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ABSTRACT

Ideal methods for detecting pathogens should be sensitive, specific, rapid, cost-effective and instrument-free.
Conventional nucleic acid pathogen detection strategies, mostly PCR-based techniques, have various limitations, such
as expensive equipment, reagents and skilled performance. Recently, CRISPR/Cas-based methods have burst onto the
scene, with the potential to power the pathogen detection field. Here we introduce these unique methods and

discuss its hurdles and promises.
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Introduction

Infectious diseases are the cause of about 22% of all
human deaths, often inflicting public distress and
huge economic loss [1]. Rapid molecular detection
has become indispensable for diagnosing and monitor-
ing infectious pathogen, for providing update disease
information to control spread and timely treatment
responses [2]. Point-of-care testing (POCT) will help
to promptly optimize decision-making, improve the
efficiency of care and decrease costs, especially in the
resource-constrained region [3]. According to the
World Health Organization ASSURED criteria, an
ideal pathogen diagnostic test would be inexpensive,
sensitive, specific, easy-to-use, rapid, without large
equipment and delivered to the user [4]. A vast array
of assays have emerged for detecting nucleic acid signa-
tures of pathogens [5], including PCR/qPCR-based
detection methods, isothermal amplification-based
detection assays and next-generation sequencing-
based pathogen diagnostics [6-8]. However, these tech-
niques are time- and money-consuming, low sensitivity
and low specificity, and require specialized and expens-
ive equipment, high-level technical expertise (Table 1),
thus cannot fully satisfy with the rapid point-of-care
tests and prohibit widespread use.

CRISPR-Cas systems consist of an RNA guide(s) for
target recognition and a Cas enzyme, which has
evolved in bacteria and archaea to defend against

foreign viruses by cleaving their nucleic acid [9-12].
CRISPR-Cas system has been harnessed not only for
genome and RNA editing [13,14], but lately, also for
nucleic acid detection [15-17], which has engendered
much excitement. The CRISPR-Cas systems are
grouped into two classes (Class 1 and 2), and the
most widely used toolbox for nucleic acid detection
contains Cas9, Casl2, Casl3 and Casl4 belongs to
class 2 system, as detailed below [18,19].

In this review, we first give a brief description of the
current knowledge of CRISPR/Cas-based nucleic acid
detection system. We also describe the possible
technical challenges that should be considered for
developing CRISPR/Cas-based diagnostics for out-
break pathogen.

Detection based on specific cleavage or
binding of DNA: Cas9

CRISPR/Cas9, a Class 2 protein, is guided by RNA to
cleave double-stranded DNA (dsDNA). To detect
and genotype Zika virus (ZIKV), Pardee and collabor-
ators first amplified the viral RNA using an isothermal
amplification - nucleic acid sequence based amplifica-
tion (NASBA). CRISPR/Cas9 was then used to cleave
the DNA, and the event detected by toehold switch
sensors, leading to a colourimetric output on test
paper (Figure 1A). This system is capable of
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Table 1. Comparisons of CRISPR/Cas-based detection with current pathogen nucleic acid diagnostic methods.

Methods

Feature CRISPR/Cas-based detection PCR/qPCR-based detection Isothermal amplification-based assays ~ Sequencing-based detection
Sensitivity High High Medium Medium-High

Specificity High Low-high Low-medium High

Speed Minutes Hours Minutes, hours Hours-Days

Cost Low Medium Medium High

Equipment-free Yes No Yes No

Portable High Low High Low

Ease of use Easy Medium Easy-medium Hard

distinguishing American and African strains of ZIKV
with single-base resolution [20].

Recently, Huang and colleagues developed a
CRISPR/Cas9  triggered isothermal exponential
amplification reaction (CAS-EXPAR) strategy, which
detects DNA targets with attomolar (aM) sensitivity
and single-base specificity [21]. CAS-EXPAR is primed
by the target DNA fragment produced by cleavage of
CRISPR/Cas9, and the amplification reaction performs
cyclically to generate a large number of DNA replicates
which are detected using a real-time SYBR Green fluor-
escence signal (Figure 1B). The system successfully
provides the proof-of-concept of detecting DNA
methylation and Listeria monocytogenes RNA [21].
Another group developed two methods, named
CRISPR-typing PCR (ctPCR) and CRISPR-associated
reverse PCR (CARP) for detecting DNA [22-24].
These assays combine CRISPR specific cleavage and
PCR amplification of target DNA, and then the results
can be visualized with gel readout or gPCR (Figure 1C).
ctPCR and CARP are verified by detecting HPV16 and
HPV18 L1 gene of human papillomavirus (HPV) [22-
24]. More recently, Wang et al. combine CRISPR/Cas9
with the lateral flow assay to develop CRISPR/Cas9-
mediated lateral flow nucleic acid assay (CASLFA)
(Figure 1D) [25]. The CASLFA is utilized to identify
Listeria monocytogenes and African swine fever virus
(ASFV) at a detection limit of hundreds of copies of
genome samples with high specificity within 1 h [25].

The nuclease-dead Cas9 (dCas9), which binds DNA
without cleaving it, has also been repurposed. Zhang
et al. split luciferase and fused the two halves each to
dCas9; the two halves can heterodimerize to reconsti-
tute intact protein and produce bioluminescent signal
if and only if they are targeted to adjacent sites on
DNA. To detect Mycobacterium tuberculosis DNA
[26], the pathogen DNA was pre-amplified, and the
dCas9 fusion proteins added together with the two
gRNAs targeting the pathogen DNA, which will pro-
duce bioluminescence if the amplified DNA is the
expected pathogen DNA (Figure 1E) [26]. A similar
strategy is used for rapidly detecting MicroRNAs,
termed as rolling circle amplification (RCA)-CRISPR-
split-HRP (RCH) system [27]. More recently, Kyeon-
ghye Guk and colleagues introduce a CRISPR-
mediated DNA-FISH method for the simple, rapid
and highly sensitive detection using dCas9 for specific

targeting and SYBR Green I (SG I) as a fluorescent
probe [22](Figure 1F). This CRISPR-mediated
DNA-FISH can detect methicillin-resistant Staphylo-
coccus aureus (MRSA) as low as 10 CFU/ml within
30 min [28].

The methods above all need amplification to
improve sensitivity. In contrast, Reza Hajian and col-
leagues develop a CRISPR-Chip, a label-free nucleic-
acid-testing device, to detect a target sequence within
intact genomic material [29]. The biosensor uses
dCas9-gRNA complex immobilized on the graphene-
based field-effect transistor, whose output signal can
be measured with a simple handheld reader
(Figure 1G). The CRISPR-Chip detects target DNA
with a sensitivity of 1.7 fM in 15 min, and can diagnose
DNA mutations in Duchenne muscular dystrophy
clinical samples [29]. CRISPR-Chip expands the appli-
cations of CRISPR-Cas9 technology to the on-chip
electrical detection of nucleic acids.

Detection based on collateral cleavage:
other Cas proteins

In multiple Cas family members, including Casl3,
Casl2 and Casl4 effector, cutting the target nucleic
acid can trigger the cleavage of irrelevant single-strand
DNA (ssDNA) or single-strand RNA (ssRNA). This
collateral cleavage [30-34] has been exploited for
nucleic acid detection [31-33,35-37].

Cas13-based system

CRISPR-Casl3a (formerly C2c2), a Type VI Class 2
CRISPR-Cas effector, is a single-component enzyme
targeting single-stranded RNA with a guide RNA
[38]. Binding with a complementary ssRNA will acti-
vate its targeting and general ssRNase activity
(Figure 2A) [34,38], the latter responsible for collateral
ssRNA cleavage. In the specific high-sensitivity enzy-
matic reporter unlocking (SHERLOCK) platform,
quenched fluorophore is added to the collateral sub-
strate, which becomes released and thus emits fluor-
escence once the substrate is cut, thus enabling target
RNA detection (Figure 2) [35]. For nucleic acid detec-
tion, a recombinase polymerase amplification (RPA) or
reverse transcriptase RPA is used to amplify target
DNA, which is then transcribed into RNA for
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Figure 1. Detection of pathogen nucleic acids with CRISPR-Cas9 based assay. (A) Schematic of NASBACC detection. A synthetic
trigger sequence and T7 primer are appended to a NASBA-amplified RNA fragment through reverse transcription. The Cas9 specific
cleavage of the sequence with PAM, leading to the production of either truncated or full-length trigger RNA, which differentially
activates a toehold switch sensor. (B) Schematic of CAS-EXPAR detection. The Cas9/sgRNA complexed with designed PAMer induces
site-specific cleavage of ssDNA substrates producing cleaved fragments. The fragment will be hybridized with the EXPAR template
and amplified by DNA polymerase, which can be monitored with a real-time fluoresces. (C) Schematic of ctPCR detection. The
CRISPR-typing PCR (ctPCR) integrates Cas9 cutting with PCR assay. By using Cas9 specific cleavage to get a second-round primer
then start the amplification with PCR or gPCR, and visualized with gel or fluorescence readout. (D) Schematic of CASLFA detection.
The CASLFA system means CRISPR/Cas9-mediated lateral flow nucleic acid assay. The CRISPR/Cas9 is integrated with a lateral flow
detection platform, which will show a band on the test line of the strip when there appears the target sequence. (E) Schematic of
Paired dCas9 (PC) reporter system detection. The firefly luciferase (NFluc or CFluc) is split and fused to two dCas9s. When the two
dCas9s closely binding to the target sequence, will bring the half luciferase into proximity to form integral enzyme which catalyzes
the bioluminescent reaction. (F) Schematic of CRISPR-mediated DNA-FISH detection. In the system, a magnetic nano-bead is fused
with dCas9, and the target nucleic acid once bind by the dCas9-sgRNA complex will be isolated by magnetic and give the fluor-
escence signal by SYBR Green staining. (G) Schematic of CRISPR-Chip detection. CRISPR-Chip is composed of a gFET construct, on
which the dCas9 complexed with a target-specific sgRNA immobilized on the surface of the graphene. When there is target DNA on
the chip, the dCas9 kinetically binds to the target DNA, which will modulate the electrical characteristics of the gFET and result in
electrical signal output. ssRNA, single-strand RNA; NASBA, nucleic acid sequence-based amplification; dsDNA, double-stranded
DNA; PAM, protospacer-adjacent motif; ssDNA, single-stranded DNA; dCas9, Nuclease-deactivated Cas9; PC, paired dCas9; RCA, roll-
ing circle amplification.
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Figure 2. Diagnostic of pathogen nucleic acids with trans-cleavage of active CRISPR-Cas. Schematic of a CRISPR effector nuclease
exploited for nucleic acid detection in SHERLOCK (Cas13a), DETECTR (Cas12a) or Cas4-DETECTR (Cas14a). In the absence of its
nucleic acid target, the Cas nuclease is inactive. Upon binding of its guide crRNA to a cognate target (RNA for Cas13a, dsDNA
for Cas12a, ssDNA for Cas14a), the nuclease is activated, leading to target cleavage and catalytic cleavage of nearby nucleic
acids (ssRNA for Cas13a, ssDNA for Cas12a and Cas14a). This “collateral” nuclease activity is turned into an amplified signal by pro-
viding reporter probes with a fluorophore (usually FAM) linked to a quencher (or Biotin for later flow assay) by a short oligonucleo-
tide. Upon cleavage of the reporter by the activated nuclease, the reporter nucleotide will break and thus fluoresces bright or band
appearing in a strip. In both SHERLOCK and DETECTR, target abundance is enhanced by isothermal pre-amplification using RPA with

or without in vitro transcription or reverse transcription.

detection. The fluorescence signal is monitored using
the spectroscopy reader (Figure 2). To expedite the
detection, a pathogen sample treatment method -
HUDSON (heating unextracted diagnostic samples to
obliterate nucleases) was introduced, which enables
detection directly from bodily fluids without nucleic
acid extraction. SHERLOCK enables instrument-free
Zika virus (ZIKV) and dengue virus (DENV) detection
directly from patient samples (such as serum, urine and
saliva) in 2 h, at concentrations as low as 1 copy per
microliter [39].

In the enhanced SHERLOCKV2, four nucleic acid
sequences are detectable in a single reaction, using a
combination of 4 different Cas13 and Casl2 enzymes,
and the detection sensitivity is enhanced about 3.5-
fold by using Csmé6, a CRISPR-associated enzyme
[40], to boost Cas13 activity [41]. Finally, a reporter
probe for a lateral flow assay is introduced, which
allows visual readout on the test strip. SHERLOCKv2
can detect Dengue or Zika virus single-stranded RNA
as well as mutations in patient liquid biopsy samples
via lateral flow [41].

Cas12-based detection system

Casl12a (also known as Cpfl), a Class V CRISPR-Cas
protein, consists of one RuvC endonuclease domain
and recognize T rich PAM sequence for target cleavage.
Its dsDNA collateral cleavage reflects its general
ssDNase activity on a bound dsDNA substrate
[30,31] (Figure 2). In DETECTR (DNA endonuclease

targeted CRISPR trans-reporter) and HOLMES (a
one-HOur Low-cost Multipurpose highly Efficient Sys-
tem) [31,37]. Target nucleic acid is amplified with iso-
thermal amplification by RPA or RT-RPA, which then
bind the Casl2a-sgRNA complex and trigger the clea-
vage of an ssDNA fluorophore-quencher reporter, gen-
erating a fluorescent signal (Figure 2). DETECTR and
HOLMES can detect DNA sequences with attomolar
sensitivity and high specificity. DETECTR has been
employed to detect and genotype HPV strains in
patient samples [31], and HOLMES to detect DNA
and RNA viruses, distinguishing between the strains
with high specificity [37].

Cas12b also has similar activity as Cas12a and used
in HOLMESv2 and CDetection (Casl2b-mediated
DNA detection) [32,36]. CDetection can directly detect
the HPV16 DNAs in human plasma at the concen-
tration of 1 attomolar [32]. A series of improvements
on the Casl2-based nucleic acid detection system
have been reported. To date, multiple amplification
methods (including PCR, RPA, LAMP) and single
readout forms (e.g. fluorescence detector, naked-eye
view and later flow assay) are integrated, making the
methods sensitive, accurate, portable and easy-to-use
(Figure 2) [5,16].

Cas14-based detection system

Casl4, a small Cas protein half the size of other Cas
proteins, comprises 24 variants clustered into three
subgroups (Casl4a-c), which share a conserved RuvC



Table 2. Diagnostic of infection pathogen with CRISPR/Cas-based detection.

Nucleic
Virus acid System Name Effector Amplification Sensitivity Specificity Readout Time Sample Ref
SARS-CoV-2 RNA RT-LAMP / Cas12 LbCas12a RT-LAMP? 20 copies High LFAY < 40 min Pretreated [49]
CRISPR/Cas12a-NER LbCas12a RT-RAAP 10 copies High Naked Eye < 45 min Pretreated [50]
CASdetec Cas12b RT-RAA 1% 10* copies/ High Naked Eye ~ 50 min Pretreated [51]
mL
CRISPR-FDS Cas12a RT-RPAC 5 copies High Fe <1h Pretreated [52]
STOPCovid AapCas12b RT-LAMP 100 copies High F/LFA 40 min to Raw [53]
70 min
ASFV DNA CORDS LbCas12a RAA 1fM High F/LFA <1h Pretreated [47]
POC LbCas12a RPA/LAMP 100fM High F <2h Pretreated [44]
CRISPR/Cas- LbCas12a RPA 200 copies High Naked-eye <1h Pretreated [45]
colorimetric
CRISPR/Cas12a-LFD LbCas12a RAA 2 copies High F/LFA <1h Pretreated [46]
CASLFA Cas9 PCR/RPA 150 copies High LFA <1h Pretreated [25]
CPV-2 DNA SHERLOCK LwCas13a RPA 100aM High F <05h Pretreated [57]
Dengue Virus RNA SHERLOCK LwCas13a RT-RPA aMm 1nt F 2-5h Pretreated [35]
SHERLOCKv2 LwCas13a PsmCas13b RT-RPA 8zM 1nt F/LFA 0.5-3h Pretreated [41]
CcaCas13b
AsCas12a
HUDSON + SHERLOCK LwCas13a RT-RPA aMm 1nt LFA <1h Raw [39]
EBV DNA SHERLOCK LwCas13a RPA 8 copies High gPCR instrument <2h Pretreated [58]
Ebola Virus RNA POC LwCas13a RT-PCR 545 x 107 copies/  High F < 5min Pretreated [59]
mL
GRBV DNA plasmonic Cas12a Casl12a PCR 200pM High Naked Eye <1h Pretreated [60]
assay
HPV16/18 DNA DETECTR LbCas12a RPA 10 pM 6 nt F 1h Pretreated [31]
ctPCR Cas9 PCR 5ng High Electrophoresis/ qPCR <3h Pretreated [23]
instrument
CARP Cas9 PCR 2pg High Electrophoresis/ qPCR ~15h Pretreated [22]
instrument
ctPCR3.0 Cas9 gPCR 2ng High gPCR instrument <2h Pretreated [24]
CDetection AaCas12b RPA 1aM 1nt F ~3h Pretreated [32]
H7N9 RNA CRISPR-Cas13a LwCas13a RT-PRA 1fM High F 50 min Pretreated [61]
influenza A virus (IAV) RNA SHERLOCK PspCas13b RT-RPA aM 1nt F ~2h Pretreated [62]
JEV DNA HOLMES LbCas12a PCR 1-10aM 1nt F ~1h Pretreated/ [37]
Raw
LCMV RNA SHERLOCK LwaCas13a RT-RPA aM 1nt F ~2h Pretreated [62]
PRV RNA HOLMES LbCas12a RT-PCR 1-10aM 1nt F ~1h Pretreated/ [37]
Raw
PRRSV RNA enhanced Cas13a LwCas13a RT-RPA 172 copies/pl High F/LFA 1-3h Pretreated/ [63]
detection Raw
VsV RNA SHERLOCK PspCas13b RT-RPA aM 1nt F ~2h Pretreated [62]
White Spot Syndrome DNA SHERLOCK Cas13a RPA 2fg 1nt C/gPCR instrument ~1h Pretreated [64]
Virus DETECTR LbCas12a PCR/RPA 200 copies High F <1h Pretreated [65]
Zika RNA SHERLOCK LwCas13a RT-RPA 3.2aM 1nt F 2-5h Pretreated [35]
Virus SHERLOCKv2 LwCas13a PsmCas13b RT-RPA 8zM 1nt F/LFA 0.5-3h Pretreated [41]
CcaCas13b
AsCas12a
HUDSON + SHERLOCK  LwCas13a RT-RPA aMm 1nt F/ LFA <2h Raw [39]

IV LIONVM X () 9891



[20]

[21]

Pretreated
Pretreated
Pretreated

~ 3h
<1h

LFA

2nt
1nt

NA

3fM

NASBA
EXPAR
PCR

Sp-dCas9

Sp-Cas9

NASBACC

10 min after
PCR

[26]

F
Bf

0.82aM
1 copy

Cas-EXPAR
PC Reporter

RNA

L.monocytogenes
M. tuberculosis

Sp-dCas9

DNA

[66]
[28]

Pretreated
Pretreated

~15h
<05h

gPCR instrument

F

High
High

2 copies/uL
10cfu/ml

incubated with Ni-NTA magnetic

nano-beads

RPA

Cas12a
dCas9

CRISPR-MTB
DNA-FISH

DNA

MRSA

[67]

Pretreated

<2h

F
Note: *RT-LAMP: Reverse transcription — Loop-mediated isothermal amplification; "RAA: Recombinase aided amplification; ‘RPA: Recombinase polymerase amplification; 9LFA: Later flow assay; °F: Fluorescence detection; fB: Bioluminescence.

High

>400 CFU

isothermal amplification

LbuCas13a

APC-Cas

DNA

Salmonella

EMERGING MICROBES AND INFECTIONS . 1687

nuclease domain [33]. Casl4 proteins are capable of
targeted single-stranded DNA (ssDNA) cleavage with-
out requiring a PAM for activation. Moreover, target
recognition by Casl4 triggers non-specific ssDNA mol-
ecule cleavage activity, similar to the RuvC-containing
enzyme Casl2a [31,33].

Casl4a is integrated into the DETECTR platform to
generate a new ssDNA detection system termed
Cas14a-DETECTR (Figure 2). It enables high-fidelity
DNA single nucleotide polymorphisms (SNPs) detec-
tion without PAM constraint [33]. Inspired by this
study, several researchers propose to detect DNA
virus infections with Casl4a-DETECTR [42,43], but
no pathogen diagnosis case has been reported.

The strengths of CRISPR/Cas based
pathogen detection systems

An accurate, rapid and affordable nucleic acid detec-
tion method plays an important role in infectious
pathogen diagnostic. The PCR-based diagnostic, the
mostly used method, is high sensitivity and specificity,
but needs particular instrument and professional skill,
which limits its widespread application. Meanwhile,
the sequencing is becoming more and more critical
in nucleic acid detection; however, the high complexity
and cost hamper its application in rapid on-site infec-
tious diagnostic. Isothermal amplification of nucleic
acids has emerged as a promising alternative in rapid
and portable detection compared over PCR, but its sen-
sitivity and specificity need to be improved [7].
Highly specific and sensitive, fast, cost-effective and
easy-to-use, the CRISPR/Cas-based methods hold great
promises for detecting pathogens such as SARS-CoV-2,
Zika, Ebola, HPV and M. tuberculosis (Table 2). The
methods are also undergoing further improvements
and modifications to make them more versatile.
Importantly, the simplicity of the CRISPR/Cas-based
detection system allows the rapid development of diag-
nostic methods for an emergency outbreak of infec-
tious diseases. For example, integrating later flow
assay (CORDS, CRISPR/Cas12a-LFD) and naked-eye
detection (CRISPR/Cas-based colorimetric platform,
fluorescence-based POC system), four groups quickly
developed Casl2a-based on-site diagnostic assays for
African swine virus (ASFV), an emergence virus for
the global swine industry (Table 2) [44-47]. For the
current COVID-19 pandemic [48], several research
groups are developing CRISPR/Cas-based diagnostic
assay [49-53]. Among which, these diagnostic methods
can detect as low as 2 copies of extracted SARS-CoV-2
RNA and readout on later flow strip in an hour without
requiring for elaborate instrumentation or visualized
by green fluorescent with naked-eye under 485 nm
light [49-52]. More recently, Joung and colleagues
developed an integrated test called STOPCovid (SHER-
LOCK Testing in One Pot) for detecting SARS-CoV-2,
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Figure 3. Pathogen diagnostic and alarm with CRISPR/Cas-based cloud detection. Schematic diagram of an early alarm of infection
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data will be transformed into the cloud for store and process through the 5G service of a mobile phone app. The cloud computing
will calculate the infectious risk to generate an Al-powered model on update diagnostic cases, then warn the administrators or

individuals.

which can return result on the strip in 70 min, with a
detection limit of 100 copies of viral genome input in
saliva or nasopharyngeal swabs per reaction [53]. Com-
pared with the RT-qPCR-based diagnostic methods,
these CRISPR/Cas-based SARS-CoV-2 tests are fea-
tured with high speed, no requirement for expensive
instrument and professional technician, which will sig-
nificantly aid the COVID-19 epidemic control.

Future perspectives

As mentioned before, an ideal pathogen diagnostic test
would be inexpensive, sensitive, specific, easy-to-use,
rapid, without large equipment and delivered to the
user [4]. We will discuss the pros and cons of
CRISPR/Cas-based pathogen diagnostic; moreover,
we expect a mobile-powered CRISPR/Cas-based early
alarm system.

The sensitivity and specificity of CRISPR/Cas-based
pathogen detection methods are outstanding: they have
reached the aM (SHERLOCK, DETECTR) and even
the zM (HOLMES and SHERLOCKV2) ranges [16],
and can distinguish SNP, HPV strains (e.g. DETECTR,
crPCR and CARP), Zika virus strains (NASBACC),
and can detect point mutations (e.g. SHERLOCK;
HOLMES) [54]. Further improvement may be made
by identifying new Cas enzyme and engineering exist-
ing ones, and by optimizing the signal amplification
system (such as combining new engineering materials
and synthetic elements).

Regarding the speed, the fastest assays (e.g. SHER-
LOCKv2, CRISPR-Chip) takes at least 15min
[29,41]. To improve the speed, one may seek to dis-
cover novel robust Cas protein and optimize the reac-
tion by e.g. adding new components.

Regarding the ease-of-use, several simplified for-
mats have been developed, including paper-based bio-
sensors with visual readout (NASBACC; SHERLOCK;
DETECTR), pathogen detection without nucleic acid
extraction (HUDSON) [39], and a single-tube assay
combing isothermal amplification and Cas-mediate
reaction [41,55]. In future, one step diagnostic should
be developed, including pathogen nucleic acid release,
pre-amplification, CRISPR-Cas induced reaction and
signal readout, which will be user-friendly.

In terms of cost-effectiveness, the cost estimates of
the NASBACC and SHERLOCK technologies are
under $1 per test [20,56], DETECTR and HOLMES
have also been proposed as low-cost technologies
[54]. By systematic optimization, the price is expected
to be even lower.

On-site pathogen diagnostic is ideally portable with-
out needing complex equipment. Isothermal amplifica-
tion that does not require instruments has been widely
integrated into CRISPR-based detection [7]. For signal
readout, more equipment-free methods, such as later
flow assay or naked-eye view under light, should be
introduced [41,45,46,55]. Currently, the store and
delivery of the CRISPR-based detection system still
need a cold chain. Keith Pardee and colleagues tested
the NASBACC detection system with freeze-dried
reagents, allowing for long-term storage and transport
[20]. The SHERLOCK system also works well with
freeze-drying and paper spotting reagents [35]. More
storage and transportation solutions of the CRISPR-
based reaction kit at room temperature are to be
developed.

Finally, artificial intelligence (AI) can be combined
with CRISPR-Cas diagnostic tests to build an early
alarm system for rapid, accurate and more intelligent



diagnosis of the infectious pathogen (Figure 3). Specifi-
cally, a user-friendly portable CRISPR/Cas-based
point-of-care detection kits are delivered to commu-
nity, hospital, health centre or even individual to detect
the specific infectious pathogens rapidly and accu-
rately. The detection readout is sensed with a mobile
phone through an APP, and the result data trans-
formed into the cloud for storage and processing
through the 5G service. In the era of big data, powered
with an Al model, more personalized and refined data
interpretation and early warning can be realized.
Therefore, at the social group level, accurate updated
pathogen diagnostic data and Al-powered machine
learning through big data will more accurately alarm
the risk and give suggestions for countermeasure. At
the individual level, the system will provide early warn-
ing of the risk of emerging infectious viruses nearby.
For example, such a CRISPR-Cas diagnostic AI-pow-
ered alarm system should be beneficial for the timely
response and prevention of the spread of COVID-19.

In summary, although there is still much room for
improvement, CRISPR/Cas-based  systems has
emerged as the tool of the future for pathogen
diagnosis.
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