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Abstract: Nucleic acid analysis is a key technique that enables accurate detection of various microorganisms.
Conventional nucleic acid testing typically requires access to specialized laboratories, equipment, and trained
personnel, which hinders the widespread use of on-site testing for DNA and RNA targets. However, integrating gene
editing technology with traditional nucleic acid detection methods, especially isothermal amplification technology, can
help overcome the limitations associated with on-site testing. This combination can accomplish precise and swift
detection of nucleic acid sequences, offering a robust tool for on-site detection. The Clustered Regularly Interspaced
Short Palindromic Repeats/CRISPR-associated proteins (CRISPR/Cas) technology, which comprises the CRISPR
system and Cas effector proteins, is a powerful tool that is advancing the field of nucleic acid detection. Specifically,
Casl2, Casl3, and Casl4 proteins have emerged as straightforward, effective, precise, sensitive, and cost-effective
methods for in vitro nucleic acid detection because of their “collateral cleavage” characteristics. When combined with
the “collateral cleavage” ability of Cas protein and isothermal amplification, CRISPR/Cas systems have great potential
to advance nucleic acid detection. This article summarizes the research progress of different CRISPR/Cas systems and

their applications in nucleic acid detection and future perspectives.

Abbreviation List SSB Single strand DNA-binding protein
CRISPR Clustered Regularly Interspaced ssRNA Single-stranded RNA

Short Palindromic Repeats ZFNs Zinc-finger nucleases
Cas CRISPR-associated proteins TALENs Transcription activator-like effector
OMEGA Obligate mobile element-guided nucleases

activity HNH Histidine asparagine histidine
FLSHclust Fast locality-sensitive hashing-based ~ sgRNA Single guide RNA

clustering HEPN Higher eukaryotes and prokaryotes
Agos Argonautes nucleotide-binding domain
MARPS Mesophilic Argonaute Report-based  ssRNA Single-stranded RNA

single millimeter Polystyrene Sphere  QRF Open reading frame
PAM Protospacer adjacent motif ssDNA Single-stranded DNA
crRNA CRISPR RNA IAT Isothermal amplification technology
dsDNA Double-stranded DNA PCR Polymerase Chain Reaction

LAMP Loop-mediated isothermal
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SHERLOCK Specific high sensitivity enzymatic
reporter unlocking platform
RT-LAMP Reverse transcription loop-mediated

Casl2a-based sPAMC

HCMV
RT-CORDS

CRISPR-SPADE

POC
SPEEDi-CRISPR

isothermal amplification
Suboptimal PAM of Casl2a-based
test

Human cytomegalovirus
RT-PCR combined with CRISPR
on-site rapid detection system
CRISPR Single Pot Assay for
Detecting Emerging VOCs
Point-of-care

Solid-Phase Extraction and
Enhanced Detection Assay using
CRISPR-Casl2a

LFA Lateral flow assay
POCT Point-of-care testing
RAA Recombinase-aided amplification

Cas12¢-DETECTOR

Casl2c-based nucleic acid detection
platform

SNPs Single nucleotide polymorphisms

PES Protospacer-flanking site
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Introduction

CRISPR/Cas is a vital component in the bacterial acquired
immune system of prokaryotes and comprises Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)
and CRISPR-associated proteins (Cas) [1]. The discovery of
these repeating sequences along with spacer sequences in
Escherichia coli by Ishino et al. in 1987 was a
groundbreaking moment in the study of CRISPR/Cas [2].
Subsequent findings of this sequence in other organisms,
such as Haloferax in 1995 [3], Cyanobacteria in 1996 [4],
and even archaea in 2000, solidified the importance of
CRISPR sequences in prokaryotic genomes [5]. Jansen et al.
termed these repeated nucleotide sequences with spacers as
“CRISPR sequences” in 2002, marking a significant
milestone in the understanding of the CRISPR/Cas system
[6]. Then in 2007, Barrangou et al. revealed the immune
mechanism mediated by the CRISPR/Cas system [7]. This
system functions by recognizing and cleaving exogenous
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viruses and plasmid DNA that enter bacteria. The Cas
proteins within the CRISPR system are responsible for this
recognition and cleavage process, ultimately leading to the
formation of an acquired immune system [8]. Upon
reinvasion by the pathogen, the bacteria’s CRISPR/Cas
system is activated to cut off and degrade the exogenous
DNA [9]. Recently, it was discovered through molecular
pedigree analysis that the TnpB protein in the obligate
mobile element-guided activity (OMEGA) family may be
the ancestor of CRISPR/Cas12 endonuclease and eukaryotic
protein Fanzor [10]. In 2021, the OMEGA family was
reported as a new class of RNA-guided nucleases [10].
Fanzor is found in eukaryotes but, it does not have the
property of “collateral activity”. Fanzor is an OMEGA-like
and a CRISPR-like gene editing system, which demonstrates
that RNA-directed endonucleases exist not only in
prokaryotes but also in eukaryotes [11]. In 2023, researchers
introduced the fast locality-sensitive hashing-based
clustering (FLSHclust) algorithm; 188 novel CRISPR/Cas-
related systems were discovered and new biochemical
functions linked to adaptive immunity were unveiled [12]
(Fig. 1).

The development of gene editing technology progressed
through three stages. The initial stage featured zinc finger
nucleases (ZFNs) [13], followed by transcription activator-
like effector nucleases (TALENSs) in the subsequent stage
[14]. The third generation of gene editing technology, which
is the most widely used, is represented by the CRISPR/Cas
system. Both ZFNs and TALENSs rely on Fokl nuclease and
engage with their target sequences through protein-DNA
interactions, whereas the CRISPR/Cas9 system identifies its
target sites based on RNA-DNA interactions [15]. ZFN is
smaller and easier to edit, but it is difficult to construct
functional ZFNs, and the off-target activity is high [16].
While it is not possible to completely eliminate off-target
effects, the CRISPR/Cas9 system offers a more streamlined
process and benefits from the presence of a protospacer
adjacent motif (PAM) sequence, which enhances efficient
targeting and reduces off-target activity. Within nucleic acid

advantages compared to recombinases and nucleases (e.g.,
nicking and restriction endonucleases) to improve nucleic
acid identification and molecular testing. By altering the
CRISPR RNA (crRNA), the CRISPR/Cas9 and CRISPR/
Casl2 systems can cut either both strands or a single strand
of double-stranded DNA (dsDNA) with different sequences.
However, when recombinase is used, single-strand DNA-
binding protein (SSB) must be involved, while incision and
restriction enzymes are only applicable to dsDNA sequences
with or near particular recognition sites [17]. Argonautes
(Agos) are next-generation nucleic acid endonucleases that
facilitate simultaneous and multiple detection through one
enzyme. This enzyme is not restricted to nucleic acid
detection, but extends to the detection of diverse non-
nucleic acid targets by the Mesophilic Argonaute Report-
based single millimeter Polystyrene Sphere (MARPS)
platform. In contrast to the constraints of the CRISPR/Cas
system in this context, this platform signifies a significant
progression in utilizing gene editing systems for non-nucleic
acid target identification [18].

CRISPR/Cas systems are divided into two main classes,
each containing various types and subtypes. Effector protein
complexes make up Class I systems, where each protein has
a specific function in the CRISPR process. Class II CRISPR/
Cas systems are distinguished by a single effector protein
that performs multiple roles in the CRISPR process [19].
CRISPR/Cas effector proteins are now known to exist in
various forms, with differences in structure, size, target and
composition. The CRISPR system, specifically the Class II
type II (CRISPR/Cas9) system, is currently under intense
research and is a versatile tool for gene editing and
numerous other applications [20,21].

The CRISPR/Cas system is a crucial technology within
the realm of life sciences. It serves a vital function in
fundamental research and exhibits significant promise in
clinical diagnostics [22-25], food-borne pathogen detection
[26-29], agricultural applications [30-33], and other fields
[34-36] (Fig. 2). As the technology continues to advance
and improve, we can expect CRISPR/Cas systems to play an
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FIGURE 1. Timeline diagram of key milestones in the clustered regularly interspaced palindromic repeats (CRISPR)/Cas system.
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FIGURE 2. Research and application of CRISPR/Cas.

advancements in research and utilization of the CRISPR/Cas
system for nucleic acid detection, as well as the prospects of
CRISPR/Cas systems.

Classification of CRISPR/Cas Systems

The CRISPR/Cas system is classified into two categories
depending on the Cas proteins: a multi-subunit protein Cas
complex in Class I and a solitary Cas effector protein in
Class II [19]. Class I systems feature numerous Cas enzymes
working together to target DNA. Because of the complexity
involved in engineering and delivering multiple Cas
enz42ymes to cells, Class I systems are not commonly
employed for genome editing [37]. In contrast, Class II Cas
proteins only need a single multifunctional Cas enzyme and
are therefore more adaptable [38,39].

Class II systems include the type II system of Cas9, the
Casl2 type V system, and the Casl4 system, as well as the
Casl3 type VI system. The Cas9 nuclease contains two
functional domains for the cleavage of DNA, known as
histidine asparagine histidine (HNH) and RuvC. Specifically,
the HNH domain cleaves the target DNA in the region
where the single guide RNA (sgRNA) interacts with the
specific DNA, while the RuvC domain cleaves the non-
target strand [40]. Casl2a employs only the RuvC domain
to cleave both DNA strands in cis and non-target DNA in
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trans [41,42]. This distinct mechanism sets Casl2 apart
from Cas9 and provides a unique approach to precise DNA
cleavage. The primary type VI system within Class II is
Cas13, which lacks RuvC or HNH nuclease domains.
Rather, Casl3 is equipped with two Higher eukaryotes and
prokaryotes nucleotide-binding domain (HEPN) domains
specifically for targeting RNA, rather than DNA, offering a
distinct pathway for epigenetic editing [43]. The
promiscuous dual HEPN domains of Casl3 have collateral
RNase activity and can non-specifically cleave target
transcripts and nearby transcripts after single-stranded RNA
(ssSRNA) and crRNA pairing. The Casl3 system is divided
into four subtypes, differentiated by adaptation genes (Casl/
Cas2), additional open reading frame (ORF) regions and
associated accessory proteins: Casl3a (formerly referred to
as C2c2) [38,44], Casl3b [45], Casl3c [46], and Casl3d
[47]. The CRISPR/Casl4 system is differs from Cas9 in the
guides required [48]. The Casl4 protein does not rely on a
PAM site to target single-stranded DNA (ssDNA). This
unique characteristic makes Casl4 an effective tool for
detecting ssDNA-based pathogens. The CRISPR/Cas system
is widely used in the field of nucleic acid detection,
including the detection of SARS-CoV-2. Different Cas
proteins in the CRISPR/Cas system have unique
mechanisms for detecting nucleic acids. Cas9 recognizes
targets via designing specific sgRNAs, while Casl2, Casl3
and Casl4 rely on collateral cleavage activity [49]. Only
casl4 currently has no research showing that it can be used
to detect SARS-CoV-2. Other Cas proteins have been
combined with different technologies, such as isothermal
amplification technology (IAT), to improve the sensitivity
and specificity of detecting SARS-CoV-2 [50-53]. Combined
with IAT is versatile and suitable for many places, providing
on-site detection, rapid diagnosis, and preliminary
screening. As shown in Table 1, a variety of nucleic acid
detection techniques utilizing the CRISPR/Cas system have
been developed in many fields. The various types of
CRISPR/Cas mechanisms for nucleic acid detection are
described below.

Conventional Nucleic Acid Testing Technology

CRISPR usually needs to be combined with conventional
detection techniques for nucleic acid detection to ensure

TABLE 1

New nucleic acid assays based on CRISPR/Cas system

Method" Cas Target Amplification® Readout Sensitivity* Time Application Ref.
effector’
NASBACC SpCas9 RNA NASBA Colorimetry 3 M 2-6 h  Zika virus [54]
CAS-EXPAR SpCas9 DNA/ EXPAR Fluorescence 0.82 amol <1 h  Diverse nucleic acid detection  [55]
RNA such as DNA, RNA, and
methylated DNA
FLASH SpCas9 DNA/ PCR Sequencing a mol/L - Multiple detections of samples  [24]
RNA

(Continued)
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Table 1 (continued)
Method" Cas Target Amplification® Readout Sensitivity* Time Application Ref.
effector”
Cas9nAR- Cas9 DNA Cas9nAR Lateral flow 100 copies/ <3 h  Dual food-borne pathogen [26]
assisted lateral 100 CFU/
flow strip mL
PC SpdCas9 DNA PCR Fluorescence Single copy - MTB DNA [56]
RCH SpdCas9 RNA RCA Colorimetry f mol/L <4h  MiRNAs [57]
CRISPR-Chip SpdCas9 DNA No Electronic 1.7 ftM 15min Digital detection of a target (58]
amplification  sensor sequence in intact genomes
HOLMES LbCasl12a DNA PCR Fluorescence 10 aM 1h Nucleic acids [59]
DETECTR LbCasl2a DNA RPA Fluorescence 2 aM ~2h  HPV16 and HPV18 in different [60]
subtypes of HPV
OR-DETECTR  Casl2a RNA RT-RPA Lateral flow 2.5 copies/ ~50 COVID-19 [61]
uL min
AIOD-CRISPR  AsCasl2a RNA RPA Fluorescence/ 3 copies 40 min Nucleic acid detection of SARS- [62]
Colorimetry CoV-2 and HIV
STOPCovid.v2 AapCasl2b DNA/ RT-LAMP Lateral flow 100 copies <45 Field testing for SARS-CoV-2  [63]
RNA min
sPAMC LbCas12a DNA/ RPA RT-RPA  Fluorescence aM <15 HCMYV and SARS-CoV-2 using [64]
RNA min unextracted samples
CRISPR-SPADE  BrCasl2b RNA RT-LAMP Fluorescence/ Ct value £ 10~30 COVID-19 [65]
Visualization 30 min
RPA/CRISPR- Casl2a RNA RT-RPA Lateral flow ~10% <l h  SARS-CoV-2, influenza A and [66]
Casl2a copies/uL influenza B
EasyCatch Casl2a DNA RPA Fluorescence 0.001% <lh  Mutations in cancer samples (67]
Casl2a/crRNA Casl2a DNA No Fluorescence 2 pM <lh ASFV [68]
/ASFV DNA amplification
complex assay
SPEEDi-CRISPR Casl2a DNA No Fluorescence 2.3 M 80 min Detect HPV18 and distinguish  [69]
amplification it from HPV-16 and parvovirus
B19
RAA-based E- Casl2a DNA RAA Electrochemical 0.68 aM/26 - L. monocytogenes [70]
CRISPR biosensor cfu/mL
Casl2c- Casl2c DNA RPA Fluorescence/ - - Diagnose human and plant [71]
DETECTOR Lateral flow pathogens
SHERLOCKv2 CcaCas13b/ DNA/ RPA Fluorescence/ 8x102aM 1~3h The detection of Zika virus [72]
PsmCas13b/ RNA Lateral flow (ZIKV) or dengue virus
LwaCasl3a (DENV) ssRNA, in cfDNA
liquid biopsy samples detects
EGFR mutation, T790M
SHERLOCK LwCasl3a DNA/ RPA Fluorescence 2 aM 3~5h ZIKV and DENV [73]
RNA
HUDSON LwCasl3a DNA/ RPA Fluorescence/  a mol/L <2h  Directly detect dengue virus [74]
RNA Colorimetry and ZIKV virus in clinical
samples
CRISPR/Casl3a- LwCasl3a RNA RAA Lateral flow 10" copies/ <l1h  On-site clinical ASFV detection [75]
LFD uL
Amplification- Casl3a RNA No Phone ~100 ~30 Detection of SARS-CoV-2 in [76]
free CRISPR- amplification ~ microscope copies/uL  min  nasal swab RNA
Casl3a assay
Methods for Casl3a/ DNA/ No Colorimetric/ ~10 fM <l h SARS-CoV-2 [77]
generating Casl2 RNA  amplification  Fluorometric/

amplified signals

(Continued)
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Table 1 (continued)

Method" Cas Target Amplification® Readout Sensitivity* Time Application Ref.
effector?

in CRISPR/Cas- Luminescent

based assays approaches

via a light-up Casl3a RNA PCR Fluorescence 82 copies - Characteristic analysis of SARS- [78]

RNA aptamer CoV-2 and its mutant variants

signaling-

CRISPR/Cas13

amplification

method

PCR-CRISPR Casl3a DNA PCR Fluorescence 1 copy <10 Detection of HBV DNA and  [79]

min drug resistance mutations

PECL-CRISPR  LbuCasi3a RNA EXPAR ECL 1x10°M - Detect miRNAs in tumor cells. [80]

Cas14-DETECTR Casl4a DNA PCR Fluorescence 2 aM 2h The detection of human high-  [48]
fidelity DNA SNP sites and viral
DNA

Cas14-pMOFs Casl4a DNA - Fluorescence 0.12 nM - Selective and sensitive detection [81]

fluorescence of microcystin-LR
sensor determination

Note: 'NASBACC: NASBA-CRISPR Cleavage; CAS-EXPAR: CRISPR/Cas9-isothermal exponential amplification reaction; FLASH: finding low abundance
sequences by hybridization; PC: paired dCas9; RCH: RCA-CRISPR-split-HRP; HOLMES: one-hour low-cost multipurpose highly efficient system;
DETECTR: DNA Endonuclease-Targeted CRISPR Trans Reporter; OR-DETECTR: one-tube detection platform based on RT-RPA (Reverse
Transcription and Recombinase Polymerase Isothermal Amplification) and DNA Endonuclease-Targeted CRISPR Trans Reporter (DETECTR)
technology; AIOD-CRISPR: all-in-one dual CRISPR-Casl12a; STOPCovid.v2: SHERLOCK testing in one pot-Covid, version 2; sPAMC: suboptimal PAM
(protospacer adjacent motifs); CRISPR-SPADE: CRISPR Single Pot Assay for Detecting Emerging VOCs; SPEEDi-CRISPR: Solid-Phase Extraction and
Enhanced Detection Assay using CRISPR-Cas12a; STOPCovid.v2: SHERLOCK testing in one pot-Covid, version 2; E-CRISPR: CRISPR/Cas12a’s trans-
cleavage activity was incorporated into an electrochemical biosensor; Cas12c-DETECTOR: Casl2c-based nucleic acid detection platform; SHERLOCKv2:
the second-generation SHERLOCK; SHERLOCK: Specific high sensitivity enzymatic reporter unlocking platform; HUDSON: Heating Unextracted
Diagnostic Samples to Obliterate Nucleases; PECL-CRISPR: CRISPR/Cas13a powered portable ECL chip; pMOFs: porphyrin metal-organic framework
nanosheets. 2SpCas9: Streptococcus pyogenes Cas9; SpdCas9: deactivated SpCas9; LbCasl2a: Lachnospiraceae bacterium ND2006 Casl2a; AsCasl2a:
Acidaminococcus sp. Cas12a; AapCas12b: Alicyclobacillus acidiphilus Cas12b; BrCas12b: Brevibacillus sp. SYP-B805 Cas12b; CcaCas13b: Capnocytophaga
canimorsus Cas13b; PsmCas13b: Casl3a from Prevotella sp. MA2016; LwaCasl3a: Leptotrichia wadei Casl3a; LwCasl3a: Leptotrichia wadei Casl3a;
LbuCasl3a: Leptotrichia buccalis. Cas13a. ’NASBA: nucleic acid sequence-based amplification; EXPAR: isothermal exponential amplification; Cas9nAR:
Cas9 nickase-based amplification reaction; RCA: rolling circle amplification; RPA: Recombinase polymerase amplification; RT-LAMP: reverse
transcription loop-mediated isothermal amplification; RT-RPA: Reverse Transcription and Recombinase Polymerase Isothermal Amplification; RAA:
recombinase-aided amplification; ECL: Electrochemiluminescence. *“-” indicates unknown; f mol/L: 107> mol/L; fM: 10™*> mol/L; a mol/L:10™** mol/L;
aM: 1aM = 107'® mol/L; nM: 1nM = 10~° mol/L; zM: 1zM = 107! mol/L.

precision and sensitivity in pathogen detection. An increasing
number of diagnostic platforms have been created using the
CRISPR/Cas system in conjunction with detection methods
such as the polymerase chain reaction (PCR) and IAT
(Table 2).

PCR involves the amplification of target DNA fragments
by multiple cycles of denaturation at high temperatures,

annealing at low temperatures, and primer extension with
the assistance of DNA polymerase. It includes conventional
real-time PCR (RT-PCR) [82], multiple PCR technology
[83,84], digital PCR [85,86], nested PCR [87], real-time
fluorescence quantitative PCR [88], and asymmetric PCR
technology [89] technologies. These PCR techniques have
extensive applications in nucleic acid detection and other

TABLE 2

Conventional nucleic acid detection technology

Detection Testing principle Advantage Disadvantaged Application fields
method
PCR The PCR products were labeled  High specificity, high sensitivity, Specific instruments are Early diagnosis of cancer
with fluorescently labeled probes, high automation. required to detect only  and other diseases.
and the reaction process was known mutations, which
monitored in real-time. may cause false positives.
IAT The isothermal amplification Reaction constant temperature, The primer design is Detection of multiple

technology (IAT) uses specific
primers and enzymes for nucleic
acid amplification under constant

equipment.

short reaction time, simple

relatively demanding,
high sensitivity can easily
cause false positive
results.

pathogens in clinical,
food, and environmental
samples, etc.

(Continued)
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Table 2 (continued)

Detection Testing principle Advantage Disadvantaged Application fields
method
temperature rather than high-
temperature denaturation.
DNA A method by which a probe with Miniaturized, fast, accurate, Testing restricted to DNA mutations and
microarray/  a target nucleotide of known high sensitivity, and can known target genes. polymorphisms were
gene chip sequence is fixed on a solid simultaneously detect a large analyzed, DNA
surface and then sequenced by ~ amount of information in sequencing was
hybridization with a set of nucleic parallel on the same chip. performed, etc.
acid probes of known sequence.
First The labeled dANTP (ddATP, Low cost, high accuracy, and The sequencing Sequence analysis of
Generation ~ ddCTP, ddGTP, and ddTTP) was long read length. throughput is low and  plasmids, PCR products,
Sequencing  added to each of the four DNA the cost of obtaininga  single gene mutations,
synthesis reaction systems large number of site-directed
(including NTP). The DNA sequences is high. mutagenesis, and others.
sequence of the tested molecule
could be determined according to
the position of the
electrophoresis band after gel
electrophoresis and
autoradiography.
NGS Through the chemical decoration It has high throughput, and high The cost is high and the Genomics, clinical
of template DNA molecules, they sensitivity and can detect a data analysis is difficult. studies of prenatal
are anchored on nanopores or  variety of mutations. diagnosis, etc.
microcarrier chips, and the base
sequence is interpreted by
collecting fluorescent labeling
signals or chemical reaction
signals using the principle of
complementary base pairing.
Molecular The specific labeled nucleic acid It is highly sensitive and specific The detection cost is Tumor molecular
hybridization ~with known sequence was used as and can be detected in situ in ~ high, the operation is diagnosis, gene mapping,
(Southern a probe to hybridize with the cells, tissues, and others. complicated, the time is  virus detection, etc.
blot, FISH, nucleic acid, so as to accurately long, and it has a certain
etc.) quantify the specific nucleic acid subjectivity.

sequence.

areas [90-92]. IAT is a novel isothermal technology for
nucleic acid amplification. It encompasses loop-mediated
isothermal amplification (LAMP) [93], strand displacement
amplification  (SDA) [94], recombinase polymerase
amplification (RPA) [95], crossing priming amplification
(CPA) [96], rolling circle amplification (RCA) [97], helicase-
dependent amplification (HDA) [98]. The amplified outputs
can be analyzed through real-time fluorescence
quantification, electrophoresis, and naked-eye interpretation
of a transverse flow dipstick. Isothermal amplification
technology allows for the direct amplification of DNA and
RNA, demonstrating high efficiency in amplification and
offering a broad scope of applicability. Nucleic acid
sequencing technology is divided into first-generation
sequencing [99], next-generation sequencing (NGS) [100]
and third-generation sequencing [101]. The first-generation
sequencing method is Sanger sequencing, which uses
synthetic termination. Many mainstream sequencing
technologies, such as RNA sequencing (RNA-Seq) [102],
chromatin  immunoprecipitation-sequencing  (ChIP-Seq)
[103], and chromosome conformation capture coupling with

high-throughput sequencing (Hi-C) [104] are based on NGS
which is a powerful and versatile tool in the fields of clinical
and basic biomedical research, particularly for the diagnosis
and surveillance of RNA viruses [105-108]. Compared with
the first two generations of sequencing technology, third-
generation sequencing technology can sequence single
molecules and has an extremely long sequencing length. The
third-generation  sequencing  technology is  mainly
represented by Oxford Nanopore technology and Pacific
Biosciences’ single-molecule, real-time sequencing (SMRT)
technology [109,110]. DNA microarray or gene chip
technology sequences DNA by hybridization with a set of
nucleic acid probes of known sequence [111]. Hybridization
technology is used to identify proteins or nucleic acid
sequences, such as traditional Southern blotting [112] and
Northern  blotting  [113].  Traditional hybridization
technology is limited by its ability to analyze only a single
gene at a time. In contrast, microarray technology allows
high-throughput analysis and offers increased specificity and
sensitivity [114]. This advancement has made microarray
technology a crucial tool in both molecular biology and
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clinical research [115]. Fluorescence in situ hybridization
(FISH) is an effective method for detecting and pinpointing
specific DNA sequences within cells or tissues. This method
involves the use of fluorescently labeled probes that bind
target nucleic acids, allowing for accurate identification and
visualization [116]. The advantage of FISH lies in the in situ
fluorescent signal that can be directly observed and
measured under a fluorescence microscope. FISH is the
most commonly used detection method for specific
chromosomal abnormalities [117]. In the clinic, FISH is
most commonly used in tumor diagnosis, gene location
analysis, and antenatal examinations [118-120].

Application of CRISPR/Cas Gene Editing Technology in
Nucleic Acid Detection

Application of the CRISPR/Cas9 system in nucleic acid
detection

The CRISPR/Cas9 system is composed of two main
components: the Cas9 protein and the guide RNA (gRNA)
complex, which includes gRNA consisting of trans-
activating CRISPR RNA (tracrRNA) and crRNA. This
system has been successfully implemented in a wide range
of model bacteria, such as E. coli, Mycobacterium spp.,
Lactobacillus spp., and Streptomyces spp. [121]. When
pathogen DNA invades bacteria, the Cas9 system first
synthesizes a gRNA that incorporates an RNA sequence that
matches the target site. When DNA binds to the gRNA
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complex, it is degraded by the Cas9 protein. Fig. 3 illustrates
how Cas9 binds to the target nucleic acid and activates the
corresponding signal molecules. Nucleic acid detection using
the Cas9 system depends on this characteristic. A unique
gRNA is designed according to the target DNA and can
thus detect different genes [122].

Many detection platforms for CRISPR/Cas9 have been
developed and utilize its cleavage and endonuclease (NEase)
activity. Nucleic Acid Sequence-Based Amplification-
CRISPR Cleavage (NASBACC) successfully differentiated
between Zika virus (ZIKV) strains in America and Africa
using the PAM region in the target sequence for Cas9.
Through Nucleic Acid Sequence-Based Amplification
(NASBA) amplification, the sensor detected the amplicon of
the American ZIKV, which includes the PAM region and
was cleaved by Cas9, while the African ZIKV, which lacks
the PAM region, was not cleaved [54].

Attempts to treat Human Immunodeficiency Virus-1
(HIV-1) with CRISPR/Cas9-based therapies were first made
in 2013. CRISPR/Cas9 could inhibit the expression of HIV-
1 genes by targeting the HIV-1 long terminal repeats (LTR)
[123]. The ability of CRISPR to eliminate integrated viral
genes within the infected host chromosome implies that
Cas9 could present a promising approach for addressing
AIDS [124]. In addition, a colorimetric technique for
identifying viruses using the CRISPR/Cas9 system was
reported in 2020 [125]. This approach involves directly
detecting RNA from the viral lysate using the CRISPR/
dCas9 system combined with a biotin PAM presenting
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FIGURE 3. Schematic representation of the CRISPR/Cas9 mechanism. (A) The non-target DNA was digested by Cas9 and cleaved by PAM
under the guidance of gRNA. The remaining uncleaved target DNA was specifically amplified by PCR, isothermal amplification, or other
methods of amplification, and finally detected by sequencing. (B) The target DNA was amplified using PCR, isothermal amplification, or
other methods of amplification. dCas9 with biotin/digoxin and other groups precisely recognizes and binds to target DNA. Capture the
complex, and these trapped complexes can be detected by lateral flow detection, visual observation of color changes, and other detection

methods.
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oligonucleotide (PAMmer). Under the guidance of biotin-
PAMmer, gRNA can recognize RNA in viral lysates, and
streptavidin-horseradish peroxidase (HRP) and biotin-
PAMmer react to induce color changes. SARS-CoV-2, drug-
resistant influenza A virus (pHIN1/H275Y), and influenza
A virus (pHINI1) were successfully identified by observation
with the naked eye [125].

The CRISPR/Cas9-isothermal exponential amplification
reaction (CAS-EXPAR) method is based on isothermal
amplification utilizing CRISPR/Cas9 technology. PAM
presents oligonucleotides to activate Cas9-specific cleavage
activity for product cleavage, and then EXPAR amplifies and
cleaves the product. The amplification product is combined
with fluorescent dye to produce fluorescence. The CAS-
EXPAR detection technology is a highly adaptable method
for identifying various types of nucleic acids, including
DNA, RNA, and methylated DNA, and it has been
successfully used to detect DNA methylation and total RNA
from L. monocytogenes [55]. Integration of CRISPR/Cas9
technology with methylation sequencing techniques offers a
powerful tool for studying DNA methylation patterns and
their functional significance. CRISPR/Cas systems can be
engineered to target specific genomic loci and introduce
DNA methylation changes. This can be achieved by fusing
catalytically inactive Cas proteins (dCas) with DNA
methyltransferase domains or recruiting endogenous DNA
methyltransferases to targeted loci using gRNAs. By
precisely manipulating DNA methylation levels at specific
genomic regions, researchers can investigate the functional
consequences of methylation changes on gene expression,
chromatin structure, and cellular phenotype [126].

In 2019, a nucleic acid detection platform called “finding
low abundance sequences by hybridization” (FLASH) was
established. This platform combines Cas9 cleavage, PCR
amplification, and high-throughput NGS [24]. The gRNA
was specifically designed to direct the Cas9 nuclease to a
targeted gene sequence for cleavage. The spliced sequences
were amplified by PCR and then sequenced by high-
throughput sequencing. FLASH-NGS could effectively detect
antimicrobial resistance genes in various samples in a highly
multiplexed manner (Fig. 4C).

Another important approach of CRISPR/Cas9 for
methylation sequencing is targeted methylation sequencing,
especially using nanopore technologies. Unlike most other
sequencing methods that require amplification of the target
gene, which can lead to amplification bias, or require
nucleic acid conversion as in bisulfite sequencing
approaches, nanopore sequencing technology can directly
identify ~various base methylations bioinformatically.
However, these non-amplifying methods require large
amounts of DNA to ensure sufficient genome coverage
[127-130]. Many studies have showcased the effectiveness of
combining CRISPR/Cas9 with long-read sequencing for
nanopore analysis. The application of the CRISPR/Cas9
platform has demonstrated promising results in achieving
the enhanced sequence coverage necessary for the precise
identification of genetic variations. This breakthrough has
facilitated the discovery of distinct methylation patterns
between afflicted and unaffected individuals, leading to the
detection of novel hypomethylated regions within the

genome. For instance, Gilpatrick and colleagues developed
an innovative approach: nanopore Cas9-targeted sequencing
(nCATS) that eliminates the need for amplification by using
the CRISPR-Cas9 system to target and cleave a specific
region of the genome, and the enriched fragments are
subjected to long-read nanopore sequencing [127] (Fig. 5).

A novel approach for amplifying DNA that utilizes the
Cas9 nickase-based amplification reaction (Cas9nAR)
technique, allows for the simultaneous amplification of
Salmonella typhimurium and Escherichia coli, two prevalent
foodborne pathogens. This innovative method is capable of
dual-target detection without the need for specialized
equipment. The entire process can be completed in just
three hours showcasing exceptional specificity and
sensitivity. The detection limits for genomic DNAs and
bacteria are both set at 100 copies and 100 CFU/mL,
respectively. The results are visually displayed on a lateral
flow strip [26,131]. CRISPR/Cas9 technology has found
another use in detecting gene mutations. An assay with high
sensitivity is designed to identify deletions in the epidermal
growth factor receptor gene (EGFR) [132]. This approach
aims to increase the presence of rare mutant alleles by
removing wild-type fragments through the CRISPR
complex. Subsequently, the mutant fragments are selectively
amplified via PCR to achieve the detection sensitivity
required for NGS. The results indicate that CRISPR/Cas9 in
conjunction with PCR amplification can effectively enrich a
variety of EGFR exonl9 deletion mutations [132]. This may
have implications for early cancer screening [133,134]. It is
also possible to induce mutagenesis to mitigate resistance to
cancer therapy [135,136]. Moreover, the combination of
CRISPR/Cas9 and aptamers holds significant potential for
applications in biotechnology and medicine. Aptamer
mediated delivery of the CRISPR/Cas9 system is a delivery
method that may reduce off-target effects. This method
involves the modulation of CRISPR sgRNA through
aptamers. For example, an investigation by Kundert et al.
analyzed the possibility of regulating sgRNA using aptamers
to produce ligand-responsive sgRNAs that activate and
deactivate CRISPR/Cas9 function with theophylline [137].
Lin et al. also devised a comparable approach with small
molecule-activated allosteric aptamer regulating (SMART)
sgRNAs [138]. Aptamers in combination with CRISPR/Cas9
offer a promising solution to the lack of cell specificity for
in vivo tumor delivery because of their impressive sensitivity
and specificity, and minimal immunogenicity [139-141].

In addition to Cas9, dead Cas9 (dCas9) without nuclease
activity is also used for nucleic acid detection. The innovative
paired dCas9 (PC) detection platform was established with
dCas9 [56]. Following amplification, the targeted DNA
binds with dCas9 to form an active recombinant luciferase,
which generates a fluorescent signal for detection. The PC
detection system can be used to detect Mpycobacterium
tuberculosis DNA. Another rolling circle amplification-
CRISPR-split-HRP (RCH) system based on dCas9 detection
uses a pair of dCas9 to fuse the two domains of split-HRP
(sHRP) after the target miRNAs are amplified by RCA
technology [57]. Finally, the miRNAs are detected by adding
the chromogenic substrate tetramethyl benzidine (TMB).
The RCH system is mainly used to detect miRNAs.
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FIGURE 4. Schematic illustrating the process of CRISPR/Cas detection approaches. (A) Detection of nucleic acids using Cas12. DNA
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the target’s presence. (B) Detection of nucleic acids using Casl4. Casl4 is able to efficiently recognize and bind single-stranded DNA
substrates. Specific single-stranded DNA is amplified through RPA with primers that are adjusted to modify one end of the resulting
double-stranded DNA products (yellow end). The DNA strand with the modified end is then protected from degradation by T7
exonuclease, which selectively degrades the unmodified DNA strand. This allows the modified strand to remain intact for interaction with
the Cas14-gRNA complex. Once the target is identified and cleaved, the collateral activity of Cas14 will lead to the breakdown of the
fluorescent reporter molecule, allowing for the detection of the presence of the target. (C) Detection of nucleic acids using Cas9. A group
of double-stranded DNA fragments treated with phosphatase undergoes specific cleavage of the target sequence mediated by Cas9. Unlike
the DNA that remains uncut, the ends of the cleaved DNA are subsequently connected to adapters. PCR primers specific to the adapters
are utilized for amplifying the cleaved product, which is then sequenced to determine the target sequence. (D) Detection of nucleic acids
using Casl3. After the RNA substrate is reverse transcribed, the DNA templates that are amplified by RPA undergo transcription in vitro
using T7 RNA polymerase, resulting in the production of RNA templates. These RNA templates then interact with complexes of Casl3
and gRNA. When the target is identified and cleaved, Cas13 collateral activity leads to the breakdown of the fluorescent reporter, allowing
for the subsequent detection of the target’s presence. Reproduced with permission from Aman et al., published by American Chemical Society,
2020 [122].

Detection methods accomplished through dCas9-mediated
techniques cover a wide range of disciplines, including
electrochemistry, fluid dynamics, and microfluidics. The
CRISPR-Chip, a handheld device utilizing a graphene-based
field-effect transistor (gFET) sensor combined with dCas9,
enables quick and specific on-chip electrical tests of

unamplified target genes within genomes without the need
for amplification [58].

Previous restriction enzymes (REs) only recognized
specific DNA sequences, while wild-type CRISPR/Cas9
nucleases require the PAM sequence. Consequently, current
in vitro DNA cleavage and molecular cloning techniques
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remain incapable of precisely cleaving the directly
neighboring target DNA base. A CRISPR-SpCas9 mutant,
SpRY, which has no PAM sequence requirement, can cut
DNA in almost any sequence on the genome [142]. In 2022,
Walton et al. performed SpRYDNA digestion (SpRYgests)
on multiple PAMs using over 130 gRNAs and found that
SpRY can cut DNA of almost any sequence without PAM in
vitro, including the hard-to-cut sites of wild-type SpCas9,
which promises to simplify, accelerate, and improve the
precision of molecular applications [142].

Application of the CRISPR/Casl2 system in nucleic acid
detection

Casl2 is an essential RNA-guided endonuclease in gene
editing second only to Cas9 in importance [143]. TracrRNA
is crucial for the activity of Cas12b, while Cas12a functions
independently of tracrRNA. However, more research is
needed to fully understand the role of tracrRNA in Casl2c
activity [38]. As illustrated in Fig. 6, Casl2 specifically

recognizes target DNA under the guidance of gRNA, leading
to specific cis-cleavage activity as well as non-specific trans-
cleavage activity. This non-specific collateral cleavage
activity is used in the development of nucleic acid detection
technology.

The development of DNA Endonuclease-Targeted
CRISPR Trans Reporter (DETECTR) technology and one-
hour low-cost multipurpose highly efficient system
(HOLMES) technology is rooted in the ssDNA trans-
cleavage activity of Cas12. HOLMES was achieved through
the utilization of the cis and trans-cutting functions of
Casl2a, along with self-quenched-fluorescent ssDNA
molecules as probes [59]. Chen et al. proposed the new
detection method DETECTR by integrating the Casl2a
trans-cleavage activity with IAT [60]. The process involves
amplifying the target DNA through RPA or PCR, adding
Casl2a and gRNA, and then introducing a fluorescence-
quenched ssDNA probe. The Cas12a-gRNA complex targets
and cleaves the DNA, triggering collateral cleavage activity
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FIGURE 6. Schematic representation of the mechanism of CRISPR/Casl2. The DNA target was amplified using PCR, isothermal
amplification, or other methods of amplification. The guide sequence of crRNA is designed to target a distinct area within the target DNA.
With the mediation of crRNA and PAM, Casl2 can specifically recognize the target DNA sequence, and activate specific cis-specificity and
non-specific collateral cleavage. This results in the cleavage of reporter groups and these cleaved reporter groups can be detected by detection
methods such as fluorescence signals, lateral flow detection, and visual observation of color changes.

which in turn cleaves the ssDNA probe, resulting in a
fluorescent signal (Fig. 4A). DETECTR, based on CRISPR
Casl2, offers a faster and more visually intuitive detection of
SARS-CoV-2 using lateral flow chromatography [51].
DETECTR can also identify human papillomavirus (HPV)
16 and HPV18 within various subtypes of HPV [60].

The detection platform OR-DETECTR for identification
of SARS-CoV-2 incorporates Reverse Transcription and
Recombinase Polymerase Isothermal Amplification (RT-
RPA) along with DETECTR technology [61]. In addition, a
lateral flow assay was developed by Sun et al. based on OR-
DETECTR for the detection of SARS-CoV-2. Operating
through a lateral flow strip, the OR-DETECTR test offers a
visual method of testing. The assay involves using activated
Casl2a to cut the Carboxyfluorescein-biotin (FAM-biotin)
reporter, generating a signal at the test line for initial
detection. The uncut reporters are then captured at the
control line. This design allowed for visual visualization of
the trial results. The platform, which can be enclosed in a
tube, is accurate, rapid, user-friendly, and does not require
bulky equipment, making it suitable for at-home COVID-19
detection. During the COVID-19 outbreak in 2019, there
was a critical need for accurate, rapid, and efficient testing
methods. In response, scientists developed the all-in-one
dual CRISPR/Casl2a (AIOD-CRISPR) method, which
combines RPA technology with the Casl2a mechanism in a

single-step testing platform [62]. Amplification and cutting
are performed simultaneously in one system, which avoids
contamination and reduces reaction time. AIOD-CRISPR
produces visible fluorescence via the transverse cleavage
ability of Casl2a, enabling the detection of SARS-CoV-2.

Another one-pot detection system is the specific high-
sensitivity enzymatic reporter unlocking (SHERLOCK)
platform, which is used in the SHERLOCK Testing in One
Pot Covid, version 2 (STOPCovid.v2) assay. This one-pot
assay platform integrates Casl2b with reverse transcription
loop-mediated isothermal amplification (RT-LAMP) [63].
The procedure of STOPCovid.v2 is not complicated. First,
viral nucleic acid is extracted, DNA extraction solution is
added, and then RT-LAMP reagent and Cas12b reagent are
added. When the reaction is over, the lateral flow test strip
can be used for detection. The STOPCovid.v2 method does
not need to extract viral RNA, nor does it need complex
laboratory equipment. Operating this equipment is easy and
quick, making it ideal for detecting SARS-CoV-2 in the
field [72].

In order to make nucleic acid detection faster and more
convenient, a suboptimal PAM of the Casl2a-based test
(Casl2a-based sPAMC) was proposed in 2022. This method
enables one-step CRISPR detection by IAT and Casl2a
cleavage simultaneously in a single tube. By utilizing
crRNAs that target substrates with suboptimal PAMs
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instead of standard PAMs, the reaction time is expedited by
two to three times. The sPAMC approach can rapidly detect
the human cytomegalovirus (HCMV) DNA virus within 10
min or the RNA virus SARS-CoV-2 in only 15 min using
unextracted samples. Importantly, the sPAMC technique
achieves detection limits comparable to traditional
quantitative PCR (qPCR) in both cases [64].

The growing number of SARS-CoV-2 variants exhibiting
spike mutations has sparked concerns due to increased
transmission rates. Thus, a novel detection system for
monitoring SARS-CoV-2 variants, known as Casl2a-based
RT-PCR combined with CRISPR on-site rapid detection
system (RT-CORDS), was created. Upon binding of Cas12a/
crRNA to the mutant target, the enzymatic cleavage activity
of Casl2a is triggered, enabling non-specific cleavage of the
single-stranded DNA reporter (FAM-ssDNA-BHQ or
Biotin-ssDNA-Digoxin). Ultimately, the presence of the
mutant target is identified through fluorescence detection or
using a paper strip [144]. Casl2a in combination with the
LAMP assay can also detect respiratory viral point
mutations, including the mutant SARS-CoV-2 spike N501Y
[145]. In 2022, a detection system called CRISPR Single Pot
Assay for Detecting Emerging A thermostable Cas12b from
Brevibacillus leverages one-pot discrimination of SARS-
CoV-2 variants of concern (VOCs) (CRISPR-SPADE) was
developed, which combines RT-LAMP and CRISPR in one
reaction. The critical aspect of this approach lies in using a
heat-resistant Cas12b effector endonuclease derived from
Brevibacillus sp. BrCas12b demonstrates robust performance
in an IAT buffer and thus integrating BrCas12b into an RT-
LAMP based all-in-one reaction system is an effective
method to differentiate SARS-CoV-2 VOCs in specimens
from patients. This method enables continuous monitoring
of the reaction in real time [65]. Compared with the
detection of only one viral pathogen, the RPA/CRISPR-
Casl2a system, when used in conjunction with lateral flow
chromatography, enables the simultaneous identification of
SARS-CoV-2, influenza A, and influenza B. This approach
offers increased efficiency and effectiveness, serving as a
robust tool for on-the-spot testing [66].

The use of CRISPR and similar technologies in cancer
research has provided insight into previously challenging
issues related to cancer genetics, the noncoding genome,
and tumor diversity [146]. Ethical approval was granted in
China for a 2016 clinical trial involving gene editing to
address lung cancer, suggesting a potential breakthrough in
developing an effective genome editing approach for
combating cancer [147,148]. In 2021, the EasyCatch method
for detecting mutations in cancer samples was developed.
RPA technology was used to amplify the mutant sequences
of cancer samples. The Casl2a-crNA complex first cleaved
the target DNA after incorporating a fluorescence-quenched
ssDNA probe and then cleaved the ssDNA probe to
produce fluorescence [67].

Casl2a binds crRNA and the target DNA to form
complexes and, upon Casl2a/crRNA binding to African
swine fever virus (ASFV) DNA, this complex becomes
activated and degrades the fluorescent ssDNA reporter in
the system. When coupled with a point-of-care (POC)
system, achieved a detection limit of 2 pM within 1 h

without nucleic acid amplification [68]. Another detection
technique that does not require amplification is Solid-Phase
Extraction and Enhanced Detection Assay using CRISPR-
Casl2a (SPEEDi-CRISPR). This method is based on using
casl2a-coated magnetic beads to enrich target DNA, which
can ultimately be read visually through smartphones or
lateral flow analysis. SPEEDi-CRISPR can detect HPV18
and distinguish it from HPV16 and parvovirus BI9.
Additionally, it meets the requirements for point-of-care
testing (Fig. 7) [69].

CRISPR/Casl2a’s  trans-cleavage  function  was
incorporated into an electrochemical biosensor (E-CRISPR),
along with recombinase-aided amplification (RAA). By
combining RAA and CRISPR, an electrochemical biosensor
platform was developed for the identification of Listeria
monocytogenes. This system shows a remarkable sensitivity
with a detection threshold of 0.68 aM and exceptional
specificity [70].

The CRISPR/Casl2c system requires the PAM sequence
to bind the DNA in a target-specific fashion without cleavage.
Using this feature, the Casl2c-based nucleic acid detection
platform (Casl2c-DETECTOR) was developed. This
platform was coupled to an optimized sgRNA for precise
identification of single nucleotide polymorphisms (SNPs).
By integrating pre-amplification techniques and either visual
fluorescence detection methods or lateral flow strips, it can
be employed for the detection of human and plant
pathogens [71].

Application of the CRISPR/Casl3 system in nucleic acid
detection

CRISPR proteins Casl2 and Casl3 have shown promising
results in the detection and treatment of ssRNA viruses
[65]. In particular, Casl3 can create a complex with
numerous crRNAs, enabling targeted cleavage at various
points along an RNA transcript with exceptional accuracy
[149]. Casl3-crRNA complexes can be used to target
specific sites within an ssRNA transcript, resulting in the
cleavage of the RNA and subsequent inhibition of post-
transcriptional gene expression. Casl3-mediated gene
inhibition can counteract immune evasion mechanisms and
enhance anti-cancer defenses [150].

Fig. 8 illustrates the activity of Casl3 in cleaving
collateral RNA, with the Casl13-gRNA complex binding to
the target RNA. This target RNA includes a specific
protospacer-flanking site (PFS) located at the 3" end [151].
By utilizing the collateral cleavage function of the CRISPR/
Casl3 system, the nucleic acid detection method
SHERLOCK was created. SHERLOCK offers quick and
precise diagnostic tests relying on CRISPR/Casl3 for the
detection of emerging COVID-19 [152]. SHERLOCK is
similar to the DETECTR mechanism, but the target
recognized by Casl3a is RNA, so when the target is DNA,
the DNA needs to be transcribed into RNA for detection
[73]. The initial step involves IAT of the target DNA using
RPA technology, followed by transcription of the target
DNA into target RNA by T7 transcript in vitro. When the
Casl3a-crRNA complex is added, the non-specific trans-
cleavage activity of Casl3a is triggered at the same time as
its binding to the target RNA. The added fluorescent



34

Capture and extraction
of target DNA by
RNP-coated beads

®

Nucleic acid
release

Body fluid

Sample: 100 pL

+ Do

Target DNA
Magnetic bead

l Cas12a functions:

A .

Buffer exchange

Target identification ‘
RNP-based enrichment

) Signal generation

LIUJIE CHEN et al.

Cas12a-based
signal generation

Readout by
POCT strategy

Y- Z

Reaction buffer: 20 pL

T ® S @
* &rm® enme

Activated Cas12a DNA Reporter

Cleaved reporter

Fluorophore FAM
I ® Quencher ® Biotin

CRISPR/Cas12a-based target identification

Fluorescence signal for
smartphone-based detection

Colorimetric signal
for lateral flow assay

FIGURE 7. SPEEDi-CRISPR assay. (A) Process of SPEEDi-CRISPR for point-of-care diagnosis. Samples are lysed to release nucleic acids by
heat; then, beads covered in Cas12a-crRNA RNP are introduced to a substantial sample volume for the selective capturing and enrichment of
target DNA. Following enrichment, the liquid component is removed, and the reaction buffer with reporters is added to induce signal
production. The outcome is quantifiable using a laboratory instrument and can also be connected to a portable tool or lateral flow assay
(LFA) for a visual readout in point of care testing (POCT). (B) The SPEEDi-CRISPR assay operates on the principle that the N-terminal
His-tag of Casl2a interacts with cobalt ions located on magnetic beads. This interaction leads to the formation of a layer of Casl2a-crRNA
RNP on the surface of the beads. These customized beads capture the target DNA through the sequence recognition process of Casl2a-
crRNA RNP. Post-extraction, the activated Casl2a enzyme will cleave the reporters in the reaction buffer, thus producing a signal.
Reproduced with permission from Tian et al., published by American Chemical Society, 2024 [69].

reporter RNA molecular probe is cleaved to produce a
fluorescent signal (Fig. 4D). The SHERLOCK nucleic acid
detection technology has proven to be effective in detecting
ZIKV and dengue virus (DENV). Since the SHERLOCK
platform can only detect a single nucleic acid at a time, the
second-generation SHERLOCK (SHERLOCK v2) platform
was created that can simultaneously detect four different
target RNAs. In addition, a CRISPR-related enzyme (Csm6)
was added to improve the sensitivity, and the test strip of
the SHERLOCKvV2 platform was further developed to detect
the results intuitively [72].

To enhance the SHERLOCK platform’s detection
capability, a technique called heating unextracted diagnostic
samples to obliterate nucleases (HUDSON) was designed.
This method allows for the direct release of viral nucleic
acids from clinical samples for detection, rather than relying
on conventional nucleic acid extraction methods [74].
Combining the SHERLOCK platform with HUDSON
technology could directly detect DENV and ZIKV in blood,
plasma, serum, saliva, and urine samples. Besides the above
applications of Cas13, a SHERLOCK nucleic acid test was
also constructed in 2019 to detect human Epstein-Barr virus
(EBV) DNA [153]. The principle is that the activation of the
Casl3 enzyme upon binding to the targeted viral RNA leads
to the cleavage of the RNA and triggers collateral RNase
activity [154]. This innovative platform provides a
promising solution for efficient and accurate diagnosis of
SARS-CoV-2, particularly in settings where immediate
testing is required.

The SHERLOCK method is not only capable of detecting
viruses but can also be used for malaria diagnosis [155,156].
By combining RPA technology, CRISPR-RNA base pairing,
and Casl3a activity, SHERLOCK can detect all known
Plasmodium  species that cause malaria disease.

Furthermore, SHERLOCK can be used to detect and drug-
resistance genotyping in mosquitoes [156]. Lee et al
showcased the effectiveness of the SHERLOCK technique in
detecting and differentiating different Plasmodium parasites
[157]. They employed portable fluorescence detection or
lateral flow strip detection methods, which are more
intuitive and suitable for immediate detection.

SHERLOCK technology can also be used for the swift
identification of soybean crop traits by amplifying and
detecting nucleic acid targets from crude soybean extracts.
The SHERLOCK technique is easier to operate than other
detection methods, processes samples more quickly, and
does not require complex instruments. These principles can
also be extended to other agricultural detection methods [33].

The Casl3a protein has been enhanced for nucleic acid
identification through the collateral lytic function of
Leptotrichia wadei Casl3a (LwCasl3a). A method called
CRISPR/Casl13a-LFD was developed for quickly and
accurately detecting ASFV by integrating RAA with a lateral
flow strip [75]. CRISPR/Casl3a-LFD displayed precise
detection abilities and can be used for on-site clinical ASFV
identification with no expensive equipment. An alternative
CRISPR/Casl3a trial exists that eliminates the need for
amplification, enabling direct detection of SARS-CoV-2 in
nasal swab RNA. This technology allows results to be
interpreted using a smartphone microscope [76]. This
method increases Casl3a activation by binding multiple
crRNAs and analyzes fluorescence changes over time,
offering a rapid, precise, compact, and economical solution
for POC SARS-CoV-2 screening.

A platform developed by combining the collateral
cleavage properties of Casl2a and Casl3a with HRP as an
enzymatic reporter can generate signals detected by
colorimetric, fluorescent, or chemiluminescent methods.
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This method, which does not require amplification, can detect
both nucleic acid and non-nucleic acid targets and is a
powerful dual-amplification sensing platform (Fig. 9). This
technology has shown promise in quickly detecting SARS-
CoV-2 viral nucleic acid markers [77].

Class II CRISPR/Cas systems demonstrate a wide range
of structures and functions, offering flexibility in genome
editing and nucleic acid detection [72]. The efficient Cas13d
effectors display strong cleavage of targets and collateral
RNase activity. The system, derived from Ruminococcus
flavefaciens XPD3002, belongs to Class II type VI-D
CRISPR/Cas13d  [47,158]. The prophylactic antiviral
CRISPR in human cells (PAC-MAN) technology has been
reported to be useful against SARS-CoV-2, influenza A virus
(IAV), and possibly all coronavirus strains [159]. There is a
report of a CRISPR live-cell FISH tool based on Cas13d
[160]. In this method, they used catalytically deactivated
Cas13d and dCasl3d defused with crRNA labeled with
fluorescence [161].

In 2021, researchers created a technique to analyze
SARS-CoV-2 and its altered forms using a method that uses
RNA aptamers to signal CRISPR/Casl13 amplification [78].
Specificity of sequences was achieved through the ligation
process and recognition by Casl3a/crRNA, enabling the
detection of mutations in viral RNA. RNA aptamers that
light up are unique RNA molecules capable of binding
specifically to dyes and stabilizing their structure to create a

complex with a fluorescent signal. The unlabeled RNA
aptamer that lights up enables the sensitive generation of
amplification signals through the ribonuclease activity of
CRISPR/Casl3a triggered by the target [162,163].

The PCR-CRISPR platform is a Casl3a-based platform
for Hepatitis B virus DNA (HBV) that can detect one copy
of each HBV DNA and drug-resistant mutations [79],
making it a valuable tool for early detection of HBV
infection, monitoring drug resistance, and providing
guidance for treatment.

Casl3a has shown potential in detecting miRNA
biomarkers for early cancer diagnosis. A portable ECL chip
(PECL)-CRISPR platform for detecting miRNAs was
constructed by  the  introduction of  Casl3a
electrochemiluminescence (ECL) [80]. The target miRNAs
were directly identified by Casl3a, and then the reaction
was placed on an electrochemical luminescence to detect
miRNAs in tumor cells on an electrochemical luminescence
chip [164]. This technology offers a promising approach in
the field of clinical diagnostics.

Application of the CRISPR/Casl4 system in nucleic acid
detection

The Casl4 protein requires tractRNA and crRNA to identify
and target ssDNA without the need for a PAM site and
activates Casl4 protein-specific cis-cleavage activity as well as
non-specific collateral cleavage activity (Fig. 10). While Cas14
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Society, 2022 [77].

primarily targets ssDNA, it can also target dsDNA through a T-
rich PAM sequence [165,166]. Based on the characteristics of
Casl4, Casl4a-DETECTR technology was developed for the
identification of human high-fidelity DNA SNP sites and
viral DNA (Fig. 4B) [48]. Integrating the CRISPR/Casl4a
system with 2D porphyrin metal-organic framework
nanosheets (2D-pMOFs) has led to the creation of a novel
and adaptable fluorescence sensor known as the Casl4-
pMOFs fluorescence sensor, which allows for highly selective
and sensitive detection of microcystin-LR (MC-LR) levels [81].

By integrating Casl4al with asymmetric PCR, Hu et al.
created a technique to identify homozygous deletion of exon
7 of the survival motor neuron 1 gene (SMNI) in patients
with spinal muscular atrophy (SMA). In this testing method,
specific crRNA-guided Casl4al endonuclease amplifies
target DNA. Once activated, Casl4al breaks down the
ssDNA-FQ probe via non-specific trans-cleavage activity,
leading to the production of a fluorescence signal [167]. The
engineered effector CasMINI, based on the naturally found
Cas12f (Casl4) system, was created using CRISPR/Cas
technology. Experimental findings revealed that while the
original Casl2f and its corresponding sgRNA were inactive
in mammalian cells, the modified Casl2f protein and
sgRNAs demonstrated effective control over gene expression
and editing, offering the potential for genome engineering

tasks [42]. Compared to Cas9, Casl4 has the advantage of
targeting a wider range, but whether this might cause higher
off-target effects is yet to be addressed.

Summary and Prospects

In 2013, the mammalian gene editing community made a
groundbreaking discovery with the invention of the
CRISPR/Cas9 system. Thereafter, CRISPR technology has
transformed the landscape of gene editing because of its
remarkable efficiency, simplicity, and affordability. Through
extensive research on the CRISPR system, various CRISPR-
based DNA and RNA editing tools and gene expression
regulation tools have been developed. The CRISPR/Cas
system is valuable not just for gene editing, but also for
nucleic acid detection. This article outlines the potential of
using CRISPR technology to detect a wide range of nucleic
acids. The clinical applications of CRISPR/Cas systems
targeting nucleic acids are extensive and diverse, including
the use of RNA knockdown to treat genetic diseases, and
the treatment of diseases associated with mRNA misplacing.

The fusion of Cas technology with PCR amplification
and NGS has found widespread use in the field of nucleic
acid detection. Examples include FLASH and PC based on
Cas9, HOLMES based on Casl2, and PCR-CRISPR based
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on Casl3. However, these require time and energy, as well as
special instruments and laboratories, and operators need
professional training. Moreover, such technology failed to
fulfill the criteria for rapid on-site detection and operability
in disease categorization and pathogenic microorganism
screening. Recently, progress in nucleic acid IAT, especially
the combination of nucleic acid IAT with Cas gene editing
technology and nucleic acid visualization technology such as
colloidal gold or fluorescence, has opened wup the
applications of CRISPR in nucleic acid detection. For
example, DETECTR based on Casl2 uses RPA to amplify
target genes and fluorescence visualization to display
detection results. The integration of IAT which is
characterized by rapid processing times and constant
temperature, with the high specificity of the CRISPR/Cas
system addresses several limitations inherent in traditional
molecular  diagnostic  techniques. This combination
significantly enhances the specificity of detection results and
makes it more suitable for on-site detection, thereby
meeting the requirements for POC testing. Additionally, it
offers advantages such as lower costs, ease of operation, and
simplified instrumentation. However, it is important to note
that this combination may lead to reduced sensitivity and
carries a risk of off-target effects. Further research is
necessary to strike a balance between the sensitivity of IAT
and the specificity needed for nucleic acid testing, while also
preventing sample contamination during field operations.
Many studies have made good attempts, such as improving
the reaction process to realize the one-tube operation of
gene editing and IAT visualization as well as optimizing Cas
enzymes and crRNA.

Future research should focus on developing methods that
require fewer operational steps and utilize smaller instruments
by integrating IAT with one-pot detection methods. The one-
pot method offers several advantages, including enhanced
efficiency and streamlined workflows. For example,
combining the strengths of CRISPR technology with IAT, as
demonstrated by systems like AIOD-CRISPR and
STOPCovid.v2, which employ a one-pot approach. In these
systems, amplification and cleavage occur simultaneously
within a single platform, followed by detection through
fluorescence or lateral flow readouts. However, it is essential
to address the nucleic acid extraction step in the one-pot
method. Simplifying this step is crucial, as direct detection
of samples can significantly improve the sensitivity and

specificity of the assays while also reducing costs and
pollution. The advancement of technology has led to the
development of various nucleic acid detection methods that
use the CRISPR/Cas system. These methods offer numerous
advantages and hold significant value in applications such as
POC detection of pathogenic microorganisms, early cancer
screening, agriculture, parasitic infections, antibiotic
resistance studies, and genotyping. However, the existing
detection methods are limited by PAM sites, off-target
effects, and time consumption. Currently, various strategies
are being explored to reduce the off-target effects associated
with the CRISPR/Cas system. It is crucial to optimize
gRNA, use aptamers to mediate the delivery of the CRISPR/
Cas system and develop new CRISPR/Cas mutants to reduce
the off-target effects of CRISPR/Cas. Additionally, CRISPR/
Cas mutants exhibit advantages in reduced off-target activity
as well as cleavage efficiency, significantly improving nucleic
acid detection methods based on CRISPR/Cas technology.
Many Cas proteins depend on distinct PAMs for target
recognition, which may pose challenges to their broader
implementation. For example, the newly developed variant
of SpCas9, SpRY, can cut DNA of almost any sequence
without PAM in vitro. If gRNA can be synthesized quickly
and easily, it will be easier to implement SpRYgest, which
will be useful in the field of molecular cloning. Optimizing
or employing efficient Cas proteins and enhancing the
sequence stability of CRISPR/Cas can lead to improved
targeting efficiency. False positives pose a significant
challenge, particularly due to off-target effects associated
with the CRISPR/Cas system. Combining IAT technology
can achieve highly sensitive detection, but is affected by
aerosol contamination, which can also lead to false positives.
While RT-qPCR is recognized as the most dependable
technique, the inconsistent quality of commercial kits can
result in diminished sensitivity and specificity, ultimately
causing false negative findings. Looking ahead, the
development of a one-tube method, combined with lateral
chromatography test strips or portable fluorescence
detection, will reduce the occurrence of false positives. In
addition to this, pre-amplification may improve the
sensitivity but may also prolong the detection time because
of the need for additional procedures. Future efforts should
focus on refining these systems into more straightforward
and versatile detection approaches, as well as advancing
CRISPR/Cas systems capable of simultaneous multiple
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detections for large sample sets. Furthermore, new detection
systems, such as Agos, can perform multiple assays can be
performed simultaneously with one enzyme.

Despite the limitations of the novel nucleic acid detection
systems, with the development of CRISPR technology and
research into Cas proteins, we believe the problems faced by
CRISPR/Cas technology will be overcome. It is expected that
CRISPR/Cas technology will have a wide range of
applications in nucleic acid detection in the future.
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