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An enzyme-free catalytic DNA circuit for amplified
detection of aflatoxin B1 using gold nanoparticles
as colorimetric indicatorsf

Junhua Chen,* Junlin Wen, Li Zhuang and Shungui Zhou*

An enzyme-free biosensor for the amplified detection of aflatoxin B1 has been constructed based on a
catalytic DNA circuit. Three biotinylated hairpin DNA probes (H1, H2, and H3) were designed as the
assembly components to construct the sensing system (triplex H1-H2-H3 product). Cascaded signal
amplification capability was obtained through toehold-mediated strand displacement reactions to open
the hairpins and recycle the trigger DNA. By the use of streptavidin-functionalized gold nanoparticles as
the signal indicators, the colorimetric readout can be observed by the naked eye. In the presence of a
target, the individual nanoparticles (red) aggregate into a cross-linked network of nanoparticles (blue) via
biotin—streptavidin coupling. The colorimetric assay is ultrasensitive, enabling the visual detection of trace
levels of aflatoxin B1 (AFB1) as low as 10 pM without instrumentation. The calculated limit of detection
(LOD) is 2 pM in terms of 3 times standard deviation over the blank response. The sensor is robust and
works even when challenged with complex sample matrices such as rice samples. Our sensing platform is
simple and convenient in operation, requiring only the mixing of several solutions at room temperature to
achieve visible and intuitive results, and holds great promise for the point-of-use monitoring of AFB1 in

Www.rsc.org/nanoscale environmental and food samples.

Introduction

Aflatoxin B1 (AFB1), a secondary fungal metabolite of Aspergil-
lus flavus and Aspergillus parasiticus, is one of the most fre-
quently found mycotoxins in contaminated foods and has
been classified as a group I carcinogen by the International
Agency for Research on Cancer (IARC)." Many countries have
established regulations to govern the AFB1 level in agricultural
products. For example, the European Union has set up the
maximum allowed level of AFB1 at 2 pg kg™ for groundnuts,
dried fruits, cereals, and milk.> Considering the low permiss-
ible limit, frequent occurrence, and high toxicity of AFB1, it is
an urgent need to develop sensitive and on-site analytical
methods for AFB1 monitoring to ensure food safety. In recent
years, several elegant sensing strategies have been developed
for AFB1 detection, including the immunoreaction tech-
nique,>® electrochemical detectors,” and fluorescence
sensors.”” Despite significant contributions having been
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made to AFB1 monitoring, most of them require professional
laboratory conditions, expensive instrumentation, and compli-
cated washing procedures, which limit the in-field detection
and point-of-use applications. Thus, it is highly desirable to
develop an on-site biosensor for AFB1 detection without
instrumentation.

Colorimetric biosensors using gold nanoparticles as the
signal reporters have attracted increasing attention for myco-
toxin determination because of their advantages of simplicity,
ease of use, miniaturization, and on-site analysis.®* Detectors
coupled with gold nanoparticles provided a promising sensing
platform for target analysis based on their remarkably high
extinction coefficient and strongly distance-dependent optical
properties.” The aggregation-induced, red-to-blue color
change associated with gold nanoparticles is perhaps one of
the most powerful and simple nanosensing methods avail-
able.°®” The colorimetric readout can be visualized by the naked
eye without requiring additional instrumentation.® However,
they often suffer from low sensitivity, especially in the detec-
tion of real samples. One way to improve the sensitivity is
through signal amplification. Several groups have employed
polymerase,®*”* nicking endonuclease,”” and exonuclease’ to
amplify the mycotoxin detection signals. Although these tech-
niques can quantify even trace amounts of mycotoxins, all of
them necessitate protein enzymes for signal amplification,
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which increase the cost and complexity. As an alternative,
toehold-mediated DNA strand displacement reaction has been
proven to be a powerful mechanism for signal amplification
without enzymes.® This nonenzymatic DNA self-assembly
process can take place at room temperature without requiring
a thermal annealing step. Owing to its predictable thermo-
dynamics and kinetics, continuous signal turnover capability,
and inherent modularity, this concept has been successfully
applied to the construction of chemical amplifiers,” logic
gates,'® and molecular machines."" However, to date, little
attention has been paid to employing enzyme-free amplified
sensors for the analysis of mycotoxins. To explore new appli-
cations of the toehold-mediated strand displacement, we deve-
loped an enzyme-free catalytic DNA circuit for AFB1 detection
with cascaded signal amplification using gold nanoparticles as
the signal indicators. The simplicity of this assay should make
it more convenient than our previously reported methods that
use G-quadruplex DNAzyme as a catalytic unit to oxidize the
H,0,-TMB system for the signal readout or SYBR Green I for
fluorescent results.””* In general, assay methods that can
detect mycotoxins with the naked eye without resorting to any
instrumentation are convenient, and, for this reason, an assay
integrating enzyme-free catalytic DNA circuit and gold nano-
particles for AFB1 detection would be of great interest.

Results and discussion
Design strategy for visual AFB1 detection

The design strategy for the amplified detection of AFB1 on the
basis of a catalytic DNA circuit and gold nanoparticles is illus-
trated in Scheme 1.

The AFB1 aptamer-based trigger DNA (T) was inhibited by a
blocking DNA (B). In the absence of AFB1, the trigger DNA
failed to initiate the catalytic DNA circuit because the toehold
domain a* is inaccessible. When the target (AFB1) binds to the
aptamer, the T-B duplex is destabilized and a* is available to
activate the following cascaded signal amplification. The
exposed domain a* of the trigger strand first nucleates at the
segment a of hairpin H1, mediating a branch migration that
opens H1 and forms a T-H1 intermediate. In the T-H1 inter-
mediate, domain b* of H1 is no longer occluded and binds to
domain b of H2, again initiating a branch migration to form a
T-H1-H2 complex where domain c¢* of H2 is open. Then,
domain c of H3 can hybridize to the newly accessible toehold
c* of H2, activating a strand displacement to open H3 and
generate a T-H1-H2-H3 complex. This complex is inherently
unstable, and T dissociates from the H1-H2-H3 complex, com-
pleting the reaction and allowing T to act as a catalyst to
trigger the hybridization of additional hairpins. The process
makes numerous biotinylated hairpins from singles to triplex
(H1-H2-H3). After the addition of streptavidin-functionalized
gold nanoparticles (Au-SA) into the sensing system, the bio-
tinylated H1-H2-H3 product can interact with Au-SA via SA-
biotin combination to form a cross-linked network of nano-
particles, which is blue in color due to the red-shifting and
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Scheme 1 Schematic illustration of the design strategy for the
amplified detection of AFB1 on the basis of a catalytic DNA circuit and
gold nanoparticles. Biotinylated hairpins (H1, H2, and H3) were used to
construct the sensing system for cascaded signal amplification (the DNA
sequences were listed in Table S1, ESIT). Streptavidin-functionalized gold
nanoparticles (Au—-SA) were used as colorimetric indicators. Arrows
drawn on DNA strands represent 3 termini. Toeholds and toehold
binding domains are named by letters and complementarity is denoted
by asterisks.

dampening of the nanoparticle plasmon resonance.'> The
resulting Au-SA aggregates can then be used as colorimetric
indicators of AFB1 concentration. The red-to-blue color change
can be visualized with the naked eye, or the absorbance can be
measured by UV-vis spectroscopy. In the absence of a target,
the trigger T should be catalytically inactive. The hairpins are
kinetically impeded from forming the H1-H2-H3 complex. In
this state, individual hairpins would not induce the assembly
of Au-SA into cross-linked aggregates, thus a red color of dis-
persed gold nanoparticles could be observed.

Viability of the design

To demonstrate the viability of our design, the solutions at
different conditions were analyzed by UV-vis spectroscopy,
dynamic light scattering (DLS) and transmission electron
microscopy (TEM). As shown in Fig. 1A, in the absence of
AFB1, a narrow absorption peak at 520 nm for dispersed Au-
SA was observed, and the color of the solution was red (inset in
Fig. 1A), indicating that the monomer hairpins are metastable
and cannot initiate the DNA self-assembly without a target. On
the other hand, when AFB1 was added into the sensing
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Fig.1 (A) UV-vis absorption spectra of the colorimetric detection
system in the absence and presence of AFB1 (1 pM). Inset: photographs
of AFB1-induced color change of the Au-SA dispersion. (B) DLS
measured hydrodynamic size distribution of Au—SA. (C) DLS measured
hydrodynamic size distribution of the Au—SA assembly in the presence
of 1 uM AFBL1. (D) TEM image of the dispersed Au—SA. (E) TEM image of a
microscopic Au—SA assembly in the presence of 1 pM AFB1. Scale bar:
50 nm.

system, a broad absorption for the Au-SA aggregates appeared
at 650-700 nm, and the absorbance at 520 nm decreased
(Fig. 1A). Correspondingly, the color of the solution changed
from red to blue (inset in Fig. 1A). Further evidence for the
AFB1 induced aggregation of Au-SA was supported by DLS
results and TEM images. DLS analysis revealed the average
hydrodynamic diameter of Au-SA to be around 28.2 nm
(Fig. 1B). TEM micrographs showed that the particles were
almost spherical and well dispersed with a narrow size in the
range of 17-23 nm (Fig. 1D). The DLS measured size of Au-SA
is slightly larger than the TEM measured value as expected
due to the fact that DLS provides the hydrodynamic diameter,
measured from the random thermodynamic motion of the par-
ticles (Brownian motion), which is greater than the actual size
of the particles.”®> Upon addition of 1 pM target AFB1, the
average hydrodynamic diameter of Au-SA increased to
737.5 nm (Fig. 1C). The formation of large DNA-linked three-
dimensional aggregates in the presence of AFB1 can be clearly
observed from the TEM image (Fig. 1E), revealing that the
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target-triggered self-assembly reaction had taken place, which
was in good agreement with the DLS signal. AFB1 can trigger a
cascade of hairpin hybridization events to yield numerous
three-arm branched junctions (H1-H2-H3), which interact
with Au-SA to form a cross-linked network of nanoparticles,
inducing the aggregation of Au-SA. The arm length for the
3-arm junction is calculated to be 7.8 nm.** When two nano-
particles are brought into proximity (within about 2.5 times
the particle diameter) their plasmons couple in a distance-
dependent manner.'* As the interparticle distance decreases,
the coupled plasmon resonance wavelength red-shifts."**'* In
the presence of AFB1, the interparticle distance of Au-SA will
decrease due to the formation of multiple tethers (3-arm junc-
tions) between the nanoparticles. Thus, the plasmon reson-
ance peak wavelengths of these formed three-dimensional
aggregates are significantly red-shifted in comparison with
that of the single Au-SA nanoparticle. The DLS experiments
and TEM results show that the spectrum shift and color
change of the solution are associated with the degree of par-
ticle aggregation.

Optimization of assay conditions

As the trigger DNA T can competitively hybridize with both the
blocking DNA B and target AFB1, the molar ratio of T to B is a
key factor to influence the sensing process. We fixed the con-
centration of T and changed the concentration of B to obtain
the different ratios of 1:1,1:2,1:3, 1:4, and 1:5. As shown
in Fig. 2, the levels of signal increase were calculated to be
62%, 80%, 118%, 104%, and 75%, respectively. With higher
molar ratios, too much B would induce an insufficient displa-
cement between AFB1 and T, which subsequently affected the
quantity of product H1-H2-H3 created in the catalytic DNA
circuit. With lower molar ratios, a deficient amount of B would
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Fig. 2 Effect of the molar ratio of T to B on the response of the sensing
system. The level of signal increase was plotted as a function of the
molar ratio. Level of signal increase = (S — N)/N x 100%, where S is the
signal triggered by 10 nM AFB1 and N is the signal of the corresponding
negative control in the absence of AFB1. T: 100 nM, hairpin DNA:
600 nM.
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result in low hybridization efficiency between T and B and lead
to a high background signal. Therefore, the ratio of 1:3 was
selected for target detection.

The process of signal amplification was strongly affected by
the incubation time of the hairpins for DNA self-assembly.
Real-time monitoring of the dynamic assembly of the catalytic
DNA circuit was performed. From the start of the assembly
reaction, the resulting absorption intensity was recorded every
several minutes. As shown in Fig. 3, the absorption ratio
(A6s0/As20) of the sensing system increased gradually along
with the assembly time in the presence of the target AFB1, and
kept almost a constant level after 90 min (red circle in Fig. 3),
which indicated that the reaction equilibrium was reached.
However, the ratio of the background test maintained its
increase even after 90 min (black circle in Fig. 3). Since the
target-catalyzed assembly of branched junctions from hairpin
DNA is a kinetically controlled process, it was possible that
prolonged incubation times could cause more leaks and
increased background signals. Therefore, for the best signal-
to-noise level, 90 min of assembly time was selected in future
experiments.

We also studied the influence of the concentration of hair-
pins (H1, H2, and H3) on the colorimetric response of the
system, since the hairpins were not only the building blocks
for constructing the sensing circuit but also functioned in the
Au-SA aggregation. As shown in Fig. 4, with the increase of the
concentrations of the hairpin DNA, the absorption ratio
(Ag50/As20) of the solution containing 10 nM AFB1 increased
gradually and reached a plateau at 600 nM hairpins (red histo-
gram). However, in the absence of AFB1, the Ags0/A500 ratio
also increased slowly with increasing hairpin concentrations
(black histogram). Thus, in order to achieve the highest net
signal (blue histogram), 600 nM hairpin DNA was selected for
the subsequent experiments.
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Fig. 3 Real-time monitoring of the changes in the absorption ratio
(Ags0/As20) of the sensing system in the presence of 10 nM AFB1 (red
circle) or with no target AFB1 (black circle). The experiments were per-
formed at room temperature (~25 °C). T: 100 nM, B: 300 nM, hairpin
DNA: 600 nM.
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Fig. 4 Effect of the concentration of the hairpins on the colorimetric
response. The absorption ratio (Ass0/As20) Was plotted as a function of
the concentration of the hairpins in the presence of 10 nM AFBL1 (red his-
togram) and in the absence of AFB1 (black histogram), respectively. Net
signal (blue histogram) = (Agso/As20)with arB1 — (Aes0/As20)without AFB1-
T:100 nM, B: 300 nM.

In order to achieve a better sensing performance, the pH
value of the system was also optimized. As shown in Fig. 5, the
absorption ratio (Ags0/Asz0) Of the solution containing 10 nM
AFB1 improved sharply when the pH increased from 5.0 to 7.0,
and then reached a relatively stable level with the pH ranging
from 7.0 to 8.0. Meanwhile, the absorption ratio decreased as
the pH further increased. To obtain the best performance of
the sensing system for AFB1 monitoring, a pH of 7.4 was
selected as the optimal pH condition for all succeeding experi-
ments. A search was also conducted to identify the suitable
buffer composition for AFB1 monitoring (Fig. S1, ESI}). The
optimal reaction buffer is 10 mM Tris-HCI, 120 mM NacCl,
5 mM KCl, 5 mM MgCl,, pH 7.4.
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Fig. 5 Effect of the pH value on the sensing performance of the bio-
sensor. AFB1 concentration: 10 nM. T: 100 nM, B: 300 nM, hairpin DNA:
600 nM. The experiments were performed at room temperature
(~25 °C).
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Analytical performance for AFB1 detection

To investigate the detection ability of this colorimetric
method, different concentrations of AFB1 were tested under
the optimal experimental conditions. As shown in Fig. 6A,
with the increase of AFB1 concentration, the color of gold
nanoparticles was gradually changed from red to blue, imply-
ing that the Au-SA was assembled into a larger cross-linked
network of nanoparticles in the presence of higher AFB1 con-
centrations. Meanwhile, in the UV-vis spectra, the absorbance
at 520 nm gradually shifted and decreased, while the absor-
bance at 650 nm correspondingly increased (Fig. 6B). The ratio
between the absorbance at 650 nm and 520 nm (Ag50/As20) CON-
tinued to increase upon increasing AFB1 concentration until a
plateau was reached (Fig. 6C). The resulting calibration curve
showed that the absorbance ratios were linear to the logarithm
of AFB1 concentrations in the range from 10 pM to 1 uM
(Fig. 6C, inset). This colorimetric assay allowed for the detec-
tion of AFB1 at a concentration as low as 10 pM by the naked
eye. The calculated limit of detection (LOD) is 2 pM. The LOD
is defined by 3S,/S,”>'® where 3 is the factor at the 99% confi-
dence level, S, is the standard deviation of the blank measure-
ments (n = 12), and S is the slope of the calibration curve. The
detection limit of our sensing strategy is about 2 orders of
magnitude better than the previously reported gold nano-
particle-based sensor for AFB1 without signal amplification.®
The detection capability is comparable to or even better than
some previously reported sensors for AFB1 detection."*“>%¢
This high sensitivity can be primarily attributed to the con-
tinuous turnover capability of the enzyme-free catalytic DNA
circuit. As the maximum permissible limit of AFB1 in ground-
nuts, dried fruits, cereals, and milk was set by the European
Union to be 2 ng mL™" (64 nM), our proposed biosensor is
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Fig. 6 (A) Photographs showing colorimetric responses of the detec-
tion system in the presence of various concentrations of AFB1. (B) Their
corresponding UV-vis absorbance spectra. (C) Plots of absorption ratios
(Ass0/As20) versus the concentration of AFBL. Inset shows the calibration
curve for concentrations ranging from 10 pM to 1 uM. The error bars
indicate the standard deviations of three replicates.
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Fig. 7 Visual observation of the color change of the colorimetric
system treated with 100 nM AFB1 and 1 pM other mycotoxins.

promising for the on-site detection of AFB1 with a superior
detection limit and large dynamic range.

Selectivity and real sample analysis

The selectivity of this colorimetric biosensor for AFB1 was
examined by a visual assay to other mycotoxins, including
ochratoxin A (OTA), aflatoxin M1 (AFM1), aflatoxin G1 (AFG1),
aflatoxin G2 (AFG2), aflatoxin B2 (AFB2), zearalenone (ZEN),
deoxynivalenol (DON), and fumonisin (FB1). As shown in
Fig. 7, the color of the solution turned to blue only in the pres-
ence of AFB1 (100 nM), resulting from the aggregation of the
cross-linked network of nanoparticles. However, other control
mycotoxins at a concentration of 1 pM did not induce any
obvious color change compared with the blank sample. The
above results clearly demonstrated that our developed method
exhibited excellent specificity for the detection of AFB1. Such a
high selectivity of this assay can be attributed to the specific
aptamer-ligand interaction.

To evaluate the practical applicability and accuracy of this
method, it was validated by the analysis of AFB1 in rice
samples. The samples spiked with various concentrations of
AFB1 were detected according to the general procedure with
three replicates. The results of the determination are listed in
Table S2 (ESI}). Satisfactory recoveries were obtained in the
range of 90-112% with acceptable relative standard deviation
(RSD). These results demonstrated that the established
sensing system could be used for AFB1 monitoring in real agri-
culture products.

Conclusions

In conclusion, we have successfully developed a colorimetric
assay for the amplified detection of AFB1 using a catalytic
DNA circuit for cascaded signal amplification. The working
principle is based on a series of toehold-mediated strand dis-
placement reactions, which can take place at room tempera-
ture without any enzyme. Three biotinylated hairpin probes
(H1, H2, and H3) were utilized as the building blocks to con-
struct the sensing platform (triplex H1-H2-H3 product). By
the use of Au-SA as a signal transducer, the target solution
with a concomitant red-to-blue color change can be recognized
readily by the naked eye. The colorimetric biosensor is ultra-
sensitive for AFB1 detection, with a detection limit of 2 pM,
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which is about 2 orders of magnitude better than the pre-
viously reported gold nanoparticle-based sensor without signal
amplification. In addition, our approach shows excellent
selectivity for AFB1 against other mycotoxins. This sensor is
robust and can be applied to the reliable detection of spiked
AFB1 in rice samples with satisfactory recovery and accuracy.
Importantly, our method is simple in operation, requiring only
the mixing of several solutions at room temperature to achieve
visible and intuitive results, and holds great promise in on-site
applications. Furthermore, this assay can be adapted easily to
a high-throughput and automatic screening format. Signifi-
cantly, the enzyme-free catalytic DNA circuit can be easily
extended for the determination of other small molecules by
simply substituting the target-specific aptamer sequence, thus
giving a versatile sensing platform.
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