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ABSTRACT: In this work, an enzyme-free biosensor is reported for mycotoxin (1/1/0)  (1/0/1)  (0/1/1)  (1/1/1)
detection based on a toehold-mediated catalytic hairpin assembly (CHA) and a
DNAzyme-cascaded hydrolysis reaction. In the presence of a mycotoxin, the
recognition between an aptamer and the mycotoxin releases the trigger DNA. The [ -------———————~—~—~—~——~—— =
trigger DNA initiates the toehold-mediated CHA, generating large amounts of
partial duplex B/C with four toeholds, which can be used to assemble the
DNAzyme-cascaded hydrolysis reaction. Furthermore, through a collaborative
autoassembly reaction among the B/C duplex, DNA1, and DNA2, supramolecular
nanostructures corresponding to Mg**-dependent DNAzymes can be formed. With
the incubation of Mg**, the dual-modified (TAMRA/BHQ2) substrate strand <2< >2< > @)Smart‘
DNA2 will be cleaved into two fragments, yielding a high TAMRA fluorescence | |
signal for mycotoxin testing. Under optimal conditions, the sensing system was @ ') LUCDIL L
ultrasensitive and showed low detection limits of 0.2 pM for ochratoxin A (OTA),

0.13 pM for aflatoxin B1 (AFB1), and 0.17 pM for zearalenone (ZEN). The mycotoxin aptasensor also exhibited high selectivity and
was successfully applied for the quantitative analysis of OTA, AFB1, and ZEN in wine samples. Due to the advantages of flexibility
and versatility, this mycotoxin platform was used to fabricate several concatenated logic gates including “AND—INHIBIT”,
“INHIBIT—-OR”, “OR—AND”, and “OR—INHIBIT” logic biocomputings. Such multiple functions of the logic system provided a
universal sensing strategy for the intelligent detection of multiplex mycotoxins, demonstrating considerable potential in food safety
and environmental monitoring,

W) (@

ycotoxins are the poisonous secondary metabolites puts,**~*° which perform arithmetic calculations or even play

generated by fungi, which contaminate various foods, “tic-tac-toe”. With the increasing demands for disease
including dried fruits, cereals, and wine."”” Extensive studies diagnostics, biochemical sensing, and biomedical imaging,37
have reported that many mycotoxins are carcinogenic, advanced computing gates have been developed including
hepatotoxic, nephrotoxic, and immunotoxic agents causing keypad lock,*~*' half-adder/subtractor,"”** and multi-
side effects to human beings.3 Considering their potential toxic plexer.44’45 However, most of the molecular computations
effects, maximum acceptable concentrations have been suffer from low sensitivity, imposing restrictions on practical
established for several mycotoxins in cereals, such as § ug/kg applications. To improve the detection sensitivity, a toehold-
for ochratoxin A (OTA), 2 pg/kg for aflatoxin B1 (AFB1), and mediated cascade catalytic assembly can serve as an ideal tool

100 pug/kg for zearalenone (ZEN)." Currently, some conven-
tional analytical methods have been developed for mycotoxin
monitoring, such as high-performance liquid chromatography
(HPLC),” gas chromatography—tandem mass spectrometry
(GC-MS/MS),° and high-performance liquid chromatogra-
phy—tandem mass spectrometry (HPLC-MS/MS).” Alterna-
tively, several aptasensors have been successfully designed for
mycotoxin assays using colorimetric,* ™" fluorescence,""
electrochemical,'”™"* and surface-enhanced Raman scattering
sensing platforms.>'® However, intelligent detection of
multiplex mycotoxins is still a challenge.

Molecular computations have attracted significant research
interest, resulting in the remarkable progress of Boolean logic
systems, such as AND, NAND, XOR, and INHIBIT."~*’
DNA logic gates often utilize colorimetric,”* ¢ fluores-

2732 ) . .
cence, or electrochemical signals as reporting out-

for signal amplification.

To explore new strategies for mycotoxin detection, we
report an enzyme-free toehold-mediated cascade catalytic
assembly for a mycotoxin assay. Based on the toehold-
mediated cascade catalytic hairpin assembly (CHA) and a
DNAzyme-cascaded hydrolysis reaction, the constructed
mycotoxin aptasensor showed high sensitivity, excellent
selectivity, and good reproducibility toward OTA, AFB1, and
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ZEN, respectively. In addition, we explored the logic
biocomputings of the proposed platform, and four different
logic functions of “AND—INHIBIT, INHIBIT-OR, OR-
AND, and OR—INHIBIT” were constructed.

B EXPERIMENTAL SECTION

Chemicals and Materials. Mycotoxin standard substances
including OTA, AFBI1, ZEN, ochratoxin B (OTB), aflatoxin
M1 (AFM1), deoxynivalenol (DON), aflatoxin G1 (AFG1),
altenuene (ALT), aflatoxin G2 (AFG2), fumonisin (FB1), and
aflatoxin B2 (AFB2) were bought from Sigma-Aldrich
(Shanghai, China). White wine was obtained from the local
supermarket (Guangzhou, China). All other chemicals were
analytical grade and obtained from Beijing Solarbio Science
and Technology Co. Ltd. (Beijing, China). The HPLC-
purified DNA sequences were offered by Sangon Biotech Co.,
Ltd. (Shanghai, China) and are listed in Tables S1-SS
(Supporting Information). Ultrapure water (18.2 MQ/cm)
was used in the whole experiment.

Analytical Procedure. All DNA probes were dissolved in
10 mM Tris—HCI buffer (pH 8.0, 120 mM NaCl, 10 mM
MgCl,, S mM KCl, 20 mM CaCl,). All hairpins (A, B, and C)
were heated to 97 °C for 5 min and allowed to cool down to
room temperature. For OTA detection, 250 nM probe A, 250
nM probe B, 500 nM probe C, 250 nM enzyme strand DNA1,
and 250 nM substrate strand DNA2 were incubated with
different concentrations of OTA at 25 °C for 90 min. The
fluorescence spectra were recorded from 570 to 700 nm (E, =
545 nm, E 585 nm). The fluorescence signals were
recorded using a SpectraMax i3x (Molecular Devices). For
AFBI1 and ZEN detection, different concentrations of AFB1
and ZEN were mixed with 250 nM probes S and Z,
respectively. Other procedures were the same as that for
OTA detection.

Specificity. To evaluate the specificity, a panel of toehold-
mediated cascade catalytic assemblies were successively tested
toward different mycotoxins including OTA, AFBI, ZEN,
OTB, AFMI1, DON, AFG1, ALT, AFG2, FB1, and AFB2.

Wine Sample Analysis. Different concentrations of OTA,
AFBI1, and ZEN were simultaneously spiked into the wine
samples and detected directly without any pretreatments
except for dilution with a buffer solution. The spiked samples
were further quantified using our mycotoxin biosensor and the
liquid chromatography—mass spectrometry (LC-MS/MS)
method.

Polyacrylamide Gel Electrophoresis (PAGE). A 10%
PAGE gel was prepared for electrophoresis analysis, in which
1.0 mL of 10X Tris/borate/ethylenediaminetetraacetic acid
(EDTA) (TBE) buffer, 3.3 mL of 30% acrylamide/
bisacrylamide gel solution (29:1), 5.5 mL of ultrapure water,
100 pL of ammonium persulfate (10%), and 10 uL of
N,N,N’,N’-tetramethylethylenediamine were mixed and poly-
merized at room temperature for 3.5 h. Then, the loading
samples were mixed with 4 uL of the resulting solution, 1 yL of
6X loading buffer, and 1 yL of 100X SYBR Green solution.
Subsequently, the electrophoresis experiments were carried out
at 60 V for 90 min in 1X TBE buffer (89 mM Tris base, 89
mM boric acid, 2 mM EDTA, pH = 8.0). Finally, the PAGE gel
was scanned using a gel image analysis system (Bio-Rad,
Singapore).

Logic Gate Operations. In the connected logic gate
operations, 10 nM OTA, 10 nM AFBI, and 10 nM ZEN were
used as three inputs to activate the sensing platform. Hairpin

3694

probes D, E, and F were used as sensing elements in the
“AND—INHIBIT” connected logic gate. In the “INHIBIT—
OR” connected logic gate, hairpin probes A, G, and S were
used as sensing elements. Hairpin probes D, H, and I were
used as sensing elements in the “OR—AND” connected logic
gate. Hairpin probes A, S, and ] were used as sensing elements
in the “OR—INHIBIT” connected logic gate. Other procedures
were the same as that for OTA detection in the sensing system.

B RESULTS AND DISCUSSION

The working principle of the toehold-mediated cascade
catalytic assembly for mycotoxin detection is shown in Scheme

Scheme 1. Schematic Illustration of the Detection
Mechanism Based on a Toehold-Mediated Cascade
Catalytic Assembly and Supramolecular DNAzyme
Nanostructures ([B/C/DNA1/DNA2],) for Mycotoxin
Detection
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1. Three hairpin probes (A, B, and C), enzyme strand DNA1,
and substrate strand DNA2 were used in the sensing system.
OTA was used as the model target. Probe A contains the OTA
aptamer (blue part) and the trigger DNA (domains a and b,
red part). When OTA is introduced into the sensing system,
the specific binding between the aptamer and OTA leads to
the release of the complementary trigger DNA, which can act
as an initiator sequence to launch the toehold-mediated
cascade catalytic assembly. The trigger DNA first hybridizes
with the toehold (domain a*) of probe B to initiate CHA. The
hybridization between the trigger DNA and probe B opens
probe B, thus facilitating the formation of the OTA/A/B
complex via toehold binding and branch migration. Then, the
newly exposed sticky end (domain b) of unfolded probe B can
bind to the toehold (domain b*) of probe C and form the
intermediate OTA/A/B/C. This intermediate will give rise to a
branch migration process to liberate the OTA/A complex,
further generating partial duplex B/C with four toeholds. In
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Figure 1. (A) Fluorescence spectra of the assay solution under different controls, including A + B+ C, OTA + A + B,and OTA+ A + B + C. (B)
Polyacrylamide gel electrophoresis analysis of the assembly process. Lane 1, A; lane 2, B; lane 3, C; lane 4, A + B + C; lane 5, OTA + A + B; and
lane 6, OTA + A + B + C. (C) Time-dependent fluorescence signals of the DNAzyme-cascaded hydrolysis reaction in the presence of different
OTA concentrations. (D) Fluorescence responses of the toehold-mediated cascade catalytic assembly toward OTA at different concentrations.
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Figure 2. Heat map results of the orthogonal experiments for
mycotoxin detection. The concentration of each mycotoxin is 10 nM.

this way, the recycling of the OTA/A complex is realized to
amplify the response signal, and large amounts of B/C can be
produced, which can be used to assemble a DNAzyme-
cascaded hydrolysis reaction. Through a collaborative
autoassembly reaction among the B/C duplex, DNAI, and
DNA2, supramolecular nanostructures ([B/C/DNAL/
DNA2],) corresponding to Mg**-dependent DNAzymes can
be formed. In the presence of Mg*, the dual-modified
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(TAMRA/BHQ2) substrate strand DNA2 will be cleaved
into two fragments, resulting in the spontaneous dissociation
of DNALI from the B/C duplex. The free B/C duplex and
DNAIL can trigger other DNAzyme-cascaded hydrolysis
reactions. The separation of the fluorophore and quencher
yields a high TAMRA fluorescence signal for OTA testing. In
the absence of OTA, all hairpin probes are stable and the
toehold-mediated cascade catalytic assembly cannot be
triggered. As a result, only a background fluorescence signal
can be obtained.

To evaluate the feasibility of the toehold-mediated cascade
catalytic assembly for mycotoxin detection, the fluorescence
signals of the sensing system were recorded under different
controls using OTA as the model target. As shown in Figure
1A, only a weak background signal can be observed in the
absence of OTA (black line). This suggested that without
OTA, the toehold-mediated cascade catalytic assembly is
inhibited and DNA2 cannot be cleaved. In the presence of
OTA but without probe C in the sensing system, no obvious
fluorescence response can be obtained (red line), indicating
that the signal amplifications of the CHA and DNAzyme-
cascaded hydrolysis reaction cannot happen and no DNA2 is
cleaved. Significantly, when probe C is added into this system,
the response signal is sharply increased (blue line). The reason
is that the toehold-mediated cascade catalytic assembly can be
completed, leading to the cleavage of DNA2 for signal output.
Meanwhile, the reaction process of the toehold-mediated CHA

https://doi.org/10.1021/acs.analchem.1c05485
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Figure 3. (A) Schematic illustration of the AND—INHIBIT logic gate. (B) Histogram presentation of the corresponding fluorescence intensities at
585 nm. The red dashed line shows the threshold value of 3.0 X 10°% (C) Truth table of the AND—INHIBIT logic gate.

was further confirmed by PAGE images (Figure 1B). In
addition, the formation of supramolecular nanostructures ([B/
C/DNA1/DNA2],) corresponding to Mg“-dependent DNA-
zymes was also verified by PAGE results (Figure SI,
Supporting Information). These results evidenced that the
toehold-mediated cascade catalytic assembly can feasibly
provide an amplified fluorescence signal for mycotoxin
detection.

Under optimized assay conditions (Figures S2—SS, Support-
ing Information), the constructed biosensor was first used for
OTA detection at different concentrations. As depicted in
Figure 1C, the response signals increased gradually with
increasing OTA concentrations from 0 to 100 nM. The linear
relationship between the fluorescence signal and the logarithm
of OTA concentration was achieved in the range from 1 pM to
10 nM (R* = 0.995) with a detection limit of 0.2 pM (3S/N,
Figure 1D). Furthermore, by replacing the OTA aptamer
sequence with an AFB1 or ZEN aptamer sequence, the sensing
system can be used to detect AFB1 or ZEN. The analytical
performance of the biosensor for AFBI1 detection is shown in
Figure S6 (Supporting Information). There was a linear
correlation between the fluorescence signal and the logarithmic
value of AFB1 concentration ranging from 1 pM to 10 nM (R*
=0.994), and the detection limit of AFB1 was calculated to be
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0.13 pM (3S/N). As shown in Figure S7 (Supporting
Information), a similar linear relationship between the
fluorescence signal and the logarithmic value of ZEN was
observed with a detection limit of 0.17 pM (3S/N). The
sensitivity of our proposed method is comparable or even
superior to those of some previously reported biosensors for
mycotoxin detection (Table S6, Supporting Information).

To assess the specificity, a panel of toehold-mediated
cascade catalytic assemblies were tested toward different
mycotoxins (OTA, AFBI, ZEN, OTB, AFMI, DON, AFGI,
ALT, AFG2, FB1, and AFB2). The detection results are shown
as a heat map in Figure 2. Each sensing system selectively
responded to its target mycotoxin with a low cross-response,
indicating that the toehold-mediated cascade catalytic assembly
had a high specificity toward OTA, AFBI1, or ZEN, which
could be attributed to the high affinity between the aptamer
and mycotoxin.

To investigate the practical detection performance for
mycotoxins in white wine, a recovery experiment was
performed. Wine samples were spiked with different
concentrations of mycotoxins. As listed in Table S7
(Supporting Information), the recoveries were in the range
of 96—105.7% with relative standard deviations of 4.7—7.3%.
The concentration of mycotoxin in the spiked wine samples
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Figure 4. (A) Schematic illustration of the INHIBIT—OR logic gate. (B) Histogram presentation of the corresponding fluorescence intensities at
585 nm. The red dashed line shows the INHIBIT—OR logic gate. (C) Truth table of the INHIBIT—OR logic gate.

was further confirmed by the LC-MS/MS method. The data
revealed that no significant difference existed between the
values measured using our proposed biosensor and the LC-
MS/MS method. The relative error (Re) was in the range of
—2.4 to 6.6%. The results confirmed the practical applicability
of the developed method for the reliable detection of OTA,
AFB1, and ZEN in real samples.

Considering the coexistence of various mycotoxins in food,
three-input concatenated logic circuits were constructed. OTA,
AFB1, and ZEN were set as input A, input B, and input C,
respectively. The inputs were coded as “1” when they were
present and “0” when they were absent. The fluorescence
intensities below and above the threshold value of 3 X 10°
were set as 0 and 1, respectively. Inputs of concentration 10
nM were used in the logic operations. Such an input
concentration is superior to those used in some previously
reported logic gates (Table S8, Supporting Information). First,
we proposed an AND—INHIBIT connected logic gate (Figure
3A). In the presence of input A, the hairpin probe D will bind
to OTA and release the trigger DNA 1 (domains s and b).
Similarly, the trigger DNA 2 (domains a and s*) will also be
released in the presence of input B. Then, domain s in probe D
will hybridize with domain s* in probe E to form a partial
duplex complex (1—2). In the same way, with the addition of
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input C, the recognition binding between probe F and ZEN
will lead to the release of the trigger DNA 3 (domains b* and
a*). The complex (1—2) and the trigger DNA 3 (domains b*
and a*) are complementary nucleic acids. If the trigger DNA 3
(domains b* and a*) is liberated in the logic system, it will
prevent the complex (1—2) from launching the toehold-
mediated cascade catalytic assembly. Thus, the complex (1—2)
containing unpaired domains (b and a) can hybridize with the
toehold of probe B to complete the CHA, generating the
partial duplex B/C. Furthermore, toeholds of the B/C duplex
can assemble a DNAzyme-cascaded hydrolysis reaction,
cleaving the substrate strand DNA2, resulting in the high
fluorescence signal. Meanwhile, the assembly process of the
AND-INHIBIT logic gate was further confirmed by PAGE
results (Figure S8, Supporting Information). The output of this
logic operation is depicted in Figure 3B. The truth table is
presented in Figure 3C. The input combinations of 0/0/0, 0/
1/0, 0/0/1, 0/1/1, 1/0/0, 1/0/1, and 1/1/1 generate an
output of 0, and the input combination of 1/1/0 generates an
output of 1. We used the AND—INHIBIT logic gate to test the
white wine samples spiked with the tree inputs, and the results
are shown in Figure S9 (Supporting Information).

Using the same three inputs and different recognition
probes, we also constructed an INHIBIT—OR connected logic
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Figure 5. (A) Schematic illustration of the OR—AND logic gate. (B) Histogram presentation of the corresponding fluorescence intensities at S85
nm. The red dashed line shows the threshold value of 3.0 X 10% (C) Truth table of the OR—AND logic gate.

gate (Figure 4A). In the presence of input A, the binding
between probe A and OTA will release the trigger DNA 1
(domains a and b). In the same way, the trigger DNA 2
(domains b* and a*) will also be released when probe G
recognizes and binds to input B (AFB1). The trigger DNAs 1
and 2 are complementary nucleic acids. If the trigger DNA 2
(domains b* and a*) is free in the sensing system, it will
inhibit the trigger DNA 1 (domains a and b) from initiating
the subsequent logic operation. In the presence of input C,
another trigger DNA 3 (domains a and b) in probe S will be
released into the sensing system, which possesses the same
sequence as DNA 1. As a result, either the trigger DNA 1 or 3
can activate the hairpin assembly, yielding a high fluorescence
signal. Meanwhile, the assembly process of the INHIBIT—OR
logic gate was further confirmed by PAGE results (Figure S10,
Supporting Information). The output of this logic operation is
depicted in Figure 4B. The truth table is presented in Figure
4C. The input combinations of 0/0/0,0/1/0,0/1/1, and 1/1/
0 generate an output of 0, and the input combinations of 0/0/
1,1/0/0, 1/0/1, and 1/1/1 generate an output of 1.
Furthermore, we designed an OR—AND connected logic
gate using the same inputs (Figure SA). In the presence of
input A, the binding between probe D and OTA will release
the trigger DNA 1 (domains s and b). In the same way, the
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trigger DNA 2 (domains s and b) will also be released when
probe H recognizes and binds to input B. The trigger DNAs 1
and 2 have the same nucleic acids. In the presence of input C,
the trigger DNA 3 (domains a and s*) in probe I will be
liberated, which possesses a partially complementary sequence
with the trigger DNA 1 or 2. As a result, the trigger DNA 3
(domains a and s*) will hybridize with the trigger DNA 1 or 2
to form a partial duplex complex (1—3) or (2—3). The formed
duplex complex will initiate the toehold-mediated cascade
catalytic assembly, resulting in a high fluorescence signal.
Meanwhile, the assembly process of the OR—AND connected
logic gate was further confirmed by PAGE results (Figure S11,
Supporting Information). The output of this logic operation is
depicted in Figure SB. The truth table is presented in Figure
SC. The input combinations of 0/0/0, 1/0/0, 0/1/0, 1/1/0,
and 0/0/1 generate an output of 0, and the input combinations
of 1/0/1, 0/1/1, and 1/1/1 generate an output of 1.

Finally, we designed an OR—INHIBIT connected logic gate
(Figure S12A, Supporting Information). In the presence of
input A, the binding between probe A and OTA will release
the trigger DNA 1 (domains a and b). In the same way, the
trigger DNA 2 (domains a and b) will also be released when
probe S recognizes and binds to input B (AFB1). The trigger
DNAs 1 and 2 are the same nucleic acids. In the presence of
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input C, probe J will liberate the caged trigger DNA 3
(domains b* and a*), which possesses the complementary
sequence with the trigger DNAs 1 and 2. If the trigger DNA 3
is liberated in the logic system, it will prevent the trigger DNAs
1 and 2 from launching the toehold-mediated cascade catalytic
assembly. Thus, the trigger DNAs 1 and 2 can initiate the
toehold-mediated cascade catalytic assembly, resulting in a
high fluorescence signal. Meanwhile, the assembly process of
the OR—INHIBIT logic gate was further confirmed by PAGE
results (Figure S13, Supporting Information). The output of
this logic operation is depicted in Figure S12B. The truth table
is presented in Figure S12C. The input combinations of 0/0/0,
1/0/1,0/1/1, 1/1/1, and 0/0/1 generate an output of 0, and
the input combinations of 1/0/0, 0/1/0, and 1/1/0 generate
an output of 1.

B CONCLUSIONS

In summary, an enzyme-free toehold-mediated cascade
catalytic assembly has been designed for a mycotoxin assay
based on the CHA and DNAzyme-cascaded hydrolysis
reaction. This sensing platform was sensitive, enabling the
fluorescence detection of OTA as low as 0.2 pM. By changing
the aptamer sequence, the biosensing was further extended for
the detection of AFB1 and ZEN with LODs of 0.13 and 0.17
pM, respectively. The mycotoxin system was robust and was
applied for the quantitative analysis of OTA, AFB1, and ZEN
in wine samples with excellent selectivity and good reliability.
Due to the advantages of flexibility and versatility, this
biosensing platform was used to fabricate several concatenated
logic gates, including AND—INHIBIT, INHIBIT—-OR, OR—
AND, and OR—-INHIBIT logic operations. OTA, AFB1, and
ZEN were set as input A, input B, and input C, respectively.
The inputs were coded as 1 when they were present and 0
when they were absent. In the AND—INHIBIT logic gate, the
1/1/0 input combination generates an output of 1. In the
INHIBIT—OR logic gate, the input combinations of 0/0/1, 1/
0/0, 1/0/1, and 1/1/1 generate an output of 1. In the OR—
AND logic gate, the input combinations of 1/0/1, 0/1/1, and
1/1/1 generate an output of 1. In the OR—INHIBIT logic
gate, the input combinations of 1/0/0, 0/1/0, and 1/1/0
generate an output of 1. Such multiple functions of the logic
system provided a universal sensing strategy for the intelligent
detection of multiple mycotoxins.

B ASSOCIATED CONTENT
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DNA sequences (Tables S1—-S5); PAGE confirmation of
the formation of ([B/C/DNA1/DNA2],) (Figure S1);
optimization of experimental conditions (Figures S2—
SS); analytical performance for AFB1 with different
concentrations (Figure S6); analytical performance for
ZEN with different concentrations (Figure S7); PAGE
analysis of the assembly process of the logic gates
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