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Abstract: In recent years, pollution incidents caused by red tide occur frequently, and the red tide
biotoxins brought by it make the food safety problem of seafood become a difficult problem to be
solved urgently, which has caused great damage to the mariculture industry. Red tide toxin is also
known as “shellfish toxin”. Saxitoxin (STX), is one of the strongest paralytic shellfish toxins and is
also one of the most toxic marine toxins, which is extremely harmful. Aiming at the problems existing
in the current research on the detection of red tide biotoxin in complex water bodies, this research
developed an aptamer sensor based on hybrid chain reaction and a CRISPR-Cas9 gene editing system
to detect the toxins of the clam and analyzed the feasibility of this method for the detection of the
toxins of the clam. The results showed that the linear range of this method is 5.0 fM to 50 pM, and
the detection limit is 1.2 fM. Meanwhile, the recovery rate of this sensor for the detection of toxins is
102.4–104.1% when applied in shellfish extract, which shows significant specificity and the reliability
of this detection method.

Keywords: hybrid chain reaction; CRISPR-Cas9; saxitoxin; fluorescent detection

1. Introduction

Since the 20th century, red tides have erupted frequently around the world. Biotoxins
produced by red tide organisms have not only seriously damaged marine fishery resources
and aquaculture, and worsened the marine environment, but also could be transmitted
to the upper layer through the food chain, directly affecting the food safety of marine
products [1]. The formation of red tide biotoxin is closely related to the red tide of toxic
algae in the sea and belongs to marine natural organic matter [2]. Therefore, the early
screening of marine products, water sources, etc., and the efficient and accurate detection
of various marine biotoxins have become the key link in the prevention of marine biotoxin
poisoning [3]. The eutrophication of water leads to the excessive reproduction of algae in
the water. Shellfish filter the toxic microalgae, and after bioaccumulation and amplification,
they are transformed into shellfish toxins. Therefore, red tide toxins, are also known as
“shellfish toxins” [4]. According to the symptoms caused by the toxins they produce, marine
biotoxins can be divided into the following categories: diarrheal shellfish poisoning (DSP),
paralytic shellfish poisoning (PSP), neurotoxic shellfish poisoning (NSP), and amnesic
shellfish poisoning (ASP), azaspiracid shellfish poisoning (AZP), ciguatera fish poisoning
(CFP) and other toxins [5]. Paralytic shellfish poisoning (PSP) is a kind of marine toxin
with the widest distribution, the highest frequency, and the greatest harm in the world that
is formed by the metabolism of marine poisonous flagellates. Its toxicology is mainly to
inhibit nerve conduction through the influence of the sodium channel [6]. When people
ingest food containing the paralytic shellfish toxin, the toxin will be released rapidly and
present toxic effects. The incubation period is only a few minutes or hours. Symptoms
include limb muscle paralysis, headaches, and nausea. In severe cases, muscle paralysis,
dyspnea, and even asphyxia lead to death [7].
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Saxitoxin (STX) is one of the most powerful paralytic shellfish poisonings and also one
of the most toxic marine toxins [8]. It can accumulate in bivalves and fiber fish through fiber
filtration, thus entering the food chain. When the toxin content exceeds the safety standard,
human consumption of such shellfish products often produces the risk of poisoning [9]. The
oral lethal dose for humans is 5.7 mg kg−1, therefore approximately 0.57 mg of saxitoxin
is lethal if ingested, and the lethal dose by injection is about 0.6 mg kg−1. The human
inhalation toxicity of aerosolized saxitoxin is estimated to be 5 mg min m−3. It is suggested
that saxitoxin can enter the body via open wounds, and a lethal dose is 50 mg per person
by this route [10].

At present, the conventional methods used for the detection of marine red tide tox-
ins mainly include biological and chemical methods [11]. Biological detection can detect
various algal toxins through the biological monitoring of mice. This method has obvious
disadvantages, for example, it can only measure the toxicity of the toxin, but cannot de-
termine its composition and content. Chemical detection is to know the type and toxicity
of toxins through the qualitative and quantitative analysis of the toxin components in the
samples [12]. Among them, enzyme-linked immunoassay is a widely used immunoassay,
which is widely used in the monitoring of red tide toxins, such as PSP, DSP, NSP, and
other biotoxins. However, due to the cross-reaction of antibodies, lack of standard toxins,
interference of analogs, and other factors, using these methods may occur false positive
results [13]. In recent years, instrumental analysis has been widely used because of its
sensitivity, accuracy, and rapidity, such as HPLC chromatography, is one of the most widely
used analysis methods of red tide biotoxin, with high accuracy, low detection limit, and
fewer samples used [14]. UV or fluorescence detectors are usually required for HPLC de-
tection. Due to the lack of UV chromogenic groups in many toxins and the lack of standard
samples of red tide biotoxins, the development of HPLC is greatly limited [15]. Liquid
chromatography–tandem mass spectrometry (LC-MS/MS) is a relatively new detection
technology that combines the advantages of chromatography and mass spectrometry. This
method first uses chromatography to separate compounds and then uses mass spectrometry
to detect them [16]. Compared with HPLC analysis, LC-MS/MS has no complex derivation
and sample purification process and can detect a wider range with a lower detection limit.
However, there are some challenges in this method, such as complex pre-treatments, and so
on. Capillary electrophoresis (CE) technology is actually a new type of detection technology
that combines electrophoresis and chromatography [17]. The above detection methods
have many shortcomings, and a new detection method needs to be developed urgently.

Biosensor is a new biological analysis and detection method that combines biotech-
nology and electronic technology [18]. In comparison to the commonly used chemical and
biological analysis methods, this method can accurately quantify, has low sample purity
requirements, saves sample pretreatment time, reduces detection cost, and effectively im-
proves the laboratory’s detection ability [19]. In addition, it also has good sensitivity and
specificity, is easy to operate, achieves miniaturization, and has other advantages. Therefore,
the application of biosensors to the detection of marine toxins has attracted more and more
attention [20,21]. In recent years, with the rapid development of biotechnology, material
science, and nanotechnology, and the emergence of technologies such as the systematic evo-
lution of ligands by exponential enrichment (SELEX), biosensors have made great progress
in both their theoretical basis and their design and processing [22]. By using this technology,
one can select a specific nucleic acid aptamer (aptamer) with a high affinity for the target
substance from the random single-stranded nucleic acid sequence library [23]. The nucleic
acid aptamer can bind with a variety of target substances with high specificity and selectiv-
ity after being screened and enriched by SELEX and can have the same sensitivity as an
antigen–antibody reaction, so it is widely used in the field of biosensors [24]. At the same
time, aptamers also have some very obvious advantages, as follows: (1) low cost, short
cycle, and easy access, (2) easy to modify, (3) it has good stability and good thermal and
chemical properties, (4) strong specificity compounds with very similar chemical structures
can be identified, (5) it has a small molecular weight, strong tissue penetration, and good
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biocompatibility, which are conducive to its fixation on the surface of the sensor [25,26].
Because of these advantages, more and more studies on aptamers have been carried out
in recent years, including in disease diagnosis, drug research and development, biochips,
and food detection [27,28]. Therefore, a nucleic acid aptamer biosensor has been rapidly
developed in recent years as a new method for detecting shellfish toxins [29,30].

The hybridization chain reaction (HCR) has attracted increasing attention because it
can occur under mild conditions without the use of enzymes. In a typical HCR, the initiator
triggers a cascade of hybridization events between two species of DNA hairpins, leading
to the formation of a nicked double helix with tens to hundreds of repeated units until
the hairpins are exhausted [31]. As a powerful signal amplification tool, HCR has been
used to construct a variety of simple, sensitive, and economical biosensors for detecting
nucleic acids, small molecules, cells, and proteins [32]. The characteristics of HCR, such as
no enzyme and constant temperature, enable the whole reaction process to be completed
through simple instruments, thus reducing the experimental cost [33]. In addition, HCR
has high sensitivity and specificity and specificity and has high compatibility with a variety
of detection technologies. These advantages make it play an increasingly important role in
the construction of biosensors [34,35].

Clustered regularly interspaced short palindromic repeats (CRISPR) regular clusters
of spaced short palindromic repeats and CRISPR associated (Cas) form a system, which is a
natural defense system used by bacteria to prevent bacteriophage DNA injection and plas-
mid transfer [36]. In 2012, the group of Doudna J A and Charpentier E demonstrated for the
first time that CRISPR-Cas9 can recognize and cleave target DNA in vitro [37]. The natural
CRISPR-Cas9 system is composed of three parts: SpCas9 (hereinafter referred to as Cas9),
crRNA, and CRISPR RNA (tracrRNA) [38]. The crRNA is homologous with the target
duplex DNA sequence and is partially complementary to the tracrRNA to form a complex
protein, guiding the Cas9 protein to recognize and cut the target duplex at specific sites.
The key to achieve this is the existence of a protospacer adjacent motif (PAM) sequence
on the DNA chain for the binding process to proceed smoothly [36,39,40]. To simplify the
process of gene editing, crRNA and tracrRNA are usually integrated into a single guide
RNA (sgRNA) to identify the target duplexes [39]. The PAM sequence is located upstream
of the DNA binding region and immediately adjacent to the binding region. The sequence
is composed of NGG3 bases, of which the type of the first base can be freely changed, but
the last two bases must be guanine. The modified CRISPR-Cas9 system has become an
important tool for researchers in gene editing [41,42]. The target sites for CRISPR-Cas9
system cutting are predetermined by sgRNA sequences to achieve more precise cutting,
and the cutting sequence is more flexible due to different sgRNA designs. The CRISPR-Cas9
system has been gradually developed as a new biosensor tool with its advantages of low
cost, convenient operation, high efficiency, strong specificity, and other advantages. Incor-
porating CRISPR-Cas systems with various nucleic acid amplification strategies enables the
generation of amplified detection signals, enrichment of low-abundance molecular targets,
and improvements in analytical specificity and sensitivity [43]. This detection system will
have great application prospects in disease diagnosis, environmental assessment, rapid
food quality assessment, environmental monitoring, and other fields [44].

Biosensors for detection based on nucleic acid isothermal amplification technology
and CRISPR-Cas system have been reported, such as strand displacement amplification
(SDA), rolling circle amplification (RCA), and loop-mediated isothermal amplification
(LAMP) [45–48]. However, a number of biosensors have been reported for the detection
of nucleic acid targets. The establishment of efficient methods for non-nucleic acid target
detection would further broaden the scope of this technique, but up to now, the concerning
research is limited. Based on the above research, this research will aim at the problems
existing in the current research on the detection of red tide biotoxins in complex water
bodies, and use the isothermal amplification technology and gene editing system to prepare
an aptamer sensor based on the hybridization chain reaction and CRISPR-Cas9 system to
detect the toxins in the clam, so as to realize the highly sensitive detection of micro or trace
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red tide toxins in complex biological systems and marine environments, which is a research
system of great research value.

2. Materials and Methods
2.1. Materials

All oligonucleotides were commercially synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China). Other sequences were listed in Table 1. Magnetic beads (MBs) were
purchased from So-Fe Biomedicine (Shanghai, Beijing). Saxitoxin (STX), okadaic acid
(OA), yessotoxin (YTX), and pectenotoxin (PTX) standards were purchased from National
Research Council of Canada (Ottawa, Canada). Cas9 nuclease was purchased from New
England Biolabs (Beijing, China) Ltd. N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC), and N-Hydroxysulfosuccinimide sodium salt (NHS) were purchased
from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).

Table 1. DNAs in this paper.

Name Sequence (5′-3′)

S1 5′NH2 C6-TTG AGG GTC GCA TCC CGT GGA AAC AGG TTC ATT G
S2 CAA TGA ACC TGT TTC CAC GGG ATG CGA CCC TCA A
H1 ATC CCG TGG AAA CAG GTT CAT TGA ACT CTC AAT GAA CCT GAT TCC A
H2 FAM- CAA TGA ACC TGT TTC CAC GGG A /iBHQ1dT/ TGG AAT CAG GTT CAT TGA GAG TT

sgRNA GCA AUG AAC CUG UUU CCA GUU UUA GAG CUA GAA AUA GCA AGU UAA AAU AAG
GCU AGU CCG UUA UCA ACU UGA AAA AGU GGC ACC GAG UCG GUG CUU UU

2.2. Instrumentation

F-4600 fluorescence spectrophotometer (Hitachi, Japan); PB-10 acidity (sartorius,
Beijing, China); KQ218 Ultrasonic cleaner (Kunshan, China); LX-200 Mini centrifuge
(Haimen Qer); VM-10 vortex oscillator (Beijing Plichi); WD-9413B gel imaging analyzer
(Beijing Liuyi Biotechnology Co., Ltd.); High-speed frozen centrifuge (Zhuhai dark horse);
PCR gene amplifier (Shandong Biologix Biotech Co., Ltd.); electrophoresis instrument,
electrophoresis tank (Beijing Liuyi Biotechnology Co., Ltd.); nanoparticle potentiometer
(Malvern, UK).

2.3. Preparation of MBs Aptasensor

Firstly, 2 µM S1 (aptamer sequence) and 2 µM S2 (aptamer complementary sequence)
were mixed in PBS annealing buffer (0.1 M, pH = 7.4), placed in a PCR gene amplifier, set
to 90 ◦C for 5 min and 65 ◦C for 10 min, then gradually cooled to room temperature and
stored at 4 ◦C in a refrigerator for storage.

Next, carboxy-modified magnetic beads were sonicated for 3–5 min, taken to 80 microliters
in centrifuge tubes, washed three times with 300 µL imidazole–HCl buffer solution (0.1 mM,
pH = 6.8), then added 100 µL NHS (0.2 M) and EDC (0.5 M), respectively, and incubated in a
37 ◦C incubator for shaking slowly for 40 min to activate the MBs.

Lastly, the activated MBs were washed with PBS (0.1 M, pH = 7.4), at 11,000 rpm for
5 min, repeated 3 times to remove NHS and EDC, added 200 µL of synthesized double-
stranded probes, incubated for 15 h with 37 ◦C oscillation, then removed the redundant
double-stranded probes by magnetic separation. The MB-aptamer probe was washed
3 times with 300 µL of PBS (0.01 M, pH = 7.4), resuspended in 200 µL, and stored at 4 ◦C in
a refrigerator for storage.

2.4. STX Detection

Firstly, 25 µL MBs solution and 25 µL of STX standard (4 nM) were taken in a centrifuge
tube, gently reversed and mixed, and incubated for 1 h at 37 ◦C. Then, the supernatant
solution containing S2 was separated from the MBs aptasensor by using magnetic sep-
aration, then a certain amount of S2 and the diluted H1 and H2 were annealed in PCR.
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The procedure was set to 95 ◦C for 5 min and gradually cooled to room temperature
for at least 1 h [47]. Then, the three components were mixed in a centrifuge tube with
a total volume of 20 µL, and the HCR reaction system was constructed for 1 h at room
temperature. A tube added a certain volume of Cas9 and sgRNA with a final ratio of 2:1,
1 × NEBufferTM 3.1, added DEPC water to the total volume of 20 µL. After incubation at
37 ◦C for 10 min, the HCR system products were added into it and then incubated for 1 h at
37 ◦C and 65 ◦C for 10 min to stop the reaction incubation. Lastly, the complex was diluted
to 200 µL and the fluorescence spectrum was measured by using an F-4700 fluorescence
spectrophotometer [48,49]. (Hitachi Co., Ltd., Tokyo, Japan).

3. Results
3.1. Scheme of the Developed MBs Aptasensor

As shown in Scheme 1, after the 5′ terminal amino modified aptamer chain (S1) and
complementary chain (S2) synthesized a double chain probe based on the principle of base
pairing, the MBs aptamer biosensor probe was constructed by reacting with the carboxyl
modified magnetic bead and fixed it on the surface of the MBs. When STX existed, the
aptamer S1 could be specifically recognized, and combined with it, the aptamer comple-
mentary chain S2 was released into the solution. The supernatant was taken out through
magnetic separation technology, then mixed with hairpin DNA1 (H1) and hairpin DNA2
(H2) (modified fluorescent agent and quenching agent). The aptamer complementary
chain S2 acted as a promoter to trigger the HCR reaction. Firstly, the H1 hairpin structure
was opened, thus promoting the self-assembly between H1 and H2, and formed a long,
discontinuous double-chain complex. After that, the Cas9-sgRNA complex was added.
Under the guidance of sgRNA, the discontinuous double chain complex was specifically
recognized, and the Cas9 protein played an active role to achieve accurate cutting, and
the quenching agent was separated from the fluorescent agent to achieve the effect of
fluorescence recovery. According to the mechanism of the proposed HCR, the sensitivity is
predominately determined by the HCR amplification efficiency. Therefore, the rate-limiting
step is the H1/H2 complementary reaction with S2, and the more thorough this reaction,
the higher the response signal.
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3.2. Characterization of MBs Aptasensor

In Figure 1A, the voltages of MBs and MBs + DNA were 22.4 mV and 25.1 mV,
respectively. The increase in charge was mainly due to the addition of a negatively charged
DNA probe to the surface of the MBs. The formed complex was loaded with the double-
stranded probe. The potential values of MBs + DNA were significantly lower than that of
MBs, demonstrating the successful synthesis.
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3.3. Feasibility Analysis
3.3.1. Gel Electrophoresis Confirmation of the Assembly of dsDNAs by HCR

The dsDNAs formed by HCR were verified by 3% agarose gel electrophoresis with
TAE buffer as the running buffer at a constant voltage of 110 v. The agarose gels were
then counterstained and imaged with Redsafe. As shown in Figure 1B, from left to the
right, the lanes were S2, H1, H2, H1 + H2, S2 + H1 + H2, and marker. The mixed band
in lane 5 and the only band in the other lanes indicated the successful assembly of the
interrupted dsDNA after the HCR reaction. Notably, the bands H1 and H2 could be clearly
seen in lane 4, indicating that only the mixture of H1 and H2 would not self-hybridize
without promoters.

3.3.2. The Construction of the HCR and CRISPR-Cas9 System

As mentioned above, after the successful characterization of the HCR system, the
influence of fluorescence recovery after the addition of the Cas9-sgRNA complex was
studied. When the STX did not exist, the aptamer (S1) on the sensor did not specifically
bind to it, so the promoter (S2) could not be released into the supernatant. Because there
was no promoter (S2), the HCR reaction system cannot be triggered, and the fluorescence
intensity was low, as shown in Figure 1C (a). When the STX existed, the aptamer was
quickly recognized and specifically combined with it, and the promoter (S2) was released
into the supernatant and triggered the HCR reaction system, with a slight increase in
fluorescence intensity, as shown in Figure 1C (b). The continued addition of the preprepared
Cas9-sgRNA complex to the system is shown in Figure 1C (c). The fluorescence intensity
increased significantly, indicating that under the guidance of the sgRNA, the activity of the
Cas9 nuclease was triggered to achieve accurately cutting the dsDNAs, which had been
formed after the HCR reaction. Thus, the effect of fluorescence recovery was achieved.

3.4. Optimization of Reaction Conditions

Several conditions, such as the concentration ratio of Cas9 and sgRNA, the incubation
temperature, and the incubation time of the Cas9:sgRNA complex, were further optimized
to improve the detection sensitivity.
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Firstly, the influence of the ratios of Cas9:sgRNA from 1:4 to 4:1 on the formation
of the Cas9-sgRNA complex was investigated. Studies have shown that the higher or
lower proportion of the Cas9:sgRNA complex cannot achieve efficient assembly, which
affected the catalytic cleavage process of double chains and thus affected the magnitude
of fluorescence intensity. As shown in Figure 2A, the fluorescence intensity reaches its
maximum value at 2:1. Therefore, the ratio of 2:1 was selected as the optimal condition for
Cas9:sgRNA.
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Figure 2. (A) Optimization of the concentration ratio of Cas9:sgRNA. The fluorescence intensity
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Next, the influence of the incubation time for the formation of the Cas9-sgRNA
complex was investigated. The incubation of the Cas9-sgRNA complex at different times
(0 min, 5 min, 10 min, 15 min, and 20 min) yielded different fluorescence intensities as
shown in Figure 2B. Without a prior incubation of both Cas9 and sgRNA for a certain
time, the Cas9-sgRNA complex did not achieve effective assembly, with a poor shear
effect and low fluorescence intensities. Continuing to increase the incubation time, the
fluorescence intensity increased significantly, reaching a maximum at 10 min, indicating
that both achieved efficient assembly after 10 min of incubation and the complex formed
was sufficiently stable for precise cutting. The decrease in the fluorescence intensity with
increasing time is due to the decreased specificity of the formed complex for recognizing
the duplex. Therefore, 10 min was chosen as the optimal incubation time.

Finally, the influence of the incubation temperature on the formation of the Cas9-
sgRNA complex was investigated. At low temperatures, the Cas9 protein fails to exert
full activity, and even loses activity, resulting in low fluorescence intensities. With the
increase in temperature, the fluorescence intensities increased gradually and reached the
peak at 37 ◦C, as shown in Figure 2C. Continuing to raise the temperature, the fluorescence
intensity was significantly reduced, and it was considered that the high temperature will
change the spatial structure of the Cas9 protein, thus affecting the activity. Therefore, 37 ◦C
was chosen as the optimal incubation temperature.

3.5. Analysis of STX Using the Developed Aptasensor

Under optimal conditions, the sensitivity of the method for STX detection at different
concentrations was evaluated. With the increasing of STX concentration, the fluorescence
intensity increased, and this aptasensor demonstrated great linear responses to STX in
the range of 5.0 fM to 50 pM, with the correlation coefficient (R2 = 0.995), and the limit
of detection (LOD) of 1.2 fM (Figure 3). In addition, as shown in Table 2, the LOD of
the developed aptasensor in this study was lower than that of most reported detection
methods for STX, and the linear detection range was relatively wider than that of the
reported methods [50–53].
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50 pM). (B) The linear relationship between the intensity of fluorescence and the logarithm of STX
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Table 2. Comparison of different aptasensor performances for STX detection.

Method LOD Linear Range References

Colorimetric aptasensor 42.46 pM 78.13–2500 pM [50]
SERS aptasensor 11.7 nM 10–200 nM [51]

Label-free colorimetric aptasensor 0.1423 nM 0.1457–37.30 nM [52]
Electrochemical aptasensor 0.03 nM 1.0–200 nM [53]

Fluorescent aptasensor 1.2 fM 5 fM–50 pM This work

3.6. Selectivity and Stability of the Aptasensor

In addition, in order to evaluate the selectivity of the aptasensor, other marine toxins,
including OA, YTX, and PTX were applied to the aptasensor to obtain the fluorescence
spectrum. As shown in Figure 3C, the fluorescence intensity of STX was significantly higher
than other marine toxins, indicating that the developed aptasensor had high specificity
and good selectivity. It should be noted that its specificity comes from (1) the recognition
function of the Cas9-sgRNA complex, and (2) the S2 being separated from the aptamer to
successfully initiate the HCR reaction.

To further assess the utility, accuracy, and repeatability of this aptasensor, three dif-
ferent concentrations of STX standard samples were added to the mussel tissue extraction
to analyze the developed aptasensor. As shown in Table 3, good mussel tissue extraction
recovery (102.4–104.1%) and low relative standard deviation (RSD) demonstrated the sen-
sor’s accuracy and reproducibility for actual STX samples. These results indicate that the
proposed biosensor could be successfully applied to real sample tests.

Table 3. The detection of recovery rate of three different concentrations of STX in mussel tissue.

Samples Spiked (pM) Fluorescence Intensity Rate of Recovery (%, Mean) RSD (%)

Blank 0 54.6 ± 5.3 — —
1 0.5 164.4 ± 4.1 104.1% 2.5%
2 5 201.5 ± 8.7 102.4% 4.3%
3 50 242.9 ± 3.3 103.2% 1.4%

4. Conclusions

In this study, signal amplification is achieved by introducing HCR and a CRISPR-Cas9
gene editing system for the detection of STX. Different from the previous reports that
directly cut a piece of double-stranded DNA using the characteristics of the CRISPR-Cas9
system, this study developed an efficient, specific, low detection limit and high selectivity
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detection method by precisely cutting the long discontinuous DNA after HCR construction.
With these strategies, the LOD is as low as 1.2 fM, which is lower than most reported STX
detection methods. The high recovery of STX detection in mussel tissue extract indicates
that the sensor can be used for actual sample detection. Therefore, this sensor has brought
innovative applications to marine biotoxin detection in various fields, such as water and
food quality control.
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