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Abstract Bacterial infection poses life-threatening challenge to humanity and stimulates to
the researchers for developing better diagnostic and therapeutic agents complying with existing
theranostic techniques. Nuclear medicine technique helps to visualize hard-to-diagnose deep-
seated bacterial infections using radionuclide-labeled tracer agents. Metronidazole is an
antiprotozoal antibiotic that serves as a preeminent anaerobic chemotherapeutic agent. The
aim of this study was to develop technetium-99m-labeled metronidazole radiotracer for the
detection of deep-seated bacterial infections. Radiosynthesis of **™Tc-metronidazole was
carried by reacting reduced technetium-99m and metronidazole at neutral pH for 30 min.
The stannous chloride dihydrate was used as the reducing agent. At optimum radiolabeling
conditions, ~ 94% radiochemical was obtained. Quality control analysis was carried out with a
chromatographic paper and instant thin-layer chromatographic analysis. The biodistribution
study of radiochemical was performed using Escherichia coli bacterial infection-induced rat
model. The scintigraphic study was performed using E. coli bacterial infection-induced rabbit
model. The results showed promising accumulation at the site of infection and its rapid
clearance from the body. The tracer showed target-to-non-target ratio 5.57 = 0.04 at 1 h
post-injection. The results showed that **™Tc-MNZ has promising potential to accumulate at
E. coli bacterial infection that can be used for E. coli infection imaging.
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Introduction

Targeted molecular imaging provides optimistic diagnostic procedure particularly in case
of hard-to-diagnose deep-seated diseases. Bacterial infections are posing serious threat to
humanity in recent years as compared to those in the past [1, 2]. Since the twentieth
century, molecular biologist and immunologist had been struggling to reduce morbidity
rate by introducing antibacterial agents and controlling over bacterial resistance, but
bacterial resistance issue not only remained intact but also caused many infectious issues.
The main reason is to prescribe antibiotics that are not in complying with the bacterial
strain and load at the infectious area [3]. Nuclear medicine technique has played
phenomenally a dynamic role in the management of clinical infection [4] by targeted
diagnosis of infection/cancer place and volume in the human body. From the last decade,
the nuclear medicine technique has been proven as a blessing for humanity because of its
high accuracy and sensitivity. In the last decade, according to one survey, out of 1000
population, ~ 16 patients were subjected to nuclear medicine procedure [5]. Nuclear
medicine technique is a non-invasive imaging technique and surpasses the invasive
radiological anatomical imaging to discriminate the microbial infection from inflamma-
tion [6]. Manipulation of radiopharmaceutical probes has the key potentials of targeting
the disease with good specificity and accuracy. The whole-body imaging determines the
deep-seated infection and also has potential to discriminate it from sterile inflammation
and tumors [7]. Radiological imaging techniques such as computed tomography scan and
magnetic resonance imaging both offer morphological imaging procedures and do little
at the molecular level that is the basis of the disease. Shifting toward positron emission
tomography (PET) and single-photon emission computed tomography (SPECT) in com-
pliance with radiopharmaceuticals provides imaging at the molecular level [8, 9]. The
main advantage we observe during whole-body SPECT scan is when some hot dots
appear instead of main diseased organ. This indicates in addition to the main diseased
organ that there are seedlings of diseases in different areas of the body [10]. Reports
show that the scintigraphic imaging of patients with **™Tc-ciprofloxacin (Infecton®) has
shown 90% accuracy, 86% specificity, and 93% sensitivity while studying using > 800
multinational patients [11]. Today, the nuclear medicine technique is being well-
developed to diagnose hard-to-diagnose diseases. Technetium-99m (°*™Tc)-labeled
agents are used routinely in more than 90% nuclear medicine imaging procedures [5,
12, 13]. Nitroimidazoles is the class of antibiotics that is predominantly used to combat
anaerobic bacteria, protozoal, and parasitic infections. This class of antibiotics found
major applications against Giardia and Trichomonas. Metronidazole (MNZ) is a member
of this family and could be developed as an anaerobic bacterial infection imaging agent
by labeling it with *™Tc [14]. The aim of this study was to develop **™Tc-metronidazole
as an Escherichia coli (E. coli) infection imaging agent.

Material and Method

Metronidazole was obtained from Sigma-Aldrich, Germany. Stannous chloride dihydrate
(SnCl,.2H,0), sodium hydroxide (NaOH), and hydrochloric acid (HCI1) were purchased
from Merck, Germany. All these chemicals were of analytical grade. Whatman paper no.
2 and instant thin-layer chromatographic sheets (ITLC-SG) were purchased from Agilent
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Technology. Freshly prepared carrier-free **™Tc as Na’”™TcO4 was obtained from
Mo/**™Tc¢ generator of Pakistan Atomic Reactor-1 (PAR-1), PINSTECH, Islamabad,
Pakistan. E. coli bacterial strain (ATCC 25923) was acquired from New England
Biolabs, Abbottabad, Pakistan. Sprague-Dawley (SD) rats (120—150 g) and New Zealand
white rabbits, weighing 1-1.5 kg, were obtained from the National Institute of Health
(NIH), Islamabad, Pakistan for the purpose of biodistribution and scintigraphy, respec-
tively. The biodistribution and scintigraphy studies were performed according to the
Institute of Nuclear Medicine Oncology and Radiotherapy (INOR) guidelines and stan-
dards designed by the FELASA [15].

Radiosynthesis of **™Tc-Metronidazole

Metronidazole was radiolabeled with **™Tc using saline solution of *™TcNaO, by taking the
initial guideline from reaction conditions; reported previously to achieve more stable radio-
chemical [16]. The amount of metronidazole ligand was studied from 50 to 150 pg, pH 4-12
(adjusted with 0.5 N NaOH and 0.1 N HCI). The reducing agent (SnCl,.2H,0) was studied
from 60 to 120 pg. Volume of the reaction mixture was adjusted in all experiments to
2 £ 0.2 mL. After addition of all reagents, ~ 250-300 MBq of gngcNaO4 solution in saline
solution was added into the reaction vial. Radiochemical purity of **™Tc-metronidazole was
assessed by using Whatman No. 2 chromatographic paper and ITLC-SG strips.

Quality Control of **™Tc-Metronidazole
Paper Chromatography

In order to calculate free **™TcO,4 formation, a small aliquot, about ~2 uL of sample was
spotted at Whatman No. 2 chromatographic paper and then developed in acetone solution as
an eluting solvent. Free **™TcO, moved along with mobile phase, while hydrolyzed **™Tc
remained at baseline. The radioactivity counts with other impurities on the strip were measured
with gamma counter and scanned with 27t-scanner. The free **TcO, ' was then calculated by
using the following expression:

Radioactivity counts over chromatogram at R¢ > 0.75

% PMTeOy” =
o free * 7 Total radioactivity counts over chromatogram (R¢ = 0-1)

Instant Thin-Layer Chromatography Analysis

In ITLC-SG analysis, the percentage of hydrolyzed **™Tc was determined. The elution of
reaction components was eluted with sodium hydroxide (NaOH) solution. The ITLC-SG strip
was spotted with 2 pL aliquot of reaction mixture sample at the baseline and allowed to run. In
this system, **™Tc-MNZ and free **™TcO,  were moved along with solvent front, while
hydrolyzed or reduced **™Tc remained at baseline. The radioactivity counts were measured
by scanning with advanced TLC radiochromatographic scanner connected with radionuclidic
and radiochemical purity determination software system after making the patches of strip of
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0.25 cm. The percentage of colloid/hydrolyzed **™Tc and *™Tc-MNZ was determined by
using the following expression:

% ColloidsHydrolyzed — RadiOactivify ca.ufcts over ITLC strip at. R < 0.25
Total radioactivity counts over the strip (R¢0-1)
% yield of”™Tc-MNZ = 100—(Free99mTcO4' + Colloids)

Effect of Quality Control Parameters
Effect of the Amount of Metronidazole

The effect of amount of ligand was studied using 50-150 pg. The radiolabeling was studied
with an increment of 10 pg metronidazole by varying the other parameters such as pH,
reducing agent, and reaction time [17].

Effect of the Amount of Reducing Agent

The concentration of reducing agent plays a vital role to execute **™Tc radiolabeling. The
effect of reducing agent on **™Tc radiolabeling was studied using 60-150 ug of stannous
chloride varying the other reaction conditions. Each reaction was assessed with chromato-
graphic procedures to measure radiochemical yield.

Effect of pH

The pH of the radiolabeling reaction was studied from 4 to 12 pH with an increment of 1 pH
unit that was adjusted by using 0.5 N NaOH and 0.1 N HCI. The optimum pH was obtained by
measuring the radiochemical yield using different sets of reaction conditions.

Effect of Incubation Time

Radiolabeling reactions were also studied at varied reaction times from 10 to 70 min with an
increase of 10 min. Each reaction yield was measured with chromatographic analysis with
respect to other reaction parameters.

Biodistribution in E. coli-Infected Rats

For in vivo biodistribution of freshly prepared °°™Tc-metronidazole complex, three
healthy SD rats (weighing 120150 g) were injected intramuscularly at the right thigh
with E. coli bacteria. The inflammation was induced chemically by injecting 0.2 mL
sterile turpentine oil in the left thigh muscles. After 30 h, the swelling at both thigh
muscles indicated the presence of infection and inflammation. The three rats per time
point study were then subjected for biodistribution of **™Tc-MNZ. Prior to the admin-
istration of **™Tc-MNZ into the blood vein, the rats were anesthetized with chloroform.
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For biodistribution, 200 uL **™Tc-MNZ (185 MBq) was administrated to the anesthe-
tized rats through tail blood vein. The three rats were sacrificed at 1, 4, and 24 h post-
injection. The in vivo uptake by different organs was measured by removing body organs
such as the heart, liver, brain, lungs, spleen, stomach, left kidney, right kidney, inflamed
thigh muscles, and infected thigh muscles. The organs were then washed and stored into
gamma counter tubes. The radioactivity was measured by placing the tubes into Nal
gamma scintillation counter. From the measured radioactivity, the percent injected dose
per gram (%ID/g) body organ was calculated.

Scintigraphic Study

Scintigraphy study of °*™Tc-metronidazole was performed with E. coli bacterial
infection-induced rabbit model. The infection was induced in the right thigh muscle of
male New Zealand white rabbit (weighing 1.0-1.5 kg) by intramuscular injection of
300 pL saline solution of E. coli. The left thigh muscles were injected with 300 uL
saline as control, and the rabbits were left for 30 h. After 30 h, slight swelling was
observed in both thigh muscles; however, it was less as observed in rats. On the day of
scintigraphy imaging, the rabbit was anesthetized with 2 mL diazepam injection, laid flat
on a hard board with fore and hind legs spread out, and fixed with surgical tap under
dual-headed SPECT gamma camera. An aliquot of 250 pL **™Tc-MNZ solution was
injected through rear ear vein, and static scintigraphic images were recorded with on-
line-dedicated computer at 5, 10, 15, and 20 min time point as per direction of the
institutional animal ethical committee.

Glomerular Filtration Rate Study

The glomerular filtration rate (GFR) for **™Tc-metronidzole was determined according to the
protocol previously published by Levey et al. [18]. Briefly, the rabbit was kept at fast overnight
and served with water for frequent excretion of urine. The rabbit was then administrated with
250 L of ?™Tc-MNZ solution at the rear ear vein. The urine was collected at regular interval
as well as the renal excretion into the bladder was recorded scintigraphically using GFR-
dedicated computer software interfaced with SPECT gamma camera.

Results and Discussion

The antiprotozoal nitroimidazole antibiotic, S-nitroimidazole, metronidazole (MNZ) possesses
highly reducing nitro (-NO, ) group which enables it to target successfully the bacterial
infection both in vivo and in vitro environments under anaerobic conditions (Fig. 1). The
radiolabeling of metronidazole with gamma emitter °*™Tc radionuclide provides the opportu-
nity to target bacterial infections. The *™Tc in its lower oxidation state (that is achieved
reduction of *™Tc with appropriate reducing agent) can easily bind with the ligand molecules
that can donate electrons to **™Tc [19]. Fluoroquinolones, cephalosporins, and other antibiotic
members that possess electron-donating functional groups get attached to the **™Tc easily and
have been reported for infection imaging successfully [17]. Metronidazole as shown in Fig. 1
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Fig. 1 Structure of the

metronidazole /[ N
\
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contains nitro group (-NO,), hydroxyl group (~OH), and nitrogen (=N-) that are good electron
donor groups to electron-deficient metal atoms. The presence of these electron donor groups
enables metronidazole to form stable complexation with reduced 9m e [20].

Optimized Radiochemical Synthesis Conditions and Yield

Radiosynthesis and quality control analysis reveals ~ 94% radiochemical yield at optimal
reaction parameters [8]. The subsequent mixing of 100 pg metronidazole (ligand),
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Fig. 2 Radiochromatogram of radiochemical at optimized conditions of reaction showing the single peak of
99T MNZ
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120 pg stannous chloride as reducing agent, 250 MBq **™TcO, ', adjusting the pH to 7
with 0.5 N NaOH or 0.1 N HCI, and reaction time at 30 min was set as optimized
conditions to achieve maximum radiochemical. At optimized conditions, the other
impurities that are free 99“ch0(1 and colloids were obtained at 2.56 and 3.41%,
respectively. The radiochromatogram scanned with 27t scanner at maximum labeling
yield showed main single peak as shown in Fig. 2.

Effect of Radiolabeling Parameters on Labeling Yield
Effect of the Amount of Metronidazole

The stoichiometric amount of ligand is required for the maximum radiochemical yield.
Different sets of radiolabeling experiments were tested with 50-150 pg metronidazole. A
hundred microgram of metronidazole was found as the optimal amount for maximum radio-
chemical yield as shown in Fig. 3.

Effect of Reducing Agent

Freshly eluted **™TcO4 ' from **Mo/**™Tc generator exists in high oxidation state i.e.
+7, and at this state, it cannot make complex with other ligand molecules. Reduction
process in 99mTc-complex formation is a key step for this variety of reducing agent we
tested, but stannous salts were found favorable in **™Tc-complex chemistry. In this
study, SnCl,.2H,0 was used as the reducing agent. Different quantities i.e. 60—-150 pg
were tested for maximum yield. The optimal amount of reducing agent is the amount of
SnCl,.2H,0 at which maximum **™TcO, ! ions reduced to lower oxidation state that can
react with ligand strongly. At 120 pg SnCl,.2H,0, the maximum (~ 94%) radiochemical
was obtained. Radiochemical yield in different reactions with continuously increased
amount of SnCl,.2H,O is shown in Fig. 4.
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Fig. 3 Effect of the amount of metronidazole on radiochemical yield showing ~ 94% yield with 100 pg
metronidazole
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Fig. 4 Effect of reducing agent on radiochemical yield—120 pg of SnCl,.2H,0O completely reduced the
250 MBq *™TcO, " to label maximum with MNZ (~ 94%)

Effect of pH

In **™Tc radionuclide complexation chemistry, pH of the reaction mixture shows vital role in
equilibrating the ionic strength to facilitate electron donation to radionuclide. Metronidazole as
reported previously shows good stability with **™Tc radionuclide at 7-8 pH. We studied
radiochemical yield by varying pH from 4 to 12 and found that at neutral pH maximum
radiochemical was obtained. Other than neutral pH < 94% radiochemical yield was recorded as
shown in Fig. 5.

Effect of Incubation Time
At optimized reaction conditions (as discussed in the “Optimized Radiochemical Syn-

thesis Conditions and Yield” section), the effect of reaction time was monitored at room
temperature with an interval of 10 min up to 70 min as shown in Fig. 6. It was found that
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Fig. 5 Effect of pH on radiochemical yield—neutral pH appeared appropriate for maximum radiochemical yield
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Fig. 6 The effect of reaction time on radiochemical yield monitored at room temperature—graph showing the
maximum yield of radiochemical was obtained after 30 min reaction time

30 min is required to complete the radiolabeling reaction. However, at subsequent time
points, fraction of complex was degraded that might be due to alteration in one or more
reaction conditions.

Biodistribution Study and Scintigraphic Study

The in vivo biodistribution of **™Tc-MNZ was studied in E. coli infection-induced SD
rats. The results of biodistribution in different body organs as %ID/g organ are shown in
Table 1. The targeted organ (infected muscles) showed promising radiochemical uptake
(1.84 + 0.06%ID/g organ) as compared to inflamed muscles, which showed
0.32 + 0.03%ID/g organ at 1 h post-injection. At subsequent time points, i.e. 4 and
24 h, infected and inflamed muscle showed 1.9 + 0.02 and 0.2 + 0.05 and 1.1 + 0.04 and
0.2 £ 0.02%ID/g organ, respectively. The calculation of T/NT ratio (infected to inflamed
muscle uptake ratio) reveals 5.57 = 0.04, 6.55 £ 0.07, and 5.5 £ 0.08 at 1, 4, and 24 h
post-injection, respectively. The obtained values of T/NT ratio are showing promising
potential of **™Tc-MNZ to target the bacterial infection. However, it also reveals the
tracer agent has week interaction with inflamed muscles—that is an indication of ability
of ?™Tc-MNZ to discriminate infection from inflammation. On comparison T/NT ratio
of ?™T¢-MNZ with other reported infection imaging radiopharmaceuticals, it appears
that *™Tc-MNZ has better position as compared to **™Tc-ciprofloxacin (being marketed
with trade name Infecton®) T/NT = 3.6 + 0.4 [21], **™Tc-levofloxacin (T/NT = 3.57)
[22], **™Te-difloxacin (T/NT = 5.5 + 0.5) [23], *™Tc-pefloxacin (T/NT = 4.9 + 0.3)
[23], %™ Tc-ceftazidime (T/NT = 1.4 + 0.2) [24], and *°™Tc-meropenem (T/NT~ 4) [25].
If we see the uptake of **™Tc-MNZ in other body organs, it showed 1.47 + 0.89 and
1.5 + 0.07%ID/g organ uptake in lungs and liver, respectively, at 1 h post-injection. It
also showed minimal uptake in stomach (0.146 + 0.56%ID/g organ) at 1 h post-injection
which represents minimum in vivo re-oxidation phenomenon. Scintigraphic results
showed minimal uptake at infected thigh muscles as we recorded in mice. This was
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Table 1 Organ biodistribution of **™Tc-metronidazole in E. coli-infected rat representing percent injected dose
per gram body organ (%ID/g organ)

Organs %I1D/g organ
1h 4h 24 h

Heart 3.64 £0.04 2.5+0.12 0.5+0.11
Liver 1.5+ 0.07 1.1 £0.08 0.2 +0.08
Kidneys 35+0.12 S5A11+1.17 2.5+0.14
Brain 0.5+0.09 0.2 +0.09 0.1+0.04
Lungs 1.47 £0.89 0.5+£0.33 0.1+0.09
Spleen 0.5+0.07 0.2 +0.08 0.2 +0.05
Stomach 0.146 £ 0.56 0.15+0.87 0.11 £0.54
Infected thigh muscle 1.84 £ 0.06 1.9 £0.02 1.1 +0.04
Non-infected thigh muscle 0.32 £0.03 0.2 +£0.05 0.2 +0.02
T/NT 5.57 £0.04 6.55+0.07 5.5+0.08

obvious because after 30 h induction of infection, a small area of muscles swelled, and
we could not repeat the experiment due to limited permission from the institutional
animal ethical committee. However, presence of small amount of activity at the infected
site that remained for a long time while the activity at the inflamed thigh muscles
appeared initially due to blood flow but later on no activity was found at the inflamed
tissues as shown in Fig. 7.
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Fig. 7 Scintigraphic image of E. coli bacterial infection-induced rabbit
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Fig. 8 Glomerular filtration rate study of **Tc-MNZ showing continuous renal excretion

Glomerular Filtration Rate Study

Glomerular filtration rate (GFR) study for **™Tc-metronidazole was performed to analyze
kidney function, its clearance, and the dosage of radiopharmaceutical agent excreted from the
kidney. The renal excretion graph (renogram) shows a constant filtration from kidneys, and no
accumulation was found in kidneys (that is no rising trend in graph lines was observed), as
shown in Fig. 8. Thus, there is no possibility of the **™Tc-MNZ nephrotoxicity [26].

Conclusion

The direct radiolabeling of metronidazole with **™Tc is a reliable and easy-to-conduct method
that produces ~ 94% radiochemical yield with mild reaction conditions such as subsequent
mixing of 100 pug metronidazole (ligand), 120 ug stannous chloride, 250 MBq **™TcO, ",
pH 7, and reaction time of 30 min at room temperature. Biodistribution study with E. coli
infection-induced rat models showed T/NT value 5.57 + 0.04 at 1 h post-injection, which is in
sense of T/NT ratio that looks better than Infecton® (T/NT = 3.6 + 0.4). Glomerular filtration
rate showed the tracer agent is non-nephrotoxic. Keeping in mind the results of this study,
99MTc-MNZ might be a radiotracer of choice for infection imaging after proper preclinical
studies.
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