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Table S1. Sequences of PCR Primer 

Pathogen Primer sequence (5′–3′) [a] Size (nt) 

Listeria 

monocytogenes (L. 

monocytogenes) 

FP GTCTTTTAAGTGGAGTAAACCTT 23 

RP ACAAGACTTCACCAATCCA 19 

PAM-FP TGGATTTCAGGCAAGTCATCTTGTTCG 27 

PAM-RP TCCATTTCACGTGTACACAGAAAAGCG 27 

[a] FP, forward primer; RP, reverse primer. 

 

Table S2. Sequences of LAMP primer 

Pathogen Primer sequence (5′–3′) [a] Size (nt) 

Listeria 

monocytogenes (L. 

monocytogenes) 

F3 GTCTTTTAAGTGGAGTAAACCTT 23 

B3 ACAAGACTTCACCAATCCA 19 

FIP 
CCTGTGCCAAAGCATTTTTACATTTTTTA

GGCAAGTCATCTTGTTCG 
47 

BIP 
TAAGTCTCTTTGCAATTGACCGACTTTTA

CGTGTACACAGAAAAGCG 
47 

[a] F3, forward primer; B3, backward primer; FIP, forward inner primer; BIP, backward inner 

primer. 

 

Table S3. crRNA and probe sequences 

Name[a] Complete crRNA sequence Size (nt) 

crRNA1 
UAAUUUCUACUAAGUGUAGAUAGGCAAGUCAUCU

UGUUCGAUUAA 
45 

crRNA2 
UAAUUUCUACUAAGUGUAGAUACGUGUACACAGA

AAAGCGCUGAU 
45 

crRNA3 
UAAUUUCUACUAAGUGUAGAUAGUCUCUUUGCAA

UUGACCGACGU 
45 

Probe FAM-TTATT-BHQ 5 

[a] crRNA1 and crRNA2 used for eliminating contamination; crRNA3 used for detection. 
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Table S4. Target gene sequences 

Pathogen Target sequence (5′–3′) Size (bp) 

Listeria 

monocytog

enes (L. 

monocytog

enes) 

 

GTCTTTTAAGTGGAGTAAACCTTTTTGAACGTGGATAGGCA

AGTCATCTTGTTCGATTAATATATAATTAGCCGTTTTGGTTT

TATAATGTAAAAATGCTTTGGCACAGGCTAGTTTTAAGTCT

CTTTGCAATTGACCGACGTTCGCACTTGCATGATAAAGTAA

AAAAGCAATCAGCGCTTTTCTGTGTACACGTATGGATTGGT

GAAGTCTTGT[a] 

216 

TGGATTTCAGGCAAGTCATCTTGTTCGATTAATATATAATT

AGCCGTTTTGGTTTTATAATGTAAAAATGCTTTGGCACAGG

CTAGTTTTAAGTCTCTTTGCAATTGACCGACGTTCGCACTTG

CATGATAAAGTAAAAAAGCAATCAGCGCTTTTCTGTGTAC

ACGTGAAATGGA[b] 

176 

GTCTTTTAAGTGGAGTAAACCTTTTTGAACGTGGATTTTAG

GCAAGTCATCTTGTTCGATTAATATATAATTAGCCGTTTTGG

TTTTATAATGTAAAAATGCTTTGGCACAGGCTAGTTTTAAG

TCTCTTTGCAATTGACCGACGTTCGCACTTGCATGATAAAG

TAAAAAAGCAATCAGCGCTTTTCTGTGTACACGTAAAATG

GATTGGTGAAGTCTTGT[c] 

222 

[a] The PCR amplification sequence was amplified with FP and RP primers. This sequence then 

served as the template DNA. 
[b] The contaminant DNA sequence was amplified using the PAM-FP and PAM-RP primers in 

the PCR. 
[c] The LAMP reaction amplification sequence, which was the contaminant DNA sequence in 

the LAMP. 
[b c] The TTT and AAA sequences in the red sections of the amplified sequence were introduced 

using primers that were designed to meet Cas12a's requirements, which necessitate the 

presence of a PAM site within the amplified sequence. 
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Table S5. Comparison of different methods for contamination removal and endpoint detection 

System name Types of enzymes Amplification 

strategy 

Signal output Assay time Capacity to remove 

contamination 

One-pot 

assay 

Reference 

CUT-LAMP Cas9; Cas12a LAMP Fluorescence / naked- 

eye 

60 min 10 pg No [1] 

CRISPR/Cas9 Eraser for PCR Cas9 PCR/RT-PCR Lateral flow device 77-113min - No [2] 

UDG-LAMP UDG LAMP Fluorescence 65 min 100 ag No [3] 

AUDG-SAMRS-LAMP UDG LAMP Lateral flow  ~95 min 10 fg No [4] 

CADLAB  UDG; PfAgo LAMP Fluorescence 65 min - Yes [5] 

UCLD UDG; Cas12a LAMP Fluorescence 105 min - No [6] 

UDG-LAMP-CRISPR/Cas12a UDG; Cas12a LAMP Fluorescence 75 min - No [7] 

UDG-LAMP-CRISPR/Cas12b UDG; Cas12b LAMP Fluorescence 30-55 min 1 pg Yes [8] 

UPC-MRS  UDG; Cas12a PCR T2 signal 60 min 10-15 g No [9] 

ETL-CRISPR  UDG; Cas12a LAMP Fluorescence/lateral flow 60 min 0.01 copies No [10] 

- Cas12a PCR/LAMP Fluorescence 60 min 106 copies (~1 pg) Yes This work 

Note: -, not specified.
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Figure S1. Schematic diagram of Cas12a- and Cas9-based decontamination strategy. (a-b) PCR 

decontamination strategies. For Cas12a (a), efficient elimination is achieved regardless of PAM 

position (5' or 3' end) because its cleavage site is 18 nt away from the PAM, leaving residual 

fragments too short to stably re-anneal with primers. In contrast, Cas9 (b) cleaves only 3 nt 

from the PAM; when the PAM is at the 5' end (I), the remaining 17 nt fragment poses a 

re-extension and contamination risk. (c) LAMP decontamination strategies. Both Cas12a (c) 

and Cas9 (d) digest amplicons, but the short cleavage gap of Cas9 (~3 nt) may leave fragments 

capable of triggering false-positive amplification. 
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Figure S2. Specific locations of primers and crRNAs designed for L. monocytogenes targets. 

The red sequences indicate the PAM sites, and the blue sequences represent the target 

sequences of crRNA (crRNA 1, crRNA 2, and crRNA 3). 

 

 

Figure S3. The feasibility of the PAM-PCR assay. Comparison of PAM- primers and normal 

primers in PCR amplifications (a), with a gel image (b). 
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Figure S4. Schematic illustration and evaluation of contaminant cleavage by Cas12a with 

different crRNA designs. (a) Schematic diagram of Cas12a-mediated cleavage of the 

contaminant amplicon directed by crRNA1 and crRNA2. Cleavage with either crRNA 

generates 26-bp and 150-bp fragments, whereas simultaneous use of both crRNAs 

additionally produces a 124-bp fragment. (b) Real-time amplification analysis of contaminant 

degradation by Cas12a in the presence of crRNA1, crRNA2, or dual crRNAs (1&2). 

 

 

Figure S5. Gel analysis of specific degradation of contaminant DNA by Cas12a-crRNA1&2 

while preserving the target template. 
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Figure S6. Gel analysis of contaminant degradation by Cas12a at different Mg²⁺ 

concentrations. Reactions were performed with Cas12a-crRNA at the indicated Mg²⁺ 

concentrations, and a reaction without Cas12a-crRNA was included as a control. 

 

 
Figure S7. Gel analysis of Cas12a-mediated contaminant degradation in different buffers. 

Buffer 1 and Buffer 2 denote the Cas12a reaction buffer and PCR buffer, respectively. 
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Figure S8. Gel analysis of contaminant degradation by Cas12a at different Cas12: 

dual-crRNA ratios. In the dual-crRNA system, each crRNA was used at 0.05 μM. 

 

 

 

 

Figure S9. Real-time amplification analysis of carryover contaminants in Cas12a-free and 

Cas12a-treated PCR reactions containing 10 copies of target DNA. Cas12a-free PCR (a) and 

Cas12a-treated PCR (b) were evaluated using a simulated series of contaminants (107 to 0 

copies/μL). NTC denotes the no-template control. 
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Figure S10. Effect of different sugars on the thermal stability of Cas12a at 54°C. Normalized 

fluorescence of the Cas12a-crRNA complex was recorded over time in the presence of 

trehalose, sucrose, sorbitol, or without sugar. 

 

 
Figure S11. Sensitivity and specificity of Cas12a-PCR for detection of L. monocytogenes. (a,b) 

Real-time amplification curves of 10-fold serial dilutions of L. monocytogenes in Cas12a-free 

PCR (a) and Cas12a-treated PCR (b). (c,d) Real-time amplification curves showing the 

specificity of Cas12a-free PCR (c) and Cas12a-treated PCR (d) in the presence of L. 

monocytogenes, S. aureus, Salmonella spp., Escherichia coli, and E. sakazakii. NTC denotes the 

no-template control. 
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Figure S12. Comparison of Cas12a- and UDG-based decontamination strategies in 

artificially contaminated milk samples. (a) Real-time amplification analysis of positive and 

negative milk samples with or without Cas12a treatment. (b) Real-time amplification 

analysis of positive and negative milk samples with or without UDG treatment. 

 

 

Figure S13. Effect of Cas12a trans-cleavage on LAMP reaction primers at various Mg2+ 

concentrations in the presence of a contaminant. 
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Figure S14. Evaluation of the practicality ability of adding Cas12a to eliminate LAMP 

false-positive results due to carryover contamination. Conventional LAMP results without 

cross-contamination (left panel). False-positive results due to contamination from previous 

reactions as a template (middle panel). Results of eliminating false-positive amplification by 

adding Cas12a to cleave contaminants containing PAM sites (right panel). 

 

 

 

Figure S15. Test results of the system cleavage capacity in the presence and absence of 

Cas12a at different contaminant concentrations. (a) Cas12a-free reactions exhibited 

amplification in the presence of as few as 101 copies of the carryover contaminant, and (b) 

Cas12a treatment effectively eliminated the amplification. 
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Figure S16. Sensitivity and specificity of Cas12a-LAMP for detection of L. monocytogenes. (a,b) 

Real-time amplification curves of 10-fold serial dilutions of L. monocytogenes in Cas12a-free 

LAMP (a) and Cas12a-treated LAMP (b). (c,d) Real-time amplification curves showing the 

specificity of Cas12a-free LAMP (c) and Cas12a-treated LAMP (d) in the presence of L. 

monocytogenes, S. aureus, Salmonella spp., Escherichia coli, and E. sakazakii. NTC denotes the 

no-template control. 
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