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Egg allergy is the second most common food allergy in children. Precise measurement of allergen componentspeciﬁc IgE (sIgE) in serum contributes to molecular diagnosis of egg allergy, i.e. component-resolved diagnosis
(CRD). Existing CRD methods, including ImmunoCAP and Immulite, have unavoidable drawbacks such as errors
from solid-liquid phase separation and enzyme instability. Therefore, we take egg allergen ovalbumin as an
example to establish a homogenous method−indirect luminescent oxygen channeling immunoassay (LOCI) to
determine ovalbumin-sIgE precisely. In the indirect LOCI reaction system, ovalbumin-conjugated acceptor nanoparticles were brought close to streptavidin-conjugated donor nanoparticles through antigen-antibody and
biotin-streptavidin interactions. The optimal conditions for LOCI were 16.67 μg/mL acceptor-ovalbumin,
1.047 μg/mL biotinylated anti-human IgE antibodies and a 1/20 dilution of serum in a 25-μL reaction volume for
a 45-min incubation. We assessed the performance of of this LOCI system, including sensitivity, precision, and
anti-interference ability, and compared the diagnostic performance of the LOCI with enzyme-linked immunosorbent assay (ELISA) through a receiver operator characteristic (ROC) analysis. Results revealed that LOCI
was superior to ELISA in performance. In summary, we demonstrated that indirect LOCI was an excellent method
for precise determination of allergen component-sIgE, contributing to CRD of food allergy.

1. Introduction
Food allergy is a health problem with growing prevalence worldwide [1]. For IgE-mediated food allergies, in vitro testing of allergenspeciﬁc IgE (sIgE) in human serum remains an essential diagnostic tool
[2]. Conventionally, the crude extract of an allergenic food is used as a
known antigen to detect sIgE in serum. However, due to the complex
composition of allergenic foods, some low abundance allergen components can be easily lost during the extraction process [3]. Moreover, the
allergenic food sources and extracting procedures adopted might be
diﬀerent among manufacturers, which can increase the variability of
crude extract quality. These factors may increase the risk of false-negative diagnosis in the clinical assessment of IgE-mediated food allergy,
which could lead to missed diagnosis and delayed treatment.
Over the few past decades, with the increasing application of molecular biology techniques to allergen identiﬁcation, great advances
have been made in food allergen proﬁling. Currently, it is more
common to utilize recombinant DNA technology to produce high

quality recombinant allergens in large quantities [4]. These improvements facilitate allergen component-speciﬁc IgE testing, which is referred to as component-resolved diagnosis (CRD) or molecular diagnosis of food allergy [5,6]. The CRD approach obviates the drawbacks
of conventional crude extract-based methods which had low sensitivity,
relatively high false-negativity and cross reactivity [7]. Moreover, CRD
allows for high-throughput testing of sIgE to a variety of allergen
components simultaneously; this feature facilitates the customization of
an individualized allergen component panel, which contributed to individualized desensitization [8]. Currently, only two methods have
been approved as CRD methods by FDA: ImmunoCAP (Phadia/Thermo
Fisher Scientiﬁc, Uppsala, Sweden) and Immulite (Siemens Healthcare
Diagnostics, Los Angeles, CA, USA) [9]. Both methods have multiple
advantages, including the use of enzyme-catalyzed chemiluminescence,
the ability to report results both quantitatively (IU/mL IgE) and semiquantitatively (7 classes from 0 to 6), a wide detection range, excellent
analytical reliability, and satisfactory concordance with skin prick test
results. However, the dependence on solid-liquid phase separation and

Abbreviations: LOCI, luminescent oxygen channeling immunoassay; CRD, component-resolved diagnosis; sIgE, speciﬁc IgE; ROC, receiver operator characteristic; AUC, the area under
the curve; OD, Optical density; CV, coeﬃcient of variation; ELISA, enzyme-linked immunosorbent assay; HRP, horseradish peroxidase; TMB, 3,3′,5,5′-tetramethylbenzidine
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2.3. Optimization of conditions

the instability of enzyme activity (e.g., inﬂuences from environmental
factors such as pH or temperature) are unavoidable drawbacks of these
two methods [10,11].
The luminescent oxygen channeling immunoassay (LOCI™) is a
homogeneous bead-based method that can resolve the issues mentioned
above [12,13]. In a LOCI reaction system, the donor bead can be
brought in close proximity (< 200 nm) to the acceptor bead by an
antigen-antibody interaction, which enables energy transfer (singlet
oxygen) between the two beads and light emission by the acceptor bead
[14]. Currently, this technique has been used to detect tumor markers,
thyroid hormones, hepatitis B virus antigens and antibodies, interferongamma, human insulin, and etc. [15–17]. However, the LOCI technique
hasn’t been applied to CRD of food allergy so far.
Egg allergy is the second most common food allergy in children. It
aﬀects 0.5–2.5% of infants and young children [18]. Children with egg
allergy are also at risk of developing other food allergies, including
peanut allergy, eczema, and asthma [19]. To date, four major allergens
have been well characterized in egg white: ovomucoid (Gal d 1),
ovalbumin (Gal d 2), ovotransferrin (Gal d 3), and lysozyme (Gal d 4)
[20]. Of these allergens, ovalbumin shows the highest abundance [21]
and is closely associated with allergic diseases in children [22].
Therefore, in the present study, we, for the ﬁrst time, used ovalbumin as
a representative allergen to develop an indirect LOCI system for detecting serum ovalbumin-sIgE. Without use of enzyme or the trouble of
separating free and bound tracers, this LOCI system showed excellent
performance in measuring ovalbumin-sIgE in terms of precision, sensitivity and anti-interfering ability. Our work provided a novel and
excellent method for allergen component-sIgE determination, which
contributed to CRD of food allergy.

Forty serum samples (20 clinically positive and 20 clinically negative) were randomly selected to determine the OD values with ELISA.
According to the results, we pooled samples to form four groups (n = 5
samples/group), as follows: OD values < 0.3 (negative group); OD
values < 0.5 (weak positive group); OD values between 1 and 1.5
(positive group); and OD values > 2 (strong positive group). These four
groups of pooled sera were utilized to determine optimal conditions for
indirect LOCI.
2.4. Luminescent oxygen channeling immunoassay
2.4.1. Indirect LOCI
The indirect LOCI reaction system comprised four components:
ovalbumin-conjugated acceptor nanoparticles, biotinylated anti-human
IgE antibody, serum, and streptavidin-conjugated donor nanoparticles.
The ovalbumin (Sigma, USA) conjugation to acceptor nanoparticles and
the biotin (NHS-LC-Biotin; Thermo, USA) labeling of mouse anti-human
IgE antibody (Clone GE-1, Sigma, USA) were performed by Beyond
Biotech (Shanghai, China). Streptavidin-conjugated donor nanoparticles are a general purpose reagent in LOCI system whose optimal
dose (28 μg/mL) had been titrated by Beyond Biotech (Shanghai,
China). The special diluent for donor nanoparticles was also provided
by Beyond Biotech (Shanghai, China). The diluent for acceptor nanoparticles was 0.1 M Tris-HCl (pH 8.0) and 3% bovine serum albumin
(BSA) in H2O; the serum diluent contained 0.05 M Tris-HCl (pH
7.95–8.05), 0.15 M NaCl, 2% BSA, 0.05% Proclin, and 0.05% Tween20.
The procedure included a 2-step reaction. First, serum was incubated
with a mixture of biotinylated anti-human IgE antibody and ovalbuminconjugated acceptor nanoparticles at 37 °C for 45 min. Then, streptavidin-conjugated donor nanoparticles were added for another 15-min
incubation in the dark. When sIgE in the serum interacted with ovalbumin, donor and acceptor nanoparticles were brought together (distance less than 200 nm). This allowed energy transfer from donor to
acceptor nanoparticles, generating ﬂuorescent light at 610 nm from
acceptor nanoparticles (Fig. 1A). Serum sIgE levels were proportionate
to ﬂuorescence intensity, which was evaluated with a High Throughput
Chemiluminescence Analyzer (LICA HT, Beyond, China).

2. Materials and methods
2.1. Individual samples and ethics statement
A total of 199 individual human serum samples were collected at
Tianjin Children's Hospital from January 1, 2015 to December 31,
2015. Of these 199 serum samples, 86 were diagnosed to have positive
reaction to egg white (egg white-sIgE values > 0.35 kUA/L) and the
remaining (n = 113) showed negative reaction.
Our study was conducted in accordance with the current version of
the Declaration of Helsinki ethical guidelines as well as the national
legal and regulatory requirements. The institutional review board of
Tianjin Children's Hospital has approved the study protocol, including
patient information and consent form. Our study was also approved by
the Ethics Committee of Tianjin Medical University. All subjects provided their written informed consent before being enrolled in the study.
All samples we collected are leftover serum samples. All traceable
identiﬁers of the samples were removed to ensure anonymous analysis.

2.4.2. Sandwich LOCI
We implemented a sandwich mode of LOCI to quantify IgE (Fig. 1B).
In the reaction system, the goat anti-human IgE antibody (polyclonal,
sigma, USA), instead of ovalbumin in indirect LOCI system, was conjugated to acceptor nanoparticles; IgE was equivalent to an antigen, and
a sandwich complex was formed with two anti-human IgE antibodies. A
series of sequential dilutions of a human total IgE standard (WHO IgE
reference standard 75/502, [23]) were tested separately, to generate a
dose curve of concentration vs. ﬂuorescence intensity. The IgE contents
in all dilutions were within the expected sIgE detection range.

2.2. Enzyme-linked immunosorbent assay
2.5. Calibration
ELISA was used for comparative analysis of its performance with
that of LOCI. Brieﬂy, ovalbumin dissolved in PBS (10 μg/μL) was added
into 96-well plates, with 150 μL each well. Plates were incubated at
37 °C for 3 h, and then at 4 °C overnight to allow ovalbumin to attach
completely. Unattached ovalbumin was removed by washing with
0.05% Tween 20/PBS (PBST). After blocking with 5% skimmed milk in
PBST at 4 °C overnight, plates were incubated with diluted serum (1:20
dilution) at 37 °C for 1 h, and subsequently, with horseradish peroxidase (HRP)-labeled anti-human IgE antibodies (1:5000 dilution,
A9667, Sigma, USA) at 37 °C for another 1 h. After washing the plate
with PBST three times, 3,3′,5,5′-tetramethylbenzidine (TMB) was added
to react with HRP in the dark for 15 min. Then, 10% H2SO4 was added
to terminate the reaction. Optical density (OD) values were measured at
450 nm with a microplate reader (BioTek, USA).

Following IgE testing by sandwich LOCI, a standard curve was
plotted. The calculated concentrations of sequential IgE dilutions were
3, 1.5, 0.75, 0.375, 0.188, 0.094, 0.047, 0.023, and 0 kUA/L. From the
standard curve of concentration (X) vs. ﬂuorescence intensity (Y), a
versatile equation was derived based on the ordinary least squares ﬁt
method: Y=A*X^B + C*X^D.
2.6. Parameters for performance evaluation
LOCI performance was evaluated by determining the sensitivity,
assay precision, and anti-interference ability. Sensitivity was expressed
as the maximum dilution of positive serum that could be distinguished
from negative serum with LOCI. Precision was measured as the inter88
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Fig. 1. Schematic diagram of LOCI. (A) Indirect LOCI for determination of sIgE in human serum; (B) Sandwich LOCI for generating a calibration curve for IgE
quantiﬁcation.

serial dilutions of an IgE standard (0, 0.023, 0.047, 0.094, 0.188, 0.375,
0.75, 1.5, 3 kUA/L). An IgE standard curve was generated by directly
plotting ﬂuorescence signals (Y) against IgE concentrations (X), with no
exclusion of calibration points (Fig. 2E). The equation (Y=A*X^B +
C*X^D, A=3066, B=0.8506, C=258.2, D =4.736e-007; r2 =0.9983)
was obtained from a least-squares curve ﬁtting analysis by GraphPad
Prism 5.

assay and intra-assay variability of LOCI, and was expressed as the
coeﬃcient of variation (CV = standard deviation ρ/ mean value μ). The
CV value was measured by testing a serum sample ten times with a
single lot of reagents every day over a period of 10 days. The antiinterference ability was deﬁned as the ability of LOCI to accurately
determine ovalbumin-sIgE levels in the presence of interfering factors,
such as hemolysis, hyperlipidemia, jaundice, and ascorbic acid.
2.7. Statistics

3.3. Assay sensitivity
Data are expressed as the means ± SD of at least two independent
experiments performed in duplicate or triplicate. Analyses were performed with GraphPad Prism 5 (GraphPad Software, Inc., San Diego,
CA). The two-tailed student’s t-test was used to determine the signiﬁcance of diﬀerences between the ELISA and LOCI. P-values < 0.05
were considered statistically signiﬁcant.

Based on the ELISA results for 40 serum samples (Tables S1–2), we
selected four individual allergic serum samples from patients 1, 3, 26,
and 44 to evaluate the sensitivity of the indirect LOCI system. These
four individuals were selected, because they represented high, intermediate, and low serum levels of ovalbumin-sIgE. One pooled negative
sera was used as the control. We found that all allergic sera could be
clearly distinguished from the negative sera up to a 40-fold dilution
(Fig. 3). However, when using 1/80 dilution of sera, low sIgE levels of
patient 3 couldn’t be clearly distinguished from negative sera. Thus, the
sensitivity of the indirect LOCI was determined to be a 1/40 serum
dilution.

3. Results
3.1. Optimization of the assay
The schematic diagrams of the indirect and sandwich LOCI models
are shown in Fig. 1. We used indirect LOCI system to optimize the reaction conditions via the checkerboard titration method. The reaction
conditions to be identiﬁed included the concentrations of ovalbuminconjugated acceptor nanoparticles and biotinylated anti-human IgE
antibodies, the dilution ratio of serum, and the incubation time
(Table 1). We found that the ﬂuorescence intensity ratio of positive
serum to negative serum (P/N) reached a peak in all weak positive,
positive, and strong positive groups, when the assay was run with a 1/
600 dilution (16.67 μg/mL) of ovalbumin-conjugated acceptor nanoparticles (Fig. 2A, Table 1). Additionally, maximal P/N ratios were
obtained with a 1/1000 dilution of biotinylated anti-human IgE antibodies (Fig. 2B, Table 1). Hence, 16.67 μg/mL ovalbumin-conjugated
acceptor nanoparticles and 1.047 μg/mL biotinylated anti-human IgE
antibodies were considered optimal conditions for the LOCI system.
Next, we applied these conditions to assess the inﬂuence of diﬀerent
serum dilutions on assay performance. We found that the optimum
dilution ratio of serum was 1/20 (Fig. 2C). Then, under these three
optimal conditions, the incubation time was evaluated. We found that
the P/N ratio increased gradually with incubation time and reached a
dynamic balance at 45 min (Fig. 2D). Thus, 45 min was deemed the
optimum incubation time. These optimum conditions were used in all
subsequent work.

3.4. Assay precision
Inter-assay and intra-assay CVs were calculated to evaluate the
precision of indirect LOCI system. Four pooled sera with diﬀerent sIgE
levels (negative, weak positive, positive, and strong positive) were
analyzed ten times a day over a period of 10 days. The CV value of
intra-assay ranged from 0% to 4.43%, and the CV value of inter-assay
ranged from 0% to 6.69% (Table 2); both were statistically acceptable
(CV ≤10%).

3.5. Anti-interference ability
To evaluate the anti-interference ability of indirect LOCI system, we
added several potential interfering substances, including bilirubin, triglyceride, ascorbic acid, and hemoglobin, into the reaction system. The
recovery rate (RE%) was calculated. We observed that 37.6 mg/dL bilirubin or 600 mg/dL hemoglobin in serum, considered high levels
clinically, caused little interference to ovalbumin-sIgE detection with
LOCI; under both conditions, the RE% values exceeded 80% (Table 3).
However, triglyceride and ascorbic acid exerted some interference to
LOCI detection; Intermediate levels of triglyceride (1509 mg/dL) and
ascorbic acid (100 mg/dL) in the serum led to RE% values below 80%
(Table 3).

3.2. Calibration
Under optimum conditions, we performed sandwich LOCI with
89
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Table 1
Checkerboard titration for optimal conditions for LOCI.
Serum sample dilution

1:10

Biotinylated anti-human IgE (1047 μg/mL)

1:500

1:1000

1:2000

1:20

1:500

1:1000

1:2000

1:40

1:500

1:1000

1:2000

Groups

Acceptor-Albumin(10 mg/mL)

Negative
Weak positive
Positive
Strong positive
Negative
Weak positive
Positive
Strong positive
Negative
Weak positive
Positive
Strong positive
Negative
Weak positive
Positive
Strong positive
Negative
Weak positive
Positive
Strong positive
Negative
Weak positive
Positive
Strong positive
Negative
Weak positive
Positive
Strong positive
Negative
Weak positive
Positive
Strong positive
Negative
Weak positive
Positive
Strong positive

1:200 (50 μg/mL)

1:600 (16.67 μg/mL)

1:900 (11.11 μg/mL)

502.5 ± 12.02
1100 ± 93.34
2875.5 ± 181.73
11644 ± 779.23
481 ± 0
933 ± 24.04
2863.5 ± 27.58
11943 ± 11.31
463.5 ± 40.31
802 ± 21.21
3076 ± 114.55
11296.5 ± 836.51
497.5 ± 16.26
915 ± 0
2303.5 ± 78.49
10290.5 ± 328.80
592.5 ± 102.53
842 ± 39.60
2261.5 ± 27.58
10327 ± 90.51
503 ± 0
683 ± 12.73
2352 ± 26.87
9416.5 ± 403.76
521 ± 87.68
712.5 ± 10.61
1541.5 ± 26.16
7284.5 ± 157.68
572.5 ± 41.72
663 ± 79.20
1618.5 ± 4.95
6923 ± 108.89
464.5 ± 41.72
622 ± 36.77
1552 ± 65.05
6635 ± 83.44

152.5 ± 24.75
404 ± 0
1216 ± 7.78
4067.5 ± 14.50
153 ± 2.83
343.5 ± 4.95
1281 ± 94.75
3886.5 ± 81.32
173 ± 4.24
252 ± 46.67
1233.5 ± 164.76
3415 ± 675.99
173 ± 18.38
327 ± 3.54
1175.5 ± 11.67
3976 ± 49.50
142 ± 28.28
284 ± 25.46
1160.5 ± 74.25
3589 ± 224.86
152.5 ± 14.85
239.5 ± 6.36
1159.5 ± 6.36
3498.5 ± 194.45
169.5 ± 0.71
255.5 ± 6.72
830.5 ± 15.20
3066 ± 6.36
162.5 ± 2.12
238.5 ± 19.09
895.5 ± 7.78
2914.5 ± 120.92
167 ± 2.83
208 ± 14.14
803.5 ± 44.55
2860.5 ± 101.12

73 ± 7.07
156.5 ± 6.36
523.5 ± 34.65
1235.5 ± 77.07
56.5 ± 0.71
116 ± 41.01
407 ± 107.48
907.5 ± 12.02
151.5 ± 109.60
115 ± 1.41
566 ± 14.14
1255 ± 22.63
135.5 ± 13.44
122 ± 7.07
461 ± 39.60
1325.5 ± 84.15
80 ± 14.14
107 ± 0
411 ± 97.58
735.5 ± 176.07
71.5 ± 6.36
110.5 ± 19.09
472.5 ± 55.86
1118.5 ± 64.35
82 ± 12.73
108 ± 2.83
356.5 ± 19.09
1077.5 ± 27.58
55.5 ± 3.54
86 ± 29.70
214 ± 19.80
663 ± 18.38
75 ± 1.41
83.5 ± 13.44
324.5 ± 9.19
710 ± 270.11

Fig. 2. The optimum conditions. (A, B, C) Evaluation of the optimal dilution ratios of ovalbumin-conjugated acceptor nanoparticles (A), biotinylated anti-human IgE
antibodies (B) and serum (C). Two independent experiments were conducted and shown is a representative result with four replicates. P/N, the ﬂuorescence intensity
ratio of positive serum to negative serum; weak positive (< 0.5), positive (1–1.5) and strong positive (> 2.0), divided by ELISA. The concentrations of ovalbumin (A)
and biotinylated anti human IgE antibodies (B) in stock solution are 10 and 1.047 mg/mL, respectively. (D) Evaluation of the optimal incubation time. Two
independent experiments were conducted and shown is a representative result with four replicates. P/N, the ﬂuorescence intensity ratio of positive serum to negative
serum; weak positive (< 0.5), positive (1–1.5) and strong positive (> 2.0), divided by ELISA. (E) The calibration curve for determination of ovalbumin-sIgE.
Diﬀerent concentrations of IgE (0.023, 0.047, 0.094, 0.188, 0.375, 0.75, 1.5, 3 kUA/L) serially diluted from an IgE standard (3 kUA/L) were used to generate a
standard curve. r2 = 0.9983.
90
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4. Discussion
LOCI is a chemiluminescence-based homogenous immunoassay that
was ﬁrst established by Breslow et al. in 1994 [24]. It takes advantage
of antigen-antibody interactions to bring donor and acceptor nanoparticles together (< 200 nm), which facilitates singlet oxygen diﬀusion between the two nanoparticles, causing ﬂuorescence emission by
acceptor nanoparticles [25]. The LOCI method saves the trouble of
separating free and bound nanoparticles, which makes it superior to
heterogeneous assays, such as ELISA, radioimmunoassay, and immunoblotting [26]. Moreover, the simpliﬁed procedure of LOCI makes
it easy to be automated [27]. In our study, the indirect LOCI system
comprised ovalbumin-conjugated acceptor nanoparticles, biotinylated
anti-human IgE antibody, ovalbumin-sIgE, and streptavidin-conjugated
donor nanoparticles. We demonstrated that this system exhibited excellent performance, and its analytical performance was superior to that
of the ELISA.
The present study had some limitations. First, the cost for conjugation of ovalbumin to acceptor nanoparticles was relatively high,
due to the lack of generality. Thus, we prioritized the optimization of
ovalbumin-conjugated acceptor nanoparticles. Additionally, there was
a possibility that other IgE in the serum might compete with ovalbuminsIgE for binding to biotinylated anti-human IgE antibodies. This could
lead to the loss of a large amount of anti-human IgE antibodies, and the
light signal generated would be reduced. However, that scenario was
unlikely to happen in the present study, because 1/1000 dilution
(1.047 μg/mL) of anti-IgE antibodies provided an excess for binding to
total IgE in 20-fold diluted serum [28]. Similarly, 20 μg/mL of streptavidin-conjugated donor nanoparticles was also suﬃcient to bind all
biotins in the ovalbumin-sIgE-anti-IgE antibody complex. Thirdly, due
to the relatively large molecular weight of antibodies (about 150 KD),
there was a possibility that the antibody-IgE-antibody complex in
sandwich LOCI model might be too large (> 200 nm) to allow for an
energy transfer. However, this possibility was excluded because light
signals at 610 nm can be easily captured by the Chemiluminescence
Analyzer. We inferred that the three antibodies might form a stereoscopic structure that showed a spatial distance within 200 nm, just like
the structure in Fig. 1B. This structure makes sandwich LOCI model
workable.

Fig. 3. The assay sensitivity. Individual serum samples from Patient 1, 3, 26, 44
and one pooled negative sera were selected for evaluation of assay sensitivity.
Table 2
Assay precision: intra-assay and inter-assay of the indirect LOCI.
Group

Negative
Weak positive
Positive
Strong positive

Intra-assay precision (n = 10)

Inter-assay precision (n = 10)

Measured(kUA/L)a

CV (%)b

Measured(kUA/L)a

CV (%)b

0±
0.03
0.20
0.95

0
3.33
4.43
4.43

0±
0.03
0.19
0.94

0
6.69
4.74
4.68

0
± 0.001
± 0.01
± 0.04

0
± 0.002
± 0.009
± 0.044

Abbreviation: CV, coeﬃcient of variation.
a
Mean value ± standard deviation (SD).
b
CV = (SD/Mean)× 100%.

3.6. Comparison of LOCI with ELISA
We performed ROC analyses to compare the performances of indirect LOCI and ELISA. The areas under the curves (AUCs) for indirect
LOCI and ELISA were 0.907 and 0.657, respectively (Fig. 4). These
values indicated that the analytical performance of the LOCI was superior to that of the ELISA. Additionally, because the LOCI method
could generate ﬂuorescence signals that spanned 5 orders of magnitude,
it was much easier to distinguish between positive and negative sera
compared to the ELISA method (Fig. 5).

Table 3
Interference from supplement of bilirubin, triglyceride, ascorbic acid and hemoglobin in allergic serum samples.
Interfering Substance

Concentrations in serum

Signals

Recovery (%)

Serum sample 43
Bilirubin(mg/dl)

Triglyceride(mg/dl)

Ascorbicacid(mg/dl)

Hemoglobin (mg/dl)

0
4.8
9.4
37.6
0
754.4
1509
3017.8
0
50
100
200
0
75
150
600

855
748
747
644
855
692
629
620
855
708
669
655
855
782
727
708

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

Serum sample 21

72.12
27.30
24.53
8.49
72.12
18.40
24.58
38.18
72.12
35.24
31.77
75.29
72.12
126.53
74.12
4.95

1611
1556
1443
1352
1611
1421
1377
1330
1611
1412
1312
1035
1611
1579
1447
1446

a

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

39.6
44.20
1.74
33.23
39.6
48.28
80.88
145.66
39.6
130.47
52.35
10.82
39.6
107.75
105.86
4.24

Serum sample 43

Serum sample 21

100
87.49
87.37
75.32
100
80.94
73.57
72.51
100
82.81
78.25
76.61
100
91.46
85.03
82.81

100
96.59
89.57
83.92
100.00
88.21
85.47
82.56
100.00
87.65
81.44
64.25
100.00
98.01
89.82
89.76

The concentration used for indirect LOCI after dilution.
The corresponding concentration of clinical serum sample before dilution.
c
The commonly used unit in clinic.
The initial concentration of bilirubin, triglyceride, ascorbic acid and hemoglobin is 64.4umol/L, 17.05 mmol/L, 200 mg/mL and 3 g/L, respectively. The serum
samples for interference test is selected randomly in egg white allergic children. The average signals of sample 43 and 21 with no addition of interfering substance is
855 and 1611, respectively.
b
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Fig. 4. ROC analysis. (A, B) Comparison of Indirect LOCI (A) with ELISA (B) for determination of serum ovalbumin-sIgE by plotting ROC curves. ROC, receiver
operating characteristic curve. The area under the curve (AUC) is 0.907 for LOCI (A) and 0.657 for ELISA (B).

promotes light scattering and ascorbic acid is a reducing agent [34], we
inferred that the weakened ﬂuorescence signal was caused by triglyceride-induced scattering of light and ascorbic acid-induced quenching
of the singlet oxygen.
5. Conclusions
In this study, we established a LOCI system method for determining
ovalbumin-sIgE in human serum. This assay exhibited excellent performance, superior to the performance of ELISA, in terms of analytical
quality, cost eﬀectiveness, and operation diﬃculty. In future, diﬀerent
component-conjugated acceptors can be combined in this reaction
system and measured simultaneously, thus allowing multiple allergen
component-sIgE determination. All in all, our ﬁndings will contribute to
CRD of food allergy.

Fig. 5. Box-and-whisker plots of serum ovalbumin-sIgE levels in allergic and
control groups measured by using LOCI method. The box indicates the 25th,
50th and 75th percentile, and the error bars indicate the upper and lower extremes of measured concentrations. * , P < 0.05.

Acknowledgments
In the present study, the indirect LOCI system showed high sensitivity. A 40-fold dilution of serum had little inﬂuence on the detection
eﬃciency of the assay. The Hook eﬀect, which often occurs in ELISA
tests, could be avoided with the LOCI method, because the LOCI reaction system allowed a high load of ovalbumin, due to the large areas
and the suspension properties of nanoparticles [29,30]. Some egg-allergic sera exhibited low ﬂuorescence signals. This ﬁnding could be
explained by the fact that these patients were primarily allergic to egg
components other than ovalbumin. The ﬂuorescence intensities with
LOCI covered a larger range of magnitudes than the optical density
range covered with ELISA; thus, positive and negative sera were easier
to be diﬀerentiated with the LOCI method [31].
In the present study, the indirect LOCI system showed good precision, because it did not require any washing steps in the operational
process or have environment-sensitive enzymes in the reaction system.
Our ROC analysis results demonstrated the superiority of LOCI over
ELISA. However, because the LOCI was a homogenous system, this
assay is potentially vulnerable to plasma interference from several
sources, including inner ﬁlter eﬀects, autoﬂuorescence, bilirubin, hemolysis, triglycerides, and ascorbic acid [32]. The inner ﬁlter eﬀects
can be minimized by using Eu3+ (with a emission wavelength of
614 nm) as the ﬂuorophore loaded into the acceptor nanoparticles [24].
Additionally, Eu3+ has a long ﬂuorescence lifetime and a large Stokes
shift. Therefore, Eu3+ measurements can be carried out in a time-resolved manner to eliminate interference from autoﬂuorescence [33].
Hemolysis and bilirubin were shown to cause little interference in assay
analysis. However, the assay results were inﬂuenced by medium and
high blood levels of triglyceride and ascorbic acid. Because triglyceride

The authors are grateful for the technical help of Beyond, Shanghai,
China. This work was supported by Scientiﬁc Research Fund of Tianjin
Medical University (2014KYM08)).
Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jlumin.2018.04.011.
References
[1] N.J. Osborne, J.J. Koplin, P.E. Martin, L.C. Gurrin, A.J. Lowe, M.C. Matheson, et al.,
Prevalence of challenge-proven IgE-mediated food allergy using population-based
sampling and predetermined challenge criteria in infants, J. Allergy Clin. Immunol.
127 (2011) 668–676 (e1-2).
[2] B.E. García, P.M. Gamboa, J.A. Asturias, M. López-Hoyos, M.L. Sanz, Guidelines on
the clinical usefulness of determination of speciﬁc immunoglobulin E to foods, J.
Investig. Allergol. Clin. Immunol. 19 (2009) 423–432.
[3] S. Steckelbroeck, B.K. Ballmer-Weber, S. Vieths, Potential, pitfalls, and prospects of
food allergy diagnostics with recombinant allergens or synthetic sequential epitopes, J. Allergy Clin. Immunol. 121 (2008) 1323–1330.
[4] L.N. Willison, S.K. Sathe, K.H. Roux, Production and analysis of recombinant tree
nut allergens, Methods 66 (2014) 34–43.
[5] S. Ma, L. Nie, H. Li, R. Wang, J. Yin, Component-resolved diagnosis of peanut allergy and its possible origins of sensitization in China, Int Arch. Allergy Immunol.
169 (2016) 241–248.
[6] Karen S. Tuano, Carla, M. Davis, Utility of component-resolved diagnostics in food
allergy, Curr. Allergy Asthma Rep. 15 (2015) 32.
[7] A. Kuehn, F. Codreanu-Morel, C. Lehners-Weber, V. Doyen, S.A. Gomez-André,
F. Bienvenu, et al., Cross-reactivity to ﬁsh and chicken meat-a new clinical syndrome, Allergy 71 (2016) 1772–1781.

92

Journal of Luminescence 200 (2018) 87–93

J. Yan et al.

egg hypersensitivity, Mol. Immunol. 66 (2015) 375–383.
[22] Y.T. Lin, C.T. Wu, J.L. Huang, J.H. Cheng, K.W. Yeh, Correlation of ovalbumin of
egg white components with allergic diseases in children, J. Microbiol Immunol.
Infect. 49 (2016) 112–118.
[23] V. Seagroatt, S.G. Anderson, The second international reference preparation for
human serum immunoglobulin E and the ﬁrst British standard for human serum
immunoglobulin E, J. Biol. Stand 9 (1981) 431–437.
[24] E.F. Ullman, H. Kirakossian, S. Singh, Z.P. Wu, B.R. Irvin, J.S. Pease, et al.,
Luminescent oxygen channeling immunoassay: measurement of particle binding
kinetics by chemiluminescence, Proc. Natl. Acad. Sci. Usa. 91 (1994) 5426–5430.
[25] E. Cauchon, S. Liu, M.D. Percival, S.E. Rowland, D. Xu, C. Binkert, et al.,
Development of a homogeneous immunoassay for the detection of angiotensin I in
plasma using AlphaLISA acceptor beads technology, Anal. Biochem 388 (2009)
134–139.
[26] S.B. Petersen, J.M. Lovmand, L. Honore, C.B. Jeppesen, L. Pridal, O. Skyggebjerg,
Comparison of a luminescent oxygen channeling immunoassay and an ELISA for
detecting insulin aspart in human serum, J. Pharm. Biomed. Anal. 51 (2010)
217–224.
[27] F. Poulsen, K.B. Jensen, A luminescent oxygen channeling immunoassay for the
determination of insulin in human plasma, J. Biomol. Screen 12 (2007) 240–247.
[28] H. Mizuma, A. Tanaka, Y. Uchida, A. Fujiwara, R. Manabe, H. Furukawa, et al.,
Inﬂuence of omalizumab on allergen-speciﬁc IgE in patients with adult asthma, Int
Arch. Allergy Immunol. 168 (2015) 165–172.
[29] Y. Wang, J. Yu, Y. Ren, L. Liu, H. Li, A. Guo, et al., Improvement for identiﬁcation of
heterophile antibody interference and AFP hook eﬀect in immunoassays with
multiplex suspension bead array system, Clin. Chim. Acta 426 (2013) 68–74.
[30] M. Stenberg, H. Nygren, Kinetics of antigen-antibody reactions at solid-liquid interfaces, J. Immunol. Methods 113 (1988) 3–15.
[31] M. Harndahl, S. Justesen, K. Lamberth, G. Roder, M. Nielsen, S. Buus, Peptide
binding to HLA class I molecules: homogenous, high-throughput screening, and
aﬃnity assays, J. Biomol. Screen 14 (2009) 173–180.
[32] M.R. Glick, K.W. Ryder, S.A. Jackson, Graphical comparisons of interferences in
clinical chemistry instrumentation, Clin. Chem. 32 (1986) 470–475.
[33] Z.Q. Ren, T.C. Liu, S.H. Zhuang, G.F. Lin, J.Y. Hou, Y.S. Wu, Establishment of
magnetic microparticles-assisted time-resolved ﬂuoroimmunoassay for determinating biomarker models in human serum, Plos One 10 (2015) e0130481.
[34] S.M. Lin, S. Geng, N. Li, N.B. Li, H.Q. Luo, D-penicillamine-templated copper nanoparticles via ascorbic acid reduction as a mercury ion sensor, Talanta 151 (2016)
106–113.

[8] A.M. Riccio, L. De Ferrari, A. Chiappori, S. Ledda, G. Passalacqua, G. Melioli, et al.,
Molecular diagnosis and precision medicine in allergy management, Clin. Chem.
Lab Med 54 (2016) 1705–1714.
[9] S. Bulat Lokas, D. Plavec, J. Rikić Pišković, J. Živković, B. Nogalo, M. Turkalj,
Allergen-speciﬁc IgE measurement: intermethod comparison of two assay systems
in diagnosing clinical allergy, J. Clin. Lab Anal. (2016), http://dx.doi.org/10.1002/
jcla.22047.
[10] P. Montagne, Biophysical approach to the antigen-antibody reaction in solid phase
immunoassay, Ann. Biol. Clin. 48 (1990) 459–464.
[11] R. Sapin, J.C. Ongagna, F. Gasser, D. Grucker, Insulin measurements in haemolysed
serum: inﬂuence of insulinase inhibitors, Clin. Chim. Acta 274 (1998) 111–117.
[12] S.H. Zhuang, X.X. Guo, Y.S. Wu, Z.H. Chen, Y. Chen, Z.Q. Ren, et al., Quantum dotbased luminescent oxygen channeling assay for potential application in homogeneous bioassays, J. Fluoresc. 26 (2016) 317–322.
[13] A. Kappel, S. Stephan, G. Christ, A. Haude-Barten, M. Dahm, H. Schwarz, et al.,
Coagulation assays based on the Luminescent Oxygen Channeling Immunoassay
technology 1, Clin. Chem. Lab Med 49 (2011) 855–860.
[14] E.F. Ullman, H. Kirakossian, A.C. Switchenko, J. Ishkanian, M. Ericson,
C.A. Wartchow, et al., Luminescent oxygen channeling assay (LOCI™): sensitive,
broadly applicable homogeneous immunoassay method, Clin. Chem. 42 (1996)
1518–1526.
[15] B. Zur, S. Holdenrieder, E. Albers, G. Walgenbach-Brunagel, B. Stoﬀel-Wagner,
Method comparison for CA 15-3, CA 19-9, and CA 125 determination using the new
LOCI technique of Dimension Vista 1500 and Immulite 2000 XPI, J. Immunoass.
Immunochem. 33 (2012) 435–445.
[16] D. Monneret, D. Guergour, S. Vergnaud, F. Laporte, P. Faure, A.S. Gauchez,
Evaluation of LOCI® technology-based thyroid blood tests on the Dimension Vista®
analyzer, Clin. Biochem 46 (2013) 1290–1297.
[17] F. Wu, L. Wang, Q. Guo, M. Zhao, H. Gu, H. Xu, et al., A homogeneous immunoassay
method for detecting Interferon-gamma in patients with latent tuberculosis infection, J. Microbiol Biotechnol. 26 (2016) 588–595.
[18] T.K. Min, Y.H. Jeon, H.J. Yang, B.Y. Pyun, The clinical usefulness of ige antibodies
against egg white and its components in Korean children, Allergy Asthma Immunol.
Res 5 (2013) 138–142.
[19] J. Čelakovská, K. Ettlerová, K. Ettler, J. Bukač, Egg allergy in adolescent and adult
patient suﬀering from atopic dermatitis–association with concomitant allergic diseases, Acta Med. (Hrad-. Kral.) 58 (2015) 9–14.
[20] A. Urisu, Y. Kondo, I. Tsuge, Hen's egg allergy, Chem. Immunol. Allergy 101 (2015)
124–130.
[21] P. Dhanapala, C. De Silva, T. Doran, C. Suphioglu, Cracking the egg: an insight into

93

