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ABSTRACT 

 
 
2-alkycyclobutanones are formed by irradiation exclusively, and are considered as Unique Radiolytic Product 
(URP). Because of the URP character of the 2-alkycyclobutanones, these compounds are good marker of 
irradiation treatment. The European Committee for Standardization (CEN) developed an analytical method (EN 
1785) for detection of 2-alkycyclobutanones having a detection limit of 0.2 pmol, limiting the application to 
foodstuffs treated for microbial disinfection (doses > 0.5 kGy), with fat content higher than 1.0 g %. The use of 
this EN 1785 and the supercritical extraction analytical methods allowed the determination of the production 
yields of 2-alkycyclobutanones in broad range of foodstuffs. The obtained production yields were between 0.20 
and 12.21 nmol/mmol fatty acid/kGy), and showed strong dependency from he nature of the food matrix. The 
amount 2-alkycyclobutanones intake from irradiated foodstuffs by consumer calculated based on production 
yields determined in this work show, that the doses used in toxicological studies were much higher, than that are 
consumed by human through eating irradiated foods. 
 
 

1. INTRODUCTION 
 
The irradiation treatment of foodstuffs is used essentially to reduce bacterial contamination 
and to eliminate pathogenic bacteria from meat, fish, shellfish, eggs and spices (at doses 
included between 2 and 10 kGy), disinfest and slow down the senescence of fruit and 
vegetables (at doses usually lower than 1 kGy), disinfest cereals and plants (at doses included 
between 0.1 and 0.8 kGy) and inhibit the germination of bulbs and tubers (at doses lower than 
0.1 kGy). The radiolysis of a fatty acid Cm:n (m represent the number of carbon atoms, n the 
number of double bonds) leads mainly to the formation of volatile hydrocarbons with 
composition of Cm-1:n and Cm-2:n+1 by disruption of the alkyl side chain at the α and β 
positions with respect to the carbonyl group [1], and 2-alkylcyclobutanones with composition 
of Cm-4:n alkyl chain [2]. 
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The presence of volatile hydrocarbons in a foodstuff is not specific to ionizing treatment, but 
the 2-alkylcyclobutanones are assumed to be formed specifically by irradiation until proved 
otherwise [3-5], their presence thus also appears to prove the irradiation of this foodstuff. 
 
The objective of the present work was to determine the production yields of the 
2-alkylcyclobutanones in different foods from plant, animal and marine origins using both the 
official EN 1785 procedure [6] but also novel methods using supercritical fluid extraction 
with carbon dioxide [7] for detection of 2-alkylcyclobutanones in the foodstuff. The later 
method when lyophilized foodstuffs is submitted directly to supercritical fluid extraction is at 
least as satisfactory or better as the reference protocols EN 1785 regarding the minimal 
detectable irradiation dose and the application field, while performing the analysis in a much 
shorter time without the use of time consuming and expensive Florisil clean-up procedure. 
The EN 1785 procedure is able to detect foodstuffs treated for microbial disinfection (doses > 
0.5 kGy), with fat content higher than 1.0 g%. However when Soxhlet extracted fat of 
foodstuffs is submitted to supercritical fluid extraction, doses as low as 50 Gy (cowpeas) or 
100 Gy (rice) can be detected irrespectively from the fat content of some plant food [8]. 
Production yields determined for various foodstuffs will be determined by using the above 
mentioned methods will be used to calculate the average quantity of 2-alkylyclobutanones 
exposed to a consumer eating irradiated foods. The average consumed quantity of 2-ACB 
should be taken into account when studying the biological activities of these compounds. 
 
 

2. EXPERIMENTAL 
 
 
2.1. Chemicals 
 
The 2-alkylcyclobutanone standards (2-hexyl-, 2-octyl-, 2-decyl-, 2-undecyl-, 2-undecenyl-, 
2-dodecyl-, 2-dodecenyl-, 2-tetradecyl- and 2-tetradecenylcyclobutanone) were synthesized 
[9] in an organic chemistry laboratory (UMR 7177). The fatty acid methyl ester and 
triglyceride standards were obtained from Sigma (Saint-Quentin, France). 
2-cyclohexylcyclohexanone was purchased from Fluka (Saint-Quentin, France). The Florisil 
chromatographic material with particle size of 60-100/PR mesh intended for pesticide 
analysis (Aldrich, Saint-Quentin, France), was heated at 550°C for at least 5 hours and after 
cooling down to room temperature it was deactivated by addition of 20 parts ultra-pure water 
(Milli Q+, Millipore, Bedford, Massachusetts, USA) to 100 parts Florisil (w/w). The sodium 
sulfate (SDS Products, Peypin, France) was heated at 650°C during 5 h and was cooled down 
and stored in a desiccator. n-Hexane (techn.) was distilled over calcium hydride.  
 
 
2.2. Sample Preparation 
 
For this study we have selected food products, which have high risk for microbiological 
contamination or other type of hygienic damage such us pest infestation, and thus may be 
often submitted to irradiation treatment. Based on this selection the following twelve 
different food products were selected: 1 milk product (milk powder), 3 plant products (hazel 
nuts, avocados, cocoa beans), 4 meat products (chicken, beef fillet, frog’s legs, hamburger), 2 
fish products (salmon, smoked salmon), 1 egg product (liquid whole egg) and 1 cooked meal 
(chicken dumplings, prepared by a French food company). All foods (except liquid whole 
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egg) were purchased in regional supermarkets. After preparation or purchase of the products, 
five samples (around 200 g for each) were heat-sealed in plastic bags in the presence of air 
and stored at -20°C before irradiation. 
 
 
2.3. Irradiation and Dosimetry 
 
A Van de Graaff electron accelerator, 2.2 MeV, 75 µA (Vivirad High Voltage, 
Handschuheim, France) located at the “Regional Centre of Innovation and Technology 
Transfer AERIAL” (Schiltigheim, France) was used for the irradiation treatments. The 
administrated doses (1, 3, 5, 10 and 30 kGy) were checked with the FWT-60-00 dosimeter 
(Far West Technology, Goleta, California, USA), previously calibrated with an alanine 
dosimeter (Laboratoire National Henri Becquerel, Gif-sur-Yvette, France). Uniform dose 
distribution of about ± 10% within the sample was achieved with use of a 100 µm-thick 
copper foil [10]. The temperature was maintained during the irradiation at 6-8°C. Frog’s legs 
were purchased already industrially irradiated with approx. 5 kGy in order to eliminate 
potential Salmonella contamination. The initial dose used on the irradiated frog’s legs was 
determined by ESR spectroscopy with the dried bones accordingly to the method specified in 
the official EN 1786 [11]. The standard dose addition method was used giving 5 and 10 kGy 
radiation dose to the industrially irradiated frog legs samples and measuring the non-
reirradiated and irradiated frog’s legs by ESR. The results shown, that the frogs legs were 
initially irradiated approximately at dose of 6.3 kGy. 
 
 
2.4. Fat Extraction and Purification 
 
Fat content of food was extracted with Soxhlet apparatus using n-hexane, and the analysis of 
the 2-alkylcyclobutanones were conducted according to the EN 1785 standard [6], except that 
200 µl f 2-undecyl- and 2-undecenylcyclobutanone mixture at 1 µg/ml was added to 200 mg 
fat before Florisil clean-up procedure. All analyses were repeated three times starting with the 
Soxhlet extraction. The extractions were carried out with supercritical carbon dioxide for two 
food products (avocados and liquid whole egg) [7]. 
 
 
2.5. Gas Chromatography on the Fatty Acid Methyl Esters 
 
Fatty acid methyl esters were prepared according to the ISO standard procedure [12]. For gas 
chromatographic analysis Varian gas chromatograph (Varian 3300, Sunnyvale CA, USA) 
equipped with an FFAP capillary column [25 m × 0.20 mm i.d., 0.33 µm stationary phase 
(Hewlett-Packard, Geneva, Switzerland)], and with a flame ionization detector (250°C). 
Separation conditions were as follow: injector 230°C, temperature program 70°C (2 min), 
heating rate 15°C/min to 230°C, end temperature maintained for 10 minutes, injection 
volume 1 µl, injection mode: splitless, carrier gas N2, 1 ml/min. 
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2.6. Analysis of 2-Alkylcyclobutanones with Gas Chromatography and Mass 
Spectroscopy  
 
The 2-alkylcyclobutanones were separated using a Varian GC-MS (Model 3400) equipped 
with an SPI-cooled injector and a mass selective detector (Saturn 2000, Varian) with electron 
impact ionization. The mass spectra were recorded between 50 and 300 m/z. The gas 
chromatograph was equipped with an OV-20-MS capillary column (Ohio Valley, Marietta, 
Ohio, USA), 60 m × 0.25 mm i.d. with a 0.10 µm stationary phase (20% diphenyl-, 80% 
dimethylpolysiloxane). The initial temperature of the injector was 50°C, which temperature 
was keep for 0.1 min, and followed by ramping the temperature with 230°C/min to 240°C. 
The final temperature of the injector was maintained until end of the column temperature 
program. The oven temperature program for the column was as follows: initial temperature 
60°C, 2 min, heating rate 4°C/min to 300°C, final temperature maintained for 15 min. 
Injection volume 1 µl, carrier gas helium (99.9995% purity, Air Liquide, France), 1 ml/min. 
The 2-alkylcyclobutanones were detected in single-ion mode by monitoring the ions of mass 
per charge ration (m/z) of 98 (2-hexyl-, 2-octyl-, 2-decyl-, 2-undecyl-, 2-dodecyl- and 
2-tetradecylcyclobutanone) or m/z 98+95 (2-dodecenyl- and 2-tetradecenylcyclobutanone). 
 
 

3. RESULTS AND DISCUSSION 
 
 
3.1. URP character of the 2-Alkylcyclobutanones 
 
During this study none of the studied 2-alkylcyclobutanones [2-hexylcyclobutanone 
(2-HCB), 2-octylcyclobutanone (2-OCB), 2-decylcyclobutanone (2-DCB), 
2-dodecylcyclobutanone (2-dDCB), 2-dodecenylcyclobutanone (2-dDeCB), 
2-tetradecylcyclobutanone (2-tDCB) and 2-tetradecenylcyclobutanone (2-tDeCB)] were 
detected in unirradiated foods, but exclusively found only in irradiated one. These results thus 
confirm the hypothesis of Crone [13] and Ndiaye [3] that 2-alkylcyclobutanones are URP 
(unique radiolytic products) and are good markers to detect the irradiation treatment. More 
precisely, it has been proved that if 2-alkylcyclobutanones are present in unirradiated foods, 
they could be only present below the detection limit of the applied analytical techniques in 
this study. This is important points, as some authors claimed to found 2-ACBs in non 
irradiated foods [14] using more sensitive analytical techniques such as a preconcentration of 
fat with supercritical fluid extraction on 30 g round cashew nuts followed by a clean up 
procedure with preparative TLC and a GC-MS separation and detection. 
 
 
3.2. Recovery Rates of 2-ACBs 
 
The EN 1785 procedure has already been validated for the detection of 2-dDCB and 2-tDCB 
[6]. It is now clear that the protocols used can be applied with the similar efficiency for the 
detection of 2-HCB, 2-OCB, 2-DCB, 2-dDeCB and 2-tDeCB. The recovery rates of 
individual 2-alkylcyclobutanones determined in various foods, were nearly 100% for 2-tDCB 
(97-98%) and for 2-dDCB (95-97%), but became smaller with decreasing hydrocarbon chain 
length (90-92% for 2-DCB), 77-79% for 2-OCB and 69-73% for 2-HCB). This effect can be 
explained with the increasing volatility of the compounds, which leads to compound losses 
during storage and the analytical procedure. The lower recovery rates of volatile 
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2-alkycyclobutanones were taken into account as correction factor in the calculation of the 
production yield.  
 
 
3.3. Production Yields of 2-ACBs 
 
The detected amount of 2-alkylcyclobutanones show a linear relationship with respect to the 
applied dose (R2 was between 0.87 and 0.99, with exception of 2-decylcyclobutanone in 
irradiated chicken meat). Linear relationships between the applied dose and the detected 
amount of 2-dDCB in chicken meat has been earlier demonstrated by Crone [15] and 
Stevenson [16].  
Linear relationships between the detected amount of 2-alkylcyclobotanones and the 
determination of recovery rates enables to determine the levels of the various 
2-alkylcyclobutanones formed in each food by radiolysis from their precursor fatty acids. 
Palmitic, stearic and oleic acid (and with less importance palmitoleic acid) are the most 
abundant fatty acids in most foods, resulted in mainly the formation of 2-dDCB, 2-tDCB, 
2-tDeCB and 2-dDeCB. These 2-alkylcyclobutanones should be therefore the most abundant 
and represent the most important compounds for a chemical analysis of irradiated foods. The 
concentration levels of these substances (Table 1) are expressed in µg/g fat/kGy such as 
earlier published data [4;13;15-18] in which previous authors did not care about the fatty acid 
profile but only calculated the production yields as a ratio with the total fat extracted out of 
the food. They found values between 0.3 and 0.6 µg/g fat/kGy for the formation of 2-dDCB 
in chicken. Our findings shown production yields which do not fit with the values presented 
in previous publication. It is essentially the case for the 2-dDCB produced in amounts higher 
than 0.8 µg/g fat/kGy from goose liver paste, cocoa beans and smoked salmon or below 0.2 
µg/g fat/kGy from hazel nuts, frog’s legs, salmon andliquid whole eggs, foods having 
specific fatty acid profile or uncommon fat composition.  
 
Table 1: Formation of 2-alkylcyclobutanones in µg/g fat/kGy in various foodstuffs 

n.d.: not detected 
 
The levels of the various 2-alkylcyclobutanones in irradiated food depend not only on the 
applied dose and the fat content but also on the quantity of precursor fatty acids. The low 
quantities of 2-DCB found in irradiated food are probably due to the low concentration level 
of the precursor fatty acid, the myristic acid. Table 2 shows the quantity of 
2-alkylcyclobutanones in nmol/mmol precursor fatty acid/kGy found during this work. These 

Food 2-DCB 2-dDCB 2-tDCB 2-dDeCB 2-tDeCB 
Milk powder 0.112 0.393 0.338 0.021 0.250 
Hazel nuts n.d. 0.132 0.043 n.d. 1.357 
Chicken meat  0.006 0.342 0.118 0.072 0.806 
Beef fillet 0.037 0.767 0.649 0.090 1.350 
Goose liver paste 0.017 0.883 0.794 0.047 1.853 
Cocoa beans n.d. 1.243 3.353 n.d. 0.233 
Hamburger 0.026 0.409 0.355 0.031 0.501 
Smoked salmon 0.048 1.181 0.060 0.052 0.167 
Frog’s legs 0.021 0.175 0.086 n.d. 0.039 
Salmon 0.045 0.142 0.026 0.083 0.199 
Avocado n.d. 0.740 n.d. n.d. 0.444 
Liquid whole egg n.d. 0.159 0.083 0.014 0.255 
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production yields of various saturated 2-alkylcyclobutanones were more constant and 
remained constant in between 1 and 2 nmol/mmol precursor fatty acid/kGy and are in 
agreement with the value found in previous works [3]. They are somewhat higher for hazel 
nuts (2-dDCB and 2-tDCB), milk powder (2-tDCB), chicken (2-tDCB) and in a more 
important way, for cocoa beans (2-dDCB and 2-tDCB) and hamburgers (2-tDCB). In general, 
radiation-induced formation of 2-alkylcyclobutanones does not appear to be clearly 
dependent on either individual 2-alkylcyclobutanones or on the particular food item except 
for the above mentioned one. 
 
Some formation yields of 2-alkylcyclobutanones, as expressed as nmol 2-ACB/mmol 
precursor fatty acid/kGy, are lower than 1. This can be attributed to the low levels of the 
precursor fatty acids. The levels of myristic acid in nearly all of the tested foods (except for 
salmon and milk powder), of palmitic acid in smoked salmon, of palmitoleic acid in 
hamburger, smoked salmon and liquid whole egg; and of oleic acid in cocoa beans, smoked 
salmon, frog’s legs and liquid whole egg, are very low. The very low yields of 
2-alkylcyclobutanones associated with these low levels of precursor fatty acids introduce into 
the analysis larger fluctuations in the quantitative measurement. 
 
The high levels of 2-tDCB in hamburger and of 2-dDCB for cocoa beans and 2-tDCB in 
cocoa beans and hamburgers cannot be easily explained. Possible explanations for these 
deviations from the other tested foods include admixture of foreign fat (15%, w/w) in the 
hamburger, and the presence of strong antioxidants (polyphenols) in cocoa beans. Stevenson 
[5] observed preferential formation of 2-tDCB over 2-dDCB in irradiated pork. This might be 
explained by the distribution of fatty acids in the triglyceride molecule which could perhaps 
(to be confirmed) influence the quantities of 2-alkylcyclobutanones that are formed. 
 
Table 2: Formation of 2-alkylcyclobutanones in nmol/mmol precursor fatty acid/kGy in 
various foodstuffs 

n.d.: not detected 
 
These production yields, depending also strongly on the temperature of irradiation (chemical 
radiolysis) and on the composition of the matrix (inhibitor or promoter effects of other 
nicronutrients), it is quite difficult to establish a universal production rate of the 2-ACBs and 
to compare them from one experiment to another.  

Food 2-DCB 2-dDCB 2-tDCB 2-dDeCB 2-tDeCB 
Milk powder 1.31 1.65 2.79 1.34 1.16 
Hazel nuts n.d. 2.44 2.74 n.d. 1.80 
Chicken meat  n.d. 1.88 2.32 1.41 1.65 
Beef fillet 0.70 1.33 1.67 1.09 1.59 
Goose liver paste n.d. 1.39 1.93 n.d. 1.08 
Cocoa beans n.d. 6.14 12.21 n.d. 0.71 
Hamburger 0.43 1.87 4.18 0.48 1.17 
Smoked salmon 0.63 0.76 1.11 0.48 0.56 
Frog’s legs n.d. 1.05 1.23 n.d. 0.20 
Salmon 1.03 1.30 1.20 1.31 1.21 
Avocado n.d. 1.70 n.d. n.d. 1.00 
Liquid whole egg n.d. 1.20 1.80 0.60 0.70 
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3.4. Quantitative estimation of the 2-ACBs exposure to humans and laboratory animals 
 
Nevertheless, the results of these experiments on the formation of various 
2-alkylcyclobutanones in irradiated foods shown that irradiation generates approximately 1.6 
nmol of individual 2-ACB per mmol precursor fatty acid per kGy whatever the 2-ACB and 
the food are. This conclusion makes it possible to predict the quantities of 2-ACBs generated 
by irradiation. For example, the quantity of 2-dDCB in chicken is approximately of about 0.3 
µg 2-dDCB in 1 g chicken fat per kGy. Assuming the fat content in chickens is about 10% 
and the chicken was treated with a radiation dose of 3 kGy (the upper dose for radiation 
pasteurization of chicken in the USA), the quantity of 2-dDCB would come to 0.09 µg 
2-dDCB in 1 g chicken meat irradiated with 3 kGy. Since the chicken is heated before 
consumption, and according to Crone et al. [15] there is roughly a 20% loss in the 
preparation, the quantity becomes 0.07 µg 2-dDCB in 1 g chicken meat irradiated with 3 
kGy. Since palmitic acid, from which 2-dDCB is formed, comprises only 20% of the total 
fatty acids in chicken meat, the total quantity of 2-ACBs will be roughly 5 times as great as 
0.4 µg 2-ACBs in 1 g prepared chicken meat irradiated with 3 kGy. Upon consumption of 
200 g, 3 kGy irradiated chicken, the consumer would ingest 80 µg 2-ACBs and assuming an 
average body weight of 70 kg, this would translate into an exposure of approximately 1 µg 
2-ACBs per kg body weight. 
 
While one must recall that results from animal experiments cannot be applied without further 
ado to humans, it is nevertheless interesting to compare this with the amounts of 
2-alkylcyclobutanones that have been tested in animal experiments to date. 
In numerous studies in which irradiated foods that contain 2-alkylcyclobutanones were fed to 
animals, no negative effects have been observed [19]. In one very large study of this sort (the 
so-called Raltech study), 135 tons of chicken meat were fed to experimental animals. The 
irradiation was sufficient for sterilization, and the mean radiation dose was 58 kGy. The 
irradiated chicken meat comprised 35% of the animals’ diet (on a dry weight basis). In this 
large experiment, with the use of high doses of radiation, no negative effects attributable to 
irradiation, including mutagenicity and carcinogenicity, were observed [20]. 
A subsequent investigation [21] showed, as expected, that 2-alkylcyclobutanones were 
present in the animal feed. Even 12 years later, substantial quantities of 
2-dodecylcyclobutanone were found in the irradiated and frozen chicken meat stored from the 
experiment noted above. The authors found 10 µg 2-dDCB per gram fat in this chicken meat, 
which indicates a storage loss of about 50% in the course of 12 years. Since the chicken meat 
in the animals’ diet had been freeze-dried, the authors also tested the effect of freeze-drying 
on the 2-alkylcyclobutanone content. Under their conditions, about 60% of the 2-dDCB was 
lost upon freeze-drying. Therefore, the level of 2-dDCB in the animals’ diet at that time 
(radiation dose 58 kGy, 35% chicken meat, based on dry weight, with a fat content of 12-
13%, with 40% remaining after freeze-drying) can be calculated roughly as follows: 0.3 
(µg/g fat/kGy)x58 (kGy)x0.125 (g fat/g)x0.35x0.4 = 0.3 µg 2-dDCB/g diet. 
The precise quantity of 2-alkylcyclobutanones that were fed to the experimental animals in 
the Raltech study is difficult to determine after the fact, since it depends on the conditions 
used for freeze-drying). Since palmitic acid, from which 2-dDCB is formed, comprises only 
20% of the total fatty acids in chicken meat, one can estimate that the total quantity of 
2-alkylcyclobutanones – assuming the molar yield from other fatty acids is similar, which is 
corroborated by our experiments – is approximately 5 times this much. The total quantity of 
2-ACBs is therefore estimated at 1.5 µg 2-ACBs per gram diet. 
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Mice were also included in the long-term feeding experiments of the Raltech study. If we 
assume that a mouse weighing about 30 g consumes approximately 5 grams of food per day, 
it ingests 250 µg 2-ACBs per kg body weight. A similar calculation for rats (daily feed intake 
20 g, body weight 500 g) yields ingestion of 60 µg 2-ACBs per kg body weight. 
 
 

CONCLUSION 
 
 
These rough calculations show that the quantities of 2-alkylcyclobutanones that were fed 
daily in the Raltech study (60 to 250 µg/kg body weight) were very high in comparison to the 
amount that a consumer would ingest (1 µg/kg body weight) through occasional consumption 
of irradiated foods. Of course, it is normal to use elevated concentrations of the test 
compounds in toxicology studies. If toxic effects are found, a safety factor can be applied; 
any genotoxic or mutagenic effects that are found must be minimized, and a safety 
assessment conducted. 
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