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Abstract

Staphylococcal food poisoning is a significant foodborne illness caused by staphylococcal enterotoxins (SEs). Immu-
noassays have become the primary method for rapidly detecting harmful bacteria and toxins because of their excel-
lent sensitivity and specificity. However, these assays have limitations in that they cannot differentiate between types
of SEs and do not provide rapid, on-site, quantitative testing. In this study, a time-resolved fluorescence immuno-
chromatography assay (TRFICA) was developed specifically for detecting staphylococcal enterotoxin E (SEE), which

is commonly found in dairy products. Compared with a double antibody sandwich enzyme-linked immunosorbent
assay, which had a detection limit of 0.028 ng/mL, TRFICA demonstrated comparable sensitivity, enabling SEE quan-
tification with a detection limit as low as 0.081 ng/mL in infant formula. Validation by spiking infant formula samples
confirmed no cross-reactivity with analogs (recoveries ranged from 93.17% to 128.77%). Furthermore, with an 8-min
reaction time and interpretation delivered by a portable TRFICA strip reader, our method demonstrates potential

for use in mobile and on-site detection. This study describes a rapid, easy, and reliable method for detecting trace lev-
els of SEE in infant formula, which could serve as an early screening tool toward preventing food poisoning in infants
and children.

Keywords Staphylococcus enterotoxin E, Time-resolved fluorescence immunochromatography assay, Double
antibody sandwich ELISA, Infant formula

Introduction

Staphylococcal food poisoning (SFP) has emerged as a
significant foodborne illness primarily because of the
presence of staphylococcal enterotoxins (SEs) produced
by Staphylococcus aureus [1]. This includes classical SE
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contaminated with SEs, affecting approximately 150
infants and young children [5]. Many of these young chil-
dren were hospitalized due to distressing symptoms such
as vomiting, diarrhea, and fever. Consequently, in
2005, the European Union introduced legislation to pro-
tect individuals from harmful SE residues. It specifically
mandated that SEs must not be detected in five inde-
pendent 25 g samples taken from milk products [6].

Among the classical SE types, SEE, in particular, has
gained prominence as one of the leading causal agents of
SFP worldwide. Among 38 suspected SFP incidents, SEE
has been detected in cultures of Staphylococcus aureus
recovered from 17 cases [7]. SEE has been implicated in
SFP outbreaks in several countries, including the USA,
UK, and France [8, 9]. Notably, SEE has been consist-
ently detected in milk and dairy products. In 2009, for
instance, six SFP outbreaks in France were traced back
to SEE contamination of soft cheese made from unpas-
teurized milk. Even more concerning is the presence of
SEE in infant formula [10, 11], which poses a significant
health risk to infants. Given that infant formula is consid-
ered a non-sterile and ready-to-eat product, the potential
presence of SEE in milk-derived infant formula poses a
substantial health risk, especially to infants and young
children. Hence, routine screening for SEE in infant for-
mula is crucial for ensuring food safety and maintaining
stringent quality standards.

Various analytical methods have been developed for
the detection of SEs, such as high-performance liquid
chromatography (HPLC) [12] and liquid chromatogra-
phy tandem mass spectrometry [13, 14]. While these
instrumental methods provide high levels of sensitivity
and precision, their complexity, slow processing time,
and the need for expensive equipment and skilled per-
sonnel presents challenges. These features diminish their
suitability for carrying out rapid, on-site testing of large
sample batches. In contrast, antibody-based immunoas-
says, such as the enzyme-linked immunosorbent assay
(ELISA) [15-17] and the lateral flow immunochromato-
graphic assay (LFIA) [18-20], are favored for toxin detec-
tion in food because of their simplicity, sensitivity, and
accuracy. Since 2017, a standardized screening method to
detect SEA, SEB, SECs, SED and SEE in foodstuffs, EN
ISO 19020, has been applied internationally [21]. This
standard applies to the commercial Ridascreen® Staph-
ylococcal Enterotoxin (SET) Total kit and the Vidas®
Staphylococcal Enterotoxin II (SET2) kit for detecting
five classical SEs in food samples. However, there remains
a scarcity of products that offer rapid, on-site, quantita-
tive detection of SEE in infant formula.

The lanthanide-based time-resolved fluorescence
immunochromatography assay (TRFICA) represents a
significant advancement in the field, facilitating rapid,

Page 2 of 12

on-site point-of-care surveillance and diagnosis [22]. It
effectively meets the demand for sensitive, rapid, specific,
affordable, and user-friendly detection. Furthermore,
when compared with conventional colorimetric markers
and fluorescent labels, lanthanide chelates offer several
advantages, including an exceptionally long fluorescence
decay time and an remarkably large Stokes’ shift, which
are instrumental in eliminating background fluorescence.
These attributes collectively contribute to the high sen-
sitivity and accuracy of this assay type [23, 24]. Recently,
thanks to the ongoing development of time-resolved
fluorescence detectors, the high cost that previously
hindered widespread TRFICA adoption has dimin-
ished. Consequently, TRFICA strips have undergone
rapid enhancements and are now widely available, even
in supermarkets [25, 26]. As a result of these advance-
ments, the TRFICA demonstrates promising potential to
become a rapid, on-site method for quantitatively detect-
ing SEE in infant formula.

In this study, we designed a new TRFICA for the detec-
tion of SEE and compared it with the currently widely
used double antibody sandwich ELISA (DAS-ELISA)
method, considered the gold standard for immunoassay-
based detection methods.

Results and discussion

Recombinant SEE protein expression in E. coli

The nucleotide sequence encoding SEE from Staphy-
lococcus aureus, see (GenBank accession number:
WP_000750405), was ligated into a pET28a vector and
transformed into Escherichia coli (E. coli) BL21 for expres-
sion (Fig. 1A). After purification using Ni** affinity chroma-
tography, an optimized concentration of 120 mM imidazole
was used for the elution of the expressed SEE protein. This
yielded a distinct protein band in the 27-34 kDa range,
consistent with SEE’s theoretical size, without additional
nonspecific bands (Fig. 1B) [27]. The purity of the recom-
binant SEE proteins was assessed via SDS-PAGE analysis,
confirming a purity level exceeding 90%.

Screening and characterization of anti-SEE antibodies

Based on indirect competitive enzyme-linked immuno-
sorbent assay (icELISA) analysis, the antisera from two
of the eight immunized mice exhibited the best inhibi-
tion rates and were thus chosen for B cell-myeloma cell
fusion. A total of eight hybridoma cell lines were success-
fully generated after three subcloning steps following the
limiting dilution method. SDS-PAGE analysis confirmed
that all eight purified monoclonal antibodies (mAbs) dis-
played characteristic 50-kDa (heavy chain) and 25-kDa
(light chain) bands, with extraneous proteins from the
ascites entirely eliminated (Fig. S1). The analysis of half-
maximal inhibitory concentration (ICy;) values and titers
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Fig. 1 Schematic illustration and construction of the recombinant SEE protein. A A schematic map of SEE-Pet28a. B SDS-PAGE analysis
of the purification of recombinant SEE protein. Lane 1: Binding buffer. Lane 2-5: SEE proteins eluted by 30 mM, 80 mM, 120 mM and 500 mM

imidazole, respectively. M: molecular weight marker

for the produced mAbs and polyclonal antibody (pAb)
are presented in Table S1-3. The eight mAbs exhibited
IC,, values for SEE ranging from 41 to 513 ng/mL, while
one pAb showed an ICg, value of 125 ng/mL. Notably,
mAb 9A2 exhibited the highest affinity for SEE, with an
IC;, value of 41.152 ng/mL.

Optimization and establishment of DAS-ELISA for SEE

The pAb and eight mAbs were selected for antibody
pairing. Matched antibody pairs are sets of antibodies
that can recognize the same antigen, but with different
epitopes or binding regions, and they are commonly used
for capture and detection in sandwich ELISA or related
immunoassays. Among the tested antibodies, a maxi-
mum positive/negative (P/N) value of 5.998+0.127 was
obtained using the mAb 1A5 and pAb (Fig. 2A). There-
fore, these antibodies were selected for the development
of DAS-ELISA for SEE. As shown in Fig. 2, the results of
our checkerboard titration revealed that the P/N value
was highest when the pAb concentration was 2.5 pg/
mL and the mAb (0.5 pg/mL) dilution was 1:1000. Thus,
these concentrations were selected for DAS-ELISA.
Screening of various coating conditions and blocking
agents found that coating at 37 °C for 2 h and blocking
with 2% skimmed milk led to higher P/N values. The
optimal reaction time for SEE and antibody detection
was then evaluated under these conditions. Our results
indicated that the P/N value gradually increased with the
antigen reaction time, peaking at 60 min. Therefore, an
antigen reaction time of 60 min was selected. As shown
in Fig. 2G, the highest P/N value was observed at a
detection antibody reaction time of 30 min. Finally, the
HRP-labeled streptavidin dilution (1:1000 to 1:5000) was

optimized, and we found that the P/N value was highest
at a dilution of 1:3000 (Fig. 2H).

Optimization and establishment of TRFICA for SEE

To optimize the analytical performance of TRFICA,
various factors were explored, including the detec-
tion antibody amount, dilutions of coating mAb, sam-
ple pad material, sample volume and detection time.
The fluorescence intensity of the test lines (T lines) and
the inhibition rate were used to evaluate the impact of
these specific factors on TRFICA performance. Higher
T values and inhibition rates indicate better sensitivity.
When testing 2, 4, 8, and 16 pL of 5.67 mg/mL pAb, we
showed that only 8 and 16 pL achieved a desirable and
consistent signal intensity, while 16 puL showed superior
signal intensity and inhibitory effect compared with 8
puL (Fig. 3A). We then investigated the most appropri-
ate dilution for the coating mAb to enable us to mini-
mize nonspecific adsorption and reduce false positive
results [28]. The results (Fig. 3B) showed that increasing
the coating mAb dilution decreased the signal intensity
of T line as expected. We concluded that the T line sig-
nal intensity of the one-fold diluted mAb was too strong,
which is not conducive to detecting trace amounts, and
therefore a twofold dilution of mAb was employed.

A sample is applied to the TRFICA strip at the sample
port, and then flows onto a sample pad. It is important
to note that an even distribution and moderate trans-
fer rate of the sample are crucial to accuracy. Differ-
ent sample pad materials can influence both the release
speed of the signal label and the liquid hold-up capacity,
affecting sensitivity [29]. To optimize the TRFICA, three
types of sample pad materials were tested: hemofiltration
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Fig. 2 Optimization of DAS-ELISA reaction conditions (illustrations in color). The maximum positive/negative (P/N) values were selected

as the optimal reaction conditions. P/N > 2.1 represents a positive result. A Paired antibody selection. The concentrations of the reagents were
as follows: rabbit pAb at 5.67 pg/mL, mAbs at 0.5 pg/mL, and SEE standards at 1 ng/mL. B Optimization of the concentration of pAb as capture
antibody. C Optimization of the dilution of mAb as detection antibody. D Optimization of coating conditions. E Blocking agent selection.

F Optimization of the reaction time of antigen. G Optimization of the reaction time of detection antibody. H HRP-labeled streptavidin dilution
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Fig. 3 Optimization of TRFICA reaction conditions (illustrations in color). Values of both positive samples (1 ng/mL SEE) and negative samples
(without SEE spiking) were taken into consideration to select the optimal parameters. A Amount of detection antibody (2 uL, 4 pL, 8 uL, 16 pL
of 5.67 mg/mL pAb). B Concentration of coating mAbs (1-, 2-, 4-, or eightfold dilution of mAb 1A5). The concentration of mAb TA5 was 4.13 mg/
mL. C Optimization of the sample pad materials (HG-2, SB08, and RB65). D Optimization of the sample volume (80 ul, 100 L, 120 yL, 150 pl).
E Optimization of the detection time (5 min, 8 min, 10 min). T/C is the ratio of the signal intensity of the test line (T line) to the control line (C line)
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Fig. 4 Standard calibration curve of SEE by (A) DAS-ELISA and (B, C) TRFICA by plotting the absorbance and fluorescence intensity ratio of a series
of SEE concentrations (illustrations in color). T/C is the ratio of the signal intensity of the test line (T line) to the control line (C line)

membrane (HG-2) and two glass fiber types (SB08 and
RB65). The results (Fig. 3C) showed that SB0O8 achieved
a desirable signal intensity and inhibition effect, while
HG-2 and RB65 were deemed unsuitable because of poor
signal strength.

The sample volume plays a crucial role in TRFICA,
affecting the color development, speed, and sensitiv-
ity of the process. The signal label release rate can also
affect detection sensitivity by allowing shorter or longer
incubation times. This study determined that the optimal
parameters for the established TRFICA were a sample
volume of 100 uL (Fig. 3D) and a TRFICA reaction time
of 8 min (Fig. 3E). These optimized conditions enabled
our TRFICA to achieve the required fluorescence levels.

Sensitivity

To establish the standard curves for TRFICA and DAS-
ELISA, a series of SEE standards were adjusted for
TRFICA (0.5-64 ng/mL) and DAS-ELISA (0.05-3.2 ng/
mL). The standard curve for TRFICA for SEE was lin-
ear (y=0.01008x+0.0205, r*=0.9978) in the range
of 0.5-64 ng/mL (Fig. 4B, C). The standard curve for
DAS-ELISA exhibited a linear range of 0.2-3.2 ng/mL
for SEE, with a correlation coefficient of 0.998 (Fig. 4A).
Although the limit of detection (LOD) for the TRFICA
(0.081 ng/mL) was found to be slightly higher than that
of DAS-ELISA (0.028 ng/mL), the detection range was

significantly wider for TRFICA (0.5-64 ng/mL) com-
pared with DAS-ELISA (0.05-3.2 ng/mL). In a different
study, comparable results were observed when using a
time-resolved fluorescence immunoassay (TRFIA) to
detect microcystin. The TRFIA was found to improve
sensitivity and expand the detection range in compari-
son to ELISA and HPLC [30]. Furthermore, in various
other studies that have aimed to establish TRFICAs for
detecting C-peptides, procalcitonin, plasma soluble
growth-stimulating gene protein 2, chlorpromazine, and
fumonisin B1, consistently wide detection ranges were
observed of approximately two orders of magnitude
[31-35]. Our study indicates that methods using differ-
ent labels could influence assay sensitivity and detec-
tion range, even when employing the same identical
antibodies. Compared with DAS-ELISA, the TRFICA
for SEE not only maintained similar sensitivity but also
broadened the detection range, demonstrating greater
adaptability.

Specificity

Additional experiments were conducted to determine
the specificity of the established SEE TRFICA and
DAS-ELISA by checking their cross-reactivity (CR)
with the various alternative SE serotypes. As shown
in Fig. 5, no CR was observed in the established DAS-
ELISA systems, except for that between SEE and SED
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Fig. 6 The cross-reactivity of TRFICA with different SE serotypes
(illustrations in color). The concentrations of the cross-reacting
enterotoxins were 100 ng/mL

(only 1% CR at 100 ng/mL). The primary reason for this
cross-reactivity is that SED is similarly homologous
to SEE [36]. Furthermore, our established TRFICA
showed no CR with other comparative antigens (Fig. 6),
demonstrating better specificity for SEE detection com-
pared with DAS-ELISA.

It is important to note that, in the development of
TRFICA and DAS-ELISA, we employed opposite anti-
body configurations. In DAS-ELISA, we used a pAb as
the capture antibody and a mAb as the detection anti-
body to achieve higher specificity. Conversely, in the
TRFICA method, we used mAbD as the capture antibody
and pAb as the detection antibody, a configuration
chosen based on preliminary experiments that demon-
strated stronger signals with this setup. Additionally,
mAbs, because of their higher specificity for antigen
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binding, could be used as capture antibodies to achieve
high selectivity in capturing target analytes. As a detec-
tion antibody, pAb would amplify the detection signal
by binding to multiple sites on the analytes [37].

This difference in antibody configuration might have
significantly impacted the specificity and signal inten-
sity of the assays. For instance, we observed some CR in
DAS-ELISA, whereas no CR was detected in TRFICA.
This could be attributed to higher specificity being ena-
bled when the mAb is used as the capture antibody. This
would allow for more precise recognition and capture of
the target antigen, thereby reducing nonspecific binding.
The use of the pAb as the detection antibody would fur-
ther enhance signal intensity because of its ability to bind
multiple sites on the analyte.

Accuracy and precision

The recoveries and coefficient of variation (CV) of infant
formula were used to determine the accuracy and pre-
cision of both TRFICA and DAS-ELISA, as described
above [38]. SEE-negative infant formula was spiked with
three different brands of infant formula at three different
concentrations (2, 4, 8 ng/mL for TRFICA and 0.2, 0.8,
3.2 ng/mL for DAS-ELISA). As can be seen in Table 1, the
recoveries of TRFICA ranged from 93.17% to 128.77% in
infant formula, with a CV lower than 12%, demonstrating
the reliability of the TRFICA for detecting SEE in infant
formula. When it came to DAS-ELISA, the recoveries
were from 81.48% to 111.91%, with a CV lower than 6%.
These results indicated that both methods are acceptable
for SEE detection in terms of accuracy and precision.

Comparison of published detection methods for SEE

There have been limited reports on immunoassays spe-
cifically designed for SEE detection [15-20]. Most of the
reported methods focused on the multi-residue detec-
tion of the five classical SEs simultaneously (Table 2).
From a food control perspective, detecting multiple SEs
has economic and social benefits. However, where a swift
diagnosis of acute human poisoning or epidemiological
investigations of food poisoning outbreaks are sought,
grouped and undifferentiated detection may inhibit deeper
epidemiological analysis. Given the importance of all five
classical SEs and their association with SFP outbreaks,
recent studies have focused on developing detection meth-
ods for individual enterotoxins [39, 40]. Commercial kits
for specific enterotoxins are also available [41], reflecting
the growing demand for targeted assays. Our study spe-
cifically focused on SEE because of its frequent association
with SFP outbreaks, especially in milk and dairy prod-
ucts, posing a significant risk to infants. Our study has
addressed the urgent need for a method to rapidly identify
SEE. The development of specific methods for the sensitive
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Table 1 Recoveries of SEE from infant formula by DAS-ELISA and TRFICA
Infant formula DAS-ELISA TRFICA
Spiked Found Recovery (%) CV (%) Spiked (ng/ Found Recovery (%) CV (%)
(ng/mL) (ng/mL) mL) (ng/mL)
Yili PRO-KIDO 0.2 0.21 107.18 241 2 237 118.58 7.58
0.8 0.79 98.66 3.50 4 4.98 124.46 5.20
32 2.99 93.37 5.63 8 9.76 122.00 4.98
Junlebao LePlatinum K2 0.2 0.20 100.90 327 2 246 123.01 11.61
0.8 0.90 11191 267 4 4.87 121.81 10.57
32 2.96 9235 1.65 8 10.30 12877 6.88
Friso Prestige 0.2 0.16 81.48 4.60 2 1.86 93.17 522
0.8 0.81 101.66 3.60 4 5.01 12535 9.05
3.2 3.17 98.98 3.01 8 10.17 127.08 7.46
Table 2 Comparison of published methods for the detection of SEE
Reference Method Target analyte Linear range of SEE LOD of SEE Required time
(ng/mL) (ng/mL)
Vidas® SET2 kit [39] Enzyme-linked SEA, SEB, SEC, SED, SEE - 0.025 80 min
fluorescence test
(ELFA)
Ridascreen® SET Total kit [39] DAS-ELISA SEA, SEB, SEC, SED, SEE - 0.25 (liquid sample), 3h
0.375 (solid sample)
[20] Immunochro- SEA, SEB, SEC, SED, SEE 10-250 5 15 min
matographic
(ICT)
[40] DAS-ELISA SEA, SEB, SEC, SED, SEE 0.086-2.5 0.25 2-3h
[41] DAS-ELISA SEA, SEB, SEC, SED, SEE 0.05-100 04 >2h
This study DAS-ELISA SEE 0.2-32 0.028 2-3h
This study TRFICA SEE 0.5-64 0.081 8 min

and individual detection of SEE using TRFICA and DAS-
ELISA will enable future investigations into the unique
role of SEE in SFP outbreaks.

Sensitive methods are crucial for SEE detection. One of
the most challenging aspects of immunoassays is finding
the right raw materials, i.e., antibodies, as they directly
impact sensitivity, specificity, and assay stability. In our
study, both TRFICA and DAS-ELISA demonstrated
detection limits for SEE superior to those reported in the
literature [20, 41-43] and were comparable to the com-
mercial Vidas® SET2 kit. The enhanced performance of
TRFICA and DAS-ELISA can be attributed to the devel-
opment of novel monoclonal and polyclonal antibodies
with high affinity for SEE, which contributed significantly
to the increased sensitivity of these assays.

It is important to note that antibody-based immu-
noassays can vary in procedure time and sensitiv-
ity because of differences in assay design and the
technology used for signal detection. For instance,
traditional LFIAs are favored for their ease of use,

cost-effectiveness, and rapid format. However, they
often suffer from lower sensitivity and specificity com-
pared with ELISA methods [44]. In this context, our
study introduced the TRFICA method, which combines
the advantages of fluorescence analysis and LFIAs.
This novel approach achieved sensitivity levels com-
parable to ELISA and outperformed traditional LFIAs
[20]. Additionally, TRFICA offered the advantage of a
significantly shorter reaction time, only eight minutes,
making it a simpler and more flexible option for the
simultaneous testing of single or multiple samples. This
groundbreaking detection methodology holds great
potential for SEE detection in various applications, and
particularly for the efficient screening of infant formula.

Conclusion

Overall, our developed TRFICA method, which combines
fluorescence analysis and lateral flow immunochroma-
tography, offers a valuable solution for on-site detec-
tion of SEE in infant formula. It has achieved sensitivity
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levels comparable to ELISA, while providing new levels
of simplicity, flexibility, and shorter reaction times. To
the best of our knowledge, this study represents the first
report of TRFICA specifically for SEE analysis using anti-
bodies. Our findings emphasize the significance of care-
ful antibody selection, assay design, and technological
approaches in developing sensitive and specific immu-
noassays for detecting target analytes, especially in the
realm of food safety and public health.

Materials and methods

Materials

Highly purified standard toxins, including SEA, SEB,
SEC1, SEC2, SEC3, SED, and SEE (purity more than
95%), were obtained from Toxin Technology (Sarasota,
FL, USA). Three Chinese infant formulas, namely PRO-
KIDO, LePlatinum K2, and Friso Prestige, were purchased
from Yili Group, Junlebao Dairy Company (Shijiazhuang,
China), and FrieslandCampina (Amersfoort, the Nether-
lands). White, opaque, polystyrene 96-well microplates
were obtained from Costar Inc. (Milpitas, CA, USA).
Goat anti-mouse IgG and TMB were obtained from
Jackson ImmunoResearch (West Grove, PA, USA). The
time-resolved fluorescence microspheres were commer-
cially obtained from Bangs Laboratories (Fishers, IN,
USA). Sample pads (HG-2, RB65, SB08) were purchased
from Liangxin Technology Co., Ltd. (Shanghai, China).
The HRP conjugation labeling kit was obtained from
Abcam (Toronto, Canada). Fetal calf serum and Dulbec-
co’s Modified Eagle’s Medium (DMEM) were purchased
from Gibco BRL (Carlsbad, CA, USA). Polyethylene gly-
col 1500 (PEG 1500), complete Freund’s adjuvant (CFA),
incomplete Freund’s adjuvant (IFA), and HRP were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
The portable TRFICA reader was bought from Nanjing
Microdetection Biotech Co., Ltd. (Nanjing, China).

Expression and purification of a recombinant SEE protein

SEE protein expression constructs for bacterial expres-
sion were generated by gene synthesis (Genscript).
Briefly, gene sequence for SEE was obtained from Gen-
Bank (accession no. WP_000750405). The SEE sequences
were synthesized and cloned into pET-28a (+) expres-
sion vectors. The resulting recombinant plasmid was
transformed into the E. coli BL2I and selected by
screening colonies on Luria—Bertani (LB) media con-
taining antibiotics. Bacteria were grown in LB medium
at 37 °C with 0.525 g (150 rpm) shaking on a shaking
incubator with a rotational radius of 25 mm until they
reached the logarithmic phase. Recombinant fusion pro-
tein expression was induced by 1 mM isopropyl-p-D-
thiogalactopyranoside (IPTG). Subsequently, the E. coli
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cells were collected and disrupted by sonication. After
centrifugation, the expressed SEE protein was purified by
nickel affinity chromatography. This was followed by elu-
tion with wash buffer (phosphate buffer) containing dif-
ferent concentrations of imidazole (30, 80, 120, and 500
mmol/L) to obtain the pure SEE protein. The purity of the
collected samples was verified by SDS-PAGE followed by
staining with Coomassie brilliant blue R250. Protein con-
centration was determined via BCA assay (Thermo Sci-
entific, Waltham, MA, USA).

Recombinant SEE protein immunization of animals

Eight 6-week-old female BALB/c mice were immunized
five times every three weeks, following our previously
described procedure [45]. This experiment was approved
by China Agricultural University and complied with the
Animals in Research: Reporting In Vivo Experiments
(ARRIVE) guidelines. In brief, the initial injection con-
sisted of 200 pg of expressed SEE protein emulsified with
CFA, succeeded by four subcutaneous injections of 100
pg of expressed SEE protein with IFA. From the second
immunization onwards, antisera were obtained from the
mice’s orbital venous plexus on the tenth day post-immu-
nization, and their affinity was evaluated using icELISA.

Following our previously described procedure [46], a
female New Zealand white rabbit was immunized four
times to produce pAbs. The rabbit was immunized sub-
cutaneously with 1 mg of expressed SEE protein emulsi-
fied with CFA for the first immunization. For the booster
immunizations, an equal quantity of the immunogen
emulsified with IFA was injected at 2-week intervals.
Rabbits were bled through an ear vein 10 days after each
booster injection, and the antisera affinity was monitored
by icELISA.

The affinity of antisera was determined using icELISA
and expressed as inhibition ratio values as follows. The
microplates were coated with 100 pL of expressed SEE
protein at 37 °C for 2 h. The coating solution in the plates
was then discarded. Blocking buffer was then added to
the plates (150 pL/well), which were then placed in an
incubator for 1 h at 37 °C. The SEE standards (50 pL)
were added to the wells, along with 50 pL of antisera,
which was serially diluted. After an incubation of 30 min
at 37 °C, the plates were washed by PBST three times.
Goat-anti-mouse IgG-HRP (1:3000, 100 pL/well) was
then added, and incubated for 30 min at 37 °C. After four
washes, 100 pL of TMB substrate was added to each well
and incubated for 15 min at 25 °C. Then, 2 M H,SO, (50
uL/well) was used to stop the enzymatic reaction, and the
OD value at 450 nm was measured. The inhibition ratio
was calculated using the following equation: Inhibition
ratio (%)= (B, — B) / B;x100%, where B, and B are the
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OD values in the absence of SEE standards and in the
presence of SEE standards, respectively.

Preparation and identification of mAbs against SEE
standards

Our group previously described the fusion experimental
procedures [45]. Three days prior to cell fusion, the mice
expressing the highest affinity antisera were intraperi-
toneally injected with 300 pg of expressed SEE protein
diluted in PBS. The spleens were obtained and dissoci-
ated from the euthanized mice under sterile conditions.
The splenocytes were fused with SP2/0 myeloma cells
using PEG 1500 after the red blood cells were lysed. The
resulting hybridoma cells were propagated in a HAT
selection medium, and plated in 96-well micro-culture
plates. Hybridoma cells that secrete antibodies specific
to SEE standards were screened for by non-competitive
ELISA and icELISA. Clones with high IC;, values were
subcloned three times using the limiting dilution method
before ascites production. The mAbs were then purified
from ascites through protein A affinity chromatography
columns and conjugated to biotin as a secondary anti-
body for subsequent experiments.

Rabbit pAb preparation

Two weeks after the final immunization injection, the
rabbit exhibiting the highest affinity for SEE was selected
and injected intravenously with 1 mg of expressed SEE
protein diluted in PBS. Antisera samples were collected
10 days later, and the antibodies were purified from the
serum using protein A affinity chromatography columns.
The resulting pAbs were then stored at—80 °C.

Development and optimization of a double antibody
sandwich ELISA

To establish the DAS-ELISA, pAbs were used as capture
reagents, and eight mAbs were used as detection rea-
gents. Selection of the best pairing of mAbs to our pAbs
was based on the P/N value. Appropriate coating con-
centrations, temperature conditions, blocking agents,
mAb dilution, and incubation time were determined as
follows. 96-well plates were coated with capture anti-
body in various concentrations using two-step dilutions
from 40 to 0.625 pg/mL (100 pL/well). The plates were
then incubated for 2 h at 37 °C, 2 h at 25 °C, or 16 h at 4
°C. The microplates were then washed three times with
PBST and subsequently blocked with either 2% non-
fat milk-PBS, 5% non-fat milk-PBS, or 2.5% casein at 37
°C for 2 h. Aqueous SEE standards were diluted in PBS,
and incubated for 30 min, 45 min, and 60 min at 37 °C.
Biotinylated mAbs were analyzed as detection reagents at
1:500, 1:1000, 1:2000, 1:4000, and 1:8000 dilutions in PBS
for 30 min, 45 min, and 60 min at 37 °C. In each plate, the
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reference negative control was included, and the experi-
ments were repeated three times. After three washes,
HRP-labeled streptavidin was added to each well at
1:1000, 1:3000, and 1:5000 dilutions for 30 min, 45 min,
and 60 min at 37 °C. Following three washes with PBST,
the TMB ELISA substrate was added and incubated in
the dark at room temperature (25 °C) for 15 min. The
absorbance was measured at 450 nm using a microplate
reader after the reaction was stopped by the addition
of 50 pL of 2 M H,SO,. Optimal conditions were deter-
mined based on the highest P/N value.

Development and optimization of time-resolved
fluorescence immunoassay

Time-resolved fluorescence probes were prepared by
conjugating rabbit serum pAbs to europium microbeads.
The microbeads have a carboxylic acid that can bind to
antibodies by 1-ethyl-3-(-3-dimethylaminopropyl) car-
bodiimide hydrochloride/N-hydroxysuccinimide (EDC/
NHS) activation. For conjugation, the beads were sus-
pended in 104 pL of activation buffer and then treated by
sonication for 2 min. 20 pL of EDC (1 mM) and 20 pL
of Sulfo-NHS (1 mM) were added, the solution shaken
for 15 min at 37 °C, and then centrifuged at 20,000 g for
15 min at 4 °C. After the supernatant was removed, the
beads were washed with 200 pL of coupling buffer con-
taining 50 mM sodium borate and 200 mM boric acid,
and collected by centrifugation (15 min, 20,000 g, 4 °C).
Then, different concentrations of pAbs (2, 4, 8, or 16 pL
of 5.67 mg/mL solution in coupling buffer) were added,
and the mixture was shaken for 2 h at 37 °C, and then
centrifugated at 15,000 g for 15 min. After the superna-
tant was removed, the beads were resuspended in 100
uL of blocking buffer and further shaken for 2 h at 37 °C.
Following two wash steps, the final solution was stored at
4 °C until use.

We also determined the appropriate dilutions of coat-
ing mAbs, sample pad material, sample volume, and
detection time. On a nitrocellulose membrane, the T
line was coated with different dilutions of mAbs (1-, 2-,
4-, or eightfold dilution of mAb 1A5). The concentra-
tion of mAb 1A5 was 4.13 mg/mL. The C line was coated
with goat anti-mouse IgG, and then dried at 37 °C for 2
h. Three types of sample pads were also investigated,
including hemofiltration membrane (HG-2) and glass
fibers (RB65 and SBO08) as previously described [47]. To
determine the optimum sample volume and detection
time, different sample volumes (80, 100, 120, or 150 uL)
were added into the sample well. After 5, 8, or 10 min of
incubation, the signal intensity of the TRFICA was read
by the strip reader, and the T/C signal ratio was used for
quantification. In the optimization process described
above, T/C values were determined in relation to both
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the absence (negative sample) and presence (positive
sample) of SEE. The concentration of SEE in the spiked
samples for TRFICA was 1 ng/mL. The ideal detection
time was determined as the time that T/C value remained
unchanged and was acquired by the following procedure:
after the sample was added to the test strip, the test strip
was inserted into the immunofluorescence analyzer. The
signal intensities were recorded after 5, 8, and 10 min and
the point where the T/C value reached equilibrium was
selected as the detection time point.

Sensitivity

To establish a standard curve, standardized SEE solution
was spiked in the assay buffer at 0.5, 1, 2, 4, 8, 16, 32, and
64 ng/mL for TRFICA, and 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, and
3.2 ng/mL for DAS-ELISA and measurements taken in
triplicate. The standard curve was graphed using Origin-
Pro 8.0 software. To determine the LOD for the TRFICA
and DAS-ELISA developed here, 20 SEE-negative sam-
ples were also tested. The LOD for interpretation of posi-
tive and negative results was based on the mean signal
value obtained from the values of 20 negative samples
(n=20) plus three times the standard deviations [48].

Specificity

To evaluate the specificity of the TRFICA and DAS-
ELISA, classical SE serotypes, namely SEA, SEB, SEC1,
SEC2, SEC3, SED, and SEE, were used to evaluate the
assays’ CR. The concentrations of the SEs were adjusted
to 10 and 100 ng/mL, which was deemed sufficient for
determining specificity. The TRFICA and DAS-ELISA
systems were then trialed, and the CR value obtained
using the following formula:

CR = IC50(SEE)/1C50(analog) x 100% (1)

Accuracy and precision

Recoveries and CVs were calculated to evaluate the
accuracy and precision of both methods. Three Chinese
infant formula brands, namely Yili PRO-KIDO, Junlebao
LePlatinum K2 and Friso Prestige were analyzed. 25 g of
infant formula was added to 100 mL 0.25 M Tris buffer
(pH=8.0), and the top lipid layer was discarded following
centrifugation at 15,000 g, 4 °C for 10 min. The sample
was then diluted by a factor of 20 with deionized H,O.
The samples were spiked with SEE standards at different
concentrations (2, 4, 8 ng/mL for TRFICA and 0.2, 0.8,
3.2 ng/mL for DAS-ELISA) and each concentration was
tested in triplicate (n=3). The formula used to calculate
recovery was:

Recovery(%) = (detected level/spiked level) x 100% (2)
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