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Processing foods with gamma-radiation is now 
widely accepted as an effective method to maintain 
the quality of food for a long time. The Directive 

1999/3/EC established a Community list of foods 
and food ingredients that can be treated with 
ionising radiation and set the maximum average 
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The influence of various gamma-radiation dose absorptions on oregano (Origanum vulgare L.) solid samples was moni-
tored by means of electron paramagnetic resonance (EPR) spectroscopy. Further, the antioxidant activity of oregano 
methanol/water extracts was characterised using DPPH (1,1-diphenyl-2-picrylhydrazyl free radical); thiobarbituric acid 
reactive substances (TBARS); ferric reducing power (FRP); and total content of phenolic compounds (TPC) assays. EPR 
spectroscopy was used for the investigation of the influence of the absorbed dose on the character of the paramagnetic 
structures formed, as well as for their thermal stability and life-time characterisation. EPR spectrum of the reference 
(non-irradiated) sample represents a broad singlet line with unresolved hyperfine splitting, attributable to Mn(II) ions, 
upon which the additional sharp EPR signal (g = 2.0022, ΔBpp ~ 1 mT) is superimposed, assigned to stable semiquinone 
radicals produced by the oxidation of polyphenolic compounds present in plants. The additional paramagnetic structures 
of different origin (mostly of cellulose and carbohydrate), possessing diverse thermal stability and life-time, were identified 
in the gamma-irradiated samples. Immediately after irradiation, a statistically significant increase was observed of the 
TBARS values and the total content of phenolic compounds in methanol/water oregano extract. The alterations of the 
antioxidant properties of oregano extracts with the time after the radiation treatment were also monitored. A substan-
tial time-dependent decrease of antioxidant activity was observed, probably as a result of storage, with both irradiated 
and non-irradiated oregano samples, as obvious from the ferric reducing power test and the content of total phenolic 
substances. The influence of irradiation and subsequent storage of oregano samples on the DPPH radical-scavenging 
ability was only negligible.
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absorbed dose to 10 kGy for dried aromatic herbs, 
spices, and vegetable seasonings. This is also in 
accord with the Codex Alimentarius General Stand-
ard for irradiated foods, in which the maximum 
absorbed dose should not exceed 10 kGy, with 
several exceptions related to specific technological 
requirements (Codex Stan 2003). The limitations 
of the Code of Federal Regulation (FDA) restricted 
the maximum absorbed dose for culinary herbs, 
seeds, spices, vegetable seasonings, and their blends 
to 30 kGy (Code of Federal Regulation 2004). 

EPR characterisation of irradiated spices

In view of the fact that the gamma-irradiation 
of foods leads to the production of paramagnetic 
species, Electron Paramagnetic Resonance (EPR) 
spectroscopy is considered to be the unique de-
tection technique for their characterisation and 
investigation.

Among various foods, spices are the most fre-
quently irradiated. Only minor differences were 
found by Calenberg et al. (1998) in EPR spectra 
of white pepper, sweet red paprika, and nutmeg ir-
radiated either with electron beams or X-rays at the 
doses from 0 up to 10 kGy. EPR spectroscopy was 
successfully applied for the study of free radicals 
in black pepper and the evaluation of the poten-
tial of these radicals in identifying the radiation 
treatment (Franco et al. 2004; Polovka et al. 
2006; Suhaj et al. 2006). According to Franco and 
co-workers a line produced both by radiolysis and 
thermolysis was observed, and its behaviour upon 
thermal treatment suggests that it cannot be used 
as an irradiation marker for the doses up to 30 kGy 
(Franco et al. 2004). On the other hand, as it was 
concluded by Polovka and co-workers the black 
pepper samples gamma-irradiated at the doses 
from 5 to 30 kGy could be reliably recognised also 
a longer time (up to 6 months) after the radiation 
treatment, due to different consequences of the 
temperature growth from 298 to 353K on the EPR 
signal intensity monitored for non-irradiated and 
gamma-radiation processed samples (Polovka 
et al. 2006). Two physical methods (viscosimetry 
with two different ways of the sample preparation 
and electron spin resonance) were used to detect 
irradiated black pepper samples also by Formanek 
et al. (1999). As they found, the identification of 
irradiation in black pepper samples using these 
methods is accomplishable even after one month 
of storage at ambient temperature. The thermal 

behaviour of the organic free radicals induced in 
irradiated black pepper using EPR spectroscopy 
was studied by Ukai and Shimoyama (2003). They 
found that the evolution of free radicals formed 
in the irradiated pepper obeys a single exponen-
tial function and gives a unique time constant. 
Chabane et al. (2001) used thermoluminescence, 
EPR spectroscopy, and viscosimetric measure-
ments to establish whether or not a spice had 
been irradiated. Electron spin resonance led to 
different spectra shapes depending on the chemi-
cal composition of the spices and on the type of 
paramagnetic structure. As they concluded, EPR 
could only be used as a proof of irradiation for up 
to several weeks after irradiation, and only with 
some spices. The EPR method is recommended as 
a dosimetric detection method for the detection 
of foods containing cellulose. Additional methods 
for the detection of irradiated foods are incorpo-
rated in several directives and standards, e.g. in 
EN 13708:2001; EN 1787:2000; EN 13751:2002; 
EN 13784:2001; EN 1784:1996; EN 1785:1996 and 
EN 1786:1996.

Antioxidant ability assays

A variety of tests detecting antioxidant ability 
of food components has been recently suggested. 
Generally, they can be categorised into two groups: 
assays for radical scavenging ability, and assays 
testing the lipid peroxidation inhibition ability 
under various experimental conditions (Schwarz 
et al. 2001). 

As previously mentioned by Antolovich et al. 
(2002), the key factors in the oxidation processes 
are a proper substrate, an oxidant and an initiator, 
leading to the formation of various intermediates 
and subsequent final products. Measurement or 
monitoring of any of these factors can be used to 
assess the antioxidant activity. 

Scavenging of DPPH is considered to be a valid 
and easy assay to evaluate the radical-scavenging 
activity of antioxidants, since the radical com-
pound is stable and need not be generated as it 
is common in other radical scavenging assays. 
DPPH is a stable free radical capable to accept an 
electron from reactive radicals, thus behaving as 
a radical scavenger (Yordanov 1996). Addition-
ally, DPPH acts as an acceptor of electrons from 
antioxidants; several electron transfer reactions of 
DPPH with phenols, amines and other compounds 
were described in literature (Yordanov 1996; 
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Staško et al. 2002). The depletion of DPPH after 
the addition of antioxidants can be measured by 
UV-VIS spectroscopy (λmax = 520 nm), EPR spec-
troscopy, as well as by other techniques (Polovka 
et al. 2003). It was previously successfully applied 
e.g. to characterise the antioxidant activities of 
oregano and black pepper extracts (Schwarz et 
al. 2001; Exarchou et al. 2002; Polovka et al. 
2006; Suhaj et al. 2006) or for the test of radi-
cal-scavenging ability of several commercial teas 
and wines (Staško et al. 2002, 2006; Polovka 
et al. 2003).

The TBARS (thiobarbituric acid reactive sub-
stances) assay is one of the most widely used tests 
for determining the extent of lipid oxidation. The 
lipid to be analysed is dissolved in a suitable non-
polar solvent, an aqueous solution of thiobarbi-
turic acid (TBA) is then added to the sample. As 
a result of the formation of a complex between 
TBA and secondary – formed aldehydes (although 
some other secondary reaction products can react 
with TBA as well), pink colour is developed in the 
mixture, whose intensity is directly related to the 
concentration of TBARS in the original sample. 
It can be effectively determined by measuring its 
absorbance at 540 nm using a UV-VIS spectropho-
tometer. Previously, this method was successfully 
used for the in vitro antioxidant activity tests with 
several herbs (Kadifkova-Panovska et al. 2005), 
sweet potato crude extracts (Huang et al. 2004), 
and it has found many other applications.

The antioxidant activity of food is also frequently 
characterised by the ferric reducing power (FRP) 
method, in which the ability of antioxidants present 
in the sample to reduce the Fe(III) ions to Fe(II) is 
monitored. The reduction process is accompanied 
with the development of intensive blue colour, 
detectable by the monitoring of the absorbance 
band at 700 nm using UV-VIS spectrophotom-
eter. The higher the absorbance, the higher the 
reducing power ability. Huang and co-workers 
used this method for the characterisation of the 
antioxidant status of sweet potatoes as well as of 
spinach extracts (Huang et al. 2004, 2005, 2006). 
The antioxidant properties of anthocyanins ex-
tracted from litchi were, for instance, also tested 
with this method (Duan et al. 2007).

Folin-Ciocalteau method is routinely used to 
measure the content of total phenolic compounds 
(TPC) in various biological systems. It is based 
on the reduction of metal oxides by polyphenols 
resulting in a blue solution that has the absorption 

maximum at 765 nm. Since different types of poly-
phenols react similarly with the Folin-Ciocalteau 
reagent, it is quite easy to use it as a quantitative 
method. The standard curve is in such case usu-
ally constructed using gallic or tannin acid and 
is reported as gallic and tanin acid equivalents, 
respectively. This method was originally designed 
to measure phenolic content in wine, but it has also 
been used to analyse teas, wines, vegetables, and 
fruit as well as trees and fresh water (Singleton 
et al. 1999; Waterhouse 2001; Thoss et al. 2002; 
Valdez 2002).

The influence of gamma-irradiation 
on antioxidant ability of food

Several recently published contributions deal 
with the study of the influence of irradiation pro-
cedures on the antioxidant activity of herbs and 
spices or their extracts. The effects of gamma-ir-
radiation treatment on the free radical and anti-
oxidant contents in nine aromatic herbs and spices 
(basil, bird pepper, black pepper, cinnamon, nutmeg, 
oregano, parsley, rosemary, and sage) were stud-
ied by Calucci et al. (2003). As they concluded, 
the irradiation at the dose of 10 kGy resulted in 
a general increase of the quinone radical content 
in all samples investigated, as revealed by EPR 
spectroscopy, and in a significant decrease of total 
ascorbate and carotenoids contents of some spices. 
The effect of irradiation on the antioxidant proper-
ties of seven dessert spices (anise, cinnamon, ginger, 
licorice, mint, nutmeg, and vanilla) was evaluated 
by Murcia et al. (2004). The results obtained in 
various radical-scavenging assays proved that water 
extracts of spices irradiated at the doses from 1 to 
10 kGy did not reflect any sizeable changes in their 
antioxidant activities comparing to those of the 
respective reference (non-irradiated) spices. The 
antioxidant properties of anise, caraway, cumin, and 
fennel essential oils extracted from the untreated 
samples and from the respective samples treated 
with gamma-irradiation as well as by microwave 
absorption were evaluated by Farag and Khawas 
(1998). As they found, gamma-irradiation at the 
doses up to 10 kGy and the microwave treatment did 
not affect the antioxidant properties of the essential 
oils under study. Sun-dried and dehydrated paprika 
(Capsicum annuum L.) samples were irradiated at 
the doses from 2.5 to 10 kGy and the capsaicinoid 
contents were subsequently analysed by Topuz 
and Ozdemir (2004). The relative contents of 
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capsaicin, dihydrocapsaicin and homodihydro-
capsaicin significantly increased (about 10% in 
sample treated at dose of 10 kGy). 

It was previously confirmed by Pokorny and 
co-workers that antioxidants in the plant material 
may act synergistically. Moreover, as they found, 
leafy spices like thyme, marjoram, basil, sage, or 
summer savory showed pro-oxidative activity if 
they were present in foods exposed to light or 
other specific oxidation stress inducing condi-
tions; while the same food revealed the expected 
antioxidative effect of the spice presence when 
stored in the dark (Pokorny et al. 2001). 

The antioxidant activity of oregano ethanol ex-
tract and its inhibitory oxidation effect on the 
model lipid system prepared from refined bleached 
peanut oil was tested by Bendini et al. (2002).

Oregano contains numerous well described 
effective antioxidants. Derivatives of phenolic 
acids, flavonoids, tocopherols, rosmarinic acid, 
carvacrol, and thymol are the most significant of 
them (Peter 2000; Pizzale et al. 2002; Ruberto 
et al. 2002). According to phytochemical database 
(USDA 2003), the number of different antioxidants 
in this spice reaches up to 34. 

For the extraction and isolation of the individual 
antioxidants from oregano, a range of separation 
techniques and procedures were used, including 
trichloracetic acid, acetone, methanol, and ethanol 
extractions, respectively ( Jun et al. 2001; Exar-
chou et al. 2002; Pizzale et al. 2002; Calucci et 
al. 2003), mechanical medium-chain triglyceride 
and propylene glycol extractions (Schwarz et 
al. 2001), homogenisation in phosphate buffer 
and subsequent centrifugation (Zheng & Wang 
2001), super fluid extraction under specific oper-
ating conditions (Nguen et al. 1991), or Soxhlet 
extraction with pure methanol (Ayar et al. 2001). 
The extracts were then tested for the antioxidant 
properties choosing one of the assays described 
above or their proper modifications.

The main aim of the investigation presented 
was the study of the character of the radical spe-
cies produced upon gamma-radiation treatment 
of oregano samples using EPR spectroscopy. The 
influence of the absorbed dose on the character 
of EPR spectra, as well as the thermal stability 
and life-time of the gamma-radiation induced 
radicals were studied. Additionally, the antioxi-
dant properties of the irradiated oregano samples 
were investigated by means of several antioxidant 
testing methods. Their changes resulting from 

the gamma-radiation dose absorption as well as 
from the subsequent storage were monitored us-
ing oregano methanol/water extracts.

MATERIALS AND METHODS

Solid sample characterisation. Commercial 
ground oregano from Cambidi (Izmir, Turkey) was 
used in all EPR experiments and for the extracts 
preparation. The samples were packed into 75 g 
polyethylene bags and irradiated according to the 
commercial practices of Artim (Prague, Czech 
Republic), applying 60Co source at various average 
doses from 5 up to 30 kGy, using average gamma-ra- 
diation dose rate, 2 kGy/h, on June 10, 2004. The 
average dry matter content determined immediately 
after irradiation was 90.1%; it increased slightly to 
90.6% (w/w) after four months of storage.

Oregano extracts preparation. Oregano extracts 
used for the determination of the antioxidant activ-
ity were prepared as follows: 2 g of respective solid 
oregano was mixed with 50 ml 80% (v/v) water/
methanol solution and the suspension was shaken 
for 1 hour using a laboratory shaker (Innova 2000, 
USA) at 200 rpm. The solid phase was separated 
using filtration and the final extract was stored in 
a closed box in darkness at ambient temperature 
(25°C) and relative humidity of 40%.

EPR measurements .  Each oregano sample 
(100 mg) was placed in a thin-wall quartz EPR 
tube (internal diameter of 3 mm, length of 150 mm, 
and wall thickness about 0.1 mm) in order to pro-
duce a cylindrically shaped sample with uniform 
dimensions (sample column height 5.2 ± 0.2 cm). 
The sample was then inserted into a standard 
TE102 (ER 4102 ST) rectangular cavity of an EMX 
X-band EPR spectrometer (Bruker, Germany) and 
EPR spectrum was recorded at various tempera-
tures. Temperature control was achieved using a 
Bruker temperature control unit ER 4111 VT. The 
careful filling procedure of EPR cells resulted in 
a good reproducibility between samples with a 
standard deviation in the relative EPR intensity of 
± 5% for five independent measurements. Typical 
EPR spectrometer settings were as follows: mi-
crowave frequency 9.45 GHz; microwave power 
0.63–31.73 mW; center field 335.4 mT; sweep width 
20–500 mT; gain 5 × 105; modulation amplitude 
0.05 mT; modulation frequency 100 kHz; scan 
84 s; time constant 40.96 ms; number of scans 5; 
temperature 298–373 K. The g-values were de-
termined with the uncertainty of ± 0.0005 by the 
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simultaneous measurement of a reference sample 
containing DPPH fixed on EPR cell. The EPR in-
struments settings for the quantitative evaluation 
were examined by DPPH standard. 

The experimental EPR spectra processing and 
simulation were carried out using WIN EPR and 
SimFonia programs (Bruker). The integral intensi-
ties of the EPR signals were obtained by the double 
integration of the spectrum. The multi-component 
experimental EPR spectra were evaluated as a linear 
combination of the individual EPR spectra simula-
tions using the least-squares minimisation proce-
dure with the Scientist Program (MicroMath). The 
statistical parameters of the calculation procedure 
(r2, coefficient of determination and correlation) 
served as a determination of the simulation qual-
ity, i.e. the correlation of the experimental and 
simulated spectra. The relative concentrations of 
the individual paramagnetic species were evaluated 
from the contributions of the individual simulations 
to the experimental spectrum after the double 
integration. They were used for the assessment of 
the thermal stability and life-time of the individual 
identified radical structures.

Spectrophotometric measurements. Double-
beam UV-VIS spectrometer Specord M40 (Carl 
Zeiss Jena, Germany) with an appropriate equip-
ment was used for the monitoring of the antioxidant 
properties. All experiments were carried out in 
the same square quartz UV-VIS transparent cells 
(path length, 1 cm).

The monitoring of oregano extract antioxidant 
ability was realised under the following conditions: 
spectral bandwidth 20 cm–1; integration time 1 s; 
gain 3. The series of three independent simultane-
ous measurements of absorbance for each oregano 
extract in the respective experimental system were 
realised and averaged values of absorbance were 
used for the antioxidant behaviour characterisa-
tion. For the statistical significance determination, 
one factor ANOVA test at the significance level 
of 0.05 was used. 

DPPH radical scavenging assay. DPPH radi-
cal scavenging assay was performed according to 
Bandoniené (2002). Oregano methanol/water 
extract (0.65 ml) was placed into 25 ml of DPPH 
methanolic solution c0(DPPH) = 6 × 10–5 mol/dm3, 
and the absorbance at 515 nm was measured after 
15 min. Radical scavenging ability of the individual 
extracts was expressed as:
% = (absorbance of control – absorbance of sample) 

× 100/absorbance of control.

Thiobarbituric acid number. Thiobarbituric 
acid reactive substances were determined ac-
cording to the method published by Zin (2002). 
To 1 ml of oregano methanol/water extract, 20% 
(w/w) aq. trichloroacetic acid (2 ml) and 0.67% 
(w/w) aq. solution of thiobarbituric acid (2 ml) 
were added. This mixture was then placed in a 
boiling water bath for 10 min. After cooling to 
ambient temperature, the mixture was centrifuged 
at 3000 rpm for 20 minutes. Thiobarbituric acid 
number was determined as the absorbance of the 
supernatant at 532 nm and related to the absorb-
ance of the blank. 

Ferric reducing power. The determination of 
ferric reducing power was realised according to 
Chyau et al. (2002). Oregano methanol/water 
extract (2 ml) was mixed with 2 ml of 0.2M so-
dium phosphate buffer (pH 6.6) and 2 ml of 1% 
(w/w) potassium ferricyanide. The mixture was 
incubated at 50°C for 20 minutes. Subsequently, 
2 ml of 10% (w/w) trichloroacetic acid was added 
and the mixture was centrifuged at 3000 rpm for 
10 minutes. Then 1 ml of the upper layer was 
mixed with 1 ml of distilled water and 0.2 ml of 
0.1% (w/w) ferric chloride. The absorbance at 
700 nm was monitored after 1 min and related to 
the absorbance of the blank.

Total phenolic compounds. The content of total 
phenolic compounds was determined using the 
Folin-Ciocalteau modified method (Chaovana-
likit & Wrolstad 2004). 100 μl of the methanolic 
oregano extracts was diluted with 15.9 ml of dis-
tilled water and 1 ml of Folin-Ciocalteau reagent 
(Merck, Germany) was added. After 3 min, 3 ml 
of 20% of sodium carbonate was added and the 
content was mixed. As the result of the reaction, 
a colour was developed and the absorbance at 
755 nm was measured after 60 min and related to 
the absorbance of the blank. The same procedure 
was repeated using a standard solution of gal-
lic acid. The results were expressed as mg gallic 
acid/litre of extract.

RESULTS AND DISCUSSION

EPR investigation

Firstly, the EPR spectra of all oregano samples 
investigated were measured using magnetic field 
of 500 mT (Figure 1). The observed spectra dem-
onstrated the presence of a broad EPR signal with 
unresolved hyperfine splittings in all samples. 
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Oregano is of plant origin, consequently, this line 
was attributed to paramagnetic Mn(II) ions as pre-
viously mentioned by Morsy and Khaled (2001, 
2002); Lozak et al. (2002); Morsy (2002); Polat 
and Korkmaz (2003); Polovka et al. (2003, 2006) 
and Suhaj et al. (2006). 

Manganese ions play a significant role in bio-
chemical processes of green plants as cofactors of 
proteins and enzymes. Moreover, they represent 
an essential component in the catalytic splitting 
of water and in the evolution of oxygen in the 
photosystem(II). The expected characteristic fea-
ture of the Mn(II) EPR spectra is a six-line com-
ponent centered at geff ≈ 2.0, flanked by shoulders 
with a weak feature centered at geff ≈ 4.3 and a 
measurable absorption at zero field. The six-line 
multiplet spectrum results from the hyperfine 
interaction of the 6S5/2 ground state with the 55Mn 
nucleus (I = 5/2) (Griscom 1990). 

We have previously proved (Polovka et al. 2003) 
that relatively undisturbed bonding of Mn(II) in the 
protein complex is responsible for the less resoluted 
EPR spectrum of solid tea samples. As we suggest, 
the same phenomenon influence the shape of EPR 
spectra of solid oregano samples. Additionally, a 
characteristic narrow EPR signal (g = 2.0022, ∆Bpp ~ 
1 mT), assigned to stable radical structures (Morsy 
& Khaled 2001, 2002; Morsy 2002; Polovka et 
al. 2003, 2006; Suhaj et al. 2006) (* in Figure 1) is 
superimposed on this broad line. The relative EPR 
intensity of this sharp signal is significantly depend-
ent on the absorbed gamma-radiation dose.

The detailed simulation analysis of experimental 
EPR spectra (20 mT magnetic field sweep width) 
of the reference oregano sample and of the sam-
ple irradiated at the dose of 30 kGy is depicted in 
Figure 2. The spectra of the non-irradiated sample 
was simulated as a sharp singlet line characterised 
by g⊥ = 2.0044, g = 2.0010, and λλpp = 0.285 mT 
which can be attributed to semiquinone radi-
cals produced by the oxidation of polyphenolic 
compounds present in plants (Morsy & Khaled 
2001, 2002; Jezierski et al. 2002; Pedersen 2002; 
Polovka et al. 2003, 2006; Ukai & Shimoyama 
2003; Suhaj et al. 2006). 

The application of gamma-radiation on oregano 
samples led to the formation of additional EPR 
signals – (i) anisotropic triplet (A⊥ = 0.85 mT, 
A = 0.7 mT; g⊥ = g = 2.0061; λBpp = 0.67 mT) 
attributed to carbohydrate radical structures (Van-
haelewyn et al. 2000; Korkmaz & Polat 2001) 
and (ii) anisotropic triplet (A⊥ = 3.0 mT, A = 
1.8 mT; g⊥ = 2.0060, g = 2.0050;  λBpp = 1.2 mT 
previously attributed to “cellulose” radical species 
(Yordanov et al. 1998; Yordanov & Gancheva 
2000; Kispéter et al. 2003; Bayram & Delincée 
2004; Yordanov & Aleksieva 2004). However, the 
EPR signal of “cellulose“ radical species, which the 
European Committee for Standardization (CEN) in 
EN 1787:2000 declared as a marker of gamma-ir-
radiation of natural cellulose-containing materials, 
is minimal (CEN 2000. EN 1787).

Figure 3 shows the dependence of integral EPR 
intensity of oregano samples on the absorbed 

Figure 1. X-band EPR spectrum of non-irradiated 
dry oregano sample measured using 0.633 mW 
microwave power at 298 K
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dose of gamma-radiation, evaluated from experi-
mental EPR spectra measured at different times 
after the radiation treatment, i.e., one week, 5 and 
10 months, respectively. As it is clear, the integral 
EPR intensity of gamma-radiation induced radical 
species is significantly related to the gamma-radia-
tion dose, and can be well fitted using the model 
of saturation curve. On the other hand, it is also 
demonstrated that the lifetimes of gamma-radia-
tion induced radicals are limited, as a substantial 
decline of integral EPR intensity was observed, in 
good agreement with previously published data on 
gamma-radiated plant materials (Yordanov et al. 
1998; Yordanov & Gancheva 2000; Kispéter et 
al. 2003; Bayram & Delincée 2004; Yordanov 

& Aleksieva 2004; Polovka et al. 2006; Suhaj et 
al. 2006). We have found that the storage interval 
after the radiation treatment influenced only the 
EPR spectra of the irradiated samples, while that 
of reference remained unchanged. Moreover, the 
simulation of the experimental spectra showed 
that the decrease of EPR spectra intensity on stor-
age time for the radiation-induced signals can be 
described by a formal first-order kinetic model, 
similar to previously done experiments with black 
pepper, allspice or other irradiated spices. The 
individual half-lives calculated confirmed the 
lowest stability of ‘cellulosic’ radical structures 
followed by ‘carbohydrates’, while the stability of 
semiquinines remains unaffected by the post-ir-

Figure 2. Scheme demonstrating the 
simulation analysis of experimental 
EPR spectra of reference (non-irradi-
ated) oregano sample and of sample  
gamma-irradiated at dose of 30 kGy

Spectra recorded 1 week after irradi-
ation using 0.633 mW microwave 
power at 298 K; simulation parame-
ters are given in text (r2 = 0.989)
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radiation storing. These results correspond well 
with previously published data (Raffi et al. 2000; 
Delincée 2002; Polovka et al. 2006; Suhaj et 
al. 2006).

The stability of the radiation-induced radicals 
is also strongly temperature-dependent. As de-
picted in Figure 4, the EPR spectra of the refer-
ence sample showed only negligible changes with 
increasing temperature from 298 K to 353 K. On 
the contrary, the behaviour of the irradiated sam-
ples under increasing temperature is quite differ-
ent. The rise in temperature from 298 K to 353 K 
caused a significant and irreversible decrease of 
gamma-radiation induced signals. The study of 
the thermal stability of EPR signal can be useful 
in the prediction of γ-irradiation treatment of 
cellulose-containing samples, as recommended 
by Yordanov and Gancheva (2000). As we have 
found from the detailed simulation of the experi-
mental EPR spectra, the decay of each individual 
radical structure can be well fitted to the model of 
Arrhenius equation and the effective parameters 
so obtained can be used for the radical thermal 
stability assessment. Cellulosic radicals possess 
the lowest thermal stability, and have also the 

lowest life-time, followed by carbohydrate radi-
cal structures, while the stability of semiquinones 
remains almost unaffected by the thermal treat-
ment. These conclusions correlate well with our 
previously published results obtained with black 
pepper treated by gamma-irradiation (Polovka 
et al. 2006; Suhaj et al. 2006).

Antioxidant activity of oregano extracts

Antioxidant properties of irradiated oregano 
samples were investigated using several antioxidant 
testing methods. The influence of irradiation and 
subsequent storage of oregano samples on the DPPH 
radical-scavenging ability was only negligible. The 
same conclusion was made by Murcia et al. (2004) 
in the investigation of the antiradical activity of 
dessert spices. Similar results were obtained in the 
evaluation of the influence of gamma-irradiation 
on ferric reducing power. The FRP values of the 
extract prepared from the sample treated by 30 kGy 

Figure 3. The dependence of integral EPR intensity of 
oregano samples on gamma-radiation dose evaluated for 
EPR spectra measured at 298 K using 0.633 mW micro-
wave power one week (), 5 months () and 10 months 
() after irradiation
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Figure 4. The dependence of integral intensity of EPR 
spectra of oregano samples on temperature measured at 
0.633 mW microwave power one week after γ-irradiation 
for reference (non-irradiated) sample (), and sample 
with adsorbed dose: 5 kGy (), 10 kGy(), 30 kGy ()

Inset represents the experimental EPR spectra of sample 
irradiated at dose 30 kGy, measured at 298 K (–) and at 
373 K(•••), respectively. Magnetic field width 8 mT (EPR 
spectra were recorded 1 week after gamma-radiation tre-
atment)
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was undistinguishable from those of reference or 
the sample irradiated at lower doses. Post-irradia-
tion storage caused only minor changes in FRP 
values, only ferric reducing ability of the sample 
irradiated at 5 kGy monitored after 4 months of 
storage was slightly increased, i.e. by about 16% 
compared to the values determined immediately 
after the irradiation. (Data not shown.)

On the other hand, a significant dependence of 
oregano extracts TBARS values on the absorbed 
dose of gamma-radiation was found. As shown 
in Figure 5, the irradiation caused a considerable 
increase of TBARS values of oregano extract pre-
pared from the sample irradiated at 30 kGy – about 
18% compared to that prepared from the reference 
sample immediately after the radiation process. 
This difference remains throughout the 5 months 
storage. Moreover, the one month post-irradiation 
storage resulted in a statistically significant increase 
of TBARS values in all oregano sample extracts. 
The most significant difference reached approx. 
20%. The continuous storage leads to a slight de-
crease of all TBARS values with the time. 

In the case of total phenolic compounds ex-
pressed as gallic acid equivalent (Figure 6), sta-
tistically significant changes were found resulting 
from the radiation treatment and post-irradiation 
storage of oregano. The TPC content in the refer-
ence sample reached maximum after one month 
of storage and thereafter it gradually decreased. 
The changes in the extracts prepared from refer-
ence are closely related to the dry matter content 
alterations with the time. 

Gamma-radiation treatment caused a conspicu-
ous increase of TPC in all oregano extracts. The 
TPC values of the extracts prepared from the 
samples irradiated at lower doses (up to 10 kGy) 
slowly rose with the absorbed dose of gamma-ra- 
diation, reaching the maximum in the extract 
prepared from the sample treated by 10 kGy. On 
the other hand, in the extracts prepared from 
the samples irradiated at 20 kGy and 30 kGy, the 
decline of TPC values was noticed. One-month 
post-irradiation storage caused a minor growth 
(about 10%) of polyphenolic content in all extracts. 
The differences between the samples diminished 

Figure 5. Effect of irradiation and storage time on thiobarbituric reactive substances content (TBARS) of oregano 
methanolic extracts prepared from reference sample () and from oregano samples irradiated at 5 kGy (), 10 kGy  
(▧), and 30kGy ()
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after 5 months of storage. The absolute values of 
TPC decreased during the storage as well, but at 
the end of the investigation period they were still 
higher compared to that determined immediately 
after the irradiation. The above discussed effect 
of irradiation on phenolics content is in a good 
agreement with the conclusions of several recently 
published papers (Oufedjikh et al. 2000; Vana- 
mala et al. 2003). 

CONCLUSIONS

EPR spectroscopy confirmed that gamma-radia-
tion treatment of oregano samples resulted in a 
dose-dependent generation of paramagnetic species 
of different structures, attributed to the cellulosic 
and carbohydrate radicals. Their stability is signifi-
cantly affected by temperature, relative humidity, 
and storage conditions. The cellulosic radical struc-
tures showed both the worst thermal stability and 

life-time as compared to carbohydrates as well as 
to semiquinones found in the reference sample. All 
these factors have to be taken into account in order 
to survey the changes induced in spices by ionising 
radiation absorption, and to use EPR spectroscopy 
as a valuable dosimetric method.

The irradiation process influenced only in a 
negligible way both the ability of oregano extract 
to terminate DPPH free radicals and to reduce 
ferric ions to ferrous. Slightly increased TBARS 
values and total phenolic content were observed 
in the extracts prepared from the irradiated sam-
ples immediately after the radiation process. As 
we have found, after 5 months of post-irradiation 
storage the differences in TBARS values still per-
sist, while the TPC content differences gradually 
disappeared.

Acknowledgement. Referees are gratefully acknowledged 
for their valuable comments.

Figure 6. Effect of irradiation and storage time on total phenolic content (TPC) of oregano methanolic extracts. TPC 
values are expressed as gallic acid equivalent. Extracts were prepared from reference sample () and from oregano 
samples irradiated at 5 kGy (), 10 kGy (▨), and 30kGy ()
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