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a b s t r a c t   

A novel gas chromatography (GC) method for quantitation of volatile organic compounds (VOCs) in 18F- and  
11C-radiopharmaceuticals listed in the European Pharmacopoeia (Ph. Eur.) was proposed. Optimized chro
matographic parameters were used for separation of ethanol, acetone, acetonitrile, tetrahydrofuran (THF), 
dibromomethane (DBM), 2-dimethylaminoethanol (deanol), N,N-dimethylformamide (DMF) and dimethyl 
sulfoxide (DMSO) which could be detected in radioactive drug samples. The calculated peak resolutions (RS) 
were higher than 2.0 at ethanol concentration of up to 11 m/m%. Reproducible results could be obtained using 
base deactivated fused silica wool as packing material of inlet liner. Validation parameters showed excellent 
linearity (r2 ≥ 0.9998) in the range from 10 to at least 120% of concentration limit of solvents. The accuracy was 
determined as recovery of concentrations which ranged from 99.3% to 103.8%. Additionally, the relative 
standard deviation (RSD) of each solvent for inter-day and intra-day precision were in the range of 0.5–4.2% 
and 0.4–4.4%, respectively. The limit of quantitation (LOQ) for ethanol, acetone, acetonitrile, THF, DBM, deanol, 
DMF and DMSO was 0.48, 0.42, 0.43, 0.46, 4.35, 0.73, 0.68 and 0.50 mg/L, respectively. The developed pro
cedure was successively applied for quantitation of ethanol, acetone, acetonitrile and deanol in radioactive 
drug samples of [11C]methionine, [11C]choline, 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) and O-(2-[18F] 
fluoroethyl)-L-tyrosine ([18F]FET). The proposed GC method applying flame ionization detection (FID) could be 
adapted in routine quality control of most frequently used positron emission tomography (PET) radio
pharmaceuticals to perform the determination of residual solvents with analysis time of 12 min 

© 2021 The Author(s). Published by Elsevier B.V. 
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1. Introduction 

Positron emission tomography is a minimally invasive functional 
imaging method in nuclear medicine. Computed tomography (CT) and 
magnetic resonance imaging (MRI) were successfully combined with 
PET and the emerged multimodality systems revolutionized the clin
ical imaging and disease characterization in the past two decades. 
Recently, PET/CT and PET/MRI hybrid techniques have been widely 
used in oncology, cardiology, neurology and could be applied in drug 
development as well [1]. Pathological and physiological processes can 
be examined in vivo by PET using biologically active molecules labeled 
with positron emitting isotopes. Radiotracers are usually formulated 
as sterile injections for intravenous administration. The European 
Pharmacopoeia comprises quality standards of several radio
pharmaceuticals predominantly with oncological indications [2]. For 
instance, [18F]FDG could be applied for visualization of tumors having 

significantly enhanced glucose uptake compared with normal cells [3]. 
[11C]methionine and 6-[18F]fluoro-3,4-dihydroxyphenylalanine ([18F] 
DOPA) could be characterized with low accumulation in normal brain 
cells which allows the detection of low-grade gliomas and facilitates 
more precise tumor delineation [4]. These radiolabeled amino acids 
together with [18F]FET show high sensitivity and specificity for de
tecting brain tumors and differentiating recurrent tumors from post- 
therapeutic changes [5]. [18F]fluoromisonidazole ([18F]MISO) could be 
applied in assessment of tumor hypoxia for radiation therapy planning  
[6]. [11C]choline and [18F]fluorocholine are frequently used tracers in 
PET imaging of prostate cancer [7]. 3′-Deoxy-3′-[18F]fluorothymidine 
([18F]FLT) is eligible for studying tumor cell proliferation and applic
able in assessment of glioma grading and differentiating tumor re
currence from necrosis [8]. 

Radiopharmaceuticals could be released for human use only after 
assessment of specific quality parameters. Among others, determi
nation of residual solvent content is a required analysis applied in 
quality control of radioactive injections. Volatile organic compounds 
in the final product may arise from the reaction system of 
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radiolabeling procedure and rinsing solution used for purification of 
synthesis modules and dispensers [9]. Additionally, ethanol is fre
quently used in the formulation step as free radical scavenger for 
stabilization of radiotracer against autoradiolysis [10,11]. The quan
titation of residual solvents in the pharmaceutical industry is gen
erally performed by gas chromatograph equipped with flame 
ionization detector using either direct sample injection mode or 
headspace analysis combined with various extraction techniques  
[12]. Accurate and reliable analytical methods could be developed 
for analysis of organic solvents with different polarity by choosing 
the appropriate dilution medium [13,14]. Several generic GC 
methods are accessible for determination of up to 44 solvents of 
Class 2 and Class 3 of International Conference of Harmonization 
(ICH) guideline Q3C [15,16]. However, radiopharmaceuticals may 
contain residue of volatile compounds not classified into any cate
gories, namely 2-dimethylaminoethanol and dibromomethane, that 
are used as precursors in [11C]choline and [18F]fluorocholine synth
esis [2]. Furthermore, the maximum permitted concentration level 
in some cases may exceed the typical value determined for solvents 
of lowest toxicity by the ICH guideline [17]. For instance, ethanol can 
be used as excipient in [18F]FDG formulation with concentration of 
up to 12 m/m% [18]. Consequently, improved analytical procedures 
should be applied for determination of residual solvent content in 
PET radiopharmaceuticals. Channing et al. [19] proposed an accurate 
GC-FID method for determination of concentration of ethanol, 
acetone and acetonitrile in [18F]FDG. The validation results were in 
accordance with the suggested requirements of the United States 
Food and Drug Administration (FDA). Klok et al. [18] developed two 
methods for fast and quantitative analysis of residual solvents in 
radiopharmaceutical formulations with ethanol content in the range 
of 5–12 m/m%. No special sample treatments or injection techniques 
were used. It was observed, that N,N-dimethylformamide and di
methyl sulfoxide had high affinity for column packing and elevated 
temperatures were necessary to use throughout the whole analysis. 
On the other hand, solvents such as acetone and acetonitrile could 
only be separated from ethanol at lower initial temperatures. This 
method met the requirements of the ICH and United States Phar
macopeia (USP) for the detection and quantification of residual 
solvents. Santos Costa et al. [20] proposed a GC-FID method for di
rect determination of acetonitrile and ethanol content in [18F]MISO, 
[18F]FLT and [18F]fluoroestradiol ([18F]FES). This procedure was ap
plicable for analysis of samples with ethanol content of up to 11 v/v 
%. Organic solvents could be determined in a 1.5 min run. The fast 
chromatographic separation was achieved on a DB-WAX GC column, 
30 m × 0.25 mm, 0.5 µm with isothermal oven temperature. Kilian 
et al. [21] developed a method for determination of acetonitrile and 
ethanol in the most frequently used radiopharmaceuticals, namely 
[18F]FDG and [11C]methionine. Short sample preparation and chro
matographic separation time as well as minimum manual operation 
facilitate the application of the procedure in routine quality control. 

Several gas chromatography methods could be found in the lit
erature for determination of residual solvents in pharmaceuticals. 
Nevertheless, a generic procedure for analysis of volatile organic 
compounds that may occur in radioactive preparations for PET is still 
lacking. The goal of this work is to develop a single GC-FID method for 
quantitation of residual solvents which could be detected in 18F- and  
11C-radiopharmaceuticals listed in the European Pharmacopoeia. The 
study is aimed to overcome the challenges of separation of VOCs with 
different polarity and maximum allowable concentration. 

2. Materials and methods 

2.1. Chemicals 

Ethanol was purchased from Merck (Darmstadt, Germany). 
Tetrahydrofuran, dimethyl sulfoxide, dibromomethane and deanol 

were obtained from Sigma (St. Louis, USA). Methanol, acetonitrile, 
acetone and N,N-dimethylformamide were products of VWR (Rue 
Camot, France). All solvents used for the experiment were GC grade 
and applied without additional purification. Water used for dilution 
was provided by a Simplicity water purification system (Merck, 
Darmstadt, Germany) and controlled for the content of organic im
purities. 

2.2. Instrumentation 

Experiments were carried out on Shimadzu (Japan) GC-2010 Plus 
and Perkin Elmer (USA) Clarus 500 gas chromatograph equipped with 
flame ionization detector and split/splitless injector. SKY liner, Split 
3.5 mm× 5.0 × 95 (Restek, USA) were used for Shimadzu GC. Inlet 
sleeves, 4 mm, Split for PE Split/Splitless injector (Supleco, USA) and 
wool packed Straight Focus liner (Supleco, USA) were used for Clarus 
500 GC. Liners were filled with silane treated glass wool (Supelco, 
USA), base deactivated fused silica wool (Restek, USA) or deactivated 
glass wool (Restek, USA). Gas chromatographs were controlled as well 
as data acquisition and processing were accomplished using 
GCsolution (Version 2.43.00, Shimadzu) and TotalChrom workstation 
(Version 6.3.2, Perkin Elmer) chromatography data system. 
Compounds were separated on ZB-624 (30 m x 0.32 mm × 1.80 µm) 
capillary column (Phenomenex, USA) formed by 6% 
Cyanopropylphenyl and 94% Dimethylpolysiloxane. GC systems were 
supplied with hydrogen (99.9999%, Linde, Germany), helium 
(99.9999%, Linde, Germany) and air (99.9990%, Linde, Germany). 

2.3. Sample preparation 

Standard solutions for method development and validation were 
prepared by dilution of organic solvents in water to achieve the 
appropriate concentrations. Samples were either freshly prepared or 
stored at 2–8 °C and brought to room temperature before use. 
Quantitation was performed using methanol as internal standard 
(ISTD). Sample preparation was accomplished by adding 95 µL of 
analyzed sample to 5 µL of internal standard solution with methanol 
concentration of 40 g/L. 1 µL of the obtained mixture was injected on 
gas chromatograph with Hamilton syringe. Every analysis was car
ried out in triplicate. 

Standard solutions for method development were taken with the 
following concentration of solvents: 113,794 mg/L (ethanol), 6122 mg/ 
L (acetone), 512 mg/L (acetonitrile), 886 mg/L (THF), 20 mg/L (DBM), 
226 mg/L (deanol), 1073 mg/L (DMF) and 6052 mg/L (DMSO). Samples 
used for linearity investigation were prepared by sequential dilution of 
stock mixture solution to 10 concentration level in ranges of 
11,379–113,794 mg/L (ethanol), 612–6122 mg/L (acetone), 51–512 mg/ 
L (acetonitrile), 89–886 mg/L (THF), 2–20 mg/L (DBM), 23–226 mg/L 
(deanol), 107–1073 mg/L (DMF) and 605–6052 mg/L (DMSO). 

Samples used for determination of limit of detection (LOD) and 
limit of quantitation (LOQ) were taken with concentrations of 
18.8–14.1 - 9.4–4.7 - 2.4–1.2–0.2 mg/L (ethanol), 16.1–12.1 - 8.0–4.0 - 
2.0–1.0–0.2 mg/L (acetone), 17.9–13.4 - 9.0–4.5 - 2.2–1.1–0.2 mg/L 
(acetonitrile), 20.7–15.5 - 10.4–5.2 - 2.6–1.3–0.3 mg/L (THF), 15.4–11.6 
- 7.7–3.9 - 1.9–1.0–0.2 mg/L (DBM), 20.4–15.3 - 10.2–5.1 - 
2.6–1.3–0.3 mg/L (deanol), 23.0–17.2 - 11.5–5.7 - 2.9–1.4–0.3 mg/L 
(DMF) and 17.1–12.8 - 8.6–4.3 - 2.1–1.1–0.2 mg/L (DMSO). 

3. Results 

3.1. Potential volatile organic compounds in radiopharmaceuticals 

According to the European Pharmacopoeia monographs and 
scientific papers most frequently used 18F- and 11C-labeled radio
pharmaceuticals might contain residual solvents which are listed in  
Table 1 [2,22–29]. Volatile organic compounds play important role in 
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production of radioactive drugs. For instance, acetonitrile is usually 
applied in production of [18F]FET and [18F]FDG as a reaction medium 
for accomplishing the radiofluorination step [22,23]. DMSO, DMF 
and THF could be also served as solvent for labeling procedures, 
namely in synthesis of [11C]raclopride, [11C]flumazenil and [18F] 
DOPA [27–29]. Deanol and DBM are non-radioactive precursors for 
synthesis of [11C]choline and [18F]fluorocholine [2]. Acetone could be 
used as solvent in cleaning procedure of vials and tubings of syn
thesizer modules. Ethanol is applied as stabilizing agent against 
autoradiolysis in case of several radiopharmaceuticals [10]. The 
production of 18F- and 11C-radiopharmaceuticals is usually based on 
the application of the above listed volatile organic compounds. 
While deanol and dibromomethane could not be avoided in the 
synthesis of choline tracers, among aprotic solvents acetonitrile is 
used predominantly, but for harsh radiolabeling conditions DMF and 
DMSO is preferred. Additionally, ethanol is frequently used as ex
cipient for effective stabilization of radioactive drugs. Production 
sites may use few of these VOCs for the optimized procedures. 
However, quality control of 18F- and 11C-radiopharmaceuticals 
should address the determination of residual solvents listed in  
Table 1 in almost all cases. 

In Table 1 permitted daily exposure (PDE) as well as concentra
tion limit (CL) of solvents could be found which are in correlation 
with toxicity of organic compounds. According to the ICH guideline  
[17] acceptable level of Class 3 solvents is 5000 mg/L at 10 mL of 
maximum injectable volume, while this limit decreases by an order 
of magnitude in case of Class 2 solvents. Additionally, European 
Pharmacopoeia monographs determine special concentration limit 
for deanol and DBM based on 1.0 and 0.1 mg/day PDE, respec
tively [2]. 

3.2. Optimization of GC separation 

To separate VOCs identified in 18F- and 11C radiopharmaceuticals 
(Table 1) a medium polarity capillary column of Phenomenex ZB-624 
(30 m x 0.32 mm × 1.80 µm) was applied. The method development 

was started based on the following chromatographic parameters. 
The column temperature was maintained at 40 ℃ for 6 min, and 
then increased to 200 ℃ at a rate of 30 ℃/min and hold at 200 ℃ for 
10 min. The inlet split ratio was 1:5 and the carrier gas were helium 
at velocity of 1.46 mL/min. The temperature of inlet and detector 
was adjusted to 250 and 275 ℃, respectively. The flow rate of hy
drogen and air was 40 mL/min and 400 mL/min, respectively. The 
injection volume of sample with limit concentration of residual 
solvents was 1 µL. The examination time was ca. 15 min. Using the 
above listed chromatographic conditions, the obtained results 
showed that the identified solvent peaks were separated with re
solution in the range of 2.1–24.2. However, resolutions between 
peaks of ethanol and acetone (R1) as well as acetone and acetonitrile 
(R2) proved to be the lowest values and consequently were selected 
as critical parameters for optimization purposes. To achieve ade
quate peak resolution and sensitivity, several GC parameters were 
evaluated during the method development (Supplementary mate
rial, Table S1). For instance, increasing the initial column tempera
ture from 40 ℃ to 80 ℃ led to slight decrease of R1 and increase of R2 

from 7.7 to 4.5 and 2.8–3.8, respectively (Table 2). The optimal value 
of 7.1 and 4.0 for R1 and R2 was obtained at initial column tem
perature of 60 ℃. On the other hand, the time of analysis was 
dropped from 13 to 9 min. Variation of ramp rate caused only slight 
effect on peak resolution (Supplementary material, Table S2). In
creasing the carrier gas velocity from 1.04 to 1.92 mL/min increased 
the resolution values from 3.7 to 6.3 (R1) and 2.8–3.4 (R2). The op
timal value could be found at 1.46 mL/min with 7.7 (R1) and 2.8 (R2). 
Fortunately, during the method development resolutions between 
identified peaks did not drop below 2 despite the high ethanol 
concentration. On the other hand, in case of DBM and deanol the 
sensitivity of the analysis is crucial for successful application of the 
chromatographic method due to low PDE values. Expectably, the 
signal-to-noise ratio (s/n) in case of DBM and deanol was dropped by 
increasing the inlet split ratio. The maximum s/n for di
bromomethane was achieved at 1:1 split ratio. However, the carrier 
gas velocity and oven temperature had lower effect on the sensitivity 

Table 1 
Detectable volatile organic compounds in 18F- and 11C-radiopharmaceuticals.        

Solvent ICH 
Class 

Boiling point, (°C) PDE*, (mg/day) Concentration limit, (mg/L) Radiopharmaceutical  

Acetone 3  56  50  5000 [11C]methionine, [11C]raclopride, 
[18F]FDG, [11C]flumazenil 

Tetrahydrofuran 2  66  7.2  720 [11C]flumazenil, 
[11C]sodium acetate 

Ethanol** 3  78  950  95000 [11C]flumazenil, [18F]FLT, [18F]FDG, [18F]FET, [11C]methionine 
[18F]DOPA, [18F]MISO, [11C]choline 

Acetonitrile 2  82  4.1  410 [11C]choline, [18F]FET, 
[18F]FDG 

Dibromomethane n/a  97  0.1  10 [18F]fluorocholine 
2-Dimethylaminoethanol n/a  133  1.0  100 [11C]choline, 

[18F]fluorocholine 
N,N-Dimethylformamide 2  153  8.8  880 [11C]raclopride, [18F]DOPA, [11C]flumazenil 
Dimethyl sulfoxide 3  189  50  5000 [11C]raclopride  

* Maximum injectable volume of radiopharmaceutical is 10 mL.  
** Ethanol is taken with increased concentration due to its function as stabilizing agent.  

Table 2 
Effect of critical GC conditions on separation parameters.              

Parameter Oven temperature, (℃) Split ratio Carrier gas velocity, (cm/min) 

40 50 60 70 80 1:1 1:3 1:5 1.04 1.46 1.92  

R1 7.7 6.4 7.1 5.2 4.5 4.2 5.6 7.7 3.7 7.7 6.3 
R2 2.8 2.8 4.0 3.8 3.8 2.1 3.4 2.8 2.8 2.8 3.4 
TF (ethanol) 0.6 0.6 0.8 1.7 2.2 2.1 1.3 0.6 0.7 0.6 0.8 
s/n (DBM) 21 20 18 14 9 40 24 21 11 21 14 
Analysis 

time, (min) 
13 12 11 10 9 11 11 13 12 13 10 
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and the previously determined optimal values of 1.46 mL/min and 
60 ℃ resulted acceptable signal-to-noise ratio for DBM at 1:5 split 
ratio. On the other hand, low split ratio degrades tailing factor (TF) of 
ethanol peak as well as decreases R1 and R2 resolution. For instance, 
at 1:1 split ratio the tailing factor of ethanol increased to 2.1 and R2 

decreased to 2.1 while the signal-to-noise ratio for DBM was 40. 
Consequently, optimal sensitivity could be observed for solvents 
with lowest sample concentration at split ratio of 1:3. In this case 
the acceptable values of 3.4 (R2), 1.3 (TF) and 24 (s/n) could be 
achieved. After the optimization step, the following GC method 
could be recommended for determination of volatile organic com
pounds in PET radiopharmaceuticals. The inlet split ratio is 1:3 and 
the carrier gas velocity is 1.46 mL/min. The temperature of inlet and 
detector should be adjusted to 250 and 275 ℃, respectively. The 
column temperature should be maintained at 60 ℃ for 4 min, and 
then increased to 200 ℃ at a rate of 30 ℃/min and hold at 200 ℃ for 
2 min. The examination time is ca. 11 min. The obtained chroma
togram using the optimized chromatographic conditions is shown 
in Fig. 1. 

3.3. Selection of packing material of inlet liner 

The early results of optimization process of chromatographic 
parameters have shown that the type of packing material of inlet 
liner significantly determines the repeatability of the measurements. 
It was observed, that using various treated wools had a considerable 
effect on the relative standard deviation of peak area ratio of com
ponents to internal standard. For instance, silane treated glass wool 
(Supelco) gave RSD lower than 5% only for ethanol and acetonitrile 
(Table 3). Surprisingly, the deviation reached 41.50% in case of 
DMSO. While silanized glass wool used in Straight Focus liner (Su
pelco) and Quartz wool (Restek) also ensured unacceptably high RSD 
for deanol, DMF and DMSO, the maximum value of relative standard 
deviation exceeded 10% in case of other solvents. Using deactivated 
glass wool (Restek) RSD ranged from 0.63% to 19.38%. Presumably, 
the significant variation in response ratios could be in connection 
with interaction of solvents and packing materials of inlet liner. 
Among the examined packing materials only the base deactivated 
fused silica wool (Restek) gave RSD value below 5% for all solvents. 
Even in case of the reactive deanol and DMF the deviation was 
dropped to 2.21% and 2.66%, respectively. Dibromomethane and 

DMSO gave RSD higher than 4%. The relative deviation in case of 
ethanol, acetone, acetonitrile and tetrahydrofuran ranged from 1.39% 
to 3.44%. Consequently, the base deactivated fused silica packing 
material was applied in GC measurements and used for the valida
tion procedure. 

3.4. Method validation 

The proposed gas chromatography method for separation of 
detectable solvents in radiopharmaceuticals was validated according 
to Q2(R2)/Q14 ICH guideline [30]. To demonstrate that the devel
oped GC procedure is suitable for the analysis of volatile compounds 
the following parameters were evaluated: linearity, precision, re
covery, specificity, range, limit of detection (LOD) and limit of 
quantitation (LOQ). The obtained validation results are shown in  
Table 4. 

3.4.1. Linearity 
Standard solutions of organic solvents at 10 concentration level 

were used for investigation of method linearity. The maximum 
concentration of compounds was adjusted to at least 120% of the 
permitted level and in case of deanol and dibromomethane 200% of 
the concentration limit was taken. For linearity test, stock solution 
with highest concentration of ethanol, acetone, acetonitrile, THF, 
dibromomethane, deanol, DMF and DMSO was diluted to obtain 
working solutions with concentrations ranging from 11,379 to 
113,794 mg/L, 612–6122 mg/L, 51–512 mg/L, 89–886 mg/L, 2–20 mg/ 
L, 23–226 mg/L, 107–1073 mg/L and 605–6052 mg/L, respectively. 
The linearity of solvents between the peak area ratio of component 
to ISTD and the concentration was determined by least squares 
linear regression analysis. (Supplementary material, Fig. S1-S2). 
Linear regression was used to assess linearity for each solvent. The 
obtained regression coefficients (r2) for solvents were within the 
range of 0.9998–0.9999, which exhibited excellent linearity 
(Table 4). 

3.4.2. Precision 
Precision was determined using standard solutions of solvents at 

3 level covering the examined concentration range. Repeatability 
results obtained at highest concentrations of 113,794 mg/L (ethanol), 
6122 mg/L (acetone), 512 mg/L (acetonitrile), 886 mg/L (THF), 20 mg/ 

Fig. 1. Typical chromatogram of sample containing residual solvents with concentration limit analyzed by optimized gas chromatography method. (1 - methanol, 2 - ethanol, 
3 - acetone, 4 - acetonitrile, 5 - THF, 6 - DBM, 7 - deanol, 8 - DMF and 9 - DMSO). 
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L (dibromomethane), 226 mg/L (deanol), 1073 mg/L (DMF) and 
6052 mg/L (DMSO) are shown in Table 4. Intra-day precision was 
obtained by injecting the same sample six times on the same day. 
Inter-day precision was determined by injecting the same sample six 
times in six consecutive days. Both precisions were checked by 
calculating the RSD values of the obtained concentrations using 
calibration curves of the linearity test. The RSD for intra- and inter- 
day precision were in the range of 0.5–4.2% and 0.4–4.4%, respec
tively. Moreover, at 10% and 50% of concentration limit the obtained 
inter-day precision values ranged from 0.5% to 2.6% and 0.1–3.5%, 
respectively (Supplementary material, Table S3). These results in
dicated that this GC method had reasonable precision within the 
analytical range of determinations. 

3.4.3. Accuracy 
Recovery was used for determination of accuracy of the devel

oped method. Standard solutions of solvents at three concentration 
levels of the examined range were analyzed six times. Concentration 
of organic compounds were calculated using calibration curves of 
the linearity test. Recovery was obtained from the experimental 
concentrations of the tested solvents divided by the theoretical 
concentrations. Table 4 presents recoveries obtained at highest 
concentrations of solvents which were ranged from 99.3% to 103.8%. 
Additionally, at 10% and 50% of concentration limit the calculated 
recovery values ranged from 97.3% to 103.6% and 96.6–103.9%, re
spectively (Supplementary material, Table. S3). The obtained results 
showed that the method had sufficient accuracy for analyzing the 
examined solvents. 

3.4.4. Specificity 
Retention times of organic compounds were determined by 

analyzing samples of each solvent at concentration of 100 mg/L 
using GC method with optimized parameters. As indicated in the 
retentions of solvents in Table 4, every component could be sepa
rated from each other. Examination of standard solution of solvents 
with concentration limits showed no peak overlapping despite of the 
high ethanol content and the resolution of peaks ranged from 2.8 to 
15.9. The specificity results showed that the developed method was 

suitable for identification of the examined VOCs in sample. However, 
it should be noted that radiopharmaceuticals usually contain only 
few of the examined solvents. 

3.4.5. Range 
The experimental results showed that the developed gas chro

matography method was suitable for separation of organic solvents 
of radiopharmaceutical samples. Evaluated validation parameters 
indicated that the analytical procedure had excellent linearity 
(r2 > 0.9998), good precision (RSD% < 5%) and accuracy ( ± 5% re
covery) in the concentration range of 11,379–113,794 mg/L, 
612–6122 mg/L, 51–512 mg/L, 89–886 mg/L, 2–20 mg/L, 23–226 mg/ 
L, 107–1073 mg/L and 605–6052 mg/L for ethanol, acetone, acetoni
trile, THF, DBM, deanol, DMF and DMSO, respectively (Table 4). The 
concentration ranges involved at least 120% of the concentration 
limit of organic solvents. 

3.4.6. LOD and LOQ 
The quantitation limit with a signal-to-noise ratio of 10 and limit 

of detection with s/n of 3.3 was determined using a concentration 
range of 0.2–23.0 mg/L. Signal noise and a calibration curve of peak 
height ratio of component to ISTD was used to calculate LOD and 
LOQ values (Supplementary material, Fig. S3-S4). The LOQ for 
ethanol, acetone, acetonitrile, THF, deanol, DMF and DMSO was 0.48, 
0.42, 0.43, 0.46, 0.73, 0.68 and 0.50 mg/L, respectively, while di
bromomethane had relatively higher LOQ at 4.35 mg/L, as it showed 
in Table 4. The LOD for the solvents were ranged from 0.13 to 
1.32 mg/L. The experiment showed that the method sensitivity is 
appropriate for determination of solvents at trace level. 

3.5. Determination of residual solvents in 18F- and 11C- 
radiopharmaceuticals 

The proposed gas chromatography method was applied to de
termine concentration of residual solvents in [11C]methionine, [11C] 
choline, [18F]FDG and [18F]FET samples (Supplementary material,  
Table S4). Three batches of radioactive drugs were analyzed. Ethanol, 
acetone and acetonitrile were detected in [18F]FDG samples. Ethanol 

Table 3 
Effect of the type of inlet liner filling material on the reproducibility.           

Inlet liner 
filling material 

RSD, (%) 

Ethanol Aceton Acetonitrile THF DBM Deanol DMF DMSO  

Silane treated glass wool (Supelco) 2.89 8.61 4.62 11.53 12.35 23.42 31.22 41.50 
Silanized glass wool 

(Supelco)* 
2.50 3.86 3.71 3.01 5.69 24.04 22.22 31.24 

Deactivated glass wool 
(Restek) 

0.63 2.01 7.17 3.95 4.81 19.38 8.28 9.93 

Quartz wool 
(Restek) 

1.67 5.73 2.79 8.46 7.26 16.96 21.57 57.54 

Base deactivated fused 
silica wool (Restek) 

1.39 2.73 1.52 3.44 4.42 2.21 2.66 4.07  

* Straight Focus liner.  

Table 4 
Validation parameters of the proposed gas chromatography method.            

Solvent Retention time, (min) Linearity, 
(r2) 

Precision 
(RSD%, n = 6) 

Recovery, 
(%) 

Specificity, 
(RS) 

LOQ, 
(mg/L) 

LOD, (mg/L) Range, 
(mg/L) 

Inter-day Intra-day  

Ethanol 3.57 0.9998 0.5 0.4 100.7 – 0.48 0.15 11,379–113,794 
Acetone 3.97 0.9998 2.1 0.5 102.8 2.8 0.42 0.13 612–6122 
Acetonitrile 4.29 0.9999 0.8 0.7 100.7 7.7 0.43 0.13 52–512 
THF 5.91 0.9998 2.1 1.8 103.8 15.9 0.46 0.14 89–886 
DBM 7.29 0.9998 1.7 4.4 99.9 15.5 4.35 1.32 2–20 
Deanol 7.76 0.9998 1.0 3.3 102.8 4.9 0.73 0.22 23–226 
DMF 8.95 0.9998 2.9 2.1 101.4 11.3 0.68 0.21 107–1073 
DMSO 9.90 0.9998 4.2 3.0 99.3 8.7 0.50 0.15 605–6052 
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was used as excipient in manufacturing of injection. The obtained 
concentrations ranged from 770 to 1621 mg/L and did not exceed the 
5000 mg/L limit. The acetonitrile content reached only 10% of the 
concentration limit. It means that the evaporation step of the 
synthesis was performed with high efficiency. The elimination of 
acetone from the synthesis module during the cleaning procedure 
was performed also successfully, since the obtained concentrations 
did not exceed 10 mg/L. Acetonitrile level in [18F]FET was of the same 
order of magnitude than that of observed in [18F]FDG samples. Since 
ethanol was used as excipient in manufacturing of [18F]FET injection 
the measured concentration was higher and ranged from 12,033 to 
19,667 mg/L. At the same time, in [11C]methionine the highest 
ethanol content reached 47,667 mg/L. Deanol could be identified in 
[11C]choline samples with concentrations from 16.3 to 41.8 mg/L 
which were lower than the 100 mg/L limit. The results of the analysis 
of 18F- and 11C-radiopharmaceuticals revealed that the developed 
gas chromatography method was suitable for determination of re
sidual solvent concentrations in quality control samples 
(Supplementary material, Fig. S5-S8). 

4. Discussion 

The developed gas chromatography method is suitable for de
termination of typical residual solvents that could be identified in 
most frequently used PET radiopharmaceuticals. This novel analy
tical procedure could be applied as a generic method for quality 
control a radioactive drug and consequently, the expensive main
tenance of different GC methods in Good Manufacturing Procedure 
(GMP) environment could be avoided. Although in the literature 
several GC procedures could be found for quantitation of volatile 
organic compounds in pharmaceuticals, none of them applicable for 
simultaneous determination of residual solvents studied in this 
work. For instance, Cheng et al. [16] proposed a generic head space 
procedure for determination of residual solvents in drugs, however, 
it could not be used for quantitation of dibromomethane and deanol 
that could be detected in [11C]choline and [18F]fluorocholine. The 
European Pharmacopoeia monograph gives recommendations to
ward analysis of these solvents, but it is not extended to other 
compounds [2]. Kilian et al. [21] developed a method only for ana
lysis of solvents in [18F]FDG. 

Additionally, the most important advantage of the method de
veloped in this study is the possibility to separate volatile com
pounds at ethanol concentration of up to 11 m/m%. At the same time, 
dibromomethane could be quantified in the range of 2–20 mg/L. 
Consequently, solvents could be successfully analyzed with con
centration limits differing by three orders of magnitude. The de
veloped GC method fulfills validation requirements and therefore 
could be applied generally for determination of residual solvents in  
18F- and 11C-radiopharmaceuticals. Since the synthesis routes of 
these radiotracers are universally used, the impurity profile will be 
similar, and the proposed analytical procedure could be successfully 
integrated into quality control system for most PET centers. 

5. Conclusion 

In this work, a generic GC-FID method was developed for de
termination of eight volatile organic compounds which could be 
detected in 18F- and 11C-radiopharmaceuticals listed in the European 
Pharmacopoeia. Optimized chromatographic conditions as well as 
appropriate inlet liner packing material should be applied to per
form the analysis with good peak resolution and repeatability. The 
proposed method is suitable for quantitation of ethanol, acetone, 
acetonitrile, tetrahydrofuran, dibromomethane, 2-dimethylami
noethanol, N,N-dimethylformamide and dimethyl sulfoxide in sam
ples with concentration of ethanol up to 11 m/m%. Additionally, the 
concentration of DBM could be determined in the range from 2 m to 

20 mg/L. The developed method was validated which showed good 
linearity, accuracy and precision as well as offered sufficiently low 
detection limit and short analysis time. The proposed method was 
also successfully applied to detect residual solvents in most fre
quently used 18F- and 11C-labeled tracers. Consequently, this in
vestigation offers a single gas chromatography method which could 
be used in routine quality control of PET radiopharmaceuticals. 

CRediT authorship contribution statement 

István Jószai: Conceptualization, Methodology, Validation, 
Investigation, Writing - original draft, Writing - review & editing, 
Visualization, Supervision, Nándor Vékei: Methodology, Validation, 
Resources, Dávid Bajnai: Validation, Resources, István Kertész: 
Writing - review & editing, György Trencsényi: Writing - review & 
editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing fi
nancial interests or personal relationships that could have appeared 
to influence the work reported in this paper. 

Acknowledgments 

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in 
the online version at doi:10.1016/j.jpba.2021.114425. 

References 

[1] J.J. Vaquero, P. Kinahan, Positron emission tomography: current challenges and 
opportunities for technological advances in clinical and preclinical imaging 
systems, Annu. Rev. Biomed. Eng. 17 (2015) 385–414, https://doi.org/10.1146/ 
annurev-bioeng-071114-040723 

[2] European Pharmacopoeia 10th ed., EDQM, European Pharmacopoeia, Council of 
Europe, CS 30026, F-67081, Strasbourg, France. July 2019. 

[3] S.J. Bensinger, H.R. Christofk, New aspects of the Warburg effect in cancer cell 
biology, Semin. Cell Dev. Biol. 23 (2012) 352–361, https://doi.org/10.1016/j. 
semcdb.2012.02. 003 

[4] J. Jung, B.C. Ahn, Current radiopharmaceuticals for positron emission tomo
graphy of brain tumors, Brain Tumor Res. Treat. 6 (2018) 47–53, https://doi.org/ 
10.14791/btrt.2018.6.e13 

[5] D.Y. Lewis, D. Soloviev, K.M. Brindle, Imaging tumor metabolism using positron 
emission tomography, Cancer J. (Sudbury, Mass.) 21 (2015) 129–136, https://doi. 
org/10.1097/PPO.0000000000000105 

[6] N.E. Wiedenmann, S. Bucher, M. Hentschel, M. Mix, W. Vach, M.I. Bittner, 
U. Nestle, J. Pfeiffer, W.A. Weber, A.L. Grosu, Serial [18F]-fluoromisonidazole PET 
during radiochemotherapy for locally advanced head and neck cancer and its 
correlation with outcome, Radiother. Oncol. 117 (2015) 113–117, https://doi.org/ 
10.1016/j.radonc.2015.09.015 

[7] M.H. Umbehr, M. Müntener, T. Hany, T. Sulser, L.M. Bachmann, The role of 11C- 
choline and 18F-fluorocholine positron emission tomography (PET) and PET/CT 
in prostate cancer: a systematic review and meta-analysis, Eur. Urol. 64 (2013) 
106–117, https://doi.org/10.1016/j.eururo.2013.04.019 

[8] F. Zhao, Y. Cui, M. Li, Z. Fu, Z. Chen, L. Kong, G. Yang, J. Yu, Prognostic value of 3′- 
Deoxy-3′-18F-fluorothymidine ([18F] FLT PET) in patients with recurrent malig
nant gliomas, Nucl. Med. Biol. 41 (2014) 710–715, https://doi.org/10.1016/j. 
nucmedbio.2014.04.134 

[9] Z. Li, P.S. Conti, Radiopharmaceutical chemistry for positron emission tomo
graphy, Adv. Drug Deliv. Rev. 62 (2010) 1031–1051, https://doi.org/10.1016/j.addr. 
2010.09.007 

[10] M.S. Jacobson, H.R. Dankwart, D.W. Mahoney, Radiolysis of 2-[18F]fluoro-2- 
deoxy-d-glucose ([18F]FDG) and the role of ethanol and radioactive concentra
tion, Appl. Radiat. Isot. 67 (2009) 990–995, https://doi.org/10.1016/j.apradiso. 
2009.01.005 

[11] I. Jószai, M. Svidró, N. Pótári, Recommendations for selection of additives for 
stabilization of [18F]FDG, Appl. Radiat. Isot. 146 (2019) 78–83, https://doi.org/10. 
1016/j.apradiso.2019.02.001 

[12] M. Tankiewicz, J. Namieśnik, W. Sawicki, Analytical procedures for quality con
trol of pharmaceuticals in terms of residual solvents content: challenges and 

I. Jószai, N. Vékei, D. Bajnai et al. Journal of Pharmaceutical and Biomedical Analysis 207 (2021) 114425 

6 

https://doi.org/10.1016/j.jpba.2021.114425
https://doi.org/10.1146/annurev-bioeng-071114-040723
https://doi.org/10.1146/annurev-bioeng-071114-040723
https://doi.org/10.1016/j.semcdb.2012.02. 003
https://doi.org/10.1016/j.semcdb.2012.02. 003
https://doi.org/10.14791/btrt.2018.6.e13
https://doi.org/10.14791/btrt.2018.6.e13
https://doi.org/10.1097/PPO.0000000000000105
https://doi.org/10.1097/PPO.0000000000000105
https://doi.org/10.1016/j.radonc.2015.09.015
https://doi.org/10.1016/j.radonc.2015.09.015
https://doi.org/10.1016/j.eururo.2013.04.019
https://doi.org/10.1016/j.nucmedbio.2014.04.134
https://doi.org/10.1016/j.nucmedbio.2014.04.134
https://doi.org/10.1016/j.addr.2010.09.007
https://doi.org/10.1016/j.addr.2010.09.007
https://doi.org/10.1016/j.apradiso.2009.01.005
https://doi.org/10.1016/j.apradiso.2009.01.005
https://doi.org/10.1016/j.apradiso.2019.02.001
https://doi.org/10.1016/j.apradiso.2019.02.001


recent developments, Trends Anal. Chem. 80 (2016) 328–344, https://doi.org/10. 
1016/j.trac.2015.09.008 

[13] M. Wang, S. Fang, X. Liang, Natural deep eutectic solvents as eco-friendly and 
sustainable dilution medium for the determination of residual organic solvents 
in pharmaceuticals with static headspace-gas chromatography, J. Pharm. 
Biomed. Anal. 158 (2018) 262–268, https://doi.org/10.1016/j.jpba.2018.06.002 

[14] J.Á. Salatti-Dorado, S. González-Rubio, D. García-Gómez, R. Lucena, S. Cárdenas, 
S. Rubio, A high thermally stable oligomer-based supramolecular solvent for 
universal headspace gas chromatography: proof-of-principle determination of 
residual solvents in drugs, Anal. Chim. Acta 1046 (2019) 132–139, https://doi. 
org/10.1016/j.aca.2018.09.023 

[15] C.M. Teglia, M. Montemurro, M.M. De Zan, M.S. Cámara, Multiple responses 
optimization in the development of a headspace gas chromatography method 
for the determination of residual solvents in pharmaceuticals, J. Pharm. Anal. 5 
(2015) 296–306, https://doi.org/10.1016/j.jpha.2015.02.004 

[16] C. Cheng, S. Liu, B.J. Mueller, Z. Yan, A generic static headspace gas chromato
graphy method for determination of residual solvents in drug substance, J. 
Chromatogr. A. 1217 (2010) 6413–6421, https://doi.org/10.1016/j.chroma.2010. 
08.016 

[17] ICH Guidelines, Impurities: Guideline For Residual Solvents Q3C(R8), Apr. 2021. 
[18] R.P. Klok, A.D. Windhorst, Residual solvent analysis by gas chromatography in 

radiopharmaceutical formulations containing up to 12% ethanol, Nucl. Med. Biol. 
33 (2006) 935–938, https://doi.org/10.1016/j.nucmedbio.2006.07.003 

[19] M.A. Channing, B.X. Huang, W.C. Eckelman, Analysis of residual solvents in 2- 
[18F]FDG by GC, Nucl. Med. Biol. 28 (2001) 469–471, https://doi.org/10.1016/ 
S0969-8051(00)00213-4 

[20] C.L. dos Santos Costa, D.P. Ramos, J.B. da Silva, Multivariate optimization and 
validation of a procedure to direct determine acetonitrile and ethanol in 
radiopharmaceuticals by GC-FID, Microchem. J. 147 (2019) 654–659, https://doi. 
org/10.1016/j.microc.2019.03.050 

[21] K. Kilian, A. Pekal, W. Szkutnik, K. Pyrzyńska, A fast method for the determina
tion of residual solvents in 18FDG and 11C-methionine samples, Microchem. J. 115 
(2014) 95–99, https://doi.org/10.1016/j.microc.2014.02.013 

[22] K. Hamacher, H.H. Coenen, Synthesis D-glucose using aminopolyether supported 
nucleophilic substitution, J. Nucl. Med. 27 (1986) 235–238. 

[23] T. Bourdier, I. Greguric, P. Roselt, T. Jackson, J. Faragalla, A. Katsifis, Fully auto
mated one-pot radiosynthesis of O-(2-[18F]fluoroethyl)-L-tyrosine on the 
TracerLab FX(FN) module, Nucl. Med. Biol. 38 (2011) 645–651, https://doi.org/10. 
1016/j.nucmedbio.2011.01.001 

[24] C. Pascali, A. Bogni, R. Itawa, M. Cambi, E. Bombardieri, [11C]Methylation on a C18 
Sep-Pak cartridge: a convenient way to produce [N-methyl-11C]choline, J. Label. 
Compd. Radiopharm. 43 (2000) 195–203, https://doi.org/10.1002/(SICI)1099- 
1344(200002)43:2<195::AID-JLCR316>3.0.CO;2-P 

[25] M. Mitterhauser, W. Wadsak, A. Krcal, J. Schmaljohann, H. Eidherr, A. Schmid, 
H. Viernstein, R. Dudczak, K. Kletter, New aspects on the preparation of [11C] 
Methionine - a simple and fast online approach without preparative HPLC, Appl. 
Radiat. Isot. 62 (2005) 441–445, https://doi.org/10.1016/j.apradiso.2004.07.006 

[26] S. Nandy, M.G.R. Rajan, A. Korde, N.V. Krishnamurthy, The possibility of a fully 
automated procedure for radiosynthesis of fluorine-18-labeled fluor
omisonidazole using a simplified single, neutral alumina column purification 
procedure, Appl. Radiat. Isot. 68 (2010) 1937–1943, https://doi.org/10.1016/j. 
apradiso.2010.04.006 

[27] X. Fei, B.H. Mock, T.R. DeGrado, J.Q. Wang, B.E. Glick-Wilson, M.L. Sullivan, 
G.D. Hutchins, Q.H. Zheng, An improved synthesis of PET dopamine D2 receptors 
radioligand [11C]raclopride, Synth. Commun. 34 (2004) 1897–1907, https://doi. 
org/10.1081/SCC-120034174 

[28] M. Pretze, D. Franck, F. Kunkel, E. Foßhag, C. Wängler, B. Wängler, Evaluation of 
two nucleophilic syntheses routes for the automated synthesis of 6-[18F]fluoro- 
L-DOPA, Nucl. Med. Biol. 45 (2017) 35–42, https://doi.org/10.1016/j.nucmedbio. 
2016.10.007 

[29] M.C. Cleij, J.C. Clark, J.C. Baron, F.I. Aigbirhio, Rapid preparation of [11C]fluma
zenil: captive solvent synthesis combined with purification by analytical sized 
columns, J. Label. Compd. Radiopharm. 50 (2007) 19–24, https://doi.org/10.1002/ 
jlcr.1152 

[30] ICH Guidelines, Analytical Procedure Development and Revision of Q2(R1) 
Analytical Validation Q2(R2)/Q14, Nov. 2018.  

I. Jószai, N. Vékei, D. Bajnai et al. Journal of Pharmaceutical and Biomedical Analysis 207 (2021) 114425 

7 

https://doi.org/10.1016/j.trac.2015.09.008
https://doi.org/10.1016/j.trac.2015.09.008
https://doi.org/10.1016/j.jpba.2018.06.002
https://doi.org/10.1016/j.aca.2018.09.023
https://doi.org/10.1016/j.aca.2018.09.023
https://doi.org/10.1016/j.jpha.2015.02.004
https://doi.org/10.1016/j.chroma.2010.08.016
https://doi.org/10.1016/j.chroma.2010.08.016
https://doi.org/10.1016/j.nucmedbio.2006.07.003
https://doi.org/10.1016/S0969-8051(00)00213-4
https://doi.org/10.1016/S0969-8051(00)00213-4
https://doi.org/10.1016/j.microc.2019.03.050
https://doi.org/10.1016/j.microc.2019.03.050
https://doi.org/10.1016/j.microc.2014.02.013
http://refhub.elsevier.com/S0731-7085(21)00536-7/sbref20
http://refhub.elsevier.com/S0731-7085(21)00536-7/sbref20
https://doi.org/10.1016/j.nucmedbio.2011.01.001
https://doi.org/10.1016/j.nucmedbio.2011.01.001
https://doi.org/10.1002/(SICI)1099-1344(200002)43:2<195::AID-JLCR316>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1099-1344(200002)43:2<195::AID-JLCR316>3.0.CO;2-P
https://doi.org/10.1016/j.apradiso.2004.07.006
https://doi.org/10.1016/j.apradiso.2010.04.006
https://doi.org/10.1016/j.apradiso.2010.04.006
https://doi.org/10.1081/SCC-120034174
https://doi.org/10.1081/SCC-120034174
https://doi.org/10.1016/j.nucmedbio.2016.10.007
https://doi.org/10.1016/j.nucmedbio.2016.10.007
https://doi.org/10.1002/jlcr.1152
https://doi.org/10.1002/jlcr.1152

	A generic gas chromatography method for determination of residual solvents in PET radiopharmaceuticals
	1. Introduction
	2. Materials and methods
	2.1. Chemicals
	2.2. Instrumentation
	2.3. Sample preparation

	3. Results
	3.1. Potential volatile organic compounds in radiopharmaceuticals
	3.2. Optimization of GC separation
	3.3. Selection of packing material of inlet liner
	3.4. Method validation
	3.4.1. Linearity
	3.4.2. Precision
	3.4.3. Accuracy
	3.4.4. Specificity
	3.4.5. Range
	3.4.6. LOD and LOQ

	3.5. Determination of residual solvents in 18F- and 11C-radiopharmaceuticals

	4. Discussion
	5. Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A. Supporting information
	References




