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Visual detection of aflatoxin B1 and zearalenone via
activating a new catalytic reaction of “haked”
DNAzyme-
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Here, we have found for the first time that the catalytic activity of "naked” DNAzyme, a single-stranded G-
quadruplex DNAzyme (S.DNAzyme), can be modulated by aflatoxin B1 (AFB1) and zearalenone (ZEN). In fact,
S.DNAzyme can mimic the activity of horseradish peroxidase to perform oxidation of 2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) to colored ABTS'* (dark green). This catalytic activity can be
inhibited upon addition of AFB1, leading to color fade of the solution. But with ZEN, the solution color
will change to a yellowish-brown or yellow color. Thus, we have exploited this finding to achieve label-
free, naked-eye detection of AFB1 or ZEN, and have explored the possible detection mechanisms. This
approach is able to detect AFB1 and ZEN concentrations as low as 0.18 uM and 0.29 uM, respectively.

Even in real samples, the limit of detection values of these two analytes are lower than 3 uM. Notably,
Received 9th September 2022 SDNA ted with three other tested aflatoxins, including aflatoxin B2, aflatoxin G1 and
Accepted 2nd November 2022 . zyme cross-reacted wi ree other tested aflatoxins, including aflatoxin B2, aflatoxin an

aflatoxin M1, revealing the potential for a broadly applicable method to identify the family of aflatoxins.

DOI: 10.1039/d2ra05683f The AFB1- or ZEN-triggered new catalytic reaction between “naked” DNAzyme and ABTS may offer new
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Introduction

Mycotoxins, resulting from secondary metabolites of toxic
fungal species,” are widespread contaminants of traditional
Chinese medicines (TCMs) and foodstuffs, leading to safety
concerns because of their high toxicity, carcinogenicity and
biological persistence.* Owing to their strong thermal and
chemical stability,* aflatoxins (AFs) and zearalenone (ZEN) are
the two most intensively researched groups of mycotoxins. AFs
are difuranocoumarin derivatives with four major members
including aflatoxin B1, B2, G1 and G2 (AFB1, AFB2, AFG1 and
AFG2).* Of the known AFs, AFB1 with high toxic potency and
occurrence has been well-characterized and shown to lead to
the development of hepatocellular carcinoma in humans and
animals.*” The toxicity of AFB1 is 10 times that of potassium
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opportunities for on-site visual detection of mycotoxins.

cyanide and 68 times that of arsenic, showing considerable
threats to public health safety.? ZEN, also known as F-2 toxin, is
a non-steroidal estrogenic fungus produced by several species
of Fusarium spp., and it is extremely toxic to the human repro-
ductive system and lymphoid organs.® For these reasons, AFB1
and ZEN are classified by the International Agency for Research
on Cancer (IARC) as a group I and group III carcinogens,
respectively.'®"* An efficient method via detecting contaminated
TCMs and foods and, then, removing them would ensure
human health and reduce the economic loss caused by AFB1 or
ZEN. Consequently, developing a fast and reliable approach of
AFB1 and ZEN detection is a necessity.

Though high-performance liquid chromatography (HPLC)
and ultra-high performance liquid chromatography coupled with
tandem mass spectrometry (UHPLC/MS) have high selectivity
and sensitivity for AFB1 or ZEN analysis,”>** they are time-
consuming and require high instrument costs, complicated
sample pre-treatment and skilled personnel. In recent decades,
various antibody-based immunoassay assays have been devel-
oped such as enzyme-linked immunosorbent assays,'® immu-
nochips,”  fluorescent  immunoassays,”® lateral flow
immunoassays,” chemiluminescent immunoassays,” and
immunosensors.”* Given the limitations of antibody, most of
them require strict storage conditions and are inconvenience for
daily use. Therefore, it is still a challenge to construct a highly
desirable platform to achieve on-site detection for AFB1 or ZEN.
Aptamers are chemical antibodies that can be selected in vitro by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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systematic evolution of ligands by exponential enrichment,
which form diverse structures to combine with target molecular
under confined conditions.”** Compared with traditional anti-
body, the selected aptamers not only possess similar specificity
and affinity to antibody, but also have numerous advantages
including decent stability, easy synthesis and modification, and
low cost** Hence, aptamers are widely used for developing
biosensors to overcome the limits of antibodies.”>* Among
abundant aptamer-based biosensors described to date, visual
sensors are especially suitable for on-site supervision of TCMs or
foods and have attracted great interest, because they enable the
naked eye to observe the results without the requirement of
sophisticated instruments. However, there are little literatures
that using aptamer instead of antibody as a sensing element to
construct visual sensor for AFB1 or ZEN detection. On the basis of
unique horseradish peroxidase (HRP)-like catalytic activity, easi-
ness of synthesis, and excellent chemical stability,”® G-
quadruplex-structured DNA enzymes (DNAzymes) have become
one of the most widely used signal indicators in naked-eye
detection. Kim group constructed a structure-switchable sensor
for AFB1 detection using AFB1 aptamer and split DNAzyme,*
however, they did not explore that whether the peroxidase activity
of complete DNAzyme would be modulated by AFB1. Although
DNAzyme has broadly been employed as signal producer, no
report of “naked” DNAzyme, a single-stranded DNAzyme
(S.DNAzyme) that only is composed of four GGG repeats, being
used as AFB1- or ZEN-detection sensor.

In this work, we have found for the first time that AFB1 and
ZEN can induce a new reaction happening on the S.DNAzyme
catalyzed 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) oxidation platform. In addition, this S.DNAzyme have
been successfully employed as a colorimetric sensor to accom-
plish visual detection for two mycotoxins, namely, AFB1 and
ZEN. Without analytes, S.DNAzyme was capable of binding
hemin and performing HRP-mimicking catalytic activity to
oxidize ABTS to dark green colored ABTS . But in presence of
AFB1, the process of ABTS™ production was dramatically
inhibited and the action of ABTS'* consumption was active at
the same time, making the reaction solution change from dark
green to colorless. Once S.DNAzyme was incubated with ZEN,
a newly produced absorbance peak at 472 nm was obtained and
the solution color would change into yellowish-brown or yellow.
S.DNAzyme was able to realize label-free, naked-eye detection
for AFB1 and ZEN with detection limits of 0.18 uM and 0.29 uM,
respectively. Furthermore, RGB-based analysis was used to
increase color discrimination and we were able to observe
a noticeable color change in the presence of 0.05 pM AFB1 or 10
uM ZEN. Impressively, S.DNAzyme also enables to determine
other tested AFs including AFB2, AFG1 and AFM1, which
showed a great potential for the analysis of multiple
mycotoxins.

Materials and methods

Materials

2,2"-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) and
hemin were purchased from Macklin Biochemical Co., Ltd
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(Shanghai, China). 30% hydrogen peroxide (H,O,) was
purchased from Chengdu Kelong Chemical Co. Ltd (Chengdu,
China). All other chemicals and DNA oligonucleotides were
purchased from Sangon Biotechnology Co. Ltd (Shanghai,
China). Oligonucleotides were dissolved in ultrapure water and
DNA concentrations were measured with a NanoDrop 2000
(Thermo Scientific). Ultrapure water with 18.25 MQ cm was
made by a ULUPURE system (Sichuan ULUPURE Technology
Co., Ltd, China).

Aptamer-based hairpin constructs (ABHCs) platform for AFB1
detection

ABHCs were prepared by mixing 0.5 uM H-1 and H-3 in the 2-[4-
(2-hydroxyethyl)piperazin-1-yllethanesulfonic acid (HEPES)
buffer (pH 7.0) containing 20 mM KCl and 100 mM NaCl. AFB1
was freshly prepared in 10% DMSO. Various concentrations of
AFBI (final concentration: 0, 0.1, 10, 50, 100 uM) were added to
the mixture and the solution was incubated for 30 min. Freshly
prepared 1 uM hemin and 0.3% (v/v) TritonX-100 were added to
the mixture, and the solution was incubated for another 30 min.
Then, the reaction solution was transferred into a well of a 384-
well plate (CORNING), then, 2 mM H,0, and 1.5 mM ABTS were
added to initiate the reaction. The absorption intensity at
418 nm (ABTS") was recorded every minute using a Spectra Max
M2 microplate reader. It's worth noting that the final concen-
tration of DMSO in this assay was 2% (v/v). ABTS"* was calcu-
lated based on the extinction coefficient of ABTS " at A = 418 nm
(e = 36000 M~' em™").3*%* The concentration of ABTS™* was
plotted as a function of time and the initial reaction rates (V)
were determined by calculating the slope of the linear portion of
the plot.

Colorimetric assay for AFB1 and ZEN using S.DNAzyme

S.DNAzyme were prepared in 40 mM HEPES buffer (pH 7.0)
containing 50 mM KCI and 10 mM NaCl. AFB1 and ZEN were
freshly prepared in 10% DMSO. Different concentration of AFB1
(final concentration: 0, 0.05, 0.5, 1, 5, 10, 15, 20, 50, 80, 100 pM)
or ZEN (final concentration: 0, 0.05, 0.5, 1, 5, 10, 20, 50, 80, 100,
200, 300 uM) were added to the S.DNAzyme mixture. Freshly
prepared 1 pM hemin and 0.3% (v/v) TritonX-100 were added,
and the solution was incubated for 30 min at room temperature.
The mixture was then added to a 384-well plate, then, 2 mM
H,0, and 1.5 mM ABTS were added to initiate the reaction. The
absorption intensity at 418 nm was recorded every minute. The
concentration of S.DNAzyme for AFB1 and ZEN detection was
0.75 and 1 pM, respectively. The signal gain was calculated by
(Ao — A)/Ay x 100%, where A and A, are the absorbance of
reaction solution with and without target, respectively.

Preparation of AFB1 or ZEN in real samples

To investigate the feasibility of visual detection for AFB1 and
ZEN using S.DNAzyme, some TCMs and foods easily contami-
nated by AFB1 (adlay, platyclade semen, tangerine peel and
milk) or by ZEN (fritillariae cirrhosae bulbus, angelica sinensis,
amygdalin, and rice) were employed to be used as complex
matrices. Solid samples were finely grounder by the electric
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grinder. Then, 10 mL methanol-deionized water (70: 30, v/v)
was added to 0.5 g of TCMs or foodstuffs and shaked them
for 30 min. After centrifugation for 10 min (12 000 g min™'), the
supernatant was filtered through a 0.22 pm membrane and
stored at 4 °C for later analysis. For AFB1 or ZEN detection in
these matrices, known concentrations of AFB1 or ZEN were
added into these supernatants and performed visual detection.

RGB-based analysis

All images were captured by a smartphone (iPhone xs). To
further improve the intuitiveness of visual observation, we used
a color detector in order to process the information of red (R),
green (G), and blue (B) channels. The color is synthesized by
combining R, G, and B components. Each channel is repre-
sented in the range 0 to 255, where 0 represents no contribution
to the color and 255 represents the maximum contribution of
that component. As is typical in this model, black is identified
as the lowest contribution of the component, and white is the
maximum contribution. Since S.DNAzyme can detect AFB1 and
ZEN by a color change from dark green to colorless and from
dark green to yellow, respectively, two algorithms were
employed for this assay: G/255 for AFB1 and R/G ratio for ZEN.
The black background of the paper matrix is determined as the
minimum value for all components during the calibration
process, and the increased color is represented as an increase in
that value. Thus, a lower target concentration produced a low-
intensity color, described as a low RGB value, while a higher
target concentration produced a high-intensity change, denoted
as a high RGB value. To achieve an accurate description, we
considered the total distribution of RGB values and used the

average value for calculation.®**

Results and discussion

Inspiration from aptamer-based hairpin constructs platform
for AFB1 detection

We recently developed aptamer-based hairpin constructs
(ABHCs), containing H-1 and H-3, which involve the use of
functional nucleic acid that upon recognizing AFB1 trigger the
formation of the hemin/G-quadruplex DNAzyme to enable the
colorimetric readout of sensing process (Fig. S1 and Table S17).
More specifically, H-1 includes 5-end of AFB1 aptamer (domain
I), linker DNA (domain II) and one-fourth G-quadruplex DNA-
zyme sequence (one GGG repeat, domain IIT), while the 5™-end of
H-3 has a caged three-fourths of G-quadruplex DNAzyme
sequence (three GGG repeats, domain IIT*) and a programed
DNA (domain II*). The fact that H-1 and H-3 cannot self-
assemble to active G-quadruplex DNAzyme without AFB1. We
expected that AFB1 could trigger the configuration change of H-
1 by binding to its domain I, thereby exposing domain II and
domain IIT of H-1. The released domain II would further open
H-3 by hybridizing with domain II*, and finally allow the G-
quadruplex subunits (domain III and domain III*) self-
assemble into the G-quadruplex structure. Then, the assem-
bled G-quadruplex DNAzyme, in presence of hemin, was antic-
ipated to catalyze the oxidation of ABTS by H,0, to ABTS™* (Aax
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Fig. 1 Design and performance of ABHCs and S.DNAzyme. Time-
course absorbance measurement at 418 nm with reaction buffer
containing (a) ABHCs (500 nM H-1 and H-3) and (b) 500 nM S.DNA-
zyme in the absence and presence of 100 uM AFBL. (c) Photographs of
solution using ABHCs and S.DNAzyme platform after 15 min of reac-
tion. (d) Reaction rates of ABHCs and S.DNAzyme in terms of nano-
molar ABTS™* produced per second.

= 418 nm), generating a dark green color for naked eye detec-
tion. The catalytic reactivity of G-quadruplex DNAzyme assem-
bled by ABHCs was characterized by determining the initial rate
(Vo) of ABTS''. Interestingly, the V, value was decreased
(Fig. S2at) and the color of solution clearly faded after reacting
for 15 min (Fig. S2bf) upon increasing the concentration of
AFB1, which were contrary to our prediction and indicated AFB1
might directly affect the catalytic reactivity of G-quadruplex
DNAzyme (Fig. S2ct).

To further confirm this hypothesis, a “naked” DNAzyme
(S.DNAzyme) with G-rich sequence was employed. In the pres-
ence of AFB1, the absorbance of ABTS'" at 418 nm was obviously
decreased in both ABHCs and S.DNAzyme (Fig. 1a and b) and no
recognizable green color was obtained (Fig. 1c). In the absence
of AFB1, S.DNAzyme demonstrated a 4-fold increase of V, value
compared to ABHCs (Fig. 1d), because S.DNAzyme with four
GGG repeats is more able to spontaneously fold into secondary
structures, G-quadruplexes, via intramolecular hydrogen-
bonding interactions. Excitingly, AFB1 is the first time to be
found, to our knowledge, that it can reduce the activity of G-
quadruplex DNAzyme. These results inspired us to construct
a label-free, simple, fast, sensitive, and naked-eye detection of
AFB1 using S.DNAzyme, and to explore the reaction mechanism
of designed approach.

Optimization of experimental conditions

To maximize the signal gain generated by S.DNAzyme, we
investigated few experimental conditions including KCl, NaCl
and DNA concentration. As previously reported, the monovalent
cations, K' or Na', have a significant effect on enzymatic activity
of G-quadruplex DNAzyme, because they can stabilize the G-
quadruplex structure.*® The effect of different concentration of
K" and Na' was investigated. The signal gain reached the
maximum when the K concentration increased to 50 mM,
while it declined at higher K" concentration (Fig. S3at). More-
over, the signal gain increased slightly after reacting with Na*
and reached a plateau at the concentration of 10 mM (Fig.-
S3bf). Thus, 50 mM K" and 10 mM Na' were selected as the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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optimum ion conditions. In view that the enzymatic activity
would depend on S.DNAzyme concentration, the concentration
of S.DNAzyme was also studied. The signal gain was achieved
the maximum while using 0.75 uM S.DNAzyme (Fig. S3cT).
Hence, 0.75 uM S.DNAzyme was chosen as optimum for further
study.

Colorimetric detection of AFB1 using S.DNAzyme

To prove the catalytic activity of S.DNAzyme was only changed in
the presence of AFB1, a series of control experiments were set
up: group 1, reaction buffer with AFB1; group 2, reaction buffer
alone; group 3; reaction buffer with S.DNAzyme and AFB1;
group 4, reaction buffer with S.DNAzyme (S.DNAzyme alone)
(Fig. 2a and S4af). No obvious absorbance increase was
observed without S.DNAzyme, and further addition of AFB1 did
not generate any absorbance change (Fig. 2a). When S.DNA-
zyme was added into AFB1-free solution (S.DNAzyme alone),
a dark green color and a large change in absorbance were yiel-
ded within 15 min (Fig. S4bt and 4c). But the addition of AFB1
(group 3) produced a dramatically decrease of absorbance and
a rapid development of color fade. These results confirmed the
capability of S.DNAzyme for AFB1 determination.

Under the optimized conditions, the S.DNAzyme was per-
formed for the visual detection of standard solution with
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Fig. 2 An application of S.DNAzyme for the detection of AFB1. (a)
Time-dependent absorbance change at 418 nm: (1) reaction buffer
with AFB1; (2) reaction buffer alone; (3) reaction buffer with S.DNA-
zyme and AFB1; (4) reaction buffer with S.DNAzyme (S.DNAzyme
alone). (b) Calibration curve generated using 0-100 uM AFBL1. Inset
shows the linear range from 0 to 5 uM AFB1, and (c) real colors and G
channel photographs of samples containing 0-100 uM AFB1 after
15 min of reaction. (d) Selective response of S.DNAzyme to 100 uM
AFB1 and other toxins, and (e) their chemical structures including
aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), aflatoxin M1 (AFM1), T-2 toxin
(T-2), ochratoxin A (OTA), patulin (PAT), deoxynivalenol (DON), and
zearalenone (ZEN).

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

various AFB1 concentrations. The absorbance of ABTS™
418 nm after 15 min of reaction changed significantly over 0-
100 uM AFB1, which achieved a detectable limit of detection
(LOD) of 0.18 puM (S/N = 3) with a linear range from 0 to 5 pM
AFB1 (Fig. 2b). The color of reaction solution was gradually fade
as the AFB1 concentration increased (Fig. 2¢). To enhance the
observability of color change, these true-color pictures collected
by smartphone were further split into red (R), green (G), and
blue (B) channels and the G channel intensities were used to
quantify the AFB1 concentration. It was able to achieve visual
AFB1 detection as low as 0.05 pM (Fig. 2c).

For further application in TCMs or food matrices, an inves-
tigation was implemented to evaluate the selectivity of S.DNA-
zyme toward AFB1. Three aflatoxins with similar structures
(AFB2, AFG1, and AFM1) and other toxins, including T-2 toxin
(T-2), ochratoxin (OTA), patulin (PAT), deoxynivalenol (DON)
and ZEN, were examined using S.DNAzyme. A high signal gain
and an obvious color change were observed for AFB1, AFB2,
AFG1, and AFM1 (Fig. 2d and S57), demonstrating that S.DNA-
zyme possesses brilliant cross-reactivity to structurally similar
aflatoxins (Fig. 2e). In addition, no measurable signal gain was
detected in the presence of T-2, OTA, PAT, or DON, and none of
these toxins caused noticeable color change compared to blank
experiment, illustrating the specificity of S.DNAzyme toward
aflatoxins over these toxins. It is worth noting that though
a high signal gain was obtained in the presence of ZEN (Fig. 2d),
the color of this reaction solution was yellowish-brown
(Fig. S5t), which was totally different from that of the AFB1
reaction solution. All these results exhibited an excellent char-
acteristic of S.DNAzyme that could achieve visual deterioration
of various aflatoxins and ZEN by using a single assay.

Applicability of S.DNAzyme for AFB1 determination in
complex analytical matrices

The TCMs and foods samples, such as adlay, platyclade semen,
tangerine peel and milk, were used as substrates to evaluate the
practicality of S.DNAzyme. Because these are the TCMs and
foods most commonly polluted by AFB1.*”** AFB1-positive real
samples were prepared by spiking AFB1 into collected matrices
and the absorbance at 418 nm was recorded after 15 min of
reaction. Compared with AFB1-free samples, the color and
signal gain of the AFBIl-containing samples progressively
changed upon the increase of AFB1 concentration (Fig. S67).
Based on the calibration curve, the LOD of AFB1 in adlay, pla-
tycladi semen, tangerine peel and milk was 1.4 uM, 0.78 uM,
1.17 uM and 2.3 pM, respectively (Table S2t). The obtained
results showed the successful application of the S.DNAzyme for
AFB1 detection in real samples.

Mechanism investigation of AFB1 detection using S.DNAzyme

The production of ABTS'" was dramatically inhibited in the
presence of AFB1, thus we hypothesized that there might be two
potential mechanisms: (1) AFB1 might cause a conversion of
ABTS'" back into ABTS. (2) AFB1 might induce the hemin/G-
quadruplex structure of S.DNAzyme to disassemble, leading to
the disappearance of catalytic reactivity of S.DNAzyme. To verify

RSC Adv, 2022, 12, 32102-32109 | 32105
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these hypotheses, several control experiments were employed.
Specifically, AFB1 was added to the solution after reaction for
0 min and 15 min, respectively. At the same time, the blank
experiment was added with DMSO, because AFB1 was dissolved
in it. The data showed that the absorption of ABTS"" at 418 nm
only slightly changed after reaction for 100 min when added
AFB1 at the beginning of the reaction (Fig. S7t). Without AFB1,
the absorbance of ABTS* progressively increased, and more
than 80 uM ABTS " were generated in the solution after reacting
for 15 min. At this time, the addition of AFB1 made a sharply
decrease of absorbance within 3 min, demonstrating that
reduction of ABTS"* has occurred and that AFB1 may possess
antioxidant effect. Thus, trolox, a widely used standard antiox-
idant with the ability to scavenge ABTS"* within 5 min,* was
selected as the model antioxidant to prove our hypotheses.
AFB1 exhibited the same ABTS"" scavenging as trolox (Fig. S81),
indicating that AFB1 has an antioxidant capacity to covert
ABTS"" back into ABTS.

Since S.DNAzyme and horseradish peroxidase (HRP) have
the same behavior of catalytic activity, it was examined whether
AFB1 has the same inhibitory effect on HRP. Interestingly, after
incubated with AFB1, only a minimal V, decrease in HRP-
induced reaction was observed (Fig. S9t). Actually, the V,
value of S.DNAzyme was almost 2-fold higher than HRP in the
absence of AFB1. But when S.DNAzyme was incubated with
AFB1, the V, was reduced 86%. The big difference between
S.DNAzyme and HRP showed that AFB1 might affect the
stability of the G-quadruplex structure of S.DNAzyme, which
would dramatically decrease the catalytic activity of S.DNAzyme
and further reduce the production of ABTS . To further confirm
this hypothesis, a circular dichroism (CD) experiment was
employed. The CD spectrum of S.DNAzyme in the presence of
hemin (S.DNAzyme + hemin) had a positive peak at 240 nm and
a negative peak at approximately 270 nm (Fig. S10at), indicating
that S.DNAzyme formed a left-handed G-quadruplex (Fig.-
S10bt).*>** When AFB1 was added (S.DNAzyme + hemin +
AFB1), two positive peaks (~210 nm and 275 nm) and a negative
peak (235 nm) were observed, suggesting that AFB1 induced the
conformation transformation of S.DNAzyme into G-triplex
(Fig. S10ct).* On the basis of the obtained results, it is
believed that the AFB1 could inhibit the catalytic reactivity of
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Fig. 3 Schematic illustration of the possible working principles of the
S.DNAzyme for visual detection of AFB1.
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S.DNAzyme by converting the ABTS'" back into ABTS or by
reassembling S.DNAzyme into G-triplex (Fig. 3).

In addition, another G-rich DNA, named as 1XAV,* with the
ability to form a G-quadruplex topology was used to detect AFB1
(Table S1t). Unfortunately, no measurable signal gain was
observed in the presence of AFB1 (Fig. S11at). We then removed
the flanking regions of G-quadruplex structure of 1XAV, thereby
generating 1XAV-2 (Table S1 and Fig. S11bf). The signal gain
immediately rose to the same level as S.DNAzyme (Fig. S11at),
most likely due to the steric hindrance of flanking regions in
1XAV that significantly affected its binding to AFB1.

The capability of S.DNAzyme in ZEN detection by naked-eye

In the previous experiments, we have found that in the presence
of ZEN, the solution color would turn into yellowish-brown
(Fig. S57), and its absorption at 472 nm significantly increased
while the absorptions at 418 nm and 734 nm were decreased
(Fig. S12at and 4a). Upon addition of reaction time, the
absorbance value at 472 nm increased gradually and reached
a plateau at 30 min (Fig. S12b¥). Without S.DNAzyme, ABTS was
slightly oxidized by H,0, and hemin (hemin + H,0, + ABTS)
which generated a minor increase in the absorbance at 418 nm
(Fig. 4a). When ZEN was added (hemin + H,O, + ABTS + ZEN),
a new absorption peak at 472 nm was obtained. Further addi-
tion of the S.DNAzyme produced a higher absorbance at
472 nm. But without hemin, H,0,, ABTS or ZEN, this
phenomenon did not observe (Fig. 4a and S137). In addition,
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Fig. 4 Mechanism of ZEN-induced reaction using S.DNAzyme-based
platform. (a) Absorption spectra of different solutions. (b) Time-
dependent absorbance change at 472 nm after adding ZEN or DMSO
at 15 min. (c) The UV-VIS spectra of HRP-induced reaction in the
absence and presence of 100 uM ZEN. (d) Photographs of samples
using S.DNAzyme and HRP at different time. (e) Schematic illustration
of ZEN detection using S.DNAzyme.
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ABTS'" was produced by S.DNAzyme after reaction for 15 min,
but its characteristic peaks at 418 nm and 734 nm immediately
reduced after adding ZEN (Fig. S14f). Meanwhile, the absor-
bance at 472 nm instantly enhanced after adding ZEN with the
increase of reaction time (Fig. 4b). These results suggested that
the generated ABTS''" might be a substrate for ZEN-induced
reaction that could produce a new product with a character-
istic absorbance peak at 472 nm. The same phenomenon was
observed in the HRP-induced oxidation of ABTS platform.
Compared with the control experiment (blank), a new peak at
472 nm and a decrease of absorption at 734 nm was detected
when added ZEN (Fig. 4c). Though HRP had the similar prop-
erty to S.DNAzyme, the ratio was much lower (Fig. S157). Both
HRP and S.DNAzyme could identify ZEN by naked eye after
reaction for 10 min or 15 min, the color of these ZEN-containing
solution was yellowish-brown while it remained dark green for
ZEN-free solution (Fig. 4d). Compared with HRP, S.DNAzyme
was more suitable for ZEN detection by naked eye. Because
there was a significant color difference between ZEN-free and
ZEN-containing groups even after 1 h. By contrast, the color
difference decreased with the increase of reaction time when
employed HRP as a sensor for ZEN assay. This is probably due to
the faster reaction velocity of HRP, so that the velocity of ABTS"*
consumption by ZEN was lower than that of ABTS"* production
by HRP. This drawback can be avoided by reducing the
concentration of HRP. All these results demonstrated that ABTS
oxidation platform using S.DNAzyme or HRP was capable of
detecting ZEN by naked eye. But in this paper, we focused on
introducing S.DNAzyme as sensing element for ZEN detection.
Without ZEN, S.DNAzyme would perform H,0,-mediated
oxidation of colorless ABTS into dark green ABTS" (Fig. 4e, left).
However, the obtained ABTS'" would be transformed into a new
unknown chemical in the presence of ZEN, generating
a yellowish-brown to yellow color visible to the naked eye within
15 minutes (Fig. 4e, right).

When ZEN was added to the S.DNAzyme catalytic reaction,
the absorbance at 472 nm increased and the solution rapidly
developed a yellowish-brown color (Fig. 4d and S12at). Thus, we
generated a calibration curve using the absorbance at 472 nm
after 30 min of the reaction using a microplate reader and ob-
tained a measurable detection limit of 0.29 uM with a linear
range of 0-80 pM (Fig. 5a). Real-time photos were taken by
smartphone, and it enables us to detect ZEN concentrations by
the naked eye within 15 min (Fig. 5b and S167). In addition,
true-color images were split into three channels (R, G and B
channels) and the ratio of R- and G-channel intensities (R/G
ratio) could be used to quantify ZEN concentration. Thus, we
further obtained a lower visual detection limit of 10 uM using R/
G ratio intensities. Importantly, this assay also displayed high
specificity against the other mycotoxins including AFB1, AFB2,
AFG1, T-2, OTA, PAT, and DON (Fig. 5c). Only ZEN could be
detected via dark green-to-yellowish brown color change visible
to the naked eye (Fig. 5d). Moreover, the color change from dark
green to colorless could be used for AFs visual detection. To
determine the sensitivity of our assay in real samples, ZEN
spiked matrices including fritillaria cirrhosis bulbous, angelica
sinensis, amygdalin and rice were used to generate calibration
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Fig. 5 Visual detection of ZEN based on S.DNAzyme. (a) Calibration
curve with ZEN concentrations (0 to 300 uM). (b) True-color images
and the R/G ratio is calculated of the R and G channels. (c) The
absorbance of samples at 472 nm after 30 min of a reaction containing
various interferents (100 uM). (d) Photographs of samples containing
various interferents (100 puM) after 15 minutes of reaction.

curves. Both the absorbance increase (472 nm) and the color
change of these real samples were concentration-dependent
(Fig. S17t). Furthermore, the obtained limits of detection for
ZEN in all real samples were lower than 2 uM (Table S3+t). Given
the high sensitivity and specificity as well as its ease of use, the
S.DNAzyme-based assay would be highly amenable for on-site
ZEN detection.

Conclusions

In this work, we have shown for the first time that the ABTS
oxidation catalyzed by “naked” DNAzyme (S.DNAzyme) will be
modulated by AFB1 or ZEN in different mechanisms. AFB1 can
significantly inhibit the catalytic activity of S.DNAzyme through
two main ways: first, it may promote the consumption of
colored products by converting ABTS"" back into ABTS. Second,
it may reduce the generation of ABTS' by reassembling
S.DNAzyme into G-triplex. For ZEN, we have found it can react
with ABTS'" to generate yellowish-brown or yellow products.
Based on these observations, we directly used the S.DNAzyme as
a sensor for AFB1 and ZEN visual detection. Without AFB1 or
ZEN, the S.DNAzyme could catalyze the oxidation of ABTS to
form the colored ABTS'" (dark green). However, the color of
solution would immediately change into colorless in the pres-
ence of AFB1, while a yellowish-brown or yellow color would be
obtained by adding ZEN. Moreover, RGB-based analysis can be
used to improve the observability of the collected images. Thus,
S.DNAzyme can be considered as an ideal sensing probe for
AFB1 and ZEN detection, which enables fast, label-free, enzyme-
free and naked-eye detection.

Under the optimized conditions, the S.DNAzyme exhibited
excellent dynamic linear detection of AFB1 from 0 to 5 uM and
ZEN from 0 to 80 uM. This proposed assay demonstrated high
detection sensitivity for both AFB1 and ZEN, gaining LOD
values as low as 0.18 uM and 0.29 puM, respectively. Using RGB-
based analysis, we were able to observe a visible color change
after 15 min of reaction in the presence of 0.05 uM AFB1 and 10
uM ZEN, respectively. Moreover, S.DNAzyme was able to deter-
mine AFB1 and ZEN in the complex matrices, such as TCMs and
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foodstuffs. Notably, the S.DNAzyme cross-reacted to other three
tested AFs, including AFB2, AFG1 and AFM1, revealing the
potential for a broadly applicable method to identify the family
of AFs in the real samples. Compared with other colorimetric
methods for AFB1 or ZEN detection (Table S4t), our “naked”
DNAzyme-based assay is timesaving, low cost, label-free,
enzyme-free, antibody-free and naked-eye detection. More
than half of reported works only focused one target anlysis
(AFB1 or ZEN). However, our method could be used for detec-
tion of four tested aflatoxins (AFB1, AFB2, AFG1 and AFM1) and
ZEN, demonstrating the potential for a broadly applicable
method to identify the family of aflatoxins or ZEN. These
advantages make it an excellent sensor for the Food and Drug
Administration (FDA) or other quality control laboratories to
rapid screen AFs and ZEN in real samples. Thus, once “naked”
DNAzyme-based assay is used in clinical practice, it will ensure
the safety of foods and drugs to a large extent. The proposed
method in this work still needs to do a lot of work to improve its
sensitivity to the level of pM or fM.

Although we have achieved a visual detection for AFB1 and
ZEN in real samples using S.DNAzyme, and have done various
experiments to investigate the reaction mechanisms of the
proposed sensing platform, the new product of reaction
between ZEN and ABTS'" is unknown. Thus, in the future, we
will focus on identification of its chemical structure by other
methods, such as HPLC-MS trace analysis and nuclear magnetic
resonance (NMR).
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