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Introduction 

First information on stable EPR signals observed 
in biological tissues and food exposed to ionizing 
radiation appeared in the sixties of the last cen-
tury [1]. Dodd et al. reported specifi c EPR signal 
in seeds of irradiated strawberries [2]. Raffi  and 
coworkers observed stable, multiline EPR signals 
in dried fruits like fi gs, bilberries, raspberries and 
red currants exposed to ionizing radiation [3]. The 
author suggested that multicomponent EPR signal 
observed in dried fruits exposed to radiation is as-
signed to radicals trapped in crystalline sugars [4–6]. 
Stability and specifi city of these signals make them 
suitable for control whether dried fruits were irradi-
ated or not [7]. The reliability of these EPR signals 
as indicators of irradiation of dried fruits has been 
proven in a number of interlaboratory tests [5, 8]. 
Consequently, the European standard EN-13708 
“Foodstuffs – Detection of irradiated food contain-
ing crystalline sugar by ESR spectroscopy” has been 
issued by CEN (Committee European de Normalisa-
tion in Brussels) in 2002 [9]. The standard states: 
“Irradiated food containing crystalline sugar show 
typical multicomponent ESR spectra refl ecting the 
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the EPR spectrum obtained by computer addition of fructose and glucose spectra taken in proportion 1:1. The 
decay of radiation induced EPR signals proceeds in dried fruits fast during the fi rst month of observation and 
becomes much slower and almost negligible after prolonged storage. However, it remains intense enough for 
EPR detection even one year after processing. The radiation induced EPR signal is easily detected in dried fruits 
exposed to 0.5 kGy of gamma rays. Thus, the EPR method of the detection of irradiated fruits can be used for 
the control of dried fruits undergoing quarantine treatment with 200–300 Gy of ionizing radiation. 
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presence of radiation-induced radicals in the sample. 
Dried fruits often contain sugar particles in crystal-
line form, and therefore the appearance of a typical 
multicomponent ESR spectrum indicates radiation 
treatment. Due to different saccharide composition 
the shape of recorded EPR spectra differs for vari-
ous dried fruits”. The radiation dose recommended 
by WHO/FAO to eliminate pests and insects from 
dried fruits is in the range 0.5–3.0 kGy. The standard 
does not deliver any information on the identity of 
the EPR signals involved. Currently the European 
standard for the detection of irradiated food contain-
ing crystalline sugars is widely used in many food 
control laboratories around Europe and the world. 

Several works have been published to identify 
radicals responsible for the multiline EPR signal in 
dried fruits and sugars by applying the sophisticated 
EPR and ENDOR analyses [10, 11]. The authors 
of present study identifi ed the EPR spectra derived 
from different sugar components in irradiated fruits 
[12, 13]. 

In various fresh fruits, sugar content is different 
[14]. Consequently, the same concerns dried fruits 
which contain different concentration of sugar which 
appears typically in a crystalline form. The presence 
of sugar crystals in dried fruits is essential since free 
radicals trapped only in crystalline phase are stable 
in contrast to those produced by radiation in liquid 
or glassy states. The latter recombine within a few 
seconds or minutes after irradiation. The higher the 
content of crystalline sugar in dried fruit the more 
intense EPR signal is observed. 

The content of sugars in fresh fruits studied is 
given in Table 1. 

All fruits imported from Asia and South America 
to Europe and USA undergo routine quarantine to 
avoid the migration of dangerous insects to these 
continents. In order to accelerate the quarantine of 
fruits, fumigation or recently, more and more widely, 
the treatment with low dose of ionizing radiation 
of the order of 200–300 Gy is applied. The latter 
method is more safe (no harmful deposits) and fully 
effective. The problem is whether quarantine doses 
can be detected by standardized analytical method. 

Materials and methods 

Three kinds of fresh fruits – pineapple, banana and 
papaya, and two kinds of commercially available 
dried fruits – fi g and California plum were purchased 
in the market. The samples of fructose and glucose 
of analytical purity were delivered from Aldrich. All 

fruit samples were dried for 48 h at 40°C and subse-
quently kept in the exsiccator under the vacuum to 
avoid contact with moisture and dust. The samples 
were irradiated at room temperature with the doses 
of 0.5, 1.0, and 3.0 kGy in the 60Co source Gamma 
Chamber 5000. The EPR spectra were recorded at 
room temperature with Bruker ESP 300 X band 
spectrometer one day after irradiation and then 
after 30, 90, 180, and 360 days. Spectrometer set-
tings were adjusted as recommended in EN 13708 
European standard. The EPR signal intensity was 
obtained by the integration of recorded EPR signal 
areas within 6 mT of magnetic fi eld range. 

Results and discussion 

The irradiated samples of pineapple, banana, papaya 
and fi g showed the broad, multiline EPR signals 
specifi c for fruits sugars [9]. The exception was 
the sample of dried California plum for which no 
EPR signal was detected after irradiation. The 
widths of these signals, changing from 5.5 ± 0.2 mT 
for banana to 6.2 ± 0.2 mT for papaya, are consis-
tent with the data published earlier for other fruits 
sugars [4, 13, 14]. 

The advantage of the EPR method for detection 
of dried fruits irradiation is an easy distinction of 
the signals from irradiated and nonirradiated sam-
ples. Some of the unirradiated fruits show weak, 
narrow singlets in contrast to broad, intensive and 
multiline signals of irradiated fruits. The EPR sig-
nals of unirradiated and irradiated dried pineapple 
are shown in Fig. 1. Unirradiated pineapple does 
not show any EPR signal. After irradiation with 
the doses of 0.5 and 3.0 kGy, the broad doublet 
AA-BB with hyperfi ne splitting of about 1.1 mT is 
detected. Both lines of doublet are superimposed 
with unresolved sharp lines. The intensity of EPR 

Table 1. The content of sugars in fresh fruit in grams for 
100 g of fresh fruit 

Fruit Carbohydrates Fructose Glucose

Pineapple 13.1   2.1   2.9
California plum* 11.4   3.1   5.1
Banana 22.8   2.7   4.2
Papaya 13.5   1.4   2.7
Fig* 63.9 24.4 26.9
   * Undergone to drying process. 

Fig. 1. EPR signals of dried pineapple unirradiated and 
irradiated with doses of 0.5 and 3 kGy. The numbers on 
the right refer to attenuation. The signals were recorded 
one month after irradiation. 
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signal of sample irradiated with a dose of 0.5 kGy is 
nearly 3 times lower than that of a sample irradiated 
with the dose of 3.0 kGy. However, dried pineapple 
irradiated with 0.5 kGy can be easily identifi ed by 
EPR as an irradiated sample. 

Figure 2 shows the EPR spectra of unirradiated 
and irradiated samples of dried fi g. In this case a 
weak native singlet with g = 2.004 appears for an 
unirradiated sample. After irradiation with a dose of 
0.5 kGy, multiline signal is recorded. The amplitude 
of this signal is only twice as higher than that of the 
native singlet. However, the integrated area of this 
signal exceeds the area of the native signal about 20 
times making it possible for the reliable distinction 
between both signals. It means that detection of 
low dose radiation treatment (0.5 kGy and lower, 
i.e. 200–300 Gy) of fi g is fully possible. It is clear, 
therefore, that EPR method is suitable for the detec-
tion of dried fruits exposed to quarantine treatment 
with the use of ionizing radiation. The EPR signal 
recorded after irradiation with a dose of 3 kGy is more 
intense and better resolved. To some extent, its shape 
resembles the EPR signal of irradiated pineapple. 

The EPR spectra of irradiated dried banana and 
papaya (not shown in this paper) are also dominated 
by a broad doublet with hyperfi ne splitting of 1.3 mT 
for banana and 1.1 mT for papaya resembling the 
EPR spectra of pineapple and fi g. 

It seems reasonable to assume that observed 
spectral similarities are due to the sugar composi-
tion in studied dried fruits. In pineapple, fi g, banana 
and papaya, the dominating sugars are fructose and 
glucose appearing in proportion 1:1. 

The EPR spectra of commercial fructose and 
glucose irradiated with a dose of 3 kGy are shown 
in Fig. 3. 

The shape of both spectra is complex indicating 
the contribution of EPR signals of different radicals. 
The superposition of EPR spectra of fructose and 
glucose with intensity ratio 1:1 produce the signal 
which resembles to some extent the experimental 
spectra of irradiated dried pineapple and fi g samples. 
Thus, it can be concluded that major paramagnetic 
products stabilized in dried pineapple and fi g are 
free radicals originated from fructose and glucose. 
Similar proportion between glucose and fructose 
contents and between glucose and fructose radical 
yields in irradiated fruits may indicate that stable 
radicals are formed in primary stages of radiolysis. 
The alternative supposition that those radicals are 
side products of secondary radical transformation 
[15] seems less probable, because the composition 
and yield of radiolytic molecular products are en-
tirely different for glucose and fructose. 

It has to be noted that the EPR signal of ir-
radiated fig shows distinctly lower intensity as 
compared with the signal of irradiated pineapple, 
although sugar content in the latter is higher. 
Fresh pineapple contains only 2.1 g of fructose and 
2.9 g of glucose in 100 g while 100 g of commercially 
dried fi g contains as much as 24.4 g of fructose and 
26.9 g of glucose, respectively. The unexpectedly low 
intensity of EPR signal of irradiated fi g in compari-
son with that of pineapple is probably caused by a 
low content of crystalline fraction in the total sugar 
pool. The drying process of fresh fruits proceeds in 
a different way in specifi c species. Depending on 
initial water content, thickness of fruit and its po-
rosity, as well as drying temperature, pressure, and 
duration of the process, the content of crystalline 
sugar fraction in dried fruit can vary in a signifi cant 
way. The condition of fruit and all factors mentioned 
above infl uence the crystallization effi ciency and 
the dimensions of sugar crystallites formed. Since 
radiation induced stable radicals are stabilized in 
crystalline sugars only, the total sugar content in 
fruits does not determine the EPR signal intensity 
of irradiated fruits. 

The samples of dried California plums do not 
show any EPR signal after irradiation. It is supposed 
that in this fruit even after intense drying sugars re-

Fig. 2. EPR signals of dried fi g unirradiated and irradiated 
with doses of 0.5 and 3 kGy. The numbers on the right 
denote attenuation. The signals were recorded one month 
after irradiation. 

Fig. 3. The experimental EPR spectra of irradiated fructose 
and glucose. Spectrum on the top is superposition of both 
spectra with intensity ratio 1:1. 
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main dispersed in the pulp in a form of syrup which 
never crystallizes. 

The stability of EPR signals derived from radicals 
produced by radiation in dried fruits is limited. For 
that reason, to evaluate the detection ability of the 
EPR method after prolonged storage of irradiated 
fruits, the time dependent kinetic study has been 
carried out. 

Figure 4 shows the decay curves of dried papaya, 
banana, and fi g irradiated with the dose of 1 kGy. 
The intensity of EPR signals decreases sharply 
during the fi rst month after irradiation. Then the 
decay becomes gradually slower, however after one 
year of storage, the EPR signal intensity remains 
still relatively high. For fi g and banana, it is about 
40% of initial intensity as measured one day after 
irradiation. For pineapple and papaya, the decay is 
larger reaching about 80%. 

Thus, it can be concluded that the intensities of 
EPR signals of irradiated fruits after one year of stor-
age are suffi cient to prove the fact of radiation treat-
ment. It means that the EPR method for the detection 
of irradiated fruits is a useful and reliable technique 
for the control of dried fruits exposed to radiation. 

The dependence of the EPR signals intensity 
vs. radiation dose as measured one year after irradia-
tion is shown in Fig. 5. For all fruits investigated, the 
signal intensity increases with radiation dose for the 
range 0–3 kGy. The best fi t has been obtained for 
linear function determined by the highest R-square 
coeffi cients which for bananas are R2 = 0.9299, 
for papaya R2 = 0.8749, while for fi g R2 = 0.9132. 
The linear relationship of EPR signal intensity vs. 
dose has been observed earlier for irradiated dried 
grapefruits [16] and dried candied fruits, the com-
ponents of diet supplements [17]. 

Conclusions 

The irradiation of dried banana, pineapple, papaya, 
and fi g generates free radical trapped in sugar crys-
tallites present in dried fruits. The complex EPR 
spectra of these radicals can be detected even one 
year after irradiation. The intensity of EPR spec-
tra of irradiated dried fruits exceeds markedly the 
intensity of native signals in unirradiated fruits. It 
was proven that glucose and fructose radicals are the 
major paramagnetic products in irradiated banana, 
pineapple, papaya and fi g samples. The recorded 
EPR spectra can be reconstructed in the best way 
by superposition of the spectra of irradiated glucose 
and fructose with the intensity ratio 1:1. At room 
temperature, the EPR signals decrease quite rapidly 
during the fi rst month after irradiation. The decay 
during the following months is distinctly slower. It 
was found that the EPR signals recorded one year 
after irradiation are suffi ciently intensive for effective 
control of dried fruits irradiated with the doses below 
0.5 kGy. Thus, the EPR technique can be considered 
as a very reliable method for the control of dried fruits 
after prolonged storage (1–3 years) even when irradi-
ated with low doses including quarantine treatment 
(200–300 Gy). Dried California plum did not show 
EPR signal presumably due to the lack of crystalline 
sugar and for that reason cannot be controlled by 
the EPR method. The results of present study are of 
practical use and throw more light on the nature 
of radicals stabilized in irradiated dried fruits. 
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