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2-Alkylcyclobutanones， such as 2-dodecylcyclobutanone and 2・tetradecylcyclo bu tanone， 

were analyzed to assess the irradiation history of irradiated meats or fish， and cooked foods with 
irradiated ingredients， which had been stored frozen for up to one year. The purpose of the study 
was to show that irradiated meats could be detected even after having been stored in the 
distribution system. 2-Alkylcyclobutanones showed a small decrease in irradiated raw meats that 
had been stored frozen for one year. Cooked foods， such as pancake and fried chicken made with 
irradiated eggs and chicken， respectively， contained detectable levels of 2・alkylcyclobutanones
after storage frozen for one year. The 2-alkylcyclobutanones became undetectable in highly dried 
samples， such as feed for lab animals， during the same period 
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Introduction 

Food irradiation is accepted as one of the available 
procedures to control microorganisms and extend prod-
uct shelf lifell. The ]apanese food sanitation law allows 
such irradiation only for potato， to prevent sprouting， 

Providing the irradiation history of foods would en-

courage consumers' acceptance of food irradiation， and 
may help in the enforcement of labeling regulations， 

Among the known markers of food irradiation， 2・

alkylcyclobutanones are uniquely found only in ir-
radiated samples. The radicals induced by irradiation 

generate various radiolytic compounds， including 2-
alkylcyclobutanones， from fatty acids and their esters 
in fatty foods， 2-Dodecylcyclobutanone (2・DCB)，
formed from palmitic acid， and 2-tetradecylcyclobu-

tanone (2-TCB)， formed from stearic acid， are recom-
mended as markers for irradiation in the European 
official method EN 1785引 Wehave developed a new 

analytical method to detect food irradiation in meat and 
白shsamples， which is similar to EN 1785 in accuracy 
and sensitivity， and is quicker21， 

Monitoring the irradiation history of foods in the 
distribution system is important， because raw meats 
and their cooked products， designed to be ready for 

eating after appropriate re-heating， are often stored 

*1 European Committee for Standardization， Foodstuffs-De-
tection of irradiated food containing fat-Gas chromato-
graphic/mass spectrometric analysis of 2・alkylcyclobu-
tanones EN 1785， 2003. 

frozen for long periods before consumption. Whether 
or not irradiated ingredients exist in commercial frozen 
ready-to-eat foods and if so， whether the foods are 
appropriately labeled are matters of serious concern to 

consumers. 
The stabilities of 2-DCB and 2-TCB in irradiated 

samples were studied to assess the suitability of these 
markers for evaluating the irradiation history of 
samples. Boyd et al. reportetl that 2-DCB in chicken 
showed a moderate reduction during chilled storage for 
20 days31. A similar reduction was observed in ir-

radiated chicken stored at 4
0

C for 18 days41. 2-DCB and 
2-TCB were reduced by about 50% in irradiated chick-

en and about 20% in irradiated sardine， stored at 4
0

C for 
one month51， Those reports concluded that the two 
compounds could be used as markers to assess irradia-
tion history， However， there is little information about 

the fate of the two compounds during prolonged stor-
age. Victoria et al. analyzed chicken samples that had 

been irradiated with 57 kGy of r-rays and 58 kGy of 
electrons and stored for 12 years at room temperature 
after having been canned， and found substantial 

amounts of 2-DCB， although these irradiation doses are 
too high for food61. Information on cooked foods con-
taining irradiated ingredients after long storage is not 

available. 
The objectives of this study were to assess the suita-

bility of 2・DCBand 2-TCB as markers to determine: (1) 
the radiation history of raw meats stored at -20

0

C for 

up to one year， (2) the radiation history of cooked foods 
stored at -200C for up to one year， and (3) the effect of 
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storage temperature. We wished to defermine whether 

2-DCB and 2-TCB remain useful as markers of the irra-

diation history of foods throughout transfer along the 

distribution system. 

Materials and Methods 

Samples 
Meat and egg samples were purchased at a local 

market in Osaka. Meat samples were irradiated with 

r-rays from a 60Co source (15 kGy /hr) in a frozen state 

at Osaka Prefecture University， as previously de-

scribed2). The irradiation doses were set within the 

maximum levels recommended by the European Union 
or USA*2. The irradiation samples were stored at 

-200C and analyzed within two weeks after irradiation. 

The remaining portion after the initial sampling were 

further stored at -200C for up to one year. 

Cooking 
At room temperature， a whole egg irradiated at 3.1 

kGy was mixed with 80 g ftour， 8 g butter， 30 g sugar 

and 70 g milk in a food processor to obtain a homogene-

ous mixture. The mixture was heated on an electric 

cooking plate at 1800C for 2 min on each side to cook a 

pancake. Five pancakes were analyzed on the following 

day and the remaining portion of each pancake was 

stored at -200C until re-analysis. 

Pieces of chicken thigh irradiated at 3.0 kGy were 

sprinkled with spices and fried in cooking oil at 180
0

C 
for 4 min. Five pieces of the fried chicken were 

analyzed on the following day and the remaining pieces 

were stored at -200C until analysis. 

Feed 
Feed for laboratory animals， which was distributed as 

MF from Oriental Yeast， Tokyo， was irradiated at 5.3 

kGy. About 20 g of the irradiated feed was put in a 

small polyethylene bag， which was sealed， and stored in 

a drawer in the lab at room temperature or in a freezer 

at -20
0

C， until analysis. 

SamPle preparation for analysis 
Sample preparation for the analysis of 2-DCB and 

2-TCB was performed as described previously2).7). 

Briefty， the procedure was as follows. The sample was 

extracted with ethyl acetate at 100
0

C in an accelerated 

solvent extraction system. Fat was removed from the 

extract by precipitation at -200C， followed by cleanup 

with a silica gel cartridge. The test solution， after the 

addition of 2-cyclohexylcyclohexanone as an internal 

standard， was examined by gas chromatography linked 

with a mass spectrometer (GC/MS). The GC was per-

formed with RTX-5 ms (Restek Bellefonte， PA， USA) 

RTX-1701 was used for the feed samples. The 

monitored ions for 2-alkylcyclobutanones were the m/z 

*2 http://nucleus.iaea.org/NUCLEUS/nucleus/Content/ Ap-
pJica tions / FICd b / Foodlrradia tionCJearances. jspつmoduJe
=cif 
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Fig. 1. The changes of 2-DCB and 2-TCB concentrations 
in irradiated raw samples after frozen storage 
for one year 

Irradiation doses: beef intestine， 5.0 kGy; minced 
beef， 5.1 kGy; beef thigh， 4.8 kGy; pork thigh， 4.5 
kGy; minced pork， 4.7 kGy; salmon， 4.4 kGy; 
chicken thigh， 4.2 kGy. VaJues were the ave-
rages of three trials 

98 ion and 112 ion， and the m/z 98 ion was selected for 
quantitation. The limits of detection of 2-DCB and 2-

TCB were 2.5 ng/mL in the test solution. 

Results and Discussion 

Figure 1 shows the concentrations of 2・DCBand 2-

TCB in the raw samples just after irradiation and after 

storage at -20
0

C for one year. 2-DCB concentrations 

showed a slight reduction (at most 30%， except for 
minced pork) after storage for one year. 2-TCB concen-

trations did not show any clear reduction after storage. 

Figure 2 shows that both compounds could be clearly 

detected in the irradiated minced pork after storage， 

although there was a considerable reduction of 2-DCB. 

These results indicate that the irradiation history of 
raw samples stored under frozen conditions for at least 

one year can be identified. 

The irradiated egg and chicken were cooked as food 

ingredients and the cooked foods were analyzed after 

storage in a frozen state. Pancakes and fried chicken 

are often distributed frozen， and thus these two foods 
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Fig.2. Typical chromatograms of 2-DCB and 2-TCB in 
irradiated minced pork monitor巴dat m/z 98 

(Al， 2-DCB and 2-TCB standards at 100 ng/mL; 
(B). just after irradiation; (Cl， after frozen storage 
for one year. 1， 2-cyclohexylcyclohexanone; 2， 2-
DCB; 3， 2-TCB 

were chosen for examination of the stability of 2-DCB 

and 2・TCBin frozen foods after cooking. The storage 
period was set at up to one year since the shelf life of 

many frozen foods in the distribution chain is one year. 

Pieces of pancake， which contained egg irradiated at 

3.1 kGy， were analyzed just after cooking and after 

storage for seven months or one year at -20oC. Levels 

of 2-DCB and 2-TCB decreased as the storage period 

increased (Fig. 3A). 2-DCB fell by 17% over 7 months 

and by 32% over one year， while 2-TCB fell by 23% and 

53% during the respective periods. 

The fried chicken also showed decreases of 2・DCB

and 2-TCB as the storage period was increased (Fig. 3B). 

2-DCB showed a 46% reduction and 2-TCB show巴da 

30% reduction during storage for one year after cook-

ing. Nevertheless， they remained readily detectable 

The pattern of decrease of 2・alkylcyclobutanonesin 

cooked samples during frozen storage seemed to be 

different from that of raw foods， which did not show 

any obvious reduction. Ndiaye et al. speculated that 

the reduction of 2-alkylcyclobutanones during storage 

of foods might be caused by oxidation of the lactone 

ring in 2-alkylcyclobutanones5). Cooked samples would 

contain more air inside， because of loss of water and oil 

with cooking. The infiltrated air in the foods might 
increase the loss of the markers during storage. 

The storage temperature might also a仔ectthe stabil-

ity of the two compounds. Most cooked foods can not 

be stored for a long time at room temperature. Howev-

er， feed for laboratory animals， which has been dried by 

heating， can be stored at room temperature and con-

tains a good balance of nutrients including fat， so it was 

selected for study. lrradiated feed has been used as 
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Fig.3. Reduction of 2-DCB and 2-TCB concentrations 
in cooked samples containing irradiated egg and 
chicken after frozen sto~age 

Values were averages of five trials with standard 
deviations. (Al， pancake; (Bl， fried chicken 

sterilized food for toxicological study*3. 

The feed contained 2-DCB at 0.54μg/g fat and 2・TCB

at 0.1 μg/g fat just after irradiation， and the concentra-

tions of the two compounds decreased as the storage 

period increased (Fig. 4). Typical chromatograms of 2-

alkylcyclobutanones in irradiated feed are shown in 

Fig. 5. The decrease was faster at room temperature 

than in the frozen state. The concentrations of the two 

compounds halved during storage for 3 months at room 

temperature， while it took six months for a similar 

reduction in the frozen state. The compounds were 

judged as not detected (ND) when the peak became 

indistinguishable from background peaks， i.e.， when the 

signal-to-noise ratio fell belows. Irradiation history 

could be detected for up to six months in terms of 2-

DCB at room temperature. The corresponding periods 
were twelve months and six months for 2-DCB and 2-

TCB， respectively， in the frozen state. 

The decrease of 2・DCBwas about 80% in the frozen 

feed， although it was less than 50% in pancakes and 

fried chicken under the same storage conditions. The 

reduction of 2・alkylcyclobutanonesin the feed was 

*3 http://www.oyc-bio・jp/lafeedJay.htm
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Fig. 4. Effect of storage temperature on 2-DCB and 2-
TCB concentrations in irradiated feed 

(e)， room temperature; (X)， -20oC. Values were 
averages of three trials. ND: ratio of peak signal 
to noise was < 5. 

faster at room temperature than in frozen state. Higher 

temperature appears to faci1itate the reduction， even 

though the dried feed contained far 1ess water than the 

other samp1es tested. 

Our resu1ts show that 2・a1kylcyclobutanonesin ir-

radiated meats and fish and in foods with irradiated 

ingredients cou1d be detected even after samp1es had 

been stored frozen for up to one year. The results 

indicate that the irradiation history of foods containing 

fat can be detected by using 2-0CB and 2-TCB as 

markers for as 10ng as the foods are like1y to remain in 

the distribution system. 
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