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A B S T R A C T   

Recently, CRISPR/Cas associated biosensors have been shown to have great potential in sensing applications due 
to their high sensitivity and high base resolution. However, the signal reporter system containing two organic 
fluorescent dye pair is limited by high cost and less stability. In contrast, functional nanomaterials exhibit robust 
stability, excellent optical properties and low preparation cost, making them suitable reporters. In this study, a 
MoS2 nanosheets (NSs) improved CRISPR/Cas12a-based biosensing platform was constructed for the first time to 
detect food-borne parasites. MoS2 NSs were used as fluorescence quenchers and single-stranded DNA (ssDNA) 
discriminated carrier to construct CRISPR/Cas signal reporter system. The combination of recombinase poly-
merase amplification with MoS2 NSs modulated CRISPR/Cas12a helped achieve attomolar sensitivity for nucleic 
acid detection within 35 min. Moreover, the results were obtained using a portable apparatus, enabling visual 
detection at the point of care. The practical applicability of this biosensing platform was successfully achieved 
through the detection of anisakis in real samples. This study provides novel insights into exploring the feasibility 
of two-dimensional nanomaterials based reporter in the CRISPR/Cas12a system, as well as offers a reliable tool 
for on-site monitoring of parasites.   

1. Introduction 

Food-borne parasitic diseases (FBPDs) have emerged as a global 
public health concern. Subsequently, rapid and accurate diagnosis of 
food-borne parasites is crucial to prevent FBPDs. The detection of 
nucleic-acid is an accurate molecular diagnostics method frequently 
leveraged for FBPDs diagnosis. Although the polymerase chain reaction 
(PCR) is a gold-standard technique for nucleic-acid diagnostics, its 
application in point-of-care (POC) diagnosis is significantly limited by 
its requirement of sophisticated analytical instruments and long turn-
around time (>2 h) [1,2]. Over the last few decades, biosensors have 
been extensively applied for disease diagnosis, food safety, and envi-
ronmental monitoring [3]. Of them, fluorescence-based optical 

biosensors are most widely used due to their effectiveness, operation 
convenience and recent advancements in novel dyes and fluorescent 
probes [4]. The optical biosensors based on Förster resonance energy 
transfer (FRET) sensing strategy have the advantages of fast response, 
excellent sensitivity, selectivity and wash-free detection of targets [5]. 
The FRET is mainly based on energy transfer from an excited state donor 
to a ground state acceptor in a distance-dependent manner [5,6]. One of 
the premises of FRET is that the emission spectrum of the donor overlaps 
with the absorption spectrum of the acceptor [6]. Based on the above 
theory, various FRET-based biosensors have been fabricated to detect 
nucleic acids, antibodies, enzymes, small molecules and compounds [6]. 
Nevertheless, the conventional FRET-based strategy has several limita-
tions, such as a short fluorescence lifetime of organic dye and cross-talk 
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issue [7,8]. 
With the development of material science, nanomaterials involved in 

FRET have been widely applied for biological analysis. For instance, 
MoS2 nanosheets (NSs) [9–11], graphene oxide [12–14] and gold 
nanoparticles [15–17] have been used to fabricate FRET-based detection 
strategies due to their benefits of prolonged fluorescence lifetime, 
tunable emission, and wide absorption spectrum [7]. Of them, MoS2 
NSs, a two-dimensional (2D) nanomaterial analogous to graphene, are 
the most promising due to their unique and appealing properties. Firstly, 
MoS2 NSs can be easily functionalized with biomolecules [18]. Sec-
ondly, MoS2 NSs exhibit high absorption capability and different affin-
ities toward single-stranded DNA (ssDNA) and double-stranded DNA 
(dsDNA) [9,19,20]. Furthermore, MoS2 NSs exhibit stronger fluores-
cence quenching capability than common organic fluorescence 
quenched molecules [20]. Therefore, the ssDNA-labeled fluorophore 
may form an excellent donor-acceptor pair with MoS2 NSs. Base on the 
above theory, Zhang et al. [9] constructed a FRET-based fluorescent 
DNA biosensor for the first time. And the sensitivity of the FRET-based 
nanobiosensors could be greatly improved with the aid of isothermal 
amplification techniques, such as recombinase polymerase amplifica-
tion (RPA) and loop-mediated isothermal amplification (LAMP) [21,22]. 
Unfortunately, the disadvantages of non-specific amplification and 
complicated primers design greatly limit their further applications [21, 
23]. Consequently, these problems are driving innovations of novel 
signal transduction patterns for nucleic acid detection. 

Recently, the clustered regularly interspaced short palindromic re-
peats (CRISPR) and CRISPR-associated (Cas) proteins system has 
attracted increasing attention due to the discovery of trans-cleavage 
activity of some Cas proteins [24–26]. Among the accessible Cas fam-
ily members, Cas12a protein (also known as Cpf1) has been proven to be 
a promising candidate for nucleic acid detection. With the aid of guide 
RNA (gRNA), the Cas12a protein can specifically recognize and capture 

the dsDNA target with a T nucleotide-rich protospacer adjacent motif 
（PAM）sequence. Then the RuvC catalytic domain of Cas12a protein is 
triggered to indiscriminately digest the surrounding ssDNA (at a rate of 
thousands of turnovers per second), resulting in the separation of the 
fluorophore and quenching molecule, thereby achieving the goal of 
signal amplification [24]. Based on this phenomenon, the target nucleic 
acid information can be converted into electrochemical [27,28], color-
imetric [29,30], fluorescent [31,32] and bioluminescent readout [33, 
34]. Moreover, the CRISPR/Cas12a system poses significant character-
istics, such as recognition at a mild reaction temperature, flexibility of 
the design and prominent signal amplification efficiency capability, 
serving as a powerful toolbox in molecular diagnosis [35]. Despite 
tremendous achievements, the current CRISPR/Cas12a-based bio-
sensors commonly use organic dyes as fluorophores and quenchers at 
both ends of ssDNA for signal output, which is not cost-effective and 
requires an elaborate choice of fluorescence donor-acceptor pairings to 
form FRET [36]. Furthermore, they might result in a high fluorescence 
background, limiting the overall sensitivity [37]. Metal nanoclusters as a 
class of novel fluorophores, have been applied for fabricating 
CRISPR/Cas-mediated biosensors due to their appealing characteristics, 
such as good biocompatible, photostability and simple to synthesis [36, 
38,39]. However, it is still difficult to precisely control the size of metal 
nanoclusters with high yields [40]. Moreover, the problems of low 
quantum yield and poor stability further limit their application [41]. 
Therefore, designing a simple and economical probe to be applied in the 
CRISPR/Cas-based biosensing platform is of great significance. 

In this study, a universal CRISPR/Cas12a-modulated FRET-based 
biosensing platform was constructed for nucleic acids detection using 
MoS2 NSs as fluorescence quenchers and ssDNA discriminated carrier. 
This detection strategy was realized by taking advantage of the excellent 
quenching ability of MoS2 NSs and the variability of the adsorption 
capability of MoS2 NSs toward different probes lengths. In the absence of 

Table 1 
Nucleic acids sequences employed in this study.  

Name *Sequence (5'-3')

5 nt reporter FAM-TTATT 

10 nt reporter FAM-TTTTTTTATT 

15 nt reporter FAM-TTTTTTTTTTTTATT 

20 nt reporter FAM-TTTTTTTTTTTTTTTTTATT 

30 nt reporter FAM-TTTTTTTTTTTTTTTTTTTTTTTTTTTATT 

FQ reporter FAM-TTATT-BHQ

gRNA1 UAAUUUCUACUAAGUGUAGAUAUAGGGGCAACAACCAGCAUAC

gRNA2 UAAUUUCUACUAAGUGUAGAUAUAGGGGCAACAACCAGCAU

gRNA3 UAAUUUCUACUAAGUGUAGAUGUGGUCACAAAAGUGACAAG

gRNA4 UAAUUUCUACUAAGUGUAGAUUCAUCACUAAGCAAGGAACCG

* The difference of five FAM-labeled reporters is labeled in blue. The spacer sequences of the gRNAs, which recognize and complement the target, are labeled in red 
color. FAM: carboxyfluorescein; BHQ: Black Hole Quencher®. 
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the target DNA, the fluorescence of ssDNA-FAM was quenched by MoS2 
NSs due to the FRET effect, and the biosensor was on a “turn-off” status. 
In the presence of the target DNA, a ternary complex of Cas12a, gRNA, 
and dsDNA exhibiting cleavage activity was formed. Afterwards, the 
ssDNA-FAM reporter was cleaved into short fragments by the activated 
Cas12a, facilitating the detachment of the fluorophore FAM labeled on 
ssDNA from the surface of MoS2 NSs and the restoration of the fluores-
cence signal. Therefore, a novel “turn-on-off” biosensing platform was 
fabricated for nucleic acids detection. Notably, visible results were 
observed without any sophisticated equipment, which was friendly to 
low resource areas and suitable for POC diagnosis application. Overall, 
the experimental results provide novel insights into the fabrication of a 
universal DNA biosensing platform based on 2D nanomaterials com-
bined with CRISPR/Cas systems. 

2. Experimental section 

2.1. Materials and apparatus 

LbCas12a protein, NEBuffer 2.1 (10×) and NEBuffer 3.1 (10 ×) were 
obtained from New England Biolabs (Beijing, China). 10× reaction 
buffer was supplied by Guangzhou Magigen Biotechnology Co., Ltd. 
(Guangzhou, China). Molybdenum disulfide (MoS2) nanosheets were 
purchased from Nanjing XF Nano Material Tech Co., Ltd. (Nanjing, 
China), and the stock concentration was 1.0 mg/mL. Dithiothreitol 
(DTT) was purchased from Solarbio Science & Technology Co., Ltd. 
(Beijing, China). An RPA assay kit was purchased from TwistDx Ltd. 
(Cambridge, UK). A TIANamp genomic DNA kit was purchased from 
Tiangen Biotech (Beijing, China). Premix Ex Taq Probe qPCR was pro-
vided by TaKaRa Biotechnology Co., Ltd (Dalian, China). The gRNAs for 
specifically recognizing the sequences were designed through the 
Benchling Web site (https://www.benchling.com/crispr/). 

All the DNA oligonucleotide sequences were synthesized in Sangon 
Biotech (Shanghai, China). The nucleotide sequences are listed in  
Table 1. 

A transmission electron microscope (JEOL TEM-3010, Japan) was 
used to observe the morphology of MoS2 NSs. A multi-mode microplate 
reader (CYTATION 5, BioTek, USA) was utilized to obtain the fluores-
cence spectra and UV–vis absorbance. A Mastercycler ep realplex system 
(Eppendorf, Germany) was used for TaqMan qPCR assay. 

2.2. RPA reaction assay 

The RPA assay was performed according to the instructions with 
slight modifications (refer to the Supporting Information for RPA assay). 
The primers sequences are listed in Table S1. 

2.3. Detection of nucleic acid with the MoS2 NSs-CRISPR/Cas12a 
nanoplatform 

The assay was performed in a 30 μL reaction solution. Firstly, 50 nM 
of Cas12a was preincubated with 100 nM gRNA in 10× Magigen reac-
tion buffer (the components are listed in Table S2) at 37 ◦C for 10 min. 
Subsequently, 100 nM of ssDNA-FAM reporter and 3 μL of RPA ampli-
cons were added, followed by incubation at 37 ◦C for 10 min. After-
wards, a certain amount of MoS2 NSs was added to the trans-cleavage 
reaction. Finally, the fluorescence spectra were recorded immediately 
using a fluorescence microplate reader. 

2.4. Sensitivity and selectivity of the MoS2 NSs-CRISPR/Cas12a 
nanoplatform 

1 μL of tenfold serial dilutions of plasmid DNA (105 – 101 aM) was 
used as the template for amplification by RPA. Then, 3 μL of RPA 
amplicons were used for activating the Cas12a cleaving system. As for 
selectivity evaluation, three different fish-borne parasites (including 
Hysterothylacium aduncum, Clonorchis sinensis and Ligula intestinalis) and 
one marine fish tissue (Trichirurus lepturus) was used. 

2.5. Validation of the MoS2 NSs-CRISPR/Cas12a nanoplatform for 
Anisakis spp. detection with spiked samples 

Trichirurus lepturus samples and fish-derived food samples were 
purchased from local supermarkets. The absence of anisakids in samples 
was confirmed using qPCR [42]. The spiked samples were analyzed 
according to the previously reported method with slight modification 
(refer to Artificially contaminated fish samples in Supporting Infor-
mation) [42]. A blue light gel imager was used for visual detection to 
facilitate POC detection (Visual detection, Supporting Information). 

Fig. 1. Schematics illustration of the principle of MoS2 NSs-CRISPR/Cas12a biosensing platform for detecting nucleic acid.  
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3. Results and discussion 

3.1. Mechanism of MoS2 NSs-CRISPR/Cas12a nanoplatform 

The biosensing platform for nucleic acid detection can be divided 
into two processes involving target DNA isothermal amplification and 
MoS2 NSs-CRISPR/Cas12a detection (Fig. 1). Firstly, the genomic DNA 
of different samples were extracted using a commercial kit. Then the 
genomic DNA was added to the RPA system at 37 ◦C for 15 min to 
amplify the target nucleic acid. Later, the amplicons were subjected to 
CRISPR/Cas12a trans-cleavage reaction at 37 ◦C. The fluorescent signal 
was read out using a blue light gel imager or a fluorescence detector 
within 20 min (Fig. 1A). As for the MoS2 NSs-CRISPR/Cas12a detection 
principle, the Cas12a trans-cleavage activity was silenced in the absence 
of target DNA and appropriate length of FAM-labeled ssDNA (ssDNA- 
FAM) reporters were absorbed on the surface of MoS2 NSs in a close 
proximity through van der Waals force [43]. Then, the FRET between 
the fluorophore and MoS2 NSs was triggered, resulting in quenching of 
the fluorescence of FAM by MoS2 NS (Fig. 1B). While in the presence of 
the target DNA, the Cas12a protein combined with the target DNA and 
specific gRNA to form a ternary complex. Afterwards, the indiscriminate 
cleavage activity of Cas12a was triggered to shear the ssDNA-FAM re-
porters into short fragments. Consequently, the fluorophore FAM 

labeled on ssDNA dissociated from the MoS2 NSs surface due to the 
weakening of the adsorption force. Thus, the FRET effect between 
ssDNA-FAM and MoS2 NSs was hindered, resulting in the recovery of the 
fluorescence signal (Fig. 1B). Meanwhile, a second signal amplification 
was achieved in the CRISPR/Cas12a system. The intensity of the fluo-
rescence output signal was correlated with the concentration of the 
activated Cas12a/gRNA, which relied on the concentration of the target 
DNA. Therefore, the presence and concentration of target DNA can be 
determined by monitoring the change in the fluorescence intensity of the 
reaction. Moreover, the proposed detection strategy can be transformed 
into a universal biosensing platform by programming the gRNA 
sequence to detect any nucleic-acid targets. 

3.2. Feasibility verification of the proposed biosensing platform 

The microstructure of MoS2 NSs, i.e., the size and morphology, were 
characterized using transmission electron microscopy. As shown in  
Fig. 2B, the MoS2 NSs exhibited a sheet structure, providing a large 
surface area for adsorption. The diameter of MoS2 NSs was in the range 
of several nanometers to hundreds of nanometers. The UV–vis optical 
absorption measurement results revealed that the MoS2 NSs had a wide 
absorption spectral range from 300 to 800 nm, and two characteristic 
absorption peaks of MoS2 NSs were located at about 600–700 nm 

Fig. 2. The fluorescence quenching ability of MoS2 NSs. (A) Schematic illustration of fluorescence quenching of MoS2 NSs. (B) Transmission electron microscopy 
image of MoS2 NSs. (C) UV− vis absorbance of MoS2 NSs and the fluorescence emission spectra of FAM dye. (D) Fluorescence spectra obtained before (red curve) and 
after (black curve) the addition of MoS2 NSs. Real-time fluorescence curves (E) and Fluorescence spectra (F) of ssDNA-FAM under different concentrations of MoS2 
NSs. The final concentration of ssDNA-FAM was 100 nM. MoS2 NSs concentration range: 0–120 μg/mL. (G) The fluorescence quenching efficiency of MoS2 NSs under 
different MoS2 NSs concentrations. The fluorescence quenching efficiency was calculated as follows: QE = (F0 − F)/F0 × 100 %, where F0 and F are the fluorescence 
intensity without and with the addition of MoS2 NSs (λex 485 nm, λem 525 nm). 
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(Fig. 2C). The overlap of the absorption spectrum of MoS2 NSs with the 
fluorescence emission of FAM dye made it feasible to construct an effi-
cient FRET-based biosensor (Fig. 2C). 

Unlike a double labeled DNA reporter used in most previous studies 
[24,32,44], ssDNA-FAM reporters and MoS2 NSs were employed in this 
study to fabricate FRET-based biosensor using fluorophore (FAM) as a 
FRET donor and MoS2 NSs as FRET acceptors. As shown in Fig. 2A, the 
ssDNA-FAM reporters were absorbed on the surface of MoS2 NSs 
through the van der Waals force [43]. Then, the FRET between the 
fluorophore and MoS2 NSs was activated, resulting in the quenching of 
the fluorescence of FAM by MoS2 NS. The fluorescence spectra with or 
without MoS2 NSs were recorded to validate the quenching capability of 
MoS2 NSs. As shown in Fig. 2D, the ssDNA-FAM exhibited a strong 
fluorescence signal at 525 nm wavelength in the absence of MoS2 NSs 
(red curve). However, when MoS2 NSs (final concentration was 
100 μg/mL) were added to the above mixture, the fluorescence signal 
was almost completely quenched (black curve), exhibiting super fluo-
rescence quenching ability. These results demonstrated the MoS2 NSs 
could serve as a good fluorescent quencher towards FAM dye. Later, the 
ratio of ssDNA-FAM and MoS2 NSs was optimized to achieve high 
quenching efficiency. Thus, ssDNA-FAM with fixed concentration 
(1 μM) was incubated with a series of concentrations of MoS2 NSs 
ranging from 0 to 120 μg/mL in 10 × Magigen reaction buffer. As shown 
in Fig. 2E and F, the fluorescence intensity at 525 nm gradually 
decreased with increased MoS2 NSs concentration. Moreover, the fluo-
rescence quenching was extremely fast and about 98.5 % of fluorescence 
was rapidly quenched within 5 min (Fig. 2E). When the concentration of 
MoS2 NSs was 100 μg/mL, the fluorescence quenching efficiency almost 
reached a plateau (Fig. 2G). Therefore, the concentration of MoS2 NSs 
was maintained at 100 μg/mL for the following MoS2 
NSs-CRISPR/Cas12a assay. Additionally, the effect of reaction temper-
ature on the quenching ability of MoS2 NSs was investigated. The best 
quenching efficiency of MoS2 NSs was observed below 37 ◦C (Fig. S1). 
Considering the temperatures at which Cas12a exerted the best activity, 
and RPA achieved the best amplification efficiency, the reaction tem-
perature of the proposed assay was set at 37 ◦C. 

Five reaction systems (reactions # 1–5) with various components 
were prepared and tested to systematically evaluate the feasibility of the 
proposed assay (Fig. 3A). A plasmid containing 192 bp of Anisakis spp. 
internal transcribed spacer sequence fragment was used as the target 
(Fig. S2). After incubation at 37 ◦C for 10 min, only reaction # 1 con-
taining all components generated a bright fluorescence signal under LED 
blue light or UV light. While the absence of arbitrary components in the 
detection systems made the assay invalid (Fig. 3A). The fluorescent in-
tensity measurement results validated the visual readout further 
(Fig. 3B). These results revealed that the CRISPR/Cas12a system is 
compatible with the MoS2 NSs-ssDNA FRET-based system, and the 

collateral cleavage activity of Cas12a performed well in the fabricated 
MoS2 NSs-CRISPR/Cas12a biosensing platform. 

3.3. Optimization of the biosensing conditions 

Several vital experiment conditions were optimized, including the 
gRNA sequence, fluorescence quenching strategy, the ratio of Cas12a to 
gRNA, the length of ssDNA reporters and buffers to achieve excellent 
analytical performance for nucleic acids detection. Firstly, the gRNA 
sequence was optimized. As shown in Fig. 4B, gRNA2 and gRNA3 ach-
ieved significantly higher fluorescence intensity than those of the other 
two gRNAs. The same result was found for the signal-to-background 
ratio (S/B) of four gRNAs (Fig. 4C). The low S/B ratio might be 
contributed to the complex secondary structure of the gene, making the 
gRNA hard to bind [45]. As shown in Fig. 4D, the fluorescence intensity 
of gRNA3 increased faster than gRNA2, indicating that gRNA3 had a 
better activation efficiency than Cas12a. Therefore, gRNA3 was selected 
for subsequent experiments. The gRNA3 sequence (20 nt) is shown in 
Fig. 4A. 

Later, the effect of pre-quenching and post-quenching strategy on the 
trans-cleavage efficiency of Cas12a was explored by changing the add-
ing order of ssDNA-FAM reporter and MoS2 NSs. The post-quenching 
strategy was performed as described in the methods. As for the pre- 
quenching strategy, the ssDNA-FAM reporter was mixed with MoS2 
NSs and then the mixture was added to the CRISPR/Cas12a system. As 
shown in Fig. 5A, the S/B of the pre-quenching strategy was significantly 
lower than the post-quenching strategy. For the pre-quenching strategy, 
the adsorption of ssDNA probes on the surface of MoS2 NSs forms steric 
hindrance, resulting in a decrease in the efficiency of ssDNA cleavage by 
Cas12a. Therefore, the post-quenching strategy was performed for the 
following experiments. 

In the CRISPR/Cas system, the amount of Cas/gRNA complex de-
termines the speed of the shearing reaction, and the concentration ratio 
of the Cas enzyme to gRNA is critical to obtain an optimal signal readout 
[44]. Therefore, various concentration ratios of Cas12a to gRNA were 
investigated. As depicted in Fig. 5B, the S/B ratio reached the maximum 
when the ratio of Cas12a to gRNA was 1:2. It is reported that a proper 
excess amount of gRNA is beneficial for the Cas12a ternary complex 
formation [46]. As for the concentration of gRNA, the maximum S/B 
ratio was achieved when the gRNA concentration was 100 nM (Fig. 5C). 
Therefore, the optimized concentrations of Cas12a and gRNA were 
chosen at 50 nM and 100 nM, respectively. 

Further, the length of the ssDNA could determine the sensitivity of 
the established biosensing platform by affecting the length of the frag-
ments cut by CRISPR/Cas12a and the interaction between the ssDNA 
reporter and MoS2 NSs. Therefore, the length of the ssDNA reporter 
should be optimized further. Five reporters of different base lengths 

Fig. 3. Feasibility validation of the MoS2 NSs- 
CRISPR/Cas12a assay. (A) Visual readouts of 
five reaction systems with various components 
through endpoint imaging. The images were 
captured under blue light (470 nm) and the gel 
imaging system using UV light after being 
incubated for 10 min. (B) Spectrogram fluores-
cence of CRISPR/Cas12a-mediated ssDNA-FAM 
reporter cleavage. Except for the red curve, the 
others refer to the reaction without the corre-
sponding single component but contained all 
other components and enzymes (λex 485 nm, 
λem 525 nm). A 15 nt ssDNA-FAM reporter was 
used. The concentrations of Cas12a, gRNA, 
ssDNA-FAM reporter and MoS2 NSs were 
50 nM, 100 nM, 100 nM, and 100 μg/mL, 
respectively.   
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Fig. 4. Screening of the candidate gRNAs for detecting Anisakis spp. nucleic acid. (A) Design of the gRNA sequence based on the ITS sequence of Anisakis spp. The 
fluorescence spectra (B) and signal-to-background ratio (S/B) (C) of MoS2 NSs-CRISPR/Cas12a assay for detecting Anisakis spp. nucleic acid using four different 
gRNAs. (D) Real-time fluorescence curves of the assay using gRNA2 and gRNA3. Error bars represent standard derivation obtained from three parallel experiments. 
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were designed (Fig. 5D). As presented in Fig. 5E, the length of the 15 nt 
reporter achieved the highest S/B. Nonetheless, if the length of the 
ssDNA reporter is too short or too long, output fluorescence signal de-
creases. This might be attributed to the fact that the length of the ssDNA 
reporter affects the adsorption between ssDNA and MoS2 NSs and thus 
further affects FRET. The second reason could be that the length of the 
ssDNA reporter determines the signal amplification efficiency. For the 
same collateral cleavage activity of Cas12a, a longer ssDNA reporter 
might produce a less fluorescent signal upon shearing. A similar result 
was observed for the effect of different lengths of ssDNA-FAM reporter 
on the quenching ability of MoS2 NSs (Fig. S3). The different adsorption 
capacities of MoS2 NSs toward different lengths of ssDNA revealed that 
MoS2 NSs can be used as a discriminated carrier of ssDNA. Therefore, a 
length of 15 nt reporter was selected for further application. 

Finally, the spontaneous formation of a higher-level structure 
essential for protein function is mainly determined by the buffer com-
ponents, which might affect the trans-cleavage efficiency of Cas12a 
[47]. Moreover, some chemicals could affect the adsorption and 
desorption of MoS2 NSs [48]. Therefore, the trans-cleavage efficiency of 
the Cas12a system and the quenching efficiency of MoS2 NSs were 
investigated in three commercial CRISPR/Cas buffers. As shown in 
Fig. 5F, Cas12a in the Magigen buffer exhibited the best trans-cleavage 

efficiency. A similar result was found for the quenching efficiency of 
MoS2 NSs (Fig. 5G). Compared to the other two buffers, only the 
Magigen buffer contained DTT (Table S2). DTT is widely used to stabi-
lize enzyme by preventing the formation of disulfide bonds in proteins 
[49,50]. Therefore, it was speculated that DTT might play a major role in 
enhancing the collateral cleavage efficiency of CRISPR/Cas12a. As a 
demonstration, DTT was added into NEBuffer r2.1 and NEBuffer r3.1. As 
expected, both DTT-containing NEBuffer r2.1 and DTT-containing 
NEBuffer r3.1 significantly enhanced the trans-cleavage efficiency 
(Fig. 5H). Therefore, the Magigen buffer was selected for the following 
experiments. 

3.4. Analytical performance of the biosensing platform 

The RPA pre-amplification was integrated with the MoS2 NSs- 
CRISPR/Cas12a assay to improve the sensitivity. Then, the biosensing 
platform was used for detecting a common food-borne parasite (namely 
Anisakis spp.). A series of ten-fold gradient dilutions of Anisakis spp. 
plasmids DNA (105 – 101 aM) was used as the target DNA for RPA 
amplification. The amplified products were verified through agarose gel 
electrophoresis and Sanger sequencing (Fig. S2, S4), indicating the 
effectiveness of the RPA primers. 

Fig. 5. Optimization of the experimental conditions. (A) Effect of adding order of the ssDNA-FAM reporter and MoS2 NSs on the trans-cleavage efficiency. Inset: S/B 
ratio of two different quenching strategies. Post-Q and Pre-Q stand for post-quenching strategy and pre-quenching strategy, respectively. (B) Molar ratio optimization 
of Cas12a/gRNA. (C) Optimization of gRNA concentration. (D) Schematic diagram of various lengths of reporters labeled with FAM and subjected to Cas12a reaction. 
(E) Fluorescence response of different lengths of ssDNA reporter. (F) The effect of different buffers on trans-cleavage efficiency of CRISPR/Cas12a. (G) The effect of 
different buffers on quenching efficiency of MoS2 NSs. (H) The trans-cleavage efficiency of CRISPR/Cas12a in two different buffers by supplement with DTT. The final 
concentration of DTT in buffers was 10 mM. Error bars represent the mean ± standard deviation (SD), of three experimental replicates. *, P < 0.05, **, P < 0.01, ***, 
P < 0.001. The unpaired two-tailed t-test was used to analyze the statistical significance. 
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As illustrated in Fig. 6A, the detection sensitivity was 100 aM, which 
was 107 times higher than that of the detection method without RPA 
assistance (Fig. S5). The sensitivity was comparable to that of previously 
reported CRISPR-based methods that combine isothermal amplification 
techniques for nucleic acid detection [24,26,51,52]. The good sensi-
tivity could be attributed to the highly efficient amplification of RPA, the 
shearing efficiency of CRISPR/Cas12a and the excellent sensitivity of 
MoS2 NSs-based FRET. Subsequently, the selectivity of the constructed 
biosensor was confirmed by detecting some other fish-borne parasites. 
Notably, bright green fluorescence signals were observed for Anisakis 
spp., while the group of other fish-borne parasites’ nucleic acid and 
negative control showed no fluorescence signals (Fig. 6B), indicating 
that the assay was highly selective for Anisakis spp. The good selectivity 
could be attributed to the single-base specificity of CRISPR/Cas12a. 
Moreover, compared with the ssDNA-FQ reporter, the MoS2 
NSs/ssDNA-FAM reporter shortened the turnaround time by 20 min 
(Fig. S6). 

3.5. Practicability evaluation 

The practicability of the proposed biosensing platform in real 

samples was evaluated by spiking fish samples with various concentra-
tions of A. pegreffii larvae. The endpoint fluorescence signals were read 
by a fluorescence microplate reader and a blue light gel imager (Fig. S7). 
As presented in Fig. 7A, the fluorescence intensity measurement and 
naked-eye analysis could detect as low as 1 mg/kg of A. pegreffii larval 
spiked in the fish samples. The sensitivity was superior to all the pre-
viously described methodologies for Anisakis spp. detection (Table S3). 
Notably, the detection was accomplished within 35 min, which was 
reduced by at least 50 % compare with that of a real-time PCR method 
(Table S3). To further minimize the detection time, the RPA and 
CRISPR/Cas12a system could be performed in one tube. By taking 
suboptimal PAM strategy, the incompatibility between RPA reaction and 
CRISPR cleavage reaction could be overcome [53]. 

In the food monitoring application, simplicity is preferred over 
sensitivity. Therefore, a miniaturized instrument was used to facilitate 
POC detection. The workflow was shown in Fig. 7B. In this study, nine 
replicate analyses of positive samples and corresponding negative con-
trols were performed to validate the feasibility and reliability of this POC 
detection method. The results of Image J analysis showed that the green 
values of all negative controls were significantly lower than those of 
positive controls, demonstrating the feasibility of qualitative analysis 

Fig. 6. Evaluation of MoS2 NSs-CRISPR/ 
Cas12a assay for detecting Anisakis spp. (A) 
Sensitivity analysis of the proposed assay. (B) 
The selectivity of the MoS2 NSs-CRISPR/Cas12a 
assay. Inset pictures are the visually observing 
results obtained using a blue light gel imager. 
Column 1: Anisakis simplex; column 2: Anisakis 
pegreffii; column 3: Anisakis typica; column 4: 
Hysterothylacium aduncum; column 5: Clonorchis 
sinensis; column 6: Ligula intestinalis; column 7: 
Trichirurus lepturus tissue; column 8: ddH2O. All 
nucleic acids of the parasites were at the same 
concentration. NTC represents no template 
control.   

Fig. 7. Applicability of the biosensing assay for 
detecting Anisakis spp. in artificially contami-
nated fish samples. (A) Detection of fish sam-
ples spiked with different proportions of 
Anisakis spp. (B) Schematic diagram of the 
biosensing strategy applied in the point-of-care 
testing (POCT) for nucleic acid detection. (C) 
Minimal instruments needed to perform the 
proposed biosensing assay. Error bars represent 
the mean ± standard deviation (SD) obtained 
from three replicates. NTC represents no tem-
plate control. The unpaired two-tailed t-test was 
used to analyze the statistical significance. 
****, P < 0.0001; ns, P > 0.05.   
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using a portable blue light gel imager (Fig. S8B, C). The results were 
further validated by detecting the fluorescence intensity. According to 
the analysis of the green value and fluorescence intensity, the relative 
standard deviation of nine replicate assays for positive samples was 4.94 
% and 5.97 %, respectively (Fig. S8C, E), indicating an acceptable 
reproducibility of the constructed biosensing platform. Considering the 
practicality of the visual method, this method was applied to detect fish- 
derived food samples contaminated with 10 mg/kg of A. pegreffii larvae. 
As shown in Table 2, all the spiked samples produced bright green 
fluorescence signals, while the negative controls showed no fluores-
cence. Moreover, the visual results were consistent with those of qPCR 
tests, confirming that the MoS2 NSs-CRISPR/Cas12a biosensing platform 
could be applied in real samples detection. Unlike the PCR-based 
methods, this assay only needs a heat block and a portable blue light 
gel imager (Fig. 7C). Therefore, this biosensing platform provides a 
simple “Yes-or-No” nucleic acid detection answer, holding great po-
tential in POC diagnosis of FBPDs. 

4. Conclusion 

In summary, a universal CRISPR/Cas12a-based biosensing platform 
with MoS2 NSs FRET nanoprobe patterns was constructed for nucleic 
acid detection. MoS2 NSs exhibited different adsorption capabilities for 
different lengths of ssDNA, and the MoS2 NSs-ssDNA FRET-based system 
was compatible with the CRISPR/Cas12a system. Under optimal con-
ditions, the detection process could be accomplished within 35 min with 
attomolar sensitivity for Anisakis spp. The proposed biosensing 
possessed high specificity and satisfying reusability. Additionally, visual 
observation could be achieved using portable instruments, which is 
promising for POC applications. Notably, the strategy could be 
expanded to detect any target nucleic acid due to the codability of gRNA. 
Overall, this study provides novel perspectives on the viability of a 2D 
nanomaterials-based reporter in the CRISPR/Cas12a system and has 
great potential in medical diagnoses. 
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