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ABSTRACT: Hydrocarbons produced by y-radiation of shell
eggs were analyzed to determine how irradiation affects their
production. Shell eggs were nonirradiated or irradiated at 0.5,
1, and 3 kGy and the stored at 5°C for 8 wk or at 30°C for 10 d.
Hydrocarbons were determined by a sequential procedure of
lipid extraction by hexane, Florisil column chromatography,
and gas chromatography. Hydrocarbons Cc.q, Ci4.qr Ci7.0
Ci6:10 Ci7:00 Cigar Cy7.0 and Cy .5 were detected in shell eggs
irradiated at 0.5 kGy or higher, but not in nonirradiated ones
except Cys., and C,,,,. Storage of nonirradiated or irradiated
eggs had little effect on detection levels of hydrocarbons. The
detection levels in all the samples irradiated at 1 and 3 kGy
were in the order of C;4., + Ci5.4, Ci5.0+ Ciaqy Ci7 + Crgas
and C;.o + C;4.q from the highest to the lowest.
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Fresh shell eggs may contain Salmonella enterititis, which
causes salmonellosis. One way to control the microorganism
is irradiation. Some countries permit irradiation for eggs or
egg products: in Croatia for frozen eggs, frozen egg products,
and egg powder up to 3 kGy; in France for egg products up to
4 kGy; in Mexico for dehydrated eggs up to 5 kGy; in South
Africa for whole and broken eggs and egg powder up to 10
kGy; and in Yugoslavia for egg powder up to 10 kGy (1). A
petition was filed in the United States in 1998 proposing that
the food additive regulations be amended to provide for the
safe use of ionizing radiation for reduction of Salmonella in
fresh shell eggs (2).

In spite of the benefits from food irradiation, consumers
are concerned about how their foods were handled. Therefore,
a method is needed to establish whether shell eggs have been
postirradiated. One promising method of detecting the postir-
radiation of lipid-containing foods is the analysis of hydro-
carbons, which are produced from lipids by irradiation (3-5).
Two types of hydrocarbons are predominantly produced by
irradiation of fatty acids in lipids: one is the hydrocarbon that
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has one carbon less than the parent fatty acid (C,_,), and the
other has two carbons less and an additional double bond at
position 1 (1-C, _,) (6). Oleic acid is the most abundant lipid
found in eggs (35%), followed by palmitic acid (22%),
linoleic acid (11%), and stearic acid (8%) (7). Therefore, 8-
heptadecene (C,,.,) and 1,7-hexadecadiene (C 4.,) from oleic
acid, n-pentadecane (C,s.,) and 1-tetradecene (C,,.,) from
palmitic acid, 6,9-heptadecadiene (C,,.,) and 1,7,10-hexade-
catriene (C.5) from linoleic acid, and n-heptadecane (C,,.,)
and 1-hexadecene (C 4.,) from stearic acid are expected to be
detectable in irradiated eggs. Determination of the presence
of hydrocarbons in irradiated liquid eggs and products using
irradiated liquid eggs has been studied for identifying the use
of irradiated eggs (6,8,9).

In this study, hydrocarbons in irradiated shell eggs were
analyzed to determine which hydrocarbons were detected ex-
clusively in irradiated ones so that they could be used as
markers for identifying postirradiation of shell eggs. The ef-
fects of storage at refrigerated or ambient temperatures on
changes in detection of hydrocarbons in nonirradiated and ir-
radiated eggs were also determined.

MATERIALS AND METHODS

Materials and reagents. Shell eggs produced from five different
egg producers were purchased from a local market in Chonju,
Korea. Sodium sulfate was analytical grade (Pure Chemicals
Co., Ltd., Osaka, Japan). n-Hexane and iso-octane were from
Fisher Scientific (Fair Lawn, NJ). The hydrocarbon standards
were purchased from Sigma Chemical Co. (St. Louis, MO) or
obtained from the German Federal Institute for Health Protec-
tion of Consumers and Veterinary Medicine (Berlin, Germany).

Irradiation. Shell eggs were irradiated at 0.5, 1, and 3 kGy
using a %°Co v-radiation source at the Korea Atomic Energy
Research Institute (Daejon, Korea).

Storage. Nonirradiated or irradiated shell eggs were stored
at 5°C for 8 wk or 30°C for 10 d.

Fat extraction. Fat extraction, separation of hydrocarbons,
and gas chromatography (GC) analysis followed the previ-
ously reported methods (6,10,11) with minor modifications.
Only egg yolk separated from an egg was used for fat extrac-
tion. Egg yolk was blended with 80 g anhydrous sodium sul-
fate (previously heated to 650°C for 5 h) and 200 mL n-
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hexane using a homogenizer (M133/1280-0; Biospec Prod-
ucts, Inc., Bartlesville, OK) at full speed for 3 min. The mix-
ture was transferred to Teflon centrifuge tubes (Nalge Co.,
Rochester, NY) and centrifuged at 2240 x g for 20 min using
a centrifuge (Union 55R; Hanil Co., Seoul, Korea). The su-
pernatant was collected in a round-bottomed flask. The sol-
vent was evaporated using an Eyela rotary vacuum evapora-
tor (N-N; Tokyo Rikakikai Co., Ltd., Tokyo, Japan) at 35°C,
connected to an Eyela aspirator (A-3S; Tokyo Rikakikai Co.,
Ltd.). The extracted fat was flushed with nitrogen and stored
at 4°C until separated by Florisil column chromatography.

Separation of hydrocarbons by Florisil column chroma-
tography. Hydrocarbons were separated by Florisil column
chromatography as previously reported (12).

GC analysis of hydrocarbons. The isolated hydrocarbons
were analyzed on a Hewlett-Packard 6980 Series gas chro-
matograph (Hewlett-Packard Co., Wilmington, DE) equipped
with a flame-ionization detector (FID) and a split/splitless in-
jector. Helium was used as the carrier gas at the flow rate of
2.6 mL/min. The column was a DB-5 [(5%-phenyl)-
methylpolysiloxane] 0.25 mm i.d. X 30 m column with 0.25
pm film thickness (J&W Scientific, Folsom, CA). The col-
umn temperature was initially 50°C for 2 min, and was pro-
grammed to rise at 10°C/min to 130°C, 3°C/min to 160°C,
and 5°C/min to 200°C, where it was held for 2 min, and
25°C/min to 250°C with a final hold of 5 min. The injector
and detector temperatures were 200 and 250°C, respectively.
The injector was initially set in splitless mode, pulsed for 2
min and purged at 1.9 min. One microliter of the hexane so-
lution with hydrocarbons was injected. Peaks were identified
by a GC—mass spectrometry. All experiments were in tripli-
cate, unless otherwise specified. Data were analyzed with Mi-
crosoft Excel 97 (Microsoft Corp., Redmond, WA, 1997) by
using linear regressions of hydrocarbons against dose and
analysis of variance (ANOVA) among storage conditions.

RESULTS AND DISCUSSION

Hydrocarbons produced from shell eggs by irradiation. Hy-
drocarbons Cys.g, Cyy.1> Ci7.0: Ci6:10 Ci7.1> Cig: Ci7:0 and
C,6.3» Which are expected from the major fatty acids in eggs,
were detected in irradiated shell eggs with good resolution.
Irradiated samples were clearly distinguishable from nonirra-
diated samples (Fig. 1). Among the hydrocarbons, C, ., and
C17:0 were detected in nonirradiated eggs, but C14;1’ C16:1’
C17:1’ C16:2’ C17;2’ and C16:3 were not (Table 1). The eight hy-
drocarbons were all detected in shell eggs irradiated at 0.5
kGy or higher. They increased with dose, and correlation co-
efficients (r) of the linear regressions for the hydrocarbons
vs. dose were >0.98. The highest detected peaks in each of
the irradiated eggs were for C.,.

Hydrocarbons in shell eggs during storage. When nonirra-
diated or irradiated shell eggs were stored at 30°C for 10 d or
at 5°C for 8 wk, the patterns of the detected hydrocarbons were
little different from those of day O (Table 1). ANOVA tests
among the five storage conditions on each hydrocarbon at each
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dose showed P > 0.05 except for C15:0 at 0, 0.5, 1, and 3 kGy,
and C17:0 at 0, 0.5, and 1 kGy. How storage conditions affect
detection levels of Cs., and C,, is uncertain. Since they were
detected in all the nonirradiated samples, when we consider
only the hydrocarbons induced from egg lipids exclusively by
irradiation, it could be suggested that the hydrocarbons in eggs
are not produced nor degraded during storage at ambient or re-
frigerated temperatures where eggs are usually handled.

Schulzki et al. (8) reported C,¢., and C., were detected
at concentations of about 2.5 and 1 ng/g fat, respectively, in
liquid egg irradiated at 3 kGy. These detected amounts are a
little higher than in this study. They also detected C,,.;, C,7.;,
C6:20 C17.0- and C .5 in sponge cake prepared with irradiated
liquid eggs, but not in that with nonirradiated eggs. It could
therefore be concluded that irradiated eggs which are in the
shell, then broken, stored at ambient or refrigerated tempera-
tures, or prepared for a product with heat treatment could be
identified by detection of hydrocarbons.

Pattern of hydrocarbons detected in irradiated eggs. Hy-
drocarbons C14;1’ C16:1, C17:1’ C16:2, C17:2, and C16:3 could be
markers for identifying postirradiation of shell eggs. How-
ever, detection of one or two kinds of hydrocarbons, which
may result from contamination during the analytical process,
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FIG. 1. Gas chromatograms of the hydrocarbons in shell eggs. (A) Non-
irradiated (day 0); (B) irradiated at 3 kGy (day 0); (C) nonirradiated and
stored at 30°C for 10 d; and (D) irradiated at 3 kGy and stored at 30°C
for 10 d. Peak (1) 14:1; (2) 15:0; (3) 16:3; (4) 16:2; (5) 16:1; (6) 17:2; (7)
17:1; (8) 17:0; and (9) 20:0 (internal standard). Column: DB-5 [J&W Sci-
entific, Folsom, CA; (5%-phenyl)-methylpolysiloxane]; 0.25 mm i.d. x
30 m, 0.25 um. Oven: 50°C for 2 min; 10°C/min to 130°C; 3°C/min to
160°C; 5°C/min to 200°C with a hold of 2 min; and 25°C/min to 250°C
with a hold of 5 min. Injector: split/splitless, 200°C. Detector: flame-
ionization, 250°C.
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TABLE 1

Hydrocarbons Detected in Irradiated Shell Eggs During Storage (ug/g fat)?

Day Dose (kGy)

(Temperature) Hydrocarbon 0 0.5 1 3

Day 0 15:0 0.08 + 0.038 0.14 + 0.021 0.23 £ 0.009 0.72 £0.036
14:1 0 0.15+0.014 0.31 £ 0.008 1.00 = 0.059
17:0 0.11 + 0.031 0.13 £0.011 0.17+0.013 0.36 = 0.049
16:1 0 0.05 +0.014 0.10 +£0.012 0.35 £ 0.040
17:1 0 0.12 +0.008 0.28 +0.036 1.00 £0.133
16:2 0 0.24 +0.017 0.52 +0.049 1.62 £0.139
17:2 0 0.08 = 0.001 0.17 £ 0.025 0.65+£0.118
16:3 0 0.07 £0.023 0.12 £ 0.030 0.50 £ 0.069

Day 5 (30°C) 15:0 0.12 £ 0.049 0.18 +0.027 0.25 +0.032 0.83 £ 0.039
14:1 0 0.18 = 0.007 0.46 +0.202 1.14 £ 0.149
17:0 0.14 + 0.031 0.18 + 0.030 0.18 +0.013 0.41 £ 0.085
16:1 0 0.06 + 0.003 0.12+0.017 0.39 £ 0.050
17:1 0 0.13 +£0.016 0.31 +0.031 1.20+£0.019
16:2 0 0.29 £0.023 0.56 = 0.055 1.79+0.177
17:2 0 0.11 +0.009 0.21 £ 0.020 0.79 £ 0.054
16:3 0 0.08 +0.027 0.16 + 0.035 0.59 + 0.041

Day 10 (30 °C) 15:0 0.13 £ 0.052 0.21 +0.039 0.34+0.017 0.87 +0.097
14:1 0 0.15 +0.023 0.38 +0.027 1.22 £0.089
17:0 0.17 £ 0.026 0.18 +0.014 0.26 + 0.050 0.42 + 0.011
16:1 0 0.04 +0.010 0.12 + 0.024 0.37 = 0.006
17:1 0 0.12+0.014 0.34+0.014 1.20 £ 0.085
16:2 0 0.26 + 0.010 0.61 +0.038 1.89 £0.235
17:2 0 0.08 = 0.005 0.22 +0.027 0.77 = 0.060
16:3 0 0.07 +0.002 0.18 + 0.036 0.56 £ 0.060

Day 28 (5°C) 15:0 0.21 £ 0.063 0.28 +0.153 0.33 +£0.034 0.75+£0.036
14:1 0 0.18 +0.070 0.39 +0.029 1.08 £0.148
17:0 0.22 +£0.027 0.26 + 0.064 0.26 + 0.007 0.36 £ 0.017
16:1 0 0.09 + 0.040 0.12 + 0.021 0.40 £ 0.046
17:1 0 0.14 + 0.055 0.31 +£0.028 1.13 £0.086
16:2 0 0.29 +£0.103 0.61 +0.079 1.85 +0.262
17:2 0 0.10 £ 0.045 0.18 +£ 0.010 0.73 £ 0.053
16:3 0 0.08 +0.014 0.17 + 0.007 0.54 £0.019

Day 56 (5°C) 15:0 0.09 + 0.032 0.15 +0.024 0.29 + 0.007 0.77 £0.013
14:1 0 0.15+0.016 0.38 + 0.046 1.12 £0.010
17:0 0.08 = 0.008 0.12 +0.012 0.16 + 0.029 0.35 + 0.009
16:1 0 0.06 + 0.009 0.12 + 0.055 0.40 £ 0.015
17:1 0 0.11 £ 0.004 0.30 + 0.041 1.13 £0.030
16:2 0 0.25 +0.011 0.62 +0.112 1.91 £0.115
17:2 0 0.06 +0.012 0.17 +£0.012 0.78 £0.036
16:3 0 0.07 £0.013 0.17 + 0.013 0.56 + 0.069

Means + standard deviations (n = 3).

may lead to a wrong judgment on irradiation. Therefore, mul-
tiple hydrocarbons should be used as markers. The composi-
tion of the detected hydrocarbons would also provide clearer
information by comparison with fatty acid compositions of
the samples. By analyzing the compositions of fatty acids in
egg lipids and hydrocarbon pairs induced from the parent
fatty acids at each dose, the hydrocarbon composition was
found to be not exactly the same as the fatty acid; however,
the higher the dose, the closer the hydrocarbon composition
was to the fatty acid composition (Fig. 2). (Hydrocarbon com-
position data were the means of all the samples.) The reason
the hydrocarbon composition differed more from the fatty
acid composition at the lower doses than the higher ones was
probably because Cs., and C,,, were also detected in non-
irradiated samples. When the amounts of C,s., and C,., de-

tected in nonirradiated samples were subtracted from the val-
ues detected in the irradiated samples, the compositions be-
tween fatty acids and their corresponding hydrocarbons pro-
duced by irradiation appeared more similar (Fig. 3), suggest-
ing the detection amounts of hydrocarbon pairs produced by
irradiation of lipids may be highly predicted by the composi-
tion of the fatty acids in lipids.

Ratio of 1-C,_, and C, _,;. Hydrocarbons 1-C, _, derived
from palmitic, stearic, and oleic acids were detected in higher
quantities than C,_, in irradiated eggs, while C,_, derived
from linoleic acid was higher than 1-C,_, (Table 2). In egg
triacylglycerols, about 5% of total palmitic acid, 14% of
stearic acid, and 43% of oleic acid are in position sn-2, while
about 90% of total linoleic acid is in position sn-2 (13). A cer-
tain factor might cause a fatty acid in position sn-2 to be more
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FIG. 2. Compositions of major fatty acids and hydrocarbon pairs induced from their parent fatty acids; hydrocarbon
data were based on the actual detection values (n = 15). HC: hydrocarbon; units: fatty acids; percentage of total

fatty acids: hydrocarbons, ug/g fat.

vulnerable to cleavage by irradiation at carbon number 1 than
number 2 of the fatty acid. Schreiber et al. (14) also reported
that C,,.,/C,s.o and C,¢,/C,,., in irradiated pork were 0.4 and
2.6, respectively. Considering that 88% of total palmitic acid
and 9% of oleic acid in pork lipids are in position sn-2 (13), it
could be postulated that the ratio of 1-C,_, and C, _; detected

in irradiated lipid foods might be affected to some extent by
the positional distribution of fatty acids in triacylglycerols.

In conclusion, detection of hydrocarbons and comparison
of their composition and fatty acid composition in egg lipids
could clearly identify postirradiation of shell eggs, irradiated
even at 0.5 kGy, regardless of their storage conditions.

: |
_ 17:1+16:2 15:0+14:1 17:2+16:3 17:0+16:
HC-3kGy |[ii
1.77
HC-1 kGy |
0.57 0.35 0.18
_ | |
HC-0.5 kGy |
0.39] 0.22 0.16 0.08
|
Oleic Palmitic Linoleic _Stearic
Fatty acid |
N 35| T 22 BEE 8
1 |
0% 25% 50% 75% 100%

FIG. 3. Compositions of major fatty acids and hydrocarbon pairs induced from their parent fatty acids; hydrocarbon
data were actual detection values minus values of nonirradiated samples (n = 15). For abbreviation and units see

Figure 2.
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Ratio of Hydrocarbons 1-C,_, and C,,_, Induced from Major Fatty Acids in Shell Eggs®

Parent Hydrocarbons (ug/g fat)
fatty and their Dose (kGy)
acid ratio 1 3
Palmitic acid C14:1 0.16 + 0.03 0.38 £ 0.09 1.11 £ 0.12
C15:0 0.06 + 0.08 0.16 + 0.05 0.66 + 0.09
(0.19 + 0.08) (0.29 + 0.05) (0.79 £ 0.07)
C14:1/C15:0 2.58 2.42 1.69
(0.84) (1.33) (1.41)
Stearic acid Cl16:1 0.06 + 0.02 0.12 + 0.03 0.39 + 0.04
C17:0 0.02 + 0.04 0.06 + 0.04 0.23 + 0.06
(0.17 £ 0.06) (0.20 + 0.05) (0.38 £ 0.05)
C16:1/C17:0 2.71 2.10 1.65
(0.35) (0.57) (1.00)
Oleic acid C16:2 0.27 £ 0.04 0.58 + 0.07 1.81 +£0.20
C17:1 0.12 + 0.02 0.31 +£0.03 1.13 £0.10
C16:2/C17:1 2.14 1.90 1.60
Linoleic acid C16:3 0.07 £ 0.02 0.16 + 0.03 0.55 + 0.06
C17:2 0.08 + 0.03 0.19 + 0.03 0.74 + 0.08
C16:3/C17:2 0.85 0.84 0.74

“Means + standard deviations (n = 15); based on the values obtained after having subtracted the values of nonirradiated
samples; values in parentheses: based on actual detection values.
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