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Introduction

Since ancient times, people tried to prolong food 
durability because fresh food was not easily acces-
sible and is prone to undergo rapid deteriration. 
The previous methods of food conservation, such 
as drying in air, boiling, baking, smoking, and freez-
ing, in the second half of the 20th century used the 
radiation pasteurization technique, which involves 
irradiation of food with gamma rays or electron 
beams generated in linear accelerators. Radiation 
effectively eliminates all pathogens present in agri-
cultural and food products, as well as in processed 
food. Universal studies carried out in leading nutri-
tion centres for many years proved that irradiated 
food is safe for human health. Based on these opin-
ions, the FAO/WHO Expert Commission in 1983 
developed the Codex Alimentarius, Volume XV, 
which recommended food irradiation as a safe and 
effi cient method of food conservation [1].

However, the infl uential consumer groups were 
not completely satisfi ed with that recommenda-
tion and demanded that irradiated food should 
be labelled. In 1988, during the Geneva Conference 
on the Acceptance, Control and Trade of Irradi-
ated Food, the representatives of almost hundred 
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countries of the world agreed on the “International 
Document on Food Irradiation,” which was later 
accepted by the respective governments [2]. Under 
Section 36.5 of the document, the required control 
of irradiated food and the development of suitable 
identifi cation methods of irradiated products are 
described. According to experts, the independent 
control system should facilitate the food trade and 
increase consumer confi dence on the food control 
system. In 1999, the European Parliament voted 
down the obligatory legal regulations – directives 
1992/2/EC and 1992/3/EC – concerning food irra-
diation. According to them, only dried herbs, spices, 
and vegetables can be irradiated, and the irradiated 
food products have to be labelled.

Outside the EU, many other irradiated food 
products such as fruits, fresh vegetables, grains and 
grain products, legume seeds, tea and coffee, nuts, 
and also fi shes, seafood, poultry, and meat are made 
available for sale. The radiation treatment of food 
ensures the profound reduction of microbiological 
fl ora, increasing food quality and safety, as well as 
storage time. Consumers can choose between irradi-
ated and non-irradiated grocery products. However, 
the radiation-treated food can only enter into the 
market if the product is labelled as irradiated. 

According to EU directives, every analytical 
laboratory appointed for identifi cation of irradi-
ated food should participate periodically in inter-
laboratory comparisons based on ten analytical 
methods standardized by the Committee of Euro-
pean Normalization (CEN). They can be divided 
into three groups. The physical methods measure 
the changes in electrical conductivity, viscosity, 
and thermal properties resulting from structural 
modifi cations on a molecular level. The chemical 
and biological methods are based on the identifi ca-
tion of trace amounts of radiation products. In the 
spectroscopic methods – thermoluminescence (TL) 
[3], photostimulated luminescence (PSL) [4], and 
electron paramagnetic/spin resonance (EPR/ESR) 
spectroscopy [5–7] – the stable centers with excess 
electrons produced by ionizing radiation are identi-
fi ed. In laboratory practice, the methods based on 
EPR, TL, and PSL are the most frequently used ones. 

Inter-comparison studies organized by the Federal 
Institute for Health Protection of Consumers and 
Veterinary Medicine

The inter-comparison studies for identifi cation of 
irradiated food were initialized in Europe by German 
laboratories in the early 1990s. In 1991, the Federal 
Institute for Health Protection of Consumers and 
Veterinary Medicine organized the test to control 
reliability of the TL method for identifi cation of 
herbs and spices [8, 9]. Six laboratories took part 
in that test analysing 12 samples, and all of them 
correctly recognized the irradiated and unirradi-
ated samples [8]. In 1993, under supervision of the 
same institute, 14 participants analysed 18 different 
samples of herbs, spices, and spice mixes, and again, 
all laboratories made correct identifi cations [9]. 

The tests dedicated for TL identifi cation of shrimp 
samples were organized in 1995 and 1997 with par-
ticipation of 23 and seven laboratories, respectively. 
In total, 228 coded shrimp samples were studied, 
and only two samples were misidentifi ed [10, 11]. 
In 1997, the same institute organized the inter-
comparison studies concerned with TL identifi cation 
of irradiated potatoes. The 22 laboratories analysed 
220 samples of potatoes, which were unirradiated 
and irradiated with three different doses, and 216 
samples were correctly identifi ed. In general, the 
tests conducted in the 1990s confi rmed very high 
reliability of the TL method in relation to different 
food products such as herbs, spices, and marine 
crustaceans [3, 12, 13]. 

This is not true for the PSL method, which is 
cheap and easy to perform because it does not require 
the separation of minerals from food products. In 
1998, two tests for PSL identifi cation were carried 
out. In the fi rst one, 400 different herbs, spices, and 
spice blends were analysed by eight laboratories. 
Only 345 samples were correctly identifi ed [4]. In the 
second test, 75 samples of crustaceans and mollusks 
were studied by fi ve laboratories, and all methods and 
samples used in the study were classifi ed in a proper 
way [14]. This clearly shows that PSL methodol-
ogy, although simple to perform, is suitable only to 
some types of food products, for example, such as 
shellfi shes. Similarly, the TL methods cannot be used 
for all food products. For identifi cation of irradiated 
food containing bones such as pork and beef meat, 
chickens and fi shes, and also food products contain-
ing cellulose and crystalline sugars, the European 
Standards recommend EPR spectroscopy. Using 
the EPR technique, the long-lived paramagnetic 
centers and radicals generated by ionizing radiation 
and stabilized in solid parts of food are measured. 
This method is fast and usually does not require the 
measurements of a control (non-irradiated) sample. 
Additionally, the samples can be measured as deliv-
ered without any tedious separation procedure. 

Over last the 30 years, a dozen EPR inter-labora-
tory tests had been carried out in order to estimate 
the reliability of the EPR technique for identifi cation 
of different food samples. 

In the early 1990s, two series of large tests based 
on EPR measurements were organized. In the fi rst 
one, the aim was to identify the samples of irradi-
ated beef, chicken, and trout bones. Altogether, 192 
samples were studied by EPR in 21 laboratories, and 
only seven samples were incorrectly assigned [13]. 
Based on the positive results of the tests, the Euro-
pean standard EN 1786:2000 was worked out [7]. 
In the second test, 21 laboratories carried out the 
EPR measurements to identify irradiated pistachio 
nuts, pepper powders, and fresh strawberries [15]. 
Pistachio nuts were analysed in two rounds. In the 
fi rst round, for 68 analysed samples, 17 results were 
incorrect, whereas in the second round, only two 
samples were wrongly identifi ed among 160 samples 
studied [16, 17]. The EPR indicator of fresh straw-
berries is a stable singlet with satellite lines in the 
distance of 6 mT, which is induced by radiation of 
small black seeds on the surface of strawberries. In 
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spite of that, for 184 tested samples of fresh strawber-
ries, only nine samples were identifi ed incorrectly [6]. 
The EPR signal in irradiated pepper powder comes 
from cellulose radical and has low intensity. However, 
it turned out that the identifi cation reliability of pep-
per powder by the EPR technique is very high – for 
160 samples, only one was incorrectly assigned [17]. 

At the beginning of the 1990s, the European 
institutions responsible for food safety took up the 
problem of dried fruits such as papayas, mangoes, 
fi gs, raisins, etc. imported from Africa and Asia to 
Europe in increasing amounts and possibly irradi-
ated before transportation. 

Dried fruits contain crystalline sugars in which 
radicals induced by radiation can be effectively 
stabilized and then measured by EPR. In order to 
introduce a new European standard EN 13708:2003 
[5], the inter-comparison studies were carried out to 
prove the stability and intensity of radiation-induced 
EPR signals in tropical fruits. The results of the fi rst 
test in 1992 were not satisfactory. Twenty-six dried 
mango and fi g fruits were tested in 11 laboratories, 
and up to 10 samples were incorrectly identifi ed 
[13]. In 1996, the second test was organized, in 
which 17 laboratories took part in analysing 184 
dehydrated fi g and mango fruits [18]. Now, the 
correct identifi cation was very high – only two fi g 
samples were wrongly recognized. Therefore, the 
European Standardization Committee accepted 
those inter-comparison studies as a validation of 
the EPR identifi cation method for irradiated fi g 
and mango fruits, announcing its decision in the 
European standard 13708:2003 [5, 19]. 

Among the methods used for identifi cation of 
irradiated food, the EPR technique is the most sen-
sitive. However, the majority of radiation-induced 
radicals in food products lives are too short to be 
used for control of irradiated food. The exceptions 
are the EPR signals produced by ionizing radiation 
in bones, which remain stable for centuries. The sig-
nal is assigned to CO2

− anion radicals trapped in the 
bone mineral – hydroxyapatite. CO2

− signal is used in 
dosimetry of ionizing radiation or even for dating of 
archaeological skeletons. The radiation-induced radi-
cals in fruit sugars, nut shells, and pepper powders are 
less stable and make EPR identifi cation less reliable. 

Inter-comparison studies organized by the Spanish 
Agency for Food Safety and Nutrition and Food 
National Spanish Centre 

In the last decade, the Spanish Agency for Food 
Safety and Nutrition (AESAN) and Food National 
Spanish Centre (CNA) took the initiative in the 
organization of inter-laboratory tests for food ir-
radiation control. In 2010, 26 samples were sent to 
the participating laboratories to be studied by using 
TL, PSL, and EPR methods. The samples of basil, 
mint, pole, and dill were to be examined by TL, while 
samples of paprika and curry by PSL spectroscopy. 
The products containing cellulose, crystalline sugars, 
or hydroxyapatites were selected for EPR measure-
ments. Altogether, 20 samples of capsicum, paprika, 

curry, curry cayenne, dried onion, goat, hazelnut, 
raisins green and black, chicken, pistachio, walnut, 
pepper, paprika green, four types of mollusk shells, 
and two types of fi sh bones were analysed by EPR 
spectroscopy. The samples measured with the use 
of TL and PSL were correctly identifi ed, whereas 
the EPR tests revealed serious discrepancies. There 
were no problems with the identifi cation of irradi-
ated bones, raisins, nuts, or mollusk shells; however, 
among samples of spices and herbs such as pepper, 
curry, dried onion, and capsicum, only half of the 
samples were correctly identifi ed. 

In the next test organized in 2012, 12 samples 
were tested by EPR (quail bone, pig bone, raisins, 
curry, cockle shells, mussel shells, pistachio shells), 
three samples by TL (rosemary leaf, tarragon), and 
two by PSL (green tea, turmeric) spectroscopy. 
The samples were analysed by 19 laboratories from 
various European countries such as Italy, Romania, 
Poland, Germany, France, and Spain, and in general, 
the results of inter-comparison studies were very 
satisfactory. All the samples were correctly iden-
tifi ed by all laboratories except the curry sample 
irradiated with 5 kGy, which was assigned to the 
non-irradiated category by fi ve laboratories. 

In the inter-comparison test organized in 2015, 
22 laboratories took part in testing 10 samples by 
EPR (paprika, pistachio shells, raisin, chicken bone, 
turbot bone), two samples by TL (dried mushrooms, 
sunfl ower seeds), and two samples by PSL (dried 
tomatoes, sesame) spectroscopy. For samples tested 
by PSL spectroscopy, all laboratories got correct 
results. Only one result was false for samples mea-
sured by EPR spectroscopy – one laboratory did not 
identify irradiated pistachio shells. The second false 
result was concerned with sunfl ower seeds analysed 
by TL spectroscopy. 

The most recent inter-comparison test organized 
by AESAN and CNA took place in 2018 with par-
ticipation of 19 European laboratories from Italy, 
Germany, France, Spain, Romania, Turkey, Croatia, 
and Poland. The samples of pistachio, hazelnut, 
chicken bone, dried kiwi, and dried mango were 
studied by EPR spectroscopy, whereas oregano and 
dried tomato by TL spectroscopy and chamomile 
and chickpeas by PSL spectroscopy. All laboratories 
correctly identifi ed the samples analysed by TL and 
PSL methods. The EPR identifi cation this time was 
less satisfactory – three laboratories did not recog-
nize irradiated hazelnut samples, and one testing 
team did not identify irradiated chicken bone. After 
each inter-comparison study, the AESAN and CNA 
published the results in the bulletin “Final report of 
the inter-comparison exercise for quality assurance 
on TL, PSL, and EPR irradiated food detection 
methods” [20, 21], which was sent only to the par-
ticipating laboratories. In the report, authors focused 
their interest mainly on statistical analysis of results 
and did not try to discuss why the identifi cation of 
some samples was less reliable than that of the oth-
ers and which identifi cation methods were the best 
for specifi c alimentary products. 

However, the results presented above clearly 
show that the participating European laboratories 
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had already won necessary analytical experience 
with the identifi cation of irradiated food. 

The participation of the laboratory in the inter-com-
parison tests for detection of irradiated food 

Since the early 1990s, the Laboratory for Detection 
of Irradiated Food (LDIF) in the Institute of Nuclear 
Chemistry and Technology (INCT, Warsaw, Poland) 
had participated in numerous inter-comparison tests 
[19, 22–26]. Here, however, we are going to present 
the results of the most recent tests [20]. In 2015, 
the CNA sent for identifi cation eight different food 
samples, which were unirradiated and irradiated in a 
Cs-137 source with doses in the range of 0.5–5 kGy. 

The samples of dried onions, nut shells, raisins, 
shells of shrimps, and mollusks [20] were assigned 
for EPR studies, whereas samples of hot pepper were 
tested by PSL spectroscopy and sweet pepper by TL 
spectroscopy. EPR spectroscopy at the INCT was 
carried out using a Bruker EMX Plus spectrometer, 
with setting parameters according to the European 
standards: EN 1786, EN 1787, and EN 13708. The 
samples before measurements were dried at the tem-
perature 40°C for 24 h and then placed in spectrosil 
thin-wall tubes, which do not give any EPR signal. 
The LDIF identifi ed correctly fi ve samples using 
the EPR method; only shrimp shells irradiated with 
1 kGy were falsely recognized as non-irradiated 
ones. Six other laboratories made similar mistakes. 
The mistakes were probably due to the fact that shrimp 
shells are not structurally homogenous and some shell 
parts contain less mineralized tissue than others. 
Since the paramagnetic centers generated by radiation 
are stabilized only in the mineral part of shells, it ap-
pears that the EPR identifi cation of irradiated shrimps 
is not a completely reliable method. There was no 
problem with EPR identifi cation of other samples. The 
EPR spectra of irradiated dried onions and raisins are 
intense enough to assign them to the radicals gener-
ated by radiation. Figure 1 presents the EPR spectra 
of the Morocco raisin sample irradiated with a dose of 
0.5 kGy. The signal originates from radicals induced 
by radiation in the crystalline domains of glucose or 
fructose, which appear in dried fruit and can be easily 
detected even 12 months after irradiation. 

Two samples of hot and sweet pepper analysed 
by TL and PSL spectroscopy, respectively, were 
clearly identified as irradiated. The application 
of luminescence techniques for the identifi cation of 
irradiated food is based on the measurement of free 
electrons produced by ionizing radiation and trapped 
at the imperfections in the crystal lattice of mineral 
solids. Heating of the crystallites in the sample frees 
some of these electrons from the traps. The process 
is associated with the intensity of the light emitted, 
which depends on radiation dose. For TL measure-
ments, the minerals, which usually are small sand 
grains, have to be removed from the food sample by 
a tedious and time-consuming extraction process. 
Chemical treatment is not necessary for PSL analysis 
in which electrons are released by photostimulation. 
However, the sensitivity of this method is distinctly 
lower, and owing to the low sensitivity, the PSL 
technique not very useful when food products are 
irradiated with low doses. 

According to the EN 1788 standard, the iden-
tifi cation of irradiated food by the TL technique 
requires two measurements – the first one is a 
commercial sample and the second one is the same 
sample but additionally irradiated with a dose of 
1 kGy. At the INCT, the additional irradiations were 
carried out using Gamma Chamber 5000 produced 
in India. The RISØ reader TL-DA-20 was used for 
TL analysis, and the SURRC reader manufactured 
in Scotland was used for PSL measurements. 

Table 1 shows the glow intensities of the original 
samples during heating at 250°C (A) and samples 
additionally irradiated with dose of 1 kGy (B). An 
A/B ratio higher than 0.1 indicates unequivocally 
that the sample was irradiated. 

In 2018, CNA sent the samples of pistachio nut, 
hazelnut, chicken bone, dried kiwi, and mango ir-
radiated with an electron beam at a dose of 1 kGy 
to the participating laboratories for identifi cation 
using EPR spectroscopy [21]. Among them, only 
the sample of hazelnut was incorrectly assigned 
as unirradiated. The EPR singlet with g0 = 2.004 
of irradiated hazelnuts (Fig. 2) that is assigned to 
cellulose radical is not quite stable and decays with 
a half-life of 20 days. Since the test samples were 
measured three months after irradiation, the inten-
sity of the EPR signal decayed completely. Since fi ve 
other laboratories did not identify the irradiation 
of hazelnuts, it is clearly seen that EPR identifi ca-
tion of irradiated hazelnut is not a reliable method. 
Unirradiated samples do not show any EPR signal. 

On contrary, the EPR signal in irradiated bones 
(Fig. 3) is exceptionally stable. It is an anisotropic 
singlet with g|| = 2.002 and g ┴ = 1.997 derived from 

Fig. 1. Multiline EPR signal of dried Morocco raisin irradi-
ated with the dose of 0.5 kGy. Unirradiated raisin does not 
show any EPR signal. g0 corresponds to geometric centre 
of multi-component signal.  

Table 1. Results of the PSL (for hot peppers) and TL (for 
sweet peppers) examination of minerals isolated from the 
dried peppers 

Name 
of sample

TL intensity (150–250°C) Glow ratio
A/BGlow A Glow B

Hot peppers    107 664 2 446 361 0.437
Sweet peppers 8 271 517 9 420 144 0.878
PSL, photoluminescence; TL, thermoluminescence.
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a CO2
•− radical anion trapped in a crystalline net-

work of hydroxyapatite – the major mineral constitu-
ent of bone tissues. Its stability makes it possible to 
use bone samples as radiation dosimeters [13, 22, 
24] and as paramagnetic labels for dating of human 
remains [23, 27]. For identifi cation of irradiated 
meat containing bones, the EPR spectroscopy is the 
fi rst method of choice. 

Conclusions and perspectives 

Owing to the initiative of the Federal Institute for 
Health Protection of Consumers and Veterinary 
Medicine (Germany) and the Spanish Agency 
for Food Safety and Nutrition (Spain), the inter-
comparison studies for control of irradiated food 
are being regularly carried out in Europe for the 
last 25 years. To our knowledge, in the last decade 
of the previous century, 17 tests were organized, 
in which 478 samples of various food products 
were analysed in 23 laboratories from 14 European 
countries. In the next two decades, eight rounds of 
inter-comparison tests had been conducted with 
participation from seven to 22 laboratories. Primar-
ily, three main groups of food samples – bones, dry 
fruits, and nuts – had been analysed. 

The main goal of the inter-comparison studies 
was to check the methodology and analytical skills 

of the participating laboratories. Additionally, the 
results of tests organized in the 1990s played a cru-
cial role in the preparation of European Standards. 
First of all, they made it possible to choose the reli-
able identifi cation techniques for individual food 
products and to describe precisely the analytical 
methodology. The later tests organized by Spanish 
agencies had also an additional task of scrutinizing 
and confi rming the effectiveness of the identifi ca-
tion of irradiated food based on EU standards. The 
obtained data allowed specifi cation of the changes 
which should be introduced into the European 
Standards and Directives in the future [28, 29]. The 
inter-comparison studies proved also that the meth-
odology used in European laboratories to control 
irradiated food reached the high professional level, 
guaranteeing reliable results. 

The Laboratory for Detection and Irradiated 
Food started participating in European inter-com-
parison tests in 2008 and took part in six tests. 
About 27 different food samples were sent to the 
LDIF for identifi cation, and only three samples 
were incorrectly assigned. The contribution in the 
inter-comparison tests allowed us to prove the limits 
of applied identifi cation methods and to select the 
best methodologies for specifi c products. It was also 
very helpful in the process of laboratory certifi cation, 
which resulted in the substantial increase of orders 
from abroad. During 2010–2018, the majority of 
orders for identifi cation of irradiated food samples 
came from foreign clients. 

In the last couple of years, the assortment of ana-
lysed products changed very much. Earlier, the LDIF 
identifi ed mostly the irradiation of herbs, spices, and 
seafood, from which the separation of minerals for 
TL or solids for EPR detection was relatively simple. 
Nowadays, the diet supplements and biopharma-
ceuticals are irradiated on an increasing scale. For 
them, sophisticated extraction methods have to be 
applied in order to separate minerals. Also, usually, 
the amount of separated minerals is much smaller, 
which creates a real analytical challenge. 

The other problem is due to the application of 
lower irradiation doses by food producers than 
those recommended by Codex Alimentarius [1]. In 
order to reduce the cost of treatment, the combined 
methods, i.e., radiation-thermal pasteurization, are 
more frequently used. The food is fi rst pasteurized 
or lyophilized and then irradiated with a dose re-
duced even down to 50% in comparison with doses 
required by European Standards. 

The numerous components of diet supplements 
which are present in the European market come from 
Asia, where they are decontaminated in that way. 

This requires a new approach to the identifi cation 
of irradiated food by the development of more sensi-
tive detection methods and more effi cient methods 
for mineral separation. To solve those problems, 
there is an urgent need to organize the inter-com-
parison studies for leading analytical laboratories. 
The aim of those exercises should concern the new 
methodology for TL, PSL, and EPR techniques for 
identifi cation of complex, multi-component food 
samples irradiated with lower doses than used so far. 

Fig. 2. EPR signal of irradiated sample of matured hazel-
nut shells harvested in Polish farms. Two satellite lines of 
isotropic triplets distanced by 6.0 mT assigned to cellulose 
radical are considered the evidence of radiation treatment. 
The central line of the cellulose triplet is superimposed 
by a strong native singlet and overgrows the frames of 
the fi gure.  

Fig. 3. EPR signal of chicken bone sample, irradiated 
with 0.5 kGy, assigned to a singlet of axial symmetry of 
CO2

− ion radical. 
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The European Commission has stated their 
opinion that recommendations in Codex Alimen-
tarius are less and less adequate to world trends 
of food irradiation; this statement gave rise to the 
commencement of preliminary works on new legal 
regulations. At the beginning of 2020, the Commis-
sion sent a questionnaire to food producers and 
specialists in the control of irradiated food concern-
ing the evaluation of EU’s regulatory framework for 
irradiation of food. The Commission wanted to know 
the opinions from all EU countries concerning the 
present regulations on food irradiation, especially 
on the effectiveness of monitoring systems and im-
portance of reporting systems for dissemination of 
radiation technologies for food preservation. The 
response from the representatives of each country 
to that questionnaire will be an essential input to 
the public consultation for improvement of EU 
law regulations for irradiation of food [30]. Based 
on the information collected from the questionnaire 
together with other data, the Commission is going 
to propose suitable changes in EU regulation. 

The new inter-comparison studies dedicated to 
the identifi cation of complex food products such as 
diet supplements or biopharmaceuticals that had 
been irradiated may have signifi cant infl uence on 
the modifi cation of European regulations concern-
ing the food irradiation and the control of irradiated 
food products. 
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