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ABSTRACT 

 
Carbon-11 (

11
C) is an attractive radionuclide used in positron emission tomography (PET) since carbon 

is a ubiquitous element in biomolecules. Positron emitter-labeled amino acids are being widely used as 

indicators of tumor activity due to enhanced expression of amino acid transporter systems in cancer 

cells. L-[Methyl-(
11

C)]Methionine or [
11

C]Methionine is being used in neuro-oncology and, unlike      

2-[
18

F]fluoro-2-deoxy-D-glucose (
18

FDG), gives more contrast images and improves brain tumor 

diagnosis. The aim of this work was to develop the synthesis and quality control of [
11

C]Methionine at 

the Radiopharmaceuticals Research and Production Facility (UPPR) of CDTN/CNEN. The synthesis 

of [
11

C]Methionine was performed using two Sep-Pak tC18 plus cartridges one as solid support for the 
11

C-methylation of the precursor L-homocysteine thiolactone hydrochloride and another for 

purification. The pH, radionuclidic identity and purity, residual solvents, radiochemical and chemical 

purity of the final product were evaluated as described on the European Pharmacopoeia 7.0 

monograph. Total synthesis time was 18 minutes, the radiochemical yield was approximately 15% 

(non-decay corrected) and radiochemical purity was greater than 95%. [
11

C]Methionine was 

successfully synthesized at CDTN using the described procedures and complied with quality 

requirements. Due to the rapid growth of oncologic PET scans in last decade, 
11

C labelling holds great 

promises in the next few years with the application of other tracers beyond 
18

FDG. This pioneering 

work of UPPR/CDTN represents a response to the demands of a growing nuclear medicine in the 

country focused on achieving better diagnostic imaging.  

 

 

 

1. INTRODUCTION 

 

PET radiopharmaceuticals labeled with short-lived positron emitters have been applied to 

visualize several disorders in oncology, neurology and cardiology [1][2][3]. Carbon-11 (
11

C) 

is an attractive radionuclide used in PET since carbon is a ubiquitous element in biomolecules 

thus, [
11

C]-labeling does not change its chemical structure and biochemical properties. This 

isotope presents short half-life (20.4 min) with a β+ maximum energy equal to 0.96 MeV [4].  

 

Important biomolecules, the amino acids, are being widely used as indicators of tumor 

activity when labeled with positron emitting radionuclides. Most of the amino acids are 

retained in tumor cells due to their higher metabolic activities including incorporation into 

proteins than most normal cells [5]. Malignant transformation increases the use of amino 

acids for energy, protein synthesis and cell division. Tumor cells were found to have over-

expressed transporter systems. 
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L-[Methyl-(
11

C)]Methionine or [
11

C]methionine, most commonly used radiotracer in neuro-

oncology, is transported by the LAT1 amino acid transporter. The [
11

C]methionine increased 

uptake into cancer cells may reflect the enhanced incorporation into proteins and the 

overexpression of the transporter system when compared to normal cells [6]. [
11

C]Methionine 

can cross the blood-brain barrier and does not present uptake in the grey substance, which 

allows higher contrast image acquisition and improvement on brain tumor diagnosis. The 

advantages of [
11

C]methionine for PET application in monitoring combined treatment of 

cerebral neoplasms and distinguishing recurrent brain tumors from radiation necrosis after 

radiotherapy were reported [3][7]. In addition, this radiopharmaceutical may be promising in 

the early prediction of concurrent chemoradiotherapy in locally advanced head and neck 

cancer [8]. 

 

Recently, an automatic synthesizer module for 
11

C-labelling was installed at CDTN. 

[
11

C]Methionine synthesis is based on a “gas phase” method developed in the 1990’s and is 

grounded on the conversion of [
11

C]methane into [
11

C]methyl iodide by iodination at elevated 

temperatures in the gas phase [9].  

 

The methylation reaction of the precursor L-homocysteine thiolactone hydrochloride using 

solid phase extraction cartridges for purification was previously reported [10]. However, in 

this work, the effect of some parameters, such as the ratio of ethanol:0.5M NaOH solution 

used to dissolve the precursor and the amount of the precursor used in radiosynthesis were 

evaluated in order to define optimum reaction conditions to be adopted in routine. The main 

goal of this work was to develop the synthesis and quality control of [
11

C]methionine at the 

Radiopharmaceuticals Research and Production Facility (UPPR) of CDTN/CNEN. The 

results obtained under some different synthesis conditions will be described and compared for 

evaluation and improvement of the method presented by Pascali et al. (1999). 

  

 

 

 

2. EXPERIMENTAL 

 

 

2.1. Reagents 

 

L-homocysteine thiolactone hydrochloride (precursor), DL-methionine, L-homocysteine, 

sodium phosphate monohydrate, ascarite absorbent and Carboxen
TM

1000 60/80 mesh were 

purchased from Sigma-Aldrich Chemical company.  Iodine and Sicapent® were obtained 

from Merck. Ni-catalyst (Shimalite-Ni) was purchased from Shimadzu. Solid phase 

extraction cartridges (Sep-Pak tC18 plus) were acquired from Waters Associates. 

 

 

2.2. Synthesis 

 

The synthesis was performed in a TRACERlab FX CPRO (GE) (Fig. 1) using [11C]CH3I as 

methylation agent of the precursor L-homocysteine thiolactone hydrochloride. Cartridges 

Sep-Pak tC18 Plus (Waters) without pre-conditioning were used both for the synthesis and 

purification steps. The use of this purification cartridge avoided more complex purification 

process using HPLC and provided a significant reduction in the synthesis time. 
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Figure 1: Schematic presentation of the production of [

11
C]methionine 

using the TRACERlab FX CPRO synthesizer (GE). 

 

 

 

Initially, [
11

C]carbon dioxide ([
11

C]CO2) is produced by the 
14

N(p,α)
11

C nuclear reaction 

using a 16.5 MeV cyclotron PETtrace (GE). The target material is pure nitrogen (N2) 

containing trace quantities of oxygen. The [
11

C]CO2 is converted by Ni-catalyst support into 

[
11

C]methane ([
11

C]CH4), under a hydrogen flow at 360°C. Unconverted [
11

C]CO2 and 

residual water are removed after purification on Sicapent-Ascarite traps. [
11

C]CH4 is trapped 

on a carbosphere (60-80 mesh, Carboxen®) under N2 liq. cooling at -75°C for further 

purification and concentration. The purified [
11

C]CH4 is then released and allowed to react 

with iodine at 740°C to form [
11

C]methyliodide ([
11

C]CH3I) in a gas circulating process 

system. 

 

At the end of the gas circulation process the collected [
11

C]CH3I is heated off the adsorbent 

trap (190°C) and rinsed by a moderate He-flow into the first Sep-Pak tC18 Plus cartridge 

containing the precursor. The alkylation of the sulphide anion of L-homocysteine with 

[
11

C]CH3I (Fig. 2) occurs at room temperature on the tC18 cartridge previously loaded with 

0.2 mL of precursor dissolved in 0.5M NaOH solution in ethanol/water. This solution must be 

freshly prepared and placed on the cartridge directly before the synthesis. Finally, the product 

is washed out with 0.05M KH2PO4 (5.5 mL), purified through the second tC18 cartridge and 

collected into a final product vial containing 3.0 mL of saline. 
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Figure 2: Synthesis of [
11

C]methionine. 

 

 

 

2.2.  Quality Control 

 

The pH, radionuclidic identity and purity, residual solvents, radiochemical and chemical 

purity of the final product were evaluated according to analytical methods described on the 

European Pharmacopoeia (Ph. Eur.) monograph for L-Methionine ([
11

C]Methyl) Injection 

[11]. Acceptance criteria for each parameter are listed in table 1. 

 

 

 

Table 1:  Table 1:  Quality requirements for [
11

C]methionine injection described on 

the European Pharmacopeia (Ph.Eur.) 7.0. 

Parameter Acceptance criteria 

Appearance Clear, colourless solution 

pH 4.5 to 8.5 

Radiochemical 

purity 

Total of L-[methyl-
11

C]methionine and D-[methyl-
11

C]methionine: 

minimum of 95 per cent of the total radioactivity.  

Chemical purity 

L-homocysteine thiolactone hydrochloride (precursor): not more than the 

area of the corresponding peak in the chromatogram obtained with 

reference solution (a) (0.6 mg/V); L-homocysteine: not more than the area 

of the corresponding peak in the chromatogram obtained with reference 

solution (a) (2.0 mg/V); methionine: not more than the area of the 

corresponding peak in the chromatogram obtained with reference solution 

(a) (2.0 mg/V). 

Maximum 50 mg/V for concentration of acetone. 

Radionuclidic 

purity 

Only 0.511 MeV gamma photons are observed, and, depending on the 

measurement geometry, a sum peak of 1.022 MeV may be also observed. 

Half-life of 19.9 min to 20.9 min. 

Enantiomeric 

purity 

Total of L-[methyl-
11

C]methionine and D-[methyl-
11

C]methionine: 

minimum 95 per cent of the total radioactivity. D-[methyl-
11

C]methionine: 

maximum 10 per cent of the total radioactivity. 

*Solution (a): reference solution containing 0.6 mg of L-homocysteine thiolactone hydrochloride, 2.0 mg of 

L-homocysteine and 2.0 mg of DL-methionine in water (diluted to the maximum recommended dose in 

milliliters, V). 
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A pHmeter (Seven Easy™, Metler Toledo) was used to measure the pH of a sample of 

[
11

C]methionine. 

 

The radiochemical and chemical impurities were determined by HPLC equipped with both a 

radioactive and a UV detector (λ = 225 nm) (1200, Agilent). A solution of sodium phosphate 

monohydrate was used as mobile phase (1.4 g/L). Flow rate was set to 1.0 mL/min. 

Compound identity was proven by comparing the retention time obtained for a standard 

solution of DL-methionine with that obtained for a sample of [
11

C]methionine. 

 

The Ph. Eur. monograph for L-Methionine ([
11

C]Methyl) Injection includes the analysis of 

ethanol and acetone as residual solvent that could remain in the end-product. However, only 

ethanol was assessed in this study, since it was used instead acetone. Analysis of residual 

ethanol was performed using a Varian 3600 gas chromatograph (Agilent Technologies) 

equipped with a split/splitless injector and a flame-ionization detector. 

 

A diluted sample of [
11

C]methionine was prepared for radionuclidic purity assessment in a 

gamma-ray spectrometer (Multichannel Analyzer, Canberra). Radionuclidic identity, 

characterized by 
11

C half-life, was evaluated by successive counting of [
11

C]methionine 

activity in a radioisotope dose calibrator (CRC®-25R, Capintec).  

 

Sterility and bacterial endotoxins tests were not included in this initial phase of synthesis. 

 

 

 

3. RESULTS AND DISCUSSION 

 

A typical bombardment (5 min, 20 µA) during early phase tests delivered 16.3 GBq (440 

mCi). The total synthesis time was 18 min. At the end, it was obtained a clear and colourless 

injectable solution of [
11

C]methionine, with a pH of 6.3 ± 0.2. 

 

Firstly, were evaluated the effect of the composition of the reaction mixture (the ratio of 

ethanol–0.5M NaOH solution) on the radiochemical purity of the product and reaction yield 

of the synthesis. The results are presented in table 2. 

 

 

 

Table 3:  Radiochemical purity (non-decay corrected) and Yield vs. reaction parameters. 

Precursor 

mg 

EtOH/H2O 

% (v/v) 

Radiochemical purity 

% 

11
CH3I/ Yield** 

% (mean±sd) 

11
CH4/ Yield*** 

% (mean±sd) 

1.0 20/80 70-90 25.9 ± 1.3 8.7 ± 0.4 

1.0 35/65 78-92 28.0 ± 1.6 7.8 ± 1.7 

1.0 50/50 >95 40.5 ± 13.4 12.9 ± 3.4 

3.0 50/50 >95 37.4 ± 8.7 8.8 ± 7.3 

 *Data represent average of at least 2 experiments. 
 **Radiochemical yield based on the trapped 11CH3I in the final step of the gas circulating system. 

 ***Radiochemical yield based on the total 11CO2 produced by the ciclotron. 
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Radiochemical purity lower than 95% were achieved when using 1.0 mg  of  the  precursor 

solved in  0.5M NaOH (EtOH:H2O 20/80 % v/v). For the second condition evaluated, 

EtOH:H2O 35/65 (% v/v), radiochemical was also lower than 95%. When using EtOH:H2O 

50/50 (% v/v), more than 95% of the total radioactivity was associated to [
11

C]methionine as 

show in the chromatogram (Fig. 3). The [
11

C]methionine retention time was 4.29±0.08 min. 

Two undesired radioactive peaks (retention times equal to 3.31±0.09 and 13.49±0.11) were 

detected. 

 

The first two evaluated conditions did not comply with the acceptance criterium for 

radiochemical purity described on the Ph. Eu. (<95%). Radiochemical yield was slightly 

higher when using 1.0 mg of precursor in 50/50 ethanol:0.5M NaOH than with 3.0 mg of 

precursor. This was the optimum essayed condition of synthesis. 

 

 

 

 

              
Figure 3: Illustrative HPLC chromatogram of [

11
C]methionine. 

 

 

 

 

Chemical identity was proven by comparing the retention time obtained for standard solution 

of DL-methionine (4.23±0.02 min) with that obtained for [
11

C]methionine sample 

(4.29±0.08). The HPLC chromatogram obtained for DL-methionine 0.2 mg/mL is shown in 

Fig. 4.  
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Figure 4: HPLC chromatogram of DL-methionine standard solution (0.2 mg/mL). 

 

 

 

According to Pascali et al. (1999), the radiochemical yield of [
11

C]methionine was increased 

by 8–9% with the threefold enhancement of the precursor amount or by 4–5% with the 

increase in the ethanol content from 50 to 60%. However, when increasing the amount of 

precursor from 1.0 mg to 3.0 mg a high concentration of the impurity L-homocysteine was 

observed. The concentration of L-homocysteine was determined by comparison of peak areas 

obtained in a standard solution (0.2 mg/mL) (Fig. 5) and in the sample of the 

radiopharmaceutical. Values of 0.091±0.017 mg/mL and 0.223±0.009 mg/mL of L-

homocysteine were determined in the final product solution, when using 1.0 and 3.0 mg of 

precursor, respectively. 

  

 

 

 
Figure 5: HPLC chromatogram of L-homocysteine standard solution (0.2 mg/mL). 

 

 

 

 

The radionuclidic purity was in accordance with the Ph. Eur. acceptance criteria. Only 0.511 

MeV gamma photons were observed (Fig. 6), and the average half-life determined was 20.3 ± 

0.2 min.  
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Figure 6: Gamma spectrum of [

11
C]methionine. 

 

 

 

Residual solvent analysis was carried out for ethanol quantification by gas chromatography 

and the results varied according to the amount of ethanol used for dissolving the precursor 

(Fig. 7).  

 

 

 

 
Figure 7: Concentration of ethanol in the final solution of [

11
C]methionine. 

 

 

 

 

Ethanol is a class 3 residual solvent and is not a human health hazard at levels normally 

accepted in pharmaceuticals. Amounts of this residual solvent of 50 mg per day or less 

(corresponding to < 0.5%) would be acceptable without justification; however, higher 

amounts may also be acceptable provided they are realistic in relation to manufacturing 

capability and good manufacturing practice. 
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4. CONCLUSIONS  

 

 

[
11

C]Methionine was successful synthesized at CDTN using the described procedures. Total 

synthesis time was 18 minutes, the radiochemical yield was approximately 15% (end of 

synthesis) and radiochemical purity was > 95% for the optimized reaction conditions. Final 

product complied with the main quality requirements described on the European 

Pharmacopoeia monograph. Further investigations, including enantiomeric purity of the final 

product, will be performed before final standardization of synthesis procedure. 

 

Due to the rapid growth of oncologic PET scans in last decade, 
11

C labeling holds great 

promises in the next few years with the application of other tracers beyond 
18

FDG. This 

pioneering work of UPPR/CDTN represents a response to the demands of a growing nuclear 

medicine in the country focused on achieving better diagnostic imaging. 
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