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ABSTRACT

This study was conducted to evaluate the reduction of an egg allergen in a cake containing gamma-irradiated egg white.
A white layer cake was manufactured by a commercial formula with 10- or 20-kGy–irradiated egg white. Enzyme-linked
immunosorbent assays (ELISAs) with immunoglobulin (Ig) E from egg-allergic patients and with rabbit anti-ovalbumin IgG
were used to identify and quantify ovalbumin (OVA) in the samples. Concentrations of native OVA detected by IgE and IgG
in the control were 432.88 and 375.46 mg/g sample, respectively. However, native OVA in samples with 10- and 20-kGy–
irradiated egg white was detected at low concentrations (14.27 and 8.78 mg/g, respectively) by IgE (P , 0.05); IgG recognized
OVA more often in 10- and 20-kGy samples than in controls. Conformational cleavage of OVA by irradiation could explain
the IgG result. The results appear to suggest that irradiating egg white might reduce its allergenicity, which could be used in
the production of baked goods of reduced allergenicity.

Egg is widely used as an ingredient in the production
of bread, cookies and cakes, noodles and pasta, meat prod-
ucts, and so on, for specific applications such as flavor en-
hancing, gelation, foaming action, thickening, and emulsi-
fying (19). However, egg white, more so than egg yolk, is
one of the most prevalent allergens in food hypersensitivity,
particularly in atopic children (12). Egg white contains
about 40 different proteins, some of which have been
shown to be major allergens, including ovalbumin (OVA;
54% of egg white proteins) and ovomucoid (11% of egg
white proteins) (4, 24).

In general, ionizing radiation used to free foods from
pathogenic microorganisms is among the methods appli-
cable in food preservation (11). Meanwhile, the confor-
mational changes of food allergens by gamma irradiation
were recently observed in several studies, and the change
could reduce allergenicity or antigenicity by the modifica-
tion or destruction of the binding epitopes of immunoglob-
ulin E (IgE) to the food proteins (1, 7, 10, 14).

Previous studies reported that the ability of egg-allergic
patient IgE to bind OVA and ovomucoid treated with a
combination of gamma irradiation and other processing
treatments declined (9, 15). Also, reduced allergenicity of
irradiated OVA and ovomucoid was also observed in in
vitro skin prick tests (5).

To evaluate the practical approach of using irradiation
technology to eliminate or reduce egg allergens in pro-
cessed foods, the allergenic and quality properties of cakes
and cookies containing 10- and 20-kGy gamma-irradiated
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egg white as an ingredient in a commercial formulation
were determined (16). Physicochemical and sensory qual-
ities of the products with irradiated egg white did not differ
from those with nonirradiated egg white.

In this study, white layer cake was chosen because of
its high egg white content (19.6%). Possible changes in the
concentrations of native OVA, the targeted allergen, were
determined by two enzyme-linked immunosorbent assays
(ELISAs) formatted with patient IgE and rabbit anti-OVA
immunoglobulin (polyclonal IgG), and the results were
compared.

MATERIALS AND METHODS

Protein and antibodies. OVA was purchased from Sigma
Chemical Co. (St. Louis, Mo.). Human sera were obtained from
28 patients (,3 years of age; 18 boys and 10 girls) diagnosed
with IgE-mediated egg allergy after open egg challenges, a con-
vincing history of acute urticaria or diarrhea after egg ingestion,
or both, and having not shown any diagnostic reactions to wheat
flour or nonfat dried milk. Eighteen patients suffered from atopic
dermatitis, acute urticaria, or both; six patients suffered from skin
and gastrointestinal symptoms (diarrhea and vomiting); and four
patients suffered from only chronic diarrhea. All the patients
showed elevated egg-specific IgE (0.8 to 100 kU/liter) measured
by AlaSTAT RIA (DPC Co., Los Angeles, Calif.) or the Phar-
macia CAP System FEIA (Pharmacia & Upjohn Diagnostics,
Uppsala, Sweden). The sera were pooled to determine the ability
of IgE to bind OVA in the samples. Ten age-matched subjects
provided sera for the control. None had food allergy or any other
atopic skin, respiratory, or gastrointestinal symptoms.

To measure the change in the ability of polyclonal IgG to
bind to OVA in cake sample solution, two New Zealand white
rabbits were immunized for production of polyclonal IgG against
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FIGURE 1. SDS-PAGE profile of proteins in sample solutions
prepared from white layer cakes with 0-, 10-, and 20-kGy gamma-
irradiated egg whites. M, molecular mass standard marker; A,
ovalbumin; B, ovomucoid; 0, white layer cake with nonirradiated
egg white; 10, white layer cake with 10-kGy–irradiated egg white;
20, white layer cake with 20-kGy–irradiated egg white. Numbers
on the left side indicate the molecular masses (kDa) of the stan-
dard marker.

OVA. Before immunizing, 1 ml of blood was collected from the
ear for preparation of a normal serum. The rabbits were immu-
nized by intradermal injection (1 ml of 100 mg/ml) with Freund’s
complete adjuvant. The subsequent injection with Freund’s incom-
plete adjuvant was performed three times every 2 weeks, and the
antisera from each rabbit were checked for production of antibody
(Ab) by indirect ELISA. The rabbits were finally boosted with
100 mg/ml of antigen mixed with 0.01 M phosphate-buffered sa-
line (PBS) without adjuvant. After 1 week, the blood was col-
lected by heart puncture and antiserum was separated by centri-
fuging at 3,000 rpm for 10 min. Rabbit anti-OVA polyclonal IgG
was separated from the antiserum with the use of affinity chro-
matography with Protein A Hi-trap (5 ml; Sigma). The IgG so-
lution was mixed with an equal volume of glycerol, the affinity
and titration of IgG were checked by indirect ELISA, and the IgG
solution was stored at 2208C.

Biotinylated anti-human IgE developed in goat (BA-3040)
and horseradish peroxidase–conjugated avidin D (A-2004) were
purchased from Vector Laboratories Inc. (Burlingame, Calif.) to
determine the binding reaction of IgE. Goat anti-rabbit IgG–horse-
radish peroxidase was purchased from Sigma Chemical Co. to
trace the polyclonal IgG.

Gamma irradiation. Egg white separated from whole egg
was irradiated in a cobalt-60 irradiator (IR-79, Nordion Interna-
tional Ltd., Ontario, Canada) equipped with 100 kCi activity at
10 6 0.58C and operated at a dose rate of 20 kGy/h. The applied
dose levels were 10 and 20 kGy. Dosimetry was performed with
5-mm-diameter alanine dosimeters (Bruker Instruments, Rhein-
stetten, Germany), and the free-radical signals were measured by
a Bruker EMS 104 EPR analyzer (Bruker Instruments). After ir-
radiation, the egg white was stored at 48C.

Manufacturing the white layer cake. White layer cake
made in previous research (16) was used in this study. The for-
mula and preparation procedure applied was the commercial meth-
od used in the bakery industry and in deli shops. Briefly, short-
ening was softened by churning in a mixer (NVM2-14, Daeyung
Bakery Machinery Ind. Co. Ltd., Seoul, Korea) and salt, sugar,
and emulsifier were added. Soft cream was made by the gradual
addition of egg white (irradiated or control) and cream of tartar
to the mixture. About half of the water was gradually added to
the creamed mixture at a low mixing speed, which was increased
to around an average speed. Baking soda, wheat flour, and nonfat
dried milk were added and mixed slightly, and the remaining wa-
ter was added and mixed until a soft batter was made. The tem-
perature of the batter was 238C, and the specific gravity of the
batter was adjusted to 0.8 6 0.05. Batter (550 g) was placed in a
pan (24 by 4 cm) and cooked in a commercial oven (FDO-7104A,
Daeyung Bakery Machinery) at 1908C for 25 min. After cooking,
the cake was removed from the pan, cooled to an ambient tem-
perature, and used for the subsequent experiments.

Preparation of cake sample solution. Sample extracts were
prepared by the method previously described (20). Sample (20 g)
was homogenized in 200 ml of an extraction buffer (0.1 M PBS,
pH 7.4, containing 6 M urea, 0.01 M ethylenediaminetetra acetic
acid disodium salt, and 0.01 M dithiothreitol) for 5 min. The ho-
mogenate was stirred at 48C for 4 h and centrifuged at 9,000 3
g for 30 min. Supernatant was filtered through a 0.45-mm filtration
kit (MILLEX-HV, Millipore, Molsheim, France) and dialyzed in
a cellulose tube (pore size , 5,000, Spectrum Medical Industries
Inc., Houston, Tex.) in 0.01 M PBS. After dialysis, the protein
concentration of the extract solutions was determined with a bi-
cicinchonic acid protein assay kit (Sigma) and a bovine serum

albumin (Sigma) standard solution measured at 562 nm (UV-
1600PC spectrophotometer, Shimadzu Corp., Kyoto, Japan) by a
method described previously (22). The protein concentrations of
the extract solutions were measured and adjusted to 500.0 mg/ml
by dilution with 0.01 M PBS for unifying the protein concentra-
tion. The diluted solutions were used in the electrophoretic anal-
ysis and ELISA as sample solutions.

SDS-PAGE. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE; 5 to 15% gradient gel) for the sam-
ple solutions (500.0 mg/ml) was performed by Laemmli’s method
(12) with the use of a Hoefer vertical electrophoresis apparatus
(SE-600, Pharmacia Biotech, Uppsala, Sweden), and the gel was
silver-stained as described previously (3) because of the low pro-
tein concentration of the sample solution. A prestained molecular
mass marker (161-0372) was purchased from Bio-Rad Laborato-
ries (Hercules, Calif.) and used to determine the molecular masses
of the protein bands. The marker consisted of proteins with the
following molecular masses: 250, 150, 100, 75, 50, 37, 25, 15,
and 10 kDa. A molecular mass marker, two representative egg
allergen solutions (1.0 mg/ml), OVA and ovomucoid, and the
sample solutions were loaded into the same gel.

Competitive indirect ELISA. OVA was quantified by com-
petitive indirect ELISA (Ci-ELISA), which was individually for-
matted with the patient IgE and polyclonal IgG to evaluate their
ability to bind to the samples by the method reported previously
(9, 15). Briefly, polystyrene flat-bottom microtiter plates (Maxi-
sorp, Nunc, Kamstrup, Denmark) were coated with 100 ml of
OVA solution (10.0 mg/ml) in a 0.2 M bicarbonate buffer, pH 9.6,
overnight at 48C. The plates were washed three times with PBS
containing 0.05% (vol/vol) Tween 20. To reduce nonspecific bind-
ing, the plates were blocked by incubation at 378C for 1.5 h with
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FIGURE 2. Standard curves for quantifying native ovalbumin (OVA). The curves were individually made by Ci-ELISA formatted with
egg white–hypersensitive patient IgE and rabbit anti-OVA IgG (polyclonal) for OVA. Standard solutions were prepared by dilution of
native OVA (1.0 mg/ml in PBS buffer, pH 7.4).

FIGURE 3. Detected concentrations of native ovalbumin in the
cakes manufactured with 0-, 10-, and 20-kGy–irradiated egg
white by patient IgE-ELISA.

FIGURE 4. Detected concentrations of native ovalbumin in the
cakes manufactured with 0-, 10-, or 20-kGy–irradiated egg white
by rabbit anti-ovalbumin polyclonal IgG-ELISA.

120 ml of PBS containing 1% (wt/vol) bovine serum albumin
(Sigma, lyophilized powder purified minimum 98%). After wash-
ing, 50 ml of the standard solution or sample solution was added
to four coated and blocked wells, and 50 ml of the IgE solution
diluted 25 times in PBS was added. The plates were incubated
for 2 h at 378C and then washed three times with PBS containing
0.05% Tween 20. For the detection of IgE bound to coated OVA,
100 ml of the biotinylated secondary Ab solution diluted 500
times in PBS was added to the wells and incubated for 1.5 h at

378C. Also, horseradish peroxidase–conjugated avidin D solution
(100 ml diluted 500 times in PBS) was added in the washed wells
and incubated for 1.5 h at 378C. The plates were then washed,
and 100 ml of the 0.04% o-phenylenediamine (Sigma) in a 0.1 M
phosphate-citrate buffer, pH 5.0, with 0.04% hydrogen peroxide
(vol/vol, 35% H2O2) was added for the color reaction 20 min
before the reaction was stopped with 2.0 M H2SO4 (50 ml per
well). The absorbance was measured at 492 nm in an ELISA
reader (CERES UV-900C, Bio-Tek Instruments Inc., New York,
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TABLE 1. Recovery by egg-allergic patient IgE-ELISA and rabbit anti-ovalbumin polyclonal IgG-ELISA

Detection
methoda Type of Ab

Concentration
of added

ovalbumin
(mg/ml)

Recovery (mg/ml)b

Expected Detected % recovered
Average

% recoveredc SDd

Standard solution IgE 5
50

100

5.0
50.0

100.0

4.6
48.1

104.5

92.0
96.2

104.5 97.6 0.01
IgG 5

50
100

5.0
50.0

100.0

5.1
48.6
97.5

102.0
97.2
97.5 98.9 0.02

Sample solution IgE 5
50

100

48.2
93.2

143.2

45.9
90.8

147.8

95.3
97.4

103.2 98.6 0.01
IgG 5

50
100

42.5
87.5

137.5

43.9
91.2

132.3

103.3
104.2
96.2 101.2 0.01

a Detection of recovery rates for IgE- and IgG-ELISA was performed with blank, instead of standard solution, and in sample solution
(extracted cake) with the addition of three concentrations (5.0, 50.0, and 100.0 mg/ml) of native ovalbumin.

b Recovery was calculated as percentage of the detected concentration to that expected by ELISA.
c Average is the mean percent recovery rate obtained from three concentrations.
d Standard deviation (P , 0.05).

N.Y.). For standards, a serially diluted allergen solution was pre-
pared at concentrations ranging from 0.12 to 1,000 mg protein per
ml. Polyclonal IgG solution and goat anti-rabbit IgG horseradish
peroxidase were diluted 2,000 and 20,000 times in PBS, respec-
tively, and used in ELISA formatted with polyclonal IgG against
OVA. The concentration of OVA in the sample solutions was
calculated with an equation obtained from each standard curve.

Recovery tests to evaluate the precision of IgE- and IgG-
ELISA were conducted by the method of Lee (13). Native OVA
solution was prepared at three different concentrations (5.0, 50.0,
and 100.0 mg/ml) and added in the coated and blocked wells in-
stead of standard solutions at standard conditions. Sample solu-
tions for the recovery test also were prepared by the procedure
mentioned above, with extract buffer spiked with three different
concentrations of native OVA (5.0, 50.0, and 100.0 mg/ml). When
concentrations of OVA in the nonspiked sample solution were
individually determined by each ELISA, the concentrations were
43.2 (60.25) mg/ml in IgE-ELISA and 37.5 (60.47) mg/ml in
IgG-ELISA. These values were used as references in both
ELISAs.

Statistical analysis. All samples were done in triplicate, and
the experiments were repeated five times. Recovery tests were
repeated five times. The means and standard errors were used to
evaluate the differences in allergen concentrations obtained from
the Ci-ELISA. The data were analyzed by general linear proce-
dures, least-squares means, and Duncan’s multiple range test (SAS
software (21)).

RESULTS AND DISCUSSION

SDS-PAGE profile. The SDS-PAGE profile (5 to 15%
gradient gel) of the proteins in the sample solutions is
shown in Figure 1. Most bands in the samples have molec-
ular masses of approximately 75 kDa or less. Many bands
in all sample solutions appeared in the range 12 to 70 kDa,
and they had similar separation patterns. When compared
with the standard OVA (43 kDa), the band with the same
molecular mass as the OVA in all sample lanes was also

observed. We could infer that OVA might be in the sample
solutions. However, the existence of the allergens appar-
ently could not be determined.

Standard curves for the quantification of OVA in
sample solutions. Standard curves were used to quantify
the OVA in the sample solutions (Fig. 2). OVA could be
quantitatively determined at 3.9 to 125 mg/ml by patient IgE
and at 0.05 to 250 mg/ml by polyclonal IgG, and the con-
centration could be individually calculated by the equations
x 5 e(0.37782y)/0.1017 (IgE) and x 5 e(0.41962y)/0.0626) (IgG)
obtained from the curve. The x indicates the concentration
of the allergen in the sample solutions, and y represents the
average optical density of a sample solution in the micro-
wells at 492 nm. The limits of detection of OVA in the
sample solutions were determined to be 0.2 mg/g in IgE-
ELISA to 0.01 mg/g in IgG-ELISA. This result of the pa-
tient IgE–based Ci-ELISA was similar to the previous re-
ports (9, 15), and the titration and affinity of IgE used in
this study were not different from those studies.

Changes in binding abilities of patient IgE and
polyclonal IgG. Figure 3 shows the detected concentrations
of OVA in the sample solutions by Ci-ELISA. In the con-
trol, the concentration of OVA was 432.88 mg/g. Native
allergen considerably decreased in the cakes with irradiated
egg white, and the concentration of OVA was 14.27 mg/g
in the 10-kGy sample and 8.78 mg/g in the 20-kGy sample
(P , 0.05). The content rate of the native OVA decreased
to about 96% by 10 kGy of irradiation. Even though sig-
nificant differences between the 10-kGy and the 20-kGy
samples did appear (P , 0.05), the differences were not
large. This result showed that the ability of IgE to bind
native OVA was reduced by irradiation and is supported by
the previous reports of Kim et al. (9) and Lee et al. (15).
They reported that the ability of IgE to bind OVA that was
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reduced by irradiation was not changed by heating. How-
ever, native OVA in the cake was not perfectly eliminated
by the 20-kGy dose of irradiation. Meanwhile, Taylor et al.
(23) reported that 0.13 mg of raw whole egg and 10 mg of
cooked egg white for double-blind placebo-controlled food
challenge with lowest provoking dose could induce an al-
lergenic response. Assuming that an average piece of cake
is more than 100 g, the amount of irradiation-treated ma-
terial in the allergic reduced cake is too close to the lowest
provoking dose cited in Taylor et al. (23), and the allergic
individual could respond to the material. Therefore, more
research toward eliminating the ability of IgE to bind the
allergens is needed.

The concentration of OVA in the sample solution was
also determined by polyclonal IgG (Fig. 4). Binding reac-
tion of polyclonal IgG to OVA increased with dependence
on the irradiation dose. In controls, the concentration of
OVA was 375.46 mg/g; however, 465.27 and 867.32 mg/g
were determined in 10- and 20-kGy samples, respectively.
These determined concentrations indicated that the binding
abilities of polyclonal IgG increased 124% in the 10-kGy
sample and to 231% in the 20-kGy sample. This result sug-
gests that polyclonal IgG recognized epitopes in the inner
part of native OVA that were exposed by irradiation and
heating and is supported by previous studies (2, 9, 17) that
reported that Ab immune reactions increased because irra-
diation exposed hidden epitopes by cleaving and unfolding
the structure. The conformational change of physicochem-
ically treated Ag (protein) with the use of Ab was also
measured in several studies (6, 13, 18). Polyclonal IgG can
be used effectively to monitor structural modifications of
target allergens and antigens when studying how to reduce
or eliminate allergenicity and antigenicity. However, The
result obtained from polyclonal IgG should be compared
with that of patient IgE because the changes in allergenicity
(Fig. 3) and antigenicity (Fig. 4) of the target material are
different, even when using the same treatments and pro-
cesses.

Table 1 indicates the precision of the ELISAs by re-
covery tests with standard and sample solutions. Recovery
rates of IgE-ELISA and IgG-ELISA were 97.6 and 98.9%,
respectively, in intra- and interassays. When native OVA
was spiked, the concentrations detected by both ELISAs
differed by less than 5%. Kim (8) and Lee (13) reported a
recovery rate of at least more than 90% should be needed
when polyclonal Ab-based immunoassay is applied. These
results showed that the IgE- and IgG-ELISAs used in this
study were accurate and that the data obtained from the
assays were reliable.

The results obtained from this study present practical
data for use in reducing allergenicity of an egg white al-
lergen by irradiation.
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