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Abstract Apoptosis is one of the fundamental phenomena

behind successful radiation and chemotherapy treatments.

Non-invasive imaging of apoptosis can offer an early

diagnosis of disease and the true efficiency of an ongoing

treatment procedure. The present study describes an

attempt to develop 99mTc-labeled 2-methyl-2-pentyl-

malonic acid ([99mTc] 8) as a new SPECT based apoptosis

imaging agent. An optimized chemical and radiosynthesis

procedure provided desired product [99mTc] 8 with high

radiochemical yield (84%, n = 3) and radiochemical purity

([99%) as determined by radio HPLC. Biodistribution data

indicated that the radiotracer has a rapid clearance from

blood and other background tissues. High testes accumu-

lation confirmed the ability of the radiotracer to detect

testicular apoptosis in mice.

Keywords 99mTc-labeling � SPECT imaging �
Biodistribution � Apoptosis

Introduction

Apoptosis is an organized fundamental energy dependent

cell death process that is triggered by internal or external

signals [1]. The possible triggers include anti-hormonal

therapy [2], immune reaction [3], radiation exposure,

chemotherapy [4] and an abandonment of the growth factor

[5]. The process involves a contraction of cytoplasm [6],

protein cleavage [7], membrane blebbing, cutting of the

intracellular components and formation of apoptotic bodies

[8]. Normally, apoptosis plays key role in homeostasis,

regulation of the immune system, embryogenesis, hormone

dependent atrophy and normal cell turnover [9]. However,

an abnormality in the process of cell death can be a factor

in many medical conditions, including neurodegenerative

disease, cancer development, viral or toxin induced hep-

atitis, bone marrow or organ transplant rejection, HIV,

diabetes, or cardiovascular disease [10]. Many anti-cancer

and therapeutic drugs are designed on the basis of the

apoptotic cell death mechanism and their efficiency can be

estimated by monitoring the ongoing apoptosis rate in the

targeted organ [11]. Hence, molecular imaging of apoptosis

using single positron emission computed tomography

(SPECT) or positron emission tomography (PET), can

offer an early detection of the cancer, monitoring the

staging of the cancer, effectiveness of ongoing treatment

procedures and the development of novel drugs to initiate

or inhibit apoptosis [12]. The exposure of phos-

phatidylserine (PS) to an external cellular environment is

one of the hallmarks of apoptosis [13, 14] which can be

detected through radio-labeled annexin-V. Annexin-V

(molecular weight = 36 kDa) is a Ca2? dependent phos-

pholipid binding protein that has high affinity for phos-

phatidylserine [15]. Annexin-V labeled with 123/124I, 18F,

and 99mTc has been extensively studied for SPECT or PET
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based imaging of apoptosis [16]. 99mTc-labeled annexin-V

has been used for the SPECT based detection of diverse

medical disorders, such as acute cardiac rejection,

myocardial infarction [17], organ transplant rejection

studies [18], monitoring therapeutic effects of many anti-

cancer drugs [19–22], chemotherapy effects, and the

detection of cardiomyocyte death [23]. However, this

radiolabeled protein has displayed some serious limita-

tions, including a low clearance rate owing to the large

structure, high kidney and liver uptakes and binding to

apoptotic as well as necrotic cells [24]. Hence, 99mTc-la-

beled annexin-V is not specific and true imaging agent for

apoptosis detection [25].

Recently, [18F] ML-10 (2-(5-[18F]fluoropentyl)-2-methyl

malonic acid) was synthesized and used for PET based

imaging of apoptosis [26, 27]. [18F] ML-10 displayed many

advantages as compared with 99mTc-labeled Annexin-V,

including the selective binding to apoptotic cells versus

necrotic cells, the detection of early apoptosis, intracellular

accumulation causing a high signal to background ratio,

excellent pharmacokinetics and excretion profiles. More-

over, seven clinical trials are in progress to show its potential

as a specific apoptosis imaging agent [28]. Herein, we are

introducing 99mTc-labeled 2-methyl-2-pentylmalonic acid

([99mTc] 8), which is a structural analog of [18F] ML-10, for

SPECT based apoptosis imaging. The major advantage of

[99mTc] 8 is that it can be synthesized using a low cost pro-

cedure without the need of a cyclotron facility. Moreover,
99mTc is a well-established radionuclide with a favorable half

life (t1/2 = 6 h) and suitable gamma energy (E = 141 keV)

[29]. The apoptosis imaging will be possible on easily

available SPECT modality [30, 31]. In this report, we present

a complete synthesis procedure of 99mTc-labeled 2-methyl-

2-pentylmalonic acid ([99mTc] 8) and biodistribution study to

test its efficiency as a specific apoptosis imaging agent.

Experimental

Materials and instruments

All chemicals were purchased from Sigma-Aldrich Korea.

Chemicals were analytically pure and used without further

purification. All column chromatography purifications were

performed using high purity silica gel (40–60 lm). 13C and
1H NMR spectra were acquired on JEOL NMR spectrometer

(500 MHz) using dimethyl sulfoxide (DMSO-d6) and chlo-

roform-d (CDCl3) as a solvent. The chemical shifts (d) were

reported in the units of parts per million (ppm) by using

tetramethylsilane (0.0 ppm) as an internal standard. The

abbreviations used for splitting patterns were as follows:

singlet (s), doublet (d), doublet of doubles (dd), and multiplet

(m). For quality control, HPLC analysis of products were

carried out using Agilent Technologies 1290 HPLC system

equipped with Eclipse XDB-C18 column (5 lm,

4.6 9 250 mm). For the purification of products, Agilent

Technologies 1260 preparative HPLC system was used.

Preparative HPLC system was equipped with Eclipse XDB-

C18 column (7 lm, 21.2 9 150 mm). Agilent ESI-TOF was

used for mass spectroscopy. 99Mo/99mTc generator

(280 mCi) was supplied by Samyoung Unitech Co., Korea.

Synthesis of 2-methyl-2-pentylmalonic acid

Synthesis of 5-hydroxypentyl-4-methylbenzenesulfonate (1)

Compound 1,5-pentanediol (1.0 g, 9.5 mmol), N,N-Diiso-

propylethylamine (1.8 g, 13.9 mmol) and methylbenzene-

sulfonyl chloride (1.8 g, 9.5 mmol) were sequentially

dissolved in chloroform at 20 �C. The reaction was carried

out at room temperature for 4 h and then quenched by

adding 1.0 M aqueous acetic acid. The crude product was

extracted with 50 mL of chloroform, the extracts were

dried over magnesium sulfate (MgSO4) and excess amount

of solvent was removed under reduced pressure. The crude

product was purified using silica gel column (hexane/ethyl

acetate = 7:3) to give compound 1 as a colorless oil (1.7 g,

70%). 1H NMR (500 MHz, CDCl3) d 7.73 (d, 2H), 7.38 (d,

2H), 4.06 (t, 2H), 3.57 (t, 2H), 2.45 (s, 3H), 1.72–1.61 (m,

2H), 1.54–1.46 (m, 2H), 1.42–1.35 (m, 2H); 13C NMR

(125 MHz, CDCl3) d 144.8, 133.05, 129.9, 127.9, 70.62,

62.48, 31.85, 28.65, 23.70, 21.75; HRMS ([M?H]?) cal-

culated for C12H19O4S?: 259.0968; found 259.0969.

Synthesis of 5-azidopentan-1-ol (2)

Compound 1 (1.5 g, 5.8 mmol) and sodium azide (1.13 g,

17.4 mmol) were dissolved in 10 mL of dry dimethylfor-

mamide (DMF). The reaction mixture was stirred for 2 h at

100 �C. After cooling down to room temperature, the crude

product was diluted with ethyl acetate and then washed

with distilled water. The combined organic phase, dried

over MgSO4 and solvent was removed under reduced

pressure. The crude product was purified using silica gel

column (hexane/ethyl acetate = 5:5) to give pure product 2

as a light yellow oil (0.64 g, 85%). 1H NMR (500 MHz,

CDCl3) d 3.68 (t, 2H), 3.22 (t, 2H), 1.69–1.64 (m, 2H),

1.57–1.50 (m, 2H), 1.42–1.36 (m, 2H); 13C NMR

(125 MHz, CDCl3) d 62.955, 50.622, 31.858, 28.653,

22.058; HRMS ([M?H]?) calculated for

C5H12N3O?:130.0937; found 130.0939.

Synthesis of 5-azidopentyl 4-methylbenzenesulfonate (3)

Pyridine (0.73 g, 9.37 mmol) and 4-methylbenzenesul-

fonyl chloride (1.3 g, 6.9 mmol) were added to a stirred
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solution of compound 2 (0.60 g, 4.65 mmol) in chloroform

(15 mL). The reaction was carried out at room temperature

for 5 h. After the reaction was completed, the crude pro-

duct was diluted with dichloromethane (DCM) and then

washed with deionized water. The combined organic

phase, was dried over MgSO4 and solvent was removed

under reduced pressure. The crude product was purified

using silica gel column (hexane/ethyl acetate = 8:2) to

give product 3 (0.97 g, 75%) as a colorless oil. 1H NMR

(500 MHz, CDCl3) d 7.76 (d, 2H), 7.38 (d, 2H), 4.07 (t,

2H), 3.25 (t, 2H), 2.45 (s, 3H), 1.67–1.62 (m, 2H),

1.59–1.50 (m, 2H), 1.40–1.34 (m, 2H); 13C NMR

(125 MHz, CDCl3) d 144.9, 133.05, 129.7, 127.9, 70.24,

51.20, 28.59, 28.46, 22.76, 21.73; HRMS ([M?H]?) cal-

culated for C12H18 N3O3S?:284.1024; found 284.1027.

Synthesis of diethyl 2-methyl-2-(5-azidopentyl) malonate (4)

To the solution of compound 3 (0.83 g, 2.9 mmol) and

diethyl methylmalonate (0.5 g, 2.9 mmol) in dry

dimethylformamide (10 mL), reagent sodium hydride

(0.23 g, 5.8 mmol, 60% in mineral oil) was added under

nitrogen gas atmosphere at 0 �C. The reaction mixture was

stirred at 0 �C for 30 min, warmed to room temperature

and then subjected to stirring at 50 �C for additional 5 h.

The reaction was quenched by the addition of 1 M HCl and

the crude product was extracted with diethyl ether. The

combined organic layer was dried over magnesium sulfate

and solvent removed under reduced pressure The crude

product was purified using a silica gel column (ethyl

acetate/hexane = 1:9) to give product 4 (0.5 g, 60%). 1H

NMR (500 MHz, CDCl3) d 4.15 (q, 4H), 3.23 (t, 2H),

1.83–1.76 (m, 2H), 1.62–1.54 (m, 2H), 1.36 (s, 3H, Me)

1.39–1.29 (m, 2H), 1.25–1.16 (m, 2H), 1.19 (t, 6H); 13C

NMR (125 MHz, CDCl3) d 172.4, 61.2, 53.6, 51.3, 35.3,

28.6, 27.0, 23.9. 19.9, 14.1; HRMS ([M?H]?) calculated

for C13H24 N3O4
?:286.1601; found 286.1602.

Synthesis of diethyl 2-(5-aminopentyl)-2-methylmalonate (5)

Compound 4 (0.5 g, 1.7 mmol), triphenylphosphine (0.7 g,

2.55 mmol) and water (0.31 g, 17 mmol) were dissolved in

10 mL of tetrahydrofuran (THF). The reaction mixture was

stirred at 50 �C for 36 h. After the reaction was completed,

the crude product was diluted with chloroform and washed

with distilled water. The combined organic phase was dried

over magnesium sulfate and purified using silica gel col-

umn (Ethyl acetate/Methanol/triethylamine = 40/4/1) to

give pure product 5 (0.4 g, 88%). 1H NMR (500 MHz,

CDCl3) d 4.16 (q, 4H), 2.67 (t, 2H), 1.82–1.75 (m, 2H),

1.63–1.55 (m, 2H), 1.36 (s, 3H, Me) 1.38–1.29 (m, 2H),

1.24–1.16 (m, 2H), 1.18 (t, 6H); 13C NMR (125 MHz,

CDCl3) d 172.5, 61.1, 53.6, 41.9, 35.4, 33.0, 27.1, 24.1,

19.8, 14.1; HRMS ([M?H]?) calculated for C13H26NO4
?:

260.1817; found 260.1818.

Synthesis of diethyl 2-(5-(bis(pyridin-2-

ylmethyl)amino)pentyl)-2-methylmalonate (6)

To a solution of compound 5 (0.25 g, 0.964 mmol) in

10 mL of acetonitrile, 2-bromomethyl pyridine hydrobro-

mide (1.24 g, 4.9 mmol) and triethylamine (0.974 g,

9.6 mmol) were added gradually. The reaction mixture was

heated to reflux for 15 h. After the completion of reaction,

acetonitrile was removed under reduced pressure and crude

product was purified by using a silica gel column (Ethyl

acetate/triethylamine = 40/1) to give pure product 6

(0.27 g, 65%). 1H NMR (500 MHz, CDCl3) d 8.45 (d, 1H),

7.66 (t, 1H), 7.47 (d, 1H),7.16 (t, 1H), 4.14 (q, 4H), 3.77 (s,

2H), 2.47 (t, 2H), 1.82–1.75 (m, 2H), 1.53–1.43 (m, 2H),

1.31 (s, 3H, Me) 1.38–1.29 (m, 2H), 1.24–1.16 (m, 2H),

1.18 (t, 6H); 13C NMR (125 MHz, CDCl3) d 172.5, 159.9,

148.8, 136.5, 122.9, 122.0, 61.1, 60.4, 54.3, 53.6, 35.4,

27.6, 27.2, 24.1, 19.8, 14.1; HRMS ([M?H]?) calculated

for C25H36N3O4
?:442.2661; found 442.2662.

Synthesis of 2-(5-(bis(pyridin-2-ylmethyl)amino)pentyl)-2-

methylmalonic acid (7)

Sodium hydroxide (2 M, 5 mL) was added to a solution of

diethyl 2-(5-(bis(pyridin-2-ylmethyl)amino)pentyl)-2-

methylmalonate 6 (0.25 g, 0.56 mmol) in ethyl alcohol

(5 mL). The reaction mixture was heated to 75 �C under

constant stirring. After 2 h, the reaction was stopped and

pH of the reaction mixture was adjusted to 4 by adding 2 M

HCl. The compound was extracted with chloroform and

purified by a preparative HPLC (flow rate: 10 mL/min,

HPLC solvents: 0.1% formic acid in acetonitrile (solvent

B) and 0.1% formic acid in water (solvent A), eluents

gradient: 0–2 min: 100%A/0%B; 2–13 min: a linear gra-

dient to 50%A/50%B from 100%A/0%B; 13–25 min: a

linear gradient to 5%A/95%B from 50%A/50%B;

25–30 min: a linear gradient to 0%A/100%B from 5%A/

95%B, Rt = 18.51 min) to give pure compound 7 (0.175 g,

70%). 1H NMR (500 MHz, CDCl3) d 8.5 (d, 1H), 7.7 (t,

1H), 7.5 (d, 1H),7.19 (t, 1H), 3.9 (s, 2H), 2.6 (t, 2H),

1.85–1.65 (m, 2H), 1.65–1.45 (m, 2H), 1.4 (s, 3H, Me),

1.35–1.15 (m, 2H); 13C NMR (125 MHz, CDCl3) d 172.5,

160.0, 148.8, 136.6, 122.9, 122.0, 60.4, 54.4, 53.6, 35.5,

27.6, 26.9, 24.2, 19.8; HRMS ([M?H]?) calculated for

C21H28N3O4
?:386.1035; found 386.1036.

Synthesis of compound (8)

The precursor [Re(CO)3(H2O)3]? was synthesized according

to published method [31] by using commercially available
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bromopentacarbonylrhenium. Compound 7 (0.05 g,

0.13 mmol) and equimolar amount of [Re(CO)3 (H2O)3]?

in 1 mL of saline was transferred to a 5 mL glass vial. The

reaction mixture was purged with nitrogen gas and vial was

sealed. The reaction mixture was stirred at 95 �C for 1 h.

After cooling down to room temperature, the crude pro-

duct was purified by preparative HPLC (flow rate: 10 mL/

min, HPLC solvents: 0.05 M TEAP (tetraethyl ammo-

nium phosphate) buffer (solvent B) and methanol (solvent

A), eluents gradient: 0–5 min: 0%A/100%B; 5–8 min: a

linear gradient to 25%A/75%B from 0%A/100%B;

8–11 min: a linear gradient to 35%A/65%B from 25%A/

75%B; 11–30 min: a linear gradient to 0%A/100%B from

35%A/65%B, Rt = 19.53 min) to give pure compound

Re(CO)3-[2-(5-(bis(pyridin-2-ylmethyl) amino)pentyl)-

2-methylmalonicacid] (8) (0.07 g, 81%). 1H NMR

(500 MHz, CDCl3) d 8.81 (d, 1H), 7.71 (dd, 1H), 7.47 (d,

1H),7.20 (dd, 1H), 4.08 (s, 2H), 2.49 (t, 2H), 1.90–1.82

(m, 2H), 1.63–1.55 (m, 2H), 1.40 (s, 3H, Me), 1.31–1.20

(m, 2H); HRMS ([M?H]?) calculated:657.0422; found

657.0421.

Radiosynthesis of compound [99mTc] 8

The intermediate precursor [99mTc(CO)3(H2O)3]? was

synthesized according to the published procedure [35]. The

pH of the [99mTc(CO)3(H2O)3] ? was adjusted to 7.0 using

1 M HCl. To a solution of compound 7 (1.0 mg, 100 lL)

in saline, a freshly prepared [99mTc (CO)3(H2O)3]?

(6.04 m Ci, 500 lL) was added. The reaction mixture was

sealed in glass vial and heated to 95 �C for 30 min. After

cooling down to room temperature, the crude product was

purified by preparative HPLC to give the desired product

[99mTc] 8. The preparative HPLC solvent gradient was

same as that of the product 8 and the retention time of

radiolabeled compound was 20.41 min. Radiochemical

yield and radiochemical purity of radiotracer was deter-

mined by radio HPLC system. The data were reported as an

average of three independent experimental results.

Serum stability of radiolabeled compound [99mTc] 8

To the 500 lL of human serum, 50 lL of [99mTc] 8

(0.022 mCi) was added and the mixture was incubated at

37 �C for 12 h. An aliquot 100 lL was drawn at different

time points (0.5, 2, 6, and 12 h) and added to 100 lL of

acetonitrile to precipitate the serum protein. The mixture was

centrifuged at 4000 rpm, at 5 �C for 5 min and serum protein

was removed. The radiochemical stability of labeled product

was determined by analyzing supernatant using radio HPLC.

All animal experimental procedures were approved by the

Institutional Animal Ethical Committee and performed

according to the guidelines prescribed by the committee.

Measurement of partition coefficient (log P) value

A pure solution of [99mTc] 8 in saline (20 lCi, 100 lL)

was added to the mixture of deionized water (3.9 mL) and

n-octanol (4 mL). The mixture was transferred into 50 mL

separating funnel and was shaken for 10 min. The organic

and aqueous phases were allowed to separate. Equal vol-

umes of aqueous and organic layers were collected in

separate measuring vials and the radioactivity of each vial

was measured using a gamma counter. The partition

coefficient (P = radioactivity in octanol/radioactivity in

water) was reported as log P plus standard deviation based

on the results of three measurements.

Formulation of [99mTc] 8

The crude product ([99mTc] 8) was purified by using

preparative HPLC. A fraction containing the desired radi-

olabeled product was diluted with deionized water

(35 mL). The diluted product was loaded with a precon-

ditioned SepPak C18 cartridge. The product trapped in the

cartridge was flushed with 0.5 mL of ethanol and the

product in ethanol was diluted with 4.5 mL of saline for

in vivo experiment.

Biodistribution study

Total 30 ICR male mice (6-week old) were purchased from

Orientbio Co., Ltd (Jeonbuk, Korea Republic). ICR mice

were randomly divided into five groups (five animals per

group). Each mice was injected with an aqueous solution of

[99mTc] 8 (100 lL, 1 lCi) through the tail vein. At given

time point (10, 30, 60, 120, and 360 min) five mice were

sacrificed under anesthesia, the blood and the organs of

interest (brain, lungs, heart, liver, kidneys, spleen, testes

and intestines) were collected. The collected blood and

organs were weighed and the accumulated radioactivity

was measured by using a gamma counter. The final

biodistribution data were reported in terms of the per-

centage injected dose per gram of organ or blood (%ID/g).

All animal experimental procedures were approved by the

Institutional Animal Ethical Committee and performed

according to the guidelines prescribed by the committee.

Results and discussion

Results of synthesis and radiosynthesis

The desired radiotracer, 99mTc-labeled 2-methyl-2-pentyl-

malonic acid ([99mTc] 8) was synthesized via a multi-step

procedure as described in Schemes 1 and 2. The precursor

2-(5-(bis(pyridin-2-ylmethyl) amino)pentyl)-2-methyl
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malonic acid (7) was designed with bis(pyridin-2-ylmethyl)

amine (BPA) as a tridentate ligand. BPA is lipophilic ligand

and in vivo biodistribution of radiotracer largely depends

upon structure and the lipophilicity of the chelating ligand

[31, 32]. Moreover, the coordination chemistry of BPA

is thoroughly established, it can form a very stable complex

with 99mTc (CO)3 [31] against trans-chelation by

other ligands in vivo [33].Compound 8 was synthesized

and characterized for the confirmation of the desired radi-

olabeled product [99mTc] 8. [99mTc(CO)3(H2O)3]? precur-

sor was synthesized with high radiochemical yield

(93–95%) as determine by radio HPLC and used without

further purification. Ligand 7 was heated with precursor

[99mTc(CO)3(H2O)3]? for 30 min to get desired product

[99mTc] 8. Purification of crude product [99mTc] 8 was

carried out by using preparative radio HPLC. The retention

time of product [99mTc] 8 was 20.41 min as compared with

standard compound 8 (Rt = 19.53 min). The radiochemical

yield of compound [99mTc] 8 was 84% (n = 3) and the

radiochemical purity was more than 99%, as determined by

radio HPLC (Fig. 1).

Results of serum stability of [99mTc] 8

Radiotracer showed excellent stability in human serum

under physiological conditions. The radiochemical purity

of [99mTc] 8 was[99% after 12 h incubation (Fig. 2). The

results indicated that the radiotracer was suitable for

in vivo biodistribution study.

Results of partition coefficient (log P)

The partition coefficient (log Po/w) of [99mTc] 8 is

-1.78 ± 0.4, suggesting that the complex has low

lipophilicity [41]. It can be seen that the 99mTc-chelateion

and charge have a significant effect on the log Po/w value of

the labeled compound [99mTc] 8. The low partition coef-

ficient is also associated with lower retention of radiola-

beled complex in the blood and other background tissues

[39].

Results of biodistribution study of [99mTc] 8

The biodistribution data of [99mTc] 8 in terms of percentage

injected dose per gram (% ID/g) are summarized in Table 1.

After an intravenous injection, the [99mTc] 8 was distributed

throughout the body and did not show specific uptake in any

internal organ. The compound showed rapid clearance from

blood pool towards the kidneys. High uptake in the kidneys

indicates excretion of the radiotracer via urine [40]. The

organs including heart, spleen, lungs, and liver showed an

uptake during initial time point that decreased quickly with

the passage of time. The fast blood clearance and low

accumulation of radioactivity in normal tissues is related to

the structure and hydrophilic nature of radiotracer [42].
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Scheme 1 Synthesis of ligand 7 (a) 4-methylbenzenesulfonyl chlo-

ride, N,N-Diisopropyl ethyl amine, chloroform, room temperature,

4 h; (b) DMF (dimethylformamide), sodium azide, 100 �C, 2 h; (c) 4-

methylbenzenesulfonyl chloride, pyridine, chloroform, room

temperature, 5 h; (d) diethyl methylmalonate, sodium hydride,

dimethylformamide, 50 �C, 5 h; (e) triphenylphosphine, H2O,

tetrahydrofuran, 50 �C, 36 h; (f) 2-bromomethyl pyridine, triethy-

lamine, reflux, 15 h; (g) 2 M NaOH, 75 �C, 2 h
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These results also confirmed in vivo stability of complex

towards re-oxidation [43].The low brain uptake values

(0.04 ± 0.21%ID/g after 10 min and 0.02 ± 0.15%ID/g

after 360 min) suggested that the radiotracer could not cross

the blood brain barrier because of low lipophilicity [38].

Previously reported radioiodinated analog of ML-10 showed

high lipophilic character. The uptake in the blood and other

non specific tissues was quite high. These radiotracers could

not be used for SPECT based apoptosis imaging because of

the high background signal [34, 38]. However, [99mTc] 8

showed a better biodistribution profile as compared with

radioiodinated analogs. The high accumulation of radio-

tracer in the kidneys may restrict its use in the kidneys,

however, low hepatobiliary excretion would be helpful to

M

N
N

N
CO

OC

OC
R

h
R=

8

M= 99mTc / Re

HO OH

OO

N

N

N

7

HO OH

OO

Scheme 2 Synthesis and proposed structure of 99mTc-labeled 2-methyl-2-pentylmalonic acid [99mTc] 8 and standard compound 8 (h) [99mTc/Re

(CO)3(H2O)3]?, 95 �C, 0.5 or 1 h

Fig. 1 Radio-HPLC chromatogram (a) crude product [99mTc] 8, (b) purified product [99mTc] 8, (c) purified product 8

212 J Radioanal Nucl Chem (2017) 313:207–215

123



identify intestinal tumors [36].The PET imaging and

biodistribution study using [18F] ML-10 on healthy male

mice showed a high uptake of radiotracer in the testes as

compared with normal tissue such as leg muscle. This is

because the cellular apoptosis is a constant feature in the

adult male mice testes [38]. Even a fluorescent dye labeled

ML-10 analog showed high uptake in testes and visualization

of testicular apoptosis was demonstrated [37]. Recently,

testes uptake for radioiodinated analog of ML-10 was cal-

culated to determine its efficiency to detect testicular apop-

tosis [38]. Keeping in the view, the uptake values of [99mTc]

8 in testes were determined and compared with uptake values

in leg muscle. High testes uptake (0.71 ± 0.25%ID/g) was

observed at initial time point and the value was 2.5-fold

higher than that of normal muscle (Fig. 3). The maximum

testicular uptake (0.85 ± 0.14%ID/g) was observed at

Fig. 2 Radio-HPLC chromatogram of product [99mTc] 8 for in vitro stability at (a) 0.5 h (b) 2 h (c) 6 h and (d) 12 h
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120 min post injection and the ratio between testicular to

muscular uptakes was also quite high (3.7). These results

confirmed the ability of radiotracer ([99mTc] 8) to detect

cellular apoptosis in vivo [38].

Conclusions

In this study, the radiosynthesis and initial biological

evaluation of 99mTc-labeled 2-methyl-2-pentylmalonic acid

[99mTc] 8 was reported. Radiotracer was synthesized with

high radiochemical yield and radiochemical purity.

Biodistribution study in healthy male mice showed better

results as compared with radioiodinated analogs. The

radiotracer demonstrated fast blood clearance and high

uptakes in the testes as compared with normal muscle. The

results warrant further study.
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