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A Biosensor Based on Interchain Reactions for
the Detection of Acetamiprid and the
Construction of Basic Logic
Gates OR and AND

Mengyang Hu

Abstract— An enzyme-free and label-free fluorescent
DNA aptasensor was constructed with computer assistance
based on thermodynamic deviation driving interchain reac-
tions. In this work, in the presence of target acetamiprid,
the released trigger strand C-apt could open hairpin Hp1,
which in turn triggered the strand displacement reaction
and catalyzed the self-assembly of hairpins Hp1 and Hp2,
so that the guanine base rich stem in Hp2 was opened.
In the presence of K and NMM, the G-rich moiety could
form a G-quadruplex and emit strong fluorescence at a spe-
cific excitation wavelength. The proposed strategy enables
sensitive detection of acetamiprid at concentrations as low
as 54.3 pM. Most importantly, computer-assisted analysis of
the thermodynamic properties of nucleic acid strands and
simulation of the reaction process and conditions of the
proposed model before conducting biological experiments
theoretically proves this strategy feasible and may simplify
subsequent biological experiments. In addition, basic mole-
cular logic gates, including OR and AND, were constructed
based on this detection principle, and simulation tests and
biological experiments were performed. The final results
show that this strategy can not only have some applications
in the field of food safety and environmental monitoring, but
also provide a certain way for the development of molecular
logic computing.

Index Terms—Biosensors, computer simulation, DNA
strand displacement, DNA logic gates.

|. INTRODUCTION

CETAMIPRID, as a novel broad spectrum insecticide
with low toxicity to mammals [1], has been widely used
for pest control in modern agriculture [2], [3]. However,
the non-standard use of acetamiprid can cause environmental
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pollution to reduce the production of agricultural products,
fish shrimps, and so on [4], [5]; excessive use can also
cause exceedance of pesticide residues in agricultural products
and foods, which poses a danger to human health [6]-[8].
In addition to its acute toxicity, acetamiprid has potential
long-term and chronic toxic effects, including developmen-
tal neurotoxicity, genotoxicity, and others [9]. In view of
these hazards, the establishment of reliable and convenient
assays for acetamiprid is essential for food safety and human
health. Some of the commonly used traditional analytical
detection methods include high performance liquid chromatog-
raphy (HPLC) [10], gas chromatography (GC) [11], liquid
chromatography (LC) [12], and enzyme-linked immunosor-
bent assay (ELISA) [13]. However, great efforts have been
devoted to finding portable, sensitive and cost-effective detec-
tion methods because these traditional methods have some
disadvantages, such as high cost, time-consuming and unstable
effect. DNA biosensors have attracted attention as a kind of
sensing device that can convert the presence of target DNA
into a detectable electrical signal [14]. It mainly consists
of two parts: a recognition element and a transducer. The
recognition element senses whether or not the target DNA is
contained in the detection sample through DNA interstrand or
interaction with some other molecular structure; the transducer
is to convert the invisible signal perceived by the recognition
element into an observable recorded signal. Among them,
interstrand reactions such as strand displacement amplification
(SDA) [15], catalytic hairpin assembly (CHA) [16], and
hybridization chain reaction (HCR) have been widely used
in food, pharmaceutical, chemical, clinical trials, biomedicine,
and environmental monitoring due to their enzyme free, label
free, highly sensitive, and programmable properties.
Currently, the development of electronic computers is
increasingly limited by hardware materials, while DNA itself
has strong parallel computing power, superior information
storage mechanism and stability, making it attractive as a new
type of logical computing material. In 2016, Li er al. [17]
developed a DNA nanotweeter driven by catalytic hairpin
self-assembly to construct AND logic gate to detect double
target microRNAs. In 2019, Gong et al. [18] used HCR
amplification technology to design different logic gates to
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form multi-functional sensing modules, realized the complex
detection of a variety of endogenous miRNAs in different
living cells, and applied computing circuits to the diagnosis
of miRNA related diseases, which is of great research signifi-
cance to biomedicine. In 2021, Miao and Tang [19] invented a
DNA logic system for bipedal walking for miRNA diagnosis
based on cascade strand displacement. Most of these are aimed
at realizing multi-function detection of different targets, and do
not pay attention to the calculation function. Here, we combine
chain replacement and catalytic hairpin self-assembly to build
a basic logic computing platform, including AND and OR,
focusing on logic computing functions, so as to provide a new
strategy for the construction of complex logic circuits and the
development of biological computing in the future.

Combined with Watson-Crick base pairing predictabil-
ity [20] and programmability of DNA logic circuits,
researchers can efficiently and accurately design DNA
nanomachines to accomplish a wide range of complex types of
molecular computing [21]. Based on these excellent features,
visual DSD(a programming language and software tool) has
been designed to aid in the design of DNA machines with
a variety of features to predict the feasibility of experimental
principles using standard methods to simulate interstrand reac-
tions that may occur [22]. This will greatly simplify the design
and testing of DNA machines prior to subsequent experiments,
thereby reducing the consumption of consumables and time.

In our work, an enzyme-free and label-free DNA biosensor
based on thermodynamic deviation driving interchain reactions
was constructed, and the study was carried out using a novel
insecticide acetamiprid which is widely applied as an example.
Once it is triggered, it will cycle to work exhibiting outstand-
ing amplification performance. The experimental principle can
also be explained from the two parts of the recognition element
and the converter, in which acetamiprid acts as a target and is
able to be specifically recognized by Apt in the duplex, thus
releasing the trigger strand C-apt, which initiates the SDA
and the assembly of hairpins Hpl and Hp2, and the converter
part consists of the G-quadruplex and N-methylmesoporphyrin
IX (NMM) generated after the assembly of the catalytic
hairpin [23]. The 4 guanines joined by Hoogsteen hydrogen
bonds form a cyclic plane, while the latter two layers or
more of the tetrads form a quadruplex by z-z stacking [24].
The G-quadruplex structure was confirmed to produce strong
fluorescence in combination with organic dyes, such as NMM,
and was widely applied in biosensors [24], [25]. To verify
the feasibility of the principle, the simulation was performed
with the visual DSD before biological experiments, and then
the efficacy of our acetamiprid detection system were verified
by biological experiments. Finally, based on this detection
method, the basic logic OR gate and AND gate are constructed
by setting different inputs, and simulation analysis is carried
out to demonstrate the feasibility.

Il. MATERIALS AND METHODS
A. Chemicals and Materials

Acetamiprid was purchased from yuanye Bio-Technology
Co., Ltd (Shanghai, China). The ssDNA wused in the
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Fig. 1. The schematic illustration of acetamiprid determination using the
developed fluorescent method.
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experiments were synthesized and further purified by JKchem-
icalCo., Ltd. (Beijing, China). N-methyl-mesoporphyrin
IX (NMM) and SYBR Green were bought from Sangon
Biotech Co., Ltd. (Shanghai, China) and stored at —20°C
in the dark before use. The ultra-pure water used in our
experiment was purified by a Milli-Q system (18 MQ cm).
96-Well microplates were purchased from Lingyi Biotech Co.,
Ltd. (Shanghai, China).

B. Instrumentation

The fluorescence spectrum of NMM was measured using a
fluorescence scanning spectrometer with excitation at 399 nm
and emission at 610 nm through EnSpire ELIASA from
PerkinElmer USA company (Shanghai, China).

C. Fluorescent Detection of Acetamiprid

Prior to experiments, the diluted solution with Hp1 (1 uM)
and Hp2 (1 M) were heated at 95°C by PCR for 5 min,
and cooled to room temperature at a slow rate to form hairpin
structure. And mixing C-apt (I M) and Apt (1.25 uM) to
form a double-stranded structure. Then, different concentra-
tions of acetamiprid, C-apt/Apt (100nM), Hp1 (300nM) and
Hp2 (300nM) were mixed with the working buffer and incu-
bated for 75 min at 35°C. After self-assembly was completed,
NMM (2 uM) was added and further incubated for 25 min at
25°C. Finally, a part of the solution was removed to a 96-well
plate, and the fluorescence intensity was detected and recorded
by the instrument mentioned above.

[1l. RESULTS AND DISCUSSION
A. Principle of Acetamiprid Detection

The schematic of this enzyme-free and label-free fluores-
cence detection system for acetamiprid is shown in Fig.1.
This sensor contains a duplex, and two hairpins. The duplex
is formed by an aptamer named Apt that can specifically
bind to acetamiprid target and a single strand named C-apt
complementary to it through base complementary pairing. The
other two hairpins are named Hpl and Hp2, Hpl exists as an
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intermediate auxiliary, and part of the base G-rich of Hp2
provides a fundamental factor to enable the formation of a
G-quadruplex. First, if the target existed, the target would bind
specifically with the aptamer Apt, thus opening the duplex
structure to release the trigger strand C-apt into the next round
of reaction. Next, the trigger strand opens and hybridizes with
hairpin Hpl. Subsequently, strand displacement and hybridiza-
tion were generated, and the binding of Hp1 and Hp2 displaced
C-apt continued into the next cycle.
Strand displacement can be abstracted as (1):

A+B/C— A/B+C (1)
In the present study can be expressed as (2):
C — apt/Hpl + Hp2 — C — apt + Hp1/Hp2 2)
It also contains the process of hairpin self-assembly as (3):
Hpl + Hp2 — Hpl/Hp2 3)

To clearly delineate this reaction, trigger strand C-apt, hair-
pin Hp1 and hairpin Hp2 were divided into different functional
fragments. As shown in illustration, the orange moiety in
C-apt would open the hairpin through the binding site (orange
moiety) of hairpin Hpl and trigger the hybridization of the
green and red moieties in C-apt with the green and red moieties
in Hpl. Next, the generated duplex C-apt/Hpl continues to
react with Hp2, and the naked red part of the duplex opens
the hairpin through the binding site (red part) of Hp2 and
triggers the hybridization of the red, blue, red, and green
parts in Hp2 with the corresponding fragments in the duplex.
Thus, the C-apt is displaced by Hp2, resulting in a duplex
structure Hp1/Hp2, in which the naked g-base-rich blue and
pink moieties would form a G-quadruplex under the action of
metal cations and emit strong fluorescence under the action
of fluorochrome NMM, forming a positive feedback. And the
displaced single stranded C-apt can trigger the next round of
cycling reaction of DNA machine, so that the fluorescence is
enhanced to achieve the effect of signal amplification. Thus,
an enzyme-free and label-free and highly efficient strategy for
the detection of acetamiprid was proposed.

B. Sequence Design and Analysis

The uniqueness of DNA is determined by the sequence of
deoxynucleotide arrangements, the double helical structure,
or the complex supercoiled spatial structure. Therefore, when
designing a DNA molecule, priority is given to the order
in which the bases are ordered, as well as to molecular
thermal stability. NUPACK, developed by Caltech scholars,
focuses on the analysis and design of nucleic acid systems,
involving the secondary structure of nucleic acids for sys-
tems with one or more interacting strands [26]. Accord-
ing to this principle, we had designed three single stranded
DNAs (C-apt, Hpl and Hp2) in table I. These single strands
were obtained by NUPACK design module [27] and then
slightly modified according to their biological characteristics.
Among them, aptamer sequences capable of specific binding to
acetamiprid (5’-TGTA,T3GTCTGCAGCG;T,CT,GATCGC
TGACAC,ATAT,ATGA,GA-3’, named as S18) were first

TABLE |
THE DNA SEQUENCES USED IN THE EXPERIMENTS

Name Sequence
Apt CTGACACCATATTATGAAGA
C-apt AGTCAGTGTGGATATGGTGTCAG
Hpl CTGACACCATATCCACACTGACTCGGGTAGG
GCGAGTCAGTGTGG
Hp2 CTGACTCGCCCTACCCGAGTCAGTGTGGCGG
GTAGGGCGGGTTGGG
MFE structure at 37.0 C MFE structure at 37.0 C
1
Free energy of secondary structure: -15.12 kcal/mol Free energy of secondary structure: -16.18 kcal/mol
(@) (b)

—I Equilibrium concentrationsl

Apt-Capt
I ————  0.98 M

Capt
A 0.022 uM

Apt
N 0.022um

Download histogram data

(©

Fig. 2. Simulation results with NUPACK. (a) Simulation result of MFE
structure at 37°C of Hp1. (b) Simulation result of MFE structure at 37°C
of Hp2. (c) Equilibrium concentrations of Apt and C-apt.

discovered by Liu and colleagues in 2011. And a 20-nt
sequence (CTGACAC,ATAT,ATGA;GA) at the loop3 of
S18 was predicted to be the “target binding region” of
acetamiprid and has been widely used in the determination
of acetamiprid [28], [29].

For a given DNA sequence, calculations use dynamic pro-
gramming [30] to compute a partition function, equilibrium
base pair probability, and MFE(Minimum Free Energy) struc-
ture for each ordered complex based on thermodynamic stud-
ies of the secondary structure of nucleic acids [31]. Thus the
Hp1l and Hp2 stem loop structures in the present model agree
with our expectations and have low minimum free energies.
As shown in Fig.2(a) and (b), F(Hpl) = —15.12kcal/mol,
F(Hp2) = —16.18kcal/mol. The lower the free energy the
more stable the structure, which indicated the theoretical
feasibility of the structural sequence design of the two hair-
pins [32]. For calculations in which the maximum complex
size is greater than one, the calculated partition functions and
user-provided strand concentrations are used to calculate the
equilibrium concentration of each ordered complex by solving
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a convex optimization problem. Here in equilibrium, as shown
in Fig. 2(c), the concentration of aptamer Apt and C-apt paired
duplex is much higher than the respective single stranded
concentration, reaching 98%, which is in accordance with the
experimental expectation.

C. Verification of Feasibility by Computer Simulation
Visual DSD is a programming language and software
tool for designing computing devices made of DNA with
extensive modeling and analysis capabilities [33]. Simulation
experiments are able to help us to pre judge the feasibility
of the experiments and to initially determine the conditions
for subsequent experiments, resulting in a reduction of the
large amount of testing effort and saving time costs, human
resources and expensive reagent supplies. The simulation
algorithm framework of the detection process is as follows:
Input: ace
Output: fluorescence
Fori =1, ..., int(ace) do
duplex < Annealing(apt,c-apt);
tp, ace/apt <— Addressing (ace);
While(h1>0 or h2>0)
tp/h1 <« Hybirdization(tp, hl);
h1/h2, tp < Hybirdization(tp/h1, h2);
NMM() <« Signal(h1/h2);
End while
End for
SNMM <« sum(NMM);
NMMO <« Leakage(c-apt)+Leakage(hl)+Leakage(h2);
If (sSNMM > NMMO)
fluorescence <« true;
Else
fluorescence <« false;
End if
End
And the obtained reaction process diagram of DNA machine
is shown in Fig. 3. Thickened black boxes indicate input, with
strands inside being initial reactants; sp indicates intermediate
product; output indicates output of final product. Each number
represents a stretch of base sequence, and the band * number
indicates the sequence complementary to the base, such as
<1> and <1*> are base complementary. The ends of the open
arrows in the gray lines point to the products of the forward
reaction, whereas the ends of the solid arrows represent the
products of the reverse reaction. First, to facilitate computer
input, the target acetamiprid was represented with a base
sequence capable of complementary to the aptamer base,
named ace. In theory, acetamiprid can specifically bind to the
aptamer sequence in the duplex, releasing the trigger strand,
which is denoted by tp. Next, the toehold region <2* > of the
free tp strand is able to recognize and bind to the toehold <2>
region exposed at the 5 *end of the hairpin hl, which in turn
undergoes branch migration and gradually opens up the stem
loop structure of hl, eventually combining the two strands to
form the intermediate product duplex sp9. In the same way, the
exposed toehold region <3*> in sp9 is able to bind to <3> of
hairpin h2, which in turn completely displaces the ssDNA tp
based on the strand displacement reaction and catalytic hairpin

2 3
—
—_—

2% 37 4

duplex

f——
3® 4% 2% 4 3 2

3 4 2 47 3 27 47 G
output

Fig. 3. DNA reaction process diagram of the developed strategy.

self-assembly and gives us the desired output complex of hl
and h2, where the exposed <4*G> contains enough guanine
to form a G-quadruplex structure. Sp8 and sp7, as additional
products, are likewise containing naked <4*g> fragments that
can form G- quadruplex, and sp8 and sp9 also produce the
product output we expect by undergoing strand displacement
reactions through exposed toehold regions <2>, so there will
be no false impact on the experiment.

Computer simulation experiments can also help us to clearly
observe the content changes of individual chains as shown
in Fig. 4. In the presence of the target, acetamiprid (blue
line) is continuously consumed, and the trigger strand C-apt is
released to constantly trigger the strand displacement reaction,
and then the chain was completely replaced. It is shown in the
figure that the content of the chain goes down after a short rise
and then levels off, and finally the content rises to a plateau.
Hairpins hl (red line) and h2 (green line) are continuously
consumed with decreasing contents up to a value of 0, and
thus the duplex structures (orange line) composed of hl and
h2 show an upward trend and finally level off. In contrast,
the individual reactant contents did not change appreciably in
the absence of target, indicating that no expected product was
produced. As can be seen above, the experimental principles
devised are theoretically capable of achieving the purpose of
the experiment.

D. Verification of Feasibility by Biological Experiments

In order to further verify the detection mechanism, poly-
acrylamide gel electrophoresis (PAGE) was also carried out.
As shown in Fig. 5, the single clear bands contained in the first
five lanes indicate single stranded Apt, single stranded C-apt,
duplex C-apt/Apt, hairpin Hpl, hairpin Hp2, respectively, in
which the number of bases in the duplex is slightly less than
that in hairpin Hpl, so only slight differences can be seen.
The lane 6 contains hairpins Hpl and Hp2, so the band is a
little deeper in color. The lane 7 contained trigger strand C-apt,
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Fig. 4. Visual DSD simulations. The change in the number of strands
over time in the system with acetamiprid (a), without acetamiprid (b).

Fig. 5. Gel electrophoresis analysis. The concentrations of Ace, Apt,
C-apt, C-apt/Apt, Hp1, and Hp2 were 500nM, 5uM, 5uM, 5uM, 5uM,
and 5uM, respectively.

hairpin Hp1 and Hp2, and a new band appeared, the upper one
shifted significantly slower than the others, indicating the pro-
duction of the target product duplex Hp1/Hp2, and the middle
one should be the intermediate product C-apt/Hp1, indicating

[—— Capt-Hp1+HpZ-NMM
|——Ace+C-apvApt+Hpl+Hp2+NMM
o C-apt/Apt+ Hp 1+ Hp 2+ NMM

e Hp 1+Hp2+NMM
|——Hp2+NMM

|——HpL+NMM

e C-apUAPE-NMM
f——C-aptsNMM

f——4p=NMM

8000 -

7000 -

6000 |-

5000 |-

FlI(a.u.)

4000 P
3000 |-
2000 -

1000
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WaveLength(nm)

Fig. 6. Fluorescence spectra of NMM with different substances. The
concentrations of Ace, C-apt, C-apt/Apt, Hp1, Hp2, and NMM were
100nM, 100nM, 100nM, 300 nM, 300 nM, and 2.0 M, respectively.

the process by which the trigger strand opens hairpin Hp1. The
lane 8, which contained the duplex C-apt/Apt, hairpins Hpl
and Hp2, did not generate new bands, indicating that Hpl and
Hp2 did not hybridize in the absence of the target acetamiprid.
The lane 9, which contained the target acetamiprid, duplex
C-apt/Apt, hairpins Hpl and Hp2, similar to the lane 7, also
generated new bands, demonstrating the feasibility of this
strategy.

To further demonstrate the feasibility of the proposed
strategy, the fluorescence intensity under various conditions
was experimentally verified as shown in Fig. 6. When the
solution contains only Apt, C-apt, duplex C-apt/Apt, Hpl,
or Hp2 (corresponding to the bottom five lines, respectively),
the fluorescence intensity was very low and essentially no
fluorescence signal was generated. When the reactants had
only Hpl and Hp2, only less intense fluorescent bands (green)
were produced. However the increase of fluorescence intensity
at 610 nm (black) was obviously seen when the trigger strand
C-apt was added to the mixture. When only the target is absent,
the intact DNA machine contains the double strand and the
two hairpins and also produces only a less intense fluorescent
band, but a slightly higher relative green fluorescent band due
to possible leakage from the double stranded structure, result-
ing in an increase in background fluorescence (blue). Upon
addition of the target acetamiprid, the fluorescence intensity
was obviously enhanced (red) than that of the system without
the target, but slightly lower than that of directly adding
the trigger strand, because the reaction process of the target
with the duplex takes time and no complete reaction exists.
In conclusion, there was an obvious change in the fluorescence
intensity between the spiked target and the unloaded target,
which was able to demonstrate the feasibility of the strategy.

E. Optimization of Acetamiprid Detection Conditions

Considering that the preparation of double strands is
involved in the proposed strategy, it is critical to optimization
of the ratio of Apt and C-apt if the C-apt is in excess, the
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Fig. 7. Plots were optimized for the ratio of Apt to C-apt (a), temperature (b), NMM concentration (c), time (d) conditions, and error bars represent

triplicate trials.

DNA machinery, in the absence of the target, also triggers
subsequent reactions, leading to false positive feedback results.
If the Apt is in excess, more acetamiprid is needed to initiate
the DNA machinery, leading to a decrease in sensitivity.
To ensure more sufficient binding of Apt and C-apt, the
concentration of C-apt was first fixed at 100 nM, and then
the concentration of the added Apt was gradually changed,
followed by 50 nM, 75 nM, 100 nM, 125 nM, 150 nM.
SYBR Green was chosen as a signal reporter for duplex
formation because it fluoresces upon binding to the duplex
and the fluorescence intensity and number of DNA duplexes
is positively correlated. As illustrated in Fig. 7(a), the fluo-
rescence intensity increased with the addition of Apt, which
indicated that the number of double strands increased. The
fluorescence intensity reached a maximum at the ratio of Apt
to C-apt of 1.25:1, which illustrated that Apt and C-apt reacted
most thoroughly at this ratio, and this result was also used in
subsequent experiments.

The effect of temperature on the experimental process
was expressed as follows: when the temperature was too
high, the hairpin structure was unstable leading to abnormal
experimental results, and when the temperature was too low,
the hairpin structure was too stable leading to too retarded
reaction. Therefore, it is also crucial to choose the optimal
experimental temperature. Either too low or too high a tem-
perature, as shown in Fig. 7(b), did not work well for the DNA
machine and was optimal at 35°C, and the results were also
derived for subsequent experiments.

As shown in Fig. 7(c), when the concentration of NMM is
2 uM, the detection performance is the best. Low concen-
tration of NMM is not enough to provide the fluorescence
signal of G-quadruplex, while high concentration of NMM
will increase the background fluorescence and reduce the
sensitivity. So it is very important to choose the optimal
concentration of NMM for our experiment. The optimized
results are also used in subsequent experiments.
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TABLE Il
7000 COMPARISON OF THE DETECTION METHOD IN THIS ARTICLE WITH
OTHER RESEARCH METHODS
6000 ,
Detection methods Llne(arf l\ila)nger LOD (nM)
5000 High-performance liquid / 449
-~ chromatography (HPLC) [34]
2 4000 Liquid chromatography tandem mass ~ 4.49 - 4490 1.3
g spectrometry (LCMS/MS) [35]
= 5 Photoelectrochemical aptasensor[36]  / 0.180
3000 Multiple complementary strands 5-50 2.8
(CSs), and AuNPs Fluorometry[37]
2000 Aptamerconjugated magnet 3.9-513 2.9
nanoparticles and complementary
DNA-conjugated UCNPs[38]
1000 G-quadruplex/hemin DNAzyme, and ~ 0.000001-1.0  0.00000038
graphene quantum dots
0 functionalized with D-penicillamine
and histidine[39]
550 600 650 ZnS:Mn QDs[40] 0-150 0.07
WaveLenglh {nm} This work 5-50 0.0543
(a)
0% TABLE Ill
DETERMINATION OF ACETAMIPRID SPIKED IN APPLE AND CHINESE
CABBAGE EXTRACT SAMPLES
] |
?,. Sample Added (nM) Detected(nM) Recovery(%)
6000 | ® r Apple 5 5.26 105.20
- v= 068846 x + 32368
= * R* =0.9881 20 20.56 102.80
=- . GO0 |-
= } - 50 49.98 99.96
E i
i = s Chinese cabbage 5 5.09 101.80
4000 = I 20 19.52 97.60
4 o 50 50.30 100.60
[1
0 s 10 15 0 L] LI 1) “®$ 2 55
Conceniration of acetamiprid (uM) from 5 nM to 50 nM. This indicated that more and more
2000 =+ . L . : L G-quadruplex were formed as the concentration of acetamiprid
° g'm 4?“ " 00 . ,:w M 1000 added increased, and thus had a stronger fluorescence effect.
ONECINERLLSE :)) acetamiprid (nM) After the concentration of acetamiprid was further added
® to 100 nM, the fluorescence intensity of the system had no
Fig. 8. Fluorescence spectra after adding different concentrations of  gbvious Change_ From these increases in fluorescence signa],

acetamiprid (a), Fluorescence intensity values of different concentrations
of acetamiprid (b). The inset shows the linear relationship between
acetamiprid concentration and fluorescence intensity in the response
range of 0~50nM. Error bars represent triplicate trials.

Finally, the incubation times of the experiments were also
investigated, as shown in Fig. 7(d). In the first 75 min, the
fluorescence intensity of G-quadruplex gradually increased.
When the incubation time continued to be extended, no obvi-
ous fluorescence enhancement occurred, which suggested that
the strand displacement and catalytic hairpin self-assembly
reactions in the system had been relatively thorough.

F. Analytical Performance of Acetamiprid Assay

To examine the analytical performance of the developed
sensor for Acetamiprid in aqueous solution, the fluorescence
intensity in the system containing different concentrations of
acetamiprid was measured under the optimized conditions.
Results as shown in Fig. 8(a), the fluorescence intensity
increased rapidly as the concentration of acetamiprid increased

the level of acetamiprid can be estimated. Fig. 8(b) depicts the
relationship of fluorescence intensity with the concentration
of acetamiprid, exhibiting a very good linear relationship
in the range of 5-50 nM with a correlation coefficient of
0.9881. A detection limit of 54.3 pM was estimated with a
3-fold definition of the standard deviation of the blank / slope.
Table IT lists the limits of detection of acetamiprid in other
analytical methods. Most of these analytical methods have
high detection limits relative to our proposed strategy, and
may involve expensive materials or complicated operations.
To verify whether the experimental protocols had the
same performance under complex conditions, two common
fruits (Apple) and vegetables (Chinese cabbage) were selected
as real samples and pretreated. A known standard solution of
acetamiprid was added to the sample solution for spiked recov-
ery test. Table III shows that the recoveries obtained from three
repeated experiments are in the range of 97.6-105.2%, indicat-
ing that the accuracy and reproducibility of this acetamiprid
detection method make it promising in the field of food safety.
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Fig. 9. The specificity and interference experiment of acetamiprid
detection. The concentration of acetamiprid was 100 nM, and the other
pesticides were used with the concentration of 500 nM. Error bars
represent triplicate trials.
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Fig. 10. Design principle, logic symbol and truth table of OR logic gate.

In addition, several pesticides commonly used in life were
selected to evaluate the anti-interference ability of this fluores-
cence detection method, including chlorpyrifos, imidacloprid
and nitenpyram. Among them, imidacloprid and nitenpyram,
similar to acetamiprid, belong to neonicotinoid pesticides and
chlorpyrifos to organophosphorus pesticides. As can be seen
from Fig. 9, a strong fluorescence signal could be detected
only for the sample containing acetamiprid, demonstrating
the good specificity of this method. And other types of
insecticides do not affect this detection means and have good
anti-interference ability.

G. Construction and Simulation Verification
of Basic Logic Gates

This strategy is also beneficial for constructing molecular
logic gates due to the advantages of enzyme-free, label-free
and high stability of DNA strand reaction, which provide
ideas for implementing complex logic operations. After the
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Fig. 11. Visual DSD simulation of the OR logic gate. (a), (b), (c), and (d)
represent the time-dependent curves of reactants and products during
the reaction when the inputs are (0,0), (0,1), (1,0) and (1,1).

rational design of analytes and fluorescence signals, the basic
bio logic gates, including the OR gate and the AND gate, were
constructed. Here, the target and C-apt were used as the two
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Fig. 12. Design principle, logic symbol and truth table of AND logic gate.

inputs of the OR gate, the strong fluorescence signal as the
output 1, and the weak fluorescence signal as the output 0.
The input of either presence triggers a subsequent reaction,
producing a complex of Hpl and Hp2, and a fluorescence
signal under the action of NMM, that is, (0,1), (1,0), and (1,1)
case. While both inputs are zero, the expression of the subse-
quent reaction cannot be triggered and the fluorescence signal
is not expressed. Fig. 10 shows a schematic representation,
truth table and circuit symbols of the OR gate.

Next, the reaction was monitored by visual DSD to ver-
ify the implementation of the OR logic gate. As shown in
Fig. 11(a), (b), (c), and (d) in turn are plots of the amounts of
the respective reactants and products as a function of time in
the (0,0), (0,1), (1,0), and (1,1) cases. When there is neither
target(ace, blue) nor trigger chain(Capt, yellow), the content
of each reactant is basically unchanged, and there is no target
product(output, pink); In the case of only trigger chain and
only target, the change of reactant content is basically the
same, producing a large number of target product, and reaching
equilibrium at about 5000s; In the case of both target and
trigger chain, the time required to reach the equilibrium state
is almost halved, because both can trigger the subsequent
reaction.

As shown in Fig. 12, a schematic diagram of the AND gate,
Hp1 and Hp2 are used as the two inputs for the logic operation,
and the fluorescence signal is similarly used as the output
signal. It can be seen from the figure that when the input
is (0, 0) and (0, 1), the reaction process is the same, and
only the first step can occur to obtain the trigger strand C-apt,
and the subsequent reaction cannot occur due to the absence
of hairpin Hpl; When the input is (1, 0), the trigger strand
generated after the target binds to the aptamer can continue to
react with Hpl to produce the duplex C-apt/Hpl; When the
input is (1,1), the reaction occurs completely, producing double
stranded Hp1/Hp2, and resulting in a fluorescence signal under
the action of NMM. The logical symbols and truth tables are
also shown in Fig. 12.

The reaction process simulation of the AND logic gate in
four different input states is shown in Fig. 13. When both
inputs are 0, single chain tp (light blue) is generated; When

15004

1000+

Individuals

500 o

o

T T T T T
2000 4000 6000 8000 10000
Time (s)
(2)

3000

2500

2000

Individuals

1500

1000

500 4

T T T T T
2000 4000 6000 8000 10000

Time (5)
(b)

o

3000

2500

2000

Individuals

15004

10004

500 4

o

T T T T T
2000 4000 6000 8000 10000
Time (s)

30004 e

2500

2000

Individuals

1500

1000

500

T T T T
2000 4000 8000 10000

6
Time (s)

(d)

Fig. 13. Visual DSD simulation of the AND logic gate. (a), (b), (c), and (d)
represent the time-dependent curves of reactants and products during
the reaction when the inputs are (0,0), (0,1), (1,0), and (1,1).

there is only Hp2, there is one more strip (h2, green) repre-
senting Hp2 than when the input is (0,0); When there is only
Hpl, the generated tp will open Hpl and form a double chain
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Fig. 14. Analysis of logical results of OR gate (a) and AND gate (b), and
error bars represent triplicate trials.

structure, so tp bands are basically consumed, while Hp1(hpl,
red) are reduced to equilibrium, and the amount of reduction is
basically equal to the amount of tp generated; In the presence
of both Hpl and Hp2, it can be seen from the figure that
a large number of target product double chain Hpl1/Hp2 are
produced, that is, the output band (pink) gradually increases
to equilibrium.

The amount of target product at 4000s was taken as the
judge of the logic gate function, with higher than threshold
representing the output as 1 and lower than threshold repre-
senting the output as 0. The results are shown in Fig. 14, with
the OR gate (a) and the AND gate (b), and the threshold was
set as 1000. Combining the results of the comparative simu-
lation experiment and the fluorescence biological experiment,
the fluorescence threshold was chosen to be 4000, and the
reaction time was 5000s. The results of three repeated logic
experiments were shown in table I'V. It is obvious from the
table that the output of both OR gate and AND gate correspond

TABLE IV
DETERMINATION OF ACETAMIPRID SPIKED IN APPLE AND CHINESE
CABBAGE EXTRACT SAMPLES

Logic mate Input Fl(a.u.) Output
OR (0,0) 2383 0
0,1) 7021 1
(1,0) 6854 1
(1,1) 7947 1
AND (0,0) 609 0
(0,1) 969 0
(1,0) 854 0
(1,1) 6902 1

to their truth tables, demonstrating the feasibility of using this
strategy to construct the underlying logic components.

IV. CONCLUSION

In summary, an enzyme-free and label-free DNA biosensor
for acetamiprid detection was developed based on strand
displacement reaction and catalytic hairpin self-assembly tech-
nology, and the feasibility of this strategy was verified by
computer simulation and biological experiments. After opti-
mization, a good linear relationship was obtained in the
range of 5-50 nM, and a detection limit of 54.3 pM was
calculated. And by setting different inputs, a logic computing
platform including OR gate and AND gate is constructed.
The operability is verified by simulation experiments and
biological experiments. Pre experimental computer simulation
makes subsequent biological experiments more directed and
simplifies the experimental flow; Second, the proposed strategy
has no involvement of enzymes and does not require labeling
fluorophores and quenching groups, making the experimental
manipulation simple and having good economic benefits and
also making the logic gate not overly dependent on confined
environmental conditions; Finally, this strategy is ingeniously
designed with a trigger mechanism and a probe signal hidden
in the hairpin, so it can serve as a good general platform for
sensing and Computing.
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