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ABSTRACT

Pathogenic infection remains the primary threat to human health, such as the global COVID-19
pandemic. It is important to develop rapid, sensitive and multiplexed tools for detecting pathogens
and their mutated variants, particularly the tailor-made strategies for point-of-care diagnosis allowing
for use in resource-constrained settings. The rapidly evolving CRISPR/Cas systems have provided a
powerful toolbox for pathogenic diagnostics via nucleic acid tests. In this review, we firstly describe the
resultant promising class 2 (single, multidomain effector) and recently explored class 1 (multisubunit
effector complexes) CRISPR tools. We present diverse engineering nucleic acid diagnostics based on
CRISPR/Cas systems for pathogenic viruses, bacteria and fungi, and highlight the application for detecting
viral variants and drug-resistant bacteria enabled by CRISPR-based mutation profiling. Finally, we discuss
the challenges involved in on-site diagnostic assays and present emerging CRISPR systems and CRISPR
cascade that potentially enable multiplexed and preamplification-free pathogenic diagnostics.

Drug resistance

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Pandemic outbreak, particularly coronavirus disease 2019
(COVID-19) epidemic, highlights the demand to enhance surveil-
lance systems and diagnostic capacities for pathogenic biosafety
[1—4]. The global COVID-19 pandemic has infected 652 million
cumulative cases and caused 6.65 million cumulative deaths, and it
still results in nearly 80 thousand new cases per day, as of
December 27, 2022 (WHO Coronavirus Dashboard, https://covid19.
who.int/). Particularly, mutations in viruses spontaneously occur
during their replication, and some of them generally account for the
variants of concern (VOCs) that could increase the infection
severity and render vaccines ineffective [5]. Besides, mutations in
bacteria are often the cause of antimicrobial resistance, and hori-
zontal transfer of resistant gene among bacteria is taken as an
important way to confer resistance [6]. Development of the diag-
nostic tools, especially for point-of-care testing (POCT), capable to
infer pathogens and their mutations is highly significant for
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pandemic control.

Current diagnostic technologies for pathogens mainly depen-
dent on culturing and colony counting, antibody-based assay (such
as enzyme-linked immunosorbent assay, ELISA) and nucleic acid
tests (such as quantitative polymerase chain reaction, qPCR) [7,8].
Application limits of these diagnostics lie in high-cost, long turn-
around time and the dependent on the sophisticated equipment,
hindering their use in resource-constrained settings where gener-
ally lack diagnostic reagents and testing infrastructure. Nucleic
acid-based technologies, that require only knowledge of the path-
ogen genome sequence enable accurate and early diagnosis.
Combining with nucleic acid preamplification endows high-
sensitivity, moreover, the improvement of assaying specificity,
especially single-mutation resolution, is equally essential for
pathogen diagnosis. The clustered regularly interspaced short
palindromic repeat (CRISPR)-associated (CRISPR/Cas) system is a
promising tool for nucleic acid tests. The evolutionary arms race has
led to numerous CRISPR systems with different variations in
mechanisms and functionalities. Contributed to the high target
sequence specificity and programmability, CRISPR/Cas-based
nucleic acid diagnostics have been widely developed for patho-
gens, and some of which are suitable for on-site detection via
integrating with lateral flow papers and mobile phones [9—11].
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In this review, we introduced the evolution of the class 1 and
class 2 CRISPR/Cas systems as well as the major advances of their
applications in nucleic acid diagnostics (Fig. 1). We then presented
the applications of CRISPR/Cas-based nucleic acid techniques in
pathogenic diagnostics, mainly including viruses, bacteria and
fungi. Particularly, we highlighted the application for detecting
viral variants and drug-resistant bacteria enabled by CRISPR-based
mutation profiling. The challenges such as the development of
preamplification-free assay and the potential of CRISPR cascade and
new emerging CRISPR systems have been discussed.

2. CRISPR toolboxes

CRISPR/Cas systems pose important roles in the adaptive im-
mune system, and are widely discovered in about 87% archaea and
47% bacteria [12]. CRISPR/Cas systems function as the highly spe-
cific molecular scissors to shear invading nucleic acids. A surveil-
lance CRISPR/Cas scissor primarily depends on a ribonucleoprotein
assembled from a Cas effector complex and a single guide RNA
(sgRNA) composed of a non-coding CRISPR RNA (crRNA) and a
trans-activating crRNA (tracrRNA) [13]. According to the difference
of Cas genes and their proteins, CRISPR/Cas systems were divided
into 2 distinct classes and 6 types [14]. Class 1 systems have mul-
tisubunit effector complexes composed of multiple Cas effectors,
some of which are responsible for pre-crRNA processing, some for
crRNA binding and some for nuclease cleaving, whereas all func-
tions in class 2 systems are executed by only a single Cas effector
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(Fig. 2). Class 1 system contains type I, IIl and IV, while in class 2
system there also have three types: type I, V and VI Several
promising CRISPR/Cas variants mainly in class 1 system have been
engineered, including a series of dead Cas effector and other mu-
tants represented by Cas9 (H840A) and Cas9 (D10A) [15].

2.1. Class 1 CRISPR toolbox

A typical feature in class 1 system that distinguishes from class 2
is the assembly of multisubunit effector complexes (the CRISPR-
associated complex for antiviral defence). The mutisubunit
effector module consists of Cas3, Cas5-Cas7, Cas8, Cas10 and Cas11,
in different class 1 combinations, the effector module contains
different Cas proteins relying on the types and subtypes (Fig. 2).
Additionally, upstream pre-crRNA processing in class 1 system is
directly catalyzed by Cas6, whereas in subtype [—B/C systems, Cas5
seems to functionally replace Cas6 [16]. All the class 1 subtypes by
far have been employed in developing nucleic acid diagnostic
technologies except for type IV, therefore, we next focus on the type
I and IIL.

Class 1 type I system is further subdivided into 7 subtypes (I-A to
I-G) [14]. The signature Cas3 gene (or variant Cas3’) existed in the
whole of type I loci. Cas3 gene encodes a helicase-nuclease fusion
enzyme: the helicase domain with a demonstrated capacity to
dissociate double-stranded (ds) nucleic acids (dsDNA or RNA-DNA
duplexes) could be stimulated by a single-stranded DNA (ssDNA)
[17,18]; another fused N-terminal HD nuclease domain is involved
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in the nick of the non-target strand (NTS) DNA and the processive
degradation of the dsDNA near the PAM, and the further robust
collateral cleavage upon ssDNA [19]. Type 1 system typically func-
tions to degrade DNA in a two-step process: (i) cascade-mediated
identification of the DNA target complementary to crRNA; (ii)
target binding-triggered DNA degradation in trans caused by the
recruited Cas3 [20]. Therefore, the signal reporting of nucleic acid
diagnostics using type I systems generally depends on the cleavage
activity of Cas3 effector.

Two recent works have developed nucleic acid diagnostics using
type I system. The well-defined subtype I-E system was utilized to
develop a cost-efficient and equipment-free nucleic acid sensing
assay, named Cas3-Operated Nucleic Acid detection (CONAN) [21].
Coupling loop-mediated isothermal amplification (LAMP) pre-
amplification with multiple turnover collateral cleavage of ssDNA
signal probes by activated Cas3 endows the CONAN assay with a
high-sensitivity. It is recently proved that Cas3 and subtype I-A
Cascade assemble into an integral effector complex, distinct from
the trans-recruitment of Cas3 in other type I systems [20]. And
preamplification-free nucleic acid detection can be accomplished
using this subtype I-A system, and it enabled a pM-sensitivity for
dsDNA or ssDNA target within 15 min, while targeting ssRNA
yielded a 100-fold lower sensitivity. By contrast, RNA/DNA het-
eroduplex target requiring at micromolar range could be detected.
The use of the lateral strip assay in both work has no trade-off in
sensitivity.

Class 1 type Il system targets RNAs and consists of subtypes A to
E [22,23]. Subtype IlI-A through III-D systems encompasses the
signature gene Cas10 — also known as Csm1 in subtype III-A/D and
Cmr2 in subtype IlI-B/C systems [24,25]. Cas10 protein, the largest
subunit of type III effectors, harbors multiple domains (a HD
domain responsible for collateral DNase, two Palm domains for
nucleic acid cyclases, and two small a-helical domains) [26]. The
multisubunit effector complex of the type Il system comprises
Cas10 and additional Cas proteins (Csm2-5 in subtype IlI-A/D or
Cmr1 and Cmr3-6 in subtype III-B/C) [27]. Corresponding to Cas3
protein of type I system, Csm6, an auxiliary CRISPR-associated ri-
bonucleases, is responsible for the signal reporting in type III sys-
tem. Different from the physical association Cas3 with Cascade, the
linking of Cas10-containing effector for invader sensing to Csm6

ribonucleases depends on the Cas10-catalyzed cyclic riboadeno-
sines which can act as the activator for Csm6 [28]. Target RNA
binding subtype IlI-A system shows four enzymatic activities: (i)
specific cis-cleavage upon target RNA by Csm3; (ii) collateral DNA
degradation by Cas10; (iii) synthesis of cyclic riboadenosines (cOA)
by Cas10; (iv) collateral RNA cutting in trans by the cOA-activated
Csm6. In subtype III-B system, Cas10 (Cmr2) subunit lacks the HD
nuclease domain, and hence lacks the DNase activity [29]. The
recently identified subtype III-E is an atypical type III system.
Different from other type Il system, subtype IlI-E encodes a single
protein (known as gRAMP and Cas7-11) with several domains
including one Cas11-like domain, one big insertion domain and
four Cas7-like domains (Cas7.1-Cas7.4) [30,31]. Cas7-11 effector
cleaves the target RNA complementary to the crRNA at two defined
positions. And similar to Cas12 and Cas13, Cas7-11 possesses pre-
crRNA processing activity without the need for additional en-
zymes. Notably, it has been identified that Cas7-11 can associate
with TPR-CHAT protease Csx29 (a caspase-like protein) to assemble
into Craspase (CRISPR-guided caspase) that capable of RNA-
activated cleavage of Csx30 [32—34]. The RNA-activated protein
cleavage using Craspase can be explored to sense RNAs either
in vitro or inside cells [34]. In particular, a CRISPR protease (CalpL)
[35] and a NADase (TIR-SAVED) [36] that both can be activated by
cyclic nucleotides (cA4 or cAs) are recently identified. Combining
the proteinase and NADase effectors with CRISPR type III systems
holds great potential to develop sensitive assays for RNA sensing.
Several nucleic acid sensing strategies have been reported by
utilizing different auxiliary CRISPR-associated enzymes, all of
which can be activated by cOA with ring sizes ranging from cAs to
cAg, such as Csm6, Canl, Can2 and NucC [28,37—41]. A particular
subtype III-A system present in Lactobacillus delbrueckii subsp.
bulgaricusthe, termed LdCsm, is capable of ssDNA cleavage while
lacking the cOA signaling pathway [40]. LdCsm enabled sensitive
RNA detection at the concentration of 10 nM targets and a single-
nucleotide resolution based on the only ssDNase. Sridhara et al.
developed a MORIARTY assay (Multi-pronged, One-pot, target
RNA-Induced, Augmentable, Rapid, Test sYstem) utilizing both the
target-triggered ssDNase and cOA signaling pathways [39]. Multi-
plex signaling conferred the MORIARTY assay with a higher sensi-
tivity than that using single signaling pathway. In addition, three
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detectable Cas10-mediated polymerase products enabled to turn
out multiple readouts [38], in which, cOA signaling, pH change
during cyclic nucleotide polymerization and pyrophosphate se-
questrating the metallic ions allowed for fluorometric and colori-
metric detection, respectively. Nucleic acid diagnostics using
subtype III-B systems were alike to subtype III-A, mainly per-
forming the cOA signaling that generally using TTHB144 [42] and
NucC [37]. Furthermore, subtype IlI-A system from Thermus ther-
mophilus (TtCsm) can simultaneously generate cAs and cA4 that can
be respectively recognized by NucC and Can2, thus combining with
two ancillary nucleases could improve the sensitivity of nucleic
acid diagnostic [41].

2.2. Class 2 CRISPR toolbox

Class 2 systems comprise a single large Cas effector protein —
Cas9 (type II), Cas12 (type V) and Cas13 (type VI) — with multi-
domain that responsible for pre-crRNA processing, crRNA binding
and nucleic acid cleavage (Fig. 2) [14]. It is the assembly of multiple
domains into a single protein that renders them easily useable.
Different from Cas6-executing processing in class 1 systems, pre-
crRNA processing in type Il systems (Cas9) is carried out by the
bacterial RNase III — not a Cas protein. Contrastingly in the bulk
type V and VI systems, the distinct catalytic domain responsible for
processing is naturally fused in the large Cas effector protein (Cas12
and Cas13).

The first use of engineering CRISPR/Cas9 system for gene editing
in eukaryotic cells opens a brand-new era in biotechnology [43]. In
type II effector (Cas9), two endonuclease domains, HNH and RuvC,
are responsible for nicking the TS and NTS, respectively, upon target
DNA binding with the guide RNA (gRNA) [44]. The recognition
(REC) lobe of Cas9 protein mediates the recruitment of protein by
gRNA, and the protospacer adjacent motif (PAM)-interacting region
recognizes the PAM sequences that are beneficial for the pre-
liminary screening of target sequences [45]. Activated Cas9 nicks
target dsDNA precisely at 3-nt upstream (5’-side) of the PAM,
generating in a blunt-end break. The highly conservative PAM (e.g.,
5’-NGG for Streptococcus pyogenes Cas9, SpCas9) offers a further
improvement of assay specificity for the development of diagnostic
tools, however, it also greatly limits the target site selection. To
overcome this restriction, a SpCas9 variant, named SpGY, with
expanded set of NYN PAMs which is a near-PAMless [46], signifi-
cantly broadens the applications for CRISPR/Cas tools in nucleic
acid tests. Additionally, high demand for diagnostics and gene
editing has proliferated a dramatic expansion of class 2 system,
including diverse variants. Commonly used Cas9 variants contain
Cas9(H840A) that only nicks NTS, Cas9(D10A) that only nicks TS
and dead Cas9 that is nuclease-deficient [15]. Cas9(H840A) or
Cas9(D10A) can act as a DNA nickase, allowing for the development
of isothermal nucleic acid amplification strategies [47,48].

Type V effector (Cas12, previously known as Cpf1), another DNA
targeting system in class 2, possesses a collateral cleavage activity
on ssDNA in addition to target dsDNA cleavage in cis, and the cis-
cleavage produces a sticky-end break [49]. Cas12a is the first
discovered member in Cas12 family, all enzymes of which share
similar structural components. Differently, Cas12a only requires a
crRNA for guiding target recognition [50], while more compact
Cas12 proteins, such as Cas12b and Cas12f (also known as Cas14a)
[51,52], need both crRNA and tracrRNA. The PAM for Cas12a
commonly including Lachnospiraceae bacterium Cas12a (LbCas12a)
and its Acidaminococcus ortholog (AsCas12a) is 5’-TTTN [50,53], and
for Bacillus hisashii Cas12b (BhCas12b) is 5’-ATTN [51]. Cleavage of
nearby nontarget ssDNA makes Cas12 a promising signal-
amplifying element in nucleic acid diagnostic machinery. In addi-
tion, Cas12 can target ssDNA and activate the subsequent collateral
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cleavage activity with no need for PAM [54,55], further promoting
the CRISPR/Cas toolbox for nucleic acid tests.

Cas13 family (type VI effectors) is the only one RNA-targeting
system in class 2, functions as a ribonuclease [56]. Until now, 6
subtypes have been identified: Cas13a (formerly C2c2), Cas13b,
Cas13c, Cas13d, Cas13X and Cas13Y [14], as well as 5 novel subtypes
have been deduced based on metagenomic analysis: Cas13e,
Cas13f, Cas13g, Cas13h and Cas13i [57]. Cas13 effector adopts a
bilobate structure: the REC lobe acts as the binding site for crRNA,
and the NUC lobe composed of two higher eukaryote/prokaryote
nucleotide-binding (HEPN) domain plays the RNase activity that
catalyzes the cleavage of both target ssRNA and bystander
nontarget ssSRNA. Upon target RNA loading, Cas13 effector un-
dergoes a conformational shift in the NUC lobe to form a stable
RNase pocket with the two HEPN domains, which mediate the
destruction of invading RNA. RNA-targeting by Cas13 effectors is
restricted to the vicinity of a protospacer flanking sequence (PES).

Nucleic acid diagnostics using the class 2 system have been
substantially developed. Cas9 only has the cis-cleavage activity that
enables no signal amplification, hence generally is coupled with
nucleic acid amplification strategies, such as polymerase chain re-
action (PCR), rolling circle amplification (RCA) [58], strand
displacement amplification (SDA) [59] and LAMP. A Cas9-triggered
hairpin probe-mediated biosensing method (termed CHP) for
detection of DNA targets was demonstrated utilizing Cas9 as the
target recognition element, and RCA coupled SDA as the signal
amplification element [59]. This CHP assay achieved a aM-
sensitivity and a single-nucleotide resolution, the high-sensitivity
and specificity conferred the reliable detection of DNA and its
mutations without DNA isolation steps in serum samples. Oppo-
sitely, the assay using ligation combined with RCA as target
recognition and amplification element and Cas9 as the reporting
element was also developed, and it achieved a fM-sensitive for
microRNA detection [58]. Cas12 and Cas13 effectors both possess
multiple turnover trans-cleavage activity that can intrinsically
realize signal amplification, potentially enabling preamplification-
free detection of nucleic acids [60—62]. Targeting multiplex sites
can increase the activation of Cas12 or Cas13 effectors, benefitting
sensitivity improvement [63,64]. Nuclease-dead engineering of Cas
effectors coverts them from an RNA-guided nucleases to simple
binding proteins. dCas proteins assembled with crRNA provide
complementary tools for fluorescence in situ hybridization (FISH)
using nucleic acid-binding proteins, enriching the toolbox for in situ
single-cell analysis [65].

2.3. CRISPR cascade using class 1 and 2 systems

Attributing to the diverse and abundant CRISPR nucleases,
CRISPR cascade strategies were reported in succession [66—70].
Tandem CRISPR nucleases pose the potential for preamplification-
free detection with a fM-sensitivity and the improvement of
assaying specificity by multiple recognition. The first CRISPR
cascade strategy using Cas12a/Cas12f and Cas13a was constructed
for nucleic acid diagnostic [66]. The Cas12f-Cas13a cascade assay
showed a 16-fold higher sensitivity (~6.25 fM) than Cas12a-Cas13a
cascade one for microRNA. The CRISPR/hybrid Cas system that fuses
Cas12a and Cas13a to a single protein capable of simultaneously
detecting DNA and RNA in a single tube [71]. Another CRISPR
cascade strategy for preamplification-free detection of RNA utilized
two CRISPR nucleases, Cas13a and Csm6 [67,68]. The ribooligonu-
cleotide A4-Ug could be specifically cleaved by target-activated
Cas13a, generating A4>p with a 2',3’-cyclic phosphate that is
capable of activating the following Csm6 reporting. Additionally,
with the assisted of multiplex PCR or recombinase polymerase
amplification (RPA), simultaneously employing multiple Cas
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effectors with different signaling pathways, such as DNA-targeting
Cas12a and RNA-targeting Cas13a, can establish CRISPR cascade
capable of multiplex nucleic acid diagnostics. Two CRISPR cascade
platforms have been reported for the authentication of genetically
modified (GM) crops via simultaneous detection of featured genes
— CaMV35S and T-nos [70], and dual-gene detection of viruses
[69].

3. Pathogenic diagnostics

Pathogens, mainly including viruses, bacteria and fungi severely
threaten human health [72]. They may have high infectivity and/or
toxicity in low doses, For example, the infectious dose of E. coli
0157:H7 is lower than 100 cells [73]. Notably, genetic mutations in
pathogens can potentially lead to an increase of infection risk and
severity, and drug-resistance. Besides, a specific pathogenic variant
may contain a combination of several mutations, such as the
emergent SARS-CoV-2 VOCs —Delta, Omicron [74], and quinolone-
resistant Salmonella [75]. CRISPR systems have evolved nucleic acid
tests on the aspects of sensitivity, nucleotide-resolution, multi-
plexing and POCT feasibility [76]. We will highlight current diag-
nostic technologies using the CRISPR toolbox for pathogenic
viruses, bacteria, fungi, and their variants or mutations, as well as
their contributions to pathogenic safety control.

3.1. Viral infection diagnosis

Viruses are small, infectious, non-cellular pathogens composed
of DNAs or RNAs that carry genetic information and an encapsu-
lating protein shell, which can infect human, animals and plants
[77]. Nowadays, the outbreak caused by viruses — e.g., Zika virus
(ZIKV), African swine fever virus (ASFV), Ebola virus and SARS-CoV-
2 — is a persistent threat to public health and global security
[78—80]. The mostly recently viral epidemic outbreak is the COVID-
19 caused by pathogenic SARS-CoV-2. In addition to person-to-
person transmission, SARS-CoV-2 enables person-to-material/
material-to-person transmissions [81], highlighting the demand
for rapid and low-cost diagnostic methods. Therefore, CRISPR/Cas-
based nucleic acid diagnostics have frequently reported for SARS-
CoV-2, and other reported targeting viruses include ASFV [64,82],
ZIKV [9,79,83], Dengue virus (DENV) [9], Ebola virus [80] and
hepatitis B virus (HBV) [84].

The integration of CRISRP with nucleic acid preamplification,
such as RPA, PCR and LAMP, enabled sensitive nucleic acid di-
agnostics. Cas9 and its variants incorporated with preamplification
strategies allowed the sensitive detection of viral infection. To
achieve low-cost and rapid detection of ZIKV, the reported nucleic
acid sequence-based amplification-CRISPR cleavage assay (NAS-
BACC) employed Cas9 to mediate the isothermal NASBA amplifi-
cation and toehold switch activation that was capable of
colorimetric sensing of ZIKV (Fig. 3A) [83]. Additionally, distinct
features of Cas12 — multiple turnover trans-cleavage, capable of
targeting both dsDNA and ssDNA and no requirement of tracrRNA
— make it emerging as an alternative for Cas9. Doudna group
pioneered the development of a rapid Cas12-based viral diagnostic
assay named DNA Endonuclease-Targeted CRISPR Trans Reporter
(DETECTR) for human papillomavirus (HPV) diagnosis that yielded
an attomolar sensitivity (Fig. 3B) [85]. Sensitivity of the DETECTR
assay for viral RNA sensing is suffered by the slow initiation of RPA
resulted from the remaining hybridization of complementary DNA
(cDNA) to RNA after reverse transcription (RT). Le group took
advantage of RNase H to timely remove RNA transcripts from the
cDNA-RNA hybrids and release cDNA as the template for RPA, fa-
voring the enhancement of the overall reaction rate of DETECTR
[86]. The assay can detect 200 copies S gene of the SARS-CoV-2 RNA
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within 5—30 min. DETECTR has been widely applied in other virus
diagnosis, including SARS-CoV-2 [87], influenza A and B [88],
potexvirus and poteyvirus [89]. Apart from RPA preamplification,
assays integrating PCR [4] and LAMP [3,90] into DETECTR were
capable of detecting 5 copies of SARS-CoV-2. Additionally, the viral
diagnostic assay replacing Cas12a in DETECTR with RNA-targeting
protein Cas13a, named specific high-sensitivity enzymatic re-
porter unlocking (SHERLOCK) (Fig. 3C) [9]. SHERLOCK could
determine ssRNA of DENV and ZIKV at femto — (~50 fM) and atto-
molar (2 aM) sensitivity, respectively. Compared with amplification
strategies for genomic DNA, NASBA, as the unique RNA amplifica-
tion strategy is more convenient in assisting RNA-targeting Cas13a
assay. Wang et al. reported a Cas13a-based NASBA assay for label-
free detection of SARS-CoV-2 aided by a light-up RNA aptamer,
yielding a limit of detection (LOD) of 0.216 fM of SARS-CoV-2
pseudoviruses [91].

The emerging class 1 CRISPR systems have been explored for
nucleic acid assays for pathogenic viruses. The type I CRISPR system
was utilized to develop a cost-efficient and equipment-free nucleic
acid sensing assay (CONAN) for SARS-CoV-2 detection (Fig. 4A) [21].
The optimal type of PAM, LAMP preamplification and multiple
turnover collateral cleavage of ssDNA signal probes by activated
Cas3 endowed the CONAN assay with a LOD as low as 10? copies.
The foregoing mentioned MORIARTY assay using class 1 type III
CRISPR system allowed to detect 2000 copies/uL SARS-CoV-2 in
amplification-free settings, attributing to the simultaneous use of
cis-ssDNase and cOA signaling pathways (Fig. 4B) [39]. And
coupling with RT-RPA preamplification, MORIARTY assay signifi-
cantly improved the sensitivity to achieve a LOD of 60 copies/uL of
SARS-CoV-2. Besides, harnessing the changes in pH and pyro-
phosphate concentration that occur during cyclic nucleic poly-
merization could realize the colorimetric or visible fluorometric
detection of SARS-CoV-2 [38]. Inspired by the use of activator
variant that cannot be degraded for TtCsm6 [67,92], Wiedenheft
group adopted the Can2 nuclease to assist the signaling of subtype
III-A CRISPR capture technique [41]. Use of Can2 lacking the ring
nuclease activity can sustain a high level of cA4 activator, contrib-
uting to an sensitivity improvement. Without nucleic acid extrac-
tion process, this assay yielded a LOD of 90 fM (5 x 10* copies/uL)
for SARS-CoV-2 RNA from nasopharyngeal swab samples.

Separate nucleic acid procedures including preamplification and
amplicon detection in viral diagnostics, increase the aerosol
contamination risk of amplicon. Uracil-DNA-glycosylase (UDG) can
clean deoxyuracil bases existed in amplicons while does not act on
natural DNA. In a built UCLD assay (Fig. 5A), UDG clearance
occurred before the next round of nucleic acid amplification, which
can effectively reduce false-positive diagnosis [93]. Using highly
specific primers in the UCLD assay can achieve 100-fold higher
sensitivity for SARS-CoV-2 diagnostic than the traditional LAMP
assay. Besides, one-tube reaction can alleviate the contamination
risk. However, DETECTR or SHERLOCK testing in one-pot generally
has trade-off in sensitivity, due to the exponential interval with
affection by activated Cas12a and the unavailing consumption of
Cas12a activity in the early stages of preamplification. Alternatively,
to render the nucleic acid amplification and the Cas protein acti-
vation compatible, Chen et al. adopted a photoactivated crRNA to
sequentially activate RPA preamplification and Cas12a reporting
reaction for ASFV diagnosis (Fig. 5B), favoring that the both pro-
cesses did not interfere with each other [94]. After RPA pre-
amplification, photolysis under UV lamp of 365 nm degraded
photocleavable ssDNA complementary to crRNA, activating the
Cas12a effector. This photocontrolled Cas12a strategy could detect
as low as 2.5 copies ASFV within 40 min. Moreover, physical sep-
aration is also effective in the alleviation of aerosol contamination.
Using a disposable tube-in-tube vessel can completely implement
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the physical separation — the inner tube with two hydrophobic
holes containing RPA reagent and the outer tube containing pre-
stored CRISPR reagents (Fig. 5C) [95]. This strategy was to be veri-
fied by testing multiple viruses including DNA virus (ASFV) and
RNA virus (SARS-CoV-2), and yielded a LOD of 3 copies/uL.

CRISPR/Cas system with intrinsic signal amplification can serve
in preamplification-free nucleic acid detection. Multiplex-crRNA
and tandem CRISPR/Cas strategies allow the construction of sen-
sitive nucleic acid diagnostic assay, and have been applied for the
diagnosis of DENV, SARS-CoV-2 and Ebola virus. The first work
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using multiplex-crRNA strategy combined two crRNAs to enhance
the sensitivity of Cas13a assay for SARS-CoV-2 sensing, and the
assay achieved a LOD of ~100 copies/uL over 30 min measurement
(Fig. 6A) [63]. Another work harnessing multiplex-crRNA strategy
in Cas12a system enhanced 64-time sensitivity of the Cas12a-based
assay than the conventional single-crRNA system, yielding a LOD of
~1 pM of ASFV genomic DNA (Fig. 6B) [64]. In addition, CRISPR/Cas-
only amplification network (CONAN) for HBV DNA detection
enabled self/cross catalytic cleavage of nucleic acids, favoring
isothermally amplified detection (Fig. 6C) [84]. Target DNA acti-
vated Cas12a-crRNA1 complex cleavage the blocking ssDNA in the
bubble region, subsequently activating the Cas12a-crRNA2 complex
for further positive signal output. The blocking ssDNA partly com-
plementary to crRNA2 was labeled with fluorophore and quencher.
The self/cross catalytic amplification empowered an aM-sensitive
detection of HBV DNA. Given that the product of Cas13a can acti-
vate the following Csm6 cleavage, the tandem Cas13a-Csm6
detection was constructed and exhibited higher sensitivity
(20 nM of DENV ssRNA) than that using Casl13a alone [68].
Furthermore, inspired by that blocking the degradation of Csm6
activator may sustain a high level of Csm6 cleavage, Doudna group
modified a single 2’-fluoro (2’-F) at the cleavage site of activator to
realize the blocking effect. The design of using tandem CRISPR
nucleases enabled an amplification-free detection of SARS-CoV-2
RNA (Fig. 6D) [67]. The tandem assay achieved a rapid (<20 min)
and one-step detection with a LOD down to 30 copies/uL of SARS-
CoV-2 RNA. A DNA walker principle was built as an alternative
strategy to amplify Cas13 cleavage reaction. By combining with a
DNA walker machine for amplifying the output signal, a
preamplification-free Cas13a assay allowed to detect Ebola RNAs
with a LOD of 291 aM (~175 copies RNA/uL) [80]. Nevertheless, the
design of DNA walker could complicate the nucleic acid assay.

3.2. Viral variant detection

Viral variants may make them competitively fitter in the living
environment, and likely bring risks to human health, such as VOCs
of SARS-CoV-2 and the 2009 pandemic influenza A virus (HIN1)
[96—98]. Omicron variants of SARS-CoV-2 owns mutations, K417 N,
T478K, E484A and N501Y that are associated with variations of
transmissibility and virulence [97]. The N222 variants of HIN1
frequently occurred in severe and fatal cases [98]. The high
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specificity of CRISPR-based nucleic acid diagnostics enabled the
profiling of viral variants with single-nucleotide resolution. Stra-
tegies to ensure CRISPR-based nucleic acid tests to be sensitive to
mutations in target genes mainly include the introduction of base
mismatches in the guide RNA and the combination with other
single-nucleotide polymorphism (SNP)-specific profiling methods
(e.g., target-templated ligation and amplification refractory muta-
tion system).

The presence of base mismatch occurring close to PAM region
could dramatically reduce the cis-cleavage activity of Cas9. Via
sgRNA engineering, Cas9 was used to sense mutations in viral RNAs.
For example, a CRISPR-FnCas9-based assay mutated the 2nd and
6th positions adjacent to the PAM on the sgRNA enabled to profile
mutations in N501Y variant of SARS-CoV-2 (Fig. 7A) [99]. Patient
sample testing — mutant type-infected (n = 22) and wild type-
infected (n = 37) — showed a 97% accuracy. Combining with
lateral flow strips as readouts can realize visual POC diagnostic, Ali
et al. employed mutation-containing dCas9/sgRNA complex as a
recognition element that specifically bound with FAM-label
amplicons (Fig. 7B) [100]. This proposed POC diagnostic allowed
sensitive detection of multiple SARS-CoV-2 VOCs — Alpha (de-
letions of residues 69 and 70), Beta (D215G), Delta (P481R and
L452R) and D614G (common to Alpha, Beta, and Delta variants). By
incorporating artificial mutations in crRNA, a highly sensitive
Cas12a-based assay has been constructed to identify D614G mutant
[101]. Utilizing the CRISPR/hybrid Cas system that is capable of
sensing of DNA and RNA can achieve simultaneous identification of
wild-type SARS-CoV-2 and N501Y variant [71]. Apart from the
specificity implemented by Cas effectors, ligation reaction can also
be used to discriminate SNPs. Target-templated ligation possesses
the capacity of single-mutation discrimination. Wang et al.
employed the ligation and transcription to produce the D614G-
specific DNA templates that capable of triggering the subsequent
transcription. The RNA transcripts can activate the multiple turn-
over cleavage of Cas13a to further amplify the signal. The adoption
of broccoli, a light-up RNA aptamer, as the reporter achieved a
label-free detection. This assay yielded a high-sensitivity with a
LOD of 82 copies of SARS-CoV-2 (Fig. 7C) [102].

Viral variants are commonly featured with multiple mutations.
For diagnostic of Omicron with multiple mutations, Liang et al.
refined RT-PCR DETECTR to sensitively sense multiple Omicron
SNPs via using engineered two crRNAs that separately covered
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Schematic of a RT-PCR assay for multiple sensing Omicron SNPs [4]. A crRNA contains multiple specific mutant sites, enabling simultaneous

detection of multiple mutations. (E) Schematic of RT-PCR and RT-RPA designed for simultaneous detection of multiple SARS-CoV-2 VOCs [103]. This assay combines multiple RT-PCR
and RT-RPA with CRISPR reporting. (F) Schematic of combinatorial arrayed reactions for multiplexed evaluation of nucleic acids (CARMEN) assay for scalable and massively

multiplexed detection of pathogenic viruses [106].

three mutant sites (S371L, S373P, S375F for crRNA-S-37 and Q493R,
G496S and Q498R for crRNA-S-49X) (Fig. 7D) [4]. The cover of 3—4
mutations evaded the requirement of utilizing multiple crRNAs. A
sensitivity of 2 copies per reaction of the Omicron plasmid DNA has
been achieved, and this method specifically differentiated Omicron
variants from Alpha, Beta and Delta in a test of 57 positive clinical
specimens. The combination of multiple RT-PCR and RT-RPA with
CRISPR reporting was demonstrated to be able to realize the
simultaneous detection of multiple SARS-CoV-2 VOCs (Fig. 7E)
[103]. In this assay, the Alpha-and Delta-specific single-nucleotide
variants (SNVs) including S982A, D614G and D950 N were able to
be identified by PAM motif or seed regions of Casl12a system.
Employing a smartphone readout device could detect the SNP-
involved SARS-CoV-2 virions with a LOD of 0.5 copies/mL. Thus,
this method is promising for high-throughput screening of SARS-
CoV-2 infection both in clinical laboratories and POCT settings. In
addition, to address the intolerance of Cas proteins to LAMP tem-
perature (55—65 °C), a thermostable Cas12b (BrCas12b) from Bre-
vibacillus sp.SYP-B805 was selected, thereby readily enabling one-
pot detection [104]. The one-pot BrCas12b-based LAMP assay
showed 96.7% accuracy, 99.4% specificity and 92.8% sensitivity in a
test of saliva samples for SARS-CoV-2 VOC discrimination including
Alpha, Beta, Gamma, Delta and Omicron. Analogous to BrCas12b,
selected Thermoclostridium caenicola Cas13a (TccCas13a) remains
thermal stability at LAMP reaction temperature, even possesses
robust cleavage activity at a broader temperature (37—70 °C). This
one-pot TccCas13a-based LAMP assay has been demonstrated to
detect different SARS-CoV-2 wvariants [105]. The highest

multiplexing assay for pathogenic viruses and their variants was
reported by Sabeti group [106]. The assay, termed CARMEN, com-
bined Cas13-based nucleic acid assays with a microwell array
which was designed for pairing droplets of amplified samples and
sample testing (Fig. 7F), enabling to simultaneously distinguish 169
viruses associated with human health, and multiplex discrimina-
tion of dozens of human immunodeficiency virus mutations that
are resistant to drug. This assay promises comprehensive testing of
scalable samples, however, not applicable for POCT yet due to the
involvement of the complexing and costly microwell array.

3.3. Bacterial infection diagnosis

Bacteria cause outbreaks of acute infectious diseases. Combining
with preamplification generally confers high-sensitivity to CRISPR/
Cas-based diagnostics of bacteria. A PCR preamplification-based
Cas12a assay was reported to detect Vibrio parahaemolyticus
(V. parahaemolyticus) with a LOD of 1.02 x 10% copies/uL [107].
Isothermal preamplification can bypass the use of thermal cyclers
without compromising the sensitivity. Cas12a-based RPA assay has
been used to detect pathogenic bacteria, and enabled a sensitive
detection with a LOD of 10? CFU/mL for Salmonella in egg samples
[108], 10 copies of plasmid DNA for S. aureus, E. coli, and Listeria
monocytogenes (L. monocytogenes) [109], 2 copies/reaction of
plasmid DNA for Brucella spp. in milk [110] and 2.5 x 10 CFU/mL
for Xanthomonas oryzae pv. oryzae in rice [111]. Using gold nano-
particles (AuNPs) as the reporter of CRISPR assays allowed colori-
metric and on-site detection. The AuNPs-based Casl2a assay
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empowered the detection of Salmonella with a single-cell sensi-
tivity (Fig. 8A) [112]. In addition, integrating with G-quadruplex
deoxyribozyme (DNAzyme) that can catalyse 3,3',5,5'-tetrame-
thylbenzidine sulfate (TMB) to oxTMB also allows colorimetric
detection. Yin et al. integrated the G-quadruplex with CRISPR to
construct a colorimetric assay, and used a smartphone as the signal
readout, contributing to a convenient POCT (Fig. 8B) [113]. This
Cas12a-based visual assay can detect Salmonella as low as 1 CFU/
mL.

Unculturable viable but non-culturable bacteria can escape the
detection by conventional culture and colony counting methods.
DNA-targeting diagnostics fail to identify whether the bacteria are
alive because genomic DNA is hard-to-degrade [114]. Oppositely,
due to the rapid degradation of RNA in dead cells, RNA-targeting
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diagnostics can accurately indicate live status of bacteria through
timely sensing cellular RNA. NASBA preamplification and Cas13a
reporting were incorporated to construct an assay for detecting
viable bacteria. Dual signal amplification by NASAB and Cas13a
reporting endowed a high-sensitivity with a LOD of 1 CFU and 1%
viable Salmonella (Fig. 8C) [115].

To evade carryover contamination that often occurs in nucleic
acid amplification-based assays, it is feasible to perform one-pot
detection. Through the optimization of reaction conditions such
as the concentrations of reagents, an one-pot Cas12a-based RPA
assay was constructed for detecting S. aureus and E. coli 0157:H7,
which yielded a single-cell sensitivity [116]. Alternatively, Cas9
with durable cis-cleavage can be applied to degrade undesired
amplicons that can lead to cross-contamination. A contamination-
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free CUT-LAMP assay adopted the above strategy to alleviate
carryover contamination. It yielded negligible false-positive results
even with contaminants up to 10 pg while the traditional LAMP
assay had a high background in the presence of 1 fg of contami-
nants (Fig. 8D) [117]. CUT-LAMP reaction can reliably sense Sal-
monella genomic DNA down to 100 copies, and with no background
amplification. Cas12a system for the endpoint record of CUT-LAMP
products was further tested, it could discriminate the Salmonella
and S. aureus LAMP products. UDG could replace the Cas9 to serve
as the cleaner for cross-contaminants. Qian et al. used the UDG
degradation to eliminate the cross-contamination [118]. Cas12a can
recognize uracil-rich sequences including PAM sequence of 5’-
UUUN, enabling the establishment of an UDG-assisted LAMP-
Cas12a assay that allowed the alleviation of cross-contamination.
This assay has been applied to diagnose infection of Candidatus
Liberibacter asiaticus associated with citrus huanglongbing [119],
and yielded a LOD of less than 10 copies.

Combining with functional nucleic acids could achieve patho-
genic diagnostics free of preamplification [120,121]. For example,
Lu et al. reported an assay via CRISPR in tandem with RNA-cleaving
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DNAzyme, named CRISPRzyme assay (Fig. 8E) [122]. Dual amplifi-
cation via multiple-turnover cleavage of Cas12a and DNAzyme
enabled preamplification-free detection. The sequential CRISP-
Rzyme assay yielded a LOD of 62 CFU, 86 CFU and 82 CFU for
V. parahaemolyticus, Salmonella typhimurium (S. typhimurium) and
L. monocytogenes. It was further applied to screen antimicrobial
probiotics against fish pathogen — V. parahaemolyticus, and found
that Bacillus and lactic acid bacteria isolated from fermented food
could serve as potential antimicrobial probiotics. Reduction of
background signal would contribute to the improved sensitivity of
CRIPSR-based assay. To obtain an ultralow background, the
PPCas12a assay designed a pair of DNA reporters labeled with
proximal fluorophore and quencher, enabled bacterial detection
without preamplification [61]. The proximity of fluorophore to
quencher resulted in an ultralow background, favoring that Cas12a
directly detect Salmonella with a LOD of 619 CFU. The assessment
using qPCR indicated that the PPCas12a assay can reliably detect
Salmonella contamination in complex food matrices.
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3.4. Drug-resistant bacteria detection

Overuse of the antibiotics in both the hospital settings and
communities has led to the widespread prevalence of drug-
resistant bacteria. The resultant antimicrobial resistance in bacte-
ria is often attributed from gene mutations and horizontal transfer
of resistant gene among bacteria [6]. Methicillin-resistant S. aureus
(MRSA) is one of the most important horizontally acquired drug-
resistant strain [123]. A FISH-like CRISPR assay using dCas9/
sgRNA complex as recognition components was reported for visual
detection of MRSA [124]. The 10-fold higher output signal of MRSA
than that of methicillin-susceptible S. aureus (MSSA) suggested that
the FISH-like dCas9 assay was capable of accurate identification of
bacterial genotypes. To achieve preamplification-free detection,
Suea-Ngam et al. combined sensitive electrochemical readout with
silver metallization to construct a Cas12a-based biosensor to detect
the mecA gene of MRSA (Fig. 9A) [125], yielding a quantification
limit of 10 fM and a linearity ranging from 10 fM to 0.1 nM. No
trade-off in detection performance was observed when detect
MRSA in human serum.

Drug-resistance induced via genetic mutation is challenging to
be detected. Casl12a-signaling amplification refractory mutation
system (ARMS)-PCR, called cARMS assay was capable of specific
differentiation of SNP-involved Salmonella via adopting an allele-
specific primer with artificial mismatch (Fig. 9B) [126]. The dual-
recognition processes — allele-specific primed polymerization
and Cas12a/crRNA hybridization — conferred single-nucleotide
discrimination capacity. And the dual amplification of PCR and
Cas12a reporting rendered the cCARMS assay highly sensitive with a
LOD of ~0.5% drug-resistant strain that was comparable to qPCR.
Isothermal amplification can be used in the CRISPR/Cas-based di-
agnostics for the identification of SNP-involved bacteria, which
would facilitate POCT application.

3.5. Fungal diagnosis

Diseases caused by pathogenic fungi have become a significant
issue in both agricultural production and public health security.
Increasing nucleic acid diagnostics of fungal infection based on
CRISPR/Cas has been developed. The widespread prevalence of

wheat scab in wheat-growing period remarkably reduces the
wheat yield, and is accompanied by generating varieties of myco-
toxins to contaminate food [127]. Fusarium graminearum
(F graminearum) is the primary causative agent of wheat scab.
Integration of Cas12a with PCR enabled the early detection of
F. graminearum infection (Fig. 10A) [128]. This assay can detect
F. graminearum with a LOD of 1 fg/uL total DNA that contributed to a
successful diagnostic of 4-day F. graminearum infection. Further-
more, the diagnosis of invading fungal diseases highlighted the
need in developing field-deployable POCT. Assisting with lateral-
flow strips to output visual reading, Cas12 integrated RPA assay
enabled rapid (<1 h) POC diagnostic of citrus scab with a LOD down
to 1 fg crude DNA [129]. To construct a colorimetric readable assay,
Liu et al. developed a Cas12a-based photothermal PCR assay by
employing AuNPs as a carrier for loading horseradish peroxidase
and ssDNA — they are integrated into the Cas12a reporting system
(Fig. 10B) [130]. This assay enabled colorimetric nucleic acid diag-
nostic of Alternaria genes that encode the citrus brown spot, and
capable of identifying targets from citrus, tomato and apple.
Nevertheless, the on-site use of these CRISPR assays is hindered by
the need of nucleic acid extraction which can hardly be proceeded
in the field. Wei group reported a rapid nucleic acid extraction
process using microneedles [131], allowing to obtain pathogenic
DNAs within 1 min. The simple sample-pretreatment protocol
would facilitate the CRISPR-based nucleic acid tests for in field di-
agnostics of crop health.

4. Conclusion and outlook

CRISPR-based nucleic acid diagnostics for pathogen infection
have been advanced on the aspects of sensitivity, nucleotide-
resolution, multiplexing capacity and POCT feasibility (Table 1).
However, there are several issues remaining in CRISPR-based tools
to be improved. First, a challenge of CRISPR-based nucleic acid di-
agnostics is the unavoidable use of preamplification for femtomolar
targets, which hinders the POCT. Preamplification imposes a
burden on assaying simplicity, timeframe and aerosol contamina-
tion. Strategies using tandem CRISPR nucleases, and CRISPR with
other catalytic molecules (such as enzymes and DNAzymes) have
been reported to substitute nucleic acid amplification, and are
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Table 1
CRISPR/Cas-based nucleic acid diagnostics for pathogens.
CRISPR tool Pathogens Analytes Preamplification Assaying Sensitivity Samples Ref.
strategy time
Type I CRISPR/Cas3 Virus SARS-CoV-2 RT-LAMP 30—40 min 102 copies Nasopharyngeal and [21]
oropharyngeal swab
Type I1I-A CRISPR/Cas assisted Virus SARS-CoV-2 - 35 min 90 fM Nasopharyngeal swab [35]
with Can2
Type I1I-A CRISPR/Cas assisted Virus SARS-CoV-2 RT-LAMP 30 min 200 copies/uL Nasal swab [38]
with Csm6
Type I1I-A CRISPR/Cas assisted Virus SARS-CoV-2 RT-RPA 30 min 60 copies/uL Nasopharyngeal swab [39]
with Csm6
Cas13a assisted with Csm6  Virus SARS-CoV-2 — 20 min 30 copies/uL Respiratory swab [67]
Cas9 Virus ZIKV NASBA 2—6h 2.8 fM Plasma [83]
Cas9 Virus SARS-CoV-2 VOCs RT-PCR 15h A few copies Clinical samples [99]
Cas9 Bacteria  Salmonella LAMP 30 min 100 copies - [117]
Cas9 Bacteria MRSA PCR 30 min 10 CFU/mL Cell lysates [124]
Cas12a Virus HPV RPA 70 min 1 aM Clinical samples [85]
Cas12a Virus SARS-CoV-2 RT-RPA 5—30 min 200 copies Respiratory swab [86]
Cas12a Virus SARS-CoV-2 and its RT-LAMP 45 min 10 copies/uL (wild-type) and Nasopharyngeal swabs [93]
VOCs 1% N501Y
Cas12a Virus ASFV RPA 40 min 2.5 copies — [94]
Cas12a Virus ASFV and SARS-CoV-2  RPA or RT-RPA 25 min 3 copies/uL - [95]
Cas12a Virus ASFV VOCs - 60 min 1 pM - [64]
Cas12a Virus SARS-CoV-2 VOCs RT-RPA 45 min 10 copies Clinical samples [101]
Cas12a Virus SARS-CoV-2 VOCs RT-RPA and RT-PCR 95 min or 0.5 copies/mL Nasal swab [103]
30 min
Cas12a Bacteria V. parahaemolyticus PCR ~100 min 1.02 x 10? copies/uL Shrimp [107]
Cas12a Bacteria  Salmonella RPA 45 min 10% CFU/mL Egg and chicken [108]
Cas12a Bacteria ~ Salmonella RPA 50 min 1 CFU/mL Beer and juice [113]
Cas12a Bacteria  Candidatus Liberibacter LAMP 45 min 10 copies Citrus leaves [118]
asiaticus
Cas12a Bacteria V. parahaemolyticus — 70 min 62 CFU Perch fries [122]
Cas12a Bacteria  Drug-resistant ARMS-PCR 60 min ~0.5% SNP - [126]
Salmonella
Cas12a Fungus F. graminearum PCR 58 min 1 fg/uL total DNA Wheat seedlings [128]
Cas12a Fungus  Alternaria PCR 110 min 1.5 pM Citrus [132]
Cas12b Virus SARS-CoV-2 VOCs RT-LAMP 10—30 min 12-500 copies/uL Clinical samples [104]
Cas12f Bacteria  Eberthella typhi and RT-asymmetric PCR 60 min 10* CFU/mL Milk [133]
Streptococcus
pyogenes
Cas13a Virus SARS-CoV-2 and its NASBA 150 min 0.216 fM Clinical throat swab [91]
VOCs
Cas13a Virus SARS-CoV-2 - 30 min 100 copies/uL Nasal swab [63]
Cas13a Virus SARS-CoV-2 — 20 min 30 copies/uL Respiratory swab [67]
Cas13a Virus Ebola - 40 min 175 copies/uL Serum and blood [80]
Cas13a Virus SARS-CoV-2 and its Transcription 180 min 82 copies Food packages, seafood and [102]
VOCs throat swabs
Cas13a Virus SARS-CoV-2 RT-LAMP and 80 min 10 copies/uL Oropharyngeal swab [105]
transcription
Cas13a Bacteria  Viable Salmonella NASBA 150 min 1 CFU and 1% viable Egg shell, beef, pork, duck, [115]

chicken, mutton
and tap water

Salmonella

promising to construct preamplification-free assays. Particularly,
the recently reported Craspase [32], CalpL [35] and TIR-SAVED [36],
the RNA-activated CRISPR protease or NADase that differs from
conventional Cas effectors with nuclease function, has the potential
for amplified detection via using protein reporters with high cata-
lytic activities. Second, the improvement of assaying specificity
capable of single-nucleotide discrimination is critical for diagnosis
of pathogenic variants and mutations. Innovation of the crRNA
design, such as chemical modification and mutational introduction
would be useful to improve the specificity. Additionally, an engi-
neered split Cas12a has the potential for nucleic acid diagnostics
[134]. The split Cas12a could be fused with two DNA handles by
covalent linkage at two ends respectively [135], and the assembly of
split Cas12a depends on the specific binding between the two
handles and the target sequence. This target-specific assembly of
Cas12a may contribute to the improvement of assaying specificity.
Third, the multiplexing assay is demanded for confidently profiling
pathogenic infections via screening possible pathogens and their
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variants. To this end, efforts to implement multiplexing Cas effec-
tors and cooperate with microfluidic devices may be considered.
Based on the found of Craspase, different reporting approaches —
nucleic acid reporter and protein reporter — could be incorporated.
We can further excavate the tools in the class 1 CRISPR system,
which may be considered in multiplex nucleic acid diagnostics
[136]. Fourth, on-site use of CRISPR-based assays is hindered by the
need of nucleic acid extraction which can hardly be proceeded
without chemical reagents or instruments. Combining with rapid
nucleic acid extraction processes, such as using microneedles [131],
would facilitate CRISPR-based nucleic acid tests for in field or on-
site diagnostics. Finally, the difficulty in transport and storage of
bioreagents such as Cas enzymes and crRNAs makes the tests not
feasible for POCT applications. Reagent storage strategies including
lyophilization, nanocarriers and hydrogels are promising for bio-
reagent preservation. Particularly, the emerging so-called “self-
contained” microfluidic devices, which can pre-store all necessary
reagents in premeasured quantities, have the potential for
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constructing mix-and-read and stabilized assays that suitable for
POCT [137]. Collectively, enrichment and evolution of CRISPR
toolbox, along with their integration with other analytical devices
or materials, will facilitate nucleic acid diagnostics and pathogenic
biosafety control.

CRediT authorship contribution statement

Hao Yang: Investigation, Writing-Original draft preparation,
Table and figure preparation. Yong Zhang: Reference summariza-
tion, Formal analysis. Xucong Teng: Investigation, Resources,
Formal analysis. Hongwei Hou: Investigation, Formal analysis.
Rujiie Deng: Writing- Reviewing and Editing, Conceptualization.
Jinghong Li: Writing- Reviewing and Editing, Conceptualization,
Funding acquisition, Supervision.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

501100004147

Data availability
No data was used for the research described in the article.
Acknowledgments

This work was funded by the National Key Research and
Development Program of China (No. 2021YFA1200104), Vanke
Special Fund for Public Health and Health Discipline Development,
Tsinghua University (No. 2022Z82WKJ003), National Natural Sci-
ence Foundation of China (No. 22074100, No. 22027807, No.
22034004), and Tsinghua University Spring Breeze Fund (No.
2020Z99CFZ019).

References

[1] T. Zhang, R. Deng, Y. Wang, C. Wu, K. Zhang, C. Wang, N. Gong, R. Ledesma-
Amaro, X. Teng, C. Yang, T. Xue, Y. Zhang, Y. Hu, Q. He, W. Li, ]. Li, A paper-
based assay for the colorimetric detection of SARS-CoV-2 variants at single-
nucleotide resolution, Nat. Biomed. Eng. 6 (2022) 957—967. https://doi.org/
10.1038/s41551-022-00907-0.

M. Artesi, S. Bontems, P. Gobbels, M. Franckh, P. Maes, R. Boreux, C. Meex,
P. Melin, M.-P. Hayette, V. Bours, K. Durkin, A recurrent mutation at position
26340 of SARS-CoV-2 is associated with failure of the E gene quantitative
reverse transcription-PCR utilized in a commercial dual-target diagnostic
assay, J. Clin. Microbiol. 58 (2020). https://doi.org/10.1128/JCM.01598-20.
e01598-01520.

J.P. Broughton, X. Deng, G. Yu, C.L. Fasching, V. Servellita, ]. Singh, X. Miao,
J.A. Streithorst, A. Granados, A. Sotomayor-Gonzalez, K. Zorn, A. Gopez,
E. Hsu, W. Gu, S. Miller, C.-Y. Pan, H. Guevara, D.A. Wadford, J.S. Chen,
C.Y. Chiu, CRISPR—Cas12-based detection of SARS-CoV-2, Nat. Biotechnol. 38
(2020) 870—874. https://doi.org/10.1038/541587-020-0513-4.

Y. Liang, H. Lin, L. Zou, X. Deng, S. Tang, Rapid detection and tracking of
Omicron variant of SARS-CoV-2 using CRISPR-Cas12a-based assay, Biosens.
Bioelectron. 205 (2022), 114098. https://doi.org/10.1016/j.bios.2022.114098.
D.A. Collier, A. De Marco, I.AT.M. Ferreira, B. Meng, R.P. Datir, A.C. Walls,
S.A. Kemp, J. Bassi, D. Pinto, C. Silacci-Fregni, S. Bianchi, M.A. Tortorici,
J. Bowen, K. Culap, S. Jaconi, E. Cameroni, G. Snell, M.S. Pizzuto, A.F. Pellanda,
C. Garzoni, A. Riva, S. Baker, G. Dougan, C. Hess, N. Kingston, P.J. Lehner,
P.A. Lyons, NJ. Matheson, W.H. Owehand, C. Saunders, C. Summers,
J.E.D. Thaventhiran, M. Toshner, M.P. Weekes, A. Bucke, J. Calder, L. Canna,
J. Domingo, A. Elmer, S. Fuller, J. Harris, S. Hewitt, J. Kennet, S. Jose,
J. Kourampa, A. Meadows, C. O'Brien, ]. Price, C. Publico, R. Rastall, C. Ribeiro,
J. Rowlands, V. Ruffolo, H. Tordesillas, B. Bullman, B.J. Dunmore, S. Fawke,
S. Graf, ]. Hodgson, C. Huang, K. Hunter, E. Jones, E. Legchenko, C. Matara,
J. Martin, F. Mescia, C. O'Donnell, L. Pointon, N. Pond, J. Shih, R. Sutcliffe,
T. Tilly, C. Treacy, Z. Tong, ]. Wood, M. Wylot, L. Bergamaschi, A. Betancourt,
G. Bower, C. Cossetti, A. De Sa, M. Epping, R. Grenfell, A. Hinch, O. Huhn,
S. Jackson, L Jarvis, D. Lewis, ]. Marsden, F. Nice, G. Okecha, O. Omarjee,
M. Perera, N. Richoz, V. Romashova, N.S. Yarkoni, R. Sharma, L. Stefanucci,

[2

[3

[4

[5

13

Trends in Analytical Chemistry 160 (2023) 116980

J. Stephens, M. Strezlecki, L. Turner, E.M.D.D. De Bie, K. Bunclark, M. Josipovic,
M. Mackay, S. Rossi, M. Selvan, S. Spencer, C. Yong, A. Ansaripour, A. Michael,
L. Mwaura, C. Patterson, G. Polwarth, P. Polgarova, G. di Stefano, C. Fahey,
R. Michel, S.-H. Bong, ].D. Coudert, E. Holmes, J. Allison, H. Butcher, D. Caputo,
D. Clapham-Riley, E. Dewhurst, A. Furlong, B. Graves, ]. Gray, T. Ivers,
M. Kasanicki, E. Le Gresley, R. Linger, S. Meloy, F. Muldoon, N. Ovington,
S. Papadia, I. Phelan, H. Stark, K.E. Stirrups, P. Townsend, N. Walker,
J. Webster, A. Elmer, N. Kingston, B. Graves, LE. McCoy, K.G.C. Smith,
JR. Bradley, N. Temperton, L. Ceron-Gutierrez, G. Barcenas-Morales,
S.C. Robson, N.J. Loman, T.R. Connor, T. Golubchik, R.T. Martinez Nunez,
C. Ludden, S. Corden, L. Johnston, D. Bonsall, C.P. Smith, A.R. Awan, G. Bucca,
M.E. Torok, K. Saeed, ].A. Prieto, D.K. Jackson, W.L. Hamilton, L.B. Snell,
C. Moore, E.M. Harrison, S. Goncalves, D.J. Fairley, M.W. Loose, J. Watkins,
R. Livett, S. Moses, R. Amato, S. Nicholls, M. Bull, D.L. Smith, ]J. Barrett,
D.M. Aanensen, M.D. Curran, S. Parmar, D. Aggarwal, ].G. Shepherd,
M.D. Parker, S. Glaysher, M. Bashton, A.P. Underwood, N. Pacchiarini,
K.F. Loveson, A.M. Carabelli, K.E. Templeton, C.F. Langford, ]. Sillitoe, T.I. de
Silva, D. Wang, D. Kwiatkowski, A. Rambaut, J. O'Grady, S. Cottrell,
M.T.G. Holden, E.C. Thomson, H. Osman, M. Andersson, AJ. Chauhan,
M.O. Hassan-lbrahim, M. Lawniczak, A. Alderton, M. Chand,
C. Constantinidou, M. Unnikrishnan, A.C. Darby, J.A. Hiscox, S. Paterson,
1. Martincorena, D.L. Robertson, E.M. Volz, AJ. Page, O.G. Pybus, A.R. Bassett,
C.V. Ariani, M.H. Spencer Chapman, K.K. Li, R.N. Shah, N.G. Jesudason, Y. Taha,
M.P. McHugh, R. Dewar, A.S. Jahun, C. McMurray, S. Pandey, J.P. McKenna,
A. Nelson, G.R. Young, C.M. McCann, S. Elliott, H. Lowe, B. Temperton, S. Roy,
A. Price, S. Rey, Sensitivity of SARS-CoV-2 B.1.1.7 to mRNA vaccine-elicited
antibodies, Nature 593 (2021) 136—141. https://doi.org/10.1038/s41586-
021-03412-7.

E. Zankari, R. Allesge, K.G. Joensen, L.M. Cavaco, O. Lund, F.M. Aarestrup,
PointFinder: a novel web tool for WGS-based detection of antimicrobial
resistance associated with chromosomal point mutations in bacterial path-
ogens, ]. Antimicrob. Chemother. 72 (2017) 2764—2768. https://doi.org/
10.1093/jac/dkx217.

S. Lei, S. Chen, Q. Zhong, Digital PCR for accurate quantification of pathogens:
principles, applications, challenges and future prospects, Int. ]. Biol. Macro-
mol. 184 (2021) 750—759. https://doi.org/10.1016/j.ijbiomac.2021.06.132.
[8] L. Wu, G. Li, X. Xu, L. Zhu, R. Huang, X. Chen, Application of nano-ELISA in
food analysis: recent advances and challenges, Trends Anal. Chem. 113
(2019) 140—156. https://doi.org/10.1016/j.trac.2019.02.002.

J.S. Gootenberg, 0.0. Abudayyeh, J.W. Lee, P. Essletzbichler, AJ. Dy, J. Joung,
V. Verdine, N. Donghia, N.M. Daringer, CA. Freije, C. Myhrvold,
R.P. Bhattacharyya, J. Livny, A. Regev, E.V. Koonin, D.T. Hung, P.C. Sabeti,
]JJ. Collins, F. Zhang, Nucleic acid detection with CRISPR-Cas13a/C2c2, Science
356 (2017) 438—442. https://doi.org/10.1126/science.aam9321.

J. Zhuang, Z. Zhao, K. Lian, L. Yin, J. Wang, S. Man, G. Liu, L. Ma, SERS-based
CRISPR/Cas assay on microfluidic paper analytical devices for supersensitive
detection of pathogenic bacteria in foods, Biosens. Bioelectron. 207 (2022),
114167. https://doi.org/10.1016/j.bios.2022.114167.

L. Liu, J.-J. Duan, X.-Y. Wei, H. Hu, Y.-B. Wang, P.-P. Jia, D.-S. Pei, Generation
and application of a novel high-throughput detection based on RPA-CRISPR
technique to sensitively monitor pathogenic microorganisms in the envi-
ronment, Sci. Total Environ. 838 (2022), 156048. https://doi.org/10.1016/
j.scitotenv.2022.156048.

FJ.M. Mojica, C.s. Diez-Villasenor, J. Garcia-Martinez, E. Soria, Intervening
sequences of regularly spaced prokaryotic repeats derive from foreign ge-
netic elements, J. Mol. Evol. 60 (2005) 174—182. https://doi.org/10.1007/
s00239-004-0046-3.

F. Zhang, Development of CRISPR-Cas systems for genome editing and
beyond, Q. Rev. Biophys. 52 (2019) e6. https://doi.org/10.1017/
S0033583519000052.

K.S. Makarova, Y.I. Wolf, ]. Iranzo, S.A. Shmakov, O.S. Alkhnbashi, S.J.J. Brouns,
E. Charpentier, D. Cheng, D.H. Haft, P. Horvath, S. Moineau, F.J.M. Mojica,
D. Scott, S.A. Shah, V. Siksnys, M.P. Terns, C. Venclovas, M.F. White,
AF. Yakunin, W. Yan, F. Zhang, R.A. Garrett, R. Backofen, ]. van der Oost,
R. Barrangou, E.V. Koonin, Evolutionary classification of CRISPR—Cas sys-
tems: a burst of class 2 and derived variants, Nat. Rev. Microbiol. 18 (2020)
67—83. https://doi.org/10.1038/s41579-019-0299-x.

M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J.A. Doudna, E. Charpentier,
A programmable dual-RNA—guided DNA endonuclease in adaptive bacterial
immunity, Science 337 (2012) 816—821. https://doi.org/10.1126/
science.1225829.

Ki H. Nam, C. Haitjema, X. Liu, F. Ding, H. Wang, Matthew P. DeLisa, A. Ke,
Cas5d protein processes pre-crRNA and assembles into a cascade-like
interference complex in subtype [-C/dvulg CRISPR-cas system, Structure 20
(2012) 1574—1584. https://doi.org/10.1016/j.str.2012.06.016.

T. Sinkunas, G. Gasiunas, C. Fremaux, R. Barrangou, P. Horvath, V. Siksnys,
Cas3 is a single-stranded DNA nuclease and ATP-dependent helicase in the
CRISPR/Cas immune system, EMBO J. 30 (2011) 1335—1342. https://doi.org/
10.1038/emboj.2011.41.

Y. Huo, KH. Nam, F. Ding, H. Lee, L. Wu, Y. Xiao, M.D. Farchione, S. Zhou,
K. Rajashankar, I. Kurinov, R. Zhang, A. Ke, Structures of CRISPR Cas3 offer
mechanistic insights into Cascade-activated DNA unwinding and degrada-
tion, Nat. Struct. Mol. Biol. 21 (2014) 771-777. https://doi.org/10.1038/
nsmb.2875.

[19] KE. Dillard, M.\W. Brown, N.V. Johnson, Y. Xiao, A. Dolan, E. Hernandez,

[6

17

[9

(10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]


https://doi.org/10.1038/s41551-022-00907-0
https://doi.org/10.1038/s41551-022-00907-0
https://doi.org/10.1128/JCM.01598-20
https://doi.org/10.1038/s41587-020-0513-4
https://doi.org/10.1016/j.bios.2022.114098
https://doi.org/10.1038/s41586-021-03412-7
https://doi.org/10.1038/s41586-021-03412-7
https://doi.org/10.1093/jac/dkx217
https://doi.org/10.1093/jac/dkx217
https://doi.org/10.1016/j.ijbiomac.2021.06.132
https://doi.org/10.1016/j.trac.2019.02.002
https://doi.org/10.1126/science.aam9321
https://doi.org/10.1016/j.bios.2022.114167
https://doi.org/10.1016/j.scitotenv.2022.156048
https://doi.org/10.1016/j.scitotenv.2022.156048
https://doi.org/10.1007/s00239-004-0046-3
https://doi.org/10.1007/s00239-004-0046-3
https://doi.org/10.1017/S0033583519000052
https://doi.org/10.1017/S0033583519000052
https://doi.org/10.1038/s41579-019-<?thyc=10?>0299-x<?thyc?>
https://doi.org/10.1126/science.1225829
https://doi.org/10.1126/science.1225829
https://doi.org/10.1016/j.str.2012.06.016
https://doi.org/10.1038/emboj.2011.41
https://doi.org/10.1038/emboj.2011.41
https://doi.org/10.1038/nsmb.2875
https://doi.org/10.1038/nsmb.2875

H. Yang, Y. Zhang, X. Teng et al.

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

(33]

[34]

(35]

(36]

(371

(38]

S.D. Dahlhauser, Y. Kim, L.R. Myler, E.V. Anslyn, A. Ke, 1]. Finkelstein, As-
sembly and translocation of a CRISPR-cas primed acquisition complex, Cell
175 (2018) 934—946. https://doi.org/10.1016/j.cell.2018.09.039. e915.

C. Huy, D. Ni, K.H. Nam, S. Majumdar, ]. McLean, H. Stahlberg, M.P. Terns, A. Ke,
Allosteric control of type I-A CRISPR-Cas3 complexes and establishment as
effective nucleic acid detection and human genome editing tools, Mol. Cell
82 (2022) 2754—2768. https://doi.org/10.1016/j.molcel.2022.06.007. e2755.
K. Yoshimi, K. Takeshita, S. Yamayoshi, S. Shibumura, Y. Yamauchi,
M. Yamamoto, H. Yotsuyanagi, Y. Kawaoka, T. Mashimo, CRISPR-Cas3-based
diagnostics for SARS-CoV-2 and influenza virus, iScience 25 (2022), 103830.
https://doi.org/10.1016/j.is¢i.2022.103830.

P. Samai, N. Pyenson, W. Jiang, Gregory W. Goldberg, A. Hatoum-Aslan,
Luciano A. Marraffini, Co-Transcriptional DNA and RNA cleavage during type
[l CRISPR-cas immunity, Cell 161 (2015) 1164—1174. https://doi.org/
10.1016/j.cell.2015.04.027.

Raymond H.J. Staals, Y. Zhu, David W. Taylor, Jack E. Kornfeld, K. Sharma,
A. Barendregt, Jasper ]. Koehorst, M. Vlot, N. Neupane, K. Varossieau,
K. Sakamoto, T. Suzuki, N. Dohmae, S. Yokoyama, Peter ]. Schaap, H. Urlaub,
Albert J.R. Heck, E. Nogales, Jennifer A. Doudna, A. Shinkai, ]. van der Oost,
RNA targeting by the type IlI-A CRISPR-cas Csm complex of Thermus ther-
mophilus, Mol. Cell 56 (2014) 518-530. https://doi.org/10.1016/
j.molcel.2014.10.005.

T.-Y. Jung, Y. An, K.-H. Park, M.-H. Lee, B.-H. Oh, E. Woo, Crystal structure of
the Csm1 subunit of the Csm complex and its single-stranded DNA-specific
nuclease activity, Structure 23 (2015) 782—790. https://doi.org/10.1016/
j.str.2015.01.021.

X. Zhu, K. Ye, Crystal structure of Cmr2 suggests a nucleotide cyclase-related
enzyme in type Il CRISPR-Cas systems, FEBS Lett. 586 (2012) 939—-945.
https://doi.org/10.1016/j.febslet.2012.02.036.

M. Kazlauskiene, G. Kostiuk, C. Venclovas, G. Tamulaitis, V. Siksnys, A cyclic
oligonucleotide signaling pathway in type Il CRISPR-Cas systems, Science
357 (2017) 605—609. https://doi.org/10.1126/science.aao0100.

K.S. Makarova, Y.I. Wolf, 0.S. Alkhnbashi, F. Costa, S.A. Shah, S.J. Saunders,
R. Barrangou, S.J.J. Brouns, E. Charpentier, D.H. Haft, P. Horvath, S. Moineau,
FJ.M. Mojica, R.M. Terns, M.P. Terns, M.F. White, A.F. Yakunin, R.A. Garrett,
J. van der Oost, R. Backofen, E.V. Koonin, An updated evolutionary classifi-
cation of CRISPR—Cas systems, Nat. Rev. Microbiol. 13 (2015) 722—736.
https://doi.org/10.1038/nrmicro3569.

0. Niewoehner, C. Garcia-Doval, ].T. Rostel, C. Berk, F. Schwede, L. Bigler,
J. Hall, L.A. Marraffini, M. Jinek, Type IIl CRISPR—Cas systems produce cyclic
oligoadenylate second messengers, Nature 548 (2017) 543—548. https://
doi.org/10.1038/nature23467.

Raymond H.J. Staals, Y. Agari, S. Maki-Yonekura, Y. Zhu, David W. Taylor,
E. van Duijn, A. Barendregt, M. Vlot, Jasper ]. Koehorst, K. Sakamoto,
A. Masuda, N. Dohmae, Peter ]. Schaap, Jennifer A. Doudna, Albert ].R. Heck,
K. Yonekura, J. van der Oost, A. Shinkai, Structure and activity of the RNA-
targeting type III-B CRISPR-cas complex of Thermus thermophilus, Mol.
Cell 52 (2013) 135—145. https://doi.org/10.1016/j.molcel.2013.09.013.

A. Ozcan, R. Krajeski, E. loannidi, B. Lee, A. Gardner, K.S. Makarova,
E.V. Koonin, 0.0. Abudayyeh, J.S. Gootenberg, Programmable RNA targeting
with the single-protein CRISPR effector Cas7-11, Nature 597 (2021)
720-725. https://doi.org/10.1038/s41586-021-03886-5.

S.P.B. van Beljouw, A.C. Haagsma, A. Rodriguez-Molina, D.F. van den Berg,
J.N.A. Vink, S.J.J. Brouns, The gRAMP CRISPR-Cas effector is an RNA endo-
nuclease complexed with a caspase-like peptidase, Science 373 (2021)
1349-1353. https://doi.org/10.1126/science.abk2718.

C. Hu, S.P.B. van Beljouw, K.H. Nam, G. Schuler, F. Ding, Y. Cui, A. Rodriguez-
Molina, A.C. Haagsma, M. Valk, M. Pabst, S.J.J. Brouns, A. Ke, Craspase is a
CRISPR RNA-guided, RNA-activated protease, Science 377 (2022)
1278—1285. https://doi.org/10.1126/science.add5064.

K. Kato, S. Okazaki, C. Schmitt-Ulms, K. Jiang, W. Zhou, ]. Ishikawa,
Y. Isayama, S. Adachi, T. Nishizawa, K.S. Makarova, E.V. Koonin,
0.0. Abudayyeh, ].S. Gootenberg, H. Nishimasu, RNA-triggered protein
cleavage and cell growth arrest by the type III-E CRISPR nuclease-protease,
Science 378 (2022) 882—889. https://doi.org/10.1126/science.add7347.

J. Strecker, F.E. Demircioglu, D. Li, G. Faure, M.E. Wilkinson, ].S. Gootenberg,
0.0. Abudayyeh, H. Nishimasu, R.K. Macrae, F. Zhang, RNA-activated protein
cleavage with a CRISPR-associated endopeptidase, Science 378 (2022)
874—881. https://doi.org/10.1126/science.add7450.

C. Rouillon, N. Schneberger, H. Chi, K. Blumenstock, S. Da Vela, K. Ackermann,
J. Moecking, ML.F. Peter, W. Boenigk, R. Seifert, B.E. Bode, J.L. Schmid-Burgk,
D. Svergun, M. Geyer, M.F. White, G. Hagelueken, Antiviral signaling by a
cyclic nucleotide activated CRISPR protease, Nature (2022). https://doi.org/
10.1038/s41586-022-05571-7.

G. Hogrel, A. Guild, S. Graham, H. Rickman, S. Griischow, Q. Bertrand,
L. Spagnolo, M.F. White, Cyclic nucleotide-induced helical structure activates
a TIR immune effector, Nature 608 (2022) 808—812. https://doi.org/10.1038/
s41586-022-05070-9.

S. Griischow, C.S. Adamson, M.F. White, Specificity and sensitivity of an RNA
targeting type III CRISPR complex coupled with a NucC endonuclease
effector, Nucleic Acids Res. 49 (2021) 13122—13134. https://doi.org/10.1093/
nar/gkab1190.

A. Santiago-Frangos, L.N. Hall, A. Nemudraia, A. Nemudryi, P. Krishna,
T. Wiegand, RA. Wilkinson, D.T. Snyder, ]J.F. Hedges, C. Cicha, H.H. Lee,
A. Graham, M.A. ]Jutila, M.P. Taylor, B. Wiedenheft, Intrinsic signal

14

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

[52]

(53]

[54]

[55]

[56]

(571

(58]

[59]

(60]

Trends in Analytical Chemistry 160 (2023) 116980

amplification by type III CRISPR-Cas systems provides a sequence-specific
SARS-CoV-2 diagnostic, Cell Rep. Med. 2 (2021), 100319. https://doi.org/
10.1016/j.xcrm.2021.100319.

S. Sridhara, H.N. Goswami, C. Whyms, J.H. Dennis, H. Li, Virus detection via
programmable Type III-A CRISPR-Cas systems, Nat. Commun. 12 (2021)
5653. https://doi.org/10.1038/s41467-021-25977-7.

J. Lin, Y. Shen, J. Ni, Q. She, A type IlI-A CRISPR—Cas system mediates co-
transcriptional DNA cleavage at the transcriptional bubbles in close prox-
imity to active effectors, Nucleic Acids Res. 49 (2021) 7628—7643. https://
doi.org/10.1093/nar/gkab590.

A. Nemudraia, A. Nemudryi, M. Buyukyoruk, A.M. Scherffius, T. Zahl,
T. Wiegand, S. Pandey, J.E. Nichols, LN. Hall, A. McVey, HH. Lee,
R.A. Wilkinson, LR. Snyder, ].D. Jones, K.S. Koutmou, A. Santiago-Frangos,
B. Wiedenheft, Sequence-specific capture and concentration of viral RNA by
type III CRISPR system enhances diagnostic, Nat. Commun. 13 (2022) 7762.
https://doi.org/10.1038/s41467-022-35445-5.

J.A. Steens, Y. Zhu, D.W. Taylor, ].P.K. Bravo, S.H.P. Prinsen, C.D. Schoen,
BJ.F. Keijser, M. Ossendrijver, L.M. Hofstra, S.J.J. Brouns, A. Shinkai, J. van der
Oost, R.H.]J. Staals, SCOPE enables type Il CRISPR-Cas diagnostics using
flexible targeting and stringent CARF ribonuclease activation, Nat. Commun.
12 (2021) 5033. https://doi.org/10.1038/s41467-021-25337-5.

L. Cong, FA. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, P.D. Hsu, X. Wu,
W. Jiang, L.A. Marraffini, F. Zhang, Multiplex genome engineering using
CRISPR/cas systems, Science 339 (2013) 819—823. https://doi.org/10.1126/
science.1231143.

F. Jiang, D.W. Taylor, ].S. Chen, J.E. Kornfeld, K. Zhou, AJ. Thompson,
E. Nogales, J.A. Doudna, Structures of a CRISPR-Cas9 R-loop complex primed
for DNA cleavage, Science 351 (2016) 867—871. https://doi.org/10.1126/
science.aad8282.

Y.S. Dagdas, J.S. Chen, S.H. Sternberg, ].A. Doudna, A. Yildiz, A conformational
checkpoint between DNA binding and cleavage by CRISPR-Cas9, Sci. Adv. 3
(2017), eaao0027. https://doi.org/10.1126/sciadv.aan0027.

R.T. Walton, KA. Christie, M.N. Whittaker, B.P. Kleinstiver, Unconstrained
genome targeting with near-PAMless engineered CRISPR-Cas9 variants,
Science 368 (2020) 290—296. https://doi.org/10.1126/science.aba8853.

W. Zhou, L. Hy, L. Ying, Z. Zhao, P.K. Chu, X.-F. Yu, A CRISPR—Cas9-triggered
strand displacement amplification method for ultrasensitive DNA detection,
Nat. Commun. 9 (2018) 5012. https://doi.org/10.1038/s41467-018-07324-5.
T. Wang, Y. Liu, H.-H. Sun, B.-C. Yin, B.-C. Ye, An RNA-guided Cas9 nickase-
based method for universal isothermal DNA amplification, Angew. Chem.
Int. Ed. 58 (2019) 5382—5386. https://doi.org/10.1002/anie.201901292.

B. Zetsche, Jonathan S. Gootenberg, Omar O. Abudayyeh, lan M. Slaymaker,
Kira S. Makarova, P. Essletzbichler, Sara E. Volz, J. Joung, ]. van der Oost,
A. Regev, Eugene V. Koonin, F. Zhang, Cpf1 is a single RNA-guided endonu-
clease of a class 2 CRISPR-cas system, Cell 163 (2015) 759—771. https://
doi.org/10.1016/j.cell.2015.09.038.

B.P. Kleinstiver, S.Q. Tsai, M.S. Prew, N.T. Nguyen, M.M. Welch, ].M. Lopez,
Z.R. McCaw, M]. Aryee, J.K. Joung, Genome-wide specificities of CRISPR-Cas
Cpfl nucleases in human cells, Nat. Biotechnol. 34 (2016) 869—874.
https://doi.org/10.1038/nbt.3620.

J. Strecker, S. Jones, B. Koopal, ]. Schmid-Burgk, B. Zetsche, L. Gao,
K.S. Makarova, E.V. Koonin, F. Zhang, Engineering of CRISPR-Cas12b for hu-
man genome editing, Nat. Commun. 10 (2019) 212. https://doi.org/10.1038/
s41467-018-08224-4.

H. Yang, ]. Chen, S. Yang, T. Zhang, X. Xia, K. Zhang, S. Deng, G. He, H. Gao,
Q. He, R. Deng, CRISPR/Cas14a-Based isothermal amplification for profiling
plant MicroRNAs, Anal. Chem. 93 (2021) 12602—12608. https://doi.org/
10.1021/acs.analchem.1c02137.

D. Kim, J. Kim, J.K. Hur, KW. Been, S.-h. Yoon, J.-S. Kim, Genome-wide
analysis reveals specificities of Cpfl endonucleases in human cells, Nat.
Biotechnol. 34 (2016) 863—868. https://doi.org/10.1038/nbt.3609.

L.B. Harrington, D. Burstein, J.S. Chen, D. Paez-Espino, E. Ma, LP. Witte,
J.C. Cofsky, N.C. Kyrpides, J.F. Banfield, J.A. Doudna, Programmed DNA
destruction by miniature CRISPR-Cas14 enzymes, Science 362 (2018)
839—842. https://doi.org/10.1126/science.aav4294.

J. Li, S. Yang, C. Zuo, L. Dai, Y. Guo, G. Xie, Applying CRISPR-cas12a as a signal
amplifier to construct biosensors for non-DNA targets in ultralow concen-
trations, ACS Sens. 5 (2020) 970-977. https://doi.org/10.1021/
acssensors.9b02305.

0.0. Abudayyeh, ].S. Gootenberg, P. Essletzbichler, S. Han, . Joung, J.J. Belanto,
V. Verdine, D.B.T. Cox, MJ. Kellner, A. Regev, ES. Lander, D.F. Voytas,
AY. Ting, F. Zhang, RNA targeting with CRISPR—Cas13, Nature 550 (2017)
280—284. https://doi.org/10.1038/nature24049.

Y. Hu, Y. Chen, J. Xu, X. Wang, S. Luo, B. Mao, Q. Zhou, W. Li, Metagenomic
discovery of novel CRISPR-Cas13 systems, Cell Discov 8 (2022) 107. https://
doi.org/10.1038/s41421-022-00464-5.

R. Wang, X. Zhao, X. Chen, X. Qiu, G. Qing, H. Zhang, L. Zhang, X. Hu, Z. He,
D. Zhong, Y. Wang, Y. Luo, Rolling circular amplification (RCA)-Assisted
CRISPR/Cas9 cleavage (RACE) for highly specific detection of multiple
extracellular vesicle MicroRNAs, Anal. Chem. 92 (2020) 2176—2185. https://
doi.org/10.1021/acs.analchem.9b04814.

M. Wang, D. Han, J. Zhang, R. Zhang, ]. Li, High-fidelity detection of DNA
combining the CRISPR/Cas9 system and hairpin probe, Biosens. Bioelectron.
184 (2021), 113212. https://doi.org/10.1016/j.bios.2021.113212.

T. Zhang, W. Zhou, X. Lin, M.R. Khan, S. Deng, M. Zhou, G. He, C. Wy, R. Deng,


https://doi.org/10.1016/j.cell.2018.09.039
https://doi.org/10.1016/j.molcel.2022.06.007
https://doi.org/10.1016/j.isci.2022.103830
https://doi.org/10.1016/j.cell.2015.04.027
https://doi.org/10.1016/j.cell.2015.04.027
https://doi.org/10.1016/j.molcel.2014.10.005
https://doi.org/10.1016/j.molcel.2014.10.005
https://doi.org/10.1016/j.str.2015.01.021
https://doi.org/10.1016/j.str.2015.01.021
https://doi.org/10.1016/j.febslet.2012.02.036
https://doi.org/10.1126/science.aao0100
https://doi.org/10.1038/nrmicro3569
https://doi.org/10.1038/nature23467
https://doi.org/10.1038/nature23467
https://doi.org/10.1016/j.molcel.2013.09.013
https://doi.org/10.1038/s41586-021-03886-5
https://doi.org/10.1126/science.abk2718
https://doi.org/10.1126/science.add5064
https://doi.org/10.1126/science.add7347
https://doi.org/10.1126/science.add7450
https://doi.org/10.1038/s41586-022-05571-7
https://doi.org/10.1038/s41586-022-05571-7
https://doi.org/10.1038/s41586-022-05070-9
https://doi.org/10.1038/s41586-022-05070-9
https://doi.org/10.1093/nar/gkab1190
https://doi.org/10.1093/nar/gkab1190
https://doi.org/10.1016/j.xcrm.2021.100319
https://doi.org/10.1016/j.xcrm.2021.100319
https://doi.org/10.1038/s41467-021-25977-7
https://doi.org/10.1093/nar/gkab590
https://doi.org/10.1093/nar/gkab590
https://doi.org/10.1038/s41467-022-35445-5
https://doi.org/10.1038/s41467-021-25337-5
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.aad8282
https://doi.org/10.1126/science.aad8282
https://doi.org/10.1126/sciadv.aao0027
https://doi.org/10.1126/science.aba8853
https://doi.org/10.1038/s41467-018-07324-5
https://doi.org/10.1002/anie.201901292
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1038/nbt.3620
https://doi.org/10.1038/s41467-018-08224-4
https://doi.org/10.1038/s41467-018-08224-4
https://doi.org/10.1021/acs.analchem.1c02137
https://doi.org/10.1021/acs.analchem.1c02137
https://doi.org/10.1038/nbt.3609
https://doi.org/10.1126/science.aav4294
https://doi.org/10.1021/acssensors.9b02305
https://doi.org/10.1021/acssensors.9b02305
https://doi.org/10.1038/nature24049
https://doi.org/10.1038/s41421-022-00464-5
https://doi.org/10.1038/s41421-022-00464-5
https://doi.org/10.1021/acs.analchem.9b04814
https://doi.org/10.1021/acs.analchem.9b04814
https://doi.org/10.1016/j.bios.2021.113212

H. Yang, Y. Zhang, X. Teng et al.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

(771

(78]

Q. He, Light-up RNA aptamer signaling-CRISPR-Cas13a-based mix-and-read
assays for profiling viable pathogenic bacteria, Biosens. Bioelectron. 176
(2021), 112906. https://doi.org/10.1016/j.bios.2020.112906.

T. Zhang, H.-t. Li, X. Xia, J. Liu, Y. Lu, M.R. Khan, S. Deng, R. Busquets, G. He,
Q. He, ]J. Zhang, R. Deng, Direct detection of foodborne pathogens via a
proximal DNA probe-based CRISPR-cas12 assay, ]. Agric. Food Chem. 69
(2021) 12828—-12836. https://doi.org/10.1021/acs.jafc.1c04663.

Y. Wu, Y. Dong, Y. Shi, H. Yang, J. Zhang, M.R. Khan, S. Deng, G. He, Q. He,
Y. Lv, R. Deng, CRISPR-Cas12-Based rapid authentication of halal food,
J. Agric. Food Chem. 69 (2021) 10321-10328. https://doi.org/10.1021/
acs.jafc.1c03078.

P. Fozouni, S. Son, M. Diaz de Leén Derby, GJ. Knott, C.N. Gray,
M.V. D'Ambrosio, C. Zhao, N.A. Switz, G.R. Kumar, S.I. Stephens, D. Boehm, C.-
L. Tsou, J. Shu, A. Bhuiya, M. Armstrong, A.R. Harris, P.-Y. Chen, J.M. Osterloh,
A. Meyer-Franke, B. Joehnk, K. Walcott, A. Sil, C. Langelier, K.S. Pollard,
E.D. Crawford, A.S. Puschnik, M. Phelps, A. Kistler, J.L. DeRisi, ]J.A. Doudna,
D.A. Fletcher, M. Ott, Amplification-free detection of SARS-CoV-2 with
CRISPR-Cas13a and mobile phone microscopy, Cell 184 (2021)
323—-333.e329. https://doi.org/10.1016/j.cell.2020.12.001.

M. Zeng, Y. Ke, Z. Zhuang, C. Qin, LY. Li, G. Sheng, Z. Li, H. Meng, X. Ding,
Harnessing multiplex crRNA in the CRISPR/Cas12a system enables an
amplification-free DNA diagnostic platform for ASFV detection, Anal. Chem.
94 (2022) 10805—10812. https://doi.org/10.1021/acs.analchem.2c01588.

B. Chen, Luke A. Gilbert, Beth A. Cimini, J. Schnitzbauer, W. Zhang, G.-W. Li,
J. Park, Elizabeth H. Blackburn, Jonathan S. Weissman, Lei S. Qi, B. Huang,
Dynamic imaging of genomic loci in living human cells by an optimized
CRISPR/cas system, Cell 155 (2013) 1479—1491. https://doi.org/10.1016/
j.cell.2013.12.001.

Y. Sha, R. Huang, M. Huang, H. Yue, Y. Shan, J. Hu, D. Xing, Cascade CRISPR/cas
enables amplification-free microRNA sensing with fM-sensitivity and single-
base-specificity, Chem. Commun. 57 (2021) 247-250. https://doi.org/
10.1039/D0OCC06412B.

T.Y. Liu, GJ. Knott, D.C.J. Smock, ]J.J. Desmarais, S. Son, A. Bhuiya, S. Jakhanwal,
N. Prywes, S. Agrawal, M. Diaz de Leén Derby, N.A. Switz, M. Armstrong,
AR. Harris, EJ. Charles, BW. Thornton, P. Fozouni, J. Shu, S.I. Stephens,
G.R. Kumar, C. Zhao, A. Mok, A.T. lavarone, A.M. Escajeda, R. McIntosh, S. Kim,
EJ. Dugan, J.R. Hamilton, E. Lin-Shiao, E.C. Stahl, C.A. Tsuchida, E.A. Moehle,
P. Giannikopoulos, M. McElroy, S. McDevitt, A. Zur, 1. Sylvain, A. Ciling,
M. Zhu, C. Williams, A. Baldwin, K.S. Pollard, M.X. Tan, M. Ott, D.A. Fletcher,
L.F. Lareau, P.D. Hsu, D.F. Savage, ].A. Doudna, I.G.LT. Consortium, Accelerated
RNA detection using tandem CRISPR nucleases, Nat. Chem. Biol. 17 (2021)
982-988. https://doi.org/10.1038/s41589-021-00842-2.

J.S. Gootenberg, 0.0. Abudayyeh, M.J. Kellner, ]. Joung, ].J. Collins, F. Zhang,
Multiplexed and portable nucleic acid detection platform with Cas13,
Cas12a, and Csm6, Science 360 (2018) 439—444. https://doi.org/10.1126/
science.aaq0179.

T. Tian, Z. Qiu, Y. Jiang, D. Zhu, X. Zhou, Exploiting the orthogonal CRISPR-
Cas12a/Cas13a trans-cleavage for dual-gene virus detection using a hand-
held device, Biosens. Bioelectron. 196 (2022), 113701. https://doi.org/
10.1016/j.bios.2021.113701.

G. Cao, J. Dong, X. Chen, P. Lu, Y. Xiong, L. Peng, J. Li, D. Huo, C. Hou,
Simultaneous detection of CaMV35S and T-nos utilizing CRISPR/Cas12a and
Cas13a with multiplex-PCR (MPT-Cas12a/13a), Chem. Commun. 58 (2022)
6328—6331. https://doi.org/10.1039/D2CC0O1300B.

K. Guk, S. Yi, H. Kim, Y. Bae, D. Yong, S. Kim, K.-S. Lee, E.-K. Lim, T. Kang,
J. Jung, Hybrid CRISPR/Cas protein for one-pot detection of DNA and RNA,
Biosens. Bioelectron. 219 (2023), 114819. https://doi.org/10.1016/
j-bi0s.2022.114819.

D. Gao, Z. Ma, Y. Jiang, Recent advances in microfluidic devices for foodborne
pathogens detection, Trends Anal. Chem. 157 (2022), 116788. https://
doi.org/10.1016/j.trac.2022.116788.

H. Vaisocherova-Lisalova, 1. Visova, M.L. Ermini, T. Springer, X.C. Song,
J. Mrazek, J. Lamacova, N. Scott Lynn, P. Sedivak, J. Homola, Low-fouling
surface plasmon resonance biosensor for multi-step detection of foodborne
bacterial pathogens in complex food samples, Biosens. Bioelectron. 80 (2016)
84-90. https://doi.org/10.1016/j.bios.2016.01.040.

M. Bekliz, K. Adea, P. Vetter, C.S. Eberhardt, K. Hosszu-Fellous, D.-L. Vu,
O. Puhach, M. Essaidi-Laziosi, S. Waldvogel-Abramowski, C. Stephan,
A.G. L'Huillier, C.-A. Siegrist, A.M. Didierlaurent, L. Kaiser, B. Meyer, I. Eckerle,
Neutralization capacity of antibodies elicited through homologous or het-
erologous infection or vaccination against SARS-CoV-2 VOCs, Nat. Commun.
13 (2022) 3840. https://doi.org/10.1038/s41467-022-31556-1.

H. Ramadan, S.K. Gupta, P. Sharma, KI. Sallam, L.M. Hiott, H. Elsayed,
J.B. Barrett, ].G. Frye, CR. Jackson, Draft genome sequences of two
ciprofloxacin-resistant Salmonella enterica subsp. enterica serotype Ken-
tucky ST198 isolated from retail chicken carcasses in Egypt, J. Glob. Anti-
microb. Resist. 14  (2018) 101-103. https://doi.org/10.1016/
jjgar.2018.06.012.

H. Wu, X. Chen, M. Zhang, X. Wang, Y. Chen, C. Qian, J. Wu, ]. Xu, Versatile
detection with CRISPR/Cas system from applications to challenges, Trends
Anal. Chem. 135 (2021), 116150. https://doi.org/10.1016/j.trac.2020.116150.
U.F. Greber, R. Bartenschlager, Editorial: an expanded view of viruses, FEMS
Microbiol. Rev. 41 (2017) 1—4. https://doi.org/10.1093/femsre/fuw044.

.M. Artika, A. Wiyatno, C.N. Ma'roef, Pathogenic viruses: molecular detection
and characterization, Infect. Genet. Evol. 81 (2020), 104215. https://doi.org/

15

(791

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

Trends in Analytical Chemistry 160 (2023) 116980

10.1016/j.meegid.2020.104215.

C. Myhrvold, C.A. Freije, ].S. Gootenberg, 0.0. Abudayyeh, H.C. Metsky,
AF. Durbin, MJ. Kellner, AL. Tan, LM. Paul, LA. Parham, KF. Garcia,
K.G. Barnes, B. Chak, A. Mondini, M.L. Nogueira, S. Isern, S.F. Michael,
I. Lorenzana, N.L. Yozwiak, B.L. Maclnnis, I. Bosch, L. Gehrke, F. Zhang,
P.C. Sabeti, Field-deployable viral diagnostics using CRISPR-Cas13, Science
360 (2018) 444—448. https://doi.org/10.1126/science.aas8836.

X.-M. Hang, P.-F. Liu, S. Tian, H.-Y. Wang, K-R. Zhao, L. Wang, Rapid and
sensitive detection of Ebola RNA in an unamplified sample based on CRISPR-
Cas13a and DNA roller machine, Biosens. Bioelectron. 211 (2022), 114393.
https://doi.org/10.1016/j.bios.2022.114393.

P. Hu, 7-11 Dec. 2020, in: IoT-based Contact Tracing Systems for Infectious
Diseases: Architecture and Analysis. GLOBECOM 2020 - 2020 IEEE Global
Communications Conference, 2020.

Q. He, D. Yu, M. Bao, G. Korensky, J. Chen, M. Shin, J. Kim, M. Park, P. Qin,
K. Du, High-throughput and all-solution phase African Swine Fever Virus
(ASFV) detection using CRISPR-Cas12a and fluorescence based point-of-care
system, Biosens. Bioelectron. 154 (2020), 112068. https://doi.org/10.1016/
j-bi0s.2020.112068.

K. Pardee, A.A. Green, M.K. Takahashi, D. Braff, G. Lambert, JJW. Lee,
T. Ferrante, D. Ma, N. Donghia, M. Fan, N.M. Daringer, 1. Bosch, D.M. Dudley,
D.H. O'Connor, L. Gehrke, ].J. Collins, Rapid, low-cost detection of Zika virus
using programmable biomolecular components, Cell 165 (2016) 1255—1266.
https://doi.org/10.1016/j.cell.2016.04.059.

K. Shi, S. Xie, R. Tian, S. Wang, Q. Lu, D. Gao, C. Lei, H. Zhu, Z. Nie, A CRISPR-
Cas autocatalysis-driven feedback amplification network for supersensitive
DNA diagnostics, Sci. Adv. 7 (2021), eabc7802. https://doi.org/10.1126/
sciadv.abc7802.

J.S. Chen, E. Ma, LB. Harrington, M. Da Costa, X. Tian, J.M. Palefsky,
J.A. Doudna, CRISPR-Cas12a target binding unleashes indiscriminate single-
stranded DNase activity, Science 360 (2018) 436—439. https://doi.org/
10.1126/science.aar6245.

W. Feng, H. Peng, ]J. Xu, Y. Liu, K. Pabbaraju, G. Tipples, M.A. Joyce,
H.A. Saffran, D.L. Tyrrell, S. Babiuk, H. Zhang, X.C. Le, Integrating reverse
transcription recombinase polymerase amplification with CRISPR technology
for the one-tube assay of RNA, Anal. Chem. 93 (2021) 12808—12816. https://
doi.org/10.1021/acs.analchem.1c03456.

X. Ding, K. Yin, Z. Li, R.V. Lalla, E. Ballesteros, M.M. Sfeir, C. Liu, Ultrasensitive
and visual detection of SARS-CoV-2 using all-in-one dual CRISPR-Cas12a
assay, Nat. Commun. 11 (2020) 4711. https://doi.org/10.1038/s41467-020-
18575-6.

BJ. Park, M.S. Park, ].M. Lee, Y.J. Song, Specific detection of influenza A and B
viruses by CRISPR-cas12a-based assay, Biosensors 11 (2021) 88. https://
doi.org/10.3390/bios11030088.

R. Aman, A. Mahas, T. Marsic, N. Hassan, M.M. Mahfouz, Efficient, rapid, and
sensitive detection of plant RNA viruses with one-pot RT-RPA—CRISPR/
cas12a assay, Front. Microbiol. 11 (2020), 610872. https://doi.org/10.3389/
fmicb.2020.610872.

R. Wang, C. Qian, Y. Pang, M. Li, Y. Yang, H. Ma, M. Zhao, F. Qian, H. Yu, Z. Liu,
T. Ni, Y. Zheng, Y. Wang, opvCRISPR: one-pot visual RT-LAMP-CRISPR plat-
form for SARS-cov-2 detection, Biosens. Bioelectron. 172 (2021), 112766.
https://doi.org/10.1016/j.bios.2020.112766.

Y. Wang, T. Xue, M. Wang, R. Ledesma-Amaro, Y. Lu, X. Hu, T. Zhang, M. Yang,
Y. Li, J. Xiang, R. Deng, B. Ying, W. Li, CRISPR-Cas13a cascade-based viral RNA
assay for detecting SARS-CoV-2 and its mutations in clinical samples, Sens.
Actuator B-Chem. 362 (2022), 131765. https://doi.org/10.1016/
j.snb.2022.131765.

H. Yang, F. Li, T. Xue, M.R. Khan, X. Xia, R. Busquets, H. Gao, Y. Dong, W. Zhou,
R. Deng, Csm6-DNAzyme tandem assay for one-pot and sensitive analysis of
lead pollution and bioaccumulation in mice, Anal. Chem. 94 (2022)
16953—16959. https://doi.org/10.1021/acs.analchem.2c04589.

T. Zhang, W. Zhao, W. Zhao, Y. Si, N. Chen, X. Chen, X. Zhang, L. Fan, G. Sui,
Universally stable and precise CRISPR-LAMP detection platform for precise
multiple respiratory tract virus diagnosis including mutant SARS-CoV-2
spike N501Y, Anal. Chem. 93 (2021) 16184—16193. https://doi.org/
10.1021/acs.analchem.1c04065.

Y. Chen, X. Xu, ]. Wang, Y. Zhang, W. Zeng, Y. Liu, X. Zhang, Photoactivatable
CRISPR/Cas12a strategy for one-pot DETECTR molecular diagnosis, Anal.
Chem. 94 (2022) 9724-9731. https://doi.org/10.1021/
acs.analchem.2c01193.

F. Hy, Y. Liy, S. Zhao, Z. Zhang, X. Li, N. Peng, Z. Jiang, A one-pot CRISPR/
Cas13a-based contamination-free biosensor for low-cost and rapid nucleic
acid diagnostics, Biosens. Bioelectron. 202 (2022), 113994. https://doi.org/
10.1016/j.bios.2022.113994.

J.Y. Choi, D.M. Smith, SARS-CoV-2 variants of concern, Yonsei Med. ]. 62
(2021) 961-968. https://doi.org/10.3349/ym;j.2021.62.11.961.

W.T. Harvey, AM. Carabelli, B. Jackson, RK. Gupta, E.C. Thomson,
E.M. Harrison, C. Ludden, R. Reeve, A. Rambaut, S.J. Peacock, D.L. Robertson,
C.-G.U. Consortium, SARS-CoV-2 variants, spike mutations and immune
escape, Nat. Rev. Microbiol. 19 (2021) 409—424. https://doi.org/10.1038/
s41579-021-00573-0.

P.K.S. Chan, N. Lee, G.M. Joynt, KW. Choi, ].L.K. Cheung, A.C.M. Yeung, P. Lam,
R. Wong, B.-W. Leung, H.-Y. So, W.-Y. Lam, D.C.S. Hui, Clinical and virological
course of infection with haemagglutinin D222G mutant strain of 2009
pandemic influenza A (H1N1) virus, J. Clin. Virol. 50 (2011) 320—324. https://


https://doi.org/10.1016/j.bios.2020.112906
https://doi.org/10.1021/acs.jafc.1c04663
https://doi.org/10.1021/acs.jafc.1c03078
https://doi.org/10.1021/acs.jafc.1c03078
https://doi.org/10.1016/j.cell.2020.12.001
https://doi.org/10.1021/acs.analchem.2c01588
https://doi.org/10.1016/j.cell.2013.12.001
https://doi.org/10.1016/j.cell.2013.12.001
https://doi.org/10.1039/D0CC06412B
https://doi.org/10.1039/D0CC06412B
https://doi.org/10.1038/s41589-021-00842-2
https://doi.org/10.1126/science.aaq0179
https://doi.org/10.1126/science.aaq0179
https://doi.org/10.1016/j.bios.2021.113701
https://doi.org/10.1016/j.bios.2021.113701
https://doi.org/10.1039/D2CC01300B
https://doi.org/10.1016/j.bios.2022.114819
https://doi.org/10.1016/j.bios.2022.114819
https://doi.org/10.1016/j.trac.2022.116788
https://doi.org/10.1016/j.trac.2022.116788
https://doi.org/10.1016/j.bios.2016.01.040
https://doi.org/10.1038/s41467-022-31556-1
https://doi.org/10.1016/j.jgar.2018.06.012
https://doi.org/10.1016/j.jgar.2018.06.012
https://doi.org/10.1016/j.trac.2020.116150
https://doi.org/10.1093/femsre/fuw044
https://doi.org/10.1016/j.meegid.2020.104215
https://doi.org/10.1016/j.meegid.2020.104215
https://doi.org/10.1126/science.aas8836
https://doi.org/10.1016/j.bios.2022.114393
http://refhub.elsevier.com/S0165-9936(23)00067-5/sref81
http://refhub.elsevier.com/S0165-9936(23)00067-5/sref81
http://refhub.elsevier.com/S0165-9936(23)00067-5/sref81
https://doi.org/10.1016/j.bios.2020.112068
https://doi.org/10.1016/j.bios.2020.112068
https://doi.org/10.1016/j.cell.2016.04.059
https://doi.org/10.1126/sciadv.abc7802
https://doi.org/10.1126/sciadv.abc7802
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1021/acs.analchem.1c03456
https://doi.org/10.1021/acs.analchem.1c03456
https://doi.org/10.1038/s41467-020-18575-6
https://doi.org/10.1038/s41467-020-18575-6
https://doi.org/10.3390/bios11030088
https://doi.org/10.3390/bios11030088
https://doi.org/10.3389/fmicb.2020.610872
https://doi.org/10.3389/fmicb.2020.610872
https://doi.org/10.1016/j.bios.2020.112766
https://doi.org/10.1016/j.snb.2022.131765
https://doi.org/10.1016/j.snb.2022.131765
https://doi.org/10.1021/acs.analchem.2c04589
https://doi.org/10.1021/acs.analchem.1c04065
https://doi.org/10.1021/acs.analchem.1c04065
https://doi.org/10.1021/acs.analchem.2c01193
https://doi.org/10.1021/acs.analchem.2c01193
https://doi.org/10.1016/j.bios.2022.113994
https://doi.org/10.1016/j.bios.2022.113994
https://doi.org/10.3349/ymj.2021.62.11.961
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1016/j.jcv.2011.01.013

H. Yang, Y. Zhang, X. Teng et al.

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

doi.org/10.1016/j.jcv.2011.01.013.

M. Kumar, S. Gulati, A.H. Ansari, R. Phutela, S. Acharya, M. Azhar, J. Murthy,
P. Kathpalia, A. Kanakan, R. Maurya, ].S. Vasudevan, A. S, R. Pandey, S. Maiti,
D. Chakraborty, FnCas9-based CRISPR diagnostic for rapid and accurate
detection of major SARS-CoV-2 variants on a paper strip, Elife 10 (2021),
e67130. https://doi.org/10.7554/eLife.67130.

Z. Ali, E. Sdnchez, M. Tehseen, A. Mahas, T. Marsic, R. Aman, G. Sivakrishna
Rao, F.S. Alhamlan, M.S. Alsanea, A.A. Al-Qahtani, S. Hamdan, M. Mahfouz,
Bio-SCAN: a CRISPR/dCas9-based lateral flow assay for rapid, specific, and
sensitive detection of SARS-CoV-2, ACS Synth. Biol. 11 (2022) 406—419.
https://doi.org/10.1021/acssynbio.1c00499.

Q. Meng, X. Wang, Y. Wang, L. Dang, X. Liu, X. Ma, T. Chi, X. Wang, Q. Zhao,
G. Yang, M. Liu, X. Huang, P. Ma, Detection of the SARS-CoV-2 D614G mu-
tation using engineered Cas12a guide RNA, Biotechnol. J. 16 (2021),
2100040. https://doi.org/10.1002/biot.202100040.

Y. Wang, Y. Zhang, J. Chen, M. Wang, T. Zhang, W. Luo, Y. Li, Y. Wu, B. Zeng,
K. Zhang, R. Deng, W. Li, Detection of SARS-CoV-2 and its mutated variants
via CRISPR-cas13-based transcription amplification, Anal. Chem. 93 (2021)
3393-3402. https://doi.org/10.1021/acs.analchem.0c04303.

B. Ning, B.M. Youngquist, D.D. Li, CJ. Lyon, A. Zelazny, N.J. Maness, D. Tian,
T.Y. Hu, Rapid detection of multiple SARS-CoV-2 variants of concern by PAM-
targeting mutations, Cell Rep. Methods 2 (2022), 100173. https://doi.org/
10.1016/j.crmeth.2022.100173.

L.T. Nguyen, N.C. Macaluso, B.L.M. Pizzano, M.N. Cash, ]. Spacek, J. Karasek,
M.R. Miller, J.A. Lednicky, R.R. Dinglasan, M. Salemi, P.K. Jain, A thermostable
Cas12b from Brevibacillus leverages one-pot discrimination of SARS-CoV-2
variants of concern, EBioMedicine 77 (2022), 103926. https://doi.org/
10.1016/j.ebiom.2022.103926.

A. Mahas, T. Marsic, M. Lopez-Portillo Masson, Q. Wang, R. Aman, C. Zheng,
Z. Ali, M. Alsanea, A. Al-Qahtani, B. Ghanem, F. Alhamlan, M. Mahfouz,
Characterization of a thermostable Cas13 enzyme for one-pot detection of
SARS-CoV-2, Proc. Natl. Acad. Sci. USA 119 (2022), e2118260119. https://
doi.org/10.1073/pnas.2118260119.

C.M. Ackerman, C. Myhrvold, S.G. Thakku, C.A. Freije, H.C. Metsky, D.K. Yang,
S.H. Ye, CK. Boehm, T.-S.F. Kosoko-Thoroddsen, ]J. Kehe, T.G. Nguyen,
A. Carter, A. Kulesa, J.R. Barnes, V.G. Dugan, D.T. Hung, P.C. Blainey,
P.C. Sabeti, Massively multiplexed nucleic acid detection with Cas13, Nature
582 (2020) 277—282. https://doi.org/10.1038/541586-020-2279-8.

M. Zhang, C. Liu, Y. Shi, J. Wu, J. Wu, H. Chen, Selective endpoint visualized
detection of Vibrio parahaemolyticus with CRISPR/Cas12a assisted PCR using
thermal cycler for on-site application, Talanta 214 (2020), 120818. https://
doi.org/10.1016/j.talanta.2020.120818.

L. Liy, G. Zhao, X. Li, Z. Xu, H. Lei, X. Shen, Development of rapid and easy
detection of Salmonella in food matrics using RPA-CRISPR/Cas12a method,
Lebensm. Wiss. Technol. 162 (2022), 113443. https://doi.org/10.1016/
jwt.2022.113443.

H. Liy, J. Wang, H. Zeng, X. Liu, W. Jiang, Y. Wang, W. Ouyang, X. Tang, RPA-
Cas12a-FS: a frontline nucleic acid rapid detection system for food safety
based on CRISPR-Cas12a combined with recombinase polymerase amplifi-
cation, Food Chem. 334 (2021), 127608. https://doi.org/10.1016/
j.foodchem.2020.127608.

J. Xu, J. Ma, Y. Li, L. Kang, B. Yuan, S. Li, J. Chao, L. Wang, J. Wang, S. Su,
Y. Yuan, A general RPA-CRISPR/Cas12a sensing platform for Brucella spp.
detection in blood and milk samples, Sens. Actuator B-Chem. 364 (2022),
131864. https://doi.org/10.1016/j.snb.2022.131864.

K. Buddhachat, N. Sripairoj, O. Ritbamrung, P. Inthima, K. Ratanasut,
T. Boonsrangsom, T. Rungrat, P. Pongcharoen, K. Sujipuli, RPA-assisted
Cas12a system for detecting pathogenic Xanthomonas oryzae, a causative
agent for bacterial leaf blight disease in rice, Rice Sci. 29 (2022) 340—352.
https://doi.org/10.1016/j.rsci.2021.11.005.

L. Ma, L. Peng, L. Yin, G. Liu, S. Man, CRISPR-Cas12a-Powered dual-mode
biosensor for ultrasensitive and cross-validating detection of pathogenic
bacteria, ACS Sens. 6 (2021) 2920—2927. https://doi.org/10.1021/
acssensors.1c00686.

L. Yin, N. Duan, S. Chen, Y. Yao, ]. Liu, L. Ma, Ultrasensitive pathogenic bac-
teria detection by a smartphone-read G-quadruplex-based CRISPR-Cas12a
bioassay, Sens. Actuator B-Chem. 347 (2021), 130586. https://doi.org/
10.1016/j.snb.2021.130586.

P.T. Trieu, N.Y. Lee, Paper-based all-in-one origami microdevice for nucleic
acid amplification testing for rapid colorimetric identification of live cells for
point-of-care testing, Anal. Chem. 91 (2019) 11013—11022. https://doi.org/
10.1021/acs.analchem.9b01263.

T. Xue, Y. Ly, H. Yang, X. Hu, K. Zhang, Y. Ren, C. Wy, X. Xia, R. Deng, Y. Wang,
Isothermal RNA amplification for the detection of viable pathogenic bacteria
to estimate the Salmonella virulence for causing enteritis, J. Agric. Food
Chem. 70 (2022) 1670—1678. https://doi.org/10.1021/acs.jafc.1c07182.

Y. Wang, Y. Ke, W. Liu, Y. Sun, X. Ding, A one-pot toolbox based on cas12a/

16

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Trends in Analytical Chemistry 160 (2023) 116980

crRNA enables rapid foodborne pathogen detection at attomolar level, ACS
Sens. 5 (2020) 1427—1435. https://doi.org/10.1021/acssensors.0c00320.

Y. Bao, Y. Jiang, E. Xiong, T. Tian, Z. Zhang, J. Lv, Y. Li, X. Zhou, CUT-LAMP:
contamination-free loop-mediated isothermal amplification based on the
CRISPR/Cas9 cleavage, ACS Sens. 5 (2020) 1082—1091. https://doi.org/
10.1021/acssensors.0c00034.

C. Qian, R. Wang, H. Wu, F. Zhang, ]J. Wu, L. Wang, Uracil-mediated new
photospacer-adjacent motif of Cas12a to realize visualized DNA detection at
the single-copy level free from contamination, Anal. Chem. 91 (2019)
11362—11366. https://doi.org/10.1021/acs.analchem.9b02554.

D.d.S. Freitas, E.F. Carlos, M.C. S.d.S. Gil, L.G.E. Vieira, G.B. Alcantara, NMR-
based metabolomic analysis of huanglongbing-asymptomatic and -symp-
tomatic citrus trees, J. Agric. Food Chem. 63 (2015) 7582—7588. https://
doi.org/10.1021/acs.jafc.5b03598.

L. Gu, W. Yan, H. Wu, S. Fan, W. Ren, S. Wang, M. Lyu, J. Liu, Selection of
DNAzymes for sensing aquatic bacteria: Vibrio anguillarum, Anal. Chem. 91
(2019) 7887—7893. https://doi.org/10.1021/acs.analchem.9b01707.

W. Zhou, ]. Ding, J. Liu, Theranostic DNAzymes. Theranostics 7 (2017)
1010—1025. https://doi.org/10.7150/thno.17736.

Y. Ly, F. Li, J. Bai, R. Ledesma-Amaro, D. Liu, Q. He, R. Deng, Rapid screening of
antimicrobial probiotics using CRISPR cascade, Biosens. Bioelectron. 216
(2022), 114673. https://doi.org/10.1016/j.bios.2022.114673.

M. Vestergaard, D. Frees, H. Ingmer, Antibiotic resistance and the MRSA
problem, Microbiol. Spectr. 7 (2019). https://doi.org/10.1128/micro-
biolspec.GPP3-0057-2018, 7.2.18.

K. Guk, J.O. Keem, S.G. Hwang, H. Kim, T. Kang, E.-K. Lim, J. Jung, A facile,
rapid and sensitive detection of MRSA using a CRISPR-mediated DNA FISH
method, antibody-like dCas9/sgRNA complex, Biosens. Bioelectron. 95
(2017) 67—71. https://doi.org/10.1016/j.bi0s.2017.04.016.

A. Suea-Ngam, P.D. Howes, A.J. deMello, An amplification-free ultra-sensitive
electrochemical CRISPR/Cas biosensor for drug-resistant bacteria detection,
Chem. Sci. 12 (2021) 12733—12743. https://doi.org/10.1039/D1SC02197D.
H. Yang, S. Yang, X. Xia, R. Deng, H. Gao, Y. Dong, Sensitive detection of a
single-nucleotide polymorphism in foodborne pathogens using CRISPR/
Cas12a-Signaling ARMS-PCR, ]. Agric. Food Chem. 70 (2022) 8451—8457.
https://doi.org/10.1021/acs.jafc.2c03304.

H. Zhou, X. He, S. Wang, Q. Ma, B. Sun, S. Ding, L. Chen, M. Zhang, H. Li,
Diversity of the Fusarium pathogens associated with crown rot in the
Huanghuai wheat-growing region of China, Environ. Microbiol. 21 (2019)
2740—2754. https://doi.org/10.1111/1462-2920.14602.

K. Mu, X. Ren, H. Yang, T. Zhang, W. Yan, F. Yuan, ]J. Wu, Z. Kang, D. Han,
R. Deng, Q. Zeng, CRISPR-Cas12a-Based diagnostics of wheat fungal diseases,
J. Agric. Food Chem. 70 (2022) 7240-7247. https://doi.org/10.1021/
acs.jafc.1c08391.

S. Kihye, K. Sonon-Hwa, L. Seong-Chan, M. Young-Eel, Sensitive and rapid
detection of citrus scab using an RPA-CRISPR/Cas12a system combined with
a lateral flow assay, Plants 10 (2021) 2132. https://doi.org/10.3390/
plants10102132.

Y. Liu, Y. Wang, L. Ma, R. Fu, H. Liy, Y. Cui, Q. Zhao, Y. Zhang, B. Jiao, Y. He,
A CRISPR/Cas12a-based photothermal platform for the portable detection of
citrus-associated Alternaria genes using a thermometer, Int. J. Biol. Macro-
mol. 222 (2022) 2661—-26609. https://doi.org/10.1016/j.ijpiomac.2022.10.048.
R. Paul, A.C. Saville, ]J.C. Hansel, Y. Ye, C. Ball, A. Williams, X. Chang, G. Chen,
Z. Gy, ].B. Ristaino, Q. Wei, Extraction of plant DNA by microneedle patch for
rapid detection of plant diseases, ACS Nano 13 (2019) 6540—6549. https://
doi.org/10.1021/acsnano.9b00193.

Y. Liu, Y. Wang, L. Ma, R. Fu, H. Liy, Y. Cui, Q. Zhao, Y. Zhang, B. Jiao, Y. He,
A CRISPR/Cas12a-based photothermal platform for the portable detection of
citrus-associated Alternaria genes using a thermometer, Int. ]. Biol. Macro-
mol. (2022). https://doi.org/10.1016/j.ijbiomac.2022.10.048.

X. Ge, T. Meng, X. Tan, Y. Wei, Z. Tao, Z. Yang, F. Song, P. Wang, Y. Wan,
Cas14al-mediated nucleic acid detectifon platform for pathogens, Biosens.
Bioelectron. 189 (2021), 113350. https://doi.org/10.1016/j.bios.2021.113350.
Y. Nihongaki, T. Otabe, Y. Ueda, M. Sato, A split CRISPR—Cpf1 platform for
inducible genome editing and gene activation, Nat. Chem. Biol. 15 (2019)
882—888. https://doi.org/10.1038/s41589-019-0338-y.

K.N. Lovendahl, A.N. Hayward, W.R. Gordon, Sequence-directed covalent
protein—DNA linkages in a single step using HUH-tags, J. Am. Chem. Soc. 139
(2017) 7030—7035. https://doi.org/10.1021/jacs.7b02572.

R. Peng, Z. Li, Y. Xu, S. He, Q. Peng, L--a. Wu, Y. Wu, ]. Qi, P. Wang, Y. Shi,
G.F. Gao, Structural insight into multistage inhibition of CRISPR-Cas12a by
AcrVA4, Proc. Natl. Acad. Sci. USA 116 (2019) 18928—18936. https://doi.org/
10.1073/pnas.1909400116.

J. Deng, X. Jiang, Advances in reagents storage and release in self-contained
point-of-care devices, Adv. Mater. Technol. 4 (2019), 1800625. https://
doi.org/10.1002/admt.201800625.


https://doi.org/10.1016/j.jcv.2011.01.013
https://doi.org/10.7554/eLife.67130
https://doi.org/10.1021/acssynbio.1c00499
https://doi.org/10.1002/biot.202100040
https://doi.org/10.1021/acs.analchem.0c04303
https://doi.org/10.1016/j.crmeth.2022.100173
https://doi.org/10.1016/j.crmeth.2022.100173
https://doi.org/10.1016/j.ebiom.2022.103926
https://doi.org/10.1016/j.ebiom.2022.103926
https://doi.org/10.1073/pnas.2118260119
https://doi.org/10.1073/pnas.2118260119
https://doi.org/10.1038/s41586-020-2279-8
https://doi.org/10.1016/j.talanta.2020.120818
https://doi.org/10.1016/j.talanta.2020.120818
https://doi.org/10.1016/j.lwt.2022.113443
https://doi.org/10.1016/j.lwt.2022.113443
https://doi.org/10.1016/j.foodchem.2020.127608
https://doi.org/10.1016/j.foodchem.2020.127608
https://doi.org/10.1016/j.snb.2022.131864
https://doi.org/10.1016/j.rsci.2021.11.005
https://doi.org/10.1021/acssensors.1c00686
https://doi.org/10.1021/acssensors.1c00686
https://doi.org/10.1016/j.snb.2021.130586
https://doi.org/10.1016/j.snb.2021.130586
https://doi.org/10.1021/acs.analchem.9b01263
https://doi.org/10.1021/acs.analchem.9b01263
https://doi.org/10.1021/acs.jafc.1c07182
https://doi.org/10.1021/acssensors.0c00320
https://doi.org/10.1021/acssensors.0c00034
https://doi.org/10.1021/acssensors.0c00034
https://doi.org/10.1021/acs.analchem.9b02554
https://doi.org/10.1021/acs.jafc.5b03598
https://doi.org/10.1021/acs.jafc.5b03598
https://doi.org/10.1021/acs.analchem.9b01707
https://doi.org/10.7150/thno.17736
https://doi.org/10.1016/j.bios.2022.114673
https://doi.org/10.1128/microbiolspec.GPP3-0057-2018
https://doi.org/10.1128/microbiolspec.GPP3-0057-2018
https://doi.org/10.1016/j.bios.2017.04.016
https://doi.org/10.1039/D1SC02197D
https://doi.org/10.1021/acs.jafc.2c03304
https://doi.org/10.1111/1462-2920.14602
https://doi.org/10.1021/acs.jafc.1c08391
https://doi.org/10.1021/acs.jafc.1c08391
https://doi.org/10.3390/plants10102132
https://doi.org/10.3390/plants10102132
https://doi.org/10.1016/j.ijbiomac.2022.10.048
https://doi.org/10.1021/acsnano.9b00193
https://doi.org/10.1021/acsnano.9b00193
https://doi.org/10.1016/j.ijbiomac.2022.10.048
https://doi.org/10.1016/j.bios.2021.113350
https://doi.org/10.1038/s41589-019-<?thyc=10?>0338-y<?thyc?>
https://doi.org/10.1021/jacs.7b02572
https://doi.org/10.1073/pnas.1909400116
https://doi.org/10.1073/pnas.1909400116
https://doi.org/10.1002/admt.201800625
https://doi.org/10.1002/admt.201800625

	CRISPR-based nucleic acid diagnostics for pathogens
	1. Introduction
	2. CRISPR toolboxes
	2.1. Class 1 CRISPR toolbox
	2.2. Class 2 CRISPR toolbox
	2.3. CRISPR cascade using class 1 and 2 systems

	3. Pathogenic diagnostics
	3.1. Viral infection diagnosis
	3.2. Viral variant detection
	3.3. Bacterial infection diagnosis
	3.4. Drug-resistant bacteria detection
	3.5. Fungal diagnosis

	4. Conclusion and outlook
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


