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White sesame seeds (Sesamum indicum L.) were studied with the purpose to evaluate y-irradiation effect
at 2.5, 5.0 and 10.0 kGy on lipid and fatty acid content, colour and protein allergenicity and to identify
whether sesame oil was extracted from irradiated seeds by using High Resolution Nuclear Magnetic Res-
onance spectroscopy (HR-NMR). The fat decreased significantly, whereas triglyceride and phospholipid
content was significantly decreased by the increase of irradiation dose. Monounsaturated and polyunsat-
urated fatty acids and unsaturated/saturated fatty acids ratio decreased. The presence of radiolytic
decomposition products, shown by NMR, formed after a 2.5 kGy dose, confirmed that the lipid content
decrease was a result of the irradiation process. The allergenicity of storage seed proteins was not signif-
icantly affected by irradiation up to 10.0 kGy. Colour parameter a* increased after 5.0 kGy, while L* values

Lipids decreased significantly after 2.5 kGy. Conclusively, irradiation could be applied at doses <2.5 kGy while
Colour sustaining the sesame seed nutritional benefits.

Sesame allergens
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1. Introduction

White sesame, (Sesamum indicum L.), a member of the Pedalia-
ceae family, is recognised as one of the oldest crops in the world,
originating from India; where it has been used for more than
5000 years. The crop has since spread over many parts of the
world, owing to its high content of excellent quality oil (42-54%)
and protein (22-25%) (Orrufio & Morgan, 2007) and has also been
listed among neglected and underutilised crop species by the Inter-
national Plant Genetic Resources Institute (IPGRI) as a crop with
high potential (Were, Onkware, Gudu, Welander, & Carlsson,
2006). Sesame is most commonly found in Middle Eastern dishes,
bakery products, dips, salad dressings, and vegetarian foods, used
in the form of whole or crushed seeds, oil or meal. In Greece, ses-
ame seeds are used in traditional vegetarian dishes (e.g. tahini, a
form of sesame butter and halva) recommended as a part of a
healthy diet or for fasting.

However, sesame is an emerging food allergen in the EU and US
and carries a significant risk of severe reactions including
anaphylaxis (Stutius et al., 2010). Food allergies have become an
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important health problem all over the world. Adverse health
effects due to allergic reactions to foods or food ingredients occur
in about 1-3% of the population and about 4-6% of children
(including food intolerances). Due to globalisation, the increased
consumption of ethnic foods containing sesame seeds is paralleled
with an increase in reported sesame-induced allergic reactions
(Hsiao et al., 2006). Within the EU (European Community Directive
2003/89/EC), sesame is classified as an allergen for which food
labelling is mandatory. The technology of food irradiation is seen
by the industry as a means of ensuring food safety, since it exposes
foods to ionising radiation that kills insects, moulds and bacteria.
Sesame seed belongs to the category of spices and seasonings, for
which irradiation is applied to ensure a safer and more plentiful
food supply by extending shelf life (Lee, Kausar, & Kwon, 2008).
The need to eliminate bacterial pathogens from food products
should always be balanced with product quality maintenance.
Therefore, the evaluation of the irradiation effects on product
nutritional value and quality is of equal importance to the determi-
nation of effective ionising radiation doses required for pathogen
elimination. The present study focuses on three main aspects:
firstly to determine the profiling and composition of lipids and
fatty acids of sesame seeds, since they constitute a rich source of
the nutritionally important lipids (e.g. phytosterols, lecithin) and
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unsaturated fatty acids; secondly to evaluate the effect of y-irradi-
ation on these beneficial compounds and physicochemical proper-
ties of sesame seeds and thirdly to test whether sesame oil can be
identified as deriving, or not, from irradiated seeds using NMR
spectroscopy techniques. Finally, the effect of y-irradiation was as-
sessed on the allergenicity of the major sesame allergens, which
are seed storage proteins and constitute an increasing allergy risk.
For this purpose sesame seeds were processed with 5°Co y-irradi-
ation at 2.5, 5.0 and 10.0 kGy irradiated doses.

2. Materials and methods
2.1. Reagents and standards

Analytical-grade solvents were obtained from Merck
(Darmstadt, Germany). All reagents used were of analytical grade
and they were purchased from Mallinckrodt Chemical Works (St.
Louis, MO) and from Sigma Chemical Co. (Sigma-Aldrich Company,
UK).

The lipid standards used for TLC-FID (thin layer chromatogra-
phy-flame ionisation detector) and NMR spectroscopy were:
cholesteryl oleate, cholesterol, tristearoyl-glycerol, lauric acid,
oleic acid, linoleic acid, 1,2-distearoyl-glycerol, 1-monostearoyl-
rac-glycerol, phosphatidic acid, phosphatidylcholine, phosphati-
dylethanolamine, lyso-phosphatidylcholine, phosphatidylinositol
and phosphatidylserine standards of the Sigma Chemical Co. (Sig-
ma-Aldrich Company, Dorset, Great Britain and St. Louis, MO).

Fatty acid methyl esters used as GC standards were: lauric acid
M-E, «cis-5,8,11,14,17-eicosapentaenoic acid M-E, and cis-
4,7,10,13,16,19-docosahexaenoic acid M-E, (purity >98%) pur-
chased from Sigma Chemical Co. (Sigma-Aldrich Company, UK);
Matreya Bacterial Acid Methyl Esters CP™ Mix; Supelco™ 37 Com-
ponent FAME Mix C4-C24; Supelco PUFA No. 1, Marine Source.

2.2. Radiation process

Samples of white sesame seeds (S. indicum L.) of Indian origin
were purchased from a leading Greek supermarket chain. The sam-
ples were sealed in own-branded plastic bags of 50 g (all samples
selected were of the same lot number). Irradiation was carried
out in the ELVIONY S.A plant (Mandra Attikis, Greece). For y-
radiation, a cobalt-60 source irradiator was used. The activity of
the source was 150 kCi, with a dose rate of 1 kGy/h. The samples
were irradiated under an air atmosphere. The doses applied were
2.5,5.0 and 10.0 kGy. The temperature during the irradiation treat-
ment was maintained at approximately 25 °C (room temperature).
Dosimetry was performed using a Harwell Perspex polymethyl-
methacrylate Amber 3042 dosimeter (PMMA Instruments,
Harwell, UK) placed on the surface of the irradiated samples.
Triplicate samples in two repetitions of irradiation process (n = 6)
were carried out per dose.

2.3. Proximate analysis

Moisture content was determined by oven drying at 105 + 2 °C
to constant weight. Ash was determined by heating in a muffle
furnace at 550 °C to constant weight.

Total lipids were extracted according to the Bligh and Dyer
method (Bligh & Dyer, 1959). After phase equilibration, the lower
chloroform layer (Total Lipids; TL) was removed and dried in a
rotary vacuum evaporator at 32 °C. The extracted lipids were
redissolved in chloroform/methanol (9:1, v/v), containing
t-butyl-hydroquinone (0.1%) as an antioxidant and finally stored
at 0 °C until used. Afterwards, representative aliquots of all of the
above mentioned samples were evaporated in pre-weighed vials
to constant weight to determine the lipid content.

2.4. Lipids and fatty acids analysis

Lipid classes were separated on silicic acid-coated quartz rods,
chromarods (Type SIII) (5 mm silica gel-coated quartz rod, latron
Labs, Tokyo, Japan) and afterwards they were quantified using a
thin layer chromatography-flame ionisation detection system.
TLC-FID analysis was performed by an Iatroscan thin-layer
chromatograph (Model MK-6 TLC/FID-FPD Analyser latron Labora-
tories, Tokyo. Japan) equipped with a flame ionisation detector and
connected to a personal computer for collecting the chromato-
grams. The neutral solvent system consisted of n-hexane:diethyl-
ether:formic acid (n-H:DE:FA) (60:15:1.5 by vol.) while the polar
solvent system consisted of chloroform:methanol:water (C:M:W)
(50:20:2. by vol.). The determination of weight percentages of indi-
vidual neutral and polar lipid classes was achieved according to the
procedure described by Sinanoglou, Strati, and Miniadis-
Meimaroglou (2011).

Fatty acid methyl esters (FAME) of total lipids were prepared
according to the procedure described by Sinanoglou and
Miniadis-Meimaroglou (1998). Both quantitative and qualitative
analysis were performed on an Agilent 6890 Series Gas Chromato-
graph (Agilent Technologies, Palo Alto, CA) equipped with a flame
ionisation detector, according to the procedure described by
Sinanoglou et al. (2011). DB-23 capillary column (60 m x 0.25 mm
i.d. 0.15 um film) [50%-Cyanopropyl)-methylpolysiloxane] (Agilent
Technologies) was used.

2.5. NMR spectroscopy

NMR spectra were acquired on a Varian 600 MHz spectrometer
under the same experimental conditions at 25 °C, using CDCl3
99.96% D and 5mm NORELL 509-UP-7 NMR tubes. The same
sample concentration for quantitative '"H NMR and 'H 2D DOSY
experiments was fixed at 5 mg of fat sample in 500 pl CDCls. For
the >C NMR and the 2D homo and heteronuclear experiments
sample concentration was increased to 20 mg of fat sample in
500 pl CDCl5 in order to reduce experimental time.

For the 'TH NMR, the Spectral width (SW) was set to 4807 Hz. For
the acquisition of quantitative spectra, the Relaxation Delay (RD)
was determined from T1 measurements and was set to 15 s, which
corresponds to a maximum time of 5T1. For the >C NMR spectra,
SW was set to 40,323 Hz and RD=1.5s. 2D NMR COSY, HSQC
and HMBC experiments were performed using standard Varian
sequences and gradient sequence pulses. Processing was per-
formed using MestReNova software. For all spectra, zero filling
up to 32 Kb data points and an exponential multiplication of the
FID with a line broadening of 0.5 Hz was performed before Fourier
transformation.

For the 2D DOSY 1H NMR experiments, a stimulated echo
bipolar gradient pulse sequence including a spoiler gradient
of —7.92 G cm™! was used with a diffusion gradient time of 2 ms,
and a diffusion delay of 400 ms. Sequence parameters were
adapted in order to have the intensity of typical NMR signals of
triacylglycerols strongly decreased (at least divided by 50) at 95%
of the full gradient strength. SW was set to 6000 Hz, and minimum
and maximum gradient values were set 1000 and 15,000, respec-
tively, with 15 number of increments and 256 number of scans.
Ninety degrees pulse was adjusted to 7.58° and the process of
DOSY was performed using standard Varian routines.

2.6. Colour measurement

Colour values such as L* (lightness), a* (redness/greenness) and
b* (yellowness/blueness) values were measured with a tristimulus
chromatometer (model CR-400, Minolta, Tokyo, Japan) calibrated
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with a white standard. Three random readings per sample were ta-
ken and averaged.

2.7. Sesame protein allergenicity

For the quantitative analysis of sesame allergens in the samples,
a commercially available ELISA immunoassay (BioKits Sesame pro-
tein Test Kit, Neogen) was used based on specific antibodies to ses-
ame (S. indicum) storage proteins which form the major sesame
allergens. The test is a non-competitive double-antibody (sand-
wich) enzyme-linked immunosorbent assay (ELISA) utilising anti-
bodies to sesame proteins coated onto micro-wells. The ELISA
results in development of a blue colouration (which turns yellow
when ‘stopped’), the level of which is proportional to the amount
of sesame present in the sample. Quantitative determinations were
made by constructing a standard curve with standards of known
sesame allergen concentration (6.25, 12.5, 25.0, 50.0, 100 mg/kg).
Samples were extracted using Tris buffered saline. After appropri-
ate dilutions, 100 pl of the sample extract was added to each anti-
body coated well and incubated for 60 min at room temperature
(RT). A wash step (ELISA kit ready to use wash buffer) was repeated
five times, and then 50 pl of anti-sesame-biotin (biotinylated anti-
sesame antibody) were added to the wells for an incubation of
60 min at RT. After a second wash cycle, 50 pl of avidin peroxidase
(HRP) reagent was added in each well and incubated for 15 min at
RT. A third wash cycle was performed and 100 pl of chromogenic
substrate TMB (3,3',5,5'-tetramethylbenzidine) were added. After
the completion of the final incubation (45 min at RT), 50 pl of
phosphoric acid stop solution was added in each well and the
absorbance was measured at 450 nm with the ELISA reader (Neo-
gen Microwell Reader).

2.8. Statistical analysis

Measurements were obtained in triplicate and values were
averaged and reported along with the standard deviation (SD).
All data concerning lipid and fatty acid composition were analysed
with One-Way ANOVA Post Hoc Tests and pairwise multiple com-
parisons were conducted with the Tukey’s honestly significant dif-
ference test. Probabilities less than 0.05 were considered as
statistically significant (P < 0.05). All statistical calculations were
performed with the SPSS 10.0 (Chicago, IL, USA) statistical software
for Windows.

3. Results and discussion
3.1. Proximate analysis of neutral and polar lipid composition

Irradiation caused insignificant change of moisture and ash con-
tent (P > 0.05) (Table 1). Sesame seed fat content was found 54.72%
(wet basis) (Table 1). In agreement with our results, it is reported
that the fat content of four sesame cultivars ranged from 54.3%
to 56.1% (Uzun, Arslan, Karhan, & Toker, 2007). Sesame fat content
is considered important in the food industry due to its flavour and
stability and can be affected by genotype within the same species
and also by environmental factors (Uzun et al., 2007).

Fat content was significantly (P < 0.05) reduced on irradiation
(control, 54.72%; 10.0 kGy, 49.59%) (Table 1). In accordance with
the above results, Bhat and Sridhar (2008) reported that crude lipid
was significantly (P < 0.05) reduced on electron beam-irradiated
lotus (Nelumbo nucifera) seeds (control, 3.68%; 30 kGy, 2.72%).

The lipids from the control (non-irradiated) and irradiated ses-
ame seeds were analysed by TLC-FID to investigate if there was
any change in the lipid profile and composition due to irradiation.
Neutral lipids (NL), the major fraction, constituted about 97.0% of

Table 1

Moisture, ash and fat content (g/100 g wet weight), as well as neutral and polar lipids
profile (% of TL) of non-irradiated and irradiated sesame seeds as determined by
latroscan.

Samples 0 kG 2.5 kG 5.0 kG 10.0 kG

Moisture 1.97 +0.03a 1.98 £0.03a 1.99 + 0.06a 2.03 £0.04a
Ash 3.28+0.07a  3.09 +0.30a 3.43+0.24a 3.17+0.03a
Fat 54.72+0.81a 53.59+0.60a 51.86+0.56b  50.19 + 0.60c
NL% of TL 97.04+0.23a 97.06+0.24a 97.08+0.19a 97.11+0.25a
TG 95.32+0.35a 95.04+024a 93.11+0.20b  90.74 £ 0.19c
FFA 0.69+0.02a  0.83 +0.03b 2.41+0.02c 4.36 +0.01d
Phytosterols 0.55 +0.04a 0.58 £ 0.03a 0.60 £ 0.03ab 0.61 +0.04b
DG 027+0.02a 0.29+0.03a 0.44 + 0.02b 0.63 £ 0.02¢
MG 021+0.01a  0.30+0.03b 0.52 +0.02c 0.77 £0.02d
PL% of TL 296+0.23a 2.94+0.24a 2.92+0.19a 2.89+0.25a
PA 0.13+0.01a 0.13%0.01a 0.16 £ 0.01b 0.19£0.01c
PE 035+0.02a 0.34+0.02ab  034+0.02ab  0.32+0.01b
PS 0.11+0.02a 0.11+0.01a 0.11+0.01a 0.10£0.01a
PI 0.51+0.02a 0.51+0.02a 049+0.01ab  0.48 £0.01b
PC 1.78£0.03a  1.77 £0.03a 1.72 £0.02b 1.67 £ 0.02¢
1-PC 0.08+0.01a  0.08 +0.01a 0.10+0.01b 0.13£0.01c

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).

the total lipids and polar lipids (PL) represented 3.0% of the total
lipids (Table 1). In agreement with our results, it is reported that
the major lipid fractions in all sesame species were NL, represent-
ing 91.0-96.0% of the total sesame lipids (Abou-Gharbia, Shehata,
& Shahidi, 2000). No significant differences were observed between
NL and PL percentages as well as individual lipid classes’ profile of
the control and irradiated samples.

Sesame seed NL mainly consisted of triglycerides (TG) followed
by phytosterols, free fatty acids (FFA), diglycerides (DG) and mono-
glycerides (MG). Irradiation, especially 10.0 kGy, caused significant
(P <0.05) decomposition in TG that was reflected in a more than
six fold increase in FFA and appreciable increase in DG and MG (Ta-
ble 1). In accordance with the above findings, Abou-Gharbia et al.
(2000) reported that roasting of sesame seeds at 200 °C for
20 min caused some hydrolysis of TG and an increase in MG and
FFA. Yoshida, Shigezaki, Takagi, and Kajimoto (1995) observed that
microwaving of sesame seeds caused some hydrolysis of TG and an
increase in DG and FFA. Similar results in food items reported by
the same research group showed that irradiation caused a signifi-
cant increase in the contents of FFA, indicating their liberation
due to irradiation (Sinanoglou, Batrinou, Konteles, & Sflomos,
2007).

Concerning the PL, phosphatidylcholine (PC) was by far the larg-
est component comprising 60.14% of total PL, while the proportion
of phosphatidylinositol (PI) and phosphatidylethanolamine (PE)
were 17.23% and 11.82%, respectively (data not shown, but calcu-
lated from Table 1). The remaining PL [phosphatidic acid (PA),
phosphatidylserine (PS) and lyso-phosphatidylcholine (I-PC)] were
found to be less than 12% of the total PL. Abou-Gharbia et al. (2000)
reported that in Egyptian sesame seeds PC was found as the major
PL component, and constituted about 55.0% of total PL, with PI,
PE + PS and PA representing, 18.6%, 11.9% and 13.7% of the total
PL, respectively, which are comparable to the above data.

At 10.0 kGy, a significant (P < 0.05) decrease in the PE, PI and PC
percentages was observed (Table 1). Irradiation appeared to cause
significant (P < 0.05) degradations in the above PhL into PA, which
increased from 4.56% (of the total PL) in the control seeds to 6.47%
in the case of irradiated seeds at a dose of 10.0 kGy (data not
shown, but calculated from Table 1). Shadyro, Yurkova, Kisel, Bre-
de, and Arnhold (2004) reported that y-irradiation leads to the for-
mation of phosphatidic acid in the course of radiolysis of natural
glycerophospholipids. Abou-Gharbia et al. (2000) reported that
roasting and microwaving process of sesame seed appeared to
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cause significant degradations of PC, PE, PS and PI into PA, which
increased dramatically. 1-PC, which can be considered a degrada-
tion product of PC, was significantly (P<0.05) increased from
about 2.55% (of the total PL) in the control seeds to about 4.40%
in case of irradiated seeds at the dose of 10.0 kGy (data calculated
from Table 1).

From a nutritional perspective, the quantitative individual neu-
tral and polar lipid composition, expressed as g/100 g of the edible
portion, was determined in non-irradiated and irradiated samples.
Total phytosterol content remained unchanged (P> 0.05) at 0.30-
0.31 g per 100 g of sesame seeds (data calculated from Table 1).
Phytosterols are compounds that have a chemical structure very
similar to cholesterol and, when present in the diet in sufficient
amounts, reduce blood levels of cholesterol, enhance the immune
response and decrease risk of certain cancers (Katan et al., 2003).
Consumption of 1.8-2.0 g/day of plant sterols has been shown to
lower both total LDL and cholesterol concentrations by 10-15%
in a variety of different population groups (Katan et al., 2003).
According to Phillips, Ruggio, and Ashraf-Khorassani (2005), ses-
ame seeds had a higher total phytosterol content than other nuts
and seeds consumed as snack foods.

Sesame seeds are an excellent source of dietary PC, providing
970 mg of PC per 100 g of seeds (data calculated from Table 1).
In spite of the significantly (P < 0.05) PC content decrease (from
0.97 g/100 g of edible portion in the control sample to 0.84 g/
100 g in the highest irradiated sample), its concentration was
found to exceed the PC recommended daily intake (RDI) in the hu-
man diet (550 mg for men and 450 mg for women) (Sinanoglou
et al,, 2011).

Thus, irradiation did not affect sesame seeds as an excellent
source of dietary phytosterol and lecithin for their beneficial effects
in the human diet as well as for industrial and biomedical
applications.

3.2. Fatty acid composition

The fatty acid profiles of total lipids of non-irradiated and irra-
diated sesame seeds at different doses are shown in Table 2. All
sesame seeds lipid had oleic (C18:1®-9) and linoleic (C18:2m-6)
acid as the most predominant among the unsaturated fatty acids,
as well as palmitic (C16:0) and stearic (C18:0) acid as the most pre-
dominant among the saturated ones, which all together comprised
about 96.5% of the total fatty acids. Sesame seed was lower in oleic
acid (37.04%) and higher in linoleic acid (44.09%), in accordance
with the results reported for East African sesame cultivars studied
by Were et al. (2006), for sesame seeds studied by Lee et al. (2008)
and for four sesame cultivars studied by Uzun et al. (2007).

Concerning the sums of the fatty acids, XPUFA occurred in the
highest percentage followed by XMUFA, while XSFA seemed to
have a lower percentage (Table 2). Therefore, sesame seeds were
found to contain a higher proportion of MUFA and PUFA than
SFA. Sankar, Sambandam, Ramakrishna, and Pugalendi (2005) re-
ported that addition of sesame oil or other MUFA-rich nuts to the
diet significantly improves the blood lipid profile. Due to its high
proportion of unsaturated fatty acids, sesame seed oil is favourable
for healthy nutrition.

At 2.5 kGy, C16:0 and C18:0 percentages increased significantly
(P<0.05), whereas C16:1®-9, C18:1®-9 and C24:1®-9 percentages
presented slight, but insignificant (P > 0.05), decrease (Table 2). On
the contrary, the percentages of MUFA (C18:1®-7 and C20:1®-9)
and of PUFA (C18:2m-6, C18:3w-6, EPA and C22:5w-6) decreased
significantly (P < 0.05). The above changes resulted in unsignificant
effect in the XMUFA while the significant (P < 0.05) percentage in-
crease of XSFA was equal to the significant percentage decrease of
> PUFA.

At 2.5 and 5.0 kGy, the C16:0, C18:2®-6 and C18:3w-6 percent-
ages differed insignificantly, but showed significant change at
10.0 kGy (Table 2). On the other hand the differences in C16:1m-
9 and C17:0 percentages were only significant between control
samples and irradiated at 5.0 kGy. C20:1®-9 and C20:5w-3 per-
centages decreased significantly up to 5.0 kGy and then remained
unchanged at 10.0 kGy. No significant difference was determined
in the percentage of C18:1w-9, the first most abundant fatty acid
in seeds, between control and irradiated samples. Hong, Kim,
Cho, and Park (2010) reported that oleic acid in a food matrix
seemed to be stable when subjected to irradiation at doses ranging
from 0 to 60 kGy because antioxidants in food may prevent the ac-
tion of free radicals. A significant, but not linear, increase in C18:0
and C19:0, as well as a decrease in C18:1®w-7, C24:1®w-9 and
C22:5m»-6, were observed with increasing doses of y-irradiation.

All the above results demonstrated that the changes were not
homogeneous for the different fatty acids and could be dependent
on the specific effect of radiation process in the individual fatty
acids in accordance with the irradiated item origin.

Another interesting feature was the formation of C18:2w-6cis-
9,trans-11 geometrical isomer of C18:2w-6c¢is-9,cis-11 at a radia-
tion dose of 10.0 kGy, as a minor component, but in measurable
amounts, according to the statistical analysis (Table 2). Geif3ler,
Brede, and Reinhardt (2003) reported that in y-irradiating barley
grains with doses of 10-100 kGy, a dose dependent isomerization
of the naturally occurring cis-unsaturated fatty acids such as oleic,
cis-vaccenic, linoleic and linolenic acid was found.

As XSFA increase and XPUFA decrease synchronously following
irradiation of sesame seeds, PUFA/SFA and UFA/SFA ratios de-
creased (P<0.05) compared to control samples. For the control
samples and those irradiated at a dose of 2.5 kGy, the C18:1®-9/
C18:2w-6 ratio increased (P < 0.05), whereas no significant differ-
ences were observed between groups as a result of irradiation.

A comparison of per cent levels of main fatty acids and their
sums in total lipids may result in a misleading notion concerning
their stability towards irradiation effect. In a characteristic exam-
ple in the present study, on a percentage basis, irradiated seeds
presented a significant C16:0 increase and an insignificant
C18:1®-9 change (Table 2). However, on a weight basis, it was ob-
served that the increase of irradiation dose resulted in an insignif-
icant C16:0 content change and a significant (P < 0.05) C18:1®-9
content decrease (Table 2). A similar observation concerns the per-
centages of C18:0 (% of TL) that differed significantly in all irradi-
ated samples, but their concentrations (expressed as g/100g
edible portion) were found quite similar between the control and
irradiated samples at 2.5 kGy, as well as between irradiated sam-
ples at 5.0 and 10.0 kGy (Table 2). In accordance with the above re-
sults Golge and Ova (2008) reported that the effect of irradiation
dose up to 5 kGy on C16:0 and C18:0 was statistically insignificant
for pine nuts. Non-irradiated seeds provided the highest (P < 0.05)
contents of TFA, MUFA and PUFA, which is related not only to the
individual fatty acid percentages, but to their higher fat content
(Tables 1 and 2). Irradiation caused a significant gradual decrease
of MUFA and PUFA content as irradiation dose increased, but a sig-
nificant SFA content increase occurred only at doses >5.0 kGy (Ta-
ble 2).

3.3. NMR analysis

High-resolution NMR spectroscopy is a method of choice in or-
der to provide insight into the nature of mixtures present in oils
and fats (Hidalgo & Zamora, 2003).

For a long time, the determination of fatty acids’ composition by
NMR has been based on the '>C nucleus with time consuming
quantification techniques. However, due to its higher sensitivity
and natural abundance, proton high field NMR (at least 500 MHz)
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Table 2
Fatty acids composition in total lipids of non-irradiated and irradiated sesame seeds.
Fatty acids 0 kG 2.5 kG 5.0 kG 10.0 kG
Fatty acids composition [% (w/w)] in total lipids
C10:0 0.12+£0.01a 0.11 £0.00a 0.11 £0.00a 0.12+0.01a
C14:0 0.13 £ 0.00a 0.14 £ 0.00b 0.13 +0.00c 0.14 £ 0.00d
C16:0 10.65+0.25a 11.87+0.13b 11.98 £0.15b 12.65 £ 0.24c
C16:1®-9cis 0.18 £0.01a 0.17 £0.01a 0.14+0.01b 0.13+0.01b
C17:0 0.06 +0.01a 0.06 +0.01a 0.09 £0.01b 0.08 £0.01b
C18:0 4.73 £ 0.05a 4.96 +0.05b 5.94 + 0.08c 6.18 + 0.05d
C18:2m-6c¢is 44,09 +0.30a 42.99+0.42b 42.22+0.42bc 41.68+041c
C18:1»-9cis 37.04+036a 36.94+0.38a 36.72+037a 36.32%0.37a
C18:1w-7cis 1.04 £0.01a 0.98 +0.01b 0.91 +£0.01c 0.86 +0.01d
C18:2m-6¢-9,tr-11 - - - 0.20+0.01
C18:2m-6c¢is 44.09+030a 42.99+0.42b 42.22+0.42bc 41.68 +0.41c
C18:3w-6c¢is 0.37+£0.01a 0.35+0.01b 0.34+0.01b 0.31+0.01c
C19:0 0.44 +0.01a 0.46 +0.01b 0.50+0.01c 0.52+0.01d
C20:0 0.22 £0.01a 0.22 +0.01a 0.22 +0.01a 0.22 +£0.01a
C20:1®-9cis 0.20 £0.01a 0.18 £0.01b 0.17 £0.01bc 0.16 +0.01c
C20:5m-3cis 0.19+0.01a 0.15+0.01b 0.11 +£0.01c 0.10+0.01c
C22:5m-6¢is 0.38 £0.01a 0.29 +0.01b 0.27 £0.01c 0.19+0.01d
C24:1»-9cis 0.19+0.01a 0.18 £0.01a 0.16 £ 0.01b 0.14+0.01c
Zm:0 (XSFA) 16.34+0.23a 17.82+0.19b 18.97 £0.21c 19.92 £ 0.29d
>m:1 (XMUFA) 38.63+0.38a 3844+0.39a 38.10+0.38a 37.60 £0.38a
Sm:n (ZPUFA) 45.02+0.30a 43.78+0.42b 42.93+0.43c 42.48 +0.42c
C18:1w-9cis/C18:2m-6cis 0.84+0.01a 0.86 +0.01b 0.87 +£0.01b 0.87 +0.01b
PUFA/SFA 2.76 £0.09a 2.46 +£0.01b 2.26 £0.01c 2.13+0.01d
UFA/SFA 5.12 £0.08a 4.62 +0.06b 4.27 £0.05c 4.02 £0.07d
Main fatty acid and fatty acid sums composition
expressed as g/100 g edible portion
C16:0 444 +0.23a 4.50+0.12a 4.59 £0.14a 470+0.11a
C18:0 2.02 £0.02a 2.01 £0.02a 2.28 +0.02b 2.30+0.02b
C18:1»-9cis 15.81 +0.16a 14.95+0.15b 14.08 £ 0.14c 13.51£0.14d
C18:2m-6c¢is 18.82+0.13a 17.40+0.17b 16.19+0.16c 15.50+0.15d
>:0 (SFA) 6.88+0.11a 6.92 +0.09a 7.27 £0.07b 7.41+0.12b
>m:1 (MUFA) 16.49+£0.22a 15.56+0.16b 14.61+0.16¢ 13.98 £ 0.14d
Xm:n (PUFA) 19.22+0.13a 17.72+0.17b 16.46 £ 0.16c 15.80 +0.16d
TFA 4258 +0.35a 40.19+0.37b 38.35+0.35¢c 37.19+0.33d

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).

can be a more powerful technique for fatty acid composition
determination of edible oils.

3.3.1. Structure elucidation of triglycerides

In order to examine differences between non-irradiated and irra-
diated samples, we initially elucidated the structure of oleic and lin-
oleic triglycerides, which constitute almost 80% of the total lipids
present in the sesame oil, using 2D NMR techniques. The fatty acid
profiles of total lipids of sesame seeds have oleic (C18:1®-9) and lin-
oleic (C18:2w-6) acids as the most predominant ones among the
unsaturated fatty acids. '"H NMR spectrum is shown in Fig. 1a and
assignment of its peaks is shown in Table 3. The full assignment,
which was achieved using 2D COSY, TOCSY, HSQC and HMBC tech-
niques, is by comparison with a previous study (Segaa et al., 2010).
Moreover, we have managed to distinguish several peaks of oleic
and linoleic triglycerides. More specifically, from the triplet peak
at2.73 ppm, which is attributed to bis-allylic protons of linoleic acid,
vinylic protons of linoleic acid at 5.31 ppm can be separated from the
corresponding of oleic acid at 5.33 ppm. Furthermore, the allylic
protons of linoleic acid resonate at 1.97-1.99 ppm, while the allylic
protons of oleic resonate at 2.01-2.03 ppm (Table 3).

3.3.2. Quantification of esterified fatty acids

Several methodologies have been described in the literature for
fatty acid content determination through 'H NMR spectra using
mathematical approaches. In this study, we have implemented
the methodology introduced by Barison et al. (2010) which is based
on the fact that all fatty acyl chains are esterified to glycerol in order
to form triglycerides. As the area of the signals in the "H NMR spec-
tra is proportional to the number of corresponding hydrogens in the

sample, the fatty acid composition can be determined through the
relation between the integrated peak areas from the characteristic
signals of each fatty acyl chain and those from the glycerol backbone
in the NMR spectra. Signals at 4.12 and 4.27 ppm, attributed to the o
hydrogens, are suitable for this purpose, since they do not overlap.

This methodology can be applied in the specific samples, since
they do not contain significant amounts DG or MG, which could
bias our results. "H NMR chemical shifts of mono- and DG are dif-
ferent from those of TG and cannot be detected in the spectra
(Fig. 1a). As shown earlier (Table 1), the concentration of MG was
determined as 0.21% and DG as 0.27% for the non-irradiated sam-
ples. In general MG and DG exist in very small amounts in edible
oils (Barison et al., 2010). Furthermore, absence of proton peaks
around 11.50 ppm and absence of carbon peaks around 174-
176 ppm, characteristic for the carboxylate proton and carbon cor-
respondingly, proves the absence of free fatty acids in a detectable
concentration for NMR.

Since C18-3 PUFA are not detected in the 'H NMR spectra (ab-
sent triplet peak at 0.98 ppm, characteristic for the methyl hydro-
gens of the linolenic acid), we focused our study on the C18-2
linoleic and C18-1 oleic acids. More specifically, by using the meth-
odology described elsewhere (Barison et al., 2010) we determined
the% mol of linoleic, oleic acids as well as SFA in the non-irradiated
samples. Results showed that unsaturated linoleic and oleic acids
are calculated to a total of 84.55% mol, and SFA is calculated at
14.45% mol in the non-irradiated sample in accordance with the
results of Table 2.

Evaluation of the corresponding concentrations in the irradiated
samples was not possible due to the radiolytic degradation of tri-
glycerides. This can be deduced from the ratio between the areas



718 P. Zoumpoulakis et al./Food Chemistry 131 (2012) 713-721

A B C
HoC—R;y R=00C-CHy- CH,-(CH,),-CHs
1 A B C D; Eq Dy C G
CH—R2 R=00C-CH,-CH,(CH,);-CH,-CH=CH-CH,-(CH,);-CHj,
H Cl—FI A B C Dy, Eyu F Emw Di C G
2 3 R = 00C-CH,-CH,-(CH,),-CH,-CH=CH-CH,-CH=CH-CH,-(CH,)-CH;

a-glycerol

Eiin
B-glycerol

a
5:5 5‘.0 4‘5 4‘0 ; JZII 2‘.5 2'0 1‘.5 1‘0 D:S
f1 (ppm)
) #* . * *
y | b
' )L ; M , uU 10 KGy
M A ; | ,JLu LAL 7§
. :
1 1
VO A O L] we |
_A A A
10 kGy o glycerol -
P e § ﬂiiiij
P | A
£ I A— T R .
E-c |3 glycerol
-
a
O emrcemmcen e DO  egeeeegp- Moo q

Fig. 1. (a) Assignment of 'H NMR peaks of main triglycerides; (b) identification of sterol peaks using spiking experiments; (c) comparison of '*C NMR spectra of non-
irradiated and 10 kGy irradiated samples; (d) comparison of 2D DOSY 'H NMR experiments, 0 kGy (down) and 10 kGy (up).

from the characteristic B- and a-proton signals of the glycerol non-irradiated sample, and was reduced to 1:1.5 for the 10.0 kGy
moiety. This ratio was calculated to be 1:2 as expected for the irradiated sample.
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Table 3
Assignment of 'H and '3C NMR peaks of major TG in non-irradiated sesame oil.
Moiety 'H (ppm) '3C (ppm) Moiety 'H (ppm) 3C (ppm)
—CHs 0.85 (m) 14.04 |c|> 4.10 (dd, J= 11.9, 5.9 Hz) 4.26 (dd, 62.0
cH,otCH,- J=11.9, 42 Hz)
i
CHOCCH,
|
CH,OCCH,
~(CHy),- 1.23-1.30 (m) 22.5,22.6, 29.0, 29.28, 29.65, i 523 (m) 68.85
31.5,31.8 CHOCCH-
i
CHOCCH,
o
CH,OCCH,"
1.58 (m) 24.8 -CH=CHCH,CH=CH 5.31 (m) 127.8, 128.0
linoleic
-OCCH,CH,-
-CHyCH=CHCH,CH=CHCH,- 198 (m) 271 -CH=CH-oleic  533(m) 1295, 1269,
-CH20H=CHCH2- 2.02 (q,J=141, 271 o - 172.7
7.2 Hz) |
CH,OC -
i
CcCHOC -
i
CH OC -
2.27 (m) 33.9, 34.1 O| - 1731
CH,OCCH2- CH,OC -
i i
CHOCCH, CHOC -
I |
CH,OCCH2 CH,OC -

'CH=CHCH2CH=CH' 2.73(t,J=6.7Hz) 25.6

3.3.3. Formation of radiolytic products

Even though the profile of the '"H NMR spectra is identical at all
doses of irradiation, comparison of '3C NMR peaks between non-
irradiated and irradiated samples (Fig. 1b), provide clear evidence
for the formation of new molecules, especially after the highest
irradiation dose. The appearance of new peaks is obvious along al-
most the entire spectral width. More specifically, the 3C spectral
pattern of vinylic carbons of unsaturated fatty acids from ~127
to 130 ppm, a-carbons of glycerol at ~62 ppm, and aliphatic car-
bons from ~13 to 35 ppm are significantly changed after irradia-
tion (Fig. 1c).

It is already known that the formation of new products occurs
from the radiolytic degradation of free fatty acids and TG, to hydro-
carbons and 2-alkylcyclobutanones (Lee et al., 2008). More specif-
ically, irradiation of lipid-containing foods, initiates a radiolytic
decomposition mechanism producing two main types of hydrocar-
bons, Cn-1 and Cn-2 coming from the o- and B-cleavages near the
carbonyl group of the fatty acids (Dubravcic & Nawar, 1968). 2-
alkylcyclobutanones have the same number of carbon atoms as
the parent fatty acids from which they are formed with an alkyl
group located in ring position 2. There are cyclic compounds
formed by the loss of an electron from the oxygen on the carbonyl
of fatty acids or TG, followed by a rearrangement process (Dubrav-
cic & Nawar, 1968). Radiation induced hydrocarbons and 2-
alkylcyclobutanones have been previously detected by gas chro-
matography/mass spectrometry (GC/MS) analysis and have been
used as irradiation detection markers for food samples since they
are not formed during cooking or as a result of oxidation of fatty
acids (Lee, Byun, & Kin, 2000). As fatty acid moieties in

triglycerides are broken into the o and B positions when irradiated,
the reduction of the o/p glycerol ratio, shown above, can be
explained.

3.3.4. Identification of sterols

Spiking NMR experiments were followed to prove the existence
of sterols in the lipid samples (Fig. 1c). More specifically, samples
contained small amounts of stigmasterol, which can be detected
from increase of the single 'H NMR peak at 0.68 ppm and the char-
acteristic doublets at 5.00 and 5.12 ppm. The single peak at
0.67 ppm can be attributed to B-sitosterol (Phillips et al., 2005).
Both sterols are shown to remain untouched during irradiation,
even at higher doses.

3.3.5. 2D diffusion-ordered spectroscopy (DOSY) 1H NMR as a
detection tool. 2D DOSY 'H NMR experiments were performed in
order to examine whether sesame oil can be identified as being de-
rived from irradiated seeds or not. DOSY is a powerful technique
based on the measurement of diffusion coefficients and is often de-
scribed as “in tube chromatography” as it leads to a virtual separa-
tion of species.

Fig. 1d represents a comparison of the 2D DOSY spectra of the
non-irradiated and the 10.0 kGy irradiated samples, where the for-
mation of radiolytic products is apparent due to the difference in
their diffusion rate. The signals formed at 10.0 kGy indicate the
presence of hydrocarbon chains detached from the glycerol unit.
It also provides evidence that cleavage occurred in the glycerol
moiety giving signals of different diffusion rates for the o- (D/
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3.4. Colour values

The effects of the irradiation doses on a*, b* and L* values are
shown in Fig. 2a-c. The a* (redness) values of irradiated seeds com-
pared to control samples, had a significant (P < 0.05) increase at
10.0 kGy. The b* (yellowness) values of seeds were insignificantly
(P> 0.05) affected. However, the L* (lightness) values were signifi-
cantly (P<0.05) decreased between the control and irradiated
samples. It has been reported that irradiation could affect the col-
our of a food product depending on the type and colour intensity of
the food material (Golge & Ova, 2008). Mexis and Kontominas
(2009) reported that L* and b* values of cashew nuts were unaf-
fected by irradiation up to a dose of 7 kGy, while a* value increased
at doses >3 kGy reflecting a darkening of cashew nuts’ colour. Ses-
ame seeds contain the required reaction compounds (sugars and
amine groups as found in protein molecules), to give the Maillard
reaction products (Horrobin, Landman, & Ryder, 2003). Therefore,
colour changes may be explained by the breakdown of glycosidic
and peptidic linkages, promoted during irradiation, forming Mail-
lard reaction browning products. The present study also deter-
mined the colour changes on extracted sesame oil since this is
the main product derived from sesame seeds. It was observed that
only the b* values of extracted sesame oil were significantly de-
creased at the higher doses of 5.0 and 10.0 kGy, meaning that irra-
diation provoked decolourisation of the oil (Fig. 2d).

3.5. Sesame protein allergenicity

Fig. 3 shows results of quantification of allergenic proteins in
analysed sesame samples. Values of allergenic proteins were esti-
mated according to a constructed standard curve. ANOVA analysis
has not revealed any significant differences (P> 0.05) among the
mean values of allergenic protein concentration in sesame seeds
between control and irradiated samples (2.5, 5.0 and 10.0 kGy).

Sesame allergy is a significant, serious, and growing problem. Evi-
dence exists of the ability of protein and oil components of sesame
to trigger immediate hypersensitivity through IgE antibody and de-
layed hypersensitivity through cell-mediated immune responses,
respectively (Gangur, Kelly, & Navuluri, 2005). Sesame seeds con-
tain two major families of seed storage proteins, 11S globulin
(a-globulin) and 2S albumin (B-globulin), accounting for 80-90%
of total seed proteins in sesame, and a smaller family 7S globulin
accounting for 5% of total sesame protein (Orrufio & Morgan,
2007). Storage proteins serve as a source of amino acids during ger-
mination and post-germinative growth of seedlings and are known
food allergens in several plants, including peanut, walnut, Brazil

40.004

30.00+

20.00+ T

Mean +-2 SE ppm

10.001

0.00+

000 2500 5000 10.000

kGy

Fig. 3. Mean values of concentration (ppm) of allergenic proteins in non-irradiated
(0 kGy) and irradiated sesame seeds (at 2.5, 5.0 and 10.0 kGy). Values are the mean
of three determinations from two individual experiments (n = 6). Differences are
not significantly different (P > 0.05). The standard error of mean increases linearly
as irradiation dose increases.
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nut, soybeans and sesame (Moreno, Maldonado, Wellner, & Mills,
2005). Most major seed allergens belong to the 2S albumin family
and are compact globular proteins, rich in methionine and cys-
teine. Major white sesame 2S albumin (Ses i 1) was found to be ex-
tremely stable to acid conditions, thermal processing and in vitro
gastrointestinal digestion and was also found to retain both linear
and conformational epitopes following severe heat treatment.
These properties are considered to be crucial for a protein to pro-
voke an allergic reaction in a sensitised individual (Moreno et al.,
2005; Wolff et al., 2004). Food-irradiation technology has been
found to alter the structure of epitopes on certain food allergens,
therefore reducing their allergenicity (Sinanoglou et al., 2007).
However, the seed storage proteins have unusually high stability
to denaturation and proteolysis, a property that may relate to their
allergenicity. The abundance of cysteine residues in the 2S albumin
precursor, which are involved in the formation of disulphide link-
ages, may certainly contribute to heat resistance (Wolff et al,,
2004). This study confirms that the allergenicity of the sesame
storage proteins was not significantly altered by the application
of y-irradiation for doses up to 10.0 kGy. It has been observed how-
ever, that the standard error of mean increased in a linear trend as
irradiation doses increased, exhibiting the highest standard error
in the highest dose (10.0 kGy) (Fig. 3). This may be interpreted
by the assumption that irradiation caused conformational changes
of the globular sesame seed allergenic proteins in a random way
which resulted in either exposing some inner epitopes (increasing
of allergenicity) or hiding epitopes (reducing allergenicity).

4. Conclusions

Sesame seeds are considered to be a health-promoting food con-
taining a higher proportion of MUFA than SFA and also bioactive
compounds such as lecithin and phytosterols. The combination of
beneficial fatty acid profile and the rich nutritional composition of
sesame makes it a unique and excellent food with functional compo-
nents. Irradiation of sesame seeds at the doses studied showed sig-
nificant effects on the total, neutral and polar lipids content, as
well as on colour values. At irradiation doses of up to 2.5 kGy, the
seeds retained the nutritional benefits of its fatty acids, in particular
MUFA as well as of its phytosterols and lecithin. 'H, '3C and 2D 'H
DOSY NMR experiments indicated that the presented differences
inirradiated samples are attributed to the effect of radiolytic decom-
position of triglycerides. This becomes obvious after the 2.5 kGy
dose. Moreover, the 2D DOSY technique could be applied as a quali-
tative detection tool since it provides information for the irradiated
samples from low doses. Furthermore, the allergenicity of white ses-
ame seed proteins was not significantly affected, even by the highest
dose of irradiation (10.0 kGy). As the purpose of irradiation is mainly
to ensure the microbiological safety of the product for human con-
sumption, irradiation could be applied at doses up to 2.5 kGy, sus-
taining the quality of sesame seeds as assessed from proximate
analysis and physicochemical assays.
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