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Abstract

Background: To address challenges of low sensitivity, complex operation, and matrix interference in detecting deoxynivalenol (DON)
in cereals, this study developed a novel wash-free detection system using amplified luminescence proximity homogeneous assay (Al-
phaLICA) technology. Methods: The method leverages energy transfer between microspheres and antigen-antibody interactions: DON
antibodies competitively bind to DON-BSA-luminescent microspheres and DON standards/samples, with bound antibodies detected via
goat anti-mouse IgG-conjugated photosensitive microspheres. Results: Results demonstrated a detection limit (LOD) of 1.03 ng/mL
and quantitation limit (LOQ) of 7.57 ng/mL. Intra-/inter-batch coefficients of variation were <6.13% and 6.67%, respectively. Recovery
rates in wheat, corn, and rice reached 97.52%—105.83% (relative standard deviation (RSD) <12.83%), with <0.21% cross-reactivity to
aflatoxin B1. Compared to enzyme-linked immunosorbent assay (ELISA), AlphaLICA showed superior sensitivity (1.03 vs. 10 ng/mL),
faster detection (5 vs. 35 min), broader linear range (7.57-800 vs. 12.5-200 ng/mL), and lower variability (6.13%/6.67% vs. 8%/12%).
Pearson correlation analysis confirmed a strong association with ELISA results (p < 0.001, r = 0.8374). Conclusions: The established
DON-AlphalLICA method provides a simple, rapid, sensitive, and accurate solution for DON detection, effectively addressing current
limitations in grain safety monitoring. This innovative method enables efficient screening of mycotoxin contamination in agricultural
products while minimizing procedural complexity.
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1. Introduction quently in developing countries due to the lag of detection
technology [13,14]. As an illustration, the European Union
regulates DON in maize-derived products and grains to a
maximum threshold of 750 pg/kg, while China’s GB2761-
2011 mandates a DON limit of 1000 ug/kg for processed
grains (e.g., maize, barley, wheat flours, and related deriva-
tives). This stringent regulatory divergence necessitates de-
tection methodologies with enhanced sensitivity and analyt-
ical precision to meet compliance standards.

In the context of global climate change and high-
density agricultural cultivation, mycotoxins are threatening
human health in the form of food mildew [1-3]. As one
of the secondary metabolites of Fusarium, deoxynivalenol
(DON) has the characteristics of wide pollution range, com-
plex toxicity mechanism and difficult prevention and con-
trol [4—6]. More seriously, DON not only causes acute gas-
troenteritis symptoms by inhibiting the activity of eukary-

otic ribosomal peptidyl transferase, but also its chronic ex- The current DON detection methods are diverse,

posure is closely related to intestinal flora imbalance, im-
mune tolerance imbalance and even cancer risk [7-9]. Stud-
ies have shown that DON can also induce pyroptosis of
intestinal epithelial cells by activating the MAPK/NF-xB
signaling pathway, which makes it clearer to understand its
toxic mechanism [10,11]. Although the European Union,
the United States and other countries have established a full
chain supervision system from farmland to table, with ad-
vanced detection technologies such as High-Performance
Liquid Chromatography-Mass Spectrometry (HPLC-MS)
widely adopted in the EU for official monitoring of DON
[12]. The food safety problems of cereals still occur fre-

including immunoaffinity column-fluorescence detec-
tion (IAC-FLD), enzyme-linked immunosorbent assay
(ELISA), colloidal gold immunochromatography and other
methods [15-18]. Among them, the TAC-FLD method has
higher requirements for experimental operation and instru-
ment use and longer detection time [19,20]. In the ELISA
method, the samples were processed and diluted according
to the method in the kit, and the standard concentration of
DON positive limit was 250 ng/mL. However, compared
with the amplified luminescence proximity homogeneous
assay (AlphalLICA) method, the standard curve range of the
enzyme immunoassay kit (12.5-200 ng/mL vs. 7.57-800
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ng/mL) was lower, which could not meet the detection
of high concentration samples [21]. Colloidal gold rapid
detection card is a commonly used rapid detection method,
which can be used for the screening of a large number of
samples. It has the advantages of relatively simple opera-
tion and rapid detection [22—-24]. However, colloidal gold
assays are limited to qualitative/semi-quantitative detection
with compromised sensitivity and accuracy. Empirical
data reveal 16% false-positive and 5% false-negative rates
in wheat at critical DON thresholds, attributable to anti-
body cross-reactivity and subjective visual interpretation.
These fundamental constraints prevent reliable rapid DON
screening [23,25-27].

In this context, AlphalLICA technology has attracted
academic attention due to its unique ‘wash-free’ design con-
cept [28]. The technology activates the chemiluminescence
substrate in the luminescent microsphere by the singlet oxy-
gen generated by the laser excitation of the photosensi-
tizer in the photosensitive microsphere, forming a spatially
confined energy transfer network. This non-contact signal
amplification mechanism not only avoids the washing loss
problem of traditional ELISA, but also realizes the phys-
ical suppression of background signal through the short-
range diffusion characteristics of singlet oxygen (the radius
of action is less than 200 nm), which provides a new solu-
tion for complex matrix detection [29,30]. The purpose of
this study is to establish a new, rapid and accurate DON-
AlphaLICA detection method, which is expected to make
an important contribution to the detection of toxins in cere-
als.

2. Materials and Methods
2.1 Reagents and Instruments

Immunochemical components including DON-BSA
(Cat. No. STD03925, Beosen Biotech, Wuxi, China)
conjugate, analytical-grade DON standards (Cat. No.
STD03932, Beosen Biotech), murine-derived anti-DON
monoclonal antibodies (Cat. No. MCHO04290, Beosen
Biotech), and a commercial DON ELISA kit (Cat. No.
MYT03396, Beosen Biotech) were procured from Beosen
Biotech .  Cross-reactivity validation reagents (afla-
toxin B1) originated from the same supplier. Secondary
antibodies (goat anti-mouse IgG) were acquired from
Biotech Biotechnology (Cat. No. Ov02-02, Biotech
Biotechnology, Luoyang, China), with AlphaLICA Iu-
minescent microspheres (Cat. No. 67500002, Weidu
Biotech, Suzhou, China) and photosensitive microspheres
(Cat. No. 67700001, Weidu Biotech) obtained from
Weidu Biotech. Biochemical reagents comprised Tris-
base (Cat. No. V33729, Yuanye Biotech, Shanghai,
China) and MES buffer (Cat. No. R21353, Yuanye
Biotech), while Bovine Serum Albumin (BSA) (Cat. No.
V900933, Sigma-Aldrich, Missouri, USA), Proclin 300
(Cat. No. 48918-U, Sigma-Aldrich) preservative, 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) (Cat. No.

39391, Sigma-Aldrich) and N-Hydroxysuccinimide (NHS)
(Cat. No. 130672, Sigma-Aldrich) were supplied by
Sigma-Aldrich (Cat. No. V900933, Sigma-Aldrich).
Methanol of high-performance liquid chromatography
(HPLC) grade was sourced from Sinopharm Chemical (Cat.
No. 40064260, Sinopharm Chemical, Shanghai, China)
and microsphere stabilization solution from Boshi Biotech
(Cat. No. B07258, Boshi Biotech,Hangzhou, China). In-
house formulated buffers included: (1) blocking buffer
(0.6% Tris-base, 0.2% BSA, 0.9% NaCl, 0.05% Proclin
300), (2) 2-(N-Morpholino) ethanesulfonic acid (MES)-
based conjugation buffer (50 mM, pH 6.0), and (3) standard
matrix (2.5 mM Tris-HCI with 0.5% BSA).

Experimental instrumentation encompassed a Suntad
ultrasonic cleaner (Cat. No. E0434, Beyotime Biotechnol-
ogy, Shanghai, China), Sigma-Aldrich 96-well immunore-
action plates (Cat. No. CLS2485, Sigma-Aldrich, Mis-
souri, USA), and a thermostatic microplate shaker (Cat.
No.170803, Kangjian Medical, Jiangsu, China). Fluores-
cence quantification was performed using an AlphalLICA
signal detector (Cat. No. B8B23, Biotecs Intelligent Tech-
nology, Zhejiang, China).

2.2 Functional Modification of Microspheres
2.2.1 Luminescent Microspheres Coupled With DON-BSA

2.2.1.1 Washing of microspheres. 1 mg of Luminescent
microspheres were dispensed into a 1.5 mL centrifugation
tube, supplemented with 300 pL 50 mM MES buffer (pH
6.0), spun at 13,000 rpm for 20 min, and the supernatant
was removed; MES buffer was applied for two additional
rinses (200 pL per cycle), and the microspheres were re-
constituted to a final concentration of 5 mg/mL using 200
pL MES buffer.

2.2.1.2 Carboxyl activation. A 1:2 molar ratio of
EDC/NHS (5 pL of 20 mg/mL EDC: 10 pL of 20 mg/mL
NHS) was added sequentially to purified microspheres.
The mixture was vortex-mixed and incubated at 37 °C for
20 min in the dark. After centrifugation at 13,000 rpm
for 20 min, the supernatant was discarded, and the pellet
was reconstituted in 400 pL tagging buffer, sonicated for
30 sec, and washed twice with phosphate-buffered saline
(PBS).

2.2.1.3 Antigen coupling. 0.1 mg DON-BSA was mixed
with activated microspheres and incubated at 37 °C for 2
h. After centrifugation at 13,000 rpm for 20 min, the super-
natant was discarded, 800 pL of blocking buffer was added,
and blocked at 37 °C for 1 h in the dark.

2.2.1.4 Product preservation. After centrifugation, the su-
pernatant was discarded, ultrasonically dispersed with 1 mL
blocking buffer, and repeatedly washed twice. Finally, the
microspheres were resuspended with 500 pL microsphere
preservation solution to a final concentration of 2 mg/mL,
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and stored at 4 °C in dark. The coupling amount of carboxyl
microspheres was 119.8 mg/g.

2.2.2 Photosensitive Microspheres Coupled With Goat
Anti-mouse IgG

2.2.2.1 Microspheres pretreatment. 1 mg photosensitive
microspheres were taken, and MES buffer was washed and
the concentration was adjusted according to the above 2.2.1
steps (final concentration 5 mg/mL).

2.2.2.2 Antibody coupling. 0.1 mg goat anti-mouse IgG
was combined with functionalized microspheres, main-
tained at 37 °C for 2 h under light protection, and spun at
13,000 rpm for 20 min to eliminate the liquid phase.

2.2.2.3 Aldehyde reduction. 10 pL of 1 mol/L NaBH,
(formulated using ultrapure water) was supplemented and
maintained at 37 °C under light-protected conditions for
two hours.

2.2.2.4 Closure and purification. After centrifugation, the
liquid phase was removed and passivated with 800 pL
blocking buffer for 1 hour (under light-protected conditions
at 37 °C), succeeded by sonicated homogenization with
600 pL blocking buffer, duplicate washing cycles, and ulti-
mately reconstituted with 500 pL. microsphere preservation
solution to a particle density of 2 mg/mL, preserved in a
light-protected environment at 4 °C.

2.3 Optimization of Detection System

To enhance the analytical performance, systematic op-
timization was performed on three critical parameters: the
mixing ratio between photosensitive microspheres and Lu-
minescent microspheres, antibody (DON-Ab) concentra-
tion, and incubation duration during immunoreaction. With
a lower half-maximal inhibitory concentration (IC5() value
and a higher Fy,,x/IC5¢ value as the selection criteria, the
larger the F,,x/IC5¢ value, indicating that the detection sys-
tem has high signal output capacity (high Fy.x) and high
sensitivity (low IC5p). At the same time, in order to obtain
higher sensitivity, the sample addition method was also op-
timized. Due to the dilution coefficient K = 20, the final
matrix concentration was 1 ng/mL = 20 pg/kg.

2.4 Method Evaluation
2.4.1 Precision

An identical criterion was employed for 10 replicate
analyses, and the intra-assay variability metric (CV) was
assessed by deriving the mean concentration and standard
deviation. Concurrently, the inter-batch variability metric
was quantified through three separate experimental trials.
The coefficient of variation (CV) served as the precision
assessment parameter, with the computational expression
defined as: CV (%) = (standard deviation/mean) x 100.
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2.4.2 Sensitivity

The analytical detectability of the assay was defined as
the limit of detection (LOD) in this investigation. The av-
eraged mean blank signal value (F) and its associated vari-
ability (SD) were quantified through 10 replicated assays of
negative controls (analyte-free conditions). The LOD and
limit of quantitation (LOQ) were established following Eu-
rachem criteria: LOD represented the analyte level equiva-
lent to the blank signal magnitude reduced by threefold SD
(F-3SD), whereas LOQ corresponded to F-10SD, as vali-
dated against the calibration curve [31].

2.4.3 Specificity

Under the optimal reaction conditions, the cross-
reaction rate was determined with aflatoxin B1 (AFB1)
as the interfering substance. The calculation formula of
cross-reaction rate is: cross-reaction rate = actual concen-
tration/theoretical concentration x 100%.

2.4.4 Recovery Rate

The standard addition method was used to evaluate the
recovery rate: the DON standard solution with known con-
centration was added to the fully homogenized blank grain
sample at a ratio of 1:9 to prepare the spiked sample (n =
9). After the sample was pretreated, the total DON concen-
tration was detected by AlphaLICA method in this exper-
iment. After deducting the background value of the blank
sample without standard addition, the recovery rate was cal-
culated according to the following formula: Recovery = (C
measured — C blank)/C spiked x 100% (C measured is the
mean value of the detected concentration of the spiked sam-
ple, C blank is the background concentration of the blank
sample, and C spiked is the theoretical concentration of the
added standard solution).

2.5 Sample Handling

Weigh 5.0 g grain samples (Note: crushed, sieved
through 20 mesh) in a 100 mL stopper triangle bottle, accu-
rately add 25 mL 10% methanol water (1:9) solution, close,
shake for 10 min (200 rpm), take the appropriate amount of
methanol water extract of the sample in a centrifuge tube,
more than 3500 rpm, centrifuge for more than 5 min, take
the intermediate layer of the supernatant, that is, the sample
extract. Take 0.2 mL sample extract, add 0.6 mL standard
working solution, and mix well to obtain the sample solu-
tion to be tested (dilution coefficient K = 20). The sample
solution to be tested was analyzed by AlphaLICA.

2.6 ELISA Detection Scheme of DON

The DON levels in the test material were quantified
via ELISA (Beosen Biotech, Cat. No. MYT03396, Wuxi,
China) to validate the analytical robustness of the Alphal-
ICA assay. The pre-coated microplates were sequentially
added with 0, 12.5, 25, 50, 100, 200 ng/mL DON standard
solution and the sample to be tested. Each well was added
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Fig. 1. Principle and Flowchart of AlphaLICA. (A) AlphaLICA System Schematic for DON detection. (B) Flowchart of DON-
AlphaLICA. DON, Deoxynivalenol; BSA, Bovine Serum Albu-min.

with 50 uL DON antibody solution and 50 pL horseradish
peroxidase (HRP) labeled secondary antibody solution, re-
spectively. After incubation at 37 °C for 20 min, the re-
action solution was discarded, and the micropores were
washed four times with washing buffer. Subsequently, 50
puL chromogenic substrate (TMB) and 50 pL termination
solution (2 mol/L H,SO4) were added to each well, and the
chromogenic reaction was carried out at 37 °C for 15 min
in the dark. The absorbance (OD value) was immediately
determined at 450 nm wavelength. The Logit-log linear re-
gression standard curve was established with the standard
concentration (No.1-6 holes) as the abscissa and the Logit
value of the corresponding OD value as the ordinate, and
the DON concentration corresponding to the OD value of
the sample hole was calculated.

2.7 Statistical Analysis

Data analysis was performed using SPSS Statistics 26
software (SPSS Inc., Chicago, IL, USA), specifically in-
cluding: (1) assessing the strength of association between
data obtained from ELISA and AlphalLICA technology;

(2) calculating the half-maximal inhibitory concentration
(ICs5¢) of AlphaLICA. First, the Shapiro-Wilk test was used
to determine whether the data followed a normal distribu-
tion. Based on this, appropriate correlation analysis meth-
ods were selected: Pearson correlation analysis was used
for data that followed a normal distribution, while Spear-
man rank correlation analysis was used for data that did not
follow a normal distribution. The statistical significance
level was set at p < 0.05.

3. Results
3.1 DON-AlphaLICA Detection Principle

In this study, a highly sensitive detection system for
DON was constructed based on the principle of Alphal-
ICA determination (Fig. 1). The DON-BSA complex was
covalently coupled to the surface of the luminescent micro-
spheres by carbodiimide method (EDC/NHS), and the goat
anti-mouse IgG was coupled to the surface of the photosen-
sitive microspheres by reductive amination [32,33]. When
the free DON in the sample competes with the DON-BSA
on the luminescent microsphere to bind to the antibody, the
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antibody binds to the goat anti-mouse IgG secondary an-
tibody coupled to the photosensitive microsphere through
the Fc segment, and the distance between the two micro-
spheres is shortened to less than 200 nm. Under irradiation
with a 680 nm laser, the generated singlet oxygen from the
photosensitive microspheres transferred to the Luminescent
microspheres, triggering the europium chelate to produce
the distinct emission at 615 nm. The signal magnitude ex-
hibited an inversely proportional relationship to the DON
concentration in the test material [34].

3.2 Optimization of DON-AlphaLICA

In this study, based on the principle of minimizing
the IC5¢ value of the dose-effect curve and maximizing the
Fiax/IC50 ratio, a single-factor rotation optimization strat-
egy was used to systematically screen the key parameters
of the DON-AlphaLICA system. By constructing a gradi-
ent of 0—-800 ng/mL DON standard solution, the following
optimization experiments were completed in turn.

3.2.1 Optimization of the Concentration of DON-BSA
Coupled Luminescent Microspheres

The DON-BSA coupled luminescent microspheres
were diluted by 1:50, 1:100, 1:200, 1:400, 1:800 gradi-
ent dilution, fixed antibody concentration (600 ng/mL) and
photosensitive microspheres dilution ratio (1:50), reaction
time 5 min. As shown in Fig. 2A, the 1:50 dilution group
showed the best detection performance (IC5¢ =20.3 ng/mL,
Fiax/ICs0 = 3644.09). The results show that the high con-
centration of DON-BSA coupled luminescent microspheres
can enhance the competitive reaction kinetics and improve
the detection sensitivity.

3.2.2 Optimization of the Concentration of Goat
Anti-mouse [gG-conjugated Photosensitive Microspheres

Based on the optimized conditions of luminescent mi-
crospheres at 1:50 and the fixed antibody concentration
(600 ng/mL), the dilution effect of goat anti-mouse IgG
coupled photosensitive microspheres was investigated, and
diluted at 1:50, 1:100, 1:200, 1:400, and 1:800 gradients.
As shown in Fig. 2B, the Fp,,x/IC5q value of the 1:50 di-
lution ratio group (Fm.x/ICs0 = 3911.2) was significantly
higher than that of the other groups, and there was a lower
IC5¢ value (IC5g = 20.8 ng/mL), confirming that high con-
centrations of goat anti-mouse IgG-conjugated photosensi-
tive microspheres help to enhance the bridging efficiency
and optimize the energy transfer path.

3.2.3 Antibody Working Concentration Screening

Under the 1:50 dilution system of double micro-
spheres, the effects of antibody concentrations at 300
ng/mL, 600 ng/mL, 900 ng/mL, 1200 ng/mL and 1800
ng/mL on the detection performance were systematically
evaluated. As shown in Fig. 2C, the 600 ng/mL antibody
group showed the optimal equilibrium characteristics (IC5q
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=21.14 ng/mL, F,.x/IC50 = 1875.69), and the fluorescence
base met the detection requirements. The Logit-log linear
regression fitting degree (r = 0.99807) indicated that mod-
erate antibody concentration could coordinate competitive
binding and signal generation efficiency.

3.2.4 Screening of Reaction Time

On the basis of optimizing the parameters of micro-
spheres and antibodies, the effects of reaction time on the
detection performance were investigated according to the
time gradient of 1 min, 5 min, 15 min and 25 min. As shown
in Fig. 2D, the IC5¢ value (IC5¢ = 21.25 ng/mL) of the 5
min reaction group was lower than that of the other time
groups, and the fluorescence base of Fp,,x/IC50 (Finax/ICs0 =
2202.49) met the experimental detection requirements, and
the slope of the curve at this point was significantly higher
than that of the other time groups, which had the ability to
express the reaction results with high efficiency.

3.2.5 Validation of Sample Addition Method Optimization

Based on the above reaction conditions, the detec-
tion performance was screened by two sampling strategies:
(1) Stepwise incubation method: DON-BSA-luminescent
microspheres, standard/test samples and DON antibodies
were added to the reaction wells in turn. After vortex mix-
ing, goat anti-mouse IgG-conjugated photosensitive micro-
spheres were added and the competitive signal was de-
tected. (2) Synchronous incubation method: DON-BSA-
luminescent microspheres, standard/test samples, DON an-
tibody and goat anti-mouse IgG-conjugated photosensitive
microspheres were added to the reaction well at one time,
and reacted in the dark for 5 min before direct detection. As
shown in Fig. 2E, the half inhibitory concentration (ICsq
= 21.26 ng/mL) and signal response ratio (Fy,,x/ICsg =
2511.95) of the step-by-step sampling group were signifi-
cantly better than those of the synchronous sampling group,
which confirmed that the sampling sequence affected the re-
action kinetics of the detection system, and the step-by-step
incubation strategy could effectively improve the antigen-
antibody binding efficiency and detection sensitivity.

3.3 Methodological Evaluation of DON-AlphalICA

In this study, the comprehensive performance of the
DON-AIphaLICA detection system was verified by system-
atic evaluation. The standard curve constructed based on
the optimized conditions, as shown in Fig. 3, Logit (Y) and
DON concentration logarithm (Ig [DON]) showed a signif-
icant linear correlation (Logit (Y) = 2.83129 — 2.16282 X
X, r=0.99726), where Y = F/FO (sample to blank fluores-
cence intensity ratio), X =1g [DON concentration (ng/mL)].
The analytical detectability of the assay exhibited a broad
calibration span of 7.57-800 ng/mL, demonstrated an ICyq
value of 20.47 ng/mL, and achieved detectability thresh-
olds (LOD and LOQ) of 1.03 ng/mL and 7.57 ng/mL, re-
spectively. The precision analysis showed that the intra-
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Fig. 2. DON-AlphaLICA optimization conditions. (A) Fy/half-maximal inhibitory concentration (ICs0) and ICsq values of DON-
BSA coupled luminescent microspheres at 1:50, 1:100, 1:200, 1:400 and 1:800 dilution ratios. (B) Funax/ICs0 and ICs¢ values of goat
anti-mouse IgG-conjugated photosensitive microspheres at 1:50, 1:100, 1:200, 1:400 and 1:800 dilution ratios. (C) Fnax/ICs0 and ICsg
values at antibody concentrations of 300, 600, 900, 1200, and 1800 ng/mL. (D) Fax/ICs0 and ICsg values at 1, 5, 15, 25 min reaction
time. (E) Frmax/ICs0 and ICs¢ values under two sampling methods: step-by-step incubation method and synchronous incubation method.

assay (n; = 10) and inter-assay (ns = 3) coefficients of vari- specificity verification, the cross-reaction rate of aflatoxin
ation were 4.48%—6.13% and 3.68%—6.67%, respectively, B1 was lower than 0.21% (threshold <1%), which con-
as shown in Table 1, showing excellent repeatability. Inthe  firmed that the antibody was highly specific. The accuracy
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Fig. 3. DON-AlphaLICA standard curve.

Table 1. Precision of DON-AlphaLICA.
Target for testing Sample concentration to be Measured (ng/mL) Intra-batch analysis CV (%), n1 = 10 Batch analysis CV (%), na =3

10 4.48 3.68
DON 100 5.44 5.51
800 6.13 6.67

n; = 10: the test sample was tested 10 times; na = 3:3 replicates. DON, Deoxynivalenol; CV, Coefficient of Variation.

Table 2. Recoveries of DON-AlphaLICA spiked samples.

Blank concentration ~ Standard addition =~ Theoretical concentration AlphaLICA
Sample types .
(ng/mL) concentration (ng/mL) (ng/mL) Mean =+ SD (%) RSD (%)

100 23.47 101.41 +2.90 12.17

Wheat 14.97 200 33.47 91.54 +0.78 2.56
800 93.47 101.23 +17.33 18.31
100 34.25 101.36 + 2.58 7.43

Maize 26.94 200 44.25 102.84 + 3.09 6.80
800 102.59 113.28 +17.29 14.88
100 10.17 110.15 + 0.55 491

Rice 0.18 200 20.17 92.79 +3.24 17.31
800 80.17 89.62 + 11.70 16.29

SD, standard deviation; RSD, relative standard deviation.

evaluation showed that the recovery rate of 10-800 ng/mL
in wheat, corn and rice matrix was 97.52%—105.83% (rel-
ative standard deviation (RSD) = 9.70%-12.83%), which
met the requirements of AOAC 2006.03 standard (80%—

120%) as shown in Table 2. Compared with the tradi-
tional ELISA (LOD = 10 ng/mL), the sensitivity of this
method was increased by 9.7 times, and the detection pe-
riod was shortened to 5 min. Its performance parame-
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Fig. 4. Comparison of AlphalLICA and enzyme-linked immunosorbent assay (ELISA) results.

ters fully met the detection requirements of DON in grains
(LOQ <10 ng/mL) in Commission Regulation (EC) No 401
/2004, which provided a reliable technical solution for on-
site monitoring of food security.

3.4 Application of DON-AlphalICA

In this investigation, the DON-AlphalICA technique
was utilized to quantify DON in authentic wheat, maize,
and rice specimens, and the outcomes were benchmarked
against ELISA data. The findings are presented in Table 3.
A statistically significant positive correlation was observed
between the two analytical approaches (p < 0.001). The
linear regression equation was Y = 1.058X + 5.193 (r =
0.8374), where X and Y represent the detection values of
DON-AlphalLICA and ELISA, respectively, as shown in
Fig. 4. The empirical findings demonstrated that the DON-
AlphaLLICA protocol developed in this investigation exhib-
ited strong concordance with the traditional ELISA method-
ology, and the precise quantification of DON in cereal spec-
imens was effectively accomplished. Through the verifica-
tion of actual samples, this method shortens the ELISA re-
action time from 35 min to 5 min, with higher sensitivity,
and the experimental process is free of washing, showing
comparability with the existing mature detection technol-
ogy, which provides a reliable new method for rapid screen-
ing of DON pollution in grains.

4. Discussion

DON, a synthesized mycotoxin derived from Fusar-
ium fungi, is ubiquitously distributed in grain cultivars and

constitutes a critical hazard to global food security and
public health [35,36]. Since its emetic effect was first
reported in the 1970s, DON pollution incidents have oc-
curred frequently, especially in wheat, corn and other sta-
ple crops in temperate regions. Due to the thermal stabil-
ity of DON, conventional food processing is difficult to
effectively degrade, and it is easy to enter the human di-
etary chain through contaminated grain products, resulting
in acute nausea, vomiting, diarrhea and other symptoms.
Long-term low-dose exposure is more likely to cause im-
munosuppression and intestinal damage [37,38]. The EU
stipulates that the limit of DON in wheat and its products
is 750 pg/kg, and the Chinese food safety standard sets the
limit of DON in cereals to be 1000 pg/kg. In this study,
wheat, corn and rice were selected as the detection objects,
because they are the main pollution carriers of DON and
have a huge circulation. It is of great practical value to es-
tablish a fast and accurate DON detection method for food
quality monitoring and food safety guarantee.

Based on AlphaLICA technology, this study success-
fully constructed a highly sensitive and rapid detection sys-
tem for DON in cereals. The experimental results showed
that the method had significant advantages in sensitivity,
specificity, repeatability and practicability. The IC5( value
was 20.47 ng/mL, the LOD was 1.03 ng/mL, the LOQ was
7.57 ng/mL. Traditional immunoassay techniques (such as
ELISA) are heterogeneous reaction systems, which require
antibodies to coat the microplate and capture the antigen to
be tested for detection. The reaction time is long, and the
washing step will lead to the dissociation of the antigen-
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Table 3. Detection results of the same sample by DON-AlphaLICA and ELISA.

Sample types  Sample number  DON-AlphaLICA results (ng/mL)  ELISA results (ng/mL)
1 38.53 42.18
2 65.99 52.00
Wheat 3 101.30 98.24
4 148.39 189.32
5 162.95 243.40
6 46.16 54.83
Maize 7 76.14 92.32
8 133.71 123.74
9 198.13 163.65
10 19.78 27.23
11 47.94 57.98
Rice 12 83.57 105.91
13 145.48 159.08
14 172.81 187.12

antibody complex, resulting in a decrease in the sensitiv-
ity of the reaction system [39]. This study is a homoge-
neous reaction system. Through the design concept of ‘no
washing’, the influence of washing on the detection sensi-
tivity is avoided, and the short-range diffusion characteris-
tics of singlet oxygen are used to realize the construction of
space-confined energy transfer network. When the photo-
sensitive microspheres are irradiated with a 680 nm laser,
the singlet oxygen generated by the photosensitive micro-
spheres transfers to the luminescent microspheres, and the
europium chelate emits 615 nm characteristic fluorescence.
Only the complex with the distance between the receptor
microspheres and the donor microspheres <200 nm can
trigger the fluorescence emission of the europium chelate.
It is worth noting that the half-life of singlet oxygen is only
about 4 us [40]. This feature not only ensures the instanta-
neity of signal generation (5 min to complete the detection),
but also effectively avoids the interference of oxidizing sub-
stances in complex matrices by shortening the energy trans-
fer path.

The recovery rate of wheat, corn and rice samples is
stabilized at 97.52%—105.83% (RSD <12.83%), which is
significantly better than the fluctuation caused by the inacti-
vation of nanomaterial sensors due to interface modification
[41]. The observed upper limit of RSD was 12.83%, which
was close to the maximum threshold of AOAC (15%). The
main reason is that the immune detection is greatly affected
by time and temperature, and it is difficult to accurately
control the reaction time by manual operation. In order to
achieve lower RSD and improve the reliability of the actual
sample test results, we plan to cooperate with the instrument
company to design a fully automatic machine sampling and
accurately control the reaction time to achieve millisecond
time control (target error <0.1 second), which can system-
atically reduce the interference of human operation.

The DON-AlphaLICA method established in this
study has some limitations. First of all, compared with in-
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strumental methods such as liquid chromatography-tandem
mass spectrometry (LC-MS/MS), its sensitivity still can-
not meet the requirements of trace sample detection, and
the quantitative ability of low-polluted grain samples needs
to be improved. Secondly, due to the difficulty in obtain-
ing natural contaminated samples, the experimental process
is only verified by artificial spiked samples, and the de-
tection data of actual mildewed grain samples need to be
supplemented. In future studies, the affinity of antibody-
microsphere coupling will be improved to improve the de-
tection sensitivity, and natural contaminated samples of dif-
ferent substrates (wheat, corn, etc.) will be acquired to as-
sess the robustness of the assay. The continuous improve-
ment of this technology will provide more accurate techni-
cal support for the rapid screening of grain storage and the
monitoring of food processing.

5. Conclusions

In this study, a rapid detection system for DON was
constructed based on AlphalICA technology. Through
the energy transfer between microspheres and the princi-
ple of specific antigen-antibody binding, efficient and sen-
sitive detection was achieved. This method does not require
washing steps, has strong anti-matrix interference ability,
significantly shortens the detection time, and the opera-
tion process is simple. The reliability and accuracy of the
method were verified by experiments, which provided an
efficient solution for DON screening in food. In the future,
the stability of microspheres will be optimized and practical
application scenarios will be expanded to promote the inno-
vative development of mycotoxin detection technology.
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