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Abstract: Clustered regularly interspaced short palindromic repeats (CRISPR; also known as gene scissors)

are established for gene-editing tools. They are also widely applied to molecular diagnostics because of their

unique ability to recognize nucleic acid sequences and having enzymatic features. This review begins with a

detailed description of the three most prevalent CRISPR systems for diagnostics (Cas9, Cas12, and Cas13) and

key diagnostic platforms. We also discuss recent applications of CRISPR-based molecular diagnostics, including

those for infectious diseases, single nucleotide polymorphisms, microRNAs, and other molecules. We hope that

readers will gain insights into the most recent advancements in CRISPR diagnostics and contribute to advances

in diagnostics.
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1. Introduction

The history of clustered regularly interspaced short

palindromic repeats (CRISPR) starts during the 1980s,

when microbiologists discovered repetitive sequences

in bacteria thanks to advances in sequencing

technology.1,2 The term CRISPR was coined in 2001,

but their function remained obscure.3 By 2005, the

repeated structures in CRISPR were found to be

associated with adaptive immunity.4,5 After rapid

development in the 2010s, the structure and function

of CRISPR were elucidated, establishing it as a

powerful tool for gene editing.6-8

The precise structure of CRISPR and the roles of

its components, including transactivating CRISPR

(tracr) RNA, were determined during 2012.6 This led

to the development of the CRISPR-Cas9 gene-editing

system, and Jennifer Doudna and Emmanuelle

Charpentier winning the Nobel Prize in Chemistry in

2020.9 They demonstrated how CRISPR RNA (crRNA)

and tracrRNA guide Cas9 protein to bind and cleave

target DNA. They also introduced the concept of a
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single guide RNA (sgRNA), a combination of crRNA

and tracrRNA, which opened the in vitro applications

of CRISPR. Since then, CRISPR has attracted attention

as a gene-editing tool with the possibility of transforming

gene therapy.10,11 However, the progress of CRISPR

faced an ethical challenge in November 2018, when

the first gene-edited CRISPR babies carrying in the

edited CCR5 gene associated with human immuno-

deficiency virus (HIV) were born.12

CRISPR has also been integrated into molecular

diagnostics. As CRISPR can be used in vitro, molecular

diagnostic methods have been developed using the

sequence-specific binding nature of CRISPR-associated

proteins (Cas) and crRNA.13,14 The global SARS-CoV-

2 pandemic has further expanded the potential of

CRISPR as a molecular diagnostic tool.15-17 During that

period, countless nasal swab samples were collected and

tests were conducted to confirm the presence or

absence of the virus. The quantitative polymerase

chain reaction (qPCR) is the gold standard of nucleic

acid molecular diagnostics, and it was predominantly

used to diagnose SARS-CoV2. However, limitations

have begun to emerge, including the need for skilled

personnel and a relatively complex and time-consuming

analysis to meet the required diagnostic performance

criteria. In this context, CRISPR-based molecular

diagnostics have become increasingly attractive because

they overcome these limitations while maintaining

high analytical performance. The most important

feature of CRISPR-based diagnostics is that its signal

generation principle relies on the Cas protein complexed

with crRNA. Therefore, it is compatible with crude

samples, requires a mild reaction temperature, is

easy to design, and uses simple reagents, making it

simpler to operate and design.18-20

This review outlines how CRISPR has made strides

in molecular diagnostics and highlights current

applications of CRISPR. This review begins with a

description of the structure and molecular characteristics

of the three most popular CRISPR effectors: Cas9,

Cas12, and Cas13. Representative diagnostic platforms

for each Cas protein are introduced, along with an

explanation of how the unique characteristics of these

proteins are applied. Based on these CRISPR diagnostic

platforms, we explored how analytical methods

are advanced and applied to diagnose infectious

diseases, single nucleotide polymorphisms (SNPs),

micro RNAs (miRNAs), and other biomolecules.

2. CRISPR and CRISPR-based 

diagnostics

2.1. CRISPR structures and classifications

The CRISPR system in the adaptive immune system

of bacteria consists of the key genetic elements,

CRISPR loci and Cas genes.21,22 The CRISPR loci

contain repeated spacers and regions that detect

genetic changes from external invasions. The Cas

proteins generate from Cas genes forms ribonucleo-

protein (RNP) complexed with crRNA transcribed

from repeated spacers. This RNP moves along the

nucleic acid strand, and if the spacer sequence of the

crRNA matches the target sequence, the crRNA and

the target hybridize, which leads to cleavage of

invading genes.

The CRISPR systems are categorized as Class 1

Cas, which consists of several proteins, or Class 2 Cas

which is a single protein with multiple domains.23,24

Class 2 Cas, including Cas9, Cas12, and Cas13

(Table 1), are commonly used for diagnostics. Class

2 CRISPR systems are further classified into types II

(Cas9), V (Cas12), and VI (Cas13) based on their

domain structures. Depending on the type, target nucleic

acids vary among double-stranded DNA (dsDNA),

single-stranded DNA (ssDNA), and RNA. Therefore,

CRISPR-based diagnostics begins with the selection

of Cas proteins based on the type of target, followed

by diagnostic design based on the cleavage charac-

teristics of Cas, then target signals are detect by

engineering methods and amplification.

2.2. Cas9 and Cas9-based diagnostics

The structure and biochemical characteristics of

Cas9 were the first to be elucidated, and Streptococcus

pyogenes Cas9 (spCas9) became widely studied

(Fig. 1).6 The sgRNA that works with Cas9 is relatively

long (~100 nt) and typically contains a 20-nt spacer

sequence. Cas9 cleaves dsDNA 3 nt distal to the
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protospacer adjacent motif (PAM) 5'NGG3’, resulting

in blunt-ended fragments.25,26 Cas9 is large (~1,400

amino acids) and consists of six domains.27,28

The Rec lobe with three domains, acts as a scaffold

that binds sgRNA and target dsDNA. The PAM-

interacting domain recognizes the PAM sequence,

and most importantly, there are two nuclease domains:

HNH and RuvC.29 The HNH domain cleaves the

target strand (TS) of dsDNA according to the spacer

sequence of the crRNA, whereas RuvC cleaves the

non-target strand (NTS).6 These nuclease domains

act independently of each other, and by inactivating

one domain, a nickase Cas9 (nCas9, H10A for RuvC

or H840A for HNH) can be generated. If both domains

are inactivated (H10A/H840A), dead Cas9 (dCas9)

is produced and can be used as a sequence-specific

dsDNA-binding protein.6,25

Representative diagnostics using Cas9 include

Cas-EXPAR (CRISPR/Cas9-triggered isothermal

exponential amplification reaction) and CASLFA

(CRISPR/Cas9-mediated lateral flow nucleic acid

assay) (Fig. 2).30,31 Cas-EXPAR detects ssDNA, and the

target signal relies on target amplification using EXPAR

and SYBR green fluorescence-based detection.30

In these diagnostic assays, Cas9 complexes with

sgRNA cleave an ssDNA target with the additional

reagent PAMmer, which provides PAM and enables

Cas9 to recognize an ssDNA target. The cleaved

target triggers EXPAR by acting as a primer for its

template. Exponential amplification occurs with the

help of a nicking enzyme (Nease) that separates the

cleaved ssDNA from the EXPAR template and recycles

the trigger as a primer. Target dsDNA signals are

obtained dependently upon the amount of the

fluorescent dye SYBR green. In summary, Cas9 in

Cas-EXPAR cleaves an ssDNA target using PAMmer,

Fig. 1. Crystal structure of Cas proteins complexed with crRNA and target.

Table 1. Characteristics of class II Cas proteins and their diagnostics

Cas9 Cas12a Cas13a

Classification Class2 type II-A Class2 type V-A Class 2 type VI-A

Nuclease domain HNH, RuvC RuvC HEPN-1, HEPN-2

Target dsDNA ss/dsDNA ssRNA

PAM 5’NGG’3’ 5’TTTV3’ Non-G (PFS)

gRNA length (approx) 100 nt 40 nt 60 nt

Trans-cleavage activity – + +

Diagnostic platforms CAS-EXPAR DETECTR, HOLMES SHERLOCK

Advantages

Most well-characterized Cas,

many reports of engieered 

Cas9

High compatibility with RPA,

the most commercialized 

isothermal amplification method

Broad target versatility without

PAM restrictions

Limitations

Usual target is dsDNA; requires

specific labeling or additional

steps for signal detection

Multiplexing limited by lack

of signal differentiation 

methods for specific targets

Vulnerable to RNase contamina-

tion due to the use of RNA targets

and T7 transcription
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and the cleaved target triggers the EXPAR reaction.

Therefore, fluorescence signal confirms that ssDNA

matches the sgRNA sequence of Cas9.

The lateral flow assay CASLFA uses dCas9, which

acts as a sequence-specific binding protein for the

dsDNA target (Fig. 2).31 This assay detects amplified

dsDNA using biotinylated primers, and the target

signal is visualized using gold nanoparticles (AuNPs)

attached to the loop structure of the sgRNA. In the

LFA strip, streptavidin is immobilized on test and

control lines. Thereafter, streptavidin-biotinylated

amplicon-dCas9-sgRNA-AuNP complexes can be

visualized on the test line, allowing point-of-care

testing (POCT) with easy operation.

2.3. Cas12 and Cas12-based diagnostics

Cas12a is the most widely applied member of the

Cas12 family for diagnostics (Fig. 1). Its two variants,

AsCas12a (Acidaminococcus sp. Cas12a) and LbCas12a

(Lachnospiraceae bacterium Cas12a), are widely

used and these target both dsDNA and ssDNA.32,33

Cas12a can work with crRNA alone, which synthetic

form is approximately 40 nt long, including a 20-nt

spacer sequence.34 For dsDNA targets, Cas12a requires

a PAM and a typically T-rich sequence of 5'TTTV3',

but not for ssDNA targets.34,35 Cas12a cleaves dsDNA

to produce sticky ends, cutting TS 18 nt distal to the

PAM and NTS 23 nt distal to the PAM.36 Cas12a is

relatively smaller than Cas9, as it comprises 1,220

amino acids and seven domains that share structural

similarities with Cas9.34,35 However, an important

distinction is that one RuvC nuclease domain cleaves

both TS and NTS.37 The activities of Cas12a on target

and non-target ssDNA are respectively referred to as cis-

Fig. 2. Representative diagnostic platforms using CRISPR.
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and trans-cleavage. During cis-cleavage, trans-cleavage

also occurs, leading to the random cleavage of non-

target ssDNA.35,37 This occurs because Cas12a binding

to the target DNA exposes the RuvC nuclease domain,

which allows ssDNA to access the RuvC catalytic site.

A representative diagnostic platform that uses

Cas12a is DETECTR (DNA endonuclease targeted

CRISPR trans reporter), which exploits the trans-

cleavage activity of Cas12a (Fig. 2).38 A reporter is

designed by labeling fluorescence one end of a short

ssDNA and the other with a quencher to enable

target signal detection. The intact reporter emits less

fluorescence because the quencher and fluorescent

dye are in close proximity. When Cas12a binds to

the target, trans-cleavage of the reporter separates

the quencher from the fluorescent dye, which results

in fluorescence signal. Because the trans-cleavage of

these reporters continues during cis-cleavage, the

signal exponentially increases with enzymatic activity.

DETECTR uses isothermal amplification for target

DNA amplification, which occurs at a 37 °C for 10 min.

If the target is RNA, reverse transcription recombinase

polymerase amplification (RT-RPA) converts it into

DNA, and Cas12a in DETECTR generates a target-

dependent fluorescence signal.

Another diagnostic platform using Cas12a is

HOLMES (one-hour low-cost multipurpose highly

efficient system), which is similar to DETECTR but

was originally designed to use PCR for target ampli-

fication (Fig. 2).39 A notable version of this method

is HOLMESv2, which uses Cas12b instead of Cas12a.40

While Cas12b is similar to Cas12a, it maintains

both cis-cleavage and trans-cleavage activities at 50°C.

Such stability indicates that Cas12b can be applied to

one-pot reactions using loop-mediated isothermal

amplification (LAMP). Therefore, HOLMESv2 enables

the simple amplification and detection of target

nucleic acids through a one-step reaction combining

LAMP and Cas12b.

2.4. Cas13 and Cas13-based diagnostics

The most prevalent Cas13 effector is Cas13a (also

known as C2c2) (Fig. 1).8 The main variants are

Leptotrichia wadei (LwaCas13a) and Leptotrichia

shahii LshCas13a, which targets ssRNA.41 Cas13a

uses a ~60 nt crRNA that includes a spacer region of

22 to 28 nt.42 Unlike other CRISPR proteins, Cas13a

does not require a PAM but require non-G at the

protospacer flanking sequence (PFS).42 Cas13a

comprises 1,250 amino acids, and its target cleavage

activity is implemented by two HEPN nuclease

domains located in the Nuc lobe.43,44 The HEPN-1

and HEPN-2 nuclease domains are separated in the

absence of a target, whereas HEPN-1 moves towards

HEPN-2 in the presence of the target, triggering both

cis- and trans-cleavage of ssRNA.

A prominent diagnostic platform that uses Cas13a

is SHERLOCK (specific high-sensitivity enzymatic

reporter unlocking) (Fig. 2).13 This platform detects

dsDNA and RNA targets by means of Cas13a trans-

cleavage activity that triggers signals using an ssRNA

fluorescence reporter. For target enrichment,

SHERLOCK uses a preamplification strategy to

amplify RNA targets using RT-RPA, whereas dsDNA

targets are amplified using RPA. The amplified dsDNA

is then converted into RNA via T7 transcription,

followed by detecting target-dependent fluorescence

signals through Cas13a trans-cleavage activity and

the ssRNA reporter.

Another diagnostic method based on Cas13a is

CARMEN (combinatorial arrayed reactions for

multiplexed evaluation of nucleic acids) (Fig. 2).45

CARMEN utilizes an emulsion system, where sample

and Cas13a emulsions are fused, resulting in high-

throughput assays. Moreover, color-coded solutions

emulsified with droplets allow CARMEN to simul-

taneously identify numerous samples and sequences.

Thus, CARMEN can identify genes in samples by

detecting changes in fluorescence intensity via the trans-

cleavage activity of Cas13a and the color by the fusion.

3. Current Interests and Applications 

of CRISPR in Diagnostics

3.1. Infectious diseases

Infectious diseases are typically caused by mic-

roorganisms or viruses that contain nucleic acids.

However, most pathogen detection methods rely on
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nucleic acid amplification as the numbers of targets

in samples are usually low. However, CRISPR

techniques can detect targets without the need for

amplification or with relatively simple amplification

methods, and simplified target extraction.18,46 These

approaches enhance the sensitivity of the CRISPR

reaction and take advantage of its high sequence

specificity and robust compatibility with crude samples

(Table 2).

A diagnostic method using dCas9 can detect

methicillin-resistant Staphylococcus aureus (MRSA)

without amplification.47 This method targets the mecA

gene that is specific to MRSA; it can detect 10 CFU/mL

of pathogens within 30 min. Although gDNA is

obtained from cell lysates rather than living cells,

the procedure is notably simple: the mecA gene is

isolated without amplification using surface-fixed

dCas9, then target signals are subsequently generated

using SYBR green. This method clearly distinguished

between methicillin-sensitive S. aureus (MSSA),

highlighting the high selectivity of CRISPR.

Mycobacterium tuberculosis can be detected using

dCas9 with a unique approach using split luciferase

linked to dCas9.48 This method uses two sgRNAs

specific to the 16S ribosomal RNA (rRNA) of

Mycobacterium tuberculosis, with a gap of 19-23 bp,

ensuring that two dCas9 are positioned close to each

other. Each dCas9 protein is fused with a split

luciferase and divided into N- and C-terminal fragments.

When two dCas9 proteins bind to the target, the split

luciferase fragments assemble to form an intact

luciferase enzyme that emits bioluminescence. The

method can detect a single genome/500 μL of pre-

PCR after 35 PCR cycles.

The result of diagnosing SARS-CoV-2 using the

DETECTR platform achieved 95 % and 100 % positive

negative predictive agreement, respectively in 36

patients within 40 min.49 The E (envelope) and N

(nucleoprotein) genes of SARS-CoV-2 were simul-

taneously targeted with an internal control, human

RNaseP. This method achieved in a high sensitivity

of 10 copies/μL input. This system also includes

Table 2. Applications of CRISPR-based diagnostics

Target CRISPR Amplification Readout Sensitivity Ref

MRSA dCas9 –
Fluorescence

(SYBR)
10 CFU/mL 47

M. tuberculosis dCas9 PCR
Luminescence

(Luciferase)

Single genome/

500 μL PCR
48

SARS-CoV-2 Cas12a RT-LAMP
Fluorescence

(FQ reporter)
10 copies/μL input 49

SARS-CoV-2 Cas13a RT-RPA
Fluorescence

(FQ reporter)
100 copies/μL 50

EGFR L858R

BRAF V600E
Cas13a RPA

Fluorescence

(FQ reporter)
– 13

EPO c.577del dCas9 PCR
Fluorescence

(Native-PAGE)
– 61

miRNA-17 Cas13a –
Fluorescence

(FQ reporter)
4.5 amol 63

miRNA-19b Cas13a –
Electrochemical 

(Glucose oxidase)
10 pM 64

miRNA let-7a dCas9 RCA
Colorimetric

(HRP)
Femtomolar levels 65

IL-6

VEGF
Cas13a

T7 RNA

transcription

Fluorescence

(FQ reporter)

45.81 fg/mL (IL-6)

32.27 fg/mL (VEGF)
66

CD63 exosome Cas12a –
Fluorescence

(FQ reporter)
3 × 10³ particles/mL 68

MMPs Cas12a – LFA – 70
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cross-validation mechanisms, one of which involves

the detection of cleaved ssDNA reporters using an

LFA strip for POCT.

Among several studies that have detected SARS-

CoV-2 using Cas13a, one method notably used a

mobile phone to detect pathogens.50 The SHERLOCK

platform was used and a simplified RNA extraction

procedure was applied in which diagnostic samples

are heated for 5 min (HUDSON, heating unextracted

diagnostic samples to obliterate nucleases). This method

detected 100 copies/μL of target SARS-CoV-2 within

30 min.18 A microscope reader device was adapted

to work with a mobile phone camera, thus allowing

POCT. By simultaneously targeting multiple genomic

regions of the pathogen, the Cas13a reaction is amplified

to enhance fluorescence signal, especially when samples

contain contaminants. This method highlights not only

the high diagnostic sensitivity of CRISPR but also the

analytical simplicity that allows miniaturization and

the use of crude samples.

3.2. Single nucleotide polymorphisms

Single nucleotide polymorphisms (SNPs) are common

genetic variations found among individuals.51,52 They

play key roles in identifying cancer prevalence, drug

responses, and autoimmune diseases.53 In this context,

one diagnostic method uses SHERLOCK to detect

epidermal growth factor receptor (EGFR) L858R

and B-Raf proto-oncogene (BRAF) V600E mutations.13

The EGFR L858R mutation is associated with the

development of non-small cell lung cancer, whereas

the BRAF V600E mutation is related with several

cancers, including melanoma, colorectal, ovarian,

and lung cancers.54-56 It is also involved in the mitogen-

activated protein kinase/extracellular signal-regulated

kinase (MAPK/ERK) pathway, which regulates cell

growth and apoptosis.57 Using allele-specific crRNAs

and Cas13a, these SNP alleles found in < 0.1 % of

cell-free DNA samples were detected within 2 h.

Genetic analysis is also important in non-therapeutic

areas such as anti-doping analysis.58,59 Typically, anti-

doping tests of protein drugs involve immunological

analyses such as erythropoietin (EPO), which is

associated with athletic endurance. However, when a

specific SNP occurs in the EPO gene (rs369859204,

c.577del), which causes a frameshift, conventional

electrophoretic methods can misinterpret variant EPO

as a doping substance due to a size difference compared

to typical EPO.60 A method for visualizing the EPO

c.577del variant uses native polyacrylamide gel

electrophoresis (PAGE) combined with allele-specific

sgRNA and dCas9.61 This method uses direct PCR

amplification to amplify target gene containing EPO

c.577del from 3 μL of whole blood without DNA

extraction. The EPO c.577del allele-specific sgRNA

and dCas9 complex is then reacted with the PCR

products without purification, followed by native

PAGE to visualize dCas9 binding to the variant. The

results are confirmed as band shifts in PAGE gels,

which clearly distinguish variants from non-variant

targets within 3 h. The high sequence specificity of

CRISPR allowed the detection of 1 nt deletions

without sample extraction.

3.3. Micro RNAs

MicroRNAs (miRNAs) are small RNA molecules

that typically comprise 18-24 nucleotides involved in

regulating intracellular gene expression.62 However,

some miRNAs are associated with diseases such as

cancer, so their detection and diagnosis are important

in terms of treatment. MiRNAs can be detected using

Cas13a. For example, 4.5 attomoles of miRNA-17

associated with breast cancer can be detected within

30 min using a single-step procedure.63 This method

includes extracting miRNA from samples cultured

with a breast cancer cell line. miRNA-17 can be

detected with high sensitivity through a simple

trans-cleavage reaction using a Cas13a fluorescence

reporter without nucleic acid amplification.

MiRNA-19b in serum samples obtained from patients

with brain cancer has been detected using Cas13a.64

This method uses an immobilized biotin/FAM-labeled

RNA reporter and anti-FAM-immunoglobulin-G-

glucose oxidase (anti-FAM-IgG-Gox) to detect

electrochemical signals via a microfluidic chip. Anti-

FAM-IgG-GOx is captured on the surface of a

microfluidic channel using a surface-immobilized

biotin/FAM-labeled RNA reporter. When a target is
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present, the GOx-labeled antibody is released from

the channel and removed. As a result, the addition of

glucose as a substrate does not produce hydrogen

peroxide, and electrochemical signals are not generated

at the working electrode. This method can detect 10 pM

of miRNA-19b in 0.6 μL of serum within 4 h. This

approach shows that CRISPR can be combined with

electrochemical detection to create highly sensitive

and convenient diagnostic devices. A unique dCas9-

based assay has been developed to detect miRNA

let-7a, which is associated with non-small cell lung

cancer.65 Although RNA cannot usually be directly

detected with dCas9, a specialized dumb-bell probe

enabled RNA detection. The loop region of this

probe was designed to be complementary to the miRNA

let-7a, so that when the target miRNA hybridized with

the probe, the dumbbell-shaped probe forms a circular

structure that is amplified by isothermal rolling circle

amplification (RCA). Subsequently, the amplified

probes are visually confirmed through a colorimetric

reaction involving split-horseradish peroxidase (HRP)-

linked dCas9, which targets the stem region of the

probe. This approach enables miRNA detection at

femtomolar (fM) levels with single-base specificity.

3.4. Non-nucleic acid molecules

Proteins are often detected using immunological

methods, and might seem far from CRISPR-based

diagnostics. However, an enzyme-linked immuno-

sorbent assay (ELISA) has been combined with

CRISPR to detect cytokines involved in inflammatory

responses, such as interleukin-6 (IL-6) and vascular

endothelial growth factor (VEGF), a cancer bio-

marker.66 In this method, dsDNA is used fas a signal

molecule conjugated to antibody instead of HRP.

The labeled dsDNA is amplified by T7 RNA

transcription, which triggers target-dependent fluore-

scence signals using Cas13a. This approach has

achieved sensitivity of 45.81 and 32.27 fg/mL for IL-

6 and VEGF, respectively, which is 100-fold more

sensitive than ELISA using HRP.

Recent studies of exosomes and extracellular vesicles

(EVs) for early cancer diagnoses have gained

momentum.67 One study demonstrated the detection

of transmembrane proteins CD63 on the surface of

exosomes using CRISPR/Cas12a.68 In this method, a

DNA aptamer targeting CD63 and a ssDNA blocker

that can competitively bind to the aptamer were

used. Both the aptamer and blocker are attached to

magnetic beads as a complex, which then react with

samples. Depending on the number of exosomes,

CD63 binds to aptamers and displaces DNA blockers

that trigger Cas12a’s fluorescence signal according

to the amount of the exosomes, resulting in a detection

range of 3 × 10³ – 7 × 10⁷ particles/μL.

In addition to exosomes, matrix metalloproteinases

(MMPs) are also under investigation as cancer

biomakers.69 A CRISPR-based diagnostic method

for MMPs has been designed, using a biosensor

which is injected into subject.70 This biosensor has

an ssDNA barcode for CRISPR detection and is

linked to scaffold by an peptide of MMP substrate.

When close to cancer cells, this biosensor is converted

by cancer cell-specific MMPs, resulting in the cleavage

of the peptide linker and release of the ssDNA barcode.

The circulating ssDNA barcode is then excreted in

the urine and detected via a fluorescence reaction

using Cas12a. This innovative approach to early cancer

diagnostics using CRISPR enables the identification

of specific types of cancer by analyzing peptide linker-

ssDNA barcode sequences.

4. Conclusions

This review discusses current applications of

CRISPR-based diagnostics for various targets, and

highlights how representative platforms, such as

SHERLOCK, HOLMES, and DETECR, have been

modified and implemented. Initially, CRISPR was

believed to work only when specific nucleic acids

corresponded with the Cas type. However, combining

T7 and reverse transcription with RPA or LAMP

rendered the need to differentiate target nucleic acids

based on Cas proteins became irrelevant. Moreover,

CRISPR-compatible aptamers have been used as

bridges to connect non-nucleic acid targets to CRISPR,

and CRISPR targets have been utilized as signal

molecules in ELISA, demonstrating that CRISPR-
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based diagnostics can be applied to a wide range of

targets. In addition, new signal detection methods

that far exceed conventional fluorescent reporters

have emerged. Biotin/FAM reporters can be included

in LFA formats and electrochemical sensors using

methylene blue-labeled reporters enable high-sensitivity

detection without amplification, illustrating the

application of these detection methods for POCT

applications.71

The key strength of CRISPR-based diagnostics

lies in the enzymatic nature of the CRISPR proteins.

As enzymes, they enable catalytic reactions at low

temperatures, eliminating the need for dsDNA dena-

turation and the energy required for hybridization

between crRNA and targets. They are also resistant

to contamination and can function across a wide range

of temperatures and pH, rendering them particularly

suited for rapid POCT. These user-friendly and

affordable diagnostics have also proven their high

analytical performance. The performance has been

enhanced through a combination of engineering

approaches, including protein engineering of Cas,

preamplification, and the use of various signaling

molecules, all of which have contributed to the

growing interest in CRISPR-based diagnostics. In

line with this progress, the FDA approved a SARS-

CoV-2 diagnostic method using SHERLOCK during

2020, and more recently, a technology for detecting

M. tuberculosis in blood has been approved and is

now entering commercialization.72,73

However, compared to the gold standard in nucleic

acid diagnostics, qPCR, CRISPR-based diagnostic

methods have the significant limitation of low

sensitivity. The ability to detect CRISPR alone is

insufficient, necessitating either target or signal

amplification. Furthermore, while qPCR simultaneously

amplify and detect targets, CRISPR-based methods

generally have separated amplification and detection

processes. Recent advancements have addressed these

challenges, including the development of one-pot

reactions using LAMP-Cas12b and RPA-Cas12a, as

well as all-in-one-step diagnostics where lyophilized

RPA-CRISPR reagents are fixed onto paper chips

that allow target detection with a single sample input.74

These innovations facilitate POCT with target

amplification without the need for specialized

equipment, leading to faster and more convenient

diagnostics. Furthermore, practical limitations such as

PAM-related restrictions on target sequences in some

Cas proteins have been addressed by the development

of PAM-flexible Cas proteins.75,76 Consequently, these

limitations continue to be overcome by integrating

cutting-edge biotechnology. Thus, increasingly refined

CRISPR-based methods are becoming advanced

diagnostic tools.

Diagnostics based on CRISPR will evolve through

integrating current methods in various fields regardless

of the target type. The advancement and integration

of portable devices for POCT, electrochemical

CRISPR sensors for ultrasensitive detection, and

multiplexed target monitoring with chip arrays, will

drive the commercialization of CRISPR diagnostics

and accelerate their clinical diagnostic applications.

For instance, CRISPR can play key roles in inexpensive

and rapid personalized CRISPR-based diagnostics,

such as deciding cancer treatments based on individual

genetic profiles, diagnosing acute diseases such as

sepsis where early diagnosis is crucial, and providing

immediate responses to emerging infectious diseases.77,78

These technologies are flexible, affordable and can be

modified according to their specific goals and will

play important roles in shaping the future of clinical

diagnostics.
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