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Abstract: The lateral flow assay is one of the oldest and most convenient analytical techniques for 

analyzing the immune response, but its applicability to precise genetic analyses is limited by the tedious 

and inefficient hybridization steps. Here, we have introduced a new version of the lateral flow assay, 

termed Cas9-mediated lateral flow nucleic acids assay (CASLFA), to address such issues. In this study, 

CASLFA is utilized to identify Listeria monocytogenes, genetically modified organisms (GMOs), and 

African swine fever virus (ASFV) at a sensitivity of hundreds of copies of genome samples with high 

specificity within 1 h. CASLFA satisfies some of the characteristics of a next-generation molecular 

diagnostics tool due to its rapidity and accuracy, allowing for point-of-care use without the need for 

technical expertise and complex ancillary equipment. This method has great potential for analyzing genes 

in resource-poor or nonlaboratory environments. 
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Introduction 

Due to its high sensitivity and excellent specificity, molecular diagnosis has shown great potential in 

applications in the fields of control and prevention of human and animal diseases, food safety detection, 

and environmental monitoring1-3. Some of these diagnostic techniques are playing key roles in clinical 

applications, such as prenatal testing4, oncogene mutation testing5, diagnosis of infectious diseases6, and 

identification of microorganisms7. Currently, gene sequencing, polymerase chain reaction (PCR), and in 

situ hybridization are the most widely used technologies. However, the dependence on expensive 

instruments and skilled technicians makes them unavailable in resource-limited laboratories or when rapid 

detection is needed. Lateral flow assays, such as lateral flow immunoassays, are one of the most 

convenient point-of-care testing (POCT) techniques and was launched commercially more than 30 years 

ago8-14. In recent years, lateral flow assays have been adopted for nucleic acids analyses that are rapidly 

being developed for gene identification15, 16. In a typical lateral flow nucleic acid assay (LFA), the analytes, 

such as double-stranded nucleic acids, are amplified by PCR or isothermal techniques using primers with 

two different tags, which are responsible for binding to their affinity ligand for capture on a paper substrate 

and signal output for detection17, 18. However, the major limitation of the existing LFAs is that the method 

fails to distinguish target-dependent from target-independent amplicons, such as primer dimers, thus 

leading to false-positive signals. A precise nucleic acid analysis has been achieved by designing a probe 

sequence for complementary hybridization19. Before lateral flow detection, the obtained amplicons are 

initially denatured at a high temperature to separate the strands and then renatured at a low temperature 

for probe-amplicon hybridization. However, tedious hybridization and manipulation steps and limited probe 

accessibility caused by the renaturation and formation of secondary structures make a conventional 

hybridization assay time-consuming and inefficient. Asymmetric nucleic acid amplification allows the 

production of single-stranded nucleic acids to be hybridized in a method compatible with mild temperature 

conditions, but at the expense of a reduced amplification efficiency20. Overall, the lack of convenience, 

rapidity, and efficiency has rendered the conventional LFA a non-user-friendly approach in practical 

applications. Thus, a novel LFA that addresses the problems mentioned above must be developed. This 

new approach will hopefully pave the way for the application of LFA technology to clinical or other 

molecular diagnostics platforms. 

CRISPR/Cas technology has revolutionized various fields of molecular biology, such as gene editing, 

gene regulation, and gene imaging, and is showing great promise in the field of molecular diagnostics21. 
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Currently, the application of CRISPR-Cas technology to genetic detection that relies on CRISPR/Cas12a, 

CRISPR/Cas13a, and CRISPR/Cas14a systems has been extensively developed1, 3. All of these methods 

depend on an indirect measurement of trans-cleavage activity triggered by target sequence recognition. 

However, trans-cleavage activity may be inhibited or nonspecifically activated by target-independent 

factors22. 

The CRISPR/Cas9 system possesses excellent DNA recognition capabilities but does not possess 

target-dependent trans-cleavage activity; therefore, direct detection methods can be developed23-25. On 

the other hand, only CRISPR/Cas12a and CRISPR/Cas9 system are available for dsDNA recognition. 

The recognition of dsDNA by CRISPR/Cas12a depends on the protospacer adjacent motif (PAM) site, 

TTTN, adjacent to the target dsDNA26-29. This site is not detected as frequently in the genomic sequence 

as the PAM sequence of NGG or, to a lesser extent, NG for CRISPR/Cas9, which occurs once in every 8 

bps or 4 bps of random DNA and thus is less restrictive than TTTN30, 31. We envisioned the use of 

CRISPR/Cas9 as a genetic recognition component to develop a more general genetic detection platform. 

Using the CRISPR/Cas9 tool, our laboratory and other groups have developed new methods for 

genotyping pathogens and discriminating single nucleotide polymorphisms (SNPs) based on 

CRISPR/Cas9-mediated cleavage32-35. Very recently, two isothermal nucleic acid amplification methods 

based on the Cas9 nickase have also been developed and require a pair of Cas9/sgRNAs, two or three 

nucleases, accessory proteins, and expensive fluorescent probes36, 37. Successful detection of dsDNA 

has also been achieved by binding based on dead Cas9 (dCas9)32-35. Despite this continuous progress, 

the highly complex the biosensor construction process or cost of this technique hampers its widespread 

application, particularly at the point of care. In this study, we aim to develop a simplified nucleic acid assay 

that minimizes the reliance on instruments and professionals. This core of the technique is to integrate 

CRISPR/Cas9 recognition into a lateral flow detection platform; we thus termed this technology the Cas9-

mediated lateral flow nucleic acid assay (CASLFA).  

Results and Discussion 

Structure analyses have shown that PAM-dependent CRISPR/Cas9 recognition results in a 

sequential, stepwise unwinding, subsequently releasing the nontargeted strand of the target dsDNA as a 

single strand38. We thus hypothesized that the released nontargeted single strand triggered by 

CRISPR/Cas9 recognition can be used as the template for the probe (such as AuNP-DNA probes used in 
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this study) hybridization. Based on this premise, we integrated the CRISPR/Cas9 system with a lateral 

flow device to develop a novel dsDNA detection technique (Figure 1A). We termed this strategy the DNA 

unwinding-based hybridization assay. In this strategy, the lateral flow device, which consists of a sample 

pad, a conjugate pad, test line, control line, and the absorbent pad, was designed (Figure 1A). An AuNP-

DNA probe based on poly adenine (A)-Au affinity labeling was designed to coordinate with the DNA 

unwinding-based hybridization assay (Figure S1). The DNA sequence used to prepare the AuNP-DNA 

probe contains a labeling region, a control line hybridization region and a signal probe hybridization region, 

respectively (Figure 1A). In the DNA unwinding-based hybridization assay, genomic samples are amplified 

by PCR or isothermal reactions, such as recombinase polymerase amplification (RPA), using biotinylated 

primers. After a short incubation of the biotinylated amplicons with the designed Cas9/sgRNA for binding, 

the resulting cas9/sgRNA- biotinylated amplicons are then trickled onto the sample pad. Under capillary 

force, fluid flow is produced and the complexes initially flow laterally to the position of the conjugate pad, 

where they encounter and recognize the preassembled AuNP-DNA probes. In an automatic lateral flow 

detection format, Cas9/sgRNA-biotinylated amplicons-AuNP-DNA probe complexes continue to flow 

through the test line and are captured by the coated streptavidin. At the same time, excess AuNP-DNA 

probes flow through the lateral flow device and are trapped at the control line by hybridizing with precoated 

DNA probes. Color development and results are observed three minutes after sample application. As we 

anticipated, CASLFA works well for the EGFR gene used as an example, confirming the success of the 

DNA unwinding-based hybridization assay (Figure 1B). 

Next, we planned to use the CASLFA method for transgene detection, pathogen identification, and 

virus detection. However, in the DNA unwinding-based hybridization assay, customized AuNP-DNA 

probes must be designed and labeled for different application purposes, potentially resulting in differences 

in detection performance caused by the variation in hybridization efficiency. In addition, the design, 

labeling, and assembly of AuNP-DNA probes in the lateral flow device also increase the time and cost of 

the CASLFA method. This limitation inspired us to develop a universal probe system in which equal 

detection efficiency will be maintained and the same lateral flow device can be used to detect different 

targets, thus endowing the CASLFA method with greater application prospects. 

The early version of the Streptococcus pyogenes type II CRISPR system requires the nuclease Cas9, 

a targeting crRNA and an additional trans-activating crRNA to function. Subsequently, the crRNA and 

trans-activating crRNA were fused into a single guide RNA (sgRNA)39. The sgRNA contains constant 
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scaffold sequences and variable recognition sequences. Numerous studies have also modified scaffold 

sequences to achieve better efficiency and diverse applications40-42. For example, the sgRNA scaffold has 

been engineered to contain an aptamer sequence that anchors to RNA binding proteins to 

regulate gene expression43. In the present study, we attempted to modify the scaffold sequence of the 

conventional sgRNA to obtain a universal hybridization site for AuNP-DNA probes. As shown in Figures 

1A and 2A, we redesigned the sgRNA scaffold by inserting an additional sequence to generate an 

extended hairpin structure. We postulated that the extended hairpin structure would serve as an anchoring 

site for recruiting AuNP-DNA probes that had been preassembled into the lateral flow device, enabling the 

development of a universal sgRNA anchoring-based hybridization assay. 

We engineered the sgRNA (sgRNA2) to contains a 15 bp extended hairpin structure as a probe for 

EGFP sequences to verify the feasibility of the sgRNA anchoring-based hybridization assay. An 

unmodified sgRNA, sgRNA1, was used as a reference for comparison. Based on the native 

polyacrylamide gel electrophoresis (PAGE) experiments, the two sgRNAs presented a remarkably 

different electrophoretic migration behavior, potentially due to the different lengths and conformations 

(Figure 2B). We then assembled Cas9 with the two sgRNAs to evaluate their cleavage efficiency. Cas9 is 

a single-turnover enzyme and the product is released at exceedingly slow rate after Cas9/sgRNA cleavage. 

Single-molecule studies have reported that separations can take up to several hours44. We thus analyzed 

the cleavage products using PAGE under denaturing and nondenaturing conditions. Both sgRNA1 and 

sgRNA2 worked well, while sgRNA2 appeared to be more efficient. An electrophoretic analysis of the 

cleavage products under nondenaturing conditions did not detect a characteristic cleaved band. However, 

the amplicon band disappeared, indicating that the cleaved products were still bound to the cas9/sgRNA 

complex, thus causing electrophoretic retention (Figure 2B). Since CASLFA relies on CRISPR/Cas9 

recognition and binding rather than cleavage, we anticipate that both Cas9 and dCas9 can be adopted. 

As shown in Figure 2C, a similar detection performance was obtained when both Cas9-sgRNA2 and 

dCas9-sgRNA2 were used as the recognition modes, indicating that CASLFA is compatible with both 

Cas9 and dCas9 systems. Furthermore, we tested the Cas9-based CASLFA system under denaturing 

and nondenaturing conditions. The test line intensities were weaker after denaturation, confirming the 

adhesive properties of the cas9/sgRNA substrate after the cleavage reaction (Figure S2). 

The CASLFA method was also further verified by testing its compatibility with PCR and RPA methods. 

We used biotinylated PCR or RPA primers to amplify the same target region and ensure that both PCR 
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and RPA products were recognized by the same sgRNA. Both PCR and RPA were well adapted to the 

CASLFA technique (Figure 2D). Notably, PCR requires temperature cycling instruments and longer 

amplification times (approximately 1 hour), but requires cheaper reagents and exhibits better stability. RPA 

reagents are expensive, but less than 20 min for amplification and a simpler temperature control device 

(such as a metal bath) are required. Nevertheless, the CASLFA method combined with either PCR or RPA 

technologies can achieve diverse diagnostic needs. 

Next, we performed component deletion experiments to further corroborate the CASLFA concept. 

The CASLFA method was only successful when the system contained Cas9, the correct sgRNA, and 

biotinylated target DNA (Figure 2E). We next evaluated two important parameters, Cas9-sgRNA reaction 

temperature and time, for the CASLFA method. Considering its future applications in nonlaboratory 

environments, we tested the performance of CASLFA at temperatures ranging from 20 to 37°C. Cas9-

sgRNA works well at all temperature ranges, but displays the highest efficiency at 37°C (Figure 2F). On 

the other hand, Cas9-sgRNA quickly searches for its target DNA. We thus analyzed incubation times 

ranging from 1 to 20 min, and 5 minutes was sufficient to observe a saturated detection signal (Figure 

2G).  

After conceptual verification, we summarized the detection procedure of CASLFA method (Figure 2H). 

Following gene amplification (20 min to 1 hour. depending on the amplification method), the test sample 

was incubation with Cas9-sgRNA for a short period (5 min) and then transferred to the lateral flow device. 

CASLFA then proceeds automatically under capillary flow, which requires approximately 3 min to complete. 

The results can be analyzed using the naked eye. If the RPA amplification method is used, the whole 

CASLFA process can be completed in 1 hour at a constant temperature (37°C). 

After developing a universal CASLFA system, we next evaluated the detection performance of the 

CASLFA method. We selected Listeria monocytogenes (a common and high-risk food-borne pathogen), 

transgenic 35S promoter (a most commonly used target for GMO detection), and African swine fever virus 

(ASFV, a deadly pig virus outbreak worldwide starting in 2018) to determine the versatility and sensitivity 

of CASLFA method. For the detection of Listeria monocytogenes, the hlyA gene was used as a target 

sequence and the corresponding CRISPR/Cas9 system was designed (Figure 3A). Genomic samples 

from Listeria monocytogenes were diluted 10-fold in a gradient and then amplified by PCR. The amplified 

product was subjected to the CASLFA method and the results were visually observed from the lateral flow 

device (Figure 3B). As shown in Figure 3C, the detection limit of the naked eye is as low as approximately 
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150 copies of the genome sample without a optimizing amplification parameters. At the same time, the 

CASLFA for Listeria monocytogenes detection was also further verified in combination with the RPA 

method and achieved a similar sensitivity to PCR (Figure S3). Subsequently, the specificity of the CASLFA 

method was also evaluated. As shown in Figure 3D, detection results visually the excellent specificity of 

the developed CASLFA method for Listeria monocytogenes among five other interfering bacteria.   

Next, we evaluated the ability of the CASLFA system to detect the 35S sequence of transgenic rice. 

We mixed transgenic rice with nontransgenic rice at different ratios (from 0.001% to 100%) and milled the 

rice into a powder for nucleic acid extraction and PCR. Based on observations with the naked eye and 

the grayscale analysis, 0.01% of transgenic samples were easily detectable. The sensitivity of the method 

is appropriate for the detection of GMO components ranging from 0.1% to 1% worldwide. Finally, various 

copy numbers of genomic DNA samples from ASFV samples were also subjected to the CASLFA analysis. 

Sensitivity was evaluated by both observations with the naked eye and a grayscale analysis, and a limit 

of detection of 200 copies of viral genomic DNA was obtained. 

Conclusion 

In summary, CASLFA represents a simple and rapid method for the detection of genetic targets using 

the naked eye. Using a pathogenic microorganism, GMOs, and virus as examples, CASLFA achieves 

sensitivity levels as low as hundreds of gene copies, which is comparable to most PCR-based techniques. 

Importantly, by employing the sgRNA anchoring-based hybridization assay, the AuNP-DNA probe is 

universal, and the lateral flow device preassembled with the AuNP-DNA probe can be applied to detect 

any target gene. After nucleic acid extraction, the CASLFA method for gene detection requires half an 

hour (in combination with RPA) to approximately one hour (in combination with PCR) to complete. 

Although this study does not cover the extraction of nucleic acids, recent advances indicated that nucleic 

acid preparation can be completed in a few minutes in nonlaboratory environments45, 46. Therefore, with 

combined with these nucleic acid extraction strategies, we envisage that CASLFA will be able to complete 

the entire genetic detection process in one hour, which meet the needs for rapid genetic detection in most 

cases. Other significant merits of CASLFA include no need of a separation process and no temperature 

ramping procedure during the detection step. Thus, CASLFA does not require any complex equipment, 

making this approach particularly suitable for POC testing. Thus, we concluded that the CASLFA method 

satisfies some of the characteristics of next-generation molecular diagnostics because it is inexpensive, 
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accurate, and rapidly yields results, allowing for point-of-care use without the need for technical expertise 

and ancillary equipment and confirming its great potential for functional gene analyses. 

Experimental Section 

Experimental details are provided in the Supporting Information. 
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Figure and Figure legends 

 

Figure 1. Schematic illustrating the developed CASLFA method. (A) Design of the lateral flow device. Left panel: The lateral flow 

device contains a sample pad, a conjugate pad, a test line, a control line, and an absorbent pad. The flow direction is represented by 

the arrow. AuNP-DNA probes were preassembled into the conjugate pad. Right panel: In the DNA unwinding-based hybridization assay, 

biotinylated amplicon-Cas9/sgRNA complexes were captured by the streptavidin-coated test line and AuNP-DNA probes were 

hybridized with the single-strand region of the amplicon released by Cas9/sgRNA-mediated unwinding. In the sgRNA anchoring-based 

hybridization assay, a sgRNA was designed to contain a universal sequence in the stem-loop region for AuNP-DNA probes hybridization. 

Biotinylated amplicon-Cas9/sgRNA complexes were captured by the streptavidin-coated test line and AuNP-DNA probes hybridized with 

the universal sequence in stem-loop region of the sgRNA. Lower panel: DNA probe 1 or 2 used to prepare AuNP-DNA contains three 

functional regions. Poly A + poly T: Poly A is used for affinity labeling with Au and poly T functions as the linker. The orange area 

represents the portion used for hybridization with the embedded probe in the Control line. The blue area (in DNA probe 1) and purple 

area (in DNA probe 2) represent the portions used for hybridization with the single-stranded region of the amplicon released by 

Cas9/sgRNA-mediated unwinding or the universal sequence in the stem-loop region of the sgRNA. (B) CASLFA method based on the 

DNA unwinding-based hybridization assay (left panel). Representative photographs taken from the CASLFA of EGFP amplicons (middle 

panel). CASLFA test line intensity from three independent experiments (right panel). (n = 3 technical replicates, two-tailed Student’s t-

test; **, p < 0.01; bars represent means ± SEM)  
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Figure 2. Verification of the universal probe strategy based on the sgRNA anchoring strategy. (A) EGFP amplicon recognition by 

the modified Cas9/gRNA system. (B) PAGE analysis of the conventional sgRNA and modified sgRNA, EGFP amplicon, and Cas9 

cleavage assay. (C) CASLFA method based on Cas9 and dCas9. (D) CASLFA method for detecting PCR and RPA amplicons. (E) 

Component deletion experiments for corroborating the CASLFA concept. Right panel: Quantification of the test line intensity. (F) 

Evaluation of the temperature dependence of the Cas9 reaction. Right panel: Quantification of test line intensity. (G) Evaluation of the 

time dependence of the Cas9 reaction. Right panel: Quantification of test line intensity. (H) Workflow of the developed CASLFA method. 

(n = 3 technical replicates; bars represent mean ± SEM)  

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/702209doi: bioRxiv preprint first posted online Jul. 14, 2019; 

http://dict.youdao.com/w/quantification/#keyfrom=E2Ctranslation
http://dict.youdao.com/w/quantification/#keyfrom=E2Ctranslation
http://dict.youdao.com/w/quantification/#keyfrom=E2Ctranslation
http://dx.doi.org/10.1101/702209


 

Figure 3. Applications and the analytical performance of the developed CASLFA method. (A) Using the CASLFA method, the 

Listeria monocytogenes hlyA gene was recognized by the designed Cas9/sgRNA system. (B) Workflow of Lm detection using the 

CASLFA method. Lm, Listeria monocytogenes. (C) Evaluation of the sensitivity of the CASLFA method for Lm detection. Right panel: 

Quantification of the test line intensity. (D) Evaluation of the specificity of the CASLFA method for Lm detection. Right panel: 

Quantification of test line intensity. Sa, Staphylococcus aureus; Ec, Escherichia coli; Cs, Cronobacter sakazakii; Vp, Vibrio 

parahaemolyticus; Pa, Pseudomonas aeruginosa. (E) Use of the CASLFA method to detect GMOs. The 35S promotor sequence was 

recognized by the designed Cas9/sgRNA system. (F) Evaluation of the sensitivity of the CASLFA method for GMO detection. Left panel: 

Photograph showing strip detection results in the presence of various percentages of transgenic rice DNA. Right panel: Quantitation of 

test line intensity from the strip detection. (G). Use of the CASLFA method for the detection of ASFV. The P72 gene sequence was 

recognized by the designed Cas9/sgRNA system. (H). Evaluation of the sensitivity of the CASLFA method for  ASFV detection. Left 

panel: Photograph showing strip detection results in the presence of various copy numbers of ASFV DNA. Right panel: Quantitation of 

test line intensity from the strip detection. (n = 3 technical replicates, two-tailed Student’s t-test; ns, not significant; *, p < 0.05; **, p < 

0.01; ***, p < 0.001; and ****, p < 0.0001; bars represent means ± SEM) 
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