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A B S T R A C T   

With the increasing acreage of genetically modified crops worldwide, rapid and efficient detection technologies 
have become very important for the regulation and screening of GM organisms. We constructed a method based 
on loop-mediated isothermal amplification (LAMP), CRISPR-Cas12a and lateral flow assay (LAMP-CRISPR- 
Cas12a-LFA). It is an intuitive, sensitive and specific fluorescence detection and test strip system to detect CP4- 
EPSPS and Cry1Ab/Ac genes in field screening. The LAMP-CRISPR-Cas12a-LFA method has a limit of detection 
(LOD) of 100 copies based on lateral flow test strips after optimization of the conditions with screened specific 
primers, and the entire detection process can be completed within 1 h at 61 ◦C. The system was used to evaluate 
field test samples and showed high reproducibility after testing products containing CP4-EPSPS and Cry1Ab/Ac 
genes, and both were detectable. The LAMP-CRISPR-Cas12a-LFA method established in this paper functions as a 
rapid field detection method. It requires only one portable thermostatic instrument, which renders it compatible 
with the rapid detection of field samples and useable at experimental workstations, in law enforcement field 
work, and in local inspection and quarantine departments.   

1. Introduction 

Since their first commercial rollout in 1996, the acreage of GM crops 
has expanded significantly (Lin and Pan, 2016). The global area dedi
cated to GM organisms has increased ~112-fold, from 1.7 million 
hectares in 1996 to 190.4 million hectares in 2019 (ISAAA, 2021). Over 
the past 26 years, insect-resistant (Cry1Ab/Ac gene) and 
herbicide-resistant (CP4-EPSPS gene) crops have become the most 
widely planted GM crops, and these transgenic traits have resulted in 
major economic benefits. In 2019, the area dedicated to 
herbicide-tolerant crops reached 43% of all worldwide agricultural 
areas, and about 12% of these transgenic crops also have insect-resistant 
traits. The study of transgenic crops with CP4-EPSPS and Cry1Ab/Ac 
genes has far-reaching implications for food safety testing, environ
mental and monitoring. Due to the widespread application of genetically 
modified organism (GMO) technology and the large-scale cultivation of 

GM crops, the safety of GM food has gradually aroused people’s concern 
(Ponti, 2005). At present, countries have enacted corresponding laws 
and regulations for standardized management, and most countries have 
established mandatory labeling systems for the detection and moni
toring of GM foods (Devos et al., 2022; Singh, 2021). The United States is 
one of the world’s largest growers of GMOs. Its government has been 
supportive of the development of genetic modification technology. The 
U.S. Food and Drug Administration (FDA) requires that GM foods un
dergo rigorous safety assessment and be labeled on food packaging. The 
EU also has a strict labeling system for GM products that mandates clear 
labeling for products with more than 0.9% GM content. The Chinese 
government supports the development of genetic modification tech
nology, but it has stricter controls on genetically modified foods. No GM 
staple crop seeds have been approved for commercial cultivation in the 
country. A labeling system established under these regulations requires 
the addition of easier and more sensitive testing methods for GMOs 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: xueming.tang@sjtu.edu.cn (X. Tang), wangjinbin@saas.sh.cn (J. Wang).  

Contents lists available at ScienceDirect 

Current Research in Food Science 

journal homepage: www.sciencedirect.com/journal/current-research-in-food-science 

https://doi.org/10.1016/j.crfs.2023.100605 
Received 23 February 2023; Received in revised form 21 September 2023; Accepted 25 September 2023   

mailto:xueming.tang@sjtu.edu.cn
mailto:wangjinbin@saas.sh.cn
www.sciencedirect.com/science/journal/26659271
https://www.sciencedirect.com/journal/current-research-in-food-science
https://doi.org/10.1016/j.crfs.2023.100605
https://doi.org/10.1016/j.crfs.2023.100605
https://doi.org/10.1016/j.crfs.2023.100605
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crfs.2023.100605&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Current Research in Food Science 7 (2023) 100605

2

detection (Huang et al., 2022). Various approaches to GM detection 
have been reported (Kamle et al., 2017), including PCR-based detecting 
methods (Chen et al., 2019; Holst-Jensen, 2009; Shang et al., 2020), 
fluorescent quantitative PCR (Akiyama et al., 2010; Cho et al., 2013; 
Kageyama et al., 2003), enzyme-linked immunosorbent assay (ELISA) 
(Emslie et al., 2007; Morenkov, 2000; Zeng et al., 2021), protein blotting 
(Mishra et al., 2017) (western blotting), and protein microarray (Ranek 
et al., 2020). However, these methods also have significant disadvan
tages (Qian et al., 2018). For example, the detection rate of GM crops is 
low because the proteins become denatured during treatment, and 
detection requires expensive instruments and complex procedures, 
which are costly (Deng et al., 2013; Wu et al., 2014; Xu et al., 2017). 

The current demand for the detection of transgenic products is 
increasingly inclined toward rapid visual field detection, and the rapidly 
developing isothermal amplification technique loop-mediated 
isothermal amplification (LAMP) has been widely used in transgenic 
detection (Prasannakumar et al., 2021; Takabatake et al., 2018; Wu 
et al., 2020). The clustered regularly interspaced short palindromic re
peats (CRISPR) system’s trans-cleavage effect detection technology has 
high sensitivity, strong targeting and rapid detection, and its use has 
become popular in research and development in related fields. 
CRISPR-related protein Cas12a, a class II V CRISPR system RNA-guided 
nucleic acid endonuclease with incidental cleavage activity, has been 
combined with amplification technology to develop new DNA detection 
methods, such as DETECTR and HOLMES, which enable rapid and 
sensitive detection of the test target (Chen et al., 2018; Du et al., 2021; 
Murugan et al., 2020; Wang et al., 2020). Amplification techniques such 
as loop-mediated isothermal amplification are relatively mature 
isothermal (Tsugunori et al., 2000) amplification technologies. They are 
known for their high efficiency, high specificity, and low cost (Lee et al., 
2019), and are widely used in nucleic acid detection, such as virus 
detection and transgenic detection (Joshi et al., 2021; Pirc et al., 2021). 
The combination of CRISPR and LAMP can realize the detection of low 
copy molecules. The lateral flow test strip is combined with CRISPR and 
LAMP detection to visualize the results, which is conducive to 
large-scale screening and detection in the field. 

In this paper, the CRISPR-Cas12a system was combined with the 
established LAMP and lateral flow test strips to establish an intuitive, 
sensitive, and specific detection method for CP4-EPSPS and Cry1Ab/Ac. 
The entire detection process requires only a portable thermostat, and 

can be performed quickly and onsite. This method is simple to operate 
and is highly sensitive. It is thus convenient for the detection of targets 
present at low concentrations. It can be used at experimental worksta
tions, in law enforcement field work, and in territorial inspection and 
quarantine departments. Fig. 1 shows the detailed detection mode and 
how the results are displayed. The advantages of this assay are as fol
lows: (1) visualization of the assay results by combining with lateral flow 
test strips; (2) ability to recognize low concentration targets generating 
strong fluorescent signals; and (3) differentiation of specific and non- 
specific amplification products by fluorescence detection. LAMP- 
CRISPR-Cas12a is less enzyme-dependent, requires less manual labor, 
and is more efficient in both money and time. It facilitates timely 
monitoring and rapid development of transgenic control strategies. 

2. Materials and methods 

2.1. Materials 

2.1.1. Reagents 

2.1.1.1. Sample preparation. Genomic DNA from the seeds of transgenic 
material was extracted using a DP350 extraction kit (Tiangen Biotech
nology, Beijing, China). The transgenic products used in this paper were 
maize, soybean, cotton, canola, alfalfa, and sugar beet containing the 

Fig. 1. Detection of GMO products by the LAMP-CRISPR/Cas12a system. 
Genomic DNA was extracted from GMO products. LAMP amplification was performed at 60 ◦C for 12–15 min, followed by the Cas12a trans-cleavage reaction. The 
reaction mixture was directly loaded on the lateral flow strip. This portable CRISPR/Cas12a-based lateral flow platform was suitable for sensitive detection of GMOs. 
In the presence of the target gene, the ssDNA reporter complex of Bioten-15NT-FAM was captured by the capture probe and pre-modified on the test line. The test line 
and the control line are displayed. The results are visible to the naked eye. In high-throughput detection, the ssDNA reporter group of HEX-12NT-BHQ1 is used to 
directly utilize a fluorescence reader for fluorescence measurement. 

Table 1 
Experimental materials.  

GMO events ID CP4 EPSPS Cry1Ab/Ac 

Transgenic maize NK603 + – 
Transgenic soybean RRS MON89788 + – 
Transgenic cotton MON1445 MON88913 + – 
Transgenic rapeseed GT73 + – 
Transgenic alfalfa J101 + – 
Transgenic beet H7-1 + – 
Transgenic maize Bt11 – +

Transgenic soybean MON87701 – +

Transgenic cotton M0N531 – +

Transgenic rice KMD – +

Transgenic rice KF – +

Negative control NON-GMO – –  
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CP4-EPSPS gene and maize, soybean, cotton, and rice containing the 
Cry1Ab/Ac gene (Table 1). The various GMO detection samples were 
provided by the Crop Ecological Environment Safety Monitoring and 
Test Center, Ministry of Agriculture, People’s Republic of China. First, 
samples were crushed in a grinder, then plant genomic DNA was 
extracted and purified from 0.1 g of powder made from various trans
genic crops using a genomic extraction kit. The quality and concentra
tion of DNA samples were evaluated using a Nano Drop 1000 UV/Vis 
spectrophotometer (Thermo Scientific) and 1% agarose gel electropho
resis for subsequent amplification experiments. 

2.2. LAMP primer design 

Primer design is the key to LAMP reactions. LAMP primer sets were 
pre-designed at https://primerexplorer.jp/e/ based on the genome se
quences of CP4-EPSPS and Cry1Ab/Ac. The LAMP primers include two 
external primers F3 and B3, and two internal primers FIP and BIP. Based 
on the principle of LAMP, five sets of primer regions were designed for 
different regions of template DNA as shown in Table 2. The specificity of 
the primer sets was examined using NCBI BLAST, while the secondary 
structure and primer dimerization were examined using DNAMAN. 

2.3. LAMP condition optimization 

The LAMP reaction targeting CP4-EPSPS and Cry1Ab/Ac genes con
tained 12.5 μL 2 × LAMP buffer, 10 × LAMP primer mixture (16 μM FIP, 
16 μM BIP, 2 μM F3, 2 μM B3) and 8.5 μL distilled water. The above 
reagents were mixed thoroughly with 2.0 μL of extracted DNA, and the 
reaction was incubated at a constant temperature of 55–65 ◦C for 30–60 
min, and finally at 80 ◦C for 5 min to inactivate the enzymes in the re
action system to avoid affecting the subsequent digestion reaction. To 
optimize the LAMP detection system, the LAMP reaction temperature 
range (55–65 ◦C) and LAMP reaction time (0–60 min) were analyzed. 
The LAMP amplification products were analyzed and compared by 
electrophoresis and relative fluorescence intensity measurements as 
well as by test strip assay. Distilled water without DNase/RNase was 
used as a negative control to exclude possible false positive results in the 
LAMP reaction. 

2.4. LAMP-CRISPR-Cas12a 

A Cas12a cleavage experiment was used in all detection experiments. 
This Cas12a cleavage system was purchased from Tolo Biotech (Tolo 
Biotech, Anhui, China). The in vitro cleavage reaction of the CRISPR- 
Cas12a assay was optimized in a total volume of 20 μL containing 2 
μL CRISPR-Cas12a enzyme, 2 μL buffer, 1 μL 10 μmol/L ssDNA reporter 

Table 2 
LAMP primers, sgRNA and ssDNA in this study.   

Primer Name Sequences 

LAMP-CP4-1 LAMP-CP4-F1 GTGAAGTCCGCTGTTCTG 
LAMP-CP4-B1 GAAAGCAGTAGAGGATGGAT 
LAMP-CP4-FIP-1 TCAGTGTGGTCACGAGTCATTCTCAACACCCCAGGTATC 
LAMP-CP4-BIP-1 GTGTGCGTACCATCCGTCTTCACCTGGAACATCAATCACT 

LAMP-CP4-2 LAMP-CP4-F2 CTTGCTGGTCTCAACACC 
LAMP-CP4-B2 TGGGAAAGCAGTAGAGGAT 
LAMP-CP4-FIP-2 CAAAACCTTGAAGCATCTTTTCAGTAGGTATCACCACTGTTATCGA 
LAMP-CP4-BIP-2 GTGTGCGTACCATCCGTCTTGGATCACCTGGAACATCAA 

LAMP-CP4-3 LAMP-CP4-F3 AGGGTACCTATGGCTTCC 
LAMP-CP4-B3 AATCACTTGACCGGTGAG 
LAMP-CP4-FIP-3 TCGATAACAGTGGTGATACCTGGTCAAGTGAAGTCCGCTGT 
LAMP-CP4-BIP-3 CACTGAAAAGATGCTTCAAGGTTTTACCTTCAAGACGGATGGT 

LAMP-CP4-4 LAMP-CP4-F4 CTCAACACCCCAGGTATC 
LAMP-CP4-B4 GAAAGCAGTAGAGGATGGAT 
LAMP-CP4-FIP-4 CACCAAAACCTTGAAGCATCTTTTACCACTGTTATCGAGCCA 
LAMP-CP4-BIP-4 GTGTGCGTACCATCCGTCTTCACCTGGAACATCAATCACTT 

LAMP-CP4-5 LAMP-CP4-F5 TACCTATGGCTTCCGCTC 
LAMP-CP4-B5 TTCAAGACGGATGGTACG 
LAMP-CP4-FIP-5 GCTCGATAACAGTGGTGATACCAGTGAAGTCCGCTGTTCT 
LAMP-CP4-BIP-5 AATCATGACTCGTGACCACACTGACCGTCAGCATCAGTCTC 

LAMP- CRY-1 LAMP-CRY-F1 GTAAGGTCGTTGTAACGGCT 
LAMP-CRY-B1 ACATGAACAGCGCCTTGAC 
LAMP-CRY-FIP-1 CACCTCAGCGTGCTTCGAGATGCAGCATCGAATCCCCA 
LAMP-CRY-BIP-1 AGCTGCTTGAACGTACACGGACCAGCTATCCCATTGTTCGCA 

LAMP- CRY-2 LAMP-CRY-F2 GCCAGTGTTGTACCAACGAA 
LAMP-CRY-B2 ACATGAACAGCGCCTTGAC 
LAMP-CRY-FIP-2 TGGGGATTCGATGCTGCAACCGTGGTCGGTGTAGTTTCCAA 
LAMP-CRY-BIP-2 CGAAGCACGCTGAGGTGAAGAATTGTTCGCAGTCCAGAACT 

LAMP- CRY-3 LAMP-CRY-F3 GTGTTGTACCAACGAACAG 
LAMP-CRY-B3 GCCTTGACCACAGCTATC 
LAMP-CRY-FIP-3 GATTCGATGCTGCAACCATCATAGTTTCCAATCAGCCTAGT 
LAMP-CRY-BIP-3 GAAGCACGCTGAGGTGAAGACAGTCCAGAACTACCAAGTT 

LAMP- CRY-4 LAMP-CRY-F4 GTACCAACGAACAGCGTG 
LAMP-CRY-B4 CAGTTCAACGACATGAACAG 
LAMP-CRY-FIP-4 TGGGGATTCGATGCTGCAACTCCAATCAGCCTAGTAAGGT 
LAMP-CRY-BIP-4 GGTGAAGATTAGCTGCTTGAACGACCACAGCTATCCCATTG 

LAMP- CRY-5 LAMP-CRY-F5 GTAAGGTCGTTGTAACGGCT 
LAMP-CRY-B5 ACATGAACAGCGCCTTGAC 
LAMP-CRY-FIP-5 TCTTCACCTCAGCGTGCTTCGAGCATCGAATCCCCACCT 
LAMP-CRY-BIP-5 AGCTGCTTGAACGTACACGGACACAGCTATCCCATTGTTCGC  
CP4-SgRNA-1 AAUUUCUACUGUUGUAGAUGGUGCUAACCUUACCGUUGAGACU 
Cry-SgRNA -2 AAUUUCUACUGUUGUAGAUCCCAAACACGCUAACGUCUCGAAG 
HEX-12NT-BHQ1 HEX-TTTTTTTTTTTT-BHQ1 
FITC-8NT-Biotin FITC-TTTTTTTT-Biotin  
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gene, 2 μL 10 μmol/L sgRNA, 0.5 μL 5.0 U/μL ribonuclease inhibitor and 
12.5 μL ribonuclease-free water. The mixture was first kept at 37 ◦C for 
30 min, and then reacted at 85 ◦C for 2 min to inactivate Cas12a enzyme. 
Finally, 20 μL of the above reaction mixture was mixed with 180 μL of 
distilled water and transferred to a black opaque enzyme labeling plate, 
after which the fluorescence value was read from a multifunctional 
enzyme labeling instrument. The excitation wavelength was 480 nm and 
the spectra were recorded between 500 and 650 nm. 

2.5. LAMP –CRISPR-Cas12a-LFA 

To assess the visual presentation of results for portable applications, 
LAMP-CRISPR-Cas12a was combined with a lateral flow assay (LAMP- 
CRISPR-Cas12a-LFA). An example of test strips prepared in the labora
tory, biotin ligand and goat anti-rabbit IgG were dropped onto a nitro
cellulose filter membrane at a flow rate of 1 μL/cm to form a control line 
and a test line, respectively. The glass fiber sample pads, conjugate pads 
and absorbent pads were sequentially assembled along the nitrocellu
lose membrane on an adhesive backing pad with an overlap of 2 mm and 
then cut into 0.3 cm wide strips. The conjugate pad of the test strips was 
laid with colloidal gold-labeled FITC antibody complex. Biotin ligand 
and goat anti-rabbit antibody were immobilized on the NC membrane at 
the positions corresponding to the C and T lines, respectively. The 
chromogenic agent for the strips was colloidal gold, and an increase or 
appearance of signal was correlated with a positive result. In the LAMP- 
Cas12a-LFA system, trans-cleavage was activated only upon binding to 
an activator (experimental target) that had complementary base-pairing 
with crRNA. Positive samples produce two bands in the test and control 
capture bands, while negative samples produce only one band in the 
control line. First, 95 μL of buffer was mixed in a tube, and 3 μL of gilt 
was added to the binding pad on the test strip with 5 μL of CRISPR- 
Cas12a reaction product as described above. The strips were then 
placed upright in each tube for 5 min at room temperature. Subse
quently, the strips were removed and placed on a horizontal surface, and 
the results were visualized using the naked eye. This experimental test 
strip assay was repeated three times for each experiment. 

2.6. LAMP-CRISPR-Cas12a-LFA specificity 

To verify the specificity of the system, a total of 7 transgenic crops 
and non-transgenic crops were tested. LAMP amplified for 30–35 min at 
61 ◦C. The amplified products were first analyzed using 1.5% agarose gel 
electrophoresis. Then the amplified products were mixed with CRISPR- 
Cas12a system and incubated at 37 ◦C for 30 min to observe the fluo
rescence results with a multi-functional enzyme marker, and finally the 
incubation products were incubated in lateral flow test strips in buffer at 
room temperature for 5 min with a reaction system containing CP4- 
EPSPS and Cry1Ab/Ac, sgRNA, Cas12a and LAMP products, and the 
visualization results were observed directly by the naked eye. 

2.7. LAMP-CRISPR-Cas12a-LFA sensitivity 

Calculation of the copy number of pMD18T plasmids containing CP4- 
EPSPS and Cry1Ab/Ac sequences based on plasmid and insert molecular 
weight. The pMD18T plasmid DNA standard was used as a template for 
LAMP-CRISPR-Cas12a fluorometric assay at 10-fold dilution to deter
mine the detection limit, with a plasmid concentration ranging from 
3.65 × 104 to 10 copies/mL. The diluted sequences were then amplified 
and the amplified products were subjected to gel electrophoresis anal
ysis and fluorescence value determination. Finally, the incubation 
product was added to the test paper, and the product was assayed and 
analyzed to determine the T-line. 

2.8. LAMP-CRISPR-Cas12a-LFA transgenic products 

Suitable LAMP primers and sgRNAs were selected based on the assay 

results to validate the performance of the system in detecting different 
transgenic products containing CP4-EPSPS and Cry1Ab/Ac genes, 
respectively. Eight transgenic strains containing CP4-EPSPS and five 
transgenic strains containing Cry1Ab/Ac were tested. After LAMP 
amplification, the CRISPR-Cas12a digestion system was added to 
observe the fluorescence values, and finally the test strips were tested to 
observe the detection results and compare them to the fluorescence 
detection results for analysis. 

2.9. Statistical analysis 

Each experiment was performed in triplicate. The fluorescence in
tensity measurement was performed using a multi-purpose microplate 
reader (Tecan, Mannedorf, Switzerland). Data analysis was performed 
using SPSS 23.0 multivariate analysis software (IBM Crop, Chicago, 
USA). Data are expressed as the mean ± standard deviation (SD). For 
parametric data, comparisons of different groups were performed by 
one-way analysis of variance followed by the Tukey–Kramer HSD test (α 
= 0.05) for multiple comparisons. Statistical analysis was performed 
using GraphPad Prism 8 (GraphPad Software Inc., Chicago, USA). P <
0.05 was considered statistically significant. 

3. Results 

In this paper, using transgenic products as research objects, through 
the analysis of CP4-EPSPS and Cry1Ab/Ac genes specific fragments, we 
optimized the specific primers, amplification reaction time and tem
perature of LAMP reaction, and established a method of LAMP, CRISPR- 
Cas12a and lateral flow detection (LAMP-CRISPR-Cas12a), which can 
provide technological support for the screening of transgenic products. 

3.1. LAMP reaction primer screening 

Five sets of LAMP primers were designed for the relatively conserved 
sequences of CP4-EPSPS and Cry1Ab/Ac genes (Table 2), and the LAMP 
products generated by different primers were subjected to gel electro
phoresis. In the LAMP reaction of CP4-EPSPS gene, only primer 1 and 
primer 5 produced amplified fragments, and the amplified fragment of 
primer 1 was clearer and more complete than that of primer 5, as shown 
in Fig. 2A. In the Cry1Ab/Ac gene LAMP reaction, only primer 5 pro
duced bright and clear amplification fragment, as shown in Fig. 2B. 

3.2. LAMP reaction temperature optimization 

To determine the optimal temperature for LAMP, the reaction was 
carried out between 55 and 65 ◦C for 60 min. The LAMP amplification 
product of CP4-EPSPS could be detected at 56–65 ◦C (Fig. 3), and the 
LAMP amplification product of Cry1Ab/Ac could be detected at 
57–65 ◦C (Fig. 3). As the temperature increased, the amplified bands 
became denser, brighter, and clearer. When the temperature reached 
61 ◦C, the ladder-like bands could be clearly observed, and the test strips 
showed more obvious T lines. Therefore, the amplification temperature 
of 61 ◦C was used for subsequent amplification. 

3.3. LAMP reaction time optimization 

To optimize the reaction time, LAMP reactions were performed for 
durations of 25, 30, 35, 40, 45, 50, and 60 min, respectively. The results 
showed that the CP4-EPSPS gene produced amplicons at 35 min by 
LAMP reaction, and the fluorescence value decreased continuously with 
the shortening of amplification time. Furthermore, the Cry1Ab/Ac gene 
could detect the amplification product by 30 min of LAMP reaction and 
produced strong fluorescence values. The test strip detection results 
were consistent with the fluorescence values. Therefore, the target gene 
could be detected by 30–35 min of LAMP reaction (Fig. 4). 
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3.4. LAMP-CRISPR-Cas12a test strip specificity assay 

The samples containing the PAT gene, CP4-EPSPS gene, Cry1Ab/Ac 
gene, and nucleic acid samples of the blank control were processed to 
evaluate the LAMP-CRISPR-Cas12a system specificity assay. The 
experimental results showed that the sgRNA of CRISPR-Cas12a system 
was highly specific to the genes being tested. Only the GMs containing 
CP4-EPSPS and Cry1Ab/Ac genes initiated the subsequent LAMP reac
tion to produce amplification fragments with clear fluorescent signals, 
while no strong positive fluorescent signals were detected in the 

reactions of other transgenic and non-transgenic crops. Next, using 
lateral flow test strips for specific visualization, a clear band was only 
observed at the T-line of the samples containing CP4-EPSPS and Cry1Ab/ 
Ac and the transgenic mixture among the eight samples (Fig. 5). In 
addition, the T-line intensity was stronger than the C-line and consistent 
with the fluorescence intensity. 

3.5. LAMP-CRISPR-Cas12a test strip sensitivity assay 

Diluted CP4-EPSPS and Cry1Ab/Ac plasmid standards were used to 

Fig. 2. LAMP primer screening. A: CP4-EPSPS gene primer screening, 1–5: LAMP-CP4-F/R, B: Cry1Ab/Ac gene primer screening, 1–5: LAMP-Cry-F/R. NTC: system 
without added template. M: DL2000 Marker. In Figure A, only LAMP-CP4-1 and LAMP-CP4-5 primers produced amplification fragments, and LAMP-CP4-1 ampli
fication fragment was clearer and more complete than LAMP-CP4-5, so LAMP-CP4-1 was selected as the primer for subsequent LAMP detection of CP4-EPSPS gene. In 
Figure B, in the Cry1Ab/Ac gene detection LAMP reaction, only LAMP- CRY-5 produced a bright and clear amplicon, which can be used as the primer for subsequent 
Cry1Ab/Ac gene LAMP detection. 

Fig. 3. LAMP reaction temperature optimization. A, B, and C are the results of agarose gel electrophoresis analysis, lateral flow test strip detection, and band in
tensity ratio, respectively. A-1, A-1, A-1: LAMP reaction temperature optimization for CP4-EPSPS gene. B-2, B-2, B-2: LAMP reaction temperature optimization for 
Cry1Ab/Ac gene. 1–8: 65 ◦C, 64 ◦C, 63 ◦C, 61 ◦C, 59 ◦C, 57 ◦C, 56 ◦C, 55 ◦C. NTC: system without the addition of template. The optimal temperature of the reaction 
was finally determined to be 61 ◦C. 
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determine the limit of detection, and the results indicated that the limit 
of detection for the reaction was 100 copies (Fig. 6). Amplification and 
fluorescence occurred in CP4-EPSPS and Cry1Ab/Ac plasmid templates 
at plasmid concentrations of 3.89 × 104~1 × 102 copies (Fig. 6C), and 
the amplified bands gradually became darker and the fluorescence in
tensity gradually decreased. Below 1 × 102 copies, no band and no 
fluorescence signal were observed. Meanwhile, the detection using the 
lateral flow method was 100 copies (Fig. 6D), and the results were 
consistent with the fluorescence detection results. 

3.6. LAMP-CRISPR-Cas12a test strip transgenic product detection 

To test the stability of this reaction system, transgenic products 
containing CP4-EPSPS and Cry1Ab/Ac genes were selected for valida
tion. The results showed that all of them produced fluorescence signals 
except the blank control, indicating that the reaction system is stable 
and feasible. Then, LAMP amplification products and CRISPR-Cas12a 
were combined with sgRNA targeting CP4-EPSPS and Cry1Ab/Ac 
genes to form a test strip detection system. The results showed that all 
transgenic positive lines showed the appearance of T and C lines, and 

Fig. 4. LAMP reaction time optimization. a, b, c, and d are the results of agarose gel analysis, fluorescence detection, and lateral flow test strip detection of band 
intensity ratio, respectively. a-1, b-1, c-1, and d-1 are the time optimization of CP4-EPSPS gene. The results show that 35 min is the optimal time. A-2, B-2, C-2, D-2 
are the time optimization for Cry1Ab/Ac gene. The results show the optimal time is 30 min. 1–6 are: 60, 50, 40, 35, 30, 25 min, respectively. NTC: the system without 
template addition. Note: **** is significantly different (p < 0.0001). 

Fig. 5. LAMP-CRISPR-Cas12a specificity assay. A, B, C, and D are the results of agarose gel analysis, fluorescence detection and lateral flow test strip detection and 
band intensity ratio, respectively. A-1, B-1, C-1, and D-1 are the results of LAMP-CRISPR-Cas12a specificity assay for CP4-EPSPS gene. 1–8 are the results of 
transgenic soybean MON88913, DNA mixed samples (MON88913: BT11: TC1507 = 1:1:1), transgenic rice KF, transgenic oilseed rape RF, transgenic oilseed rape MS, 
transgenic maize TC1507, A2704, non-transgenic maize. A-2, B-2, C-2, D-2 are the results of LAMP-CRISPR-Cas12a specificity assay for Cry1Ab/Ac gene. 1–8 are 
transgenic soybean MON87701, DNA mixed samples (MON88913: BT11: TC1507 = 1:1:1), transgenic soybean RRS, transgenic rape RF, transgenic maize A2704, 
TC1507, transgenic rape MS, and non-transgenic maize, respectively. NTC: No template was added to the system. Note: **** is significantly different (P < 0.0001). 
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both T and C line bands were homogeneous, while the negative samples 
showed only C lines, which was consistent with the fluorescence assay 
results shown in Fig. 7. 

4. Discussion 

Recent studies have indicated that sequence-specific nucleic acid 
detection is still the most practical detection method. LAMP is a rela
tively mature isothermal amplification technique, and it is widely used 
in nucleic acid detection, including in virus detection and transgenic 
detection, because of its efficient amplification, high specificity, and low 
cost. The LAMP reaction requires four primers that recognize six 
different regions on the target (Lee et al., 2019), which can greatly in
crease specificity, and the reaction process involves continuous cycles of 

target synthesis, leading to rapid and efficient amplification. Combining 
CRISPR with LAMP enables the detection of low-copy molecules. The 
RNA-mediated DNA-targeted CRISPR effector protein Cas12a 
side-branch cleavage proposed in this study uses Cas12a non-specific 
targeting of ssDNA for lateral targeting cleavage as a starting point 
(Shi et al., 2022). The CRISPR-Cas12a system is a new nucleic acid 
detection technology. Its trans-cleavage activity provides a new idea for 
nucleic acid detection. In this study, we established a low-cost, highly 
sensitive, convenient LAMP-CRISPR-Cas12a mobile test strip system 
that combines LAMP and a CRISPR-Cas12a assay. The results are visu
alized using mobile test strips, which can be used for the rapid detection 
of transgenes in the field. The assay established in this study is simple, 
relatively low-cost, rapid, specific, and highly sensitive, and it requires 
minimal equipment to detect the presence of target DNA fragments in a 

Fig. 6. LAMP-CRISPR-Cas12a sensitivity assay. A, B, C, D are the results of agarose gel analysis, fluorescence assay, lateral flow test strip assay and band intensity 
ratio. A-1, B-1, C-1, D-1 are the sensitivity assay results of CP4-EPSPS gene. G1: 3.89 × 104 copies, G2: 3.89 × 103 copies, G3: 3.89 × 102 copies, G4: 200 copies, G5: 
100 copies, G6: 50 copies, G7: 10 copies. G3: 3.89 × 102 copies, G4: 200 copies, G5: 100 copies, G6: 50 copies, G7: 10 copies. A-2, B-2, C-2, D-2 are the sensitivity 
results of Cry1Ab/Ac gene, G1: 3.81 × 104 copies, G2: 3.81 × 103 copies, G3: 3.81 × 102 copies, G4: 200 copies, G5: 100 copies, G6: 50 copies, G7: 10 copies. NTC: no 
template was added to the system. The final detection limit for CP4-EPSPS and Cry1Ab/Ac genes was determined to be 100 copies. Note: **** is significantly different 
(p < 0.0001). 

Fig. 7. LAMP-CRISPR-Cas12a transgenic product assays. a, b, c, and d are the results of agarose gel analysis, fluorescence assay, lateral flow test strip assay and band 
intensity ratio results. a-1, b-1, c-1, d-1 is CP4-EPSPS gene transgenic product assays, 1–8 are transgenic soybean RRS, transgenic oilseed rape GT73, transgenic 
soybean MON88913, transgenic alfalfa J163, J101, transgenic cotton MON1445, transgenic maize NK603, transgenic soybean MON89788, respectively. B is Cry1Ab/ 
Ac transgenic product testing, A-2, B-2, C-2, D-2 is Cry1Ab/Ac transgenic product testing, 1–5 transgenic soybean MON87701, transgenic rice KMD, transgenic cotton 
MON531, transgenic maize BT11, transgenic rice KF. M: DL2000 Marker, NTC: no template added to the system. Note: **** is significantly different (P < 0.0001). 
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given sample. In combination with the lateral flow test strip technique, 
the test results are visible to the naked eye, which is of great practical 
value in the clinical testing of nucleic acids in China. By changing the 
type of primers used, the target of detection can also be changed. 
Combining LAMP isothermal amplification with the Cas12a enzyme at a 
At room temperature (Pang et al., 2020) enables a true single-tube assay 
mixture (Li et al., 2021). The LAMP and CRISPR-Cas12a reagents in the 
LAMP-CRISPR-Cas12a assay can be lyophilized and stored at room 
temperature, thus reducing the cost of cold storage and of the trans
portation of reagents. CRISPR-Cas12a could also have great potential in 
the development of next-generation nucleic acid detection biosensors 
due to the trans-cleavage ability of Cas effector proteins. 

5. Conclusion 

LAMP amplification has been widely used in transgenic detection 
because of its low cost, low enzyme dependence and high efficiency. In 
this paper, we designed five sets of LAMP primers for the CP4-EPSPS and 
Cry1Ab/Ac genes. The amplification system of LAMP was then opti
mized, along with the ultra-sensitive recognition system of CRISPR- 
Cas12a. Finally, a group of highly specific LAMP primers were 
selected. The optimized reaction time was 30–35 min and the reaction 
temperature was 61 ◦C. The whole detection process could be completed 
within 1 h. The LAMP-CRISPR-Cas12a-based fluorescence detection 
system and test strip detection system established in this study are easy 
to operate, highly sensitive and specific, and only need constant tem
perature equipment to achieve large-scale detection. 
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