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Abstract

for screening trace AFM1 contaminants in raw milk.

screening

In the dairy industry, the quality of raw milk as it is collected from dairy farmers must be strictly ensured. There-

fore, when on-site screening of typical carcinogens in raw milk, this technology must simultaneously be conveni-

ent to operate and highly sensitive. Here, an automated and fluorescent immunoassay system for screening trace
amounts of aflatoxin M1 (AFM1) in raw milk was developed. The whole immunoassay procedure can be processed

in a true “sample-to-results” paradigm, avoiding the tedious manual operation of the traditional indirect competitive
enzyme-linked immunosorbent assay (ic-ELISA) method. In addition, we designed an integrated fluorescent spec-
trometer that can quantitatively measure fluorescent signals with high sensitivity. The automated and fluorescent
immunoassay system can screen AFM1 in raw milk samples with an ultra low limit of detection (4.7 pg/mL in raw
milk). The half maximal inhibitory concentration (ICsy) was 8.3 pg/mL, which is approximately 4-fold lower than that of
traditional ic-ELISA. When the system was applied to screen actual raw milk samples, the recovery rates ranged

from 79.4% to 104.6%, with a coefficient of variation ranging from 8.9% to 15.2%. Overall, we believe that the auto-
mated and fluorescent immunoassay system can provide a one-stop solution that is user-friendly and highly sensitive

Keywords AFM1, An automated immunoassay, An integrated fluorescent detector, Raw milk, Contaminants

*Correspondence:

Yiping Chen

chenyiping@mail.hzau.edu.cn

Wenbo Yu

yuwenbo@cau.edu.cn

! National Key Laboratory of Veterinary Public Health and Safety, Beijing
Key Laboratory of Detection Technology for Animal-Derived Food Safety
and Beijing Laboratory for Food Quality and Safety, College of Veterinary
Medicine, China Agricultural University, Beijing 100193, People’s Republic
of China

2 Key Laboratory of Environment Correlative Dietology, Ministry

of Education, College of Food Science and Technology, Huazhong
Agricultural University, Wuhan 430070, People’s Republic of China

3 Department of Veterinary Pharmacology and Toxicology, Faculty

of Bio-Sciences, Shaheed Benazir Bhutto University of Veterinary

and Animal Sciences, Sakrand 67210, Pakistan

B BMC

Introduction

Aflatoxins (AFs) are a family of extremely toxic secondary
metabolites that are produced by Aspergillus flavus and
Aspergillus parasiticus [1]. Among the approximately 20
derivatives of AFs, AFM1 is the hydroxylated derivative
of aflatoxin B1 (AFB1) and can be found in milk or other
food items. When humans ingest food contaminated by
AFM]1, the toxin may cause carcinogenicity, mutagen-
esis, teratogenesis, genotoxicity, and immunosuppres-
sion [2]. Considering its acute toxicity to humans [3],
the International Agency for Research on Cancer (IARC)
of the World Health Organization (WHO) has classi-
fied AFM1 as a group 1 carcinogen [4, 5]. In addition,
the safety of milk consumption has been largely focused
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on worldwide. To protect consumers from the danger of
AFM]1, the maximum levels have been set in food of ani-
mal origin. For milk, China [6, 7], the United States [8,
9], and the European Commission [10] set the maximum
levels at 0.5, 0.5, and 0.05 ng mL™!, respectively. Con-
sequently, in dairy enterprises, the quality of raw milk
from its source must be strictly ensured when the milk
is collected from dairy farmers. The most effective way
to ensure the quality of raw milk is on-site screening of
AFM1 at the source, and to perform this, the detection
method must exhibit several properties, including being
convenient to operate, highly sensitive, and inexpensive.

To detect AFMI1, traditional analytical techniques,
including chromatography and spectroscopy, exhibit sev-
eral advantages, including high sensitivity and accuracy
[11, 12]. However, these methods are time-consuming,
require expensive and bulky instruments, and highly
trained personnel [13, 14]. Hence, these methods are
inappropriate for low-cost, on-site, and rapid screening.
Immunoassays, as an efficient biological analysis method,
have become the “gold standard” for rapidly screening
contaminants in milk. Enzyme-linked immunosorbent
assay (ELISA) [15] and lateral flow immunoassay (LFIA)
[16] are commonly used in milk safety analyses. Among
them, the 96-well microplate-based ELISA provides rela-
tively high throughput, sensitivity, and semiquantitative
detection. However, the process of manually operating
traditional ELISA is complicated, and the sensitivity of
ELISA is also affected by the characteristics of hetero-
geneous immune reactions that occur. LFIA is inexpen-
sive, involves a simple operation and visual detection by
using gold colloidal or other nanoparticles [17], and has
become one of the most commercially viable analytical
methods for screening contaminants. However, LFIA is
limited by its low sensitivity and inability to detect trace
amounts of contaminants, which requires an extremely
sensitive method for detection. Therefore, it is urgent to
upgrade the current immunoassays for the rapid detec-
tion of AFM1.

Immuno magnetic beads (MBs) have attracted strong
interest in recent years due to their large specific surface
area and magnetic separation properties [18]. Thus, MBs
are often used as carriers of homogeneous immune reac-
tions [19, 20] and separation tools [21-23] in the modern
diagnostic field. In previous studies, our laboratory devel-
oped novel immunoassays using immuno MBs, which
can significantly improve the detection performance
of medical diagnosis [19] and contaminant detection in
food items [22]. In addition, in the study of immunoas-
say signaling strategies, fluorescent-based immunoassays
have been greatly developed in recent years [24]. Several
novel fluorescent labeling [25] and sensing [26—28] meth-
ods have been established to improve the sensitivity of
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immunoassays. However, for the detection of fluorescent
signals, sophisticated instruments (including excitation
light sources and detectors) are usually needed, and these
instruments are not suitable for on-site screening due to
their large size and high cost. Therefore, with the purpose
of screening trace levels of AFM1 in milk samples, devel-
oping new approaches that are convenient to operate
[29-31] and offer inexpensive signal quantification [32,
33] is an urgent task.

In this study, an automated and fluorescent immuno-
assay system was established to screen trace amounts of
AFM1 in raw milk. This system utilizes immuno MBs as
the immune reaction carriers for homogeneous immuno-
assays, which greatly improves the efficiency of antigen
and antibody recognition. Combined with an automated
immunoassay device, a “sample-to-result” screening
paradigm was developed. In addition, trace amounts of
AFM1 in raw milk were detected with high sensitivity
through an enzyme-catalyzed strategy, involving a fluo-
rescent “turn-on” signal and an exquisite and low-cost
integrated fluorescent spectrometer. The automated and
fluorescent immunoassay system has several advantages,
as it is convenient to operate and achieves detection at
the ppt level, which can sufficiently meet the maximum
levels placed by various countries for AFM1 in raw milk.
We believe that the automated and fluorescent immu-
noassay system will have great potential for application
in the on-site screening of typical trace carcinogen and
other analytes in milk.

Results and discussion

Characterization of the mAbs

Because AFM1 is a small molecule, it must be associ-
ated with a carrier protein to induce a particular immu-
nological response. By introducing CMO, the hapten
AFM1-CMO can be attached to the carrier protein KLH
or BSA by the carboxymethyl hydroxylamine method.
Matrix-assisted laser desorption time-of-flight mass
spectrometry (MALDI-TOLE-MS) was used to deter-
mine the hapten-to-protein molar ratios. As shown in
Fig. S1, after the hapten was conjugated with carrier pro-
tein, a peak shift was observed, and the molecular weight
of hapten-to-BSA was 67,152.5 Da, which was higher
than the molecular weight of BSA (66430 Da), indicat-
ing that the conjugation of AFM1-CMO with BSA was
successful, and the ratio of hapten-to-BSA was 2.2. After
mouse immunization, cell fusion and limited dilution
method screening were performed, four hybridoma cell
lines, namely, 10F8, 19E2, 13D4, and 3F8 were obtained,
and these cell lines secreted antibodies with high affinity
and exhibited AFM1 inhibition. According to the results
of class and subclass determinations by antibody isotyp-
ing tests, the heavy chains of all mAbs were identified as
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IgG1, whereas the light chains of all mAbs were deter-
mined to be of the Lambda type (Fig. S2).

To find the optimal combination of coating antigen and
antibody, we examined three antigens and four mAbs by
using ic-ELISA to measure sensitivity. The OD,,, (OD
value of the negative control), ICy, (half maximal inhibi-
tory concentration), and OD,,./IC;, values of ic-ELISA
for AFM1 from different combinations were shown in
Fig. S3. The OD,,,,/IC, ratio was used as the evaluation
criterion of the ic-ELISA, in which a higher ratio indi-
cated that the ic-ELISA had a higher sensitivity. As shown
in Fig. S3C, the highest ratio of OD,,,,/ICy, was gener-
ated by the combination of AFM1-BSA and mAb 10F8.
Therefore, the coating antigen AFM1-BSA and mAb 10F8
were used in subsequent studies (Table S1). Apart from
coating antigen and antibody combination, other impor-
tant immunoassay conditions, including ionic strength
of dilution buffer (0 to 1160 mM NaCl content) and pH
value (4.0 to 10.0 for PBS), were optimized. The OD,,,/
ICs, values at different ionic strengths and pH levels are
shown in Fig. 1. Figure 1A shows that the ratio of OD,,,/
IC;, was highest at an ionic strength of 290 mM, which
compared with that without ionic strength, was consider-
ably improved. Figure 1B suggests that the neutral con-
ditions were the optimal pH in the range of 4.0-10.0.
Therefore, the optimal conditions for the ic-ELISA were
an ionic strength of 290 mM NaCl and a pH of 7.0. In
addition, we also evaluated the tolerability of mAb 10F8
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to organic solvents (methanol and acetonitrile), and the
results were shown in Fig. 1C, D, revealing that when the
concentration of methanol reached 10% or the concen-
tration of acetonitrile exceeded 5%, the OD,,,,/1C, ratio
fell significantly. In summary, the mAb 10F8 was not well
tolerated in the organic solvents; therefore, pretreating
the sample with an organic solvent may affect the sensi-
tivity and accuracy of the immunoassay.

Under optimized immunoassay conditions, the sensi-
tivity of ic-ELISA was assessed using a calibration curve
constructed for AFM1 in PBS (Fig. 1E). The IC;, and ana-
lytical range (IC,;—ICq,) of ic-ELISA for AFM1 detection
were 31.8 pg/mL and 8-129 pg/mL, respectively. There
is no doubt that ic-ELISA with an ability to perform sub-
ppt level detections lays the basis for further designing
highly sensitive fluorescent immunoassays.

Besides, the specificity of mAb 10F8 was demonstrated
by determining CRs against other mycotoxins (Fig. 1F),
including AFM2, AFB1, AFB2, AFG1, AFG2, DON, ZEN,
and OTA. The results indicated that the mAb 10F8 shows
high specificity toward AFM1.

Working principle and performance of the automated

and fluorescent immunoassay system

Figure 2 illustrates the working principle of the auto-
mated and fluorescent immunoassay system for highly
sensitive AFM1 screening. As mentioned in the experi-
mental section, all reagents needed for the immunoassay
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Fig. 1 Optimization of the physicochemical parameters on the ic-ELISA and the calibration curves assessed by the ic-ELISA. The effect of (A) ionic
strength, (B) pH value, (C) methanol on the ic-ELISA. (D) acetonitrile on the ic-ELISA. (E) The calibration curve of ic-ELISA for AFM1 based on mAb
10F8. (F) Cross-reaction of AFM1 with various mycotoxin candidates based on mAb 10F8
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Fig. 2 Schematic illustration of the automated and fluorescent immunoassay system

were preloaded into a 96-well detachable ordinary micro-
plate. First, mAb 10F8, immuno MBs, and various con-
centrations of AFM1 were introduced into column No.
2 simultaneously, and then immuno MBs and AFM1
competitively bound mAb 10F8. Due to the competi-
tive nature of this method, increasing the concentration
of AFM1 resulted in intense competition; as a result,
fewer primary and secondary antibodies were bound to
immuno MBs. Thus, by measuring the enzyme-catalyzed
“turn-on” fluorescent signal (non-fluorescent amplex red
reacts with H,O, under HRP catalysis to produce red flu-
orescence at 582 nm resorcinol), we can precisely quan-
tify the concentration of AFM1 in raw milk samples.

Because the fluorescent signal had an impact on the final
quantification, the accuracy and stability of the self-designed
integrated fluorescent detector were evaluated through
comparisons with a commercial spectrofluorometer. Three
solutions with different secondary antibody concentrations
(0 to 20 ng/mL) and fluorescent substrates were prepared,
and UV-Vis spectroscopy across a range of 500 to 700 nm
was used to record the spectrum of the enzyme-catalyzed
“turn-on” fluorescent signal. Distinctive emission peaks were
evident at 582 nm (Fig. 3). Figure 3A (commercial spectro-
fluorometer) and Fig. 3B (integrated fluorescent detector)
indicate that increasing the secondary antibody concentra-
tion led to an intensive enzyme-catalyzed reaction, and then,
the high fluorescent signal was generated and measured.
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Fig. 3 Comparison of the integrated fluorescent detector and commercial spectrofluorometer. (A) Fluorescent intensity of the commercial
spectrofluorometer used to measure the substrate. (B) Fluorescent intensity of the integrated fluorescent detector for measuring the substrate. (C)
Correlation analysis between the fluorescent signal intensities of integrated fluorescent detector and commercial spectrofluorometer
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More importantly, the fluorescence intensity recorded from
the two above mentioned devices exhibited an excellent lin-
ear response, with a strong correlation value of R*=0.992
(Fig. 3C). Therefore, the significant correlation between the
two methods indicated that the integrated fluorescent detec-
tor can be utilized for fluorescent signal quantification.

Detection performance of the automated and fluorescent
immunoassay system

We employed an automated and fluorescent immunoas-
say system to develop an indirect competitive immunoas-
say platform. In this study, the whole detection process,
including the immune reaction and signal generation
performed by the automated immunoassay system, was
described in our previous work [34, 35]. After that, the
“turn-on” fluorescent signal was quantified by the inte-
grated fluorescent detector. To investigate the detection
performance of the automated and fluorescent immu-
noassay system, we measured fluorescence spectra at
various concentrations of AFM1 (0, 0.1, 0.8, 4.6, 27.8,
166.7, 1000, and 6000 pg/mL in PBS). Figure 4A shows
the fluorescence spectra obtained from different AFM1
concentrations, ranging from 0 to 6000 pg/mL. It was
observed that when AFM1 was gradually increased, more
primary/secondary antibodies were inhibited, resulting
in a decreased “turn-on” fluorescent intensity. We plot-
ted the AFM1 concentration against the FL-FL_ value
(at 582 nm) to establish a four-parameter logistic curve.
As shown in Fig. 4B, a standard curve (orange curve)
was established by using the automated and fluorescent
immunoassay system with a working range from 8 to
129 pg/mL (IC,,-ICqy). More satisfying, the ICy, of the
automated and fluorescent immunoassay system was as
low as 8.3 pg/mL. There is no doubt that the sensitivity
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of the automated and fluorescent immunoassay system
improved approximately fourfold when compared to
that of traditional ic-ELISA (Fig. 4B purple curve). We
attribute this high sensitivity to the following two key
elements: (I) immuno MBs serve as an immune reaction
carrier, and a semi-homogeneous reaction system was
constructed to improve the efficiency of antigen and anti-
body recognition in immune reactions. (II) The strategy
of enzyme-catalyzed “turn-on” enabled the amplification
of fluorescent signals, background-free detection, and
an excellent signal-to-noise ratio. Moreover, we automa-
tize the whole immunoassay process using an automated
immune analysis device and quantified the results using
an integrated fluorescent detector. On the one hand, due
to the use of automated and fluorescent immunoassay
system, it is no longer necessary for operators to perform
tedious manual operations. On the other hand, the low-
cost and highly integrated fluorescent detector also pro-
vides a new idea for high-sensitivity detection targets in
food items.

Application of the automated and fluorescent
immunoassay system for AFM1 detection in raw milk
samples

The feasibility of the automated and fluorescent immu-
noassay system was demonstrated by using actual raw
milk samples. Different AFM1 concentrations were
spiked into raw milk samples for analysis. After all rea-
gents were preloaded into columns No. 1 to 10, the raw
milk samples were injected into column No. 2 with-
out any pretreatment. The automated and fluorescent
immunoassay system worked automatically according
to the set control program, and the total time consump-
tion was ~ 37 min. In the recovery experiment, we spiked
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Fig. 4 Detection performance of the automated and fluorescent immunoassay system. (A) fluorescent spectra for different AFM1 concentrations
(control: the solution including primary antibodies but no AFM1 or secondary antibodies). (B) The calibration curve of the automated
and fluorescent immunoassay system and ic-ELISA for AFM1 based on mAb 10F8
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samples at low, medium, and high concentrations. We
used 0.2, 1X, and 4 X maximum concentrations (set in
milk by the European Commission) as the low, medium,
and high concentrations, respectively. The results of
the recovery tests are listed in Table 1 and ranged from
79.0% to 104.6%. The assay reproducibility was satisfac-
tory, with CVs under 15.2%. In our recovery experiments,
we used raw milk, which has a more complicated food
matrix than that of other types of milk, such as skim milk
or whole milk. Gratifyingly, the results demonstrated the
accuracy, practicality, and feasibility of the automated
and fluorescent immunoassay system for the detection of
AFM1 in raw milk samples. We attributed the excellent
performance of the automated and fluorescent immu-
noassay system to the following reasons: immuno MBs
serve as an immune reaction carrier in this system. All
immunoassay steps were carried out in the automated
immune analysis device. The washing effect of using this
device could be significantly improved due to the homog-
enous reaction system and the high specific surface area
of the immuno MBs. Therefore, the removal effect of
nonspecific substances in the complex matrix is better
than that of traditional 96-well methods.

To increase the value of LOD in practical applications,
the sensitivity of the automated and fluorescent immuno-
assay system was evaluated by using 20 blank raw milk
samples. Satisfyingly, the LOD of the automated and flu-
orescent immunoassay system was 4.7 pg/mL, which is
approximately 100-fold lower than the maximum limits
set by China (500 pg/mL) and the United States (500 pg/
mL) and 10-fold lower than the maximum limits set by
the European Commission (50 pg/mL) for AFM1 in milk.
We also compared our approach with various previously

Table 1 Recoveries and CV values for AFM1 in raw milk by the
automated and fluorescent immunoassay system (n=3)

Spiked (pg/mL) Tested (pg/mL) Recoveries (%) CVs (%)
10 79+0.2 79.0 89

50 523+13 104.6 13.6
200 1654+135 82.7 15.2
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published immunoassays for AFM1 detection and sum-
marized the results in Table 2. More satisfying, the LOD
of the automated and fluorescent immunoassay system
was lower than those of the majority of the previously
reported strategies. The reason for the high sensitivity
lies in the strategy of using an enzyme-catalyzed fluo-
rescent “turn-on” signal, which could provide a high sig-
nal-to-noise ratio. This serves as the foundation for ppt
level detections of AFM1 by the integrated fluorescent
detector.

To investigate the selectivity of the automated and fluo-
rescent immunoassay system for AFM1 detection, sev-
eral potential mycotoxins (AFM2, AFB1, AFB2, AFGI,
AFG2, DON, ZEN, and OTA) were spiked into raw milk
samples at a 20-fold concentration versus AFM1 (0.5 ng/
mL) under the optimized conditions, and the fluores-
cent spectra of those mycotoxins are shown in Fig. 5A.
As indicated in Fig. 5B, AFM1 exhibited negligible sig-
nals, whereas other mycotoxins (AFB1, AFM2, AFB2,
AFG1, AFG2, DON, ZEN, and OTA) displayed strong
fluorescent signals. These results demonstrated that the
automated and fluorescent immunoassay system is highly
selective for AFM1 analysis. Thus, the automated and flu-
orescent immunoassay system is extremely favorable and
more suitable for AFM1 trace analysis in a complicated
food matrix. In addition, the automated and fluorescent
immunoassay system can be used to greatly simplify the
assay procedure, as the system not only minimizes tedi-
ous manual operations but also reduces the risk of expo-
sure to hazardous detection targets.

Conclusion

In this study, an automated and fluorescent immunoassay
system was constructed for screening typical carcinogen,
AFM], in raw milk, and this system is advantageous in
that no manual operation is necessary and highly sensi-
tive quantification is achieved. First, we employed the
immuno MBs as an immune reaction carrier, combined
with the automated immunoassay system, to automate
the whole immunoassay process. Then, the integrated
fluorescent detector was self-designed, and this detector

Table 2 An overview of recent immunoassays for the detection of AFM1 in milk

Strategy IC5, or Cut-off Detection range LOD Reference
value (pg/mL) (pg/mL)
(pg/mL)
Indirect competitive enzyme-linked immunosorbent assay IC50: 620 320-500 40 [36]
Polystyrene microsphere-mediated optical sensing strategy - 5-100,000 32 [37]
Gold nanoparticles modified electrode with Fe** as a probe 1.6%107"°-2500 16x107"° [38]
Colorimetric Aptasensor - 500-500,000 500 [39]
Mach—-Zehnder Interferometric Immunosenso - 100-2000 5 [40]
Automated and fluorescent immunoassay system 1C54: 8.3 8-129 4.7 This work
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Fig. 5 The specificity of the automated and fluorescent immunoassay system was assessed by testing various mycotoxin candidates. (A)
Fluorescent spectra for AFM1 and various mycotoxin candidates. (B) Fluorescent intensity for AFM1 and various mycotoxin candidates. AFM1
exhibited negligible signals in the immunoassay when tested at 0.5 ng/mL, whereas other mycotoxins displayed strong fluorescent signals at 10 ng/
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can quantify the enzyme-catalyzed “turn-on” fluores-
cent signal after immunoassay with a high sensitivity.
Compared with a commercial spectrofluorometer, the
integrated fluorescent detector has several advantages
including its small size (17*9*8 cm) and low cost (<1900
USD), and the cost for one sample is ~ 1.12 USD (support
information). It is highly suitable for performing on-site
screening of AFM1 in milk. We comprehensively exam-
ined the performance of the automated and fluorescent
immunoassay systems. The LOD for AMF1 in raw milk
samples was as low as 4.7 pg/mL. The screening sensi-
tivity with the ppt level is approximately 10- to 100-fold
lower than the maximum limits set by China, the United
States, and the European Commission for AFM1 in milk.
In addition, the recovery experiment was carried out in
complicated raw milk samples, and the results further
demonstrated the advantages of the system in actual
sample screening. In summary, the automated and fluo-
rescent immunoassay system presented in this study has
several advantages including a convenient operation,
highly sensitive quantification, and low- cost. This study
provides a new paradigm for the screening of trace typi-
cal carcinogens in milk.

Materials and methods

Materials and apparatus

AFM1, AFBI, aflatoxin M2 (AFM2), aflatoxin B2 (AFB2),
aflatoxin G1 (AFGL1), aflatoxin G2 (AFG2), deoxynivale-
nol (DON), zearalenone (ZEN), ochratoxin (OTA), key-
hole limpet hemocyanin (KLH), bovine serum albumin
(BSA), poly(ethylene glycol) (PEG) 1500, hypoxanthine

aminopterin thymidine (HAT), and red blood cell lysis
buffer were purchased from Sigma—Aldrich (MO, USA).
Freund’s complete adjuvant (FCA), Freund’s incomplete
adjuvant (FIA), DMEM cell culture medium, and fetal
calf serum were obtained from Gibco Life Technologies
(NY, USA). Horseradish peroxidase-labeled goat anti-
mouse IgG (gtAm-HRP) was purchased from Jackson
ImmunoResearch (PA, USA). Fetal bovine serum (FBS),
a mouse mAb isotyping kit, and streptavidin-coated mag-
netic beads Dynabeads™ MyOne"" Streptavidin T1 were
purchased from Thermo Fisher Scientific (MA, USA).
Amplex red was obtained from Beyotime (Shanghai,
China). 1-[3-(Dimethylamino) propyl]-3-ethyl carbodi-
imide hydrochloride (EDC HCIl) and N-hydroxysuccin-
imide (NHS) were obtained from Aladdin Chemistry Co.
Ltd. (Shanghai, China).

96-well detachable ordinary microplates were pur-
chased from Costar (MA, USA). Deionized (DI) water
was produced by a Milli-Q water purification system
(MA, USA). The ELISA plate reader was acquired from
PerkinElmer (MA, USA). An FS-5 spectrofluorometer
was purchased from Edinburgh Instruments (EI, UK).
The automated immune analysis device and optical
fiber-based fluorescent detector were constructed in our
laboratory.

Eight-week-old female BALB/c mice were obtained
from Vital River Laboratory Animal Technology Co.
Ltd. (Beijing, China), and all the animal experimental
procedures were approved by the Animal Ethics Com-
mittee of China Agricultural University (Issue No:
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AW32602202-2—4) and strictly conducted according to
Chinese laws and guidelines.

AFM1 hapten synthesis

Hapten AFM1-CMO was prepared by inserting a car-
boxyl into the cyclopentenone moiety of AFM1 [15, 16]
(Fig. S4). Briefly, 2.0 mg of carboxymethoxylamine hemi-
hydrochloride (CMO) was added to 1.0 mg/mL AFM1
in pyridine, and then the mixture was stirred at room
temperature for 48 h. Afterward, the reaction mixture
was spotted onto silica thin-layer chromatography (TLC)
plates and developed in chloroform:methanol (9:1) with
1.5% acetic acid. Subsequently, the reaction product
was observed under 365 nm UV light. When the reac-
tion was finished, the reaction mixture was immediately
placed under N, gas and evaporated to dryness to obtain
AFM1-CMO.

Preparation of immunogen and coating antigen

The hapten AFM1-CMO was conjugated to the carrier
proteins KLH and BSA through the active-ester method
to obtain the immunogen (AFM1-KLH) and coating anti-
gen (AFM1-BSA). Briefly, 2.0 mg of AFM1-CMO was
dissolved in 2.0 mL of dimethylformamide (DME), fol-
lowed by the addition of 1.8 mg of NHS and 3.0 mg of
EDC. After stirring at room temperature for 4 h, 1.5 mL
of the mixture was added dropwise to a KLH solution
(25 mg KLH dissolved in 9.0 mL of 0.05 M carbonate
bicarbonate buffer). Another 1.5 mL of the mixture was
added slowly dropwise to a BSA solution (8.3 mg BSA
dissolved in 3.0 mL of 0.05 M carbonate bicarbonate
buffer) with continuous stirring. The two mixtures were
further stirred for 14 h at room temperature; then, the
conjugates were purified by dialysis against phosphate-
buffered saline (PBS) for 3 days and stored at 20 °C.

Preparation of the monoclonal antibody
Eight female BALB/c mice were immunized with
AFM1- KLH to produce monoclonal antibodies (mAb)
against AFM1. For the first immunization, the mice were
injected with 200 pL of a mixture (v/v, 1:1) of immuno-
gen (AFM1-KLH) and FCA. After three weeks, two sub-
sequent immunizations were carried out at three-week
intervals by using a mixture of immunogen and FIA at
the same dosage. One week after the last booster injec-
tion, the titer and selectivity of the antiserum in each
mouse were tested. The mice that exhibited a high anti-
body titer and inhibition rate were boosted intraperito-
neally with 150 pg immunogen in 500 pL before three
days for cell fusion.

Spleen cells from the immunized mice were collected
and washed with DMEM and then fused with SP2/0 cells
at a ratio of 5:1 (the total number of cells was 1x10%)
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using 800 pL of prewarmed PEG1500. Afterward, the
fused cells were cultured in 20 96-well plates containing
20% HAT medium. One week later, the supernatant was
tested, and the positive hybridomas were screened using
ic-ELISA and subcloned twice by the limiting dilution
method. After that, the monoclonal hybridoma cells with
the highest affinity and inhibition were selected for the
large-scale production of ascites. The isotype class and
subclass of the produced mAbs were identified by using
a mouse mAb isotyping kit, and the mAbs were purified
from ascites using a protein A column and then stored at
—20 °C for further use.

Traditional ic-ELISA procedures were conducted as
follows: each well of the microplates was coated with
100 pL of diluted AFM1-BSA in coating buffer (0.05 M
carbonate bicarbonate, pH 9.6) and then incubated at
4 °C for 16 h. The plates were washed once with PBST
(PBS containing 0.05% Tween 20 (v/v), pH 7.4) and then
blocked with 150 pL of blocking buffer (3% BSA in PBS,
pH 7.4), which was incubated at 37 °C for 1 h to avoid
nonspecific binding. After the blocking buffer was dis-
carded, 50 uL of serially diluted AFM1 and 50 pL of anti-
AFM1 mAb were added to a 96-well plate and incubated
at 37 °C for 30 min for the competitive reaction. After
three washes, 100 puL of gtAm-HRP (diluted 1:5000 in
PBS, pH 7.4) was added to each well and incubated at
37 °C for another 30 min. The plates were washed four
times, 100 uL of 3,3)5,5-tetramethylbenzidine (TMB)
substrate was added and incubated for 15 min at room
temperature, and the reaction was halted by adding 50
uL per well of stop solution (2.0 M H,SO,). Afterward,
the OD value of the wells was measured at 450 nm by an
ELISA plate reader.

Preparation of immuno magnetic beads

The biotinylated coating antigen was first produced;
briefly, 70 pL of activated biotin ester (1 mg/mL) and
500 pL of AFM1-BSA (1.668 mg/mL) were mixed in
a 1.5 mL tube and reacted at 25 °C for 4 h in the dark.
The 45 pL of biotinylated AFM1-BSA (0.7 mg/mL) was
obtained by ultrafiltration with a 5 kD membrane, which
was performed three times. After that, the diluted 3 mL
of the biotinylated AFM1-BSA solution (0.15 pg/mL in
PBS) was added to 80 pL of the streptavidin-coated MB
solution (10 mg/mL in PBS), and the mixed solution was
placed in a micro oscillator to react at room tempera-
ture for 15 min. Following this, biotinylated AFM1-BSA
was attached to the surface of streptavidin-coated mag-
netic beads due to the high affinity of biotin to streptavi-
din. Finally, the coating antigen-functionalized magnetic
beads (immuno MBs) were washed twice with 2 mL 0.1%
PBST and blocked with 3% BSA in PBS at 37 °C for 15 min
before being redissolved to 400 ug/mL and kept at 4 °C.
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Principle of the automated and fluorescent immunoassay
system

The principle of the automated immunoassay system
was performed based on previous studies in our labo-
ratory, with slight modifications [34, 35] (Fig. 2). In this
study, we utilized 96-well detachable ordinary micro-
plates. All reagents were preloaded in columns No. 1
to 10:150 uL of washing buffer (0.1% PBST, pH 7.4) per
column was added to columns No. 1, 3, 4, 5, 7, 8, and
9; 20 pL of immuno MBs and 40 pL of mAb 10F8 (with
the best affinity to AFM1) solution (0.11 pg/mL) were
added to column No. 2; 100 puL of gtAm-HRP (200 ng/
mL) was added to column No. 6; and 100 uL of fluo-
rescent substrate (a mixture of 100 pM amplex red and
20 uM hydrogen peroxide) was added to column No. 10
(Table S2). For the detection of AFM1 in raw milk sam-
ples (All milk samples were raw milk, that is, milk sam-
ples were collected from farms without any treatment),
we only needed to inject the samples into column No. 2,
and the automated immunoassay system was performed
in the order of No. 2—1-3-4-6-5-7—-8-9-10, sequentially.
The incubation for the competition reaction and second-
ary antibody binding was set to 30 min at 37 °C, the gen-
eration of enzyme-catalyzed “turn-on” signals was set to
15 min at room temperature, and all the washing steps
were set to 2 min at room temperature.

After the “turn-on” fluorescent signal was generated,
the 8-well trip of column No. 10 was removed from the
96-well detachable ordinary microplates, and the fluo-
rescent intensity in each well was measured by an inte-
grated fluorescent detector that was optical fiber-based
and self-designed for quantification (Fig. 2). The inte-
grated fluorescent detector was composed of a miniature
spectrometer (STS-VIS, Ocean Optics, 1580 USD), an
excitation light source (BIM-6215, 565 nm LED, Brolight
Technology, 260 USD), two optical fibers (HFBR4511,
plastic optical fiber, Avago Technologies, 18 USD), and a
housing (Resin 3D-printing, Sogaworks Technologies, 25
USD). A schematic diagram is shown in Fig. S5.

Analysis of trace mounts of AFM1 in raw milk samples

The applicability of the automated and fluorescent immu-
noassay to milk samples was evaluated by analyzing com-
mercial raw milk, and the analysis confirmed that there
was no AFM1 contamination. In the recovery experi-
ments, we spiked samples with various doses of AFM1
(10, 50, and 200 pg/mL). Notably, the raw milk sample
was directly injected into the automated and fluorescent
immunoassay system without any pretreatment. The
fluorescent signals were analyzed using OriginPro 9.1
(OriginLab, MA, United States) utilizing a four-param-
eter logistic regression function to obtain a standard
curve. The limit of detection (LOD) was determined as
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the mean value of 20 blank samples plus three times the
standard deviation [41]. The specificity of the proposed
immunoassay was investigated by comparing AFM1 with
other potential mycotoxin contaminants in raw milk,
such as AFM2, AFB1, AFB2, AFG1, AFG2, DON, ZEN,
and OTA. The cross-reactivity (CR) was calculated by
measuring the fluorescent signal of each of these targets.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/544280-024-00040-4.

Additional file 1: Fig. S1. MALDI-TOLF-MS result of AFM1-BSA. Fig. S2.
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