
Abstract 
X-ray irradiation is a non-thermal technology used for food 

preservation and sanitization to prolong shelf life. To evaluate the 

fraudulent use of X-ray treatment, in this study, an accelerated sol-
vent extraction method was optimized for the extraction of lipids 
and 2-dodecylcyclobutanone (2-DCB), reducing analysis time and 
solvent consumption compared to Soxhlet extraction reported in 
the standard EN 1785:2003 method. The qualitative confirmation 
method was tested on different processed poultry meats, i.e., 
sausages and hamburgers, irradiated at different dose levels, that 
is, 0.5, 1.0, and 3.0 kGy. The analytical parameters investigated, 
namely method linearity, selectivity, minimum dose level, diagnos-
tic sensitivity and specificity, and recovery, showed that the pro-
posed method is suitable for routine analysis in official controls to 
determine 2-DCB as an irradiation marker. 

 
 
 

Introduction 
To enhance food safety and prolong shelf life, new thermal and 

non-thermal processing technologies are emerging as promising 
alternatives to traditional methods (Campaniello et al., 2020). 
Among these, ionizing radiation treatments (such as γ-ray, e-beam, 
X-ray) have gathered increasing industrial attention as effective 
cold sterilization methods (Zhang et al., 2023). Irradiation can 
inhibit pathogens and spoilage by disrupting the genetic material 
of microorganisms (DNA and RNA), thereby impeding their repro-
duction and the onset of diseases or food spoilage (Chiesa et al., 
2022). Irradiation does not make foods radioactive, does not sub-
stantially increase internal temperature, and does not cause nutri-
tional reduction and/or alteration, and so the treated foodstuffs are 
safe to consume (Rigante et al., 2024). The European regulatory 
framework for food irradiation, comprising a list of food and food 
ingredients authorized for treatment and the relative dose levels 
(European Commission, 1999a and 1999b). The gray (Gy) is the 
unit used to quantify absorbed radiation, with 1 Gy equal to 1 joule 
of absorbed energy per kilogram of material, and in food irradia-
tion, doses in the range of kilograys (kGy) are typically employed 
(Tomaiuolo et al., 2023; Palermo et al., 2024). The World Health 
Organization (1999) suggests that the recommended dose for irra-
diation should not surpass 10 kGy. Although the great potential of 
this technology is well-recognized, the consumption of irradiated 
foods is a subject of controversy primarily because most con-
sumers, who are uninformed, intimidated, and influenced by termi-
nology, fear health risks (Mangiacotti et al., 2013). It is the 
European Union (EU) legal requirement that treated foods or foods 
that contain an irradiated ingredient be labelled correctly as such, 
reporting also the facilities of treatment, to allow informed choice 
(European Commission, 1999a and 1999b). Hence, official checks 
of irradiated food on the market are a requirement of EU regula-
tions to distinguish between irradiated food and not-irradiated (NI) 
food, to regulate international trade, and to meet labelling require-
ments. The European Committee for Standardization (CEN) has 
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developed, validated, and standardized several analytical detection 
methods (Supplementary Table 1) based on radiation-induced 
physical, chemical, or biological changes in foods (Mangiacotti et 
al., 2013; Marozzi et al., 2013; Campagna et al., 2014; Marrone et 
al., 2014). Among them, the standard chemical confirmatory 
method EN 1785:2003 is based on the determination of 2-alkylcy-
clobutanones (2-ACBs), in particular 2-dodecylcyclobutanone (2-
DCB) (European Committee for Standardization, 2003). ACBs are 
radiolytic products in irradiated lipid-based foods, formed via acyl-
oxygen bond cleavage in triglycerides during irradiation, also gen-
erating other volatile compounds (Bliznyuk et al., 2022; Zianni et 
al., 2023). Specifically, 2-DCB originates from triglycerides with 
palmitic acid content (Campaniello et al., 2020; Zianni et al., 
2022). To date, 2-ACBs have not been detected in foods treated 
with other technological treatments (Jeong et al., 2014); however, 
advanced methodologies are needed to confirm their exclusive 
presence in irradiated foods. The determination of 2-DCB in the 
standard method EN 1785:200 validated by CEN is based on 
Soxhlet lipid extraction using hexane for 6-8 hours, sample clean-
up by column chromatography purification, and detection by gas 
chromatography with mass spectrometric detection (GC-MS). This 
method is hard-working for routine analysis due to long and sol-
vent-consuming extraction and a complex clean-up step. Different 
analytical methods with improvement of extraction, clean-up, and 
analysis have recently been developed for 2-DCB (Soncin et al., 
2012; Lacivita et al., 2019; Campaniello et al., 2020). In particular, 
considering the lipid extraction phase, accelerated solvent extrac-
tion (ASE) could represent an alternative to Soxhlet extraction, as 
an automated, rapid, and more environmentally friendly procedure 
(Obana et al., 2005; Mentana et al., 2022). ASE uses solvents at 
high pressures and temperatures above the boiling point; thus, the 
solvents solubilize the targeted compounds and penetrate the sam-
ple matrices better than at atmospheric conditions and room tem-
perature. Until now, ASE applications have been widespread to 
lipophilic organic contaminants such as polychlorinated biphenyls, 
dioxins, furans, and pesticide residue analyses (Nardelli et al., 
2020). In recent decades, there has been an increasing consump-
tion of poultry meat and related processed products, linked to the 
advantageous ratio between nutritional value and price. The use of 
physical treatments, such as irradiation, is effective against the 
growth of Salmonella, Campylobacter, and Listeria, which are 
considered the main pathogens present in the poultry supply chain 
(Campaniello et al., 2020). EU legislation allows the irradiation of 
poultry meat up to 7 kGy. In this context, poultry is considered a 
suitable matrix for this research work. To date, several works have 
been published in the last two years regarding the quality of chick-
en meat subjected to ionizing radiation (Hashim et al., 2024), but 
poor literature regarding methods of analysis for 2-DCB (Obana et 
al., 2005; Li et al., 2017). 

This study aims to develop and optimize an ASE method for 
the rapid extraction of the total lipids and 2-DCB in poultry meat 
products, to replace the traditional solvent extraction of the stan-
dard procedure EN 1785:2003. To evaluate the suitability of the 
method on processed and irradiated meat, the following parameters 
were considered namely analytical linearity, selectivity, minimum 
dose level (MDL), diagnostic sensitivity and specificity, and 
recovery. Finally, this study could be proposed for application to 
food safety control plans of several irradiated lipid-containing 
foodstuffs. 

 
 

Materials and Methods 
Chemicals and reagents 

The standards of the 2-DCB (purity ≥95%) and 2-cyclohexyl-
cyclohexanone (purity ≥95%), the latter used as internal standard 
(IS), were purchased from Sigma-Aldrich (Buchs, Switzerland). n-
hexane analytical grade, cyclohexane analytical grade, isooctane 
for pesticide residue analysis, and diethyl ether analytical grade 
were purchased from Honeywell FlukaTM (Seelze, Germany). 
Extrelut® NT and Florisil gel (150-250 μm) were acquired from 
Merck Life Science S.r.l. (Darmstadt, Germany). Stock standard 
solutions of 2-DCB and IS at 1000 μg/mL were prepared in isooc-
tane and stored at -20°C. Working standard solutions at 10 and 0.5 
μg/mL of 2-DCB and at 10 and 0.1 μg/mL of IS were prepared in 
n-hexane. Solvent-matched calibration (SMC) curve was prepared 
at 5, 10, 20, 40, 80, and 120 ng/mL 2-DCB concentrations in n-
hexane with IS (final concentration of IS 10 ng/mL) by appropriate 
dilution of working standard solutions. The point at concentration 
at 5 ng/mL of 2-DCB with IS at 10 ng/mL was employed as quality 
control (QC) to assess the system suitability, stability, and repeata-
bility of the data acquisition process. Each point of the SMC was 
analyzed in triplicate to obtain a mean straight line, and the stan-
dard deviation of the measurements was calculated and reported as 
error bars (Supplementary Table 2 and Supplementary Figure 1). 

X-ray irradiation treatment 
All samples were purchased from local markets. Processed 

meat products, namely chicken sausages (CS), turkey hamburger 
(TH), and turkey/chicken sausages (TCS), were used in this work. 
In this work, NI and irradiated homogenized samples were used. 
Irradiation was carried out in plastic bags, using an X-ray irradiator 
(RS-2400, Radsource Inc., Suwanee, GA, USA). The list of ana-
lyzed matrices were reported in Table 1, specifically: 9 NI samples 
(3 for each matrix); 12 irradiated samples at 0.12 and 0.5 kGy (2 
samples for CS, TH, TCS at two dose levels), 18 irradiated samples 
at 0.5, 1.0 and 3.0 kGy (2 samples for CS, TH, TCS at three dose 
levels); 2 NI samples of TH spiked before extraction at 40 ng/g to 
recovery calculation.  
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Table 1. List of analyzed samples for validation procedure: chicken sausages, turkey hamburger, turkey/chicken sausages. Specifically, for 
all matrices, 3 not-irradiated samples, 2 irradiated samples at 0.12 and 0.5 kGy (2 for each dose), 3 irradiated samples at 0.5, 1.0, and 3.0 
kGy (2 for each dose), 2 not-irradiated samples spiked at 40 ng/g were analyzed. 

Matrix                                               CS                                     TH                                       TCS                                        Total 

Not-irradiated samples                                3                                              3                                                  3                                                     9 
MDL (kGy)a                                                4                                              4                                                  4                                                    12 
Linearity (kGy)b                                          6                                              6                                                  6                                                    18 
Recovery (%)c                                             –                                              2                                                  –                                                     2 
CS, chicken sausages; TH, turkey hamburger; TCS, turkey/chicken sausages; MDL, minimum dose level. a0.12-0.5 kGy; b0.5-1.0-3.0 kGy; c40 ng/g. 



Accelerated solvent extraction procedure 
Thermo Scientific™ Dionex™ ASE™ 350 ASE system 

(Thermo Fisher Scientific, Waltham, MA, USA) was used for fat 
extraction employing nitrogen as carrier gas. The 33 mL volume 
extraction cells in stainless steel were fitted with a cellulose filter 
and a stainless-steel frit. Afterwards, 10 g of the homogenized 
sample was mixed with 10 g of Extrelut® NT used as a dispersion 
agent, and to reduce the solvent volume. Lipid extracts were evap-
orated to dryness, to constant weight, at 40°C under nitrogen flow 
using an automated solvent evaporation system TurboVap® II 
(Biotage AB, Uppsala, Sweden). 

In order to optimize ASE conditions, three variables were eval-
uated, i.e., solvent type, number of static cycles, and % flush vol-
ume. Cyclohexane and n-hexane, both suitable for lipid extraction, 
were tested as extracting solvents. In ASE extraction, the static 
cycles represent the number of static automated extractions. This 
lengthy exposure to solvents and consequent matrix swelling 
improved the solvent penetration into the sample interstices and 
their contact with the analytes (Yu et al., 2010). During the entire 
extraction procedure, the amount of solvent employed remains 
constant, and it is divided into the established static cycles. Flush 
volume or flushing is the fresh solvent amount added between each 
cycle as a percentage (mL/mL) of the extraction cell volume, in 
our case of 33 mL. Table 2 reports the ASE operating conditions 
employed for 4 different extraction programs (Programs 1, 2, 3, 
and 4) used to optimize extraction parameters, evaluating the 
gravimetric yield of lipid content. 

 
Column chromatography purification procedure 

A chromatography column with deactivated Florisil® was used 
for the clean-up procedure of ASE dried-lipid extracts, following 
the protocol reported in the standard method EN 1785:2003. 

 
Gas chromatography with mass spectrometric 
detection analysis 

In this work, extracted and purified samples were analyzed by 

a gas chromatograph equipped with a programmed temperature 
vaporization injector coupled to a mass triple quadrupole TSQ 
Quantum MS (Thermo-Fisher Scientific, Waltham, MA, USA). 
Sample injection was carried out by TriPlus autosampler (Thermo-
Fisher Scientific, Waltham, MA, USA). The GC-MS method was 
previously developed by Campaniello et al. (2020), and its operat-
ing conditions are briefly reported below. A DB5-MS capillary col-
umn (Agilent Technologies, Santa Clara, CA, USA) of 30 m and 
0.25 mm i.d. with a 0.25 μm stationary phase (5% diphenyl- and 
95% dimethylpolysiloxane) was used to perform separation. The 
oven GC conditions were set as follows: 50°C (held 4 min); 230°C 
(rate 15°C/min, held 1 min) and 310°C (rate 16°C/min, held 1 
min). Helium (99.9995% purity) (Sapio S.r.l., Monza, Italy) was 
used as a carrier gas with a constant flow of 1.0 mL/min. The mass 
spectrometry conditions were set as follows: electron ionization, 
an ion voltage of 70 eV, and an ion source temperature of 250°C. 
The selected ion monitoring mode was used for data acquisition, 
monitoring two predominant ions, 98 and 112 m/z for 2-DCB and 
98 and 180 for IS.  

 
Assessment of 2-dodecylcyclobutanone 

The presence of 2-DCB, as a chemical marker of irradiation 
treatment, was determined following the criteria reported in the 
standard method EN ISO 1785:2003 and in our previous works 
(Campaniello et al., 2020; Zianni et al., 2022). Briefly, the sample 
was classified as irradiated if all three of the three following con-
ditions are true: i) chromatographic peak at a retention time com-
parable (±0.5%) with the 2-DCB retention time of QC is present; 
ii) signal-to-noise ratios of this peak extracted at m/z 98 and 112 
that were greater than 3; iii) percentage ratio (RA %) values of the 
peak areas at m/z 98 and 112 (RA % = RA112/A98 *100) within the 
range 13-35%.  

 
Evaluation of the method’s analytical perform-
ance 

The analytical performances of the qualitative confirmatory 
ASE/GC-MS method were evaluated in terms of instrument linear-
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Table 2. Operating conditions of accelerated solvent extraction and gas chromatography with mass spectrometric detection analysis. 

ASE conditions (cell size 33 mL)      Program 1                          Program 2                         Program 3                        Program 4 

Solvent                                                              n-hexane                                    n-hexane                                   n-hexane                              Cyclohexane 
Temperature (°C)                                                   50                                               50                                             50                                            50 
Static cycles                                                            2                                                 3                                                2                                              2 
Static time (min)                                                     5                                                 5                                                5                                              5 
Flush (%)                                                               60                                               60                                            100                                          100 
Purge (s)                                                                180                                            180                                           180                                          180 
Lipid recovery (%) 
Mean ± CV%                                                   81.0±5.2                                    74.5±0.9                                   84.5±7.5                                  94.0±1.5 
ASE, accelerated solvent extraction; CV, coefficient of variation percentage. 

Table 3. 2-dodecylcyclobutanone matrix concentration in irradiated and spiked turkey hamburger samples. 

Samples                                                      Matrix concentration (ng/g)             Recovery % (R)      Matrix concentration* · R (ng/g) 

Spiked samples (40 ng/g) (mean n=2)                                         27                                                     67.5                                                  – 
Irradiated samples (mean n=2)                                                0.5 kGy                                                   2                                                    – 3 
                                                                                                   1 kGy                                                    7                                                    – 11 
                                                                                                   3 kGy                                                   20                                                   – 30 
kGy, kilograys. 



ity, method linearity, selectivity, MDL, recovery percentage, diag-
nostic sensitivity, and specificity. EURACHEM 2014 guidelines 
were applied to evaluate methods and to show if it is fit for pur-
pose, but suggested analytical performances were integrated 
(EURACHEM, 2014). Linearity is an important property of meth-
ods used to make measurements at a specific range of concentra-
tions. The linearity of this analytical procedure for 2-DCB was 
evaluated within the concentration range of SMC to verify the 
direct proportionality of instrumental response. Moreover, to con-
sider the matrix effect on method linearity, the matrix curve (MC) 
at the irradiation doses of 0.5, 1.0, and 3.0 kGy was determined. 
Selectivity of this analytical method, that is, its ability to measure 
accurately 2-DCB in the presence of interferences in the sample 
matrix, was checked by examining NI samples. MDL is related to 
the sensitivity and is the minimum dose of irradiation that can be 
evaluated by means of 2-DCB identification. For the evaluation of 
MDL, a total of 12 samples were prepared and specifically: 2 sam-
ples for each matrix at a dose of 0.12 kGy and 2 samples for each 
matrix at a dose of 0.5 kGy. Diagnostic sensitivity was defined as 
the fraction of true positive samples (irradiated and NI samples) 
that were identified among the total number of positive samples. 
Diagnostic specificity was the fraction of true negative samples 
(irradiated and NI samples) that were identified among the total 
number of negative samples. For the evaluation of diagnostic sen-
sitivity and specificity, the same 9 NI and 18 irradiated samples 
were used for the verification of selectivity and the calculation of 
the MC, respectively. The accuracy was defined as the fraction of 
correctly classified samples of the total number of samples. 
Finally, recovery was calculated on TH samples spiked with 2-
DCB at a concentration of 40 ng/g in order to ensure that the 
ASE/GC-MS method was accurate. 

 
 
 

Results and Discussion 
Accelerated solvent extraction optimization 

Optimization of the ASE method was carried out in duplicate 
using the TH sample (labeled fat content of 7.1%) following the 
four programs reported in Table 2. The results were evaluated 
based on lipid gravimetric recovery. The extraction temperature 
was set at 50°C, a mild condition to avoid possible sample degra-
dation, and the static time was adjusted to 5 minutes to minimize 
the total extraction time without compromising the final yield. The 
selection of an appropriate extraction solvent, especially in terms 
of polarity, is one of the major challenges in developing an ASE 
method (Mentana et al., 2022). 

The selection of a suitable extraction solvent was performed by 
testing the efficiency of extraction of n-hexane, the solvent used in 
EN 1785:2003, and cyclohexane. These two solvents are struc-
turally different but are similar in terms of lipophilicity. Moreover, 
both solvents, having high Log P values, are suitable for the extrac-
tion of 2-DCB, which is also a lipophilic and apolar compound. 
Program 4, namely cyclohexane as solvent, 2 static cycles, and 
100% of flush volume, providing a gravimetric yield of lipid 
greater than 90%, was the best, and for this reason, it was used as 
the extraction procedure. The raw ASE extracts of NI, irradiated, 
and spiked samples were purified as described in the “Column 
chromatography purification procedure” section and then analyzed 
by means of GC-MS. 

 
Analytical performances of accelerated solvent 

extraction/Gas chromatography with mass spec-
trometric detection method 

The linearity of this analytical procedure for 2-DCB was eval-
uated by SMC and MC, and both curves showed a good linearity 
with a correlation coefficient ≥0.999. Matrix effect was evaluated 
by means of proportionality between irradiation dose and 2-DCB 
peak area. MDL was evaluated on low-dose irradiated meat sam-
ples, and 0.5 kGy was found to be suitable for identifying the treat-
ment for all matrices. Regarding diagnostic sensitivity and speci-
ficity, the proposed method was accurate with 100% of correctly 
identified samples, at the MDL and beyond, for each matrix stud-
ied. Moreover, as shown in the extracted ion chromatograms 
(Figure 1), the employed method was suitable for performing the 
separation and identification of 2-DCB from other matrix peaks. 
Indeed, in all NI samples, no peaks identifiable as 2-DCB were 
observed (dotted line), while 2-DCB was present in all irradiated 
samples. Finally, % recovery was calculated on TH samples spiked 
with 2-DCB at a concentration of 40 ng/g as reported in Table 3. 
Moreover, Table 3 showed the final concentration of 2-DCB in 
irradiated samples at different doses, calculated according to EN 
1785:2003, using the following equations (Eqs. 1-3). The relative 
response of 2-DCB was calculated in relation to IS, that is F, as 
reported in Eq. 1: 

 

                                                          
     [Eq. 1]

 
 
where Acy was the peak area of 2-DCB at 98 m/z; AIS was the peak 
area of IS at 98 m/z; and ρcy was the mass concentration of 2-DCB 
(μg/mL). Then, the average of all F responses was calculated to get 
Fav and to calculate the mass concentration of 2-DCB in the sample 
(ρcy/s) expressed as μg/200 μL, with Eq. 2: 
 
                                                                                                    

                                                       
     [Eq. 2]
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Figure 1. Extracted ion chromatograms derived from the sum of 
m/z 98 and 112, obtained by accelerated solvent extraction/gas 
chromatography with mass spectrometric analyses of turkey ham-
burger samples: not-irradiated (NI) (dotted line), irradiated at 0.5 
kilograys (kGy) (dashed line), and 3.0 kGy (solid line). 2-DCB, 2-
dodecylcyclobutanone.
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where Acy/s was the peak area of 2-DCB at 98 m/z in the sample; 
AIS/s was the peak area of IS at 98 m/z in the sample; and Fav was 
the average of all ratios as calculated using Equation 1. 
 
Moreover, the mass fraction of 2-DCB (wcy), considering the cor-
rection for lipid content (μg/g of fat), had to be calculated, follow-
ing Eq. 3:  
 
                                                                                                    

                                                          
     [Eq. 3]

 
 
where ρcy/s was the 2-DCB mass concentration in the sample 
μg/200 μL, as calculated using Eq. 2; m0 was the weight of the 
lipid taken for the Florisil® expressed in mg. The calculated aver-
age recovery, equal to 67.5% (Table 3), resulted similar to what 
was reported by Obana et al. (2005), using the ASE procedure and 
ethyl acetate as solvent to extract 2-DCB from chicken thighs. At 
last, comparing the analyzed samples, no differences were found in 
terms of the area of the 98 m/z ion of 2-DCB. This is probably due 
to a similar fat content, and in particular of palmitic acid, for the 
various analyzed matrices. 

 
 
 

Conclusions 
The EN 1785:2003 method allows the use of different methods 

for lipid extraction, suggesting some of them (e.g., Soxhlet). In this 
work, an ASE method, a rapid and automated extraction, was pro-
posed as an alternative for lipid extraction and 2-DCB determina-
tion in irradiated poultry meat products. ASE conditions were opti-
mized in terms of solvent type, number of static cycles, and % of 
flush volume. Among these factors, cyclohexane as solvent, 2 as 
the number of static cycles, and 100% as the flush volume, were 
found to be the best conditions in terms of lipid extraction. The 
ASE procedure resulted in being suited for increasing extraction 
efficiency, reducing time, and being a more environmentally 
friendly procedure. Furthermore, the proposed ASE method, 
together with GC-MS, was applied to several processed and irradi-
ated poultry products, i.e., chicken, turkey, and mixed, to identify 
2-DCB as an irradiation marker. For all matrices, MDL was 0.5 
kGy, which is applicable to samples irradiated at doses at least 
equal to those reported in the standard method and compliant with 
the commercial dose used for these matrices. The method resulted 
in being selective and specific without false positives or false neg-
atives starting from MDL. Moreover, the average recovery of 
67.5%, in spiked samples is analogous to other reported studies. In 
conclusion, the ASE/GC-MS procedure proposed in this paper 
allows the correct identification of 2-DCB and has proven its suit-
ability for routine analysis in official controls as an alternative to 
the currently available standard method. Because of these impor-
tant outcomes, this method could be extended to other animal and 
vegetal matrices to determine 2-DCB and also other 2-ACBs as 
irradiation markers. 

 
 

References 
Bliznyuk U, Borshchegovskaya P, Bolotnik T, Chernyaev A, 

Ipatova V, Nikitchenko A, Shinkarev O, Yurov D, 
Khmelevskiy O, Rodin I, 2022. Research into gas chromatog-
raphy–mass spectrometry (GC–MS) for ensuring the effect of 

1 MeV-accelerated electrons on volatile organic compounds in 
turkey meat. Separations 9:227. 

Campagna MC, Di Schiavi MT, Foti M, Mosconi MC, Mattiolo G, 
Cavallina R, 2014. Application of microbiological method 
direct epifluorescence filter techique/aerobic plate count agar 
in the identification of irradiated herbs and spices. Ital J Food 
Safety 3:1650. 

Campaniello M, Marchesani G, Zianni R, Tarallo M, Mangiacotti 
M, Chiaravalle AE, 2020. Validation of an alternative method 
for the identification of 2-dodecylcyclebutanone (2-DCB) of 
irradiated meats by solid-phase microextraction (SPME) gas 
chromatography–mass spectrometry (GC-MS). Int J Food Sci 
Technol 55:961-9. 

Chiesa LM, Di Cesare F, Mosconi G, Pavlovic R, Campaniello M, 
Tomaiuolo M, Mangiacotti M, Chiaravalle E, Panseri S, 2022. 
Lipidomics profile of irradiated ground meat to support food 
safety. Food Chem 375:131700. 

EURACHEM, 2014. Guide: the fitness for purpose of analytical 
methods – a laboratory guide to method validation and related 
topics, (2nd ed. 2014). Available from: https://www.eurachem. 
org/images/stories/Guides/pdf/MV_guide_2nd_ed_EN.pdf.  

European Commission, 1999a. Directive 1999/2/EC of the 
European Parliament and of the Council of 22 February 1999 
on the approximation of the laws of the Member States con-
cerning foods and food ingredients treated with ionising radia-
tion. In: Official Journal, L 66/16, 13/03/1999. 

European Commission, 1999b. Directive 1999/3/EC of the 
European Parliament and of the Council of 22 February 1999 
on the establishment of a Community list of foods and food 
ingredients treated with ionising radiation. In: Official Journal, 
L 66/24, 13/03/1999. 

European Committee for Standardization, 2003. EN 1785, 2003. 
Foodstuffs – detection of irradiated food containing fat – gas 
chromatographic/mass spectrometric analysis of 2-alkylcy-
clobutanones. European Committee for Standardization, 
Brussels, Belgium. 

Hashim MS, Yusop SM, Rahman IA, 2024. The impact of gamma 
irradiation on the quality of meat and poultry: A review on its 
immediate and storage effects. Appl Food Res 4:100444.  

Jeong IS, Choi JY, Nho EY, Hwang IM, Khan N, Habte G, Seo HY, 
Kim BS, Kim KS, 2014. Determination of radiation induced 
hydrocarbons in irradiated camembert and processed cheese by 
GC–MS. Anal Lett 47:34-47. 

Lacivita V, Mentana A, Centonze D, Chiaravalle AE, Zambrini VA, 
Conte A, Del Nobile MA, 2019. Study of X-Ray irradiation 
applied to fresh dairy cheese. LWT 103:186-91. 

Li A, Pan L-G, Zhang XT, Jin XX, Ma HZ, 2017. Rapid determi-
nation method for 2-DCB in irradiated pork by ASE-Al2O3-
GC-MS. Radiat Phys Chem 130:277-81.  

Mangiacotti M, Marchesani G, Floridi F, Siragusa G, Chiaravalle 
AE, 2013. Official checks by an accredited laboratory on irra-
diated foods at an Italian market. Food Control 33:307-12. 

Marozzi S, Condoleo R, Saccares S, Campagna MC, Mangiacotti 
M, Chiaravalle AE, 2013. Irradiation of food of animal origin: 
analytical checks to verify compliance with EU legislation in 
Lazio region. Ital J Food Saf 2:942. 

Marrone R, Carosielli L, Mangiacotti M, Chiaravalle E, Smaldone 
G, Anastasio A, 2014. Monitoring of irradiated food products 
marketed in Italy and evaluation of electron spin resonance 
signal sensitivity of experimentally irradiated fish scales. Ital J 
Food Saf 3:1602. 

Mentana A, Zianni R, Campaniello M, Tomaiuolo M, Chiappinelli 
A, Iammarino M, Nardelli V, 2022. Optimizing accelerated 

                Article

[page 66]                                                         [Italian Journal of Food Safety 2025; 14:13501]



solvent extraction combined with liquid chromatography-orbi-
trap mass spectrometry for efficient lipid profile characteriza-
tion of mozzarella cheese. Food Chem 394:133542. 

Nardelli V, D’Amico V, Della Rovere I, Casamassima F, 
Marchesiello WMV, Nardiello D, Quinto M, (2020). Box 
Behnken design-based optimized extraction of non-dioxin-like 
PCBs for GC-ECD and GC-MS analyses in milk samples. 
Emer Contam 6:303-11. 

Obana H, Furuta M, Tanaka Y, 2005. Analysis of 2-alkylcyclobu-
tanones with accelerated solvent extraction to detect irradiated 
meat and fish. J Agric Food Chem 53:6603-8.  

Palermo C, Mentana A, Tomaiuolo M, Campaniello M, Iammarino 
M, Centonze D, Zianni R, 2024. Headspace solid-phase 
microextraction/gas chromatography–mass spectrometry and 
chemometric approach for the study of volatile profile in X-ray 
irradiated surface-ripened cheeses. Foods 13:416. 

Rigante ECL, Calvano CD, Ventura G, Zianni R, Campaniello M, 
Nardelli V, Mentana A, Cataldi TRI, 2024. Bottom-up pro-
teomics to investigate the X-ray irradiation effects on soft 
cheese. LWT 191:115643.  

Soncin S, Panseri S, Rusconi M, Mariani M, Chiesa LM, Biondi 
PA, 2012. Improved determination of 2-dodecylcyclobutanone 
in irradiated ground beef patties by gas-chromatography–
mass-spectrometry (GC/MS) coupled with solid-phase 
microextraction (SPME) technique. Food Chem 134:440-4. 

Tomaiuolo M, Nardelli V, Mentana A, Campaniello M, Zianni R, 
Iammarino M, 2023. Untargeted lipidomics and chemometric 
tools for the characterization and discrimination of irradiated 

Camembert cheese analyzed by UHPLC-Q-Orbitrap-MS. 
Foods 12:2198. 

World Health Organization, 1999. High-dose irradiation: whole-
someness of food irradiated with doses above 10 kGy: report 
of a joint FAO/IAEA/WHO study group. Available from: 
https://www.who.int/publications/i/item/9241208902.  

Yu H, Tao Y, Le T, Chen D, Ishsan A, Liu Y, Wang Y, Yuan Z, 2010. 
Simultaneous determination of amitraz and its metabolite 
residue in food animal tissues by gas chromatography-electron 
capture detector and gas chromatography–mass spectrometry 
with accelerated solvent extraction. J Chromatogr B 878:1746-
52.  

Zhang J, Zhang Q, Li F, 2023. Characteristics of key microorgan-
isms and metabolites in irradiated marbled beef. Meat Sci 
199:109121.  

Zianni R, Mentana A, Campaniello M, Chiappinelli A, Tomaiuolo 
M, Chiaravalle AE, Marchesani G, 2022. An investigation 
using a validated method based on HS-SPME-GC-MS detec-
tion for the determination of 2-dodecylcyclobutanone and 2-
tetradecylcyclobutanone in X-ray irradiated dairy products. 
LWT 153:112466.  

Zianni R, Mentana A, Tomaiuolo M, Campaniello M, Iammarino 
M, Centonze D, Palermo C, 2023. Volatolomic approach by 
HS-SPME/GC–MS and chemometric evaluations for the dis-
crimination of X-ray irradiated mozzarella cheese. Food Chem 
423:136239.

                                                                                                                             Article

                                                                     [Italian Journal of Food Safety 2025; 14:13501]                                                        [page 67]

Online supplementary material:  
Supplementary Table 1. List of the European standard procedures for the detection of irradiated food. 
Supplementary Table 2. Solvent-matched calibration curve. 
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