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Abstract
Synaptic trafficking of α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs) is thought to cause 
excitotoxicity brain ischemia. However, given the current inability to quantify AMPARs density in live human brains, 
clinical translation has been limited. In this study, in vivo and in vitro experiments were conducted to evaluate the factors 
affecting omberacetam drug labeling with technetium-99m as a potential radiotracer of AMPARs in brain imaging. Healthy 
Swiss albino mice (adult male; n = 25; weight 25–30 g; age 10–14 weeks) underwent Shimadzu modeling, followed by a 
random intravenous injection of 99mTc-omberacetam (0.2 mL, 3.7 MBq), which was subsequently radiosynthesized in the 
brain-targeting AMPARs utilizing a single-photon emission computed tomography nuclear neuroimaging. Under opti-
mal conditions, 99mTc-omberacetam with a highest radiochemical purity of 98.9% was obtained with an optimum binding 
(energy = − 82.3 kcal/mol) to brain AMPARs and was stable in human serum for > 24 h. A high brain uptake was noted 
within a time window of 15–60 min. At 5 min, this signal uptake was 8.9 ± 0.1% of the injected dose per gram (ID/g), cross-
ing the blood–brain barrier and surpassing the uptake of commercially available brain perfusion imaging agents such as 
125I-iododomperidone (5.6% ID/g at 5 min) in mice, 99mTc-HMPAO (2.25% ID/g at 2 min) in rats, and 99mTc-ECD (4.7% 
ID/g at 6 h) in humans. This study is the first to show the feasibility of 99mTc-omberacetam radiotracing for human brain 
imaging. This could be a novel diagnostic and therapeutic neuroprotective target for the hyperacute stage of ischemic stroke.
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1 Introduction

Stroke is the second most common cause of death world-
wide, with 5 million deaths occurring annually [1]. It is esti-
mated that up to two million neurons are lost every minute 
if reperfusion treatment is delayed from the time of stroke 
onset [2]. During ischemic stroke, disruption of blood supply 
induces anaerobic metabolism of glucose, resulting in lactic 
acid accumulation. Secondary hypometabolism [3] leads to 
a vicious cycle of worsening acidosis [4]. The α-Amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid receptor 
(AMPAR) dysfunction causes imbalances between inhibi-
tory and excitatory synapses, thereby accelerating brain 
injury-induced neural death [5]. Synaptic trafficking [6] 
of AMPARs is believed to underlie neuronal plasticity [7], 
restricting AMPAR synaptic delivery that induces oxygen 
deprivation and leads to excitotoxic brain ischemia. After a 
few hours, the blood–brain barrier (BBB) integrity is com-
promised, triggering the final transition from ischemia to 
infarction to hemorrhagic transformation, thereby increasing 
the risk of recurrent stroke and mortality [8]. However, dur-
ing the early hyperacute stage (4.5 ± 2 h) [9] of an ischemic 
stroke, some of the ischemic penumbral tissue may be saved 
if the cerebral blood flow (CBF) is swiftly restored. Thus, 

AMPAR is a neuroprotective interventional target for hyper-
acute ischemic stroke [10].

Clinical translation has been minimal, as no clinically 
approved technique to quantify AMPAR density in the 
human brain is available [11]. Several potential AMPAR 
tracers have been developed; however, none have reached 
clinical practice owing to low specific binding, low brain 
uptake, and rapid clearance [12]. Single-photon emission 
computed tomography (SPECT) nuclear neuroimaging has 
become a clinical diagnostic and research modality [13]. It 
provides a helpful noninvasive nuclear neuroimaging tool 
that increases our understanding of stroke pathogenesis and 
stroke-induced neurodegenerative disorders [14] through 
the qualification of sophisticated brain biological pathways, 
assessment of biochemical processes [15], in vivo charac-
terization, and real-time visualization [16] for central nerv-
ous system drug development [17].

Omberacetam, a synthetic psychostimulatory molecule 
based on the endogenous neuropeptide cyclopropylglycine 
[18], is a neuroprotective drug for brain ischemia. Omb-
eracetam, which has nootropic properties, can serve as a 
marker for brain imaging as it readily crosses the BBB 
[19] and produces its effect by modulating AMPARs [20]. 
Omberacetam is a selective agonist of AMPARs with a half 
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maximal inhibitory concentration of 6.4 ± 0.2 µM, while 
being 1000-fold as potent as piracetam [21]. Radiolabeled 
omberacetam may assist in further elucidating the molecular 
basis of brain ischemia as a novel diagnostic and therapeutic 
tool for the visualization and quantification of AMPARs in 
living humans.

The aims of this study were: (1) investigating omber-
acetam radiolabeling with gamma-emitter technetium-99m 
in animal modeling; (2) quality control, preparation, synthe-
tization, and characterization of the non-radioactive rhenium 
analog 99mTc-omberacetam; (3) physicochemical evaluation 
of 99mTc-omberacetam to identify AMPAR binding sites in 
the brain for in vitro radiochemical stability; (4) study 99mTc-
omberacetam biodistribution and clearance; (5) 99mTc-omb-
eracetam blocking study; and (6) evaluation of its use as a 
potential radiotracer for brain imaging by determining the 
radiochemical purity and partition coefficient. Additionally, 
we hypothesized that using gamma-emitter technetium-
99m would increase the omberacetam radiolabeling trace in 
healthy Swiss albino brain mice.

2  Results

2.1  Optimization of the 99mTc‑omberacetam 
radiolabeling reaction

To achieve the maximum radiochemical yield (RCY) of 
99mTc-omberacetam, the effects of different labeling param-
eters were optimized and studied (Fig. 1).

2.1.1  Effect of the ligand

A low omberacetam amount (10 µg) lead to a low RCY 
of 46.1 ± 1.6%, with approximately 12% colloid forma-
tion as the main impurity. As all reduced technetium was 
transformed to reduced hydrolyzed technetium colloids, the 
concentration of the ligand was not sufficient for complex 
formation. However, a 98.9 ± 1.1% maximum RCY was 
achieved when using 50 µg of concentrated ligand. Addi-
tional increases of the omberacetam amount had an insig-
nificant impact on the RCY (Fig. 1a).

2.1.2  Effect of the reducing agent

When preparing the radiopharmaceutical technetium-99m 
compound, the most used reduced agent is stannous chloride 
dihydrate  (SnCl2·2H2O) [22]. It reduces the radiolabeling 
source eluted from the molygenerator (+ 7, pertechntate 
ions) to a more reactive, lower oxidation state. The study 
findings showed that when using a low amount of (25 µg) 
 SnCl2·2H2O, a low RCY of 42.8 ± 0.7% was obtained, sug-
gesting that the  SnCl2·2H2O content was insufficient to 

lower the pertechnetate ion concentration. With an increase 
in the amount of  SnCl2·2H2O, however, the yield gradu-
ally increased until reaching the most effective amount 
(150 µg), with an RCY of 98.9 ± 1.1%. When the reducing 
agent concentration was further increased, the RCY gradu-
ally decreased, which was as a result of undesired oxidized 
and hydrolyzed colloids formation (Fig. 1b).

2.1.3  Effect of the pH

The pH of a reaction is a factor that needs to be critically 
controlled as it impacts the labeled complex stability. Opti-
mal radiochemical conversion was altered significantly by 
altering the pH from a strongly acid media to a strongly 
basic media (Fig. 1c). A pH of 6 resulted optimal, which 
may in part reflect the 99mTc-omberacetam complex stabil-
ity (98.9 ± 1.1%). At pH of 2, free pertechnetate appeared 
to be the predominant species (32.8 ± 1.8%), while the RCY 
(51.1 ± 1.2%) was relatively low. Thus, increasing the pH 
above the optimum value decreased RCY to 75.2 ± 0.4% 
and 82.6 ± 1.8% at pH 11 and 9, respectively, with stannous 
hydroxide colloid formation being the predominant species.

2.1.4  Effect of the radiometal

To determine the optimum pertechnetate megabecquerels 
(MBq) for reconstitution, different radioactivity levels, 
100–1500 MBq, were used. The feasibility and the com-
plex stability in the presence of an additional quantity of 
pertechnetate were investigated using the same vial aiming 
to decrease the costs of imaging. The study findings showed 
that the best radioactivity was 700 MBq (Fig. 1d). Addi-
tionally, it was confirmed that radioactivity within a range 
of 300–900 MBq is feasible, as the complex is stable to 
radiolysis.

2.1.5  Reaction time

At 37 °C, an RCY of 76 ± 1.8% was reached at 10 min. Its 
maximum, 98.9 ± 1.1%, was reached when the reaction 
lasted 25 min. Subsequently, for reactions spanning > 1 h, 
the RCY remained stable and unchanged (Fig. 1e).

2.2  Quality control, preparation, synthesis, 
and characterization of 99mTc‑omberacetam

In the omberacetam structure, the existence of nitrogen and 
oxygen donating atoms enables increased labeling with 
the transition metal technetium-99m (Fig. 2). At pH 6 and 
25 min of reaction time, mixing 50 µg omberacetam with 
pertechnetate at approximately 350 MBq and 1 µg/µL of 
 SnCl2·2H2O allowed for an RCY 98.9 ± 1.1% for 99mTc-
omberacetam complex formation.
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Fig. 1  Effect of a omberacetam; b stannous chloride dihydrate; c pH; d pertechnetate; and e reaction time on the radiochemical yield of the 
99mTc-omberacetam complex
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The purity of the radiochemical-labeled 99mTc-omber-
acetam was evaluated using the High-performance liquid 
chromatography (HPLC) and the silica gel impregnated 
thin layer chromatography (SG-TLC) techniques. When an 
water:ethanol:ammonium hydroxide [5:2:1] was used as the 
mobile phase, only the (99mTcO2·nH2O) colloids remained 
near the origin (Rf = 0–0.1), while the complex, free pertech-
netate, and the solvent front (Rf = 0.8–1.0) migrated. In SG-
TLC, however, when normal saline was used as the mobile 
phase, 99mTc-omberacetam complex and (99mTcO2·nH2O) 
colloids remained near the origin (Rf of 0–0.1), whereas the 
(99mTcO4

−) free pertechnetate moved with the solvent front 
(Rf of 0.8–1.0).

2.2.1  HPLC analysis and purification

The HPLC chromatogram of the reaction mixture showed 
two distinct peaks at 12.2 min and 1.2 min retention times, 
corresponding to 99mTc-omberacetam complex and the free 
pertechnetate, respectively. In the UV channel, the unlabeled 
omberacetam peak was detected at 5.9 min (Fig. 3).

A rhenium analog was synthesized and characterized to 
clarify the structure of the technetium-labeled complex. 
Element analysis results revealed the following composi-
tions: C, 48.07%; H, 5.28%; N, 6.70%; O, 17.15%; and Re, 
22.22%. The percentage results for the empirical formula 
 (C34H44N4O9Re) were C, 48.68%; H, 5.29%; N, 6.68%; 
O, 17.16%; and Re, 22.20%. The 1H NMR (500 MHz, CD 
 Cl3) spectrum showed peaks at the following δ ppm: 1.2 
(s, 6 H), 1.93 (s, 2 H), 1.98 (s, 2 H), 2.03 (s, 2 H), 2.26 
(s, 2 H), 3.22 (s, 2 H), 3.35 (s, 2 H), 3.48 (s, 2 H), 3.58 (s, 
2 H), 3.64 (s, 2 H), 3.72 (s, 2 H), 3.76 (s, 2 H), 3.88 (s, 2 
H), 4.55 (s, 2 H), 5.36 (s, 2 H), 6.95 (s, 4 H), 7.21 (s, 4 H), 
7.22 (s, 2 H); whereas the 13CNMR spectrum of the  CDCl3 
(500 MHz) complex exhibited peaks at the following δ 
ppm: 15.24  (CH3 aliphatic,  P22, P 44), 25.18  (CH2 cyclic, 
 P12, P 34), 28.70  (CH2 cyclic,  P13, P 35), 40.95  (CH2 cyclic, 
 P18, P 40), 41.48  (CH2 aliphatic,  P7, P 29), 48.6  (CH2 cyclic, 

 P11, P 33), 61.99 (CH cyclic,  P14, P 36), 6.32  (CH2 aliphatic, 
 P21, P 43), 80.82 (CH cyclic,  P19, P 41), 127.29 (benzene, 
 P4,  P26), 127.99 (benzene,  P3,  P5,  P25,  P27), 129.19 (ben-
zene,  P2,  P6,  P24,  P28), 133.88 (benzene,  P1,  P23), 162.57 
(amide,  P15,  P37), and 168.09 (amide,  P8,  P30). The cal-
culated methylsilane standard for the empirical formula 
 C34H44N4O9Re was 838.95, while the experimental value 
was 839.26. The mass spectrum [m/z: relative abundance] 
was as follows: 837: 0.57, 839: 1, 840: 0.38, 841: 0.09, 
842: 0.02.

The structure of the 99mTc-omberacetam labeled complex 
was designed to ensure energy minimization (Fig. 4a). The 
theoretically calculated parameters and the software gener-
ated optimized geometries of the 99mTc-omberacetam com-
plex three-dimensional structures are presented in Fig. 4b. 
99mTc-omberacetam was expected to have a 2:1 ligand-to-
metal ratio with an octahedral geometry.

2.3  Physicochemical evaluation 
of 99mTc‑omberacetam

2.3.1  AMPARs binding

The iGemdock 2.1 software simulates Van der Waals, hydro-
gen bonding, and electrostatic interaction profiles within the 
ligands and receptors (Fig. 5). Using flexible docking inter-
actions, it then reads the target coordinates of ligand mol-
ecule atoms and protein sequence and analyzes their molecu-
lar interactions, calculating the binding energy of protein 
binding site. The proposed interactions included hydrogen 
bonds between the essential amino acids and the complex 
(ILE354 and ARG353) and van der Waal’s interactions with 
(ASP126, LEU255, GLY343, ASN344, ILE345, LYS346, 
PHE347, TYR356, and THR357).
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2.3.2  In vitro radiochemical stability

The shelf life of 99mTc-omberacetam was studied to deter-
mine the time after reconstitution in which the labeled 
drug remains suitable for human use. Figure 6 indicates 
that technetium-99m-labeled omberacetam remained sta-
ble for up to 40 h at room temperature without significant 
byproducts that could interfere with the imaging process 
or lead to accumulation of radiotracer in non-target organs.

In the presence of serum, the stability of the in vitro 
labeled 99mTc-omberacetam was also examined at 37 °C. 
For up to 24 h, the complex demonstrated a stable profile 
indicating that it was suitable for administration to humans 
during this period. However, within 48 h the purity of the 
radiochemical reduced to 77.7 ± 0.9%, probably as a result 
of interactions with serum components.

2.4  99mTc‑omberacetam biodistribution 
and clearance

In vivo uptake of 99mTc-omberacetam was investigated; 
SPECT imaging revealed a rapid radiotracer distribution 
throughout the various tissues and body organs of the Swiss 
albino mice (Table 1).

The pharmacokinetic profile of 99mTc-omberacetam, 
a potential radiopharmaceutical, was assessed at dif-
ferent time intervals. At 5  min p.i., the blood uptake 
(22.3 ± 0.5% ID/g) was initially high but slowly decreased 
within 120  min p.i. to 6.2 ± 0.2% ID/g, likely due to 
binding to plasma proteins. The liver showed ID/g rela-
tively high uptake of 10.4 ± 0.7% at 30 min p.i., which 
might result from hepatic omberacetam metabolization. 
Whereas the omberacetam labeled drug was mainly 

Fig. 4  a Chemical structure 
of the 99mTc-omberacetam 
complex; b optimized three-
dimensional structure of 99mTc-
omberacetam
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excreted by the kidneys and, consequently, with time, the 
uptake increased to an ID/g of 15.8 ± 0.2% and remained 
high over time in comparison to that in further body 
organs. At 5 min p.i., the 99mTc-amberacetam had highly 

ID/g accumulated in the brain (8.9 ± 0.1%); thereafter, 
the uptake of ID/g levels decreased to 7.4 ± 0.2, 5.7 ± 0.2, 
4.5 ± 0.1, and 2.4 ± 0.1% at 15, 30, 60, and 120 min p.i., 
respectively. Additionally, the brain to blood ratio was 

Fig. 5  Interaction views of the 
docking position of 99mTc-omb-
eracetam to the target α-amino-
3-hydroxy-5-methyl-4-isoxazole 
propionic acid brain receptors
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calculated to assess the relative uptake in the brain com-
pared to that in the bloodstream. The %ID/g uptake brain 
to blood ratios were 0.39, 0.53, 0.58, 0.54, and 0.38 at 15, 
30, 60, and 120 min p.i., respectively. The radioactivity 
in the other organs was within the normal range (Fig. 7).

The radiotracer clearance per unit time followed first-
order elimination kinetics. As shown in the clearance 
study results (Fig. 8), the elimination rate constant was 
0.63  h−1.

2.5  99mTc‑omberacetam blocking study

Varying amounts of unlabeled omberacetam (0–1000 μg) 
were used to dosage mice before the radiotracer injection. 
After pre-dosing, the 99mTc-omberacetam brain uptake at 
5 min was determined. The radiotracer uptake was blocked 
by the unlabeled omberacetam in the brain in a dose-depend-
ent manner, suggesting that the accumulation of radiotracer 
reflects the interaction with the target protein (Fig. 9).

2.6  Partition coefficient

The partition coefficient is an important measure for the 
evaluation of radiotracer candidates. Furthermore, it has a 
major influence on the pharmacological action, as it conveys 
the ease with which a drug binds to the target receptor in 
order to reach its target within the body. It also controls the 
pharmacokinetics of drugs, including its absorption, body 
distribution, and the rate at which they are metabolized and 
excreted. We found that the penetration of 99mTc-omber-
acetam complex through the BBB to target the brain was 
optimal when the partition coefficient was between 1.5 and 
2.7. We found that the determined log P value of the 99mTc-
omberacetam complex was 2.52 ± 0.2.

3  Discussion

The novel findings in this study are as follows: (1) radi-
osynthetization of omberacetam with technetium-99m 
forms a single 99mTc-omberacetam labeled complex with 
a RCY peak at 12.2 min retention time to target AMPARs 
in the brain; (2) at optimum conditions, the radiocomplex 
was obtained at a high RCY of 98.9 ± 1.1%; (3) 50 μg of 
omberacetam solution was sufficient to interact with all the 
reduced technetium-99m generated using  SnCl2·2H2O; (4) 
99mTc-omberacetam remained stable for 24 h, indicating its 
suitability for humans administration during this period; (5) 
the determined log P value was 2.52 ± 0.2, indicating the 
lipophilicity of the radiotracer complex and its capability to 
cross the BBB; (6) the computer-generated docking position 
and interaction profile of 99mTc-omberacetam had an optimal 
binding energy of − 82.3 kcal/mol in the brain; and (7) the 
maximum uptake of radiotracer in the brain was 8.9 ± 0.1% 
ID/g, within an acute target window at 5 min, interestingly 
higher than that currently reported ID/g for brain perfu-
sion imaging radiopharmaceuticals such as 99mTc-ECD (in 
humans of 4.9% p.i. at 6 h) [23], 125I-iododomperidone (in 
mice of 5.6% p.i. at 5 min) [24], and 99mTc-HMPAO (in 
rats of 2.25% p.i. at 2 min) [25]. To the best of our knowl-
edge, our results are the first to demonstrate the potential 
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Fig. 6  In vitro radiochemical stability of the 99mTc-omberacetam 
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Table 1  99mTc-omberacetam complex biodistribution profile in differ-
ent organs of Swiss albino mice

Mean ± standard error (mean of five experiments, with five mice per 
experiment)
Vial content at a pH 6: 150  µg stannous chloride dihydrate, 50  µg 
omberacetam, and ~ 700 MBq technetium 99m; the reaction mixture 
was kept for 25 min at 25 °C

Tissues/
organs

99mTc-omberacetam injected dose per gram uptake at 
different times

5 min 15 min 30 min 60 min 120 min

Heart 0.9 ± 0.0 1.2 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.5 ± 0.0
Lungs 0.5 ± 0.1 1.5 ± 0.2 1.1 ± 0.1 1.1 ± 0.0 0.6 ± 0.0
Liver 7.5 ± 0.1 9.5 ± 0.2 10.4 ± 0.0 5.7 ± 0.3 3.4 ± 0.1
Stomach 1.1 ± 0.1 1.3 ± 0.0 1.3 ± 0.0 0.9 ± 0.1 1.1 ± 0.0
Spleen 1.0 ± 0.0 1.4 ± 0.0 1.8 ± 0.0 1.0 ± 0.0 0.2 ± 0.0
Intestine 1.6 ± 0.1 2.8 ± 0.2 3.4 ± 0.1 3.4 ± 0.3 2.3 ± 0.1
Muscles 1.9 ± 0.1 2.5 ± 0.0 2.4 ± 0.0 1.8 ± 0.1 1.1 ± 0.1
Bones 1.1 ± 0.1 0.9 ± 0.0 1.9 ± 0.1 2.7 ± 0.2 1.3 ± 0.1
Brain 8.9 ± 0.1 7.4 ± 0.2 5.7 ± 0.2 4.5 ± 0.1 2.4 ± 0.1
Kidneys 9.0 ± 0.1 12.9 ± 0.3 15.8 ± 0.2 14.4 ± 0.4 12.6 ± 0.2
Blood 22.3 ± 0.5 13.9 ± 0.2 9.8 ± 0.1 8.3 ± 0.8 6.2 ± 0.2
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application of 99mTc-omberacetam as a radiotracer to quan-
tity AMPAR for brain imaging diagnosis and may contribute 
to further radiopharmaceutical development research.

In the brain, the AMPARs are the predominant glutamate 
excitatory neurotransmitters [26] that mediate signal trans-
mission at neuronal synapse. The neuronal cell interactions 
and the molecular and subcellular mechanisms underlying 

stroke [27] and stroke-induced neurodegenerative disorders 
[28] are poorly understood. Moreover, the brain ischemic 
penumbral tissue is a region with reduced regional CBF 
that is near the threshold for functional and morphologi-
cal integrity maintenance [29], but with preserved oxygen 

Fig. 7  Biodistribution of the 
99mTc-omberacetam radioac-
tivity complex, using SPECT 
nuclear neuroimaging, in vari-
ous organs of Swiss albino mice 
at different time intervals (in 
minutes). SPECT, single-photon 
emission computed tomography
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consumption. Although glutamate is thought to increase 
in the brain parenchyma within minutes of acute ischemic 
[30] and hemorrhagic strokes [31], penumbral brain tis-
sue has the potential to recover if CBF is swiftly restored. 
Therefore, targeting AMPA glutamate receptors early after 
a post-ischemic stroke has the potential to ensure tissue res-
cue as an early hyperacute interventional therapy. Our study 
revealed that the 99mTc-omberacetam radiotracer, using a 
concentrated ligand with a low binding energy, demonstrated 
a maximum uptake within a short time, suggesting the pres-
ence of viable brain tissues that modulate AMPA glutamate 
receptors. It also showed that 99mTc-omberacetam may be an 
alternative and simple diagnostic and therapeutic radiotracer 
for the early hyperacute stage of ischemic stroke.

In acute ischemic stroke patients, prognostication of 
recovery using technetium-99m has been studied previously; 
however, this was performed for the labeling of metroni-
dazole [32]. Technetium-99m-ethylene dicysteine-metroni-
dazole (99mTc-EC-MN) was used in that study because it 
localizes to the hypoxic but viable brain tissue. Nevertheless, 
99mTc-EC-MN was found to be a significant predictor of neu-
rological deficits in the subacute phase, approximately the 
first 10.3 ± 2.5 days, in patients with acute ischemic stroke. 
Despite the significant uptake of 99mTc-EC-MN in that study, 
there was a discrepancy between the ethylene dicysteine-
metronidazole and the 99mTc-ethyl cysteinate dimer (ECD) 
brain SPECT uptake, with a lower extraction coefficient 
observed in low flow ischemia and a low ECD trace reten-
tion in areas of hyperperfused infarct. Although the integ-
rity of BBB could change within the first four days follow-
ing acute ischemia [33]. Even so, ischemic stroke patients 
may not have salvageable tissue that can be treated, because 
the penumbral brain survival duration is likely to vary and 
would not persist during the 9 ± 3 days onset of the suba-
cute stage of an ischemic stroke. However, omberacetam is a 
powerful antioxidant peptide analogue prescribed in Russia 
as a nootropic drug with neuroprotective pharmacokinetic 
and pharmacodynamic properties [34]. Additionally, omb-
eracetam was radiosynthesized with 99mTc in this study as it 
protects the brain against early oxidative damage and is used 
against cognitive impairment in Alzheimer’s disease [35].

The preparation and bioevaluation of 131I-iodoomb-
eracetam as a radiotracer have been recently reported 
in mice [36]. 131I-iodoomberacetam was found to have 
the highest RCY of 98% brain uptake p.i. at 5 min using 
100 μg chloramine-T as oxidative agent within a ~ 15 min 
retention time peak. At pH 5, the 96% complex purity was 
maintained in saline for two days, showing a 1.33 ± 0.12 
log P value for its BBB lipophilicity; however, it under-
went an 88% relative reduction in serum after one day. 
Instead, in this study, the blood to brain ratio showed that 
the optimal moment to use 99mTc-omberacetam as a radi-
otracer for a higher brain uptake. 99mTc-omberacetam with 

a 98.9 ± 1.1% purity p.i. at 5 min, stability up to 40 h in 
saline and > 24 h in human serum, showed the strongest 
AMPAR binding. Therefore, it is necessary to devise a 
diagnostic time window using 99mTc-omberacetam as a 
radiotracer for brain imaging to obtain an AMPARs ligand 
that not only allows its transport across the BBB but also 
facilitates its retention within a fixed distribution for long 
enough to allow SPECT brain imaging.

This experimental study, to our knowledge, is the first in 
which the radiosynthesis of 99mTc-amberacetam has been 
investigated for its potential use as a radiotracer to quantify 
AMPARs signal for brain imaging. This study has some lim-
itations. The experiments were performed in healthy Swiss 
albino mice, and our results may not be directly transferable 
to other disease animal models. Therefore, further clinical 
studies on patients with acute ischemic stroke quantifying 
AMPAR using 99mTc-amberacetam may be needed to be 
further assess and determine the amount of viable tissue 
present, which may vary between infarct core and/or sub-
types of cerebral ischemia, and to predict their neurological 
outcomes.

4  Methods and materials

4.1  Chemicals reagents and experimental studies

This study’s experimental chemicals were of the highest 
grade of purity. Double distilled water, nitrogen purified, 
was used for dilution and dissolution. Omberacetam (Noo-
pept; MW 318.37; ethyl 2 [[(2S) 1 (2 phenylacetyl) pyrroli-
dine 2 carbonyl] amino] acetate; Chem Science, New Jersey, 
U.S.A). The pertechnetate was eluted using a molygenera-
tor supplied by ELUTEC (Brussels, Belgium). A Vario EL 
elemental analyzer (Chem Science, New Jersey, U.S.A.) 
was used for element analysis. Carbon 13 nuclear magnetic 
resonance (13CNMR) spectroscopy and high-resolution 
nuclear magnetic resonance (1HNMR) spectroscopy were 
performed utilizing a 500 MHz AMX Bruker spectrometer 
(Chem Science, New Jersey, U.S.A.) in CD  Cl3, an internal 
tetramethylsilane standard.

The animals used in the experiments were healthy 
Swiss albino mice (adult males; weight 25–30  g; aged 
10–14  weeks) obtained from the Labeled Compounds 
Department Animal House, Atomic Energy Authority in 
Cairo, Egypt. Mice weighing < 25 g or > 30 g were excluded 
from the experiments. Mice were housed in metabolic cages, 
had access to water and food, and allowed to adapt for two 
weeks. Mice were randomly assigned to one of the study 
groups immediately after adaptation by drawing lots. All 
experimental assessments and analyzes were performed in 
a blind manner.
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4.2  Outcome measures

The primary outcome was the labeling of the omberacetam 
drug. The secondary outcome measures to determine the 
optimal labeling reaction that affect the labeling yield under 
the following steps: (1) use of different amounts of the omb-
eracetam ligand (5–50 µg), use of  SnCl2·2H2O (25–250 µg) 
as a reducing agent, changes in the reaction medium of vari-
ous pH values (2–11), radiometal activity of pertechnetate 
(100–1500 MBq), for different reaction times (5–40 min); 
(2) quality control, preparation, synthesis, and characteri-
zation of a non-radioactive rhenium analog (99mTc-omb-
eracetam); (3) physicochemical evaluation of 99mTc-omb-
eracetam (AMPAR binding site in the brain and in vitro 
radiochemical stability); (4) biodistribution and clearance 
studies; (5) blocking study; and (6) statistical analysis to 
determine the radiochemical purity and the partition coef-
ficient. All of these factors were assessed using in vivo Swiss 
Albino experimental modeling and in vitro human serum 
endpoints.

4.2.1  Labeling of omberacetam

The effects of the different labeling parameters were ana-
lyzed and optimized. A mixture of  SnCl2·2H2O (0.2 mL, 
150 µg) and omberacetam (0.5 mL, 25 µg) was added to a 
phosphate buffer (0.1 M, pH 6) and maintained in a sterile 
vial in positive nitrogen pressure. Subsequently, an approxi-
mate solution of freshly eluted pertechnetate (350 MBq) was 
obtained from a molygenerator, added to the mixture, and 
incubated for 25 min at 37 °C.

4.2.2  Quality control, preparation, synthesis, 
and characterization of a non‑radioactive 
99mTc‑omberacetam rhenium analog

To determine the structure of 99mTc-omberacetam, a cold 
labeling reaction was performed using potassium perrhen-
ate [37]. In a sterile vial, omberacetam (2.5 mg, 7.8 µmol) 
was melted at (pH 6) in 10 mL phosphate buffer and stirred 
by ultrasonication for 10 min to dissolve it completely. 
 SnCl2·2H2O of (2.6 mg, 11.4 µmol) and potassium perrhen-
ate (1.1 mg, 3.9 µmol) were separately melted in a double 
distilled water purified with a minimal amount of nitrogen 
and were subsequently mixed together. After adjusting the 
pH to 6, the mixture was then added to the reaction vial 
that was incubated at 25 °C for 25 min. HPLC was used to 
purify and separate (re-omberacetam) the product. It was 
then characterized by 1HNMR, 13CNMR, high-resolution 
mass spectrometry, and elemental analysis.

4.2.2.1 HPLC analysis and  purification HPLC was per-
formed operating a Shimadzu model (Genzo Shimadzu 

Sr., Kyoto, Japan), equipped with LC-9A pumps, a radio-
isotope detector (Bioscan Inc., Washington, U.S.A.), and 
an UV spectrophotometer (-6ASPD, Shimadzu, Genzo Shi-
madzu Sr., Kyoto, Japan) detector; and a Rheodyne injec-
tor. Chromatography was performed on a particle size of 
250 × 4.6 mm using a RP‐18 column with a flow rate of 2.0 
using a volume sample of 10 µL. To perform the elution, a 
mixture of water/acetonitrile/acetic acid (80:20:0.1%, v/v) 
was monitored with an UV wave detection at a range of 
280–290 nm using mobile phase systems. To identify the 
99mTc-omberacetam complex, HPLC confirmed that the 
radiolabeled omberacetam matched the non-radioactive rhe-
nium-labeled omberacetam [38]. The 99mTc-omberacetam 
was co-injected with an analog of rhenium. The peaks reten-
tion time were then identified in the UV channel at a range 
of 280–290 nm and compared in the radiometric channel.

4.2.3  Physicochemical evaluation of 99mTc‑omberacetam

4.2.3.1 AMPAR binding To evaluate the binding of 99mTc-
omberacetam to the AMPARs, a docking study was per-
formed [39]. The X-ray crystallographic structure of the tar-
get protein was imported from the Protein Data Bank RSCB 
(3KG2). The iGemdock 2.1 [40] software was used to inves-
tigate the most suitable binding position of 99mTc-Omber-
acetam by quantifying the binding site of AMPARs. The 
docking accuracy of the radiolabeled complex was assessed 
by allocating a target population size of 800 and one solu-
tion with 80 generations. The positions of the docked ligands 
with low-binding energies were then designated to analyze 
their interactions with the target protein residues.

4.2.3.2 In vitro radiochemical stability The stability of 
99mTc-omberacetam complex was tested for 48 h at 37 °C. A 
saline solution (2 mL) was mixed with the complex (1 mL), 
and the 2 µL samples were withdrawn in triplicates after 1, 
2, 4, 6, 12, 24, and 48 h and evaluated by the SG-TLC [41]. 
The percentage increase of colloids and free pertechnetate 
designated the dissociation of the labeled complex. A 1.8 mL 
sample of human serum was mixed with 0.2 mL of radiola-
beled 99mTc-omberacetam and incubated for 48 h at 37 °C. 
Aliquots (2 µL) were withdrawn from the mixture at various 
time intervals, developed with water:ethanol:ammonium 
hydroxide (5:2:1) and saline, and analyzed by SG-TLC. 
Then, the in vitro stability percentage was calculated.

4.2.4  99mTc‑omberacetam biodistribution and clearance 
studies

The tail vein of mice was randomly injected intravenously 
with 0.2 mL of 99mTc-omberacetam (3.7 MBq). To reduce 
pain, suffering, and distress, mice were anesthetized with 
ketamine, post-injection (p.i.), at 5, 15, 30, 60, and 120 min 
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after tail vein injection, weighed, and dissected to determine 
tissue radiotracer distribution. Blood samples were collected 
via heart puncture. The major organs (heart, lungs, stomach, 
spleen, liver, intestine, brain, and kidneys) were collected and 
washed with normal saline twice, weighed, and analyzed for 
radiation activity using a ray of gamma counter using NaI Tl 
scintillation (Radio Corporation of America, Media Electron-
ics, Westinghouse, U.S.A.).

4.2.5  99mTc‑omberacetam blocking study

Varying amounts, 0–1000 μg, of unlabeled omberacetam were 
administered intravenously to the mice for 10 min before the 
administration of radiotracer to block brain AMPARs. In the 
brain, radiotracer uptake percentage was determined 5 min 
after its injection (n = 5).

4.3  Statistical analysis

For each group of experiments, descriptive statistics were used 
with a measure of variability. The number of mice per group 
required to reach a desired power of 0.800 was between four 
and six. Therefore, five experiments (five mice per set) were 
used for the biodistribution studies (n = 25). All experiments 
for each factor were conducted and repeated in triplicates. The 
elimination rate constant of the radiotracer was calculated, and 
the results of the experiments were expressed as percentage of 
the tissue mean uptake of an injected dose per gram (% ID/g) 
and standard error (SE). When a one-way analysis of vari-
ance P value was < 0.05, statistical differences were considered 
significant.

4.3.1  Radiochemical purity analysis

SG-TLC determined the radiochemical purity of 99mTc-
omberacetam. Separate systems of developmental 
(water:ethanol:ammonium hydroxide [5:2:1] and saline) were 
employed [42] to determine the percentages of the labeled 
complexes, colloids, and loss pertechnetates. Aliquots (5 μL) 
of the reaction mixture were collected onto two strips of the 
SG-TLC (1.5  cm2). In closed jars packed with nitrogen gas, 
the development was performed to shield the categorized 
spots from oxidization. The two radio-chromatograms were 
then dried, reduced into 1-cm slices, and calculated utilizing 
a gamma scintillation counter. The radiochemical purity per-
centage was determined following the subsequent equation:

%labeled omberacetam = 100 − (% colloid + % loose pertechnetate)

4.3.2  Partition coefficient determination

The partition coefficient conveys the degree of drug lipophi-
licity. The categorized complex of the partition coefficient 
was determined using a formerly suggested approach for 
mild changes [43]. In short, freshly prepared 99mTc-omb-
eracetam, was blended with phosphate buffer (0.025 M; pH 
7.4) and organic solvent (n.octanol) in a centrifuge tube. At 
37 °C, the mixture was vortexed for 5 min and then centrifu-
gated at 8,000 rpm for 10 min. Eventually, 100 μL samples 
were collected from the aqueous and organic layers to differ-
ent tubes and were counted via a properly-type gamma coun-
ter (SR7 Ratemeter Scalar, Nuclear businesses Ltd., USA). 
The experimental partition coefficient value was calculated 
and expressed as log P using the subsequent equation:

The ACD/NMR Processor  V12 [44] software was used 
to predict the NMR structure and conduct the correlation 
analysis. The Ultra ChemBio3D [45] software was used to 
predict the geometrical-optimized three-dimensional model 
of 99mTc-omberacetam and to design its structure by energy 
minimization using Chemdraw Ultra 11.0 (PerkinElmer, 
Massachusetts, U.S.A.). The software iGemdock 2.1 [40] 
was used to evaluate the radiotracer binding to the AMPARs 
target brain site.

4.4  Reporting of the study results

The Checklist for Animal Research: Reporting of In Vivo 
Experiments [46] was followed in conducting and reporting 
of this study.

5  Conclusions

The 99mTc-omberacetam radiotracer, quantifying the brain 
AMPARs, can be a novel diagnostic and therapeutic tool 
for the early hyperacute stage of ischemic stroke. This radi-
otracer should be further assessed in acute ischemic stroke 
patients, using the results of this study to inform future trials 
designs.
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