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ABSTRACT: An analytical method is developed for ultrasensitive detection of citrinin using double isothermal amplification and
CRISPR-Cas12a. Gold nanoparticles (AuNPs) modified with antigen and thiol-terminated, single-strand DNA (ssDNA) are used as
a probe. The antigen-modified AuNPs compete with citrinin to bind to magnetic beads coated with an anticitrinin antibody. After a
simple magnetic separation, the AuNPs are collected, and the ssDNA are released after they are washed with a dithiothreitol
solution. The ssDNA is first amplified by an exponential amplification reaction and then used as a primer in a subsequent
hybridization chain reaction to produce double-stranded DNA (dsDNA) that contains a protospacer adjacent motif to allow
recognition by CRISPR-Cas12a. The dsDNA activates the Cas12a-gRNA to cleave a reporter ssDNA to generate a fluorescence
signal. The developed analytical method has a low detection limit (0.127 ng mL−1) and a wide linear range (0.005−500 μg mL−1)
for detection of citrinin. For detection of citrinin in oat and flour, recoveries of 97−104% and 105−111% are obtained, respectively.
By combining double isothermal amplification with CRISPR-Cas12a, ultrahigh sensitivity and selectivity can be achieved for
detection of toxins in food.

KEYWORDS: ultrasensitive detection, biobarcode, CRISPR-Cas12a, exponential amplification reaction, hybridization chain reaction,
citrinin

■ INTRODUCTION

Citrinin (CIT) is a mycotoxin produced by Penicillium,
Aspergillus, and Monascus1 and can be found in corn, wheat,
fruits, nuts, and other foods.2 CIT is nephrotoxic, hepatotoxic,
and genotoxic, which makes it a dreadful mycotoxin to humans
in spite of its antimicrobial properties.3 With more attention
being paid to food safety, the toxicity of citrinin and the
necessity of its detection at low concentration have drawn
extensive public attention. Numerous analytical methods have
been reported for detection of CIT. For example, high-
performance liquid chromatography (HPLC),4,5 liquid chro-
matography with tandem mass spectrometry (LC/MS/
MS),6−8 and immunoassays have been developed.9 These
techniques can generate accurate results. However, the
complexity of operations, the requirement of skilled personnel,
expensive equipment, and time-consuming procedures make
them unsuitable for rapid sample analysis. Hence, new
detection methods that are rapid, sensitive, and reliable still
need to be developed.
Isothermal nucleic acid amplification is able to produce a

large number of ssDNA or dsDNA at a constant temperature.
Compared with polymerase chain reaction (PCR), it has the
advantage that the amplified products can be obtained without
changing frequently the reaction temperature.10−12 This
technology is currently widely used in the fields of nucleic
acid sequence analysis, genetic engineering, DNA-based
materials, and bioimaging.13−15 The biobarcode assay was
proposed by Mirkin16 and it is now used for molecular
detection in a wide range of areas.17,18 Gao’s group has
established a series of analytical methods by combining

isothermal amplification with biobarcode assays to detect
toxins in food. Two recent examples are the detection of T-2
toxin using exponential isothermal amplification (EXPAR)19

and staphylococcal enterotoxin B using hybridization chain
reaction (HCR).20

Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated proteins (Cas), collectively
referred to as CRISPR-Cas, are components of bacterial
immune systems.21,22 CRISPR-Cas12a (Cpf1) proteins are
RNA-guided enzymes that bind and cut DNA. Unlike
CRISPR-Cas9 proteins, the Cas12a endonucleases only require
CRISPR RNA (crRNA) as their guide RNA (g-RNA) to bind
a T-rich protospacer-adjacent motif (PAM) to generate
dsDNA breaks with staggered 5′ ends.23,24 To date,
CRISPR-Cas12a has been used as a research tool in many
areas including genome editing,25 DNA assembly,26 and
diagnostics.27,28 The trans cleavage activity of CRISPR-
Cas12a on single-strand DNA (ssDNA) has been utilized to
detect nucleic acids, and it offers a very useful strategy for
improving the specificity, sensitivity, and efficiency of nucleic
acid−based diagnosis.29,30 CRISPR-Cas12a has been com-
bined with loop-mediated amplification (LAMP) to achieve
highly sensitive detection of corona virus,31 hepatitis virus,32 as
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well as low-molecular-weight targets.33 However, combining
Cas12a with other isothermal amplification methods to detect
small-molecule targets, particularly in the fields of food safety,
environmental monitoring, and metabolic engineering has not
been explored.
Herein, we establish an analytical method for citrinin

detection using biobarcode, double isothermal amplification,
and CRISPR-Cas12a to achieve highly sensitive and rapid
toxin detection in food. The biobarcode technology is used in a
competitive assay format to translate the target binding into a
fluorescence signal. The ssDNA on the nanoparticle probe is
amplified by EXPAR and HCR to produce a dsDNA that binds
and activates Cas12a-gRNA to cleave a ssDNA reporter. With
this method, the concentration of CIT can be measured by
monitoring the fluorescence intensity after a simple magnetic

separation. Using citrinin as a model, one important aim of this
work was to demonstrate the general feasibility of double
isothermal amplification and CRISPR-Cas12a for analytical
detection.
The principle of analyte detection is presented in Scheme 1.

In this work, we used a gold nanoparticle labeled with a citrinin
antigen as the probe and anticitrinin antibody-coated magnetic
beads as the capturing agent. When citrinin is present, there
will be a competition between the toxin and the antigen to
bind to the antibody. After a magnetic separation, the unbound
AuNP probe (AuNP-antigen-ssDNA) can be washed with
DTT to release the ssDNA barcode. Therefore, there is a
positive relationship between citrinin concentration and the
concentration of the released ssDNA barcode. The ssDNA is
used as a primer to trigger EXPAR in the presence of a

Scheme 1. Principle of Using Double Isothermal Amplification and CRISPR-Cas12a for Detection of Citrinin

Table 1. DNA Sequences Designed for the Reaction Components Used in This Study

name sequence (5′−3′)
barcode DNA SH-AAAAATTAACCTTTCTCCATACGCGGAAGTGAGGT

template ACCTCACTTCCGCGTATGGAGAAAGGTTAA
GAAAGACTCACCTCACTTCCGCGTATGGAGAAAGGTTAA-P

H0 TTAACCTTTCTCCATACGCGGAAG TGAGGT

H1 ACCTCA CTTCCGCGTATGGAGAAAGGTTAA TAAGAC
TTAACCTTTCTCCATACGCGGAAG

H2 TTAACCTTTCTCCATACGCGGAAG TGAGGT CTTCCGCGTATGGAGAAAGGTTAA
GTCTTA

crRNA UAAUUUCUACUAAGUGUAGAUUCCAUACGCGGAAGACCUCA

reporter FAM-GATGCGTACTGTCACTTGAC-BHQ1
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template to replicate efficiently the ssDNA. The ssDNA
barcode acts as a primer on the template and is extended by
Vent(exo-) DNA polymerase. Since Nt.BstNBI nicking
enzyme can cleave single-stranded DNA at a specific site in
double-stranded DNA (dsDNA), the primer can be repeatedly
extended to obtain a large number of ssDNA barcode (as
harpin 0 (H0)). In the HCR step, after addition of the H1 and
H2, the ssDNA barcode hybridizes with the H1 to form a
double strand H0−H1 structure. Because of the complemen-
tary sequences between H1 and H2, strand displacement
occurs as soon as the double strand H0−H1 is formed.
Therefore, the HCR can generate a large amount of double-
stranded DNA (H1−H2) after an initiation by the ssDNA
barcode (Figure S1). The dsDNA (H1−H2) is designed to
contain the specific, T-rich protospacer-adjacent motif (PAM)
for Cas12a. Consequently, Cas12a-gRNA complex can be
activated by the amplified dsDNA (H1−H2) to cleave the
reporter DNA to generate fluorescence signal.

■ EXPERIMENTAL SECTION
Reagents and Apparatus. All HPLC-purified oligonucleotide

sequences were synthesized by GenScript (Netherlands) and are
shown in Table 1. Anticitrinin antibody and citrinin antigen (citrinin-
BSA conjugate) were bought from Creative Diagnostics (U.S.A.).
Dynabeads Antibody Coupling Kit and Pierce BCA Protein Assay Kit
were purchased from Thermo Fisher Scientific Co., Ltd. (U.S.A.).
Gold nanoparticles (15 nm, stabilized suspension in 0.1 mM PBS,
∼1.64 × 1012 particles mL−1) were purchased from Sigma-Aldrich
(Sweden). EnGen Lba Cas12a (Cpf1), Nt.BstNBI nicking enzyme,
Vent(exo-) DNA polymerase, NEBuffer 3.1 and dNTPs were
obtained from New England BioLabs (Ipswich, MA, U.S.A.). Citrinin
(CIT), Zearalenone (ZEN), Fumonisin B1 (FB1) and Ochratoxin A
(OTA) were obtained from AH Diagnostics AB (Sweden). All the
other chemicals (analytical reagent) were obtained from commercial
sources and were used without additional purification. All buffers were
prepared with purified water from a Milli-Q water purification system
(Millipore Corp., Bedford, U.S.A.). Fluorescence measurements were
performed with Cary Eclipse Fluorescence Spectrophotometer
(Agilent Technologies, Germany). Zeta potential was measured
with a dynamic light scattering instrument (Malvern Panalytical,
Spectris Company, U.K.). UV−vis spectrometry was carried out using
a Cary 60 UV−vis spectrophotometer (Agilent Technologies, U.S.A.).
Immobilization of Anticitrinin Antibody on Magnetic Beads

(MBs). Anticitrinin antibody was immobilized on magnetic beads
(Dynabeads M-270 Epoxy beads) using a coupling kit provided by
Thermo Fisher Scientific. BCA protein assay kit was used to
determine the coupling efficiency. The final concentration of the
antibody-coated MBs was ∼1 mg mL −1.
Preparation of AuNP-Antigen-DNA Probe. AuNP-antigen-

DNA probe was prepared using a previously published method.34 The
antigen was adsorbed on the surface of the gold nanoparticles through
electrostatic interaction, and the ssDNA was conjugated via the
sulfhydryl group to the AuNPs. In the first step, colloidal gold solution
(1 mL) was mixed with 0.1 M Na2CO3 solution (20−25 μL) to adjust
the pH to 8.5−9.0. Then, 100 μL of citrinin antigen (220 μg mL−1 in
water) was added to the colloidal gold solution and shaken for 1 h at
room temperature. In the second step, 100 μL of the ssDNA (10 μM
in water) was added into the mixture and incubated at 4 °C for 2 h.
Next, 110 μL of 10% PEG 20000 and 130 μL of salting buffer (1.4 M
NaCl, 0.1 M PBS) were added, and the mixture was incubated at
room temperature for 2 h. In the last step, 50 μL of freshly prepared
5% BSA was added, and the mixture was incubated at 4 °C for 1 h.
The mixture was centrifuged at 13 000 rpm for 20 min at 4 °C. After
removing the supernatant, 1 mL of washing solution (1% PEG 20000,
1% BSA, 0.1 M PBS) was added to disperse the nanoparticles. The
obtained mixture was gently stirred at 4 °C for 1 h. After a final
centrifugation, the AuNP-antigen-DNA probe was resuspended in 500
μL of washing solution and stored at 4 °C until use.

Competitive Assay Based on Biobarcode. Citrinin solution
was diluted to 0.005, 0.05, 0.5, 5, 50, and 500 μg mL−1 in 10% (v/v)
DMSO/PBS. The citrinin solution (50 μL) was mixed with 20 μL of
the AuNP-antigen-DNA probe solution and 20 μL of the antibody-
coated MBs. The mixture was shaken at 37 °C for 1 h. During this
period, citrinin competed with the AuNP-antigen-DNA probe to bind
to the antibody immobilized on the MBs. The resulting solution was
left on a magnet for 3 min to separate the MBs. The supernatant was
collected and shaken with 100 μL of 5 mM DTT at 25 °C for 60 min
to release the barcode DNA. After the sample was centrifuged at 6000
rpm for 10 min, the supernatant containing the ssDNA was collected
for use in the next amplification step.

Exponential Amplification Reaction (EXPAR) and Hybrid-
ization Chain Reaction (HCR). The isothermal amplification was
divided into two parts. In Part I of the EXPAR, 10 μL of template
DNA (1 μM) and 10 μL of the ssDNA barcode (as primer) were
mixed in 5 μL of 10× NEB buffer 3.1 (the 1× buffer contains 100 mM
NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 100 μg mL−1 BSA, pH 7.9).
The mixture was incubated at 95 °C for 5 min and then gradually
cooled to room temperature. Then, 2 μL of Nt.BstNBI nicking
enzyme (4 U/μL), 3 μL of Vent(exo-) DNA polymerase (1 U/μL), 5
μL of 10× ThermoPol buffer (the 1× buffer contains 10 mM NaNO3,
20 mM Tris-HNO3, 2 mM Mg(NO3)2, 0.1% Triton X-100, pH 8.8),
and 10 μL of 10 mM dNTPs were added. The total reaction volume
was adjusted to 50 μL with water. The mixture was incubated at 55
°C for 50 min and then stored at 4 °C. In Part II of the HCR, 10 μL
of 10 μM hairpin DNA 1 (H1) and 10 μL of 10 μM hairpin DNA 2
(H2) were first mixed and incubated at 95 °C for 5 min and then
slowly cooled to room temperature. The 20 μL obtained solution
(H1+H2) and 170 μL of hybridization buffer (Tris 50 mM, NaCl 400
mM, MgCl2 5 mM, pH 7.4) were added into the 10 μL reaction
product from Part I to make a final reaction volume of 200 μL. The
final mixture was incubated at 37 °C for 60 min before it was stored at
4 °C for the next step.

Gel Electrophoresis. Gel electrophoresis was performed to verify
the EXPAR and HCR products. The 12% native polyacrylamide gel
was prepared with 3 mL of 5× TBE buffer (1× buffer contains 90 mM
Tris-HCl, 2 mM EDTA, 90 mM boric acid, pH 7.8), 6 mL of water, 6
mL of 30% acrylamide/bis-acrylamide (29/1), 10 μL of TEMED, and
110 μL of 10% freshly prepared ammonium persulfate (APS). The
electrophoresis was run at 275−300 V for 1 h in 0.5× TBE buffer.
The gel was stained with Gel-green for 40 min and visualized using a
Bio-Rad gel imager.

Preparation of Cas12a-gRNA Complex and LbCas12a Trans-
Cleavage. LbCas12a (cpf1) (500 nM, 10 μL) was incubated with
12.5 μL of 500 nM gRNA in 77.5 μL of 1× NEB buffer 2.1 for 30 min
at 37 °C to form the RNA-protein complex. The final concentrations
of LbCas12a and crRNA in the solution were 50 nM and 62.5 nM,
respectively. After addition of 5 μL of the reporter DNA (1 μM), 20
μL of the amplification products, and 75 μL of 1× NEB buffer 2.1, the
mixture was shaken and incubated at 37 °C for 30 min. During this
period, the dsDNA activated the Cas12a-gRNA to cut the ssDNA
reporter to generate fluorescence signal. The excitation wavelength
was set to 488 nm, and the emission wavelength of the fluorescence
peak was 520 nm.

Detection of Citrinin in Oat and Flour. Oat and flour were
purchased from a local supermarket in Lund. The method of sample
preparation was adopted from a previous work by Mandal et al.35

Powdered flour and oat samples (1 g) were spiked with 100 μL of
citrinin solution (0.1 μg mL−1, 1 μg mL−1, 10 μg mL−1) prepared in
10% acetonitrile in water. The spiked samples were extracted with 10
mL of 70% methanol by ultrasonication (15 min) and centrifugation
at 2000 rpm for 10 min, following protocols mentioned by the
European Food Safety Authority.36 The supernatant (1 mL) was
evaporated to dryness, and the residue was redissolved in 100 μL of
10% acetonitrile in water. The obtained solution (50 μL) was then
used in the competitive assay based on DNA barcode and isothermal
amplification (as described in the sections Competitive Assay Based
on Biobarcode and Preparation of Cas12a-gRNA Complex and
LbCas12a Trans-Cleavage) to measure the citrinin concentration.
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Figure 1. (A) UV−vis absorption spectra of AuNPs after incubation with different concentrations of antigen (0−240 μg mL−1). The inset shows
the absorbance measured at 525 nm. (B) Visual color changes caused by different antigen concentration corresponding to (A).

Figure 2. (A) Gel electrophoresis of DNA products amplified by EXPAR using different concentrations of primer. The lanes from left to right are
M: 50 bp marker; lane 1: primer 0 nM; lane 2: primer 1 nM; lane 3: primer 10 nM; lane 4: primer 100 nM; lane 5: primer 1 μM ; lane 6: primer 10
μM; lane 7: only primer (10 μM); lane 8: only template (10 μM). (B) Gel electrophoresis of DNA products amplified by HCR. The lanes from left
to right are lane 1: H1 (10 μM); lane 2: H2 (10 μM); M: 500 bp marker; lane 3: H1+H2 (10 μM), H0 (0 μM); lane 4: H1+H2 (10 μM), H0: (5
pM); lane 5: H1+H2 (10 μM), H0 (10 pM); lane 6: H1+H2 (10 μM), H0 (20 pM); lane 7: H1+H2 (10 μM), H0 (40 pM). (C) Gel
electrophoresis of DNA products amplified by EXPAR and HCR. M: 50 bp marker; lane 1: primer 0 μM (template 10 μM, H1+H2 10 μM); lane 2:
primer 10 pM (template 10 μM, H1+H2 10 μM); lane 3: primer 20 pM (template 10 μM, H1+H2 10 μM); lane 4: primer 40 pM (template 10
μM, H1+H2 10 μM). All the concentrations mentioned are values of the stock reagent solutions. (D) Fluorescence spectra of products from the
double amplification reactions where none or one of the reaction components is not present. Excitation/emission wavelength: 488 nm/520 nm.
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■ RESULTS AND DISCUSSION

Characterization of MBs and AuNP Probe. In order to
find out the most suitable concentration of antigen to be
immobilized on the gold nanoparticles, we used UV
spectrophotometer to monitor the antigen binding to the
AuNPs. As shown in Figure 1A, a series of antigen solution of
different concentration (0−240 μg mL−1) were first added to
the AuNPs in pH 9 buffer. Then, 100 μL of 1 M NaCl solution
was added, and the mixture was kept at room temperature for 2
h. Because of the addition of the salt solution, AuNPs tend to
aggregate if the nanoparticles were not coated and protected
by the protein, causing the color of the solution to turn to gray,
as seen in Figure 1B. Above the optimal concentration of
antigen, the color of the antigen-coated AuNPs did not change.
Based on the UV spectrum of the antigen-treated AuNPs, the
optimal antigen concentration was determined to be 192 to
240 μg mL−1. Above this concentration, the absorption peak
did not shift, and the color did not change appreciably.
Accordingly, the optimal concentration of the antigen was 220
μg mL−1.
We used Zeta potential and UV spectra to characterize the

gold nanoparticles before and after modification with the
antigen. As shown in Figure S2, AuNPs, AuNP-antigen and
AuNP-antigen-DNA had a Zeta potential of −13.88, −19.95,
and −30.11 mV, respectively. The value of the Zeta potential
was related to the stability of the colloidal dispersion. A large
negative Zeta potential indicates a dense coverage of negatively
charged molecules on the AuNPs, confirming successful
preparation of AuNP-antigen-ssDNA probe.37 In the UV
spectra, the unmodified AuNPs had a strong absorption peak
at 515 nm (Figure S3). For the AuNP-antigen-DNA probe, the
peak shifted to 525 nm (10 nm redshift) and became
significantly weaker. The reason for the red shift was the
change of particle size and interparticle distance.38 The
decrease in absorbance was due to the loss of the nanoparticles
during the multiple centrifugation and washing steps.
The amount of antibody immobilized on the MBs was

calculated from the unbound fraction measured using a BCA
protein quantification kit (Figure S4). The antibody coupling
efficiency on the surface of the MBs was calculated as 84.7%,
which confirmed successful immobilization of antibody on the
MBs.
Feasibility Verification and Optimization of Assay

Conditions. In order to explore the feasibility of the analytical
procedure, we first verified the nucleic acid amplification by
EXPAR. The amplification products were analyzed through gel
electrophoresis. In Figure 2A, lanes 1 to 6 were the
amplification products obtained using different concentrations
of the primer, lanes 7 and 8 were the primer and the template
DNA, respectively. It can be seen that as the primer
concentration increased to 10 μM, the intensity of the
amplified ssDNA band (33 bp) became obvious, which
indicated that the amplification by EXPAR proceeded
smoothly. Additional EXPAR experiments were carried out
by varying the concentration of the primer from 1 to 10 μM.
As shown in Figure S5, with a primer concentration of 5 μM,
the amplified ssDNA band became visible in the electro-
phoresis gel. When the system was lacking any essential
component (e.g., the enzymes or dNTPs), the ssDNA band
did not appear even at a concentration of 10 μM (Figure S6).
To explore the feasibility of HCR amplification, the reaction
products were also analyzed using gel electrophoresis (Figure

2B). Lanes 1 and 2 represent the H1 and H2, respectively.
Lanes 3 to 7 were the amplified products generated after
addition of H0 at varying concentrations. It can be clearly seen
that when H0 was absent, the hairpin cannot be opened, and
H1 and H2 alone were not able to spontaneously produce
hybridized products. Upon addition of a small amount of H0,
the amplified product with a larger bp number started to
appear. With the concentration of H0 increased, more dsDNA
products with a lower bp number were formed, and the
electrophoretic bands became more intense. This result proved
that the designed DNA sequences worked well in the HCR.
Finally, we combined the EXPAR and HCR to verify the
double nucleic acid amplifications by analyzing the products
using gel electrophoresis (Figure 2C). In this experiment, the
EXPAR products initiated by the ssDNA primer acted as H0,
which triggered H1 and H2 to form dsDNA products. In
Figure 2C, it can be seen that the more primer added, the more
products were obtained in the EXPAR amplification, which
caused more hairpin DNA to be opened in the HCR resulting
in more dsDNA products.
In order to further prove the successful double isothermal

amplification, the product of EXPAR and HCR was added to
Cas12a-gRNA and the ssDNA reporter to observe the emitted
fluorescence signal. As seen in Figure 2D, when any
component of the amplification system was missing, it was
not possible to achieve effective amplification, and the
fluorescence signals were very weak. Without the EXPAR
reaction (caused by omission of the template, the nicking
enzyme, the polymerase, or the dNTPs), the HCR reaction
alone was not able to generate enough activated Cas12a to
produce strong fluorescence emission. Only when all essential
components for the dual amplification were present, the
ssDNA primer was able to initiate effective nucleic acid
amplification to activate the Cas12a-gRNA to produce the
fluorescence. The importance of the EXPAR was further
confirmed by studying the fluorescence output generated by
HCR in a separate experiment. As shown in Figure S7,
although the HCR products generated by different concen-
trations of H0 (up to 100 nM) was able to activate the Cas12a-
gRNA to generate the fluorescence signal, the intensity of the
signal was much lower than that was obtained by the dual
amplification (Figure 2D).
During our preliminary experiments to verify the amplifica-

tion and Cas12a-catalized reactions, we observed that the
concentrations of Vent(exo-) DNA polymerase, Nt.BstNBI
enzyme and the hairpin DNA H1 and H2 had a great influence
on the test results. Therefore, these parameters were optimized
to establish a suitable fluorescence detection system. As shown
in Figure S8, the fluorescence increased steadily with the
concentration of Vent(exo-) DNA polymerase until an optimal
enzyme loading, then the fluorescence change became gradual
when more enzyme was used. The optimum amount of
Vent(exo-) DNA polymerase was 1 U μL−1. For Nt.BstNBI,
the fluorescence signal also increased with the enzyme
concentration. The optimal concentration was found to be 4
U μL−1. Similarly, because of the significant role of H1 and H2
in the overall amplification, we also studied the optimal
concentration of H1 and H2, and we obtained the best results
with 10 μM of the hairpin DNA. For the Cas12a-gRNA
reaction, the incubation time and temperature were optimized
by monitoring the final fluorescence emission (Figure S9). To
study the temperature effect, we used two different
concentrations of amplification products as activators to
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measure the fluorescence emission at 25 °C, 30 °C, and 37 °C.
On the basis of the fluorescence intensity, the best incubation
temperature was determined to be 37 °C for the two activator
concentrations. Figure S9B shows that when the incubation
time was longer than 30 min, the fluorescence intensity did not
increase further. Therefore, 30 min was chosen as the optimal
time for the Cas12a-gRNA reaction.

Fluorescence Assay for Citrinin. Using the above
optimized conditions, a series of citrinin solutions at different
concentrations were measured with the fluorescence assay.
Citrinin at the different concentrations (0, 0.005, 0.05, 0.5, 5,
50, 500 μg mL−1) competed with the AuNP-antigen-DNA
probe for binding to the antibody-coated MBs. The unbound
AuNP-antigen-DNA probe was collected to release the ssDNA

Figure 3. (A) Fluorescence spectra of assayed samples containing different concentrations of CIT (0.005−500 μg mL−1). (B) Relationship
between CIT concentration and fluorescence intensity. For CIT concentration in the range of 0.005−500 μg mL−1, the linear equation is y = 68.09
lg(x) + 514.88 (with R2 = 0.9927).

Table 2. Comparison of Analytical Methods for Detection of CIT

methods linear range LOD sample ref

MIP electrochemical sensor 1.0 × 10−12−1.0 × 10−10 M 2.0 × 10−13 M rye sample 39
FRET-based immunosensor 1 × 10−12−6 × 10−12 M 1 × 10−13 M human serum 40
LC-MS/MS 0.1−100 μg L−1 1.0 μg kg−1 fermented rice 41
QDs with MIP 1.0 × 10−9−5.0 × 10−9 M 2.0 × 10−10 M chicken egg 42
electro-capillary/CG 0.08−10 μg mL−1 0.03 μg mL−1 red yeast rice 43
spectrofluorimetric 0−0.15 μg mL−1 1.0 μg kg−1 rice 44
ELISA/AuNPs strip 28.6−9454 ng g−1 20 ng mL−1 fermented food 45
hybrid MIP membranes 5−100 ng g−1 0.5 ng g−1 rice 46
Cas12a/EXPAR-HCR 0.005−500 μg mL−1 0.127 ng mL−1 oat and flour this work
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for the EXPAR and HCR amplification. The concentration of
unbound DNA after the magnetic separation can be quantified
by UV spectrometry. In Figure S10, when the concentration of
citrinin was increased, the concentration of the unbound DNA
also became higher. Figure 3A shows the change of
fluorescence intensity of the samples caused by citrinin at
the different concentrations. The correlation between citrinin
concentration and the fluorescence intensity is clearly seen in
Figure 3B. This semilogarithmic plot exhibits a linear
relationship between the fluorescence intensity and the
logarithm of citrinin concentration in the range of 0.005−
500 μg mL−1, with a detection limit of 0.127 ng mL−1 (S/N =
3). In Table 2, we provide a comparison of the analytical
performance of our fluorescence assay with some previously
reported methods. The very low limit of detection and the
simple fluorescence readout are of particular advantages for
detection of toxins in food.
Specificity of Fluorescence Assay for Citrinin. To

evaluate the specificity of the fluorescence assay, we studied the
signal responses caused by citrinin and its structural analogues
under the same assay conditions. For this experiment, the
ssDNA, H0, and the template DNA were ordered from Sangon
Biotech (Shanghai, China). As shown in Figure 4, the

fluorescence signals caused by FB1, ZEN, and OTA were
very weak, as these citrinin analogues were not able to bind the
anticitrinin antibody on the MBs to displace the AuNP-
antigen-DNA probe. Collectively, by combining double
isothermal amplification with CRISPR-Cas12a, the competitive
fluorescence assay offers a convenient method to detect citrinin
with a very high selectivity.
Detection of Citrinin in Real Samples. The accuracy of

the assay was assessed by the recovery of citrinin in spiked oat
and flour samples. A citrinin solution was added to oat and
flour samples purchased from a local supermarket. As shown in
Table 3, the average recoveries of citrinin from the spiked oat
and flour samples were 96.7−104% and 105−111%,
respectively. The relative standard deviations (RSDs) were
5.29−10.3% and 4.76−9.16% for the oat and flour samples,
respectively. These results confirm that the double isothermal
amplification and CRISPR-Cas12a reaction, the two critical
components to enable high selectivity and sensitivity in the
fluorescence assay, are fully compatible with complex food

samples. The duration of the entire workflow was 2.5 h,
including sample preparation (10 min), EXPAR (50 min),
HCR (60 min), and CRISPR/Cas12a reaction (30 min).
By combining biobarcode technology with a two-step

isothermal nucleic acid amplification (EXPAR and HCR)
and Cas12a-gRNA reaction, we have developed a competitive
fluorescence assay for a food toxin citrinin. The use of
CRISPR-Cas12a to generate the optical signal and the
biobarcode and double isothermal amplification have led to
ultrasensitive detection of citrinin with a limit of detection
(0.127 ng mL−1) much lower than traditional methods. The
tandem EXPAR and HCR offers more efficient amplification of
the analytical response. The use of Cas12a-gRNA allows
fluorescence signal to be generated in real time without tedious
separation steps. Moreover, this is the first report of detecting
small toxins in food by combining double isothermal
amplification with CRISPR-Cas12a technology. The assay is
easy to carry out and does not require expensive equipment.
One disadvantage is the relatively high cost of reagents
compared with traditional ELISA, for example. With further
development and improvement, the demonstrated principle of
analysis will bring in a series of easy-to-use analytical tools to
improve food safety, environmental monitoring, and medical
diagnostics.
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