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Abstract

An outbreak of the novel beta coronavirus severe acute respiratory syndrome

coronavirus 2 (SARS‐CoV‐2) first came to light in December 2019, which has

unfolded rapidly and turned out to be a global pandemic. Early prognosis of viral

contamination involves speedy intervention, disorder control, and good‐sized

management of the spread of disease. Reverse transcription‐polymerase chain

reaction, considered the gold standard test for detecting nucleic acids and

pathogen diagnosis, provides high sensitivity and specificity. However, reliance

on high‐priced equipped kits, associated reagents, and skilled personnel

slow down sickness detection. Lately, the improvement of clustered regularly

interspaced short palindromic repeat (CRISPR)‐Cas (CRISPR‐associated protein)‐

based diagnostic systems has reshaped molecular diagnosis due to their low cost,

simplicity, speed, efficiency, high sensitivity, specificity, and versatility, which is

vital for accomplishing point‐of‐care diagnostics. We reviewed and summarized

CRISPR–Cas‐based point‐of‐care diagnostic strategies and research in these

paintings while highlighting their characteristics and challenges for identifying

SARS‐CoV‐2.
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1 | INTRODUCTION

A new pandemic outbreak first occurred in Wuhan, China, in

December 2019, originating from a betacoronavirus, severe acute

respiratory syndrome coronavirus 2 (SARS‐CoV‐2), causing mayhem

among humanity, ensuing in more than three million deaths world-

wide as well as millions of hospitalizations by the end of June 2021. A

new strain of this illness has been named coronavirus disease 2019

(COVID‐19) by the World Health Organization (WHO). The virulent

SARS‐CoV‐2 causes a flu‐like condition, and in some cases, severe

acute respiratory syndrome (SARS).[1] A person may contract the

disease either directly through droplets and hand‐to‐hand transmis-

sion or indirectly via contaminated objects and airborne contamina-

tion after encountering both symptomatic and asymptomatic

patients.[2]

These are the most significant single‐stranded ribonucleic acid

(ssRNA) viruses known in the deoxyribonucleic acid (DNA)–RNA

genome, measuring 8.5–12 kDa in size.[3] A viral genome comprises

two sections, the 5′ and 3′ terminals. The 5′‐terminal accounts for

most of the genome, encoding a protein essential to viral replication,

while the 3′‐terminal encodes five structural proteins: the spike

protein (S), an envelope protein (E), hemagglutinin esterase (HE),
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membrane protein (M), and nucleocapsid protein (N).[4,5] S protein

plays a significant role in attaching viruses to their host cell

membrane and facilitating the fusion of infected cells with uninfected

ones adjacent to them. They are the major inducers of neutralizing

antibodies during vaccination. The N protein forms an RNA complex

that aids transcription and virulence. At the same time, the M protein

serves as the predominant structural protein and is also responsible

for the morphology of the virion envelope. One of the minor

structural proteins, E proteins, is present in high levels inside infected

cells as they replicate. In contrast, the HE protein controls the host

specificity and receptor binding.[3,6]

Rapid detection of COVID‐19 via an accurate and fast method is

essential to decrease the hazard of sickness spreading. With the aid

of asymptomatic and symptomatic patients, the transmission chain of

the SARS‐CoV‐2 virus could be broken, allowing diagnosis and

prognosis to be tackled on a massive scale.[7] Nevertheless, the

increasing desire for rapid screening to understand whether

individuals have COVID‐19 contamination is a primary task in

analysis. Currently, reverse transcription‐polymerase chain reaction

(RT‐PCR) is considered the gold standard test for nucleic acid's

qualitative and quantitative detection from the SARS‐CoV‐2 virus.

Various challenges appear while performing RT‐PCR testing on a

large scale, including the need for expensive and complicated test

devices and skilled laboratory employees' interpretation of the

results. Thus, there is a pressing need for technologies, particularly

point‐of‐care (POC) tests, to detect COVID‐19 infections rapidly and

accurately. Therefore, scientists have begun using clustered regularly

interspaced short palindromic repeat (CRISPR)‐Cas (CRISPR‐

associated protein), a technology initially designed for gene editing.

Before going into details about CRISPR–Cas technology, we should

first understand how RT‐PCR detects COVID‐19. Therefore, the

following section provides an overview of the mechanism behind

RT‐PCR.

2 | AN OVERVIEW OF RT‐PCR TESTING

Several countries considered RT‐PCR‐based testing the gold standard

for the diagnosis of COVID‐19.[8] The COVID‐19 RT‐PCR test

identifies RNA from the SARS‐CoV‐2 strain in the upper and lower

respiratory tracts in real‐time, using reverse transcription‐polymerase

chain reaction technology.[9] Samples are taken through a naso-

pharyngeal or oropharyngeal swab. A swab is placed in the nostril and

gently rolled forward into the nasopharynx to collect the secretions

containing the virus. The swabs are immediately inoculated into

sterile tubes filled with 2–3ml of viral transport medium and

protected from the degradation of viral nucleic acid by either keeping

them at 2–8°C or −70°C for up to 72 h, based on the timing of

testing.[10,11] PCR, which is frequently used in molecular biology to

rapidly copy large quantities of DNA fragments, is the standard

method of COVID‐19 testing.[12] ssRNA genomes derived from

COVID‐19 are considerably large.[13] Through reverse transcription,

RNA molecules are turned into complementary DNA (cDNA)

sequences to be detected with PCR. A conventional PCR method

can then be performed to amplify cDNA.[14] The viral RNA should be

extracted before performing the PCR. A wide range of kits for RNA

purification is accessible, allowing rapid, convenient, and accurate

isolation.

First, the sample is placed into a microcentrifuge tube to extract

viral RNA. Afterward, a highly denaturing lysis buffer is added, usually

composed of phenol and guanidine isothiocyanate.[15] The lysis

buffer is also expected to contain ribonuclease (RNAse) inhibitors to

prevent the degradation of viral RNA.[16] With the lysis buffer added,

the tube is pulse vortexed for 15 s, followed by a 10‐min incubation

at room temperature.[17] The lysis buffer provides highly denaturing

conditions under which the virus will be lysed. The lysed sample is

loaded into a spin column and centrifuged for purification. It is a

solid‐phase extraction method that is performed using a silica matrix

as the stationary phase. The silica gel membrane binds the RNA

molecules under ideal pH and salt conditions while simultaneously

retaining proteins and other contaminants.[18] Spin columns are

placed over clean collection tubes, and the filtrate is discarded after

centrifugation. After the addition of wash buffer, the column goes

back through centrifugation to force it through the membrane.[19] As

a result, the membrane is cleared of any remaining impurities, leaving

only the RNA on the silica gel. An elution buffer is then added to the

column after placing the washed sample in a clean microcentrifuge

tube. Another centrifugation is performed, allowing the elution buffer

to cross the membrane. Elution buffer cleans the viral RNA off the

spin column, resulting in purified RNA free of proteins, inhibitors, and

contaminants.[20,21] Preparation of the reaction mixture for PCR

amplification follows the extraction of viral RNA. RT‐PCR master mix

is used for this step, containing reverse transcriptase enzyme,

nucleotides, forward primers, reverse primers, Taq (Thermus aqua-

ticus) DNA polymerase TaqMan probe, and a concentrated buffer

solution.[22] The RNA template is then incorporated into the reaction

mixture.

After pulse‐vertexing the tube, the reaction mixture is loaded

into a PCR plate, typically containing 96 wells, allowing multiple

samples to be tested simultaneously.[22,23] It is followed by placing

the plate in a thermal cycler. COVID‐19 is detected by quantitative

PCR (qPCR), which amplifies specific target sequences within the

Rdrp gene, the E gene, and the N gene.[24] The primer and probe

sequences determine which gene needs to be targeted. A primer is an

oligonucleotide sequence about 18–24 bases long, while a probe has

a length of 8–12 base pairs.[25,26] COVID‐19 detection requires the

use of two or more primer pairs and probes targeted specifically at its

nucleocapsid genes (N genes).[27]

As shown in Figure 1, RT‐PCR begins with a reverse transcription

process. PCR reverse primers involve priming cDNA replication with

a sequence that complements the viral RNA genome. Reverse

transcriptase binds the DNA nucleotides on the 3′ end, synthesizing

a cDNA strand of the viral RNA.[28] Depending on the primer, the

target RNA, and the reverse transcriptase, this step will vary in

temperature and duration. Once the extracted viral RNA and RT‐PCR

master mix were placed in a thermocycler, the PCR program was set
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for denaturation (94°C), annealing (52–58°C), and extension

(60–72°C) for target gene amplification. The denaturation process

separates the double‐stranded cDNA (ds‐cDNA) from single‐

stranded DNA (ssDNA) at 94°C. The primers and probes anneal to

the template as the temperature drops between 52°C and 58°C.[22]

Taq DNA polymerase encounters theTaqMan probe while elongating

F IGURE 1 Mechanism of RT‐PCR. (A) Isolation of viral RNA from samples collected; (B) reverse transcription of the viral RNA by reverse
transcriptase enzyme; (C) synthesis of double‐stranded DNA template (cDNA); (D) denaturation of cDNA at 95°C leading to the synthesis of
ssDNA; (E) annealing—at 58°C, a fluorophore and quencher containing TaqMan probe, along with primers, anneals to specific sequences on the
DNA strands; (F) extension—Taq DNA polymerase produces a new DNA strand at 72°C by adding free nucleotides and releasing the
fluorophores and quenchers from the TaqMan probe by its 5′–3′ exonuclease activity; (G) amplification—multiple copies of cDNA are
synthesized and then recycled through the PCR process; (H) in every PCR cycle, the release of fluorophores accumulates in the reaction mixture.
cDNA, complementary DNA; RT‐PCR, reverse transcription‐polymerase chain reaction; ssDNA, single‐stranded DNA.

F IGURE 2 Detection and measurement of released fluorescence signal.
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a new copy of DNA. A fluorophore is attached covalently at its 5′ end

to TaqMan oligonucleotide probe.[29] The probe also includes a

quencher at its 3′ end. As the reporter is close to the quencher, its

fluorescence cannot be observed. The extension step involves Taq

DNA polymerase synthesizing new strands. The polymerase's 5′–3′

exonuclease activity breaks down the TaqMan probe and the

quencher releases the fluorophore, causing it to emit fluores-

cence.[28,30] Increasing fluorescence intensity occurs with each cycle

of PCR in a real‐time manner as more fluorophores are released.

Figure 2 shows that the fluorescence signal is measured using a

tungsten–halogen lamp, an excitation filter, mirrors, a lens, an

emission filter, and a charge‐coupled device (CCD) camera.[31] A

mirror reflects the filtered light from the lamp, which is then focused

onto each well through a condensing lens. In the next step,

fluorescence emitted from the wells is reflected off the mirror,

transmitted through a filter, and detected by the CCD camera. The

CCD camera detects the light from excited fluorophores with each

PCR cycle, converting it to digital data.[31,32] The amplification results

are shown as Ct (cycle threshold) values. Ct value represents the

quantity of target messenger RNA (mRNA) present in the sample. A

lower Ct value corresponds to a higher copy number of the target.

Hence, a low Ct value indicates a high viral load in COVID‐19

infection cases. Globally, the Ct value for COVID‐19 falls between 35

and 40.[33,34] The tests are conducted in replicates to enhance their

reliability, followed by their statistical significance assessment.

However, the limited supply of reagents, a long wait for results,

and a labor‐intensive procedure have caused many to consider

alternative testing methods. Thus, diagnostic systems based entirely

on CRISPR–Cas have been employed. CRISPR–Cas‐based technology

does not require a high‐priced, complex system and detects SARS‐

CoV‐2 within 1 h with sensitivity and specificity equivalent to

standard PCR using fluorescence or lateral drift assay. Detailed

information about CRISPR–Cas and its mechanism is provided in the

next section.

3 | AN OVERVIEW OF CRISPR–CAS
TECHNOLOGY AND ITS MECHANISMS

Like most tools in biotechnology and microbiology, CRISPR was first

identified in the prokaryotic cells of Escherichia coli by Dr. Nakata's

group.[35] CRISPR has the potential to reshape the field of genetics

because of its robustness compared to other existing tools. The name

itself describes some of the main aspects of CRISPR. Short and

Repeats are the words that describe it as short, identical repeats of

DNA, usually 28–37 base pairs long but ranging from as little as

23–55 nucleotides (nt) in length. The word Palindromic depicts that

the repeats use palindrome sequences to recognize specific

sequences of DNA for transcription to make mRNA, resulting in tiny

hairpin‐like secondary structures. These repeats are regularly inter-

spaced, that is, there are regular unique spacers in the middle of the

repeats known as spacer DNA or CRISPR spacers ranging from 32 to

38 nt in size.[36] In 1993, CRISPRs were primarily found in archaea,

especially in Haloferax mediterranei.[37] Ten to forty percent of

bacteria and the majority of archaea contain this system.[38] In the

early 2000s, scientists discovered that these spacer sequences

exactly match the sequences of bacteriophages, archaeal viruses,

and plasmids, demonstrating that CRISPR functions as an immune

system.[39] Additionally, scientists have identified that properly

conserved genes have invariably been adjacent to CRISPR elements

known as Cas (CRISPR‐associated) genes.[40] These Cas genes

encode proteins or enzymes, such as DNA polymerases, helicases,

and RecB‐like nucleases.[41]

The two main classes of CRISPR–Cas systems, Class 1 and Class

2, rely on the ability of effector Cas proteins to cleave foreign nucleic

acids, further subdivided into six categories and over 30 subcate-

gories. Studies and applications using the Class 2 system demonstrate

that gene editing and genetic screening are more feasible with the

Class 2 system, consisting of CRISPR–Cas Types II, V, and VI. The

effector proteins for Types II, V, and VI are Cas9, Cas12, and Cas13,

respectively.[42,43] Defence initiated by CRISPR–Cas is divided into

three phases (Figure 3). In the first stage, adaptation, new spacers are

inserted from exogenous nucleic acids into the CRISPR locus.[44]

CRISPR RNA (crRNA) biogenesis is the second phase of the

system. In bacterial DNA, CRISPR repeats and spacers from the

CRISPR locus are transcribed to produce single‐chain RNA called

precursor‐CRISPR RNA (pre‐crRNA).[36] These long pre‐crRNAs are

then cleaved into 20‐nt‐long fragments called crRNA by Cas enzymes

and associated factors in most systems.[45,46] Hence, each crRNA

contains complementary sequences derived from CRISPR repeats

and viral genome sequences. Cas9, the effector protein of theType II

CRISPR–Cas system, performs double‐stranded DNA break by

utilizing two domains (HNH and RuvC), which are RNaseH like

endonuclease domains responsible for cleaving complementary and

noncomplementary sequences of the target DNA, respectively.[46]

Type II of CRISPR also involves fragments of trans‐activating crRNA

(tracrRNA) bound to CRISPR repeats on mRNA by an interconnecting

loop. The complex formed by combining tracrRNA and crRNA is

guide RNA (gRNA). RNase III enzymes are then used to cleave the

loop.[47] After the loop is cut, the “N”‐any nucleobase, “GG”‐2

guanine nucleobases (NGG) sequence of protospacer adjacent motif

(PAM) site of the Cas9 protein is activated. The catalytic units cleave

the DNA at specific locations, leaving the CRISPR repeat, the viral

genome, and the tracrRNA in combination.[48] The Type V system

uses cas12 as its signature effector protein, a single crRNA‐guide

endonuclease.

Contrary to the blunt ends of Cas9, Cas12 uses a staggered

double‐stranded DNA break to cleave sequence‐specific DNA with a

5′ overhang via the RuvC and Nuc domain.[49] Type VI systems

contain only one effector protein, Cas13, interacting with crRNA,

forming a guide crRNA that identifies a complementary RNA target.

The target is cleaved by catalytic sites within the two preserved

higher eukaryotes and prokaryotes nucleotide‐binding (HEPN)

domains. Modifications to HEPN domains can cause RNA‐binding

proteins to be inactive.[50,51] The third and last stage, interference,

involves targeting and cleaving foreign nucleic acids within the
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protospacer sequence. The crRNAs direct respective Cas protein

complexes to locate the corresponding protospacers to facilitate the

degradation of their respective target sequences on the complemen-

tary virus or plasmid that match the spacers.[52,53]

To summarize, when a bacteriophage attaches itself to the

surface of a bacterial cell and injects its genome DNA, it will produce

lots of bacteriophages that will eventually kill the cell. By using the

CRISPR–Cas‐mediated immune defense described above, the bacte-

riophage genome will be destroyed on the subsequent invasion,

preventing it from increasing inside the bacterial cells, thus allowing

them to protect themselves. Hence, the infection ends before it even

begins. The ribonucleoprotein (RNP) complex formed with these

crRNAs and Cas proteins guides these proteins to the specific region

of the viral genome to be cleaved, thus serving the purpose of nucleic

acid recognition of SARS‐CoV‐2 viruses.[54] In this review, we will

elaborate on the fundamental use of three proteins, mainly Cas9,

Cas12, and Cas13, with CRISPR, as markers for SARS‐CoV‐2

detection.

3.1 | CRISPR–Cas9 system

Jennifer Doudna and Emmanuelle Charpentier discovered the

CRISPR–Cas9 system while working with Streptococcus pyogenes. In

2020, the Nobel Prize in Chemistry was awarded to them to develop

this revolutionary gene‐editing tool.[55] The Cas9 protein found in

Francisella novicida (FnCas9) is among the largest orthologs of Cas9,

and its interactions with DNA are primarily concentrated on the

5′‐NGG‐3′ PAM motif.[56] The DNA interrogation mediated by

CRISPR/FnCas9 followed by cleaving of both strands serves as a

fast and accurate way to detect any single‐nucleotide variant under

the assumption that the DNA discrimination mechanism remains

constant over the entire genome sequence. Azhar et al.[57] named

this framework FnCas9 Editor Linked Uniform Detection Assay

(FELUDA). In association with the TATA group, the New Delhi‐based

CSIR‐Institute of Genomics and Integrative Biology developed the

FELUDA test.[58] FELUDA is an example of a recently approved

paper‐based strip test to detect COVID‐19 infection. In 2020, the

Drugs Controller General of India and the Indian Council of Medical

Research, New Delhi, India approved the FELUDA testing technol-

ogy, which was later licensed to TATA Medical Diagnostics and is

being marketed for use in a variety of diagnostic applications.[59]

FELUDA uses the same sampling technique as qPCR, in which

samples are taken via oropharyngeal, nasopharyngeal swab, or saliva,

followed by RNA extraction. Once RNA has been extracted, reverse

transcription‐polymerase chain reaction (RT‐PCR) is carried out on a

standard PCR machine instead of a 20‐fold more expensive qPCR.[60]

A single‐step RT‐PCR is followed by incubation of the amplified

viral DNA with FELUDA mix, which contains deactivated FnCas9

(dFnCas9) protein and guide RNA.[61] In reverse transcription, biotin‐

tagged primers are used. As a result, amplicons are biotin‐labeled in

PCR.[62] The Cas9 RNP complex binds specifically to the 20 nt target

sequence for determining if it carries the SARS‐CoV‐2 signature.

Once it has located the signature, it moves along with the gold

nanoparticles (NPs) in the paper strip. The gold NPs are mixed with

the streptavidin protein, combining with the viral genome. In other

F IGURE 3 CRISPR–Cas mediated defense mechanism. (A) Adaptation or space acquisition: Introducing foreign nucleic acids into the CRISPR
loci as new spacers; (B) crRNA biogenesis: Producing pre‐crRNA transcripts by one of two strands of spacer DNA from the CRISPR locus,
followed by cleavage into crRNAs; (C) interference: Integrating the crRNA with the Cas enzyme to form CRISPR–Cas complex, which recognizes
and cleaves the viral genome when the same virus invades the cell again. Cas, CRISPR‐associated proteins; CRISPR, clustered regularly
interspaced short palindromic repeats; crRNA, CRISPR RNA.
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words, the gold NP‐bound FELUDA complex is captured by

interacting with streptavidin–biotin.[63,64]

These NPs can recognize fluorescent amidite (FAM) (Figure 4). At

the 3′ end of the guide RNA, this FAM is bound to the RNP complex.

In this manner, the NP initially captures the RNP complexes by

adhering to the FAM label on the 3′ end of guide RNA.[64] In the

presence of viral genomes, the test band will be colored. Unbound

gold NPs are captured on the control band. Hence, negative samples

will not have a band at the test region, whereas positive samples will

have both test and control bands. FELUDA analyzes mostly S and N

of the SARS‐CoV‐2 with its commercial kit. The limit of detection is

10 viral RNA copies/μl. Lab tests show FELUDA to have an overall

sensitivity and specificity of approximately 97% and 100%.[62] The

advantages of the FELUDA test include having a minimal technical

expertise requirement and no expensive equipment requirement,

making the test easy to administer at the point of care. The

procedure takes between 60 and 75min and costs about 500 INR,

which is considerably low compared to deep sequencing.[65] The

authors added that FELUDA is compatible with conventional PCR,

resulting in a reduced assay time of 45min.[57,66] With the

combination of FELUDA and rapid variant assay (RAY), it is also

possible to identify SARS‐CoV‐2 from other coronavirus strains,

regardless of their minute genetic differences. With the use of

dFnCas9, RAY uses a high degree of specificity to identify point

mismatches specifically and has the capability of differentiating

among targets independently.[67]

A disadvantage of this CRISPR–Cas9 based technique is the

requirement for a thermal cycler, whereas the isothermal amplifica-

tion method aids in improving POC diagnostic system, which is

observed with the CRISPR–Cas12 system.

3.2 | CRISPR–Cas12 system

Cas12 and Cas13 are among the most effective CRISPR–Cas systems

with excellent collateral cleavage activity toward ssDNA and RNA

targets. Detecting nucleic acids using such collateral activity is highly

specific and sensitive.[68–71] SARS‐CoV‐2 detection methods based

on CRISPR frequently use cas12 enzymes to recognize the viral

sequence. CRISPR–Cas12 is viewed as an attractive alternative to

Cas9 because of its unique features, such as its ability to target motifs

that contain T‐rich sequences and the absence of tracrRNA.[72] The

CRISPR‐based diagnostic methods rely on a wide range of isothermal

amplification techniques, such as loop‐mediated isothermal amplifi-

cation (LAMP) and recombinase polymerase amplification (RPA)

enabling rapid, highly specific, and sensitive amplification of few

F IGURE 4 COVID‐19 detection using CRISPR–Cas9 system. (A) Extraction of purified viral RNA; (B) synthesis of biotin‐labeled cDNA
templates by reverse transcriptase enzyme; (C) production of PCR amplicons with biotin‐labeled primers; (D) insertion of target DNA sequence
into dFnCas9‐gRNA‐FAM RNP complex; (E) specific identification of positive SARS‐CoV‐2 amplicons by dFnCas9 RNP complex; (F) visual
analysis of positive and negative samples on dipstick test strips. Cas, CRISPR‐associated proteins; CRISPR, clustered regularly interspaced short
palindromic repeats; cDNA, complementary DNA; COVID‐19, coronavirus disease 2019; FAM, fluorescent amidite; gDNA, guide DNA;
RNP, ribonucleoprotein; SARS, severe acute respiratory syndrome.
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copies of the target nucleic acid in a short period.[73,74] Since these

methods do not require thermocycling; they are ideal for low‐cost

POC diagnostic testing.

The DNA endonuclease‐targeted CRISPR trans reporter (DETECTR),

the device utilizes a reverse transcription‐LAMP in conjunction with

CRISPR–Cas12 to provide quick, accurate, and sensitive detection of

SARS‐CoV‐2.[75] Reverse transcription‐LAMP and CRISPR–Cas12

reactions can be characterized as fast because they take less than 1 h.

It is specific because it needs to identify and then cleave Sars‐Cov‐2

sequences using the cas12 enzyme. This system is portable and easy to

use since only a simple system is required, and the colorimetric reaction

and lateral flow assay results are easily interpreted. The following steps

are undertaken in this method: reverse transcription amplification (RTA),

Cas12a targeting and detection, and signal reading and interpretation.

3.2.1 | RTA

Reverse transcription‐LAMP is a rapid and cost‐effective alternative

for testing SARS‐CoV‐2. This approach combines LAMP DNA‐

detection and reverse transcription, converting RNA into cDNA

before running the reaction.[76] For example, SARS‐CoV‐2 and Ebola

viruses can be detected using reverse transcription‐LAMP.[77] As

opposed to PCR, reverse transcription‐LAMP is not subject to the

thermocycling step and typically takes place at 60–65°C tempera-

ture. This simple diagnostic test entails only heating and visual

examination, but it is highly sensitive and simple, making it an

excellent virus detection method.[78] During reverse transcription‐

LAMP, viral RNA is extracted from swab samples and subjected to

preamplification because it is challenging for CRISPR to detect

targets in a reasonable time frame (less than an hour) when their

concentration is extremely low (below 10 nM).[79,80]

Four LAMP primers detect a specific sequence of cDNA. As

illustrated in Figure 5, there are two inner primers—forward inner primer

(FIP) and backward inner primer (BIP). These serve as the bases for Bst

(Bacillus stearothermophilus) to copy the DNA template to new DNA. The

outer primers, such as forward exterior primer (F3) and backward outer

primer (B3), bind to the template strand and aid in reaction. In contrast to

RT‐PCR, the reverse transcription‐LAMP procedure starts by generating

DNA from the sample RNA. Reverse transcriptase, an enzyme produced

by retroviruses, turns RNA into cDNA.[81] A ssDNA copy is generated by

reverse transcriptase with the help of an FIP primer. The F3 primer is also

F IGURE 5 COVID‐19 detection using CRISPR–Cas12a system. (A) Extraction of purified viral RNA; (B) synthesis of complementary DNA
(cDNA) using RT‐LAMP method; (C) recognition of viral RNA by CRISPR–Cas12a complex and cleavage of ssDNA reporter; (D) separation of
fluorescent dyes and quenchers due to collateral cleavage; (E) visual interpretation of positive and negative samples on a paper strip. Cas,
CRISPR‐associated proteins; COVID‐19, coronavirus disease 2019; CRISPR, clustered regularly interspaced short palindromic repeats;
RT‐LAMP, reverse transcription‐loop‐mediated isothermal amplification.
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bound to this side of the template strand, dislodging the earlier copies.

This single‐stranded displaced copy contains primers and RNA target.

Primer sequences are designed with a region that binds to the DNA

sequence, forming a loop. BIP primer is attached to the reverse end of the

displaced strand to make double‐stranded DNA, and Bst DNA polymer-

ase uses it to make a complementary strand. This very same primer marks

the beginning of this newly generated ssDNA molecule, thereby

dislodging it.[82] Using the freshly designed single strand, the LAMP

cycling amplification can be initiated. Due to the folding and self‐binding

of the two loops, ssDNA has a dumbbell‐shaped structure.[83]

DNA polymerase with both FIP and BIP continues to amplify this

strand, prolonging the LAMP reaction product. Depending on the type of

primer used, this cycle may begin on either the forward or the reverse

side of the strand. Once the strand commences the process of this cycle,

the elongation step results in the synthesis of self‐primed DNA. It takes

nearly an hour to amplify this RNA between 60°C and 65°C so that a

wide range of amplicons are produced after these steps.[74]

3.2.2 | Cas12a targeting and detection

The cas12a/crRNA complex consists of guide RNA with a length

of 40–44 base pairs, which includes a constant loop‐stem region of

20‐nt‐long base pairs with a 20–24‐nt protospacer region. This

protospacer region should be designed based on the target

sequence.[74] The loop domain is specific to Cas12a proteins

CRISPR‐RNAs used in conjunction with cas12a to identify the

PAM sequence, TTTV, where V represents A, C, or G of the SARS‐

CoV‐2 genome.[84] crRNA binds to the opposite DNA sequence of

the PAM sequence. Therefore, the protospacer region must be

exactly 20–24 bases long after the PAM region.[85] The target

amplicons will be incorporated into the Cas12a/crRNA complex. The

Cas12a would then cleave adjacent nontarget reporters as collateral

damage upon binding to the specific RNA target. Reporters are

typically ssDNA with either the fluorophore quencher or the

fluorophore biotin label attached.[86]

3.2.3 | Signal readout and interpretation

An ssDNA reporter is trans‐cleaved, and then the resulting signals are

detected either with fluorescence‐based reactions or individually

with a colorimetric lateral flow reaction.[87] Since Cas12a and reverse

transcription‐LAMP are performed separately, DETECTR is suscepti-

ble to contamination despite its high accuracy. Thus, there is a risk of

receiving false‐positive results. Scientists worked on a thermostable

Cas12b derived from Alicyclobacillus acidophilus (AapCas12b) to

address this problem in conjunction with reverse transcription‐

LAMP detection.[88] Specific high‐sensitivity enzymatic reporter

unlocking (SHERLOCK) testing in one pot (STOPCovid) is a method

TABLE 1 List of a few modified methods using Cas12 enzymes, along with their advantages

Cas type System Advantages Time Ref.

Cas12a DETECTR • No thermocycling is required.

• Single‐nucleotide specificity.
• No complex laboratory setup and easy to

implement.
• Provide accurate results.
• Rapid turnaround time.

30–40min [89]

Cas12b STOPCovid • Easy, quick, to be performed at the POC.
• Sensitive and affordable.
• Comes with test components, and does not

require extraction of RNA.

1 h [90]

Cas12a CRISPR‐FDS This technique is sensitive, robust, fast, and
feasible with available equipment.

∼50min [91]

Cas12a AIOD‐CRISPR • An intuitive, rapid, sensitive, and specific
one‐pot reaction without the need for
separate preamplification or transferring of
amplified products.

• Analyzing both DNA and RNA nucleic acids.
• Readily attainable in a single step.
• Single‐molecule awareness.
• Robust performance.

40min [92]

Cas12a CRISPR/Cas12a‐NER • Simple, convenient, precise.

• No special tools needed.
• Rapid and noticeable to the naked eye.

45min [93]

Abbreviations: AIOD, all‐in‐one dual; Cas, CRISPR‐associated proteins; CRISPR, clustered regularly interspaced short palindromic repeats; DETECTR, DNA
endonuclease‐targeted CRISPR trans reporter; FDC, fluorescent detection system; NER, naked eye readout; POC, point‐of‐care; STOPCovid, specific
high‐sensitivity enzymatic reporter unlocking (SHERLOCK) testing in one pot.

8 of 14 | VERMA ET AL.



that yielded results from a single pot and a single temperature. Using

a single‐tube assay, SARS‐CoV‐2 could be detected more efficiently

while reducing the risk of postamplification contamination.[87]

Numerous other optimized systems or combinatorial processes have

also been observed with cas12. A few examples are listed below,

highlighting their advantages (Table 1).

3.3 | CRISPR–Cas13 system

The CRISPR–Cas Type VI system uses RNA‐guided gene‐editing

technology to grant prokaryotes immunity against RNA, belonging to

Class 2.[50] As of now, all CRISPR–Cas‐based TypeVI systems use just

one effector protein, called Cas13a, which was formerly referred to

as the C2c2 CRISPR–Cas complex.[50,94] This Cas13a protein belongs

to different Cas13 families, which are used to construct various

subtypes of Cas13 (A–D).[95–97] Various Cas13 variants can target

and engineer transcriptomes with different degrees of effectiveness.

Cas13a from Leptotrichia wadei (LwaCas13a) achieves a more

powerful RNA‐targeting effect but requires integration with a

stabilizer for efficient interference activity.[97] Researchers have

discovered a variant of Cas13b found in Prevotella sp. P5–125

(PspCas13b) targets RNA better than the LwaCas13a protein in

mammalian cells, and its activity is not affected by stabilizing

proteins.[96] There is yet another Cas13d subtype (Type VI‐D) that

shares little sequence homology with known endo‐RNase‐related

Cas13 effectors.[98] A notable feature of Cas13d is that it has a

significantly reduced mass than all previously reported Cas13 endo‐

RNases.[98] As a result, these Cas13 effector proteins can be used in

RNA‐targeting applications, including knocking down RNA, seeing its

activity, editing it or splicing it, and delivering viruses.[96,97,99,100]

CRISPR–Cas13 structures are composed of two functional

elements. (I) RNA‐guided and single‐effector RNase cas13, encoding

an RNAse action brought about by its two HEPN. (II) A pre‐crRNA,

consisting of 64–66‐nt‐long sequence, identifies mature crRNAs of

24–30 nt sequence at the targeted RNA, is characterized by a

protospacer flanking site motif.[94,101,102] Upon activation through

target‐specific RNA, these systems exhibit collateral promiscuity and

degrade RNA transcripts nonspecifically.[50,99]

As part of the CRISPR–Cas13 system, crRNA is formed using a

target spacer sequence and an attached stem‐loop, direct repeat

(DR).[96] Cas13 then locates the DR and directs the crRNA to set up

an exact match between the spacers and complementarily sequenced

sample RNA.[50] Contrary to Cas9, Cas13 fragments the terminal part

of a spacer‐paired RNA target sequence.[50] Cleavage by Cas13 is

sequence‐specific, which can happen even if the RNA is far from the

target sequence, although Cas13 can only cut ssRNA.[50] In addition,

Cas13 cannot detect mismatches between two base pairs in

RNA–spacer pairings but can recognize mismatches between single

base pairs. The Cas13 protein can also trans (collateral) cleavage

activity, that is, degradation of surrounding ssRNA not targeted by

the enzyme. This collateral cleavage activity is highly influenced by

target cleavage.[50] The direction of collateral cleavage is determined

by the preference for specific dinucleotides, which vary considerably

among Cas13 orthologs.[98] Collateral cleavage ability of Cas13 is a

crucial element of Cas13 diagnostic testing.

A CRISPR–Cas13 diagnostic test incorporates a detection mix

made up of Cas13a, RNA extracted from the sample, custom crRNA,

and reporter RNA (RNA sensor) with a fluorophore and quencher.[99]

A sample RNA containing the target sequence will cause Cas13 to

cleave the RNA sensor, releasing the fluorescent indicator collater-

ally.[99] Thus, fluorescence is an output to show whether the target is

present. This fluorescence level can calculate the amount of target

present in the sample.[98,103–106] The test is called SHERLOCK.[99]

As a molecular biological detection technology, SHERLOCK was

initially used for detecting nucleic acids rapidly in human health

applications. Specifically, this method was used to identify several

Zika and Dengue virus strains, along with other potentially infectious

bacteria.[99,103] To detect SARS‐CoV‐2 viral RNA, the current

approach uses SHERLOCK as a CRISPR‐based diagnostic platform.

When a Cas13 enzyme combines with a virus targeting RNA, the

virus will be cleaved, resulting in subsequent RNase activity.[50,87]

SHERLOCK is a two‐step process. After nucleic acid purification, it is

amplified by RPA (for DNA) and reverse transcription‐RPA (for RNA).

Following the amplification of the nucleic acids, it is transcribed byT7

RNA polymerase, which again produces RNA. The second step

involves adding the amplified RNA into the CRISPR–Cas13 target

identification reaction.[98] Upon binding to targeted viral RNA, cas13

complexed with crRNA activates the cleavage activity, causing RNA

sensor degradation, resulting in the production of a fluorescent dye,

allowing the detection of that virus. Single targets can be detected

using a commercial lateral flow strip.[104]

In this case, detection is performed by using a lateral flow

readout. The detection method based on lateral flow uses an RNA

sensor. The sensor consists of a few nucleotides in the middle,

followed by FAM and biotin at the ends. Streptavidin binds to biotin

in the lateral flow strips, encapsulating the whole probe. An antibody

labeled with FAM‐specific gold NPs will attach to the fluorophore

end of the RNA sensor and create a dark purple color at the top.

Upon cleavage of RNA reporters due to a target and collateral

activity, gold NP‐labeled antibodies migrate to secondary anti‐species

antibodies, taking up all the antibodies to form dark purple that

indicates the presence of targets in each clinical sample. Strips show

one line for noninfected patients but two lines for those with the

disease, as shown in Figure 6. Overall, one can read results as quickly

as a pregnancy test, and no additional instruments are needed.

Recent studies have found that the SHERLOCK system is 96%

specific and 100% effective for identifying SARS‐CoV‐2 in COVID‐19

samples.[105] By optimizing the RPA step of SHERLOCK, detection is

made more accurate, and sensitivity is improved. A modified version

of SHERLOCK allows amplification without PCR, ensuring 100%

specificity and 100% sensitivity. Furthermore, SHERLOCK is very

convenient due to its speed. Following RPA and T7‐RT, the first steps

are usually completed within 30–45min. As a second step, the

detection setup takes less than 15min, and the fluorescence and

lateral flow results are delivered after 1 and 1.5 h, respectively.[87]
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Thus, the entire SHERLOCK is completed in about 2 h. A typical

SHERLOCK procedure is to amplify a target RNA and then detect

SARS‐CoV‐2 using CRISPR nucleic acid detection.[87] Each of these

processing steps makes SHERLOCK a complex diagnostic platform

because RNA extraction and multiple liquid handling techniques

increase the risk of cross‐contamination.[106]

One of these approaches was developed by Myhrvold et al.[103] By

bypassing the need for nucleic acid extraction, Myhrvold et al.[103]

established a method that releases viral genomes directly from the clinical

sample to be protected against degradation. This method is known as

Heating Unextracted Diagnostic Samples to Obliterate Nucleases

(HUDSON). The HUDSON system successfully inactivates the RNAses

in body fluids through chemical and heat treatments. The rupture of the

viral envelope releases nucleic acids and lyses the viral particles.[103]

Hudson's approach permits the indirect incorporation of biological

samples directly into the mixing reaction of isothermal amplification

without diluting or purifying and without interfering with subsequent

amplification.[103] Consequently, a laboratory setting and appropriately

trained staff are not mandatory for this protocol.[99,103] Based on this

approach, Adrizti‐Sanz and fellow researchers combined HUDSON with

CRISPR‐based programmability to design SHINE (SHERLOCK and

HUDSON Integration to Navigate Epidemics). This portable diagnostic

approach can detect target viral RNA immediately from unextracted

clinical specimens using minimal equipment.[107]

Over the previous method, this method has three advantages. To

begin with, the two‐step SHERLOCK method was combined into one.

Second, the HUDSON was used in conjunction with the SHERLOCK

detection method. Last, the fluorescence signal was evaluated using a

smartphone application.[103] Fluorescence readout in the tube. The

smartphone application has made SHINE a scalable, high‐throughput

testing device and allows automated data analysis. Therefore, this

platform can provide POC diagnostic tests for SARS‐COV‐2 without

compromising sensitivity or specificity by reducing the need for

specialized personnel, infrastructure, and time.

Likewise, many more methods were developed such as CREST

(Cas13‐based, Rugged, Equitable, Scalable Testing), SENSR (Sensitive

Enzymatic Nucleic‐acid Sequence Reporter), CARMEN‐(Combinatorial

Arrayed Reactions for Multiplexed Evaluation of Nucleic acids), to

eliminate all the obstacles on our way to achieve POC

Diagnostics.[108–110]

4 | CONCLUSION AND FUTURE
PROSPECTIVE

For the unconventional SARS‐CoV‐2 to be controlled, commercialized

diagnostic tests are necessary to detect the infection early, confirm its

identity, and monitor the patients. Currently, the gold standard of

F IGURE 6 COVID‐19 detection using CRISPR–Cas13a system. (A) Extraction of purified viral DNA or RNA; (B) formation of target RNA
sequence from amplified DNA by T7 in vitro transcription; (C) recognition and collateral cleavage of RNA sensor by HEPN domain; (D, E) visual
readout of positive and negative samples via lateral flow strip. Cas, CRISPR‐associated proteins; COVID‐19, coronavirus disease 2019; CRISPR,
clustered regularly interspaced short palindromic repeats; HEPN, higher eukaryotes and prokaryotes nucleotide‐binding.
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diagnosis for COVID‐19 is qPCR. However, qPCR can only be performed

in laboratories since a highly specialized system and skilled personnel are

required. Additionally, it can sometimes deliver false results. Therefore,

there is a pressing need for a fast, affordable, and accurate diagnostic

check that can be used at the point of care for viral detection and disease

monitoring. Recent developments have resulted in new methods to

detect nucleic acids and infectious agents based on CRISPR systems

linked mainly to Cas9, Cas12, and Cas13 enzymes.[42,111] COVID‐19 can

be managed with the design of a therapeutic drug based on a similar

approach as the CRISPR–Cas13 system, which aims at the SARS‐CoV‐2

ssRNA genome. A variety of methods based on the CRISPR–Cas13

system have been tested and proposed by researchers to counteract

continuously mutating variants of the virus.[112–116] Moreover, the

scientific community has also discussed the possibility of using these

systems for molecular diagnostics.[104,117–120] By utilizing these tech-

niques, diagnostic structures can be accurately established in a shorter

amount of time, allowing for high levels of sensitivity and specificity

without complicated instruments. Two studies have demonstrated that

CRISPR‐based techniques have confirmed the presence of the SARS‐

CoV‐2 genome that qPCR has rejected; these results have been

established with next‐generation sequencing or computerized tomogra-

phy scans.[121–123]

Although the RP‐PCR technique remains the gold standard for

diagnosis of COVID‐19 (qualitative and quantitative analyses) and are

economical, the development of the CRISPR–Cas system for COVID‐19

diagnosis would provide a quick qualitative diagnosis at an early stage of

the disease with great precision and accuracy. Considering suitable

logistics their utility and application may be enhanced. Aside from

COVID‐19, these methods can be used to combat various pathogens,

viruses, and fungi, regardless of their availability, that threatens humans'

health, agriculture, and food supply. CRISPR is a step in the right direction

toward treating the current pandemic and being a basis for diagnostics

and testing.
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