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Walnuts have an excellent fatty acid profile, beneficial for coronary heart diseases. A diet rich in walnuts has shown to decrease the
total and LDL cholesterol levels as well as lipoprotein levels. In this study, the effects of different doses of 𝛾-irradiation and different
packaging conditions on proximate composition and fatty acid profile of walnuts (Juglans regia L.) were investigated merging data
from different spectroscopic techniques. Walnuts moisture, ash, fat, and protein content as well as fatty acid profile were evaluated
immediately after irradiation. GC-FID results showed that SFA increased and MUFA and PUFA decreased with the increase of
irradiation dose. Moreover, MUFA/SFA and PUFA/SFA ratios decreased (𝑃 < 0.05) compared to control samples. Furthermore,
NMR spectroscopy was implemented to examine possible discrimination patterns based on irradiation dose and packaging. This
approach revealed the role of PUFA decrease with the parallel increase of irradiation dose while indicating the protective role of
vacuum and MAP compared to air packaging. In conclusion, at irradiation doses of up to 5 kGy, the walnuts retained the nutritional
benefits of its fatty acids, in particular MUFA and PUFA. Concerning the different types of packaging, greater stability in the nuts
was observed using MAP packaging.

1. Introduction
Walnuts (nux juglandes) are harvested from walnut trees
(Juglans regia) and are considered as one of the most popular
nuts worldwide, either consumed raw, toasted or pickled
or as food ingredient. Over 30 varieties of walnut trees are
currently harvested that have been developed for various
characteristics including pest tolerance, early/late harvest,
and shell thickness [1].
Walnuts contain health benefiting nutrients, minerals,
antioxidants, and vitamins that are essential for optimum
health. Due to their high polyunsaturated fatty acids (PUFA,
predominantly linoleic and 𝛼-linolenic acid), their fatty acid
composition is unique compared to other nuts, which contain
mostly monounsaturated fatty acids (MUFA) [2]. Additionally, Yang et al. [3] reported that walnuts had the highest
flavonoid content, followed by pecans, peanuts, pistachios,

cashews, almonds, Brazil nuts, pine nuts, macadamia nuts,
and hazelnuts. Evidence from epidemiologic and intervention studies as well as clinical trials showed that walnut
consumption had favorable effects on serum lipid levels in
humans, such as lowering low-density lipoprotein (LDL),
raising high-density lipoprotein (HDL), and reducing total
serum triacylglycerol levels, all of which reduce the likelihood
of suffering from a cardiovascular event [4, 5]. Lately, walnuts
have been found to improve memory deficits in transgenic
mouse model of Alzheimer’s disease [6].
Untreated walnuts may be susceptible to microbial contamination or insect and pest infestation; therefore, processing via 𝛾-irradiation has been recognized and regulated
as an effective technology in order to extend the shelf life
of all types of nuts [7]. Although the Food and Agriculture Agency/International Atomic Energy Agency/World
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Health Organization (FAO/IAEA/WHO) joint commission
endorsed the radiation treatment of food at established doses
of up to 10 kGy [8], recently, some countries have allowed
irradiation dose above 10 kGy for decontamination purposes
[9].
Walnuts contain high levels of unsaturated fatty acids
which are prone to lipid oxidation when irradiated. Irradiation produces free radicals as a result of radiolysis. Additionally, interactions of free radicals with both lipid and protein
molecules lead to the formation of numerous oxidation
products (aldehydes, esters, ketones, sulfur compounds, etc.)
and result in off-flavor changes in irradiated foods [10, 11].
Most packaging materials for nuts are composed of polymers that may be susceptible to chemical changes induced
by ionizing radiation that are the result of two competing
reactions, cross-linking (polymerization), and chain scission
(degradation). Radiation-induced cross-linking of polymers
dominates vacuum or an inert atmosphere. Chain scission
dominates during irradiation of polymers in the presence
of oxygen or air. Both reactions are random, generally
proportional to dose, and depend on dose rate and the oxygen
content of the atmosphere in which the polymer is irradiated
[12, 13].
Up to now, radiolytic products remain the most prominent markers to detect gamma irradiated food items.
Recently, our group has demonstrated that global lipid profile
of fat rich food items using nuclear magnetic resonance
(NMR) spectroscopy and multivariate statistical analysis
may constitute an alternative method for the detection of
irradiated specimens even at low irradiation doses [14, 15].
The objective of the present study was to assess the effect
of 𝛾-irradiation on proximate composition and fatty acid
profile of walnuts irradiated at doses of 5, 10, and 13 kGy
under atmospheric air, vacuum, and modified atmosphere
(41% CO2 –59% N2 ) packaging conditions and to determine
the appropriate conditions (irradiation dose and packaging)
in order to maintain the superior quality of the nuts.

2. Materials and Methods
2.1. Reagents and Standards. Fatty acid methyl esters used
as gas chromatography (GC) standards were lauric acid
methyl-ester (M-E). cis-5,8,11,14,17-Eicosapentaenoic acid ME and cis-4,7,10,13,16,19-docosahexaenoic acid M-E (purity ≥
98%) purchased from Sigma Chemical Co (Sigma-Aldrich
Company. UK). Fatty acid methyl esters used as GC-FID
standard mixtures were Supelco TM 37 Component FAME
Mix C4–C24, 100 mg Neat., and Supelco PUFA No. 1, Marine
Source, 100 mg Neat.
Chloroform-d (99.98%) and 5 mm Norell UP509 tubes
were purchased from Sigma-Aldrich Company, UK, for NMR
analyses.
All solvents used for sample preparation were of analytical grade and the solvents used for GC-FID analysis were of
HPLC grade from Merck (Darmstadt. Germany). All reagents
used were of analytical grade and they were purchased from
Mallinckrodt Chemical Works (St. Louis, MO, USA) and
from Sigma Chemical Co. (Sigma-Aldrich Company, UK).
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2.2. Radiation Process. Samples were purchased from a local
super market (all samples selected were of the same lot number). Walnuts (Juglans regia L.) were packed in 50 g sachets,
in atmospheric air, vacuum, and modified atmosphere (41%
CO2 –59% N2 ). Irradiation was carried out in the Institute
of Pharmaceutical Research and Technology (IPRT S.A.),
(Mandra Attikis, Greece). For gamma irradiation a 60 Co
source irradiator was used. The strength of the source was
150 kCi, with a dose rate capacity of 1 kGy/h. The samples
were irradiated under atmospheric air. The doses applied
were 5.0, 10.0, and 13.0 kGy. The temperature during the
irradiation treatment was maintained at approximately 25∘ C
(room temperature). Dosimetry was performed using a Harwell Perspex polymethylmethacrylate Amber 3042 dosimeter
(PMMA Instruments, Harwell, UK) placed on the irradiated
samples surface. Samples were analysed immediately after
irradiation. The irradiation process was repeated twice. Three
sachets were used per each dose (0, 5, 10, and 13 kGy) and per
each package (air, vacuum, and modified atmosphere package
(MAP)). Total sample set included 72 samples (with control
samples).
2.3. Proximate Analysis. Moisture content was determined
using an Electronic Moisture Analyser (KERN MLS 50-3,
KERN & Sohn GmbH) at 120∘ C to constant weight. Ash
was determined by heating in a muffle furnace at 550∘ C to
constant weight [16]. Protein content was determined using
Kjeldahl method [17] using a BÜCHI digestion unit (K438) and a BÜCHI distillation unit (K-355) (Hellamco S.A.,
Athens, Greece).
2.4. Extraction Methodologies. A high energy extraction
technique (ultrasound assisted extraction (UAE)) was employed since it provided higher yields in significantly shorter
time after exhaustive optimizations [14].
In detail, 5 g of homogenized walnuts sample and 40 mL
solvent (n-hexane) were placed in a 250 mL three-neck vessel
in ice-bath, maximum temperature 40∘ C, and sonicated using
Sonics & Material INC., Vibra-Cell VCX750 (20 kHz, 750 W)
ultrasonics processor, equipped with piezoelectric converter
and 13 mm diameter probe fabricated from Titanium alloy
Ti-6Al-4V. The amplitude was 80% and the pulse sonication
sequence was 15 s ON and 5 s OFF. The extraction mixtures
were filtrated to separate liquid from solid matrices using a
Buchner funnel and the extracts were concentrated in rotary
evaporator. Dry residues were weighted and redissolved in
30% solvent, containing t-butyl-hydroquinone (0.1%) as an
antioxidant and finally stored at 4∘ C prior to analysis.
2.5. Gas Chromatography Analysis of Fatty Acid Methyl Esters.
Fatty acid methyl esters (FAME) of total lipids (TL) were
prepared according to the procedure described by Sinanoglou and Miniadis-Meimaroglou [18]. Both quantitative
and qualitative analyses were performed on an Agilent
6890 Series Gas Chromatograph (Agilent Technologies, Palo
Alto, CA) equipped with a flame ionization detector, as
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described by Sinanoglou et al. [19]. DB-23 capillary column (60 m × 0.25 mm i.d. 0.15 𝜇m film) (50%-cyanopropylmethylpolysiloxane) (Agilent Technologies) was used. The
individual FAME were identified by comparing their retention times with those of the authentic standard mixtures. The
relative content of fatty acids in the sample was determined
according to Sinanoglou et al. [19].
2.6. NMR Spectroscopy. Lipid extracts (10 mg approximately)
were dissolved in 0.5 mL chloroform-d (99.98%). 1 H NMR
spectra were recorded on a Varian 600 MHz equipped with
a triple resonance probe {HCN}. The acquisition parameters
were as follows: temperature 25∘ C, spectral width (SW)
4807 Hz, number of scans 128, and 32 K data points. For
quantitative purposes the relaxation delay (RD) was at 8
s as determined by T1 measurement. Proton spectra were
referenced at the resonant peak of CDCl3 (7.26 ppm). receiver
gain was kept constant for all acquisitions.
Spectral processing included zero filling up to 32 K, line
broadening 0.5 Hz before Fourier transformation, and it was
performed using MestReNova software. Prior to statistical
analysis, all spectra were automatically baseline corrected,
binned to 0.002 ppm spectral width, and spectral regions of
low significance were excluded from the analysis (such as
the solvent region, 7.0–7.50 ppm, the water signal at 1.5 ppm).
Finally, each spectrum was normalized to total spectrum area.
2.7. Statistical Analysis-Multivariate Data Analysis
2.7.1. Statistical Analysis. All data concerning fatty acid profile were analyzed on a significance level of 0.05 with oneway ANOVA and post hoc analysis that comprised pairwise
multiple comparisons conducted with the Tukey’s honestly
significant difference test. These calculations were performed
with the SPSS (IBM SPSS Statistics, version 19.0, Chicago, IL,
USA) statistical software for Windows.
2.7.2. Multivariate Data Analysis. The obtained results were
divided into two datasets: one comprising NMR data and
the other containing data from GC-FID. Each dataset was
imported into the SIMCA-P version 13.0 (Umetrics, Umeå,
Sweden) for multivariate statistical analysis. GC data were
scaled to unit variance (UV scaling), while NMR data
were Pareto scaled, in order to increase the impact of low
intensity, but significant, resonant peaks on the model [20].
All statistical models were extracted at a confidence level of
95% using the means of calculated values.

3. Results and Discussion
3.1. Proximate and Fatty Acid Composition. Walnuts moisture, ash, protein, and fat contents were found as 3.95 ±
0.24, 2.02 ± 0.32, 15.23 ± 1.26, and 62.21 ± 1.18% (wet
basis), respectively. The above results were higher to those
reported by Ma et al. [21] for total lipid and lower for crude
protein content. Irradiation caused insignificant (𝑃 > 0.05)
change of moisture, ash, protein and fat content of walnuts,
irrespective to the packaging. This statement is in accordance
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with the findings of Gecgel et al. [7] and Al-Bachir [22]
who reported that there were no significant differences in
moisture, ash, protein, and fat contents among nonirradiated
and irradiated walnuts. Since similar results have also been
reported for other nuts after irradiation [23], it is evident
that radiation treatment does not cause significant changes
in the principal nuts’ components due to low moisture
content, which prevents the formation of free radicals and the
degradation of bioactive compounds.
Gas chromatography (GC) analysis of fatty acid methyl
esters from nonirradiated and irradiated walnuts lipids
revealed the presence of 31 fatty acids (Tables 1–3). Fatty
acid percentages decreased in the order of polyunsaturated >
monounsaturated > saturated (PUFA > MUFA > SFA). The
fatty acid profile mainly consisted of the PUFA linoleic
(C18:2𝜔-6) and 𝛼-linolenic (C18:3𝜔-3) acids, of the MUFA
oleic acid (C18:1𝜔-9) along with substantial proportions of the
SFA palmitic (C16:0) and stearic (C18:0) acids.
The main results observed between nonirradiated and
irradiated walnuts’ total lipid fatty acids, irrespective of
the packaging material, were as follows: (i) the proportion
of saturated fatty acids (SFA) was gradually (𝑃 < 0.05)
increased at 5, 10, and 13 kGy, along with a parallel decrease
of polyunsaturated (PUFA) fatty acid; (ii) the PUFA/SFA and
MUFA/SFA ratios were significantly decreased at all doses;
and (iii) the C18:1𝜔-9/C18:2𝜔-6 ratio was not affected by
irradiation treatment. These results were verified by similar
studies on the effect of radiation treatment in nuts lipids by
other researchers [14, 23, 24]. Polyunsaturated fatty acid proportion reduction may be due to their partial hydrogenation
from hydrogen ions generated by irradiation, which causes a
concomitant increase in SFA proportion.
The main results observed in relation to packaging
conditions were as follows: (i) irradiation caused the highest
(𝑃 < 0.05) SFA proportion increase in air packed irradiated
walnuts TL and the lowest in MAP packed irradiated walnuts
TL; (ii) MUFA proportion showed the highest decrease in
vacuum packed irradiated walnuts TL; and (iii) irradiation
evoked the highest (𝑃 < 0.05) 𝜔-6 and 𝜔-3 fatty acids
proportion decrease in air packed irradiated walnuts TL and
the lowest in MAP packed irradiated walnuts TL.
Concerning fatty acid ratios, irradiation caused (i) the
highest (𝑃 < 0.05) PUFA/SFA ratio decrease in air packed
irradiated walnuts TL and the lowest in MAP packed irradiated walnuts TL, (ii) significant (𝑃 < 0.05) decrease of
PUFA/MUFA ratio only in air and MAP packed irradiated
walnuts TL, (iii) the highest (𝑃 < 0.05) MUFA/SFA ratio
decrease in air and vacuum packed irradiated walnuts TL, and
(iv) the highest (𝑃 < 0.05) 𝜔-6/𝜔-3 fatty acids’ ratio increase
in air packed irradiated walnuts TL.
It is, therefore, concluded that the calculated fatty acid
proportions are influenced by irradiation dose and packaging
material, confirming different effect of packaging type on FA
profile when they interact with radiation process.
Principal component analysis (PCA) was used to further
explore the above results. A PCA model with two components
was computed on the total set of nonirradiated and irradiated
total lipids’ samples in all packaging conditions (Figures 1(a),
1(b), and 1(c)). The first and second principal components
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Table 1: Fatty acids composition % of (Total Fatty Acids) TFA in total lipids of non-irradiated and irradiated walnuts packaged in atmospheric
air.
Fatty acids
C12:0
C14:0
C14:1
iso-C15:0
C15:0
C15:1𝜔-5
C16:0
iso-C16:0
C16:1𝜔-7
iso-C17:0
anteiso-C17:0
cyclo-C17:0
C17:0
C17:1𝜔-7
C18:0
C18:1𝜔-9
C18:1𝜔-7
C18:2𝜔-6
C18:3𝜔-6
C18:3𝜔-3
C18:4𝜔-3
C19:0
C20:0
C20:1𝜔-9
C20:3𝜔-6
C20:4𝜔-6
C20:5𝜔-3
C22:4𝜔-6
C22:5𝜔-6
C22:5𝜔-3
C22:6𝜔-3
SFA
MUFA
PUFA
UFA
Σ𝜔-6
Σ𝜔-3
𝜔-6/𝜔-3
MUFA/SFA
PUFA/MUFA
PUFA/SFA
C18:1𝜔-9/C18:2𝜔-6
C16:0/C18:0

0 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.35 ± 0.01a
0.01 ± 0.00a
6.76 ± 0.07a
0.06 ± 0.00a
0.08 ± 0.01a
—
0.01 ± 0.00a
0.01 ± 0.00a
0.03 ± 0.00a
0.02 ± 0.00a
2.30 ± 0.03a
19.77 ± 0.07a
0.52 ± 0.01ab
59.71 ± 0.16a
0.07 ± 0.00a
9.52 ± 0.02a
0.06 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.17 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.02 ± 0.00a
0.02 ± 0.00a
0.03 ± 0.00a
0.01 ± 0.00a
0.32 ± 0.01a
9.62 ± 0.10a
20.59 ± 0.05a
69.79 ± 0.15a
90.38 ± 0.10a
59.86 ± 0.17a
9.93 ± 0.02a
6.03 ± 0.03a
2.14 ± 0.02a
3.39 ± 0.02a
7.26 ± 0.09a
0.33 ± 0.00a
2.94 ± 0.01a

5 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.34 ± 0.01a
0.01 ± 0.00a
7.45 ± 0.06b
0.07 ± 0.01a
0.09 ± 0.00a
0.01 ± 0.00a
0.02 ± 0.00b
0.01 ± 0.00a
0.05 ± 0.00b
0.02 ± 0.00a
3.07 ± 0.02b
19.36 ± 0.07b
0.51 ± 0.02ab
59.01 ± 0.06b
0.07 ± 0.01a
9.18 ± 0.04b
0.06 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.16 ± 0.01a
0.02 ± 0.00a
0.01 ± 0.00a
0.02 ± 0.00a
0.02 ± 0.00a
0.02 ± 0.00b
0.01 ± 0.00a
0.31 ± 0.01a
11.12 ± 0.06b
20.16 ± 0.08b
68.72 ± 0.03b
88.88 ± 0.07b
59.14 ± 0.04b
9.57 ± 0.04b
6.18 ± 0.03b
1.81 ± 0.02b
3.41 ± 0.02a
6.18 ± 0.04b
0.33 ± 0.00a
2.43 ± 0.01b

10 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.35 ± 0.01a
0.01 ± 0.00a
8.22 ± 0.04c
0.07 ± 0.01a
0.09 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.03 ± 0.00a
0.02 ± 0.00a
3.44 ± 0.08c
19.15 ± 0.06c
0.49 ± 0.01a
58.44 ± 0.06c
0.05 ± 0.01b
8.90 ± 0.08c
0.04 ± 0.00b
0.01 ± 0.00a
0.01 ± 0.00a
0.18 ± 0.01ab
0.02 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00b
0.01 ± 0.00b
0.01 ± 0.00c
0.01 ± 0.00a
0.30 ± 0.01a
12.22 ± 0.11c
19.96 ± 0.07c
67.80 ± 0.05c
87.77 ± 0.12c
58.55 ± 0.06c
9.26 ± 0.08c
6.33 ± 0.06c
1.63 ± 0.02c
3.40 ± 0.01a
5.55 ± 0.05c
0.33 ± 0.00a
2.39 ± 0.04cb

13 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.39 ± 0.01b
0.01 ± 0.00a
9.03 ± 0.06d
0.08 ± 0.00b
0.09 ± 0.01a
0.01 ± 0.00a
0.02 ± 0.00b
0.01 ± 0.00a
0.06 ± 0.01b
0.02 ± 0.00a
3.84 ± 0.06d
19.21 ± 0.05c
0.52 ± 0.01b
57.45 ± 0.04d
0.03 ± 0.00c
8.57 ± 0.06d
0.03 ± 0.00c
0.01 ± 0.00a
0.02 ± 0.00b
0.19 ± 0.01b
0.01 ± 0.01a
0.01 ± 0.00a
0.01 ± 0.00b
—
0.01 ± 0.00c
—
0.27 ± 0.01b
13.56 ± 0.06d
20.06 ± 0.04bc
66.38 ± 0.04d
86.44 ± 0.06d
57.50 ± 0.04d
8.88 ± 0.06d
6.47 ± 0.05d
1.48 ± 0.01d
3.31 ± 0.01b
4.90 ± 0.02d
0.33 ± 0.00a
2.35 ± 0.05c

Values are the mean of three determinations from two individual experiments (𝑛 = 6).
Means in the same row bearing different letters differ significantly (𝑃 < 0.05).

(PC1 and PC2) accounted for 59.4% and 12% of the variation,
respectively. Nonirradiated samples were discriminated from
the rest of the samples along the second principal component
and were located in the 2nd quadrant, mainly characterized

by C18:1𝜔-9 and C18:2𝜔-6 proportions (Figures 1(a) and 1(b)).
According to the contribution plot (Figure 1(c)) it seems that
irradiated walnuts with 5, 10, and 13 kGy doses were primarily
influenced by C16:1𝜔-7 and iso-C17:0, and secondarily by
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Table 2: Fatty acids composition % of (Total Fatty Acids) TFA in total lipids of non-irradiated and irradiated walnuts packaged in vacuum.
Fatty acids
C12:0
C14:0
C14:1
iso-C15:0
C15:0
C15:1𝜔-5
C16:0
iso-C16:0
C16:1𝜔-7
iso-C17:0
anteiso-C17:0
cyclo-C17:0
C17:0
C17:1𝜔-7
C18:0
C18:1𝜔-9
C18:1𝜔-7
C18:2𝜔-6
C18:3𝜔-6
C18:3𝜔-3
C18:4𝜔-3
C19:0
C20:0
C20:1𝜔-9
C20:3𝜔-6
C20:4𝜔-6
C20:5𝜔-3
C22:4𝜔-6
C22:5𝜔-6
C22:5𝜔-3
C22:6𝜔-3
SFA
MUFA
PUFA
UFA
Σ𝜔-6
Σ𝜔-3
𝜔-6/𝜔-3
MUFA/SFA
PUFA/MUFA
PUFA/SFA
C18:1𝜔-9/C18:2𝜔-6
C16:0/C18:0

0 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.35 ± 0.01a
0.01 ± 0.00a
6.76 ± 0.07a
0.06 ± 0.00a
0.08 ± 0.01a
—
0.01 ± 0.00a
0.01 ± 0.00a
0.03 ± 0.00a
0.02 ± 0.00a
2.30 ± 0.03a
19.77 ± 0.07a
0.52 ± 0.01a
59.71 ± 0.16a
0.07 ± 0.00a
9.52 ± 0.02a
0.06 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.17 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.02 ± 0.00a
0.02 ± 0.00a
0.03 ± 0.00a
0.01 ± 0.00a
0.32 ± 0.01a
9.62 ± 0.10a
20.59 ± 0.05a
69.79 ± 0.15a
90.38 ± 0.10a
59.86 ± 0.17a
9.93 ± 0.02a
6.03 ± 0.03a
2.14 ± 0.02a
3.39 ± 0.02a
7.26 ± 0.09a
0.33 ± 0.00a
2.94 ± 0.01a

5 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.35 ± 0.01a
0.01 ± 0.00a
7.25 ± 0.04b
0.07 ± 0.01a
0.09 ± 0.00a
0.01 ± 0.00a
0.02 ± 0.00b
0.01 ± 0.00a
0.05 ± 0.00b
0.02 ± 0.00a
2.57 ± 0.04b
19.62 ± 0.04b
0.53 ± 0.02a
59.19 ± 0.05b
0.07 ± 0.01a
9.36 ± 0.05b
0.06 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.17 ± 0.01a
0.02 ± 0.00a
0.01 ± 0.00a
0.02 ± 0.00a
0.02 ± 0.00a
0.03 ± 0.00a
0.01 ± 0.00a
0.32 ± 0.01a
10.44 ± 0.02b
20.46 ± 0.05b
69.10 ± 0.07b
89.56 ± 0.04b
59.33 ± 0.04b
9.77 ± 0.04b
6.07 ± 0.02a
1.96 ± 0.01b
3.38 ± 0.01a
6.62 ± 0.02b
0.33 ± 0.00a
2.82 ± 0.06b

10 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.35 ± 0.01a
0.01 ± 0.00a
8.20 ± 0.04c
0.07 ± 0.01a
0.09 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.05 ± 0.00b
0.02 ± 0.00a
2.75 ± 0.08c
19.30 ± 0.04c
0.50 ± 0.01ab
58.75 ± 0.10c
0.05 ± 0.00b
9.08 ± 0.06c
0.05 ± 0.00b
0.01 ± 0.00a
0.01 ± 0.00a
0.17 ± 0.01a
0.02 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00b
0.02 ± 0.00a
0.02 ± 0.00b
0.01 ± 0.00a
0.31 ± 0.01ab
11.55 ± 0.06c
20.11 ± 0.03c
68.34 ± 0.05c
88.45 ± 0.06c
58.87 ± 0.10c
9.46 ± 0.05c
6.22 ± 0.04b
1.74 ± 0.02c
3.40 ± 0.01a
5.92 ± 0.04c
0.33 ± 0.00a
2.98 ± 0.09a

13 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.39 ± 0.01b
0.01 ± 0.00a
9.41 ± 0.02d
0.10 ± 0.01b
0.09 ± 0.01a
0.01 ± 0.00a
0.02 ± 0.00b
0.01 ± 0.00a
0.06 ± 0.01b
0.02 ± 0.00a
3.14 ± 0.07d
18.93 ± 0.03d
0.47 ± 0.02b
57.64 ± 0.05d
0.05 ± 0.00b
8.90 ± 0.06d
0.06 ± 0.00a
0.01 ± 0.00a
0.02 ± 0.01a
0.19 ± 0.00b
0.02 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00b
0.01 ± 0.00b
0.02 ± 0.00b
0.01 ± 0.00a
0.29 ± 0.01b
13.25 ± 0.05d
19.73 ± 0.04d
67.02 ± 0.05d
86.75 ± 0.05d
57.75 ± 0.05d
9.27 ± 0.05d
6.23 ± 0.03b
1.49 ± 0.01d
3.40 ± 0.01a
5.06 ± 0.02d
0.33 ± 0.00a
3.00 ± 0.07a

Values are the mean of three determinations from two individual experiments (𝑛 = 6).
Means in the same row bearing different letters differ significantly (𝑃 < 0.05).

iso-C16:0, C17:0, and anteiso-C17:0, which tend to increase
with the irradiation dose. Apart from the control group, the
clearest grouping was observed for samples irradiated at the
dose of 5 kGy situated in the 3rd quadrant, irrespective of the
packaging conditions. These samples were mainly influenced

by C18:3𝜔-6, C18:4𝜔-3, C20:3𝜔-6, C22:4𝜔-6, and C22:5𝜔-3
proportions. Samples irradiated at doses of 10 and 13 kGy
were discriminated from the rest of the samples and were
located in the 1st and the 4th quadrants, except for irradiated
samples at 10 kGy in MAP package, which were located
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Table 3: Fatty acids composition % of (Total Fatty Acids) TFA in total lipids of non-irradiated and irradiated walnuts packaged in modified
atmosphere.
Fatty acids
C12:0
C14:0
C14:1
iso-C15:0
C15:0
C15:1𝜔-5
C16:0
iso-C16:0
C16:1𝜔-7
iso-C17:0
anteiso-C17:0
cyclo-C17:0
C17:0
C17:1𝜔-7
C18:0
C18:1𝜔-9
C18:1𝜔-7
C18:2𝜔-6
C18:3𝜔-6
C18:3𝜔-3
C18:4𝜔-3
C19:0
C20:0
C20:1𝜔-9
C20:3𝜔-6
C20:4𝜔-6
C20:5𝜔-3
C22:4𝜔-6
C22:5𝜔-6
C22:5𝜔-3
C22:6𝜔-3
SFA
MUFA
PUFA
UFA
Σ𝜔-6
Σ𝜔-3
𝜔-6/𝜔-3
MUFA/SFA
PUFA/MUFA
PUFA/SFA
C18:1𝜔-9/C18:2𝜔-6
C16:0/C18:0

0 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.35 ± 0.01a
0.01 ± 0.00a
6.76 ± 0.07a
0.06 ± 0.00a
0.08 ± 0.01a
—
0.01 ± 0.00a
0.01 ± 0.00a
0.03 ± 0.00a
0.02 ± 0.00a
2.30 ± 0.03a
19.77 ± 0.07a
0.52 ± 0.01a
59.71 ± 0.16a
0.07 ± 0.00a
9.52 ± 0.02a
0.06 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.17 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.02 ± 0.00a
0.02 ± 0.00a
0.03 ± 0.00a
0.01 ± 0.00a
0.32 ± 0.01a
9.62 ± 0.10a
20.59 ± 0.05ac
69.79 ± 0.15a
90.38 ± 0.10a
59.86 ± 0.17a
9.93 ± 0.02a
6.03 ± 0.03a
2.14 ± 0.02a
3.39 ± 0.02a
7.26 ± 0.09a
0.33 ± 0.00a
2.94 ± 0.01a

5 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.34 ± 0.01a
0.01 ± 0.00a
7.02 ± 0.12b
0.07 ± 0.01a
0.09 ± 0.00a
0.01 ± 0.00a
0.02 ± 0.00b
0.01 ± 0.00a
0.05 ± 0.00b
0.02 ± 0.00a
2.56 ± 0.03b
19.59 ± 0.14ab
0.53 ± 0.01a
59.04 ± 0.11b
0.08 ± 0.01a
9.80 ± 0.09b
0.06 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.16 ± 0.01a
0.02 ± 0.00a
0.01 ± 0.00a
0.02 ± 0.00a
0.02 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.31 ± 0.01a
10.19 ± 0.15b
20.42 ± 0.13ab
69.40 ± 0.09b
89.81 ± 0.15b
59.20 ± 0.11b
10.20 ± 0.09b
5.80 ± 0.06b
2.00 ± 0.05b
3.40 ± 0.02a
6.81 ± 0.10b
0.33 ± 0.00a
2.73 ± 0.02b

10 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.35 ± 0.01a
0.01 ± 0.00a
7.22 ± 0.06b
0.07 ± 0.01a
0.09 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.03 ± 0.00a
0.02 ± 0.00a
2.98 ± 0.03c
19.53 ± 0.03b
0.51 ± 0.01a
58.77 ± 0.05c
0.06 ± 0.00b
9.58 ± 0.04a
0.05 ± 0.00b
0.01 ± 0.00a
0.01 ± 0.00a
0.18 ± 0.01ab
0.02 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00b
0.02 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.32 ± 0.01a
10.76 ± 0.03c
20.36 ± 0.03b
68.86 ± 0.05c
89.22 ± 0.03c
58.89 ± 0.05c
9.97 ± 0.05a
5.91 ± 0.03c
1.89 ± 0.03c
3.38 ± 0.01a
6.39 ± 0.02c
0.33 ± 0.00a
2.42 ± 0.04c

13 kGy
0.03 ± 0.00a
0.04 ± 0.00a
0.02 ± 0.00a
0.01 ± 0.00a
0.39 ± 0.01b
0.01 ± 0.00a
7.45 ± 0.07c
0.08 ± 0.00b
0.09 ± 0.01a
0.01 ± 0.00a
0.02 ± 0.00b
0.01 ± 0.00a
0.04 ± 0.01a
0.02 ± 0.00a
3.54 ± 0.03d
19.76 ± 0.06a
0.58 ± 0.00b
58.10 ± 0.05d
0.07 ± 0.00a
9.07 ± 0.05c
0.06 ± 0.00a
0.01 ± 0.00a
0.01 ± 0.00a
0.19 ± 0.01b
0.02 ± 0.01a
0.01 ± 0.00a
0.01 ± 0.00b
0.01 ± 0.00b
0.02 ± 0.00a
0.01 ± 0.00a
0.30 ± 0.01a
11.65 ± 0.08d
20.67 ± 0.05c
67.68 ± 0.05d
88.35 ± 0.08d
58.23 ± 0.05d
9.45 ± 0.02c
6.16 ± 0.02d
1.77 ± 0.02d
3.27 ± 0.02b
5.81 ± 0.04d
0.34 ± 0.01a
2.11 ± 0.03d

Values are the mean of three determinations from two individual experiments (𝑛 = 6).
Means in the same row bearing different letters differ significantly (𝑃 < 0.05).

almost at the center of the model, nearly in the 2nd quadrant.
As shown in Figure 1(a) the packaging parameter seems to
influence the samples as irradiation dose increases, clearly
separating them in the PCA model. More specifically, air

packaging follows a specific trend from the 3rd quadrant at
5 kGy towards the outer part of the 1st quadrant at 13 kGy.
Vacuum and MAP packaging at high irradiation doses tend
to be differentiated from corresponding ones at low doses
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Figure 1: (a) PCA model of GC-FID data scaled to Unit Variance (UV scaling); 𝐴 = 2, 𝑅2 𝑋1,2 (cum) : 71.5%, and 𝑄2 X1,2 (cum) : 37.1%. Samples
of MAP, air, and vacuum packages are denoted by a star, triangle, and box, respectively. Yellow, red, blue, and green colors correspond to 0,
5, 10, and 13 kGy, respectively, as also denoted by the labels. Only the mean values of six different measurements per irradiation dose and
packaging are presented. (b) Loading plot. (c) Contribution plot indicating fatty acids responsible for the discrimination of nonirradiated
control samples (positive values) with the irradiated ones (negative values).

but without following the previous trend. From the above
results it is concluded that PCA analysis is a powerful tool
to distinguish the samples according to the irradiation dose
and the packaging conditions.
3.2. NMR Based Lipid Profile Analysis. The unsupervised
PCA (principal components analysis) was applied on the
Pareto scaled NMR data of the walnut samples in order
to monitor possible trends in sample classification related
to packaging type or irradiation dose. The PCA model
(Figure 2(a)) extracted on the two first principal components
(PCs) tends to discriminate between the irradiated samples
(5, 10, and 13 kGy) of MAP and air packages from the corresponding control samples (0 kGy) along PC1. Interestingly,
the irradiation process seems to have minor impact on the
vacuum samples. To a step further, a contribution plot was
generated between the control samples and the irradiated
ones (Figure 2(b)) so as to assess the impact of the irradiation

process on the lipid profile of the samples. According to this
plot, the nonirradiated samples are characterized by resonant
peaks corresponding to the unsaturated fatty acids linolenic
(C18:3𝜔-3) and linoleic acid (C18:2𝜔-6) along with NMR
peaks belonging to methylene –CH2 CH=CH at 2.0 ppm and
olefinic–CH=CH–protons at 5.2 ppm. On the other hand, a
resonant peak at 1.2 ppm, which is attributed to unsaturated
fatty acids, characterized the irradiated sample as illustrated
in the contribution plot. These outcomes are in accordance
with those reported from GC-FID analysis demonstrating
that increase of irradiation dose affects the quality of walnut
lipids by decreasing PUFA and MUFA.
The discrimination of the packaging type was unveiled
only after the exploration of the 3rd principal component
(Figure 2(c)). The corresponding loading plot (Figure 2(d))
demonstrated that sn1,3 diglycerides (sn1,3 DG) along with
some minor components (resonating at 5.4–6.5 ppm) characterize the samples located at the 1st and 2nd quadrants,
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Figure 2: (a) PCA map of the two first PCs on NMR data using Pareto scaling of the total sample set. 𝐴 = 3, 𝑅2 X1,2 (cum) : 77.5%, and 𝑄2 X1,2 (cum) :
70.6%. Samples of MAP, air, and vacuum packages are denoted by a star, triangle, and box, respectively. While yellow, red, blue, and green
colors correspond to 0, 5, 10, and 13 kGy, respectively, as also denoted by the labels. Only the mean values of each irradiation process are
presented. (b) Contribution plot showing the difference between the average of the nonirradiated and irradiated samples. The variables with
positive and negative values characterize the nonirradiated and the irradiated samples, respectively. (c) PCA map of PC1 and PC3 on NMR
data of the total sample set. 𝑅2 X1,3 (cum) : 61% and 𝑄2 X1,3 (cum) : 70.6%. (d) Loading plot of PC3.

in our case vacuum samples of all irradiation doses and
MAP and air samples of high irradiation doses (>10 kGy).
This result may partially explain the grouping of the vacuum
samples shown in Figure 2(a) indicating a deteriorated fatty
acid profile. The presence of sn1,3 DG has been reported as a
freshness/spoilage marker, shown to be abundant in nonfresh
samples [25]. In our case the presence of sn1,3 DG is also
related to irradiated samples at high doses.

4. Conclusion
This study reveals the effects of 𝛾-irradiation on walnut’s
(Juglans regia L.) lipid fraction, using different doses and
packaging conditions. GC-FID and NMR spectroscopy were
implemented to evaluate fatty acid profiles and detect alterations capable of discriminating between irradiated samples.
GC-FID results showed that SFA increased and MUFA
and PUFA decreased with the increase of irradiation dose.
Moreover, MUFA/SFA and PUFA/SFA ratios decreased (𝑃 <
0.05) compared to control samples. It is concluded that

the calculated fatty acid proportions are influenced by irradiation dose and packaging material, confirming different
effect of packaging type on FA profile when interacting with
radiation process. Unsupervised PCA on GC-FID and NMR
data revealed that nonirradiated samples were discriminated
from the rest of the samples and were mainly characterized
by C18:1𝜔-9 and C18:2𝜔-6 proportions. Irradiated walnuts
with 5, 10, and 13 kGy doses were primarily influenced
by C16:1𝜔-7 and iso-C17:0 and secondarily by iso-C16:0,
C17:0, and anteiso-C17:0, which tend to increase with the
irradiation dose. The packaging parameter seems to influence
the samples as irradiation dose increases. Particularly air
packaging was the less protective means compared to MAP
in respect to the fatty acid profiles. The presence of sn1,3
DG in irradiated samples of 10 and 13 kGy also indicates
deterioration of triglycerides. In conclusion, at irradiation
doses of up to 5 kGy, the walnuts retained the nutritional
benefits of its fatty acids, in particular MUFA and PUFA.
Concerning the different types of packaging, greater stability
in the nuts’ lipid profile was observed using MAP packaging.

Journal of Spectroscopy
From a nutritional point of view and in relation to the fatty
acid alterations, MAP offered greater stability compared to
vacuum and vacuum compared to air packaging.
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