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Aflatoxin B1 (AFB1) is one of the most toxic, mutagenic and carcinogenic mycotoxin, widely exists in
contaminated food, grains and feedstuff products. In this study, a novel magnetic beads multicolor
colorimetric immunoassay (MBMCIA) based on Au@Ag nanorods (Au@Ag NRs) is proposed to visual
detect ultralow concentration of AFB1 with high-resolution by the naked-eye. To design the MBMCIA
system, AFB1-BSA conjugates were first coated on the surface of magnetic beads (MBs), then alkaline
phosphatase (ALP) as a bridge between immunoassay and color reactionwas used for catalytic hydrolysis
of ascorbic acid-phosphate to generate reductive ascorbic acid. Finally, the yielded ascorbic acid could
reduce silver ions to grow a silver coating on the surface of gold nanorods to generate Au@Ag NRs, which
leads to the bule-shifted longitudinal absorption peak of Au NRs, accompanying with a series of
perceptible color change. Under the optimal conditions, the proposedMBMCIA exhibited good sensitivity
and specificity for the detection of AFB1 with the detection limit as low as 5.7 pg/mL. Meanwhile, the
MBMCIAwas also applied for the analysis of AFB1 in spikedwheat samples, the obtained recoveries range
from 99.1% to 104.3% with relative standard deviation (RSD) less than 7.05% were acceptable. The
proposed MBMCIA integrates separated, enriched, anti-interference and signal read-out into one, which
opens up a new avenue for an on-site visual food safety inspection or environmental monitoring.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.
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Aflatoxins are highly toxic secondary metabolites produced
mainly by Aspergillus flavus and Aspergillus parasiticus, which have
been proven to be potent teratogens, mutagenic and carcinogens
[1–3]. Numerous researches have provided evidence that excessive
aflatoxins can cause harm to normal liver tissues/organs and even
closely related to human diseases such as liver cancer and stomach
cancer [4]. Aflatoxin B1 (AFB1) is recognized as one of the most
toxic and carcinogenic mycotoxins, widely exists in various
agriculture products and vegetable oils (such as peanut, maize,
and oilseeds) [5,6]. Because of its spread distribution and
perniciousness, aflatoxin B1 is classified as a Group I human
carcinogen in 1993 by the International Agency for Research on
y and Chemical Engineering,
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Cancer (IARC) [7]. Furthermore, the stability of the AFB1 was good
in light, acid and heat conditions, which result in the AFB1 cannot
be destroyed by ordinary cooking (the crack temperature at 268 �C)
and cause some harmful effects to human health [8]. More
importantly, many countries have established limits on AFB1 levels
in agriculture products and vegetable oils, thereby it is urgently
needed to develop a simple, rapid and visual detection method for
AFB1 detection to ensure the safety of agricultural products import
and export.

Traditional analytical methods for the AFB1 detection mainly
include high-performance liquid chromatography (HPLC) [9], thin
layer chromatography (TLC) [10], liquid chromatography-mass
spectrometry (LC–MS/MS) [11]. Although these traditional
methods have good accuracy and high selectivity, they require
complicated sample preparation, time-consuming, expensive
equipment, and professional skills. For simple and rapid detection
of AFB1, numerous studies focus on the antibody-based immuno-
assay technologies have been reported [12], such as enzyme-
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Schematic illustration of the proposed MBMCIA for ultrasensitive
detection of AFB1 based on Au@Ag nanorods.
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Fig. 1. (A) Photographs and (B) UV–vis absorption spectra of (a) Au NRs, (b) Au
NRs + AgNO3, (c) [18_TD$DIFF]Au NRs + AA-P, (d) Au NRs + AgNO3 + AA-P, (e) Au NRs + AgNO3 +
AA, and (f) AuNRs + ALP + AgNO3 + AA-P. The concentrations of AA-P, AgNO3, AA and
ALP are 2.0mmol/L, 4.0mmol/L, 0.05mmol/L and 100.0 mU/mL, respectively. The
reaction time of silver nanoshells deposited on the surface of Au NRs was 60min,
with solution pH 9.8.
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linked immunosorbent assay (ELISA) [13], immunochromato-
graphic strip-test [14], fluorescence polarization immunoassay
[15], photoelectrochemical immunoassay [16] and electrochemi-
cal immunoassay [17]. Among them, the microplate-based ELISA
is the most widely used immunoassay method for target
detection because of its universality, simplicity and cost-
effectiveness. But microplate-based ELISA requires prolonged
incubation time, tedious washing steps, and poor visual detection
sensitivity, which limits its practical applications for on-site
detection and screening of target. Compared with the microplate-
based ELISA, the magnetic beads enzyme-linked immunoassay
provides simple operation, high flexibility, fast speed, good
portability and high sensitivity [18,19]. This is mainly because the
large specific surface area and rich surface functionalization
groups of magnetic beads (MBs), which are immobilized with a
great number of substances such as antibodies, oligonucleotides
and small molecules [20]. In addition, the MBs can easily separate
and enrich analytes from complex solutions with the assistance of
an external magnetic [21–23].

Recently, most of the reported chromogenic substrates (e.g.,
3,30,5,50-tetramethylbenzidine (TMB), 2,20-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS) and 4-nitrophenylphosphate
(pNPP)) are widely used in the conventional colorimetric ELISA
[24–26]. However, the color only showed the monochromic color
change in response to different concentrations of targets and
cannot quantitative detectionwith the naked eye. It is known to all
that the multicolor changes are easier to be distinguished by
human eyes than optical density changes of the single color [27].
According to the literature, gold nanorods (Au NRs) are used as
multicolor chromogenic substrates due to their unique localized
surface plasmon resonance (LSPR) absorption properties and high
molar extinction coefficient [28–31]. For example, Xiong and his
colleagues reported a highly sensitive colorimetric immunoassay
based on the enzyme-assisted etching of Au nanorods for detection
aflatoxin B1 in corn samples [32]. However, this method of etching
Au NRs suffers from severe challenges due to its low color
resolution and long etching time. Recent studies have been shown
that enzyme-mediated deposition of silver nanoshells on the
surface of Au NRs resulted in a decrease in the aspect ratio of Au
NRs and multicolor change [33,34]. This feature has been
successfully used for sensitive colorimetric detection of cancer
biomarkers [35], enzyme activity [33,36] and food freshness [37].
However, the application of the fascinating phenomenon for the
detection of food contaminants in food samples is still scarce.

Herein, we proposed a novel magnetic beads multicolor
colorimetric immunoassay (MBMCIA) for simple and high color
resolution detection of food contamination AFB1 via integrated
magnetic beads with the alkaline phosphatase (ALP)-mediated
silver deposition on the Au NRs into immunoassay. The MBMCIA
merged four functional components: MBs for enriching biomark-
ers, Au NRs for multicolor chromogenic substrate, anti-AFB1

monoclonal antibody for specific recognizer, and ALP for the bridge
between immunoassay and chromogenic reaction. This suggested
immunoassay is accordingly capable of recognition, separation,
enrichment, and onsite visual analysis of target AFB1. More
interestingly, the concentration of target AFB1 could be easily
distinguished with the naked eye due to high-resolution multiple
color changes of Au NRs. As a consequence, the proposed MBMCIA
may have a great potential application for on-site detection and
screening in real samples due to its portability and easy
visualization.

In this work, the mechanism of the proposed MBMCIA for the
detection of AFB1 was elucidated in Scheme 1. The carboxyl groups
on magnetic beads were initially activated through 1-ethyl-3-(3-
dimethyllaminopropyl)carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS), then coupledwith the amino groups of
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albumin from bovine serum albumin (BSA) by the caprylic acid-
ammonium sulfate reaction to form MBs-AFB1-BSA. When the
target AFB1 is present, AFB1 compete with AFB1-BSA to preferen-
tially recognize the anti-AFB1 monoclonal antibodies (AFB1-2A8-
F4), resulting in inevitably decrease of the captured biotin-labeled
antibody (Biotin-IgG) and streptavidin-conjugated alkaline phos-
phatase (SA-ALP), which cannot trigger the ALP-induced catalytic
reaction. In contrast, in the absence of AFB1, a large amount of anti-
AFB1monoclonal antibodies and Biotin-IgG are immobilized on the
surface of MBs by immunoreaction. Subsequently, SA-ALP is
immobilized by biotin-avidin-system and triggers the subsequent
catalytic and multicolor reaction. The ALP can catalytic hydrolyzes
sodium L-ascorbic acid-2-phosphate (AA-P) to generate ascorbic
acid (AA), the produced AA acted as a common reduction to reduce
silver ions and consequent deposition of metallic silver on the Au
NRs to generate Au@Ag NRs. This leads to both the blue-shifted of
longitudinal LSPR peak and the decrease of the aspect ratio of Au
NRs, accompanying a series of vivid multicolor changes from the
initial reddish-brown to green, cyan, blue, violet, and further to
orange. Therefore, the proposed MBMCIA based on ALP-mediated
silver deposition on the Au NRs transforms the insensitive
traditional signal-color change into a distinguishable multicolor
change.

To confirm the mechanism of ALP-mediated silver deposition
on the AuNRs, a series of control experimentswere carried out and
recorded by UV–vis spectroscopy and color change images. As
shown in [28_TD$DIFF]Figs. 1A and B, the Au NRs solution appears light reddish-
brown (photograph ‘a’) and exhibits the transverse and longitudi-
nal LSPR absorption peaks at 509 nm and 701 nm, respectively
(curve a). In absence of ALP, the color of Au NRs colloids solution
was not changed (photographs b, c and d) and the longitudinal
LSPR peaks of Au NRs were negligible shifted (curves b, c and d)



Table 1
Recovery studies of AFB1 spiked wheat flour samples (n = 3).

Spiked samples (ng/mL) Mean (ng/mL) Recovery (%) RSD (%)

0.1 0.103 102.8 7.05
1.0 1.04 104.3 5.13
10.0 9.91 99.1 1.51
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even if AA-P and AgNO3 were added. When ALP, AA-P, and AgNO3

were mixed with the Au NRs solution and incubated 60min at
37 �C, the color of solution favorably changed from light reddish-
brown to green (photograph f), and the longitudinal LSPR peakwas
gradually blue-shifted from 701 nm to 651 nm (curve f). After
mixing Au NRs, AgNO3, and AA, the color of the solution changed
from light reddish-brown to green (photograph e) and the
longitudinal LSPR peak gradually blue-shifted from 701 nm to
665 nm (curve e). The result demonstrates that the AA obtained by
the hydrolysis of AA-P with the aid of ALP is the key factor for this
method, and can reduce silver ions coating the surface of Au NRs to
form Au@Ag NRs.

To further confirmed the formation of silver nanoshells on the
Au NRs, themorphology and size changes of Au NRswere observed
by transmission electron microscopy (TEM), the as-synthesized
nanostructures were well-defined nanorods with an average
length of 50 nm and a diameter of 16 nm (Fig. S1A in Supporting
information). After adding ALP, AA-P, and AgNO3 into the Au NRs
solution, metallic silver was first deposited on the surface of Au
NRs to form Au@Ag NRs nanostructures and the solution color
turned to green (Fig. S1B in Supporting information). As the
concentration of ALP increased, the silver nanoshells preferred to
deposit on the transverse axis of Au NRs, resulting in the aspect
ratio of Au NRs decreased and the color changed to blue (Fig. S1C in
Supporting information). The final size of the as-produced was
significantly larger than Au NRs and formed orange spherical-like
nanostructures (Fig. S1D in Supporting information). Moreover, it
is well known that the hybrid nanostructure could easily cause the
blue-shift of the longitudinal LSPR peak due to its excellent optical
properties and nanostructure.

To improve the visual detection accuracy, AuNRswas utilized as
a chromogenic substrate for multicolor quantitative detection of
the analytes. As shown in Scheme 1, food contaminant aflatoxin B1

(AFB1) was used as a model analyte and ALP was labeled on the
second antibody by the avidin-biotin system. The number of SA-
ALP that immobilized on the surface of MBs was decreased with
the increasing concentration of AFB1 in the samples. As a result, the
amount of AA-P hydrolyzed by ALP was inversely proportional to
the concentration of AFB1 due to the indirect competitive
immunoreaction. Under optimal conditions (Fig. S2 in Supporting
information), the vivid color of the sample solution change from
orange to purple-red to purple to blue and to green with the
increase of AFB1 concentration (Fig. 2A). The longitudinal LSPR
intensity of the Au NRs was normalization such that one
normalized unit to evaluate the AFB1 concentration. As shown
in Fig. 2B, the longitudinal LSPR peak of the Au NRs gradually red-
shifted with the increasing AFB1 concentration in the range of 0–
10.0 ng/mL. Fig. 2C displayed a good linear correlation between
blue-shifts of the longitudinal LSPR peak (Dl) and AFB1
[(Fig._2)TD$FIG]

Fig. 2. (A) Photographs and (B) UV–vis absorption spectra of the proposedmethod towar
0.2, 0.1, 0.05, 0.01, and 0 ng/mL). (C) The relationship between the longitudinal LSPR
concentrations of AA-P and AgNO3 are 2.0mmol/L and 4.0mmol/L, respectively. The reac
solution pH of 9.8. Error bar represents the standard deviation (n = 3).
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concentrations in the dynamic range from 0.01 ng/mL to
10.0 ng/mL, and the linear regression equation could be fitted to
y (Dl) =�136.2C (ng/mL) + 164.7 with the correlation coefficient
(R2) of 0.9866. The limit of detection (LOD) was evaluated as low as
5.7 pg/mL based on 3s/slope, where s was the standard deviation
of blank samples. Compared with other analytical methods for the
detection of AFB1, the proposed MBMCIA not only achieved higher
sensitivity and lower LOD, but also possessed a unique advantage
of semi-quantitative visual detection of the target with the naked
eye [38–40] (Table S1 in Supporting information). Besides, the
mechanism of ALP-mediated silver deposition on the Au NRs was
also performed to visual detection of ALP activity in Fig. S3
(Supporting information).

To evaluate the selectivity of the proposed MBMCIA toward
AFB1 detection, four types of mycotoxins (e.g., aflatoxin B2 (AFB2),
aflatoxin G1 (AFG1), ochratoxin A (OTA), deoxynivalenol (DON))
were selected as interfering substances under the same experi-
mental conditions. As shown in Fig. S4 (Supporting information), in
the presence of target AFB1, the blue-shifted of longitudinal LSPR
peak (Dl) only slightly changes due to the natural specificity of the
antibody-antigen effect. In contrast, after adding above interfer-
ence substances (concentration of mycotoxins were ten-fold
higher than that of AFB1), they were similar to the sample without
AFB1 that the longitudinal LSPR peaks of Au NRs were blue-shifted.
The results demonstrate that the proposed MBMCIA shows high
selectivity for accurate detection of AFB1.

We also investigated the potential application of the proposed
MBMCIA in real samples, spiked samples containing the wheat
flour and different concentration of AFB1 were tested. TheMBswas
used for the rapid separation and enrichment of target in the
complex matrices without the purification process. As shown in
Table 1, three spiked samples were investigated; the results
showed that the recoveries range of [29_TD$DIFF]99.1%–104.3% and corre-
sponding RSD range of 1.51%–7.05%, which indicates that the
proposed MBMCIA has reliable accuracy and precision. These
results show that the MBMCIA holds the potential applications for
on-site visual detection and screening in food safety.

In summary, this study successfully develops a simple,
convenient, ultrasensitive and high-resolution magnetic bead
multicolor colorimetric immunoassay for the detection of AFB1.
Experimental results demonstrated that the proposed MBMCIA
d AFB1 with different concentrations (from left to right: 10.0, 5.0, 2.5,1.0, 0.8, 0.6, 0.4,
peak blue-shifted value (Dl) and AFB1 concentration (Inset: Linear curve). The
tion time of silver nanoshells deposited on the surface of Au NRs was 60min, with a
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has the following advantages: (1) Magnetic beads replace micro-
plates as an immobile phase to make the immunoreaction from
two-dimensional to three-dimensional, further improve the
sensitivity of the immunoassay and shorten the detection time.
(2) The proposedmulticolormethod based on the silver nanoshells
deposition on the surface of Au NRs provides a higher color
resolution than those of colorimetric sensors based on aggregation
or etching of Au NRs. (3) The MBMCIA has a series of advantages
including simple, portable, visualization,high-sensitivity and on-
site quantitative detection of AFB1. Therefore, the proposed
method provides a great possibility for the analysis of food
contaminants in real samples.
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