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Determination of aflatoxin B1 (AFB1) is still a big issue in food safety. In this paper, we developed
a luminescence AFB1 detection method combined with ATP-releasing nucleotides (ARNs) and AFB1
aptamer. Firstly, using a new coupling method, we synthesized two ARNs (dTP4A and dGP4A) in a yield of
67% and 58%, respectively. The newly prepared ARNs show a much lower background. Then, we
developed a new isothermal polymerase amplification method. In this method, two DNA hairpins were
used to substitute the circle DNA template in rolling circle amplification. Using this amplification method
and combined with AFB1 aptamer, a new AFB1 detection method is developed. A detection limit as low
as 0.3 pM is achieved. This method is simple and efficient, and will have a great potential to be used for

rsc.li/rsc-advances food safety and public health.

1. Introduction

Aflatoxin B1, one of the most toxic natural chemicals, widely
exists in nature. It has the potential to contaminate food, such
as soybeans, peanuts, corn, and grain oils."”® Because of its
widespread existence and strong toxicity, it causes a great health
problem to humans. Therefore, in order to avoid food safety
problems caused by AFB1, developing a stable, reliable, and
highly sensitive detection method is highly in need. At present,
many kinds of methods for detecting AFB1 have been devel-
oped, such as high performance liquid chromatography
(HPLC),** liquid chromatography-mass spectrometry (LC-
MS),*” and chemiluminescence methods.® Although the above
methods are sensitive and accurate, the cost of the detection
equipment required is relatively high, and these methods must
be operated by professionals under laboratory environment
conditions. For the immunoassay method,”* it requires the
corresponding antibody of AFB1, however, the antibody needs
very harsh storage conditions. The aptamer also has high
affinity for the target molecules, but is much easier to label and
store. Aptamers, artificially synthesized single-stranded oligo-
nucleotides, have been widely used in the field of analysis and
sensing."'> Researchers have designed a large number of
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sensing methods based on AFB1 aptamer, such as the fluores-
cence method,™ electrochemical method*** and luminescence
method.**?* Among all of these, the luminescence methods do
not need an external excitation light source, therefore, a hand-
hold small detection equipment is possible based on this
detection method. However, the signal in the traditional lumi-
nescence sensor system is relatively weak and the sensitivity is
also quite low.”* The developing of a new sensitive AFB1 lumi-
nescence detection method is still in need.

To increase the detection sensitivity, one best choice is link
the target with nucleic acid amplification technology. Several
nucleic acid amplification method have been developed, such
as polymerase chain amplification reaction (PCR),* hybrid
chain reaction amplification,”?** rolling circle amplification
(RCA),>?* strand displacement amplification.””?® RCA is an
isothermal method using a short DNA primer to amplify
a circular DNA template. Among them, RCA is the most
common method and has been used to develop several sensitive
detection methods for a variety of targets including nucleic
acids and small molecules. However, for this method, a circular
DNA template is needed for every specific target, and this
process always take a long time and have a low yield.” Devel-
oping a new DNA polymerase amplification method to avoid of
using the circular DNA template is in need.

To generate illuminescence signal from nucleic acid ampli-
fication, one way is using the ATP-releasing nucleotides
(ARNS).* ARNs are chimeric nucleoside tetraphosphate dimers
in which ATP rather than pyrophosphate, is the leaving group
during the DNA amplification. The generated ATP can react
with luciferase and produce luminescence signal with high
sensitivity and specificity. However, the former synthesis
method using ATP as the starting material can introduce some
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tiny amount of ATP to the final product ARNs.** The tiny ATP
will increase the detection background. To meet this challenge,
we plan to prepare ARNs by coupling of adenosine mono-
phosphate (AMP) with deoxyribonucleoside triphosphates
(dNTPs). In this paper, we first get a new method to synthesis
ARNs without of using ATP as the starting material. And then,
using ARNs, we developed a new luminescence method to
detect a target nucleic acid. Based on this method, a new
sensitive AFB1 luminescence detection method is developed.

2. Experimental section

2.1 Materials and instruments

The nucleotides (dGTP and dATP disodium salts) were
purchased from Solarbio Science & Technology Co., Ltd. (Bei-
jing, China). AMP was purchased from Sinopharm Chemical
Reagents Co., Ltd. (Shanghai, China). Dimethylformamide
(DMF) and Dowex-50W ion exchange resin were purchased from
Acros Organics. Carbonyldiimidazole (CDI) was purchased from
Sigma Aldrich. Klenow fragment DNA polymerase exo~ was
purchased from New England Biolabs (Beijing, China). ATP
determination kit (Kinase Glo) was purchased from Promega
(Beijing, China). Streptavidin-labeled magnetic beads was
purchased from PuriMag Biotech (Xiamen, China). The oligo-
nucleotides were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China) and purified by HPLC. The DNA sequences
are listed in Table S2.T The luminescence signal was measured
by the multimode reader (BioTek, USA). NMR spectra including
'H NMR, and *'P NMR were recorded on a Bruker Ascend-600
spectrometer.

2.2 Synthesis of ARNs

We synthesized ARNs by covalently linked dNTP with AMP in
one step. The detail of the reaction was showed in the ESIL{
ARNs was obtained in ayield of 50-60% after purification by RP-
HPLC.

2.3 Fabrication of the biosensor of AFB1

Firstly, the aptamer modified with biotin (1 pL, 2 uM) were
incubated with T-DNA (1 pL, 2 uM) in PBS buffer (10 pL, 10 mM)
and deionized water (8 uL). This mixture was heated to 80 °C for
2 min and cooled to room temperature. Then, the mixture was
incubated with streptavidin-modified magnetic beads (MBs, 10
uL, 10 mg mL ") at room temperature to shake slowly for
30 min. Next, the free state aptamer unlinked to the surface of
MBs were separated with MBs/aptamer complex by magnetic
field. Finally, the obtained MBs/aptamer complex was dispersed
in buffer solution for further use.

2.4 The detection of AFB1

Firstly, the different concentrations of AFB1 standard solution
(1 pL) were mixed with the above prepared magnetic beads
modified with oligonucleotides (19 pL, 5 mg mL ™) and incu-
bated for 30 min at room temperature. After magnetic separa-
tion, the supernatant was transferred to a centrifuge tube which
contains HP1 (100 nM), HP2 (100 nM), Klenow fragment (3’ — 5’
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exo ) 5 U, dGP4A (20 uM), dTP,A (20 uM), dATP (20 pM), dCTP
(20 uM). Finally, the mixture was incubated for 1.5 h at 37 °C,
and 5 pL of reaction solution was mixed with luciferase detec-
tion buffer in a 384 well plate. The bioluminescence signal was
recorded at 1 min intervals over 30 min by multimode reader.

2.5 Detection of AFB1 in the real samples

To test the feasibility and practicability of the strategy, we
determined the AFB1 in the peanuts and corns which
purchased from the local farmers markets. After fully crushed,
the peanuts or corns samples accurately weighed of 3 g and then
extracted with 30 mL of methanol : water (4 : 1, v/v) for 30 min
through ultrasonic treatments. At last, the extracts were
centrifuged at 10 000 rpm for 20 min and the supernatant was
collected, and diluted 5 fold with ultrapure water to different
standard concentrations for the detection of AFB1 content
using our synthetic probe.

3. Results and discussion
3.1 Synthesis of the ARNs probe

In the former paper, ARNs was prepared using ATP as the
starting material.>* However, even after several separation, tiny
amount of ATP still introduces to the final product. The tiny
amount of ATP will increase the background signal and
decrease the detection sensitivity. In order to solve this
problem, we proposed a new method to synthesize the nucleo-
tide probe ARNs by coupling of adenosine monophosphate
(AMP) with deoxyribonucleoside triphosphates (dNTPs)
(Fig. 1A). This method avoid of using ATP and is supposed to
decrease the background signal. Using this method, we
synthesized two ARNs (dGP,A and dTP,A) in a yield of 67% and
58%, respectively. Furthermore, we conducted a quantitative
test about the background signal value of ARNs, and the results
were shown in Table S1.1 The result shows that the background
signal is only 0.4% (dGP,A) and 0.2% (dTP,A) compared with
ATP. The background signal decreased about 4 times than the
former method.*

3.2 The detection strategy of AFB1

The detection strategy for AFB1 is shown in Fig. 1B. The AFB1
aptamer was immobilized on the MBs surface and then
hybridized with T-DNA to form a DNA duplex. In the presence of
AFB1, aptamer select to bind with AFB1 and corresponding
amount of T-DNA is released to the solution. After magnetic
separation, the released T-DNA is leave in supernatant. The
amount of AFB1 can be calculated by detection of the released
T-DNA. In order to detect T-DNA, a new DNA polymerase
amplification method is developed. Basically, two DNA hairpins
HP1 and HP2 are designed, in which the green part of HP1 or
HP2 can hybridize with T-DNA. After hybridized with T-DNA, the
two hairpins are opened. The yellow parts of hairpins (3’ end)
can hybridize to each other and act as primers for polymeriza-
tion. The DNA polymerase amplification can be initiated in both
directions, and get the full length double strand DNA sequence.
In theory, 57 molecules of ATP are released for the generation of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Structure of ARNs dGP4A and dTP,4A. (B) Schematic illustration of the detection strategy of AFB1. AFB1 aptamer released a short DNA

sequence T-DNA after binding with AFB1. Then two DNA hairpins HP1 and HP2 bind with T-DNA and start a DNA polymerase reaction. Combined
with ARNs the polymerase reaction can be detected by chemiluminescence signal.

one full length double strand DNA sequence. And at the same
time, the T-DNA is released to initiate the next round of poly-
merase reactions. In this DNA polymerase amplification
method, the two DNA hairpins can make the DNA polymerase
reaction keep on running, and get the same result as RCA. This
method avoids of using the circular DNA template and have
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Fig. 2 The feasibility of sensing system based on ARNs (dGP4A and
dTP4A). The luminescence intensity of the samples (a) red: HP1 + HP2
+ aptamer/T-DNA + dGP4A + dTP4A + AFB1; (b) blue: HP2 + aptamer/
T-DNA + dGP4A + dTP4A + polymerase + AFBI1; (c) green: HP1 +
aptamer/T-DNA + dGP4A + dTP4A + polymerase + AFB1; (d) black:
HP1 + HP2 + aptamer/T-DNA + dGP4A + dTP4A + polymerase; (e)
yellow: HP1 + HP2 + aptamer/T-DNA + dGP4A + dTP4A + polymerase
+ AFB1; the concentrations of the reaction are list below: HP1 (100
nM), HP2 (100 nM), aptamer/T-DNA (100 nM), Klenow polymerase
exo (5 U), AFB1 (30 nM), dGP4A (20 uM), dTP4A (20 uM).

© 2021 The Author(s). Published by the Royal Society of Chemistry

a potential to be used in developing other nucleic acid detection
methods. Using the high sensitive ATP detection kit, tiny
amount of released T-DNA could be detected.

3.3 Study the feasibility of the detection method

To test the feasibility of AFB1 detection strategy, we set several
experiments in different condition as shown in Fig. 2. The result
shows that only tiny luminescence signal were recorded in the
absence of Klenow fragment exo™ (a red curve), DNA hairpin
HP1 (b blue curve) and HP2 (c green curve) which means no
polymerase amplification happened. After adding 30 nM AFB1,
a significant strong luminescence signal produced (e yellow
curve), indicating that polymerase amplification processes are
triggered, and ATP is released by the polymerase. The results
prove that all elements in this sensing strategy are indispens-
able, and this strategy can be used in AFB1 detection.

3.4 Study of the sensitivity of ABF1 detection method

As shown in Fig. 3A, we tested the luminescence response of
a series of AFB1 concentrations ranging from 0 pM to 30 nM.
Luminescence detection showed signals of 1 pM AFB1 is obvi-
ously above background. In Fig. 3B, the luminescence intensity
had a good linear correlation with AFB1 concentrations from 1
PM to 10 nM and the calibration equation of AFB1 and lumi-
nescence intensity is y = 0.0915x + 0.3332 (y: luminescence
intensity; x: the logarithmic value of the AFB1 concentration
value, pM) with the correlation coefficient of 0.9913. The
detection limit of AFB1 is 0.3 pM according to the definition 34/
slope (o, standard deviation of corresponding the blank sample;
slope, the slope of corresponding calibration equation). A

RSC Adv, 2021, 11, 24027-24031 | 24029
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Fig. 3 Sensitivity of the ARNs based AFB1 detection method. (A)
Luminescence signal of different concentration of AFB1. The
concentrations of AFB1 from the 1to 7 are 0 pM, 1 pM, 10 pM, 100 pM,
1 nM, 10 nM and 30 nM, respectively. Luminescence intensity are
shown as the 30 minutes values. (B) Linear relationship between the
luminescence intensity and the logarithm of the AFB1 concentration.

comparison with other reported methods (Table S31) demon-
strates that our method has relatively high detection sensitivity.

3.5 Study of specificity of ABF1 detection method

To investigate the specific analysis for detection of AFB1, its
analogues, such as AFB2, AFG1 and AFG2 were tested. As dis-
played in Fig. 4 A, an obvious difference of the luminescence
response between AFB1 and other analogues. Only AFB1 can
trigger the polymerase reaction in this experiment. The results
proved that our method has excellent performance for
discriminating AFB1 from other interfering substrate.

3.6 Detection of AFB1 in real samples

In order to test the practical application of this method, we
analysed and verified the content of aflatoxin B1 (AFB1) in real
samples (peanuts and corns from local market). AFB1 were
extracted according to processes described in experiment
section. Artificially contaminated real samples were prepared by
spiking the AFB1 concentrations of 10 nM into AFBilfree
samples. The experimental results are shown in Table 1. And
the recovery ratios were from 98.7% to 109.5% which implied
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Fig.4 Selectivity of the ARNs based AFB1 detection method. From 1 to
5 are blank, AFB2, AFG1, AFG2, AFB1. The concentrations of the AFB1
and its analogues are all 30 nM.

Table 1 Recovery of AFB1 from spiked samples

Results Recovery rate
Sample Spiked (nM) (nM) (%)
Peanut 10 9.87 98.7
Corn 10 10.95 109.5

that the proposed sensor could be applied to the quantitative
determination of AFBI1 in agricultural commodities samples.

4. Conclusions

In summary, we developed a new luminescence AFB1 detection
method based on ARNs and AFB1 aptamer. We synthesized
ARNs (dTP,A and dGP4A) using a new coupling method and the
background signal decreased about 4 times compared with the
former one. We developed a new isothermal polymerase
amplification method avoid of using circle DNA template in
RCA. In theory, any short nucleic acid can be detected by this
method. Combined with AFB1 aptamer, we developed a new
AFB1 detection method. A detection limit as low as 0.3 pM is
achieved. This method show a high sensitivity and high selec-
tivity, will have a great potential to be used on food safety and
public health.
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