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ABSTRACT: Highly luminescent quantum dot beads (QBs)
were synthesized by encapsulating CdSe/ZnS and used for the
first time as immunochromatographic assay (ICA) signal
amplification probe for ultrasensitive detection of aflatoxin B1
(AFB1) in maize. The challenges to using high brightness QBs
as probes for ICA are smooth flow of QBs and nonspecific
binding on nitrocellulose (NC) membrane, which are
overcome by unique polymer encapsulation of quantum dots
(QDs) and surface blocking method. Under optimal
conditions, the QB-based ICA (QB-ICA) sensor exhibited
dynamic linear detection of AFB1 in maize extract from 5 to 60
pg mL−1, with a median inhibitory concentration (IC50) of 13.87 ± 0.16 pg mL−1, that is significantly (39-fold) lower than those
of the QD as a signal probe (IC50 = 0.54 ± 0.06 ng mL−1). The limit of detection (LOD) for AFB1 using QB-ICA sensor was
0.42 pg mL−1 in maize extract, which is approximately 2 orders of magnitude better than those of previously reported gold
nanoparticle based immunochromatographic assay (AuNP-ICA) and is even comparable with or better than the conventional
enzyme-linked immunosorbent assay (ELISA) method. The performance and practicability of our QB-ICA sensor were validated
with a commercial ELISA kit and further confirmed with liquid chromatography tandem mass spectrometry (LC−MS/MS).
Given its efficient signal amplification performance, the proposed QB-ICA offers great potential for rapid, sensitive, and cost-
effective quantitative detection of analytes in food safety monitoring.
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1. INTRODUCTION

Aflatoxin B1 (AFB1) is one of the most compelling mycotoxins
and is listed as a Group I carcinogen by the International
Agency for Research in Cancer.1 Many countries have
established regulations to govern the AFB1 level in agricultural
products to avoid overexposure of humans and animals to
AFB1.

2 The Ministry of Agriculture of China has set up the
maximum allowed level (MAL) in foodstuffs at 20 ng mL−1.
The European Union has established a lower MAL of AFB1 in
groundnuts, milk, dried fruits, and cereals, as well as their
products, at 2 ng mL−1.
Various immunochemical methods, including enzyme-linked

immunosorbent assay (ELISA),3,4 microarray,5 and other
immunobiosensors, have been developed for highly sensitive
detection of AFB1 because of their specificity and reliability. For
example, Yu et al. reported a direct competitive chemilumi-
nescent ELISA for determination of AFB1 with a limit of
detection (LOD) of 1.5 pg mL−1.6 Hu et al. developed a
nonfouling polymer brush-based fluorescent competitive
immunoassay microarray to detect multiplex mycotoxins,
including AFB1 with an LOD of 4 pg mL−1.7 Deng et al.

reported an ultrasensitive immunoassay using silica photonic
crystal microsphere suspension array method for multiplex
mycotoxin detection with an LOD at 0.5 pg mL−1 for AFB1.

8

However, these immunochemical methods require both
professional laboratory conditions and skilled operators.
These methods are also time-consuming because they have
complex handling procedures; thus, they are unsuitable for on-
site rapid screening detection of AFB1.
Recently, gold nanoparticle based immunochromatographic

assay (AuNP-ICA) has been applied extensively to detect AFB1

because of its significant potential advantages over conventional
laboratory-based testing technologies, such as simplicity,
rapidity, portability, low cost, and ease of use and
maintenance.9−13 Zhang et al. reported an ultrasensitive
AuNP-ICA to detect total aflatoxins, and the visual LOD was
achieved at 30 pg mL−1.14 However, AuNP-ICA lacks
sensitivity comparisons with conventional ELISA and micro-
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array methods. Several alternative labels, including colloidal
carbon,15 magnetic nanoparticles,16 up-converting phosphors,17

time-resolved fluorescence,18 quantum dots (QDs),19 and
organic or inorganic dye-doped nanoparticles,20 have been
utilized to improve the detection sensitivity of ICA. Among
these novel labels, QDs are one of the ideal fluorescent labels
because of their broad UV excitation, narrow fluorescent
emission spectra, high quantum yield, large molar extinction
coefficient, and high photostability.21,22 Theoretically, doping
or encapsulating numerous QDs on or inside polybeads may
improve the sensitivity of ICA by amplifying the detectable
signal of the recognition events. Zhang et al. developed a
quantum dots nanobeads based dot-blot immunoassay for
ultrasensitive detection of hepatitis B virus surface antigen with
an LOD of 0.078 ng mL−1.23 Yuan et al. reported a layer-by-
layer assembly of QDs as a signal simplification label for
ultrasensitive electronic detection of uropathogens, with an
LOD of 0.22 fmol.24 Meanwhile, Li et al. also reported an
application of QD nanobeads for detection of prostate specific
antigen based on a sandwich ICA sensor.25 However, QD-
doped or encapsulated beads as an amplification label for
competitive ICA sensor has not been reported.
In the current study, highly luminescent submicrobeads were

synthesized by encapsulating CdSe/ZnS QDs using the
microemulsion technique. The resultant QD encapsulated
submicrobeads (QBs) exhibited approximately 2863 times
brighter luminescence than the corresponding QDs. The QBs
were proposed for the first time as an ICA signal amplification
probe for ultrasensitive detection of AFB1 in maize. A
homemade portable strip reader was used to record
fluorescence intensity (FI) on the test line (FIT) and control
line (FIC) for possible on-site quantitative detection of AFB1 in
maize within 15 min. The sensitivity of QB-based ICA (QB-
ICA) shows approximately 2 orders of magnitude higher than
those of previously reported AuNP-ICA because of the
thousands of CdSe/ZnS QDs contained in a single QB.
Additionally, QB-ICA is comparable or even superior to
conventional ELISA or microarray methods. Hence, the QB-
ICA sensor offers great potential for rapid, sensitive, and cost-

effective quantitative detection of analytes in food safety
monitoring.

2. MATERIALS AND METHODS
2.1. Materials and Reagents. N-(3-(Dimethylamino)propyl)-N′-

ethylcarbodiimide hydrochloride (EDC·HCl), AFB1, and bovine
serum albumin (BSA) were purchased from Sigma-Aldrich Chemical
(St. Louis, MO). AFB1−BSA conjugates (mole ratio of 15:1) and anti-
AFB1 mAbs were prepared in our laboratory. Donkey anti-mouse IgG
antibodies were purchased from Beijing Zhongshan Biotechnology,
Inc. (Beijing, China). The sample pad, nitrocellulose (NC) membrane,
and absorbent pad were obtained from Schleicher and Schuell GmbH
(Dassel, Germany). The commercial AFB1 ELISA kit was provided by
Wuxi Zodoboer Biotech. Co., Ltd. (Wuxi, China). The phosphate-
buffered saline (PBS, 0.01 M, pH 7.4) was obtained by adding 1.22 g
of K2HPO4, 1.36 g of KH2PO4, and 8.5 g of NaCl in 1000 mL of Milli-
Q water and adjusted to 7.4, unless otherwise specified, before use. All
of the other reagents were of analytical grade or better and purchased
from Sinopharm Chemical Corp. (Shanghai, China).

2.2. Apparatus. The BioDot XYZ platform combined with a
motion controller, BioJet Quanti3000k dispenser, and AirJet
Quanti3000k dispenser for solution dispensing, were supplied by
BioDot (Irvine, CA). An automatic programmable cutter was
purchased from Shanghai Jinbiao Biotechnology Co., Ltd. (Shanghai,
China). Pure water used for all the experiments was purified by Elix-3
and Milli-QA (Molsheim, France).

2.3. Preparation of QBs. CdSe/ZnS QDs were prepared
according to a previously reported method.26 The QBs were prepared
by applying a microemulsion technique. Briefly, 20 mg of CdSe/ZnS
QDs were dissolved with 2 mL of CHCl3 containing 60 mg mL−1 of
poly(methyl methacrylate) (PMMA) and 40 mg mL−1 of poly(maleic
anhydride-alt-1-octadecene) (PMAO), and then mixed with 5 mL of
sodium dodecyl sulfonate aqueous solution (3 mg mL−1). The mixture
emulsion was obtained using an ultrasonic homogenizer for 2 min.
The nonpolar solvent (CHCl3) was evaporated by a Rotovap R-200
(Buchi U.K. Ltd., Oldham, U.K.). The resulting water-soluble QBs
were purified by centrifugation (10 000 rpm, 10 min) and washed
thrice with pure water. The size distribution and morphology of the
QBs were characterized by a high-resolution scanning electron
microscope (Hitachi S-4800, Tokyo, Japan) and a high-resolution
transmission electron microscope (JEOL JEM 2100, Tokyo, Japan).
The photoluminescence spectrum of the QBs was recorded by a
fluorescence spectrophotometer (Hitachi F-4500, Tokyo, Japan).

Scheme 1. Procedure for the Detection of AFB1 Using QBs
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2.4. Preparation of the QB-mAbs. The ascetic fluid containing
4% anti-AFB1 mAbs was conjugated to QBs directly, as previously
described with some modifications.27 Briefly, 1.0 μg of EDC and 0.12
mg of QBs were added to 2.7 mL of 0.01 M phosphate buffer (pH
6.0), and then the desired concentration of the ascetic fluid was added
dropwise to the EDC-activated QBs under gentle stirring. The mixture
reacted at room temperature for 40 min. Subsequently, the QB-mAbs
were separated by centrifugation at 13 500g for 10 min, and then the
precipitates were resuspended with 600 μL of PBS (0.01 M, pH 7.4)
containing 5% sucrose, 2% fructose, 1% PEG 20000, 1% BSA, and
0.4% Tween-20. The resuspended solution was stored at 4 °C for
further use. To confirm the immobilization of the anti-AFB1 mAbs on
the surface of QBs, the free QBs and QB-mAbs probes were
characterized with a particle size analyzer (Malvern Instruments Ltd.,
Worcestershire, U.K.) and Nicolet5700 FTIR spectroscopy (Thermo
Fisher Scientific, Inc., Waltham, MA), respectively.
2.5. Fabrication of QB-ICA Sensor. The formation and principle

of the QB-ICA sensor are shown in Scheme 1. The test strip
comprised three parts: sample pad, NC membrane, and absorbent pad.
The sample pads were saturated with 20 mmol L−1 sodium borate
buffer (pH 8.0), containing 1.0% (w/v) BSA, 0.25% Tween-20, and
0.1% (w/v) NaN3, and dried at 60 °C for 2 h. The AFB1−BSA (0.4 mg
mL−1) and donkey anti-mouse IgG antibodies (1 mg mL−1) were
dispensed onto the NC membrane as test and control lines at densities
of 4 μL cm−1, respectively, and then dried at 37 °C for 4 h. The sample
pad, NC membrane, and absorbent pad were assembled onto a
backing card overlapping 2 mm on top of each other. The assembled
backing card was cut into 4 mm wide strip using an automatic
programmable cutter, sealed in a plastic bag with desiccant gel, and
stored at room temperature until use.
2.6. Quantitative Procedure of QB-ICA Sensor. Approximately

5.0 μL of QB-mAbs probe (36 μg mL−1) and 75 μL of sample solution
were premixed at room temperature and then added into the well of
the sample pad. After a 15 min incubation period, the strip was
scanned with an optical reader, which was provided by Shanghai
Huguo Science Instrument Co., Ltd. (Shanghai, China). FIT, FIC, and
FIT/FIC were recorded. The AFB1 quantitative analysis was calculated
according to a linear regression equation of the AFB1 calibration curve.
The standard curve was established by plotting the B/B0 × 100%
against the logarithm of the AFB1 concentration, where B and B0
represented FIT/FIC, with and without the presence of competitive
antigen (AFB1) in the standard solutions. The standard AFB1 solutions
were prepared by spiked stock AFB1 solution (20 ng mL−1) in PBS
containing 3.0% methanol (v/v) at pH 7.4 to a final concentration of 0
(as negative control), 0.25, 0.5, 1.0, 2.0, 5.0, 10, 15, 20, 30, 40, 60, 100,
150, and 200 pg mL−1.
2.7. Spiked Maize Samples. The 46 maize samples (N = 46),

which were confirmed to be free of AFB1 by LC−MS/MS, were

collected from the grain procurement agencies in Jining and Shandong
Provinces in China. All samples were ground prior to AFB1 extraction,
and the sample extracts used for the ICA assay were prepared as
follows: 5.0 g of the pulverized sample was extracted with 25 mL
methanol−water (70:30, v/v) for 20 min on a vortex shaker. After
centrifugation at 12 000g for 10 min, the supernatant solutions were
stored at −20 °C and further diluted 60-fold with PBS (0.01 M, pH
7.4) buffer before QB-ICA analysis. Three spiked maize extracts with
AFB1 concentrations of 10, 20, and 40 pg mL−1 were prepared for
accuracy and precision analysis.

2.8. Comparative Evaluation with Commercial ELISA Kit. Up
to 40 random blank maize samples, which were spiked AFB1

concentrations over the range of 0.5−9.0 ng g−1, were determined
using the QB-ICA sensor and commercial AFB1 ELISA kit. Sample
pretreatment for the commercial ELISA kit was performed according
to the manufacturer’s instructions.

2.9. LC−MS/MS Analysis. The reliability and practicability of QB-
ICA sensor was further confirmed by a triple quadrupole LC−MS/MS
system (Agilent Technologies, Lexington, MA), which was composed
of triple quad instrument (Agilent 6410) and LC system (Agilent 1200
series). Nine different feedstuff materials, including maize, soybean
meal, rapeseed meal, cotton seed meal, distillers dried grain, and wheat
sample were provided by Jiangxi Institute of Veterinary Drug and
Feedstuff Control (Nanchang, China). The sample extraction, cleanup,
and LC−MS/MS operation were performed according to the local
standard GB/T 22286-2008 (Sichuan, China) with some modifica-
tions. Pulverized sample (5.0 g) was extracted with 25 mL methanol−
water (70:30, v/v) for 40 min on a vortex shaker. After centrifugation
at 10 000g for 10 min, 3 mL of the supernatant solutions were further
diluted 4-fold with 9 mL PBS (0.01 M, pH 7.4) and then cleaned using
immune affinity column provided by Beijing Rapid Bioscience Co.,
Ltd. (Beijing, China). The purified AFB1 solution was filtered with a
0.22 μm cellulose membrane and further used for LC−MS/MS
analysis. The LC−MS/MS system was controlled by MassHunter
software (Agilent Technologies, Lexington, MA). The chromato-
graphic separation was performed with Agilent Zorbax Eclipse XDB-
C18 column (250 mm × 4.6 mm, 5 μm) that was maintained at 30 °C.
The mobile phase consisted of solvent A (ammonium acetate, 10 mM)
and solvent B (methanol). Initial gradient conditions were set at 80%
solvent A, reduced with a linear gradient to 15% from 0 to 6.0 min,
and then reduced to 5% from 6.0 to 8.0 min. At 8.0 min, the gradient
was programmed to initial conditions to re-equilibrate the column for
4.0 min. The flow rate was 0.30 mL min−1, and the injection volume
was 5 μL in full loop injection mode. Ionization was achieved using
electrospray ionization in positive ion mode. Detection was conducted
in multiple reaction monitoring mode. High-purity nitrogen gas was
used for desolvation, cone, and collision gas. The monitoring ion pairs

Figure 1. TEM image of (A) CdSe/ZnS QDs in QBs and of (B and C) QBs with different magnifications. (D−F) SEM images of QDs with different
magnifications.
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were chosen as AFB1 m/z 313.1/285.1 (quantitation ion) and 313.1/
241.1 (qualitative ions).

3. RESULTS AND DISCUSSION

3.1. Characterization of QBs and Anti-AFB1 mAbs QB
Probe. Highly luminescent CdSe/ZnS QDs were initially
prepared to fabricate QBs based on a modified method
reported by Xie et al.26 The as-prepared QDs were
monodispersed with an average size of 8.5 ± 1 nm (Figure
1A). The absorption and fluorescence spectra of the core/shell
nanocrystals are presented in Figure S1 (Supporting
Information). The narrow features of the emission peaks are
consistent with the narrow size distribution of the core/shell
nanocrystals shown in Figure 1A. Modified microemulsion
based on poly(methyl methacrylate) (PMMA) and poly(maleic
anhydride-alt-1-octadecene) (PMAO) composites was used to
encapsulate numerous single QDs in a polymer matrix. The size
and morphology of the prepared QBs were studied under a
high-resolution transmission electron microscope (TEM) and a
scanning electron microscope (SEM). High-resolution TEM
images (Figure 1B,C) show a compact QD-polymer structure,
indicating that the numerous, individual dark dots with a
diameter of approximately 8.5 nm are tightly encapsulated in
the polymer matrix. These dark dots are QDs, which can be
visibly identified from the polymer matrix because of the
different electron penetrabilities between the QDs and polymer
matrix. The typical SEM images of the QBs in Figure 1D−F
show that the obtained QBs are well distributed and relatively
uniform spherical submicrobeads. The histogram of size
distribution indicates that the submicrobeads have an average
diameter of 247 ± 13 nm (Figure S2, Supporting Information).
The fluorescence spectrum of QBs also presents a bright and
narrow fluorescence peak at 620 nm, with full width at half-
maximum of 25 nm. This emission peak is in the same position

as the single QDs but with an enhanced intensity approximately
2863 times brighter than the corresponding QDs. A detailed
calculation is presented in Figure S3 (Supporting Information).
All these optical characteristics of the QBs suggest that our
microemulsion-based method to prepare QBs is excellent at
maintaining the characteristics of QDs. Thus, the strong
fluorescence signal of the prepared QBs provides a promising
platform to improve the analytical sensitivity of ICA sensor.
Meanwhile, the stable polymer matrix prevents the leakage of
trapped QDs into the surrounding environment, which
minimizes photobleaching and photodegradation.28

The anti-AFB1 mAbs-labeled QB probes (QB-mAbs) were
prepared by coupling the amino group of anti-AFB1 ascites with
the carboxyl group of the QBs using the active ester method.29

Photoluminescence spectrophotometer, particle size analyzer,
and Fourier-transform infrared (FTIR) spectroscopy were
utilized to characterize the free QBs and QB-mAbs. The
fluorescence spectra showed that after the conjugation, the FI
of QB-mAbs slightly decreased compared with free QBs
(Figure 2A). The average hydrodynamic diameter of QB-mAbs
increased from 255 ± 3 nm (free QBs) to 295 ± 5 nm after the
anti-AFB1 ascites conjugated on the surface of QBs (Figure
2B). To confirm the immobilization of anti-AFB1 ascites on the
surface of QBs, FTIR analyses of QB-mAbs were performed,
and results were compared with those of free QBs and anti-
AFB1 ascites. Compared with those of the free QBs (Figure 2C,
curve b), the FTIR spectra of the anti-AFB1 ascites and QB-
mAbs showed that characteristic absorption peaks correspond-
ing to protein amide bands I (1641 cm−1) and II (1530 cm−1),
respectively (Figure 2C, curves a and c). The anti-AFB1 ascites
were successfully covalently bound on the surface of the QBs.

3.2. Optimization of the Saturated Labeled Ascites on
the QBs. The unpurified anti-AFB1 ascites were used to
conjugate with the QBs directly. Prior to conjugation, the

Figure 2. Characterization of the free QBs and QB-mAbs conjugates. (A) Fluorescence spectra of QBs and QB-mAbs conjugates in the same
concentration (7.99 pmol L−1). (B) Hydrodynamic diameter of QBs and QB-mAbs. (C) FTIR spectra of (curve a) anti-AFB1 ascites, (curve b) QBs,
and (curve c) QB-mAbs.
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unpurified anti-AFB1 ascites were verified by the target
antibody (4%) and miscellaneous protein (96%), as shown in
Figure S4 (Supporting Information). Along with the con-
jugation process, the desired antibody could be coupled with
the carboxyl group of the QBs, whereas the mass of the
miscellaneous protein blocked the excess carboxyl groups of the
QBs to reduce the nonspecific binding of the QBs with NC
membrane and the antigen on the test line. To estimate the
saturated labeling content of protein on the surface of the QBs,
1 mg of QBs was conjugated with a series amount of anti-AFB1
ascites from 10 to 300 μg. The resultant QB-mAbs were then
run on the ICA sensor, and the fluorescent signal was recorded
using a portable strip reader. Figure S5 (Supporting
Information) shows that FIT increased from 180.08 ± 3.82 to
1100.21 ± 68.00, and the content of the labeled ascites
increased from 10 to 150 μg per mg of the QBs. Then, the FI
became saturated as the ascites contents increased. Therefore,
150 μg of ascites per mg of QBs was verified as the saturated
labeled concentration.
3.3. Optimization of the QB-ICA Sensor. In a traditional

strip, the labeled probes are dispensed or sprayed on the
conjugated pad, and they may diffuse in an irregular manner
along the glass fiber, which might easily lead to non-
reproducibility between the different strips and affect the
sensitivity of the assay.14 In the present study, the conjugated
pad was omitted, and the new strip was assembled by
overlapping 2 mm of the sample pad, NC membrane, and
absorbent pad on top of each other on the backing card, as
illustrated in Scheme 1. The QB-mAbs were premixed with the

sample solution before performing the test as a previously
described protocol.30 Compared with the traditional strip, the
FIT value of the new strip improved from 751.08 to 1057.34,
whereas the FIC value increased from 390.92 to 559.74.
Meanwhile, the coefficient of variation (CV) of FIT/FIC
between the different strips (N = 10) decreased from 15.34
to 7.0%.
To achieve the best sensitivity and a higher FI signal on both

lines, a similar “checkerboard titration” was performed with
different QB-mAbs contents under a series of AFB1−BSA
conjugates on the test line for various combinations. The
competitive inhibition rates and FI signals on both lines are
used to confirm the optimal parameters, from which the
competitive inhibition rates are obtained by (1 − B/B0) ×
100%, where B0 and B represent FIT/FIC of the negative sample
and an AFB1-spiked maize extract sample (10 pg mL−1),
respectively. Table S1 (Supporting Information) presents the
results, which indicated the following optimal combinations: 0.4
mg mL−1 AFB1−BSA was spotted on the NC membrane as the
test line, and 150 μg of anti-AFB1 ascites was used to conjugate
with 1 mg of QBs and 5 μL of QB-mAbs probe (36 μg mL−1)
were premixed with 75 μL sample solution. Under the
optimized parameters, the competitive inhibition rate of the
ICA sensor for a 10 pg mL−1 AFB1 sample was achieved at
40.16%, the FIs on the test and control lines were 1221.49 and
633.97, respectively, which could be observed on the strong red
fluorescence bands on the test and control zones under an
ultraviolet (UV) lamp excitation. The stereogram of the strip is
displayed in Figure S6 (Supporting Information).

Figure 3. (A) Immunoreaction dynamics of FIT/FIC at different AFB1 concentrations. (B) Effect of pH value of samples on FIT, FIC, and FIT/FIC
ratio. Competitive inhibition rate was defined as (1 − B/B0) × 100%, where B0 and B represent FIT/FIC of the negative sample and an AFB1 spiked
sample solution (10 pg mL−1), respectively. (C) Optimized standard inhibition curve for AFB1 was obtained by plotting the normalized signal B/B0
× 100% against the logarithm of AFB1 concentration. Data were obtained by averaging three independent experiments. (D) Effect of methanol in
samples on FIT, FIC, and FIT/FIC ratio.
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In addition, pH value, methanol content of the sample
extract, and interpretation time could influence the sensitivity
and reproducibility of the QB-ICA sensor. In the present study,
immunological kinetics analysis was introduced to elaborate the
effects of the above factors according to our previous works.31

The kinetic curves between QB-mAbs and AFB1−BSA on the
test line, as well as those of the QB-mAbs and donkey anti-
mouse antibody on the control line, were established by
plotting the development of FIT, FIC, and FIT/FIC against
immunoreaction time. Figure 3A (inset) shows the results,
indicating that the FIs on both lines enhance continuously
during the 45 min observation period. However, FIT/FIC
reached a constant value after 15 min, even with higher AFB1
concentration (Figure 3A). These results indicated that FIT/FIC
could shorten the interpretation time of the ICA sensor, and
the 15 min immunoreaction time was necessary for ICA
quantitative analysis. To explore the effects of pH on FIT, FIC,
and FIT/FIC, we adjusted the pH values of the sample solutions
to final pH values of 5.0, 6.0, 7.0, 8.0, and 9.0 and then tested
the samples with a QB-ICA sensor. For the AFB1 negative
sample, FIT improved sharply, when pH increased from 5.0 to
7.0, and then reached a relatively stable level between 971.45
and 1088.88, with the pH ranging from 7.0 to 9.0. Meanwhile,
FIC decreased as pH increased (Figure 3B). However, the
competitive inhibition rates for AFB1 concentration at 10 pg
mL−1 were relatively constant between 37.52 and 41.16%, and
the pH values ranged from 5.0 to 9.0. To obtain a strong
fluorescence signal on the test line, we selected 0.01 M PBS
with a pH of 7.4 as the optimal pH condition for all succeeding
experiments.
Higher extraction recovery from AFB1 polluted real samples

requires the extract solution to contain a certain concentration
of methanol because of the hydrophobic property of AFB1. In
this study, the effects of methanol on FIT, FIC, FIT/FIC, and
competitive inhibition were investigated. The results shown in
Figure 3D indicate that the competitive inhibition rate declines
from 41.97 to 40.24% when methanol content is lower than 5%,
and declines sharply to 12.37% when methanol content
increases to 40%. Considering the ultrasensitivity of the
proposed method, the real sample extract should be diluted
with 0.01 M PBS (pH 7.4) to obtain a final methanol
concentration of 3% for all subsequent experiments.
3.4. Analytical Performance of the QB-ICA Sensor.

Under optimal experimental conditions, the calibration curve of
the QB-ICA sensor was constructed by plotting the B/B0 ×
100% against the logarithm of various concentrations of the
AFB1 analytical standard (0−200 pg mL−1). Figure 3C shows
the calibration curve exhibiting a good linear range from 5 to 60
pg mL−1 with a reliable correlation coefficient (R2 = 0.99). The
regression equation could be represented by y = (0.28 ln x) +
1.25, where y is the competitive inhibition rate and x is the
AFB1 concentration. Error bars were based on three duplicate
measurements at different AFB1 concentrations. The IC50 of
the QB-ICA sensor was achieved at 13.87 ± 1.54 pg mL−1 (n =

3), which is significantly lower (39-fold) than that of the QDs
as a signal probe (IC50 = 0.54 ± 0.06 ng mL−1; Figure S7,
Supporting Information). The LOD was calculated at 0.42 pg
mL−1 according to the mean plus 3 times standard deviation
(SD),32,33 which corresponds to 1.34 fmol of analyte in a 1 mL
sample solution. The mean and SD were obtained by applying
20 duplicate measurements of the blank sample. Such a high
LOD highlights that the QBs have an important role for signal
amplification probes in QB-ICA sensor.
The specificity of the QB-ICA sensor was evaluated by

running four structurally related analogs (AFG1, AFG2, AFM1,
and AFB2) and other five common mycotoxins (citrinin,
patulin, ochratoxin A, deoxynivalenol, and zearalenone). The
cross-reaction (CR) was calculated according to the following
equation: CR % = [(IC50 AFB1)/(IC50 analog)] × 100.34 The
results show that the developed method exhibited 51.6, 0.2,
1.73, and 5.58% CR to AFG1, AFG2, AFM1, and AFB2,
respectively, and negligible (<0.01%) CR to the other five
mycotoxins.
Recovery studies of the intra- and inter-assay were conducted

to evaluate the accuracy and precision of the proposed method
by analyzing three spiked maize extracts with low (10 pg
mL−1), medium (20 pg mL−1), and high (40 pg mL−1) levels of
AFB1 concentrations. The intra-assay was completed within 1 d
with five replicates at each spiked concentration, and the inter-
assay was completed every 3 d for 15 d continuously with five
replicates at each spiked concentration. Table 1 shows the
results. The average recoveries for the intra-assay ranged from
97.89 to 105.70%, with a CV ranging from 3.64 to 8.52%. The
results for the inter-assay ranged from 96.32 to 110.30% and
4.34 to 6.36%, respectively. The variations for intra- and inter-
assay using QB-ICA sensor are acceptable levels for AFB1

quantitative analysis.35,36

3.5. Determination of AFB1 in the Real Samples. The
acceptance of the new QB-ICA sensor for AFB1 was compared
with a commercial ELISA kit by blindly analyzing 40 AFB1

spiked real maize samples. The results (Figure 4) show that the
two methods exhibited good agreement with a highly significant
correlation (R2 = 0.93). The proposed QB-ICA sensor took
only 15 min to complete one sample analysis, whereas
traditional ELISA took 90 min. To further demonstrate the
reliability and practicability of the proposed QB-ICA sensor in
real samples, different feedstuffs, including maize, soybean meal,
rapeseed meal, cotton seed meal, distillers dried grain, and
wheat sample, were analyzed using QB-ICA sensor and liquid
chromatography-tandem mass spectrometry (LC−MS/MS).
The results in Table 2 show that four samples were found with
AFB1 contamination by both methods, and the established QB-
ICA method did not show any false-negative or false-positive
result.

Table 1. Precision and Stability of the Test Strip in AFB1-Spiked Samples

intra-assay inter-assaya

spiked AFB1 (pg mL−1) meanb recovery (%) SD CV (%) meanb recovery (%) SD CV (%)

40 39.15 97.89 2.70 6.89 38.52 96.32 3.68 5.57
20 20.21 101.05 0.73 3.64 19.96 99.8 1.27 6.36
10 10.57 105.7 0.94 8.52 11.03 110.3 0.48 4.34

aAssay was completed every 3 d for 15 d continuously. bMean value of 5 replicates at each spiked concentration.
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4. CONCLUSIONS
Highly luminescent submicrobeads were successfully prepared
with embedding assembly technology. The submicrobeads
exhibited approximately 2863 times higher luminescence
intensity than the corresponding CdSe/ZnS QDs. This highly
luminescent amplification probe, with numerous QDs instead
of a single QD contained in each antigen−antibody interaction
event, demonstrated that the detectable signal is dramatically
amplified, as expected. The numerous QDs and their unique
properties made the QBs a potential amplified label for
application in bioanalysis. An immunochromatrographic strip
sensor based on QBs as reporters was constructed to evaluate
their practicability. With the incorporation of the advantages of
the immunochromatrographic strip sensor, a simple method for
rapid screening of AFB1 in maize with superior performance is
obtained, using functionalized QBs as a carrier-amplified label.
Under optimal conditions, the LOD reached 0.42 pg mL−1,
which corresponded to 1.34 fmol of the target AFB1 in 1 mL
sample solution. The CVs for intra- and inter-assay were below
10%. The recoveries obtained from the QB-ICA sensor ranged
from 71.39% to 128.62%, which were comparable with those
obtained from a commercial ELISA kit, with a highly significant
correlation (R2 = 0.93). The feasibility of the proposed method
for detection of other grain samples was also confirmed by
LC−MS/MS method. Our proposed method could provide
promising and versatile opportunities for the rapid screening of
other toxins at ultrasensitive levels in agricultural products and
foods by combining the carrier-amplified label with the ICA
sensor.
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