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Discovery of 99mTc-labeled imidazole derivatives as a potential radiotracer for hypoxic tumor imaging is considered to
be of great interest because of non-invasive detection capabilities. 2-Mercaptobenzimidazole (2-MBI) was successfully
synthesized, characterized and radiolabeled with [99mTc (CO)3(H2O)3]+ intermediate to form 99mTc-2-MBI complex
with radiochemical purity of≥95%yield as observed by instant-thin layer chromatography (ITLC) and radio-high per-
formance liquid chromatography (radio-HPLC). The 99mTc-2-MBI complex was observed to be stable in saline and
serum with no noticeable decomposition at room temperature and 37 °C, respectively, over a time period of 24 h.
Biodistribution results in Balb/c mice bearing S180 tumor show that 99mTc-2-MBI highly internalized in tumor tissue,
also possess preferably high tumor/muscle and tumor/blood ratios 4.14± 0.77 and 3.91± 0.63, respectively at 24 h
incubation. Scintigraphic imaging study shows 99mTc-2-MBI is visibly accumulated in hypoxic tumor tissue, suggesting
it would be a promising radiotracer for early stage diagnosis of tumor hypoxia.
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Introduction

The single benzene ring incorporated with five member imidazole is re-
ferred to as 1H-benzimidazole or 1,3-benzodiazole. Benzimidazole and its
derivatives have wide applications as therapeutic agent such as anthelmin-
tic and antiulcer drugs. Except this, they also display pharmacological activ-
ities including anticancer, antimicrobial, antitubercular, analgesic, and
antiviral and many more [1–3]. Imidazole or iminazoline contains an
azapyrrole moiety having two nitrogen atoms separated by one carbon
atom. This compound was first prepared in 1958 by reacting glyoxal with
ammonia, thus also called as glyoxalin [4,5]. Common examples of such
biomolecules containing benzimidazole as basic subunit are Guanine, ade-
nine, purine, caffeine and uric acid [6,7]. Literature provides ample knowl-
edge on versatile methods for synthesis of various homo- and hetero-,
mono- and di-substituted derivatives of benzimidazole with biological
and clinical applications [8–15]. A series of benzoimidazole derivatives
have also been synthesized which depict anticancer activities against vari-
ous types of solid tumor. The synthesized compounds were further tested
for their in vitro antiproliferative activities and reported non-specific anti-
proliferative effect on tested cell lines [16]. Sondhi et al., 2010 reported
the synthesis of heterocyclic benzimidazole derivatives and evaluated
their potential for anticancer activity against ovary, breast and CNS
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human cancer cell lines [17]. Zhang el al., 2006 synthesized radiolabeled
nitro-benzimidazole and nitrotriazole derivatives and studied their poten-
tial to diagnose tumor hypoxia [18]. Alberto 2005 elaborated the coordina-
tion chemistry ofmonodentate and bidentate imidazole ligandswith 99mTc-
tricaronyl precursor and also highlighted x-ray studies to support the struc-
tural outcomes [19]. Furthermore, Li et al., 2015 and Ruan et al., 2018 also
synthesized technetium-99 m labeled 4-nitroimidazole dithiocarbamate
and isocyanide derivatives, respectively as potential agents for tumor hyp-
oxia [20,21]. Experimental outcomes provide fruitful evidences on utiliza-
tion of benzimidazole derivatives as potential agents for targeting tumor
hypoxia [22–25].

Many human pathological processes underwent low concentration of
oxygen (hypoxia) including stroke, ischaemic heart disease and cancer.
Hypoxia or oxygen deprivation is a root factor in tumor progression and
therapeutic resistance because of its devastating effect on molecular genet-
ics, metabolic and pathophysiologic adaptive processes such as
neoangiogenesis. Hypoxia in solid tumors is mainly due to imbalance deliv-
ery of oxygenated blood to overcome increased metabolic demand of
promptly proliferating tumor cells [26,27]. The prevalence of hypoxic
areas is a characteristic feature of solid tumors and human malignancies
such as cancer of uterine cervix, breast, valve, prostate, head and neck, pan-
creas, rectum aswell as brain carcinoma,malignantmelanomas and soft tis-
sue sarcomas [28]. Non-invasive detection of tumor hypoxia can predict
treatment strategy and provide aid in order to support treatment decisions.
Such non-invasive imaging modalities are widely available in clinical
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practice including oxygen electrodes, blood-oxygen level dependent
(BOLD) and tissue-oxygen level dependent (TOLD) based magnetic reso-
nance imaging (MRI), positron emission tomography (PET) and single pho-
ton emission computed tomography (SPECT). PET/SPECT imaging
quantify data at macroscopic level in tumor tissue and displays advantages
over other imaging techniques for treating hypoxia, as they utilize radio-
tracer probes, which can directly measure oxygen level and permit non-
invasive detection of intra-tumor oxygen level instead of hypoxia-
mediated transformations in phenotype [26,29]. Alberto et al. 1998first re-
ported the preparation of [99mTc(CO)3(H2O)3]+ precursor from sodium
pertechnetate, which has attracted great attention globally as it can be eas-
ily synthesized and readily substituted water molecules through various
functional groups, also possessing small size and inertness [30]. So far,
99mTc-tricarbonyl precursor has been successfully used for radiolabeling
of various biologically active molecules with variety of ligands [31,32].

Keeping inmind the importance and benefits associatedwith usefulness
of derivatives of benzimidazole, the aim of our study is to synthesize 2-
Mercaptobenzimidazole (2-MBI) and radiolabel it with [99mTc(CO)3(H2O)
3]+ to yield 99mTc-2-MBI and evaluate its potential to target tumor hypoxia.
Analytical characterization methods were used to investigate and confirm
the formation of 99mTc-labeled complex. In vitro and in vivo biological eval-
uation studieswere carried out in order to interrogate the effective of radio-
pharmaceutical to diagnose tumor hypoxia.

Materials and methods

Chemicals and reagents

O-phenylenediamine, carbon disulfide, potassium hydroxide, sodium
hydroxide, stannous chloride dihydrate and all necessary chemicals were
purchased from sigma-aldrich, Germany. All reagents including ethanol, di-
methyl sulfoxide (DMSO), DMSO-D6, methanol, acetone, hydrochloric acid
(HCl), and acetonitrile were of analytical grade, used without further puri-
fication and purchased from Merck, Germany. Whatman paper No. 3 and
instant thin-layer chromatography impregnated with silica gel (ITLC-SG)
were bought from Agilent, Singapore. pH paper of Merck, Germany was
used to adjust pH of all standard/ stock solutions used in this study.
Technetium-99 m was eluted in the form of sodium pertechnetate
(99mTcO4

−Na+) using 0.9% saline from locally produced 99Mo/99mTc gen-
erator PAKGEN at Pakistan Institute of Nuclear Science and Technology
(PINSTECH), Nilore, Islamabad-Pakistan.

Equipments

All instruments used in this study were properly calibrated and vali-
dated by Mechanical Division of the institute. All kind of standard glass-
ware used in this study was properly sterilized using Autoclave (Make-
Indfos) at 121 °C for 20 min. To scan the chromatographic strips, 2π-
Scanner (Berthold, Germany) was used. Characterization studies were per-
formed using Deluxe Electrophoresis Chamber (Gelman, Germany) system,
D-200 Elite HPLC system interconnected with C-18 column 4.6× 150 mm
(Inertsil® ODS-3, GL Sciences) along with NaI(Tl) detector, NMR spectra
was recorded using ECS 400 MHz instruments (JEOL Resonance, Japan).
1H NMR chemical shifts (δ) were recorded relative to DMSO-D6 (δ =
2.50 ppm). High-resolution mass spectroscopy was performed on
ORBITRAP ELITE (Thermo Scientific). Scintigraphy study was performed
using Dual-headed Siemens Integrated Gamma Camera (interfaced with
high-resolution parallel hole collimator) while blood cell images were cap-
tured using LED microscope (Zeiss Primo Star).

Chemistry

Synthesis of 2-Mercaptobenzimidazole
For the synthesis of 2-Mercaptobenzimidazole (2-MBI), the synthesis

protocol reported by Al-Mohammed et al., 2013 was followed after neces-
sary modifications [10]. Briefly, potassium hydroxide (Mr. 59, 1.9 g;
2

0.03 mol) was dissolved in a mixture of 30 mL ethanol (60%) and 20 mL
water (40%). Next, carbon disulfide (Mr. 76, 2.69 g; 0.03 mol) was added
with stirring and mixture was allowed to boil at 80 °C. After that, o-
phenylenediamine (Mr. 108, 3.45 g; 0.03 mol) was dissolved in 20 mL eth-
anol at room temperature and addeddropwise into themixture of KOH/CS2
and allowed to reflux it for 6 h at 75–85 °C. Upon completion of reaction
(monitored via TLC), the ethanol was removed and white residue was dis-
solved in water and precipitated using 50% dilute acetic acid. The product
was then recrystallized by using a mixture of water-ethanol (1:1) to get 2-
Mercaptobenzimidazole (Mr. 150, 4.5 g; 0.045 mol) in 74% yield, M.P.
258 °C (Lit. 255–256 [33]). Ultra-high pressure liquid chromatography
(UHPLC) gives≥97% purity of product with peak at Rt = 5.007 min (see
ESI, Fig. S1) using a mixture of acetonitrile and sodium phosphate buffer
pH 7.4 (50,50 v/v) at 255 nm. 1H NMR (400 MHz, DMSO-D6, see ESI,
Fig. S2): δ 12.4 (s, 1H, -SH), 7.54 (d, J = 2H, ArH), 7.53 (d, J = 2H,
ArH), 7.06 (d, J = 1H, -NH). HRMS (ESI): m/z [M + H+] calculated for
C7H6N2S: 151.0324, found: 151.0327 (M = 100%). The crystallinity of
the final product was characterized by X-ray powder diffraction (XRPD)
analysis with major peaks at position 14.84, 23.61, 28.46, 32.28 and
43.52 2(θ) degree which is similar to the spectrum reported in literature
[34,35] (see ESI, Fig. S3).

Radiolabeling of 99mTc-tricarbonyl complex
The Technetium-99m-tricarbonyl precursor was synthesized by follow-

ing the procedure reported in literature [30,36]. Briefly, sodium carbonate
(Na2CO3) 5 mg, potassium sodium tartrate 15mg and Sodium borohydride
(NaBH4, as reducing agent) 10 mg were dissolved in saline (0.9% NaCl/
H2O) in a 10 mL glass vial, followed by sealing and flushing with CO for
15 min. Then, freshly eluted 99mTcO4

− (555 MBq/ mL saline) was added
in reactionmixture and heated for 30 min at 75–80 °C. After successful syn-
thesis of precursor [99mTc(CO)3(H2O)3]+, mixture was cooled and pH was
adjusted to 5 using 0.1 M HCl. After that, 2-Mercaptobenzimidazole 1 mg
was added, followed by heating at 95 °C for 30 min under nitrogen. The ra-
diochemical purity of the 99mTc-labeled complex (99mTc-2-MBI) was
assessed by radio-HPLC using gradient mobile phase system A: H2O
(0.1%TFA) 0–2min 90%, 2–5min 60%, 5–10min 10%with B: acetonitrile
(0.1% TFA) accordingly. HRMS (ESI): m/z calculated for [99mTc(CO)3
(H2O)]-C7H4N2S: 349.1410, found: 349.1042 (M= 100%).

In vitro stability study
In vitro stability assay was carried out to monitor the effective degrada-

tion potential of newly synthesized radiopharmaceutical in saline (0.9%
NaCl in H2O) and to evaluate the possible biocompatibility in mice serum
by following the protocol reported by Rizvi and co-workers [37]. For saline
stability analysis, 1.5 mL saline was added in 10 mL glass vial followed by
addition of 99mTc-2-MBI (185 MBq/mL) and incubated for 24 h at room
temperature. For serum stability assay, serum plasma was separated from
freshly eluted blood of normal mice and centrifuged at 350 ×g for
5–10 min. A sterilized reaction vial containing ~0.2 mL 99mTc-2-MBI
(111 MBq) was taken and about 1.8 mL serum was added, vortex shaken
for 30 s and incubated for 24 h at ambient temperature. To assess the per-
cent radiochemical purity (%RCP) of the complex at various time intervals
(i.e. 0.5 h, 1 h, 4 h and 24 h), ~5 μL aliquot of sample mixture was spotted
at bottom line of Whatman paper No.3 (3MM) and ITLC-SG strips (1
× 10 cm) for ascending paper chromatography. 3MM strip was hangout
in acetone to monitor the reduced/free 99mTc (Rf = 1), meanwhile ITLC-
SG was hangout in 1 M NaOH to monitor reduced/ hydrolyzed 99mTc (Rf

= 0) in sample mixture. The strips were heat-dried and scanned with 2π-
scanner (Berthold, Germany). The results were reproduced thrice (n = 3).

Electrophoresis was also performed to observe the charge nature of
resulting complex using paper electrophoresis method. Whatman Paper
No. 1 strip (2×20 cm; as supportingmedium)was place in electrophoresis
chamber (Deluxe Gelman, Germany) having 0.02 M sodium phosphate
buffer (pH 6.8; as electrolyte). An aliquot of ~10 μL was spotted at the cen-
ter of the strip and run at 300 DC volts for 45 min. Upon completion, the



S.F.A. Rizvi et al. Translational Oncology 13 (2020) 100854
strip was heat-dried and scanned on 2π-scanner (from left to right) to get
required chromatogram.

Animals and cell culture

Murine sarcoma S180 cell line was obtained for in vitro study from Phy-
tochemical Lab of Pakistan Institute of Engineering and Applied Sciences
(PIEAS), Nilore, Islamabad-Pakistan. Hypoxic tumor S180 induced female
Balb/c mice (~20–30 g; three mice in each set) were purchased from Na-
tional Institute of Health (NIH), Islamabad, Pakistan. The animal ethical re-
view committee of the institute (NIH) gave approval to conduct anticancer
study in tumor animal models in current experiments.

Cellular uptake assay
To investigate the cellular uptake of radiopharmaceutical, S180 cell

were incubated under hypoxic and aerobic conditions as protocol reported
in literature [18]. S180 cells were cultured in DMEM medium containing
10%FBS with 1% penicillin/streptomycin at a concentration of 2 × 106

cells/mL medium. The cells were incubated at 37 °C under an atmosphere
of hypoxic exposure (95%N2: 5%CO2, O2<10 ppm) and aerobic exposure
(95% Air: 5% CO2) for 30 min with gentle shaking. After equilibration,
99mTc-2-MBI (7.4 MBq/ 0.2 mL) and drug concentration of 15 μg/mL was
added in each vial and 0.5 mL suspension was subjected to centrifugation
at 300 ×g for 5 min at various time intervals (say 0.5, 1, 2, 4, and 6 h
post-incubation; >90% viable cells). The supernatant 0.4 mL was separated
for counting (Cout) using well-type NaI γ-counter and remaining cells in-
cluding 0.1 mL medium was also counted (Cin). The experiment was re-
peated thrice (n = 3). The final cell accumulation “A” was calculated by
applying formula:

A ¼ Cin–Cout=4ð Þ= Cin þ Coutð Þ

Cytotoxicity study
The unusual shape of red blood cells (RBCs) or abnormal counting of

cells indicates the cytotoxicity behavior of radiopharmaceuticals. To ob-
serve this cytotoxicity behavior of 99mTc-2-MBI, freshly eluted RBCs were
withdrawn from cardiac puncture of mice during biodistribution study
and spread on a glass slide to make uniform layer of blood cells. The slide
was placed under LEDmicroscope (Zeiss Primo Star) and shape and counts
were measured for 4 h.

Biodistribution study
To investigate the possible distribution pattern of newly developed ra-

diopharmaceutical in mice models, three sets of mice bearing S180 tumor
were administered intravenous injection of 99mTc-2-MBI (74 MBq / 200
μL saline) through tail vein and dissected after chloroform anesthesia at
30 min, 4 h and 24 h post-injection. The organs including brain, heart,
lungs, liver, stomach, kidneys, muscle, tumor, bladder, blood, and body
were collected, washed twice with 0.9% saline, weighted and radioactivity
was measured using well-type NaI detector. The organ distribution pattern
was calculated as percentage of injected dose per gram (%ID/g). The results
were repeated thrice (n = 3). All animal experiments were conducted in
compliance with regulations on animal's laboratory of NIH, Islamabad-
Pakistan.

Metabolic study
Furthermore, in vivo metabolic stability study was also performed for

99mTc-2-MBI. A set of three healthy Balb/c mouse were administered with
99mTc-2-MBI (74 MBq / 150 μL saline) via tail vein. At 1 h post-injection,
the mice were sacrificed and urine, blood and liver samples were collected.
The sampled were treated as reported in literature [36]. Briefly, the urine
sample was diluted with saline (1:1 v/v) as collected. The blood sample
(0.5 mL) was centrifuged (350 ×g for 5 min) immediately to separate
plasma serum (0.2 mL) followed by addition of 0.3 mL of acetonitrile and
precipitated protein was collected after centrifugation. The liver was
3

washed twice with saline and homogenized in 2 mL of saline-acetonitrile
mixture (1:1 v/v) using a homogenizer at high speed for 5min. After appro-
priate homogenization, the mixture was centrifuged at 450 ×g for 5 min
and supernatant was passed through 0.22 μm millipore filter. All samples
were subjected to radio-HPLC using above mentioned conditions.

Scintigraphy study

For scintigraphy imaging study, a set of three Balb/c mice bearing S180
hypoxic tumor in left leg were used. The mice were placed on hard flat sur-
face with spreading front and fore legs under dual-headed Gamma camera
(Siemens Integrated and interfaced with HR-parallel hole collimator) con-
nected with online dedicated computer. All legs were fixed with surgical
tape. Intravenous injection of 99mTc-2-MBI (74 MBq / 200 μL saline) was
injected through marginal tail vein and whole body acquisition (static im-
ages) was carried out at 1 h after administration.

Results

Chemistry

Synthesis of 2-MBI
The synthesis of 2-Mercaptobenzimidazole (2-MBI) was successfully

achieved by reacting o-phenylenediamine (0.03 mol) with an equivalent
amount of carbon disulfide in the presence of potassium hydroxide as cata-
lyst [10]. The schematic illustration of chemical reaction is presented in
Fig. 1(Step-I). The molecular structure of o-phenylenediamine containing
two active amino groups responsible for making suitable reaction with car-
bon disulfide inKOH solution at feasible temperature range to yield the cor-
responding 2-Mercaptobenzimidazole productwith~74%yield. The HPLC
analysis shows≥98%purity of final product, insetfigure showswhite crys-
talline residue with expected 3D structure as presented in Fig. 2(a). The
structural confirmation of 2-MBI was further evaluated by 1H NMR,
HRMS and XRD (see ESI; Fig. S1-S3) techniques and results obtained
were in agreement with our proposed structure. Table 1 shows the d-
distance and relative intensities (I/Io) of 2-MBI which is almost similar to
the results reported in literature [38,39].

Radiolabeling
The radiosynthesis of 99mTc-2-MBIwas carried out by following the pro-

cedure as shown in Fig. 1 (Step-II, -III). The 99mTc-tricarbonyl complex was
formed as described by Zhang et al., [18] and radiochemical purity was
assessed by radio-HPLC analysis which shows peak at 8.55 min with
>99% purity of the complex (see ESI; Fig. S4). 2-MBI was added with inter-
mediate 99mTc-tricarbonyl complex to give final product which is con-
firmed by HRMS analysis giving peak at m/z calculated for 99mTc(CO)3
(H2O)-C7H4N2S: 349.1035 (or termed as 99mTc-2-MBI) found: 349.1042
(M = 100%) (see ESI; Fig. S5). The water molecules in [99mTc(CO)3
(H2O)3]+ precursor were readily substituted by sulfur and nitrogen atoms
in 2-MBI ligand. The radiochemical purity (RCP) of the 99mTc-2-MBI com-
plex was assessed by instant thin-layer chromatography (ITLC) and radio-
high performance liquid chromatography (Radio-HPLC) methods. By
ITLC, instant thin-layer chromatography impregnated with silica gel
(ITLC-SG) strip was hangout in acetone to evaluate the free 99mTc which
moved with solvent front (Rf = 0.8–1.0) and 99mTc-2-MBI complex
remained at origin (Rf = 0.0–0.2). Moreover, ITLC-SG strip was hangout
in 1 M NaOH with 99mTc-hydrolyzed remained at point of spotting (Rf =
0.0–0.1) while 99mTc-2-MBI moved with solvent front (Rf = 0.8–0.9) as
shown in Fig. S6 (see ESI). Radio-HPLC analysis finally confirms the forma-
tion of single product 99mTc-2-MBI and free 99mTc with retention times Rt
= 6.214 min and Rt = 2.198 min, respectively as shown in Fig. 2(b),
while a minor peak at Rt = 8.593 min indicating free precursor [99mTc
(CO)3(H2O)3]+ was observed during radio-HPLC analysis up to 10 min
run time (chromatogram not shown here). The radiochemical purity of
the final complex is 96 ± 0.9% (n = 3), suggesting that it is suitable to
use for in vitro and in vivo studies without further purification.



Fig. 1. (Step-I) shows formation of 2-Mercaptobenzimidazole in single step reaction. (Step-II, -III) shows formation of 99mTc-2-Mercaptobenzimidazole complex with high
purity observed.
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Electrophoresis and in vitro stability

The electrophoresis study presented in Fig. 3 highlights that the radio-
tracer has neutral nature which is more favorable to show high
Fig. 2.TheHPLC chromatograms show single peak at (a) retention time 5.007min for pu
MBI and (b) retention time 6.214 min for 99mTc-2-MBI, suggesting that one product for
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biocompatibility. In vitro stability study presented in Fig. 4 shows that
99mTc-2-MBI is stable in reaction mixture (0.9% saline) at room tempera-
ture up to 24 h with recorded >92% stability. At the same time, serum sta-
bility study also gives promising stability in mice serum for up to 24 h with
re 2-MBI, insetfigure showswhite crystalline powder and possible 3D-structure of 2-
med with >96% purity.



Table 1
X-ray powder diffraction data for d-distance and relative intensities (I/Io) of 2-
Mercaptobenzimidazole pattern.

2θ (degree) d (A°) I/Io (%)

14.8479 5.9764 1.92
23.6114 3.7650 2.03
28.4679 3.1328 1.90
32.2811 2.7709 2.37
43.5296 2.0774 3.19

Fig. 4. In vitro stability study of 99mTc-2-MBI shows promising stability of complex
in 0.9% saline and mice serum for up to 24 h.

Fig. 5. Cellular uptake of 99mTc-2-MBI in S180 cells under hypoxic and aerobic
conditions incubated for up to 6 h.
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greater than 93% stability retained, suggesting 99mTc-2-MBI exhibited good
in vitro stability.

Cellular uptake study

The cellular uptake potential of 99mTc-2-MBI complex in S180 cells as a
function of time was carried out under hypoxic and aerobic conditions as
illustrated in Fig. 5. The graph shows that the radiopharmaceutical has
greater potential to accumulate in cells under hypoxic exposure than the
cells incubated under aerobic condition, suggesting that 99mTc-2-MBI pos-
sess good hypoxia selectivity. Cellular uptake for hypoxic cells is signifi-
cantly and persistently higher for each time point than aerobic cells (p <
0.05).

Biodistribution study

The biodistribution pattern of 99mTc-2-MBI was performed in S180
tumor induced Balb/c mice models (three mice for each set; n = 3), for
each time interval i.e. 0.5 h, 4 h and 24 h the data is presented in Fig. 6a.
At each time point, the radiopharmaceutical was highly accumulated in
tumor tissues (11.17 ± 1.77, 12.94 ± 2.09, 9.95 ± 1.89%ID/g, respec-
tively) in comparison with normal muscle tissues. In reference to target/
non-target (T/NT) ratio, 99mTc-2-MBI showed highest tumor/muscle and
tumor/blood ratios at 24 h post-injection with T/NT = 4.14 ± 0.77 and
3.91 ± 0.63, respectively, showing 38% tumor uptake (Fig. 6b), which is
favorably high stability of 99mTc-2-MBI in tumor tissue. In case of normal
tissues, the radiopharmaceutical 99mTc-2-MBI showed high uptake in
lungs, liver and kidneys (8.21 ± 1.87, 12.63 ± 1.89 and 3.46 ± 0.63, re-
spectively) after 24 h incubation, suggesting that the drug havemetabolism
through hepatobiliary pathway and excreted through urinary pathway.
Furthermore, the less uptake of 99mTc-2-MBI in thyroid and stomach indi-
cating that no 99mTcO4

− was found in mice after administration of 99mTc-
labeled complex. To be a potential hypoxic tumor imaging agent, it is nec-
essary to show effective tumor uptake and high tumor-to-background ratio.
Also it should carry very less toxicity to normal cells and tissues. Blood sam-
ples pre- and post-injection of 99mTc-2MBI in mice models were collected
on slides and investigated under inverted microscope (Zeiss Primo Star),
imaging results showed normal shape and structure of blood cells with no
deformation in their biconcave shape as presented in Fig. 6c. This indicates
that 99mTc-2-MBI has no harmful and/or cytotoxicity effects on red blood
cell counts.
Fig. 3. The radio-chromatogram shows electrophoresis result indicating neutral nature o
negatively charged free 99mTcO4

− migrate toward anode.
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Metabolic stability study

The radio-HPLC analysis was further carried out for urine, blood and
liver samples to investigate the metabolic stability in vivo of 99mTc-2-MBI
as presented in Fig. 7. The complex remained intact in blood and urine sam-
ples (Fig. 7a, b), while in liver sample showed there was one metabolite
present just after the peak of 99mTc-2-MBI in radio-HPLC chromatogram
(Fig. 7c), indicating the hepatic metabolism of the radiopharmaceutical.
Greater than 80% complex was recovered in urine from mice models and
the complex was excreted unchanged.
f 99mTc-2-MBI complex as single peak observing at point of spotting, small amount of



Fig. 6. In vivo S180 tumor induced mice model study illustrated (a) the possible distribution pattern of 99mTc-2-MBI in normal tissues as well as (b) shows high uptake in
tumor tissue as compare to muscle tissue, while (c) cells image indicates biconcave shape of red blood cells. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Scintigraphy study

Scintigraphy imaging study was also performed to further investi-
gate the hypoxic tumor imaging potential of radiopharmaceutical in
Balb/c mice bearing S180 (hypoxic) tumor at 1 h post-
administration of intravenous injection of 200 μL (74 MBq) of 99mTc-
2-MBI. The static planar image was acquired at 1 h post-injection
showed high uptake of 99mTc-2-MBI in tumor tissue, left foreleg of
mice as compare to other body organs as shown in Fig. 8. The uptake
in liver is due to lipophilic nature of radiopharmaceutical (log P =
1.512) while less kidney uptake and high bladder uptake was in con-
sistent with biodistribution results and is indicating urinary excretion
pathway of 99mTc-2-MBI with no free 99mTcO4

− detected in mice after
injection. Region of interest (ROI) was drawn for getting tumor-to-
normal tissue ratio as 3.39 ± 0.38 (30.2% uptake). The scintigraphy
imaging results are consistent with biodistribution study results in
mice, indicating that 99mTc-2-MBI successfully possess more potential
as hypoxic tumor imaging agent and need further preclinical
investigations.

Discussion

Tissue hypoxia has been studied in medical oncology as it plays a key
role being prognostic marker concomitant with aggressive biological and
clinical phenotype [40]. Regardless of its occurrence in various pathologic
conditions such as stroke, myocardial ischemia and hypoxic imaging, it be-
coming much more advanced in oncological applications where its main
role is to predict therapeutic effectiveness and also assess overall prognosis
[41]. In order to diagnose tumor hypoxia, the oxygen concentration of solid
tumors need to be evaluated more precisely by utilizing both invasive and
non-invasive imaging techniques [42]. Imidazole functionality containing
compounds have a unique property to reduce themselves into reactive
Fig. 7.Metabolic stability analysis carried out by radio-HPLC s
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intermediary metabolites through intracellular reductases (a process di-
rectly related to extend of oxygenation or hypoxia). Furthermore, theseme-
tabolites interact with thiol groups of intracellular proteins via covalent
bond and then accumulate into viable hypoxic cells. However, when
these compounds labeled with radiotracers, can be imaged using PET/
SPECT and/or planar SPECT imaging modalities. Non-invasive techniques
detect tumor hypoxia level via serial imaging, which could facilitate in
gathering knowledge on disease status and treatment regime. A wide
range of PET/SPECT based radiotracers including 123I-IAZA, 99mTc-
HMPAO, 99mTc-2-nitroimidazole, 99mTc-BRUC59–21,and 99mTc-HL-91
have been successfully synthesized and evaluated in vivo in hypoxic
tumor bearing animal models as well as various types of tumor bearing pa-
tients [27–29].

In current study, we have successfully synthesized and radiolabeled novel
imidazole derivative i.e. 99mTc(CO)3(H2O)-2-Mercaptobenzimidazole by
using a simple, facile and reproducible method. The [99mTc(CO)3]+ core
being soft receptor preferably interacts with ligands having soft aromatic ni-
trogen and thiol donors [43,44]. The 99mTc-labeled complex was stable
in vitro and in vivo in murine carcinoma S180 cells with no noticeable de-
composition was observed even up to 24 h. The radiopharmaceutical
(99mTc-2-MBI) has significantly high renal clearance and observed to be in
consistent with other 99mTc-labeled renal agents including 99mTc-MAG3,
99mTcMAEC and 99mTc-EC [32]. It has been observed that 99mTc-2-MBI has
high uptake in S180 tumor bearing mice as well as tumor/muscle and
tumor/blood ratio were also found to be more challenging than other
99mTc-labeled imidazole based radiotracers reported in the literature
[20,21]. As per concern for the uptake of radiotracer in non-targeted tissues
and organs such as lungs, liver and intestine, our proposed radiotracer seems
to be much superior than others at 4 h post-injection [45,46]. To the best of
our knowledge and outcomes obtained frombiological evaluation, this radio-
tracer can be significantly use as a potential radiotracer for detection of tumor
hypoxia.
howing chromatograms (a) Urine (b) Blood and (c) Liver.



Fig. 8. Scintigraphic imaging study of 99mTc-2-MBI in S180 tumor induced Balb/c
mice model indicating high uptake in tumor site as compare to normal muscle.
The experiment was repeated thrice (n = 3).

S.F.A. Rizvi et al. Translational Oncology 13 (2020) 100854
Conclusion

In this study, 99mTc-(CO)3(H2O)-C7H4N2S (or 99mTc-2-MBI) complex
was successfully synthesized with high radiochemical purity. The 99mTc-
2-MBI holds neutral nature and good in vitro stability in saline and mice
serum. In vivo biological evaluation results in mice bearing S180 tumor
showed high selectivity and efficiency to accumulate in tumor tissue than
normal muscle tissue. The biodistribution and scintigraphy imaging studies
indicated that this radiopharmaceutical had evident tumor uptake and pro-
found target/non-target ratio (T/B, T/M), suggesting 99mTc-2-MBI could be
a potential radiotracer for early stage diagnosis of hypoxic tumor.
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