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Developing a DNA logic gate nanosensing platform
for the detection of acetamiprid
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This paper reports a novel fluorescence and colorimetric dual-signal-output DNA aptamer based sensor for
the detection of acetamiprid residue. Acetamiprid is a new systemic broad-spectrum insecticide with high
insecticidal efficiency that is widely used worldwide, but there is a risk of adverse neurological reactions in
humans and animals. The dual-mode output principle designed in this paper, consisting of a fluorescence
signal and colorimetric signal, is based on the relevant reaction of the special domain of a G-quadruplex,
bidding farewell to a classical single-signal output, with a target-recognition cycle used to complete
signal amplification through a hybridization chain reaction. Upgraded detection sensitivity and the
qualitative and semi-quantitative detection of acetamiprid are achieved based on the fluorescence signal
output and visual discrimination observations during colorimetric experiments. This model was applied
to the determination of acetamiprid residue in fruits and vegetables. The dual-detection platform further
reduced systematic error, with a detection limit of 27.7 pM. When applied in a comparative detection
study using three different pesticides, the system shows excellent discrimination specificity and it
performs well in actual sample detection and has a fast response time. Designing DNA logic gates that
operate in the presence of targets and molecular-switch-based detection platforms also involves the
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Introduction

Acetamiprid (Ace) is a representative new nicotine insecticide. It
is often used to control herbivorous pests affecting fruits and
vegetables, such as garlic, celery, tea, and strawberries. The
control effect is more than 90%, it is compatible with the
environment, and the shelf life is about 20 days." Acetamiprid
has biologically toxic effects on the human body;>* it can enter
food and human tissue during daily routines, stimulate
neurotoxicity caused by acetylcholine receptors, penetrate
human peripheral blood lymphocytes, and cause DNA
damage.>® Acetamiprid acts as an agonist of nicotinic acetyl-
choline receptors on neuronal postsynaptic membranes and it
inhibits normal conduction in the central nervous system.”® In
addition to acute toxicity, acetamiprid has potential long-term
and chronic toxic effects, including developmental neurotox-
icity, genotoxicity, and other toxicities.® Therefore, there is an
urgent need to design an efficient, fast, and inexpensive detec-
tion method. For acetamiprid, common official methods for its
determination are high-performance liquid chromatography
(HPLC)," liquid chromatography-mass spectrometry (LC-
MS),*** high-performance liquid chromatography (HPLC)-UV,"
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intersection of biology and computational modeling, providing new ideas for biological platforms.

and gas chromatography-mass spectrometry (GC-MS)."*** It is
well known that although these methods can achieve high
sensitivities and low detection limits, they all have limitations,
such as cumbersome pretreatment methods, long detection
times, and the need for expensive instruments, time-consuming
sample preparation methods, specialized equipment, and
experienced laboratory personnel. In addition, electrochemical
immunoassay and enzyme-linked immunosorbent assay
(ELISA)" antibodies have short shelf lives, are susceptible to
interference, and are very expensive and time-consuming to
produce, severely limiting their daily application.'”*® Therefore,
there is an urgent need to develop a reliable, effective, and rapid
method for the detection of aminopyralid in the environment
and agricultural products®® to ensure food safety for human
health. To improve the above-mentioned conventional assays,
we have constructed a biosensor to achieve assay optimization,
substantially reduce assay costs, and improve the ease of
operation. The biosensor utilizes the high affinity of the target
and aptamer using the systematic evolution of ligands by
exponential enrichment (SELEX) method* to screen ligands
with high affinity and specificity from a random oligonucleotide
library synthesized in vitro. The aptamer for the target pesticide
acetamiprid in this study was selected using the SELEX
method.** Via a hybridization chain reaction (HCR),* signal
amplification of the biosensor is achieved; this is a process that
does not require the involvement of proteases or DNA enzymes,
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and only a strand-hybridization process occurs. The reaction
cannot occur at room temperature due to short-loop interfer-
ence, and it requires primers to activate a stable strand for
hybridization. In a HCR, once the target DNA is inserted, two
synthetic DNA hairpins coexist in solution and hybridize into
continuous linear DNA. HCR has distinct advantages, such as
high amplification rates,> controlled kinetics, and non-
enzymatic properties.”® An enzyme-free labeling technique is
preferred in this sensor because it avoids the expensive and
complex process of fluorescent labeling and the side-reactions
generated during labeling. We used an enzyme-free labeling
technique in our study, and special DNA structures (G-
quadruplexes) were introduced using the HCR principle.**”

A G-quadruplex is a specialized DNA structure consisting of
a sequence of guanine-rich nucleic acids that has received
significant attention due to growing evidence for its role in
important biological processes and as a therapeutic target.”*>* A
G-quadruplex is formed via the repetitive folding of a single
polynucleotide molecule or of two or four molecules. The
structure consists of stacked G-quadruplexes, which are rect-
angular coplanar arrays with four guanine bases each.”” Metal-
loporphyrins are widely found in nature, and they are used by
organisms as cofactors for various enzymes and other specific
proteins. Metalloporphyrins are versatile and they can be
involved in oxygen transfer, electron transfer, and various redox
chemical reactions, such as those related to catalase, peroxi-
dase, and monooxygenase. N-Methylmethylporphyrin IX (NMM)
is a water-soluble asymmetric porphyrin with excellent optical
properties and it is sensitive to G-quadruplexes; it has been
studied in relation to structural interactions,**>* and NMM is
particularly selective for G-quadruplexes compared to double-
stranded DNA, and it can be used for fluorescence signal
output in the presence of ions, with exponentially increased
output signal results®-¢. It has a wide range of applications in
biology and chemistry and, therefore, NMM is known as
a ligand for G-quadruplexes. The detection of the fluorescence
signal in this study was done via exciting the sensor system in
the presence of the target to produce G-quadruplexes, which led
to a fluorescence signal change upon interaction with NMM.

Colorimetric aptamer sensors are favored by researchers due
to the remarkable advantages of easy operation, low cost, and
easy observation with the naked eye.*” Aptamers can modulate
the catalytic performance of DNase, thereby allowing the visual
detection of pesticide residues.’ 3,3’,5,5-Tetramethylbenzidine
(TMB) is a substrate of a DNA enzyme catalytic system consist-
ing of a guanine tetrameric DNA molecule and hemin,**
involving a class of catalytically active nucleic acid, a commonly
studied deoxyribonuclease. The deoxyribonuclease consists of
hemin and a guanine (G) tetraspanin DNA sequence bound to
hemin. Hemin itself is a potent cofactor, and G-quadruplexes
with low peroxidase-like activity can bind to hemin and
greatly enhance the hemin activity*>. During the oxidation of
hydrogen peroxide by the G-quadruplex-hemin complex, TMB
can act as a hydrogen donor along with a peroxidase, such as
horseradish peroxidase, to reduce it to water. The oxidation of
TMB was shown to give a blue color to the solution due to the
oxidation of TMB to 3,3',5,5-tetramethylbenzidine diimine.*
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The design of DNA logic gates has allowed the outstanding
use of DNA Boolean logic gates in the field of biosensors.** This
has shown great potential in the area of biosensing because
logic analysis can be performed on multiple targets at the same
time. The pattern change of a sensor biosignal is very similar to
the input and output of a logic-based system.* In this paper, we
design “AND” gates and “OR” gates based on the input and
output of different detection signals when the target is input
into the logic system. DNA logic gates are promising multi-input
analysis tools, laying a foundation for intelligent diagnosis, and
new ideas will be provided for the development of traditional
logic gates.

An enzyme-free label-free biosensor was designed to achieve
the detection of acetamiprid residue, and we used the fluores-
cent signal of G-quadruplexes/NMM, which was further ampli-
fied using a HCR. More importantly, we performed a series of
computer simulations prior to the bioassay to simplify the
subsequent experimental steps and eliminate some negative
effects. In the presence of aminopyralid, two designed DNA
hairpins are triggered by the reaction of the trigger strand S,
which sequentially opens H; and H, and self-assembles into an
embedded G-quadruplex, thus significantly enhancing the
fluorescence signal in the presence of NMM,; also, color analysis
can be accomplished based on the reaction of the G-quadruplex
with TMB, leading to color development, and both approaches
lead to a signal output after the experiments are completed. Our
method is sensitive, rapid, and selective, and it has practical
application in detection processes, where it may open new
avenues for the application of biosensors in food control and
quality testing. Via analyzing the signals of biological gates,
basic logical “OR” and “AND” gates are constructed to convert
the input and output into logical signals, and the conversion of
biological signals to digital information is realized.

Materials and methods
Reagents

Acetamiprid (Ace), chlorpyrifos (Chl), and imidacloprid (Imi)
used in these experiments were purchased from Shanghai
Yuanye Biological Co., Ltd, and multiple oligonucleotide
sequences (aptamer, S, H;-H,) were purified via HPLC by
Shanghai Sangon Bioengineering Co., Ltd and purchased. N-
Methyl mesoporphyrin IX, NMM, was purchased from Beijing
Bailingwei Technology Co., Ltd. Tris-HCI buffer (NaCl, MgCl),
centrifuge tubes, consumables, and potassium chloride (KCl)
were purchased from Xi'an Jingbo Biotechnology Co., Ltd. TMB
chromogenic solution (3,3/,5,5-tetramethylbenzidine) and
hemin were purchased from Beijing Soleibao Technology Co.,
Ltd.

Instrumentation

The fluorescence spectra of NMM were measured using a fluo-
rescence scanning spectrometer with an excitation wavelength
of 399 nm and an emission wavelength of 610 nm using a Bio-
Tek H; multifunctional microplate reader from Berton Instru-
ments, Inc., USA. TMB absorbance was measured with an OD

© 2022 The Author(s). Published by the Royal Society of Chemistry
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scanning spectrometer emitting at 650 nm using a BioTek FX
multi-function microwave detector from BioTek FX Multi-
function Microplate Detector, USA.

Experimental operation detection

Before experiments, a diluted solution containing H; (1 pM)
and H, (1 pM) was heated at 95 °C for 10 min for a PCR reaction,
and then slowly cooled to room temperature to form a hairpin-
like structure. Also, Apt (1 uM) and S (1 uM) were mixed to form
a double-stranded structure. Then, different concentrations of
acetamiprid and Apt-S (100 nM) buffer were mixed and incu-
bated at 37 °C for 30 min, and then H; (350 nM) and H, (350
nM) were added to the above reaction solution for self-
assembly, with incubation at 37 °C for 90 min. After the post-
addition process was completed, one half of the solution was
added to NMM (1.5 uM) and incubated at 25 °C for a further
20 min, and the other half was added to hemin (10 pL) and
further incubated at 25 °C for 30 min. Finally, 50 uL of the
product was added to 450 pL of TMB/H,0, and mixed for
15 min. The two different solutions were transferred to two 96-
well plates, and the fluorescence intensities were detected and
recorded using the above-mentioned instrument.

Result and discussion
Principle of the detection mechanism

The biosensing detection response is based on signal recogni-
tion in the system first. When the target acetamiprid does not
appear in the system, the single strand of the aptamer will be
paired with the complementary base of the trigger strand, and
the trigger strand cannot be released into the reaction system
(Fig. 1). There will be no follow-up effects. However, the
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appearance of the target molecule acetamiprid will lead to
spatial coupling with the special structure of the aptamer,
a single chain of the aptamer will be pulled out from the double-
stranded structure in the form of the trigger chain S (green), and
the trigger chain will be released into the reaction system. When
the trigger strand S is added to the H,/H, cycle, it first searches
for a foothold (green segment) for complementary base pairing
at the 5’ end of the hairpin Hy, and it gradually displaces the
“stem” of the initial H; hairpin during the pairing process.
Complementarily, in this process, the original 3’ end foothold of
the H; hairpin is opened to free exposure (orange fragment),
which will remove the original H, “signal”, and the special
design of the end segment sequence will be the 5’ end of the H,
chain. The segment sequence is opened to complete the
dynamic opening of the two hairpins. When the H;-H, double
chain is formed, the original partially paired trigger chain S is
replaced, so that the S chain returns to the reaction system to
stimulate a new round of hairpin formation. Clip opening and
closing was based on this. Since guanine-rich bases were
present by design in the “stem” of the hairpin at the beginning
of the process, H; was not activated alone in the reaction
system, and G-quadruplexes could not be formed when H, was
turned on, unless both hairpins were turned on. At the same
time, the base structures at the ends of the two strands can form
a double-stranded structure with G-quadruplexes (red) at both
ends. Two types of experimental data, fluorometric and absor-
bance, were measured using a multi-function microwave
detector. The fluorescence data from the G-quadruplexes in the
experimental reactions were measured at excitation and emis-
sion wavelengths of 399 and 610 nm and used for analysis; the
absorbance of TMB/H,0, oxidised with haemoglobin was
measured with an OD scanning spectrometer at 650 nm via
absorbance experiments, and a visual qualitative judgement
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Fig. 1 A cyclic dual-signal biosensing device based on G-quadruplexes for the detection of acetamiprid.
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Table 1 Nucleic acid sequences required for sensors

Name Sequence (5'-3)

Apt CTG ACA CCA TAT TAT GAA GA

S AGTCACACGTCTTGATAATAT G

H, GGGCCATCAAGACGTGTGACTCGGTAGTGACACCTCTTGACGGGC GGGTAGGG
H, GGGATCAAGACGTGTCACTACCGAGTGACACGTCTTGATGGGGGCGGGTAGGG

can be made based on a colour reaction and the absorbance
data (Table 1).

Sequence design and analysis

All sequences used in the experiments are designed, and the
designed hairpin DNA is preliminarily predicted via NUPACK
software thermodynamic simulations based on thermodynamic
and concentration simulations. As can be seen from the data in
Fig. 2 and 3, we used hairpin structures and reaction conditions
that may exist in a solution system to simulate concentrations
and thermodynamics for preliminary analysis regarding
viability. Both are simulated in an environment at 37 °C. The
free energy of the secondary structure of the hairpin H; is
—10.58 keal mol " and the free energy of the secondary struc-
ture of the hairpin H, is —18.69 kcal mol~*. The hairpin DNA
structures are relatively stable at 37 °C, but as the design relies
on a difference for the reaction sequence, we set the stability of
H, to be greater than that of H,, because H; as an intermediate
product needs to be combined with the shorter trigger chain S

MFE structure at 37.0 C Pair probabilities at 37.0 C
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2N
SREEEEN

Base index

A311G8q0sd WNLQNINb3
Base index
Aqeqoxd wnquinba

ee energy of secondary structure: al/m
s Sneroy,of sacondecy tiucture: 18,09 kealinol Free energy of strand (-KT log Q): -18.99 kcal/mol

Fig. 2 The simulated structure diagram (left) and secondary structure
thermodynamic free energy plot (right) of the hairpin probe Hj.
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Fig. 3 The simulated structure diagram (left) and secondary structure
thermodynamic free energy plot (right) of hairpin probe H,.
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Fig. 4 (A) The H;—H, equilibrium concentration. (B) The structure
diagram of the H;—H> hairpin probe and (C) the secondary structure
thermodynamic free energy plot.

and open, while H, needs to be activated only after H; is fully
opened. If it is not stable, the hairpin may open out of sequence,
leading to the possibility of increased background fluorescence.

Putting H,-H, (Fig. 4) into the simulated environment at the
same time, the secondary structure has a free energy of
—43.58 keal mol ™ and very stable hairpin binding; this assists
in triggering the elimination of the chain S by the hairpin after
it triggers the reaction, and S reenters the cycle to continue the
cycle. These computer simulation results provide data to
support the empirical feasibility of this method.

DNA logic gate construction

A biologic gate is an intelligent probe capable of responding to
biological conditions with behavior similar to that of a computer
logic gate, where the input information can be relevant infor-
mation relating to physical or biological characteristics, such as
the response to laser or ultrasonic illumination or structural
changes caused by changes in biological properties. The logic
gate output can be classified as the release of cargo, for example,
the release of a secured or inactive drug, a measurable change in
state, a fluorescent signal, or nanoparticle aggregation. Because
biological conditions involve many parameters, leading to many
possible inputs and desired outputs, any logic gate development
needs to first identify the target conditions or target information
to be evaluated based on logic manipulation. Therefore, although
biologic gates use logic operations similar to those performed at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (A) A schematic diagram of the fluorescence-based "“AND" logic
gate. (B) A schematic diagram of the absorbance-based colorimetric
“AND" logic gate. (C) The corresponding truth table.

the molecular level in terms of computer behavior, the input and
output signals cannot be simply defined as conversions of elec-
trical signals, as in computer logic, and the designer needs to
indicate in advance the type of input and the ascribed Boolean
value of the output signal. Fluorescence or absorbance signals are
used in this paper as outputs to construct biologic gates. In
logical binary operations, 1 and 0 are the optimal values to enable
logic gates to adapt themselves to different application require-
ments. In logical binary operations, the input is encoded using 1
and 0, and 1 and 0 are assigned to the presence and absence of
the target, respectively. On the output side, 1 is a high signal and
0 is a low signal.

In the design in this paper, the universal platform is based
dually on the fluorescent-based binding of G-quadruplexes and
NMM and a colorimetric interaction involving G-quadruplexes
and TMB/H,0,. To achieve the objective of detecting amino-
pyralid via a dual “AND” and “OR” fluorescence/colorimetric
detection logic platform, the main design used the presence
of the specific target, DNA probe, and NMM/TMB as input
signals to the logic gates and the detection results as output
signals. The principle of the constructed dual “AND” biologic
gate is shown in Fig. 5. The input signal (input) of the logic
platform is divided into three components: acetamiprid, Apt-S,
H;/H,, and NMM/hemin; the output signal (output) is based on
the fluorescence intensity or TMB colorimetric output, with “0”/
“1” as the signal result. The specifically designed aptamer is the
basic building element of the logic gate platform, and the logic
structure output is based on the presence of the specifically
designed aptamer. When the signal from acetamiprid is
missing in the system (input 1 is “0”), there is no obvious
fluorescence signal. When Apt-S, H,, or H, is missing (input 2 is
“0”) or when NMM/hemin is missing (input 3 is “0”), then the

—_— X Input \ Output
3 ® ,
WG 7 ] ;
‘ - T™B ! 0 \ 1
H:0, 0 0 0
Tnput Output 1 1 [ 1
A B

Fig. 6 (A) A schematic diagram of the "OR" logic gate sensor. (B) The
corresponding truth table for the logic gate.
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signal output is “0”. When acetamiprid, Apt-S, H;, H,, and
NMM/hemin enter the logical platform at the same time (input
1, input 2, and input 3 are “1”), a significant fluorescence/
colorimetric signal is expressed, and the output “1”.

The goal of the fluorescence/colorimetric detection of acet-
amiprid is achieved through the “OR” logic platform, which is
mainly designed for a specific signal molecule, and the “OR”
gate principle is shown in Fig. 6. The input signal (input) of the
logic platform is divided into two components: NMM and
hemin; the output is based on the fluorescence intensity/TMB
colorimetric response, with “0” and “1” as possible signal
results. The specifically designed aptamer is the basic building
block of the logic gate platform, and the output of the logic
structure is based on the presence of the specifically designed
aptamer. When hemin is missing in the system but NMM is
present (input 1 is “1” and input 2 is “0”), then a distinct fluo-
rescence signal appears in the system, and the output fluores-
cence signal is “1”. When NMM is missing but hemin is present
(input 1 is “0”, input 2 is “1”), the output colorimetric signal is
“1”. When NMM and hemin are both missing (input 1 and input
2 are both “0”), the output of the dual-signal platform is “0”.
When both NMM and hemin enter the logical platform (input 1
and input 2 are both “1”), significant fluorescence and colori-
metric signals are expressed, and the output is “1”.

Biological experiments to verify its feasibility

Based on fluorescence intensity scans at 610 nm, it is not
difficult to see the differentiating characteristics of the five ob-
tained sets of data (Fig. 7). When only the hairpin structure Hy
or H, appears in the reaction system (Fig. 7, purple and green
curves, respectively), it is not difficult to see that the fluores-
cence output is not high, indicating that the hairpin structure in
the system is stable and there is no obvious self-formation of G-
quadruplexes. When the two kinds of hairpin, H, and H,, and
the Apt-S double-stranded structure are present in the reaction
system, the fluorescence signal intensity shows a small
increase; this is because when H; and H, coexist, this will

6000
S+H1+Hp

Acet+Apt-S+H1+H
5000 [~ P Rl
4000 Apt-S+H +Hp

3000

Fluorescence Intensity(a.u.)

1000 [

540 560 580 600 620 640

Wavelength(nm)

Fig. 7 Assessing the feasibility of a sensor based on dual hairpin cyclic
amplification via visualizing the fluorescence output.
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inevitably occur due to weak interactions resulting in a small
amount of H;/H, double-stranded structure containing G-
quadruplexes at both ends due to hybridization, possibly
because of the stability of the hairpin structure in the early stage
and the reaction conditions. In simulations, there are few
occurrences of this, and it will not affect the feasibility of the
experiment too much. The principle of using Apt-S, designed in
this experiment, is that in the presence of the target acet-
amiprid, through spatial coupling between the target and the
special structure of the aptamer, the trigger chain S is released,
and a subsequent cycle involving H; and H, can be completed.
In the experiment, the target trigger chain S is directly intro-
duced into the reaction system, which can directly let the trigger
chain S complete the above experimental process, without the
need for the spatial coupling reaction between the target and
the aptamer trigger chain Apt-S, and proceed with the sequence.
The fluorescence intensity signal obtained is shown in the pink
curve in Fig. 7, and the strong fluorescence intensity clearly
indicates that the trigger chain S is capable of completing the
experimental path and accurately completing the two-step
process of opening the hairpin to form a G-quadruplex struc-
ture; this allows the catalytic hairpin self-assembly process to be
achieved. When the target acetamiprid enters the detection
system, the trigger chain S should be released through spatial
coupling between the target and the aptamer. The experiments
show that the trigger chain S can indeed be released through
target recognition, and the fluorescence intensity data indicates
the feasibility of the reaction to detect the target acetamiprid.
In addition to the fluorescence signal intensity output, we
also used the chromogenic reaction due to the binding of the G-
quadruplex and hemin as a qualitative detection method for
acetamiprid visualization with the naked eye (Fig. 8). Depend-
ing on differences in the DNase activities at different concen-
trations in the designed experimental test tubes, the colors of

O

] Gl U0

1 2 3 4 5 6

—

— N>

T T T T T T T T
500 520 540 560 580 600 620 640 660 680

Wavelength(nm)

Fig. 8 Feasibility analysis and colorimetric visualization for light-
absorption-based detection. No. 1: blank; No. 2: Apt-S; No. 3: Apt-S
and acetamiprid; No. 4: H; and H,; No. 5: Apt-S and hairpins Hy and H;
No. 6: Apt-S, H; and H,, and acetamiprid (50 nM); and No. 7: Apt-S, H;
and H,, and acetamiprid (100 nM).
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samples are different, and the presence of the target acet-
amiprid can be visualized (blue color). We designed 7 sets of
experimental test samples, labeled 1-7. No. 1 was an experi-
mental control sample; No. 2 was the Apt-S double-stranded
structure; No. 3 contained Apt-S and the target acetamiprid;
No. 4 contained hairpins H; and H,; No. 5 contained the Apt-S
double-stranded structure and hairpins H; and H,; No. 6 con-
tained the Apt-S double-stranded structure, hairpins H; and H,,
and acetamiprid (50 nM); and No. 7 contained the Apt-S double-
stranded structure, hairpins H; and H,, and acetamiprid (100
nM). The absorbance intensity data indicated the feasibility of
this method for the detection of acetamiprid.

Condition optimization

The reaction was first optimized for the K concentration, based
on the use of ions to allow the embedded space of the G-
quadruplex to provide an ionic basis for experimental NMM
staining; as shown in Fig. 9(A), with an increase in the ion
amount, there is a general trend for the fluorescence output to
be enhanced. This is based on the F-F, fluorescence signal
output response data, where the SD is obtained based on three
repeated experiments. Finally, an ion concentration of 25 mM
was used for experimental detection.

Subsequently, condition optimization was carried out
relating to the concentrations of the hairpins (H,, H,), as shown
in Fig. 9(B). The hairpins are the core of the cyclic amplification
model for biosensing. In the cascade reaction, a concentration
that is too low will affect the opening and assembly of the
double hairpin structure, but a too-high concentration will
produce a small probability of the weak opening of the double
hairpin, which will enhance the background noise. Therefore,
350 nM is ultimately selected as the optimum concentration
through experimental analysis.

In addition, the hairpin reaction time is also a parameter
related to cyclic amplification that can affect the self-assembly

- ||

ration of HIH2(aM)

F
FF(an)

100

Concentration of NMM(M)

Fig. 9 (A) The effects of the K* concentration on the fluorescence
response of the system. (B) The effects of the H; and H, hairpin
concentrations on the fluorescence response of the system. (C) The
effects of the hairpin reaction binding time on the fluorescence
response of the system. (D) The effects of the NMM concentration on
the fluorescence response of the system. Error bars: SD; n = 3.
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efficiency, as shown in Fig. 9(C). When the time is too short, the
trigger chain S cannot be fully released due to the need for the
target and inadequate double chain reactions, resulting in an
inability to ensure that hairpins H, and H, are triggered by the
trigger chain S; when the time is too long, as shown by the ratio
F/F,, the trigger efficiency decreases and the time cost increases,
which is not conducive to comprehensive sensor performance.
Therefore, a hairpin reaction time of 90 min is considered the
optimal hairpin self-assembly time to complete biosensor
detection experiments.

The concentration of NMM and the reaction time of NMM
with the G-quadruplex structures have great influence on the
fluorescence intensity. In these experiments, as shown in
Fig. 9(D) and based on the results of F-F, data analysis, an NMM
concentration of 0.75 uM (1.5 pL) resulted in the highest fluo-
rescence intensity value. A too-low concentration of NMM
cannot provide sufficient fluorescence intensity from the G-
quadruplexes generated during the reaction, and the higher
the concentration of NMM, the higher the background fluo-
rescence signal. Also, based on time-gradient detection, the
reaction time of NMM is very important in the test itself. The
effect is slight, so 15 min was ultimately adopted as the reaction
time for NMM.

Sensitivity and specificity

Based on the optimal experimental conditions obtained from
the above single-factor experiments, we evaluated the sensitivity
of the sensor via changing the concentration of acetamiprid and
further analyzed the detection performance. As shown in
Fig. 10(A), from the purple curve to the red curve, the concen-
trations of acetamiprid samples to be tested were set to 0 nM,
5nM, 10 nM, 15 nM, 20 nM, 25 nM, 30 nM, 50 nM, and 100 nM;
increasing the concentration of acetamiprid resulted in
a gradual increase in the fluorescence signal. Through further
observation, it was found that the fluorescence response of
NMM at 610 nm was linearly related to the logarithm of the
acetamiprid concentration between 0 nM and 30 nM
(Fig. 10(B)). The linear regression equation is expressed as y =
331.31x +3543.1 (x and y are the acetamiprid concentration and
fluorescence intensity, respectively), and the correlation coeffi-
cient R* is 0.9858. In addition, the acetamiprid limit of

Concentration of Ace(nM)

B

Fig. 10 (A) Fluorescence spectra obtained upon detecting different
concentrations of acetamiprid. The concentrations are 0, 5, 10, 15, 20,
25, 30, 50, and 100 nM. (B) A linear plot of acetamiprid concentration
(from O to 30 nM) versus fluorescence intensity at 610 nm, with
a detection limit of 27.7 pM.
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Fig. 11 Absorbance spectra obtained via detecting different concen-
trations of acetamiprid from 0.1 to 500 nM.

detection (LOD) calculated according to the formula 34/S (o is
the standard deviation of the control solution and S is the slope
of the linear regression equation) was 27.7 pM. When the
acetamiprid concentration of the solution being tested is
outside the linear range (i.e., 27.7 pM to 30 nM), it is sufficient
to dilute the actual sample with buffer to a concentration range
that satisfies the linearity conditions, and the target concen-
tration of acetamiprid can be estimated quantitatively based on
the dilution factor. SD was calculated based on three replicate
experiments.

The visual colorimetric method was then used to determine
the sensitivity of the colorimetric sensor; different concentra-
tions of acetamiprid were input, and the color change and
biosensor detection performance were further analyzed. As
shown in Fig. 11, from the purple curve to the red curve, the
acetamiprid concentrations of the samples to be tested were
0 nM, 0.1 nM, 0.5 nM, 5 nM, 25 nM, 50 nM, 250 nM, and
500 nM. An increase in the acetamiprid concentration led to the
enhancement of the absorbance signal. Color gradient analysis
revealed that the color contrast of the biosensor was significant
as the concentration of acetamiprid increased, indicating that
colorimetric visualization detection could be achieved with the
biosensor.

The key to visualized absorbance experimental detection lies
in naked eye identifiability, so the concentration range and
gradient were chosen to be larger when selecting the test sample
concentration. This is to facilitate the qualitative and semi-
quantitative rapid detection of acetamiprid, which can be
used as an auxiliary means in addition to accurate fluorescence
detection. Fig. 12 shows the color changes for the chromogenic
TMB reaction in response to different selected concentrations,
and the target concentration can be roughly distinguished in
this range based on the color change.

To examine the effects of color vision bias of the naked
human eye with respect to the TMB colorimetric response at
different concentrations, as shown in Fig. 13, we selected five
standard concentrations of acetamiprid samples for naked eye

RSC Adv, 2022,12, 27421-27430 | 27427
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500(nMm)
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Fig. 12 The colorimetric reaction of TMB for the detection of acet-
amiprid at different concentrations. (1) 500 nM; (2) 250 nM; (3) 50 nM;
(4) 25 nM; (5) 5 nM; (6) 0.5 nM; (7) 0.1 nM; (8) hemin; and (9) blank.

Viiv

~ 500(nM) 250 (nM) 25 (nM) 0. 1(nM)

Fig. 13 A visual comparison chart based on detection solutions with
five standard concentrations. (A) 500 nM; (B) 250 nM; (C) 25 nM; (D)
0.1 nM; (E) 0 nM.
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v
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recognition by members of the research group who did not
know the concentrations beforehand, and the possible color-
based responses provided were: (A) 500 nM; (B) 250 nM; (C)
25 nM; (D) 0.5 nM; and (E) 0 nM. These researchers could divide
the acetamiprid samples into five color gradients, and the
experimenter could judge which concentration a sample solu-
tion is closest to using the naked eye and without using
absorbance testing based on an enzyme standard; this can allow
the semi-quantitative detection of acetamiprid through visual-
ization. This method does not need to use an instrument to
distinguish the different concentration gradients, it is easy and
fast to carry out, and it can be used as an auxiliary detection
method.

To verify the specificity of the established sensor for acet-
amiprid (Ace), the sensor was also tested in the presence of
other comparable novel pesticides, chlorpyrifos (Cla) and imi-
dacloprid (Imi), under the same conditions. Imidacloprid and
chlorpyrifos, which are structurally comparable to acetamiprid
(Fig. 14), may cause severe interference.*®

We experimentally developed five sets of samples for assays.
As shown in Fig. 15, the concentrations of Cla (2) and Imi (3) in
experiments were 100 nM and the concentration of acetamiprid
(1) was 10 nM. It is evident from the fluorescence measurements
that even if other insecticides were present at concentrations 10
times higher than that of acetamiprid, only small changes in the
fluorescence intensity were observed, and the intensities were not
substantially different from the blank control (5) group. The
presence of acetamiprid induced a significant increase in fluo-
rescence intensity. In addition, the fluorescence signal from
a mixture of acetamiprid and the other insecticides (4) was

27428 | RSC Adv, 2022, 12, 27421-27430

View Article Online

Paper

— CH; CHj
cl CH;—~N—-C
\_/ i
N N=CN
Acetamiprid
cl S, O-CH,CH,

\/

HN~NO, N b

= AN

cl CH,—N N
N~ T\

Imidacloprid

/' \
cl \ / O 0—=CH,CHs

Cl

Chlorpyrifos

Fig. 14 The structures of the pesticides used for specificity analysis.

1 Ace
2licn
140001 | AN i
= T 4 4 Mix
> 12000 (
<
g Stanic
% 10000 -
=]
2
£ 8000
[0}
=
£ 6000
Q
n
24000
=}
=
B 2000
0 T T T T

3
Groups

Fig. 15 A comparison of the fluorescence responses between control
samples and experimental targets to analyse specificity. (1) Acet-
amiprid; (2) chlorpyrifos; (3) imidacloprid; (4) acetamiprid, chlorpyrifos,
and imidacloprid; (5) blank.

comparable to that of the acetamiprid group. The results of all
the above experiments implied that the specificity of the sensing
method for acetamiprid detection was substantial.

Application in practical samples

To ensure the application of the sensor in actual samples, we
selected crops commonly exposed to acetamiprid, and
cucumber and cabbage were used for testing the recovery rate of
the biosensor platform, as shown in Table 2. The recovery is the
ratio of the result obtained upon adding a quantitative amount
of standard to a sample matrix and analyzing it according to the
sample processing steps to the amount of standard added;
recovery is an indicator of the stability of a sensor. In this paper,
we subjected samples of known concentrations of acetamiprid
to recovery testing in our experiments, and in order to ensure

Table 2 Real-world sample detection

Sample Added (nM) Found (nM) Recovery (%) RSD (%)
Cucumber 1 10 10.36 103.6 3.2

2 50 50.3 100.6 1.9
Cabbage 1 10 9.87 98.7 0.89

2 50 50.12 100.24 2.72

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 A comparison with other detection methods
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Detection method Sample Detection limit Reference
Colorimetric sensing Soil 0.5 nM 47
LC-MS/MS Bovine liver 0.2 mg kg ! 48
MIP-MSPD-LC-MS/MS Rice 2.4ngg! 49

Based on apt-CQDs Serum and vegetables 0.04 ng L' 50
Aptamer-based fluorometric method Serum and water 172 pM 51
Electrochemical aptamer-based assay Water and serum 153 pM 52
FRET-based chemosensor Water samples 0.02 uM 53
Fluorescence Vegetables 1.08 pg L ! 54
Fluorescence Vegetables 27.7 pM Present work

experimental stability, we took an average of three measure-
ments to calculate the final recovery rate.

Both of the above vegetables were purchased from local
farmers’ markets and were not otherwise processed. 1 g of
cucumber or cabbage was placed in an ultrasonic crusher for
5 min in 10 mL of buffer, and the supernatant was extracted
after centrifugation for 10 min. During the detection process,
10 nM or 50 nM of acetamiprid was added to the cucumber and
cabbage samples, and the experimental results were measured.
The recovery rates were between 98.7% and 103.6%, and the
RSD (relative standard deviation) values were between 0.89%
and 3.2%. The results show that the biosensor has good accu-
racy during sample detection.

This method has been compared with common methods
used to detect acetamiprid published in the literature, as shown
in Table 3. For comparison with the biosensor detection plat-
form designed in this paper, the differences between detection
limits were analyzed and detection sample types were
compared. In this study, due to the design of the strand
displacement cyclic amplification method via a double-hairpin
self-assembly model, the target detection limit can be reduced
about 6-fold and the detection range is wider than those for
detection methods without cyclic amplification technology
previously studied by researchers. This method has a higher
degree of recognition for trace levels of acetamiprid and,
compared with other traditional detection methods, this
detection method has certain advantages. The test samples
herein are most common fruits and vegetables, which are also
the most likely sources of acetamiprid residue absorbed by the
human body.

Conclusions

In this paper, we designed a novel sensor for the nicotine
insecticide acetamiprid, which features dual fluorescence and
colorimetric detection signal outputs and is based on a dual
hairpin cascade amplification reaction. This detection method
is different from single-signal detection, as naked-eye and
instrument-based detection complement each other. The
sensitivity of the aptamer biosensor, designed based on G-
quadruplexes and a hybrid chain reaction, was studied under
the optimal test conditions, and the linear regression equation
can be expressed as y = 331.31x + 3543.1 (x and y are the Ace
concentration and fluorescence intensity, respectively) with

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

a correlation coefficient R* of 0.9858. In addition, according to
the formula 30/S (where o is the standard deviation of the
control solution and S is the slope of the linear regression
equation), the limit of detection (LOD) toward acetamiprid was
calculated to be 27.7 pM. Furthermore, the colorimetric absor-
bance output enables qualitative target determination without
depending on instruments. This sensing platform is a low-cost
flexible platform that can satisfy the demands of future practical
applications. Genomics technology could be utilized to amplify
and increase the detection signal. In addition, the platform
could be used to detect other targets via modifying the aptamer
and target pair. The sophisticated design of this biosensor
means it will have potential uses in chemistry, biomedicine,
and environmental monitoring.
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