioration of pro-
liferate conditions, and it is usually followed by anatomically
and functionally intrusive microcirculation [13]. The existence
of hypoxic regions has negative impact on clinical therapy
since tumor hypoxia is able to trigger resistance to both ra-
diotherapy and chemotherapy. Moreover, tumor hypoxia is be-
lieved to be related to malignant progression and metastasis
of cancer [14-17].

A large number of research studies have been dedicated to
unveiling the biological behavior of nitroimidazoles in hypoxic
tissues, and they provided solid evidence that the nitroimid-
azole ligand is degraded by enzyme and captured in hypox-
ic cells [18]. Nitroimidazoles undergo a variety of enzymatic
one-electron decreases in hypoxic cells, and their metabolic
products are merged for cell compositions. This decrease is
more severe in cells with normal oxygen status, and conse-
quently no tracer is accumulated [19]. This feature of nitro-
imidazole could be specifically applied to target hypoxic cells.
Meanwhile, it is feasible to stably label molecules at relatively
low ligand concentration of compounds in vivo with the intro-
duction of [*™Tc (CO),(H,0),]*core [20,21]. This core expedites
the formation of stable compounds with tridentate ligands in-
cluding IDA, which facilitates protein refold and its metal-che-
late affinity purification [22].

We discovered that *™Tc-5-ntm-asp had a more desirable sta-
bility and protein-binding rate, and a lower Log P_, in PBS or
human serum compared with ?*"Tc-2-ntm-IDA and *™Tc-5-
ntm-IDA, and this trend may be explained by the introduction

of asparagine ligand, which is associated with a lower lipo-
philicity [23,24]. Theoretically, low protein binding is essen-
tial to the pharmacokinetics effectiveness that is contribut-
ed by potential radiopharmaceuticals [8]. In addition, only the
free fraction of the radiotracer is able to penetrate cells and
other biomembranes [7]. Moreover, molecules with higher li-
pophilicity are known to have higher serum binding, which
contributes to slower clearance from blood, and this is con-
sistent with our results indicating that *"Tc-2-ntm-IDA had
the longest blood retention time [1]. On the other hand, *™Tc-
5-ntm-asp is cleared faster from blood compared with other
compounds, and this confirmed its more favorable biological
evaluation [5]. In practice, relatively low lipophilicity acceler-
ated the clearance of compound and supplied a more desir-
able tumor/background ratio [25].

Results from the in vitro experiment showed that the absorp-
tion values of the three compounds slightly changed under
aerobic conditions over the experiment, while they were sig-
nificantly increased over time under hypoxic conditions. The
2-nitroimidazole compounds exhibited relatively higher up-
take status under hypoxia circumstances, for they readily ob-
tained electrons to form radical anions, which were able to
irreversibly bind with cellular components under anoxic con-
ditions [4]. Furthermore, Chu et al. demonstrated that 5-nitro-
imidazoles, which have lower avidity with electrons than 2-ni-
troimidazole, could not be effectively decreased and reserved
in hypoxia cells [3,25]. However, although *™Tc-5-ntm-asp
had a lower aerobic/hypoxic absorption ratio in comparison
with *mTc-5-ntm-IDA, *™Tc-5-ntm-asp more quickly reached
the plateau of hypoxic uptake than *™Tc-5-ntm-IDA, which
meant that *"Tc-5-ntm-asp could satisfy the demand for cell
uptake more effectively.

As suggested by the bio-distribution experiment, all three
compounds exhibited the highest uptake status in intestine,
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liver, and kidney, indicating that these compounds were
mainly excreted from the intestinal and urinary systems [10].
Lipophilicity, other than ligand denticity of compounds, has
been suggested to provide convincing evidence for the bio-
distribution of compounds in several organs, including liver
and kidney [7,26-28]. It was noteworthy that higher T/NT val-
ues were closely linked with more desirable imaging results.

When compared with 2-ntm-IDA and 5-ntm-IDA at 2 h and 4
h, respectively, after injection of the compounds, 5-ntm-asp
remained associated with the highest T/NT regarding such or-
gans as heart, lung, spleen, and kidney. Besides, T/NT of 5-ntm-
asp was always higher than that of 5-ntm-IDA at each detect-
ed time point, when liver was considered. In addition, since
9mTc-2-ntm-IDA has the highest lipophilicity compared with
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Table 4. Tumor to blood ratio obtained with Tc-complexes at various time points.

Organ or

ratio 5-ntm-asp 2-ntm-IDA 5-ntm-asp 2-ntm-IDA 5-ntm-IDA 5-ntm-asp
Blood 3.03+0.38 0.89+0.06 0.65+0.11 1.83+0.08 0.45+0.06 0.44+0.02 1.08+0.07 0.18+0.02 0.17+0.02
CTumor 0961007 0461010 102:0.10 072£001 048:003. 033004 067006 035:0.03 026£0.05
Tumor/blood  032:0.01 052007 157:002 039£001 107002 075:001 062:001 1941002 155:0.03
Tumor/muscle  1.85:0.07 2001006 465:007 2231004 3431005 107:002 256002 288005 329:0.07
other two compounds, its fast accumulation further contrib- Conclusions

uted to the lowest tumor/blood uptake ratio. On the contrary,
at 30 min after injection, 5-ntm-asp obtained a relatively high
tumor/blood ratio that was just slightly lower than the tumor/
blood ratio of 5-ntm-IDA at 4 hours after injection, suggest-
ing that application of 5-ntm-asp could contribute to a desir-
able imaging within 30 min, one-eighth of 4 h for similar re-
sults in the application of 5-ntm-IDA.

Nevertheless, *™Tc-nitroimidazoles have one underlying lim-
itation since they are unable to cope with the entire popula-
tion of hypoxic cells. It is advised that the entire population
of target cells should be labeled using nuclear medicine tech-
niques in order to obtain an accurately quantitative measure-
ment of tumor hypoxia. Underestimation of the hypoxic frac-
tion may occur if low-dosage radiotracers are metabolically
depleted from organs or tissues before the target population
of cells is reached [29]. Another limitation of this study lay in
its selection of tumor cells since only A549 cells were used.
Different tumor cells were supposed to be compared in their
uptakes of asparagines, in which way effects imposed by types
of tumor cells could be removed.

Supplementary Figure

This study comprehensively synthesized and assessed sever-
al imaging agents for tumor hypoxia, including **™Tc-2-ntm-
IDA, #™Tc-5-ntm-IDA, and **"Tc-5-ntm-asp. We concluded that
%mTc-5-ntm-asp exhibited relatively high stability in vitro and
in vivo, as well as a favorable hypoxic/aerobic ratio, though
not better than that of ™Tc-5-ntm-IDA. Besides that, **™Tc-5-
ntm-asp had more effective pharmacokinetics than those of
9mTc-2-ntm-IDA and *™Tc-5-ntm-IDA, and this superiority may
be attributed to its lower lipophilicity with the introduction of
asparagine ligand. In summary, despite certain shortcomings,
5-ntm-asp could serve as a complementary imaging agent to
5-ntm-IDA for tumor hypoxia, and development of novel imag-
ing agents could use its strength for reference. However, rele-
vant characteristics of 5-ntm-ASP should be further improved
before it is put into clinical usage.

A B Supplementary Figure 1. The structures of
HO HO HO HO 2-ntm-IDA (A) and
0 0 5-ntm-IDA (B).
NooO N NO
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