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Abstract The [99mTcN(PNP)]2? core offers a unique route

for the preparation of asymmetric 99mTc-complexes. Though

bidentate chelators such as dithiocarbamates are most

commonly used ligands in this approach, present study

explores the possibility of using a monodentate ligand, a

isocyanide derivative of metronidazole (MetroNC), for

preparing a 99mTcN(PNP) complex for detecting tumor

hypoxia. MetroNC could be prepared in good yield and

subsequently radiolabeled with [99mTcN(PNP)]2? precursor

complex prepared from [99mTcN]2? core and N-(2-meth-

oxyethyl)-2-(diphenylphosphino)-N-(2-(diphenylphos-

phino)ethyl)ethanamine (PNP2) ligand. Preliminary

biodistribution studies showed tumor uptake pattern similar

to previous studies wherein, about 75 % of the tumor

activity observed at 60 min post injection (p.i.) was still

found to remain in tumor at 180 min p.i.

Keywords Hypoxia � Metronidazole � Isocyanide �
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Introduction

Hypoxia is a condition where the tissue experience inade-

quate oxygen supply. Various physiological conditions

which can result in tissue hypoxia are diabetes, cardio-

vascular diseases, anaemia, cancer etc. [1]. Presence of

hypoxic region is one of the main reasons for the resistance

of tumor to radiotherapy and chemotherapy [2, 3] and

hence, detection of tumor hypoxia is currently a significant

clinical problem. Detection of hypoxia and its extent in

cancerous lesions can help physicians in patient selection

for hypoxia directed treatment and to plan a treatment

strategy for a better clinical outcome [3, 4]. In this direc-

tion, nitroimidazoles have received most attention as they

are known to undergo oxygen-dependent reduction and

accumulation in hypoxic tumor cells [5]. Several nitroim-

idazole-based radiopharmaceuticals using PET as well as

SPECT isotopes are reported for the detection of

tissue hypoxia [6–20]. Though, [18F]Fluoromisonidazole

([18F]FMISO) is currently the agent of choice for clinical

detection of tumor hypoxia, its use is limited by number of

PET centers and cyclotrons. Owing to a larger number of

SPECT centers, a 99mTc-radiopharmaceutical for this pur-

pose may find wider applicability. Though a number of
99mTc-labeled nitroimidazole-based agents have been pre-

pared and evaluated for detecting hypoxia [14–20], no

radiotracer has so far matched the pharmacokinetics of

[18F]FMISO, the gold standard in a clinical set-up. This

factor provided the necessary impetus for investigating

new 99mTc-labeled nitroimidazole radiotracer for targeting

tumor hypoxia.
99mTc labeling of biological vectors can be carried out

following different routes using [99mTcO]3?, [99mTcO2]?,

[99mTcN]2?, [99mTc(CO)3]? etc. [21–23]. Among various

approaches, use of [99mTcN]2? core and [99mTc(CO)3]?
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core are especially useful for radiolabeling molecules with
99mTc at low ligand concentration while yielding com-

plexes with high specific activity and in vivo stability [24,

25].

There are two general approaches for radiolabeling

molecules with [99mTcN]2? core [26–31]. While the first

approach involves two bidentate r-donor ligands such as

dithiocarbamates, xanthates, cysteine, etc., which form a

symmetrical [2 ? 2] complex [26–28], the second

approach makes use of a combination of ‘pseudotridentate’

r-donors p-acceptors diphosphinoamines (PNP) and

bidentate r-donor ligand (X–Y) forming an asymmetrical

complex via the formation of [99mTcN(PNP)]2? core [29–

33]. The [99mTcN(PNP)]2? core has two vacant coordina-

tion sites which can be occupied by the ligands having

suitable donor atoms. Bidentate ligands containing (–NH2,

–S), (–S, –S) and (–S, O) groups or atoms have been shown

to form stable complexes with [99mTcN(PNP)]2? core [30–

33].

Though 99mTc-complexes with isocyanide ligands, such

as [99mTc(MIBI)6]?, [99mTc(TBI)6]?, 99mTc-(4 ? 1) mixed

ligand complexes [19, 34–39], have been reported, use of

isocyanide ligands to prepare 99mTcN(PNP) complex had

not been explored. In the present study, we report the

synthesis of isocyanide derivative of metronidazole and its

use for the preparation of 99mTcN(PNP) complex. To the

best of our knowledge, this constitutes the first report on

the use of monodentate ligand such as isocyanide in

combination with PNP for the preparation of a
99mTcN(PNP) complex. Preliminary biological evaluation

of this complex is carried out in Swiss mice bearing

fibrosarcoma tumor and the result obtained are also

presented.

Experimental

Succinic dihydrazide, anhydrous pyridine, p-toluene sul-

fonyl chloride (p-TsCl) and anhydrous dichloromethane

were procured from Sigma Aldrich. Ethylformate was

purchased from M/s. S.D. Fine Chemicals, Mumbai.

Flexible silica gel plates used for thin layer chromatogra-

phy (TLC) were obtained from Bakerflex Chemical Com-

pany, Germany. HPLC analyses were carried out on a

JASCO PU 2080 Plus dual pump HPLC system, Japan,

with a JASCO 2075 Plus tunable absorption detector and a

Gina Star radiometric detector system, using a C18

reversed phase HiQ Sil column (5 lm, 4 9 250 mm). All

the solvents used were of HPLC grade and filtered prior to

use. IR spectra of the synthesized compounds were recor-

ded on JASCO-FT/IR-420 spectrometer, Japan. 1H NMR

spectra were recorded using 300 MHz Bruker Avance II,

spectrometer, Germany.

Synthesis

Synthesis of N-(2-(2-methyl-5-nitro-1H-imidazol-1-

yl)formamide) (1)

The compound 2-(2-methyl-5-nitro-1H-imidazol-1-yl)e-

thanamine hydrochloride (500 mg, 1.91 mmol) and tri-

ethylamine (482 mg, 4.77 mmol) was dissolved in

ethylformate (2 mL) and the reaction mixture was refluxed.

Upon completion of the reaction (Cf. TLC), excess ethyl-

formate was removed under vacuum and the crude product

was purified by silica gel column chromatography, eluting

with ethyl acetate, to obtain compound 1 [40]. Rf (ethyl

acetate) = 0.15. IR (neat, cm-1) 3243(s); 3122(m);

3044(m); 2912(w); 2852(w); 1674(s); 1518(s); 1464(s);

1428(s); 1386(s); 1357(s). 1H NMR (d ppm, CDCl3) 2.55

(s, 3H, –CH3), 3.68 (q, 2H, –CH2CH2NHCHO), 4.51 (t,

2H, –CH2CH2NHCHO), 7.98 (s, 1H, metronidazole-C4-H),

8.23 (s, 1H, –CH2CH2NHCHO).

Synthesis of 1-(2-isocyanoethyl)-2-methyl-5-nitro-1H-

imidazole [MetroNC] (2)

The synthesis of compound 2 from compound 1 was car-

ried out following a reported procedure [41]. To compound

1 (50 mg, 0.25 mmol) and dry pyridine (39 mg, 0.5 mmol)

dissolved in anhydrous dichloromethane (2 mL), p-TsCl

(57 mg, 0.3 mmol) was added and the mixture was stirred

at room temperature under nitrogen atmosphere. Upon

completion of the reaction (Cf. TLC), saturated NaHCO3

solution (10 mL) was added to the reaction mixture and

stirring was continued for another 2 h. The crude com-

pound was extracted with chloroform (3 9 10 mL) and

further purified by silica gel column chromatography

eluting with ethyl acetate. Rf (ethyl acetate) = 0.6. IR

(neat, cm-1) 3124(m); 3045(m); 2916(w); 2850(w);

2150(s); 1530(s); 1462(s); 1427(s); 1366(s); 1356(s). 1H

NMR (d ppm, CDCl3) 2.64 (s, 3H, –CH3), 3.92 (t, 2H,

–CH2CH2NC), 4.59 (t, 2H, –CH2CH2NC), 8.02 (s, 1H,

metronidazole-C4-H).

Radiolabeling

[99mTcN]2? intermediate was prepared by adding freshly

eluted Na99mTcO4 (750 lL, 37 MBq) to a mixture of

succinic dihydrazide (5 mg) and stannous chloride

(0.1 mg) in ethanol (250 lL), and incubating the reaction

mixture at room temperature for 30 min [30]. To this

intermediate, PNP2 ligand (2 mg) [29] was added and

incubated at room temperature for another 5 min. The

precursor complex [99mTcN(PNP)]2? thus prepared

(900 lL) was added to compound 2 (1 mg in 100 lL
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ethanol) and incubated at 100 �C for 30 min. The complex

thus obtained was analyzed by HPLC.

Quality control studies

HPLC

HPLC analysis was carried out using a C18 reversed phase

HiQ Sil column (5 lm, 4 9 250 mm) using the following

gradient elution method. Trifluoroacetic acid 0.1 % in

water (A) and trifluoroacetic acid 0.1 % in acetonitrile

(B) 0 min—90 % A; 28 min—10 % A, 30 min—90 % A.

About 15 lL of the test solution was injected into the

column for analysis. Flow rate was maintained at 1 mL/

min. The radiochemical purity (RCP) of the complex was

determined by peak area measurements from the

chromatogram.

Octanol–water partition co-efficient

The radiolabeled compound (0.1 mL, *3.7 MBq) was

mixed with double distilled water (0.9 mL) and n-octanol

(1 mL) on a vortex mixer for about 1 min and then cen-

trifuged (3500 g) for 5 min to effect clear separation of the

two layers. The n-octanol layer (0.8 mL) was withdrawn

and equal volume of fresh double distilled water was

added. The mixture was vortexed again and then cen-

trifuged as described above. Equal aliquots of the two

layers were withdrawn and measured for associated

radioactivity. The readings thus obtained were used to

calculate the LogPo/w of the complex.

Room temperature stability and cysteine challenge

The in vitro stability of the complex was checked by

incubating the complex at room temperature for 6 h and

evaluating the radiochemical purity using HPLC. The

MetroNC-[99mTcN(PNP)] complex was also challenged

with excess of cysteine to check the stability of the com-

plex in vivo. To the radiolabeled compound (18.5 MBq,

500 lL), 100 fold excess of cysteine was added and

incubated at 37 �C for 1 h. The complex was then analyzed

by HPLC to assess its RCP.

Serum stability

The radiolabled complex (1.85 MBq, 50 lL) was added to

250 lL of serum and incubated at 37 �C. About 100 lL of the

mixture was taken after 1 h and to that 100 lL of acetonitrile

was added to precipitate the serum proteins and centrifuged at

3500 g for 10 min. The supernatant was analyzed by HPLC to

check the stability of the complex in serum. After 6 h another

100 lL of the mixture was withdrawn and analyzed following

the procedure mentioned above.

Biodistribution studies

Biodistribution study of the radiolabeled compound was

carried out in Swiss mice bearing fibrosarcoma tumor. The

fibrosarcoma tumor was induced by injecting about 100 lL

of HSDM1C1 murine fibrosarcoma cells (*1 9 106 cells)

on the dorsum of the Swiss mice. About 14 days after

transplantation of the tumor cells, animals with tumor size in

Fig. 1 Synthesis scheme of

1-(2-isocyanoethyl)-2-methyl-5-

nitro-1H-imidazole

Fig. 2 HPLC profile of

a [99mTc(N)PNP]2? core and

b MetroNC-[99mTc(N)PNP]

complex
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the range 0.8–1.0 cm diameter were obtained. These animals

were used for biodistribution studies. Radioactive prepara-

tion (*3.7 MBq per animal in 100 lL volume) was injected

into the mice via lateral tail vein. After injections, the ani-

mals (n = 3) were incubated for different time intervals

(30 min, 60 min and 180 min). At the end of respective time

interval, the animals were sacrificed. The relevant organs/

tissue were excised, weighed and activity associated with

them were measured in a flat-bed type NaI(Tl) counter with

energy window set for 99mTc. Results were expressed as

percentage injected activity per gram of organ (%IA/g).

Results and discussion

The target compound, MetroNC (2) was synthesized in a

two step synthetic procedure shown in Fig. 1. MetroNC

could be prepared in good yield (*75 %) and it was

characterized by appropriate spectroscopic techniques.

Infra red spectrum of MetroNC showed a strong

absorption peak at 2150 cm-1 confirming the presence of

isocyanide group in the target compound. The 1H NMR

of the compound was consistent with the expected

structure. Subsequently, compound 2 was radiolabeled

with [99mTc(N)PNP]2? precursor complex and analyzed

by HPLC. The HPLC profile of [99mTc(N)PNP]2? pre-

cursor complex showed two peaks, a minor peak (25 %)

at 20.05 min and a major peak (75 %) at 27.52 min.

Upon incubating the intermediate [99mTc(N)PNP]2?

complex with MetroNC ligand, however, the two peaks

(at 20.05 and 27.52 min) disappeared completely and a

single sharp peak at 26.40 min, presumed to be that of

MetroNC-[99mTcN(PNP)] complex, was obtained

(Fig. 2a, b). Complete conversion of the two peaks rep-

resenting intermediate [99mTc(N)PNP]2? complex into a

single peak possibly indicates the presence of
99mTc(N)PNP-group common in them with the other two

coordination sites occupied by different labile ligands.

Upon incubation with MetroNC ligand, the labile ligands

may be replaced with MetroNC, thus forming the com-

plex which appeared as a single sharp peak. No attempt

was made, however, to establish the identity of the

individual peak representing [99mTc(N)PNP]2? complex.

The LogPo/w value of the complex, a measure of its

lipophilicity, was determined following a reported proce-

dure and it was found to be 1.1 [15]. The complex was

found to be stable at room temperature for 6 h. The com-

plex did not showed appreciable degradation upon incu-

bation with human serum for 1 h at 37 �C. However, about

22 % degradation was observed after 6 h under similar

conditions. Challenging studies with cysteine showed

*25 % decomposition with 100 fold excess cysteine. The

transchelation in the presence of excess of cysteine shows

that the complex formed using monodentate isocyanide

Table 1 Biodistribution pattern

of the complex in fibrosarcoma

bearing swiss mice

Organs %Injected activity (IA) per gram of organ

30 min 60 min 180 min

Blood 1.62 ± 0.12 0.75 ± 0.03 0.37 ± 0.04

Liver 18.53 ± 2.39 12.72 ± 2.42 10.26 ± 0.49

Intestine 16.89 ± 1.78 20.87 ± 0.63 22.16 ± 0.29

Kidney 3.08 ± 0.40 2.29 ± 0.15 1.13 ± 0.03

Heart 1.08 ± 0.05 0.96 ± 0.20 0.57 ± 0.06

Lungs 1.97 ± 0.49 1.71 ± 0.21 1.16 ± 0.42

Spleen 2.72 ± 0.46 2.34 ± 0.16 1.47 ± 0.16

Muscle 0.60 ± 0.21 0.53 ± 0.05 0.30 ± 0.06

Tumor 0.85 ± 0.07 0.66 ± 0.05 0.50 ± 0.04

Tumor to blood ratio 0.53 ± 0.04 0.89 ± 0.08 1.36 ± 0.14

Tumor to muscle ratio 1.5 ± 0.39 1.3 ± 0.06 1.68 ± 0.13

Fig. 3 Uptake and retention of complex in tumor
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group is not very stable in the presence of excess of

bidentate cysteine molecule.

Biological evaluation of MetroNC-[99mTcN(PNP)] com-

plex was carried out in Swiss mice bearing fibrosarcoma

tumor. The uptake of complex in tumor and different organs/

tissue is summarized in Table 1. The complex showed an

initial tumor uptake of 0.85 (0.07) %IA/g at 30 min p.i.

which reduced to 0.66 (0.05) %IA/g at 60 min p.i. Clearance

of activity from tumor was slow after 60 min p.i., with only

25 % of the tumor activity observed at 60 min p.i. cleared at

180 min p.i. [Figure 3]. Comparison of results obtained for

MetroNC-[99mTcN(PNP)] complex with the previously

reported 99mTcN-metronidazole complexes is summarized

in Table 2. Among these, the 99mTc-MNZ-xanthate deriva-

tive [42] and 99mTcN-metronidazoleDTC1 [43] showed

tumor uptake of 1.36 (0.29) %IA/g at 180 min p.i. and 1.0

(0.2) %IA/g at 240 min p.i. respectively. However another

derivative of metronidazole with a piperazine linker, radio-

labeled with [99mTcN]2? core (99mTcN-metronida-

zoleDTC2) [43] showed only 0.4 (0.1) %IA/g tumor uptake

at 240 min p.i. with fast clearance from blood via hepato-

biliary pathway due to its more lipophilic nature (LogPo/

w * 0.7). In the present study, in line with the aforemen-

tioned findings, the MetroNC-[99mTcN(PNP)] complex

showed a fast clearance from blood through the hepatobil-

iary system, which could be due to its more lipophilic nature

(LogPo/w * 1.1). Though the tumor uptake of MetroNC-

[99mTcN(PNP)] complex was lower than 99mTc-MNZ-xan-

thate and 99mTcN-metronidazoleDTC1, fast clearance of

activity from blood resulted in better tumor to blood ratio

compared to previously reported 99mTcN-metronidazole

complexes (Table 2). For hypoxia imaging agents, adequate

lipophilicity is essential for entry of the radiotracer into the

cell by passive diffusion and subsequently be retained in

blood for sufficient period of time. A radiotracer that clears

slowly from blood gets sufficient time to distribute better in

tumor by passive diffusion along the concentration gradient

between blood and intracellular environment of tumor [18].

Observed fast clearance from blood may be contributing to

lower uptake in tumor for the present complex.

The tumor to blood ratio and tumor to muscle ratio

obtained with the present complex are shown in Fig. 4. It

could be observed that the tumor to blood ratio increased

from 0.5 (0.04) at 30 min p.i. to 1.36 (0.14) at 180 min p.i.

and the tumor to muscle ratio remained almost constant at

*1.4 throughout the period of study.

Table 2 Comparison of biological characteristics of MetroNC-[99mTcN(PNP)] derivative with earlier reported 99mTcN-metronidazole

complexes

Complex 99mTc-MNZ-xanthate 99mTcN-metronidazoleDTC1 99mTcN-metronidazoleDTC2 MetroNC-[99mTcN(PNP)]

Probable structure

99mTc

N

S

S
R

S

S
R

O N N

O2N

R =

99mTc

N

S

S
R

S

S
R

N
H

N N

O2N

R =

99mTc

N

S

S
R

S

S
R

N N N

O2N

NR =

99mTc
P

N

Ph
Ph

PPh
Ph

R1

R2

OMe

R1 and/or R2 = N N

O2N

CN

N

Tumor (%IA/g) 1.36 ± 0.29 1.00 ± 0.20 0.40 ± 0.10 0.5 ± 0.04

Time p.i. (min) 180 240 240 180

Tumor/blood 0.62 1.15 ± 0.32 0.28 ± 0.07 1.36 ± 0.14

Tumor/muscle 3.32 2.43 ± 0.75 1.50 ± 0.37 1.68 ± 0.13

Reference 42 43 43 Present study

Fig. 4 Variation in tumor/muscle ratio and tumor/blood ratio with

time
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The distribution of activity in other organs is shown in

Table 1. A small fraction of the injected activity was

excreted through renal route. Activity associated with other

vital organs like heart, lungs and spleen showing 1.08

(0.05) % IA/g, 1.97 (0.49) %IA/g and 2.72 (0.46) %IA/g

respectively at 30 min p.i. which cleared with time.

Conclusion

Metronidazole isocyanide derivative was synthesized and

subsequently radiolabled with [99mTc(N)PNP]2? precursor

complex. Present study, probably, may be the first of its

kind where a monodentate isocyanide ligand was used in

combination with PNP ligand for the preparation of a
99mTcN(PNP) complex. Preliminary studies indicated the

formation of a MetroNC-[99mTcN(PNP)] complex with

high radiochemical purity. Observations derived from

in vivo distribution studies of the radiotracer in tumor

bearing mice shows that although the tumor to blood ratio

was better at 180 min p.i., the uptake of activity in liver

and intestine was high. The in vivo pharmacokinetics

of the complex can be probably improved by envisaging

a similar radiotracer using bis[(diethoxypropylphos-

phanyl)ethyl]ethoxyethylamine (PNP6) instead of PNP2

[33] wherein the ether linkages present in PNP6 is expected

to be metabolized faster in liver leading to reduced uptake

in liver.
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