
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00253-021-11583-6

MINI-REVIEW

CRISPR detectives against SARS‑CoV‑2: a major setback 
against COVID‑19 blowout

Rahul Gupta1 · Tawsif Ahmed Kazi2 · Dhritiman Dey3 · Arijit Ghosh4 · V. Ravichandiran3 · Snehasikta Swarnakar1 · 
Syamal Roy1 · Swadesh Ranjan Biswas2 · Dipanjan Ghosh3 

Received: 2 July 2021 / Revised: 3 September 2021 / Accepted: 8 September 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract 
The emergence of SARS-CoV-2 has brought the world to a standstill, and till date, effective treatments and diagnostics against 
this idiosyncratic pathogen are lacking. As compared to the standard WHO/CDC qPCR detection method, which consumes 
several hours for detection, CRISPR-based SHERLOCK, DETECTR, and FELUDA have emerged as rapid diagnostic tools 
for the detection of the RNA genome of SARS-CoV-2 within an hour with 100% accuracy, specificity, and sensitivity. These 
attributes of CRISPR-based detection technologies have taken themselves one step ahead of available detection systems 
and are emerging as an inevitable tool for quick detection of the virus. Further, the discovery of Cas13s nucleases and their 
orthologs has opened a new corridor for exploitation of Cas13s as an antiviral therapy against SARS-CoV-2 and other viral 
diseases. One such approach is Prophylactic Antiviral CRISPR in huMAN cells (PACMAN), which needs a long haul to 
bring into therapy. The approval of SHERLOCK as the first CRISPR-based SARS-CoV-2 test kit by the FDA, for emergency 
diagnosis of COVID-19 patients, has given positive hope to scientists that sooner human trials of CRISPR-based therapy 
will be ratified. In this review, we have extensively reviewed the present CRISPR-based approaches, challenges, and future 
prospects in the light of diagnostics and therapeutics against SARS-CoV-2.
Key points  
• The discovery of Cas12 and Cas13 siblings allowed scientists to detect the viral genes.
• Cas13d’s identification aided scientists in precisely cleaving the SARS-CoV-2 ssRNA.
• CRISPR-Cas system acts as “molecular detector and antiviral proctor.”
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Introduction

The emergence of severe acute respiratory syndrome–related 
coronavirus 2 (SARS-CoV-2), a single-stranded RNA beta 
coronavirus, in late 2019 from the Wuhan district of China, 
has become one of the major threats to mankind through-
out the globe. The outbreak of coronavirus disease 2019 
(COVID-19) due to SARS-CoV-2 virus infection has led to 

an ongoing public health emergency in almost every country 
of the world (Ksiazek et al. 2003; Kazi et al. 2020; Singhal 
2020). The prevalent symptoms of this disease are difficulty 
in breathing, chest and muscle pain, dry cough, fever, head-
ache, diarrhea, cytokine storm, and even death in severe con-
ditions. Upon infection, it takes an average of 5–14 days to 
show the viral symptoms, or it can be asymptomatic as well. 
The SARS-CoV-2 was found to be highly transmissible and 
human–human transmission, which primarily occurs in the 
form of droplets. Hence, it can spread through direct contact 
with the infected person and indirect contact with surfaces 
of the objects used by the infected person (Yuki et al. 2020; 
Esakandari et al. 2020). The transmission potential of the 
virus has resulted in rapid inflation of COVID-19 cases across 
the world and has become one of the major concerns glob-
ally. Despite the growing menace, so far, there are no clini-
cally approved antiviral drugs, against the virus. Recently, 
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researchers have formulated few drugs in repurposed form 
which are in the different stages of clinical development and 
attempting to design new therapeutic strategies which are 
available commercially (Chakravarti et al. 2021). Since the 
virus is highly transmissible, in addition to general social dis-
tancing, identification of infected individuals and screening 
their contacts for possible quarantine measures is one of the 
major steps to curb the community transmission of this virus 
(Huang et al. 2020). It is also suggested that the development 
of rapid and accurate diagnostic tools might help to change 
the current scenario by controlling the rapid spread of SARS-
CoV-2. Currently, the available approach to diagnose the novel 
coronavirus (2019-nCoV) clinically is predominantly relying 
upon real-time PCR-based methods which requires 4–6 h as 
well as expensive resources to detect the pathogen. Parallelly, 
there are serological approaches are in place to detect the con-
tagion, but the process is time-consuming, cost-effective, and 
unreliable. However, considering the growing need for even 
more extensive testing, the fact that RT-PCR requires advanced 
infrastructure and up to 24 h to deliver the results, warrants a 
better alternative (Lübke et al. 2020; Wei et al. 2021). There-
fore, scientists have developed CRISPR (clustered regularly 
interspaced palindromic repeats)-based easy-to-use kits for 
detecting SARS-CoV-2 from the contagion samples in 30–60 
min, just like a pregnancy test which does not require any 
sophisticated instruments or well-established lab and can be 
used in the home, airports, and even in railway stations for 
faster and efficient detection of contagion compared to WHO 
(World Health Organization)/CDC (Centers for Disease Con-
trol and Prevention) approved RT-PCR method (Surjit et al. 
2006; Hou et al. 2020).

CRISPR is an adaptive immune system derived from archaea 
and bacteria and is consisted of a CRISPR array, an RNA-
guided endonuclease (Cas), a single guide RNA (sgRNA), 
and a protospacer-adjacent motif (PAM) sequence at the 3′ 
end of the targeted DNA sequence that has been optimized for 
genome modification in human cells in vitro and in vivo. The 
CRISPR and its associated Cas mainly work by interacting with 
the guide RNA, complementary to the target sequence, which 
leads to the cleavage at a precise site in the target, generating 
double-stranded DNA breaks (DSBs). These DSBs are then 
repaired by an endogenous cellular repair pathway, i.e., either 

by non-homologous end joining (NHEJ) or homology-directed 
repair (HDR) pathways (Jinek et al. 2012; Amitai and Sorek 
2016; Adli 2018; Gupta et al. 2019). The discovery of CRISPR 
has revolutionized the scientific world by showing its impact in 
a wide variety of applications ranging from drug development 
and the discovery of biomarkers, cancer therapy, agriculture, 
and HIV treatment, and the list is growing (Singh et al. 2021). 
Since the emergence of CRISPR-based technology, tremendous 
efforts are being reinforced to broaden its potential in medici-
nal therapeutics and use this technology in disease diagnosis 
and treatment (Gupta et al. 2021). In 2016, the CRISPR-Cas9-
based diagnostics was utilized for the first time to detect the 
Zika virus (Pardee et al. 2016), and in 2017, it was used for the 
detection of Staphylococcus aureus (Guk et al. 2017). There 
are different types of CRISPR-Cas systems, being discovered 
progressively, and recently, scientists have identified two potent 
Cas nucleases: Cas12a (Cpf1) and Cas13a (C2c2) that have 
broadened the utilization of CRISPR in the area of diagnostics 
and therapeutic treatments of several diseases such as cancer, 
anemia, viral diseases, and neurogenerative diseases (Gao et al. 
2016; Abudayyeh and Gootenberg 2020).

There are three different CRISPR-based methods, dis-
covered by three distinct groups, for the detection and iden-
tification of viral RNA from the given viral samples. One 
of these is introduced by Mammoth Biosciences in 2018 
named DETECTR (DNA Endonuclease-Targeted CRISPR 
Trans Reporter) that detects targeted DNA sequences using 
Cas12a. This DETECTR method was adapted to identify 
SARS-CoV-2 RNA in about 30 min (Chen et al. 2018). The 
second one was introduced by Feng Zhang’s group, named 
SHERLOCK (Specific High Sensitivity Enzymatic Reporter 
unLocking) in 2017, a CRISPR-based nucleic acid detection 
method that detects targeted RNA sequence instead of DNA 
using Cas13 nucleases in about 60 min (https:// sherl ock. bio/ 
better- faster- affor dable- diagn ostic- testi ng/.), and the third 
group is led by Debjyoti Chakraborty, senior scientist at 
Institute of Genomics and Interactive Biology (CSIR-IGIB), 
who discovered FELUDA (FNCAS9 Editor Linked Uniform 
Detection Assay) to identify SARS-CoV-2 virus by target-
ing the genetic material of the virus using Cas9 nucleases in 
about 45 min (Azhar et al. 2020; Table 1). In this review arti-
cle, an attempt has been undertaken to catalogue the ongoing 

Table 1  Divergence between the best known SARS-CoV-2 CRISPR-based detection methods

Method name CRISPR/Cas platform Detection based on Detection time Founder Reference

DETECTR  (DNA Endonuclease 
Targeted CRISPR Trans Reporter)

CRISPR/Cas 12a dsDNA or ssDNA 30 min Mammoth Biosciences Chen et al. (2018)

SHERLOCK (Specific High 
Sensitivity Enzymatic Reporter 
unLocking)

CRISPR/Cas 13 RNA 60 min Sherlock Biosciences Abbott et al. (2020)

FELUDA (FNCAS9 Editor Linked 
Uniform Detection Assay)

CRISPR/Cas 9 cDNA 45 min CSIR-TIFR Azhar et al. (2020)

7594 Applied Microbiology and Biotechnology (2021) 105:7593–7605

https://sherlock.bio/better-faster-affordable-diagnostic-testing/
https://sherlock.bio/better-faster-affordable-diagnostic-testing/


1 3

endeavors that how CRISPR technology is being used for the 
detection and diagnosis of SARS-CoV-2 and how it can be 
used as an antiviral therapeutic platform for the treatment 
of such viral diseases.

Utilization of Cas12a (Cpf1) in SARS‑CoV‑2 
detection

Cas12a nuclease belongs to class II, type V CRISPR-Cas 
system and was first characterized by Feng Zhang’s Lab at 
MIT in 2015 (Zetsche et al. 2015; Xiao et al. 2020). The 
discovery of Cas12a has brought a new outbreak in genome 
editing, empowering researchers to enable a whole new level 
of precision because of the following advantages over stand-
ard SpCas9: (i) Cas12a generates 5′ overhangs instead of 
blunt ends created by SpCas9, rendering in efficient DNA 
repair of the cleaved ends; (ii) Cas12a recognizes different 
PAM sequence, i.e., 5′TTTN3′ instead of 5′NGG3′ SpCas9 
PAM sequence, which allows to edit A-T-rich sequences 
as well as provide flexibility in choosing target sites; and 
(iii) Cas12a requires only one 42 nucleotides long sgRNA, 
i.e., crRNA as compared to Cas9 which require a tracrRNA 
along with crRNA; further, the smaller size of Cas12a facili-
tates easy and efficient delivery into cells via low capacity 
vectors such as AAV (Zetsche et al. 2015; Li et al. 2018; 
Yan et al. 2019).

In 2018, Mammoth Biosciences has exploited the poten-
tiality and precision of Cas12a and introduced an approach 
to detect sensitive DNA using LbCas12a isolated from Lach-
nospiraceae bacterium ND2006 and named this technique 
as DETECTR (DNA Endonuclease-Targeted CRISPR Trans 
Reporter). Recently DETECTR accompanied with RT-
LAMP (Reverse-transcription-Loop Mediated Isothermal 
Amplification) was implemented to detect the SARS-CoV-2, 
and it was found that the virus can be detected with high 
precision within 30 min (Chen et al. 2018; Ali et al. 2020). 
RT-LAMP is the modified version of LAMP (Loop-Medi-
ated Isothermal Amplification) and was first developed by 
Tsugunori Notomi et al. in the year 2000. LAMP is a novel, 
robust, affordable method to amplify DNA rapidly with high 
specificity and efficiency under isothermal reaction condi-
tions. This method employs Bst DNA polymerase with high 
strand displacement activity and a set of specially designed 
specific primers that recognize 6 or more distinct sequences 
on the target DNA. In the case of RT-LAMP, Bst DNA/RNA 
polymerase is used which is a mixture of Bst polymerase and 
extremely thermostable reverse transcriptase (60 to 65 °C 
tolerant), which is used for isothermal amplification reaction 
of RNA via cDNA and detection in a single step. RT-LAMP 
is an ideal amplification technology for point of care/point 
of need assays against SARS-CoV-2 detection. Further, RT-
LAMP allows multiplexing with different techniques such 

as Mg precipitation, colorimetric, agarose gel electropho-
resis, and fluorescence, which provides more vantage in 
terms of rapidity, sensitivity, and specificity to detect the 
SARS-CoV-2 or like viruses or any infectious pathogen in 
10–20 min even with low level of sample concentrations 
(Notomi et al. 2000; Ali et al. 2020; Subali and Wiyono 
2021).

During the study, they used contrived patient samples of 
SARS-CoV-2 and detected two genes N-gene and E-gene 
using LbCas12a and synthetically designed Cas12a guide-
RNAs (gRNAs). To detect the E-gene, sgRNAs from three 
SARS-like coronaviruses [SARS-CoV-2 (NC_045512), 
SARS-CoV (NC_004718), and bat-SL-CoV2C45 
(MG772933)] were designed, whereas, for the N-gene, 
they only designed Cas12a gRNAs from the SARS-CoV-2 
genome. They also demonstrated that this method can detect 
SARS-CoV-2 with no cross-reactivity for N-gene gRNA, 
compared to the E-gene detection, which showed cross-reac-
tivity for E-gene gRNA with related SARS-like coronavirus 
strains (Chen et al. 2018; Ali et al. 2020). The approach is 
almost equivalent to the methods adopted by the WHO and 
CDC qRT-PCR assays for identifying specific SARS-CoV-2 
or related SARS-like coronavirus (Lübke et al. 2020; Ali 
et al. 2020).

The DETECTR assay can be broadly described in three 
important steps: (i) pre-amplification of viral RNA or control 
RNA by RT-LAMP (Box 1) using LAMP primers against 
N-gene, E-gene, and RNaseP, since the target detection is 
challenging for the CRISPR when the target DNA con-
centration is extremely low (lower than 10 nM). The RT-
LAMP reaction was optimized and carried out at 62 °C for 
20–30 min independently for N-gene, E-gene, and RNase P; 
(ii) trans-cleavage assay, where LbCas12a is pre-incubated 
with compatible gRNA to form LbCas12a-gRNA complex 
for 10 min at 37 °C followed by the addition of cleavage 
reporter (FAM-biotin) to the LbCas12a-gRNA complexes. 
After which, LbCas12a-gRNA complexes are mixed with 
the amplicon in the ratio of 1:10, and the trans-cleavage 
assay is allowed for 10 min at 37 °C (Gootenberg et al. 
2018; Bai et al. 2019; Javalkote et al. 2020; Broughton et al. 
2020; Ali et al. 2020). The pre-amplification process and 
the trans-cleavage assay can be separated into two-pot reac-
tions or be merged as a one-pot reaction. The operation of 
the assay in two-step largely complicates the process as it 
requires multiple manual operations and also upturns the 
potential risk of contamination. However, the addition of 
all the components (amplification and CRISPR reagents) 
in one pot would decrease the efficiency due to the possi-
ble cross-reactivity and digestion of the initial amplification 
products by the Cas/crRNA complex. Therefore, to run the 
one-pot reaction, the Cas12 can be isolated from the rest 
of the components by the addition of the Cas12 protein in 
a droplet on the tube wall, followed by the mixing of the 
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Cas12 protein with the reaction mixture after the comple-
tion of the amplification process, to start the CRISPR assay 
(Ding et al. 2020); (iii) finally, a commercial lateral flow dip 
strip is added to the reaction tube, and result was interpreted 
in ≤ 2 min, visually. The first single band near the sample 
pad (control line) indicates a negative result, while a single 
band or two bands close to the top of the strip (test line) 
indicates a positive result. Further, bands were quantified 
using the ImageJ gel analyzer tool, and the intensity of the 
band signal was normalized to the maximum. The detection 
sensitivity of the DETECTR system was found to be in the 
range of femtomolar (fM) to attomolar (aM) of DNA/ssDNA 
with 70–300 copies/μl of input sample, and the detection 
time is recorded as 20–30 min which is much faster than the 
conventional RT-PCR detection method (Yuan et al. 2020; 
Broughton et al. 2020; Ding et al. 2020; Fig. 1). Though 
the lateral flow assay (LFA) platform is the most common 
colorimetric readout system for CRISPR sensing methods, 
as it is user-friendly, cost-effective, and accessible, various 
readout mechanisms such as fluorescence (Bai et al. 2019; 
Yuan et al. 2020; Ding et al. 2020), electrochemical (Dai 
et al. 2019), and electronic (Shao et al. 2019) have also been 
introduced for CRISPR-based assays. Primarily, Cas12- or 
Cas13-based sensing systems relied upon the fluorescence-
based approaches for the detection of target sequence rec-
ognition. However, the involvement of bulky and expensive 
fluorescence readers has limited the applicability and acces-
sibility of this platform. Moreover, the electronic readout 

using nanopore sensors has been extremely promising for 
dCas9- and Cas12a-based assays, while its implementation 
for CRISPR-based SARS-CoV-2 detection is yet to be devel-
oped (Yang et al. 2018; Shao et al. 2019).

Utilization of Cas13a (C2c2) in SARS‑CoV‑2 
detection

The identification of a novel class-2, type-VI effector mol-
ecule called Cas13a (C2c2), in 2016 by Feng Zhang, has 
broadened the application spectrum of the CRISPR/Cas 
system beyond anything, with its ability to target ssRNA 
without neutering the genome. Based on the presence of 
extra ORF region, adaptation genes (Cas1/Cas2) and pres-
ence of WYL-domain-associated accessory proteins, type 
VI CRISPR Cas system are further classified into Cas13a 
(C2c2), Cas13b, Cas13c, and Cas13d (CasRx), as shown in 
Fig. 2 (Abudayyeh et al. 2017; Yan et al. 2019; Abudayyeh 
and Gootenberg 2020). Further, all the four types VI-Cas 
13 system have two HEPN domains in distinct positions, 
which demonstrates the RNA-guided RNA-targeting RNase 
activity. Type-VI CRISPR-Cas13s system was composed of 
RNA-guided RNase Cas13, 64–66 nt crRNA/gRNA (con-
sisting of 24–30 nt spacer region which is complementary 
to the target site), and protospacer-flanking site (required 
in case of bacteria but not for mammalian and plant cell). 
The Cas13 protein recognizes the short hairpin structures 

Fig. 1  Schematic representation of SARS-CoV-2-DETECTR experi-
mental workflow. In DETECTR, nucleic acid is amplified using 
reverse transcriptase-recombinase polymerase amplification (RT-
RPA) or reverse transcriptase-loop-mediated isothermal amplification 
(RT-LAMP) technology followed by recognition of target dsDNA by 

Cas12a-crRNA complex, which triggers the Cas12a enzyme which 
possesses collateral/trans-cleavage activity and thus cleaves fluores-
cence tagged reporter ssDNA which produces visual readout analyzed 
on dip strip paper by lateral flow assay
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in the crRNA and forms Cas13-crRNA complexes followed 
by the binding of the target ssRNA to the complementary 
24–30 nt spacer region of the crRNA resulting in Cas13-
mediated cleavage of the target ssRNA (Abudayyeh et al. 
2017; Abudayyeh and Gootenberg 2020). However, col-
lateral activity (non-specific cleavage of any nearby ssRNA 
regardless of complementary to the spacer region) persists 
in the case of bacteria but is found to be undetectable in 
human cells and even in plants (Abudayyeh et al. 2017). 
Further studies also revealed that Cas13s can be used in mul-
tiplexed targeting applications as it can process its CRISPR 
array and produces individual crRNAs for targeting multiple 
RNAs (Gootenberg et al. 2018; O’Connell 2019). Moreover, 
Cas13s treatment does not induce mutation in the crRNA 
target site and produces minimal off-target effects as com-
pared to the Cas9 and Cas12 treatments (O’Connell 2019; 
https:// www. synth ego. com/ blog/ crispr- coron avirus- detec 
tion). This robust ability of the Cas13s allows researchers to 
use it in several applications such as transcript knockdown, 
imaging of live-cell transcript, and RNA editing and repair. 
Not only that, the collateral activity of Cas13s provides sci-
entists to use this approach for diagnostic purposes and led 
to the discovery of SHERLOCK (Specific High Sensitiv-
ity Enzymatic Reporter unLocking) nucleic acid detection 
system. In this crRNA-Cas13a complex cleaves, the target 
ssRNA along with the collateral RNase activity is leveraged 
to cleave fluorescent reporters tagged RNA once it binds to 
the target, and this allowed Gootenberg et al. to design a 

rapid, sensitive, and specific nucleic acid detection system 
(Abudayyeh and Gootenberg 2021).

After refining over the years, Zhang et al. used this 
SHERLOCK system to detect SARS-CoV-2, in which 
they recognize two signature genes—the S gene and the 
ORF1ab gene with the help of two crRNAs. Once the 
virus-specific genes are recognized, it cleaves the target 
RNA along with the collateral RNA tagged with fluo-
rophore or biotin and provides a visual readout using a 
commercially available dipstick test paper, within an hour 
and with setup time of < 25 min, similar to a pregnancy 
test kit (Abudayyeh and Gootenberg 2021). The SHER-
LOCK detection system involves mainly three basic steps 
to detect the COVID-19 virus: (i) amplification of the 
pathogenic RNA through reverse transcriptase-recom-
binase polymerase amplification (RT-RPA) followed by 
T7 RNA polymerase mediated in-vitro transcription of 
amplified DNA to generate the corresponding ssRNA. 
Compared to RT-LAMP, RT-RPA is faster and can be per-
formed at room temperature, making it suitable for point 
of care applications; (ii) detection of pre-amplified viral 
RNA sequence with the help of target-specific crRNA 
and Cas13 nucleases; and (iii) visual readout using a dip-
stick test paper which detects cleaved collateral reporter 
RNA with labeled ends on specific antibody band, and 
the result was interpreted in ≤ 2 min, through the naked 
eye. The first single band near the sample pad (control 
line) indicates a negative result, while a single band or 
two bands close to the top of the strip (test line) indicates 

Fig. 2  Structural representation of different type-VI CRISPR-Cas13 
orthologs with their approximated amino acid (aa) size of each Cas13 
sub-type. Abbreviations: HEPN higher eukaryotes and prokaryotes 
nucleotide-binding domain, HTH helix-turn-helix domain, WYL 

WYL domain, TM transmembrane spanning the region. Within each 
CRISPR array, green diamonds symbolize the CRISPR repeats, while 
blue rectangles symbolize the spacer sequences
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a positive result. Further, bands were quantified using the 
ImageJ gel analyzer tool, and the intensity of the band 
signal was normalized to the maximum (Gootenberg et al. 
2017; Kellner et al. 2019; Abudayyeh and Gootenberg 
2021; https:// www. synth ego. com/ blog/ crispr- coron avi-
rus- detec tion; Fig. 3).

The SHERLOCK reaction can be carried out either 
in a two-step reaction or in a one-pot reaction. In two-
step reactions, the nucleic acid is amplified using RPA 
technology followed by in vitro transcription and then 
Cas13-based detection, while in a one-pot reaction, all 
the components and enzymes are run simultaneously. 
However, one-pot reaction has several advantages over 
two-step reaction, as the lesser risk of contamination and 
faster detection time, and can be used for quantification 
and high-throughput application, but difficulty in one-pot 
reaction protocol optimization and less sensitivity make 
it disadvantageous over two-step reaction (Kellner et al. 
2019; Lall 2020). Recently, due to increasing COVID-
19 cases worldwide, the Food and Drug Administration 
(FDA) granted emergency use authorization to the first 
CRISPR-based test kit (SHERLOCK™-CRISPR-SAR-
CoV-2) developed by Sherlock Biosciences which can 
yield results within an hour at 100% accuracy, sensitivity, 
specificity, and less expensive than RT-PCR test (https:// 
sherl ock. bio/ sherl ock- biosc iences- recei ves- fda- emerg 
ency- use- autho rizat ion- for- crispr- sars- cov-2- rapid- diagn 
ostic/).

SHERLOCK vs DETECTR 

The development of several approaches for CRISPR-based 
diagnostics has revolutionized the detection of SARS-CoV-2 
and has opened up a new window for further improvement 
and applicability of these techniques in the field of diag-
nostics and therapeutics. Among the two popular detection 
protocols, the detection sensitivity of the SHERLOCK sys-
tem was found to be around 2 attomolar (2 aM) of RNA 
with 10–100 copies/μl of sample input, while the sensitivity 
of the DETECTR system was found to be in the range of 
femtomolar (fM) to attomolar (aM) of DNA with 70–300 
copies/μl of input sample, because of the weak collateral 
activity of Cas12a as compared to the Cas13a. Moreover, 
Cas13a does not require PAM/PFS preferences at the target 
site, but Cas12a requires the PAM for cleavage at the target 
site. Thus, Cas13a-based SHERLOCK system stands out to 
be the most promising approach for CRISPR-based diagnos-
tics. Further, SHERLOCK can regulate the expression profile 
of genes without altering the genome, but DETECTR has to 
modify the genome sequence to alter gene profile (Gootenberg 
et al. 2017; Lau et al. 2020; https:// www. synth ego. com/ 
blog/ crispr- coron avirus- detec tion). Hence, this robustness, 
flexibility, and specificity provide a broader target range to 
SHERLOCK as compared to the DETECTR. However, both 
SHERLOCK and DETECTR have shown advantages over 
the qPCR detection method because of the low cost of its 
components, does not require sophisticated lab and bulky 

Fig. 3  Schematic representation of SARS-CoV-2-SHERLOCK 
experimental workflow. In SHERLOCK, nucleic acid is amplified 
using reverse transcriptase-recombinase polymerase amplification 
(RPA or RT-RPA) technology followed by in vitro transcription pro-
cess (IVT). The ssRNA is recognized by Cas13a-crRNA complex 

resulting in the activation of Cas13a enzyme, which possesses col-
lateral/trans-cleavage activity and thus cleaves fluorescence tagged 
reporter ssRNA probe producing visual readout analyzed on dip strip 
paper by lateral flow assay
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instruments, and less time-consuming, but the problem of 
absolute quantification of nucleic acid using SHERLOCK 
and DETECTR persists, and thus standard PCR methods 
are more appropriate for such application (Lau et al. 2020).

Utilization of Cas9 in SARS‑CoV‑2 detection

To date, the CRISPR/Cas9 system has rendered itself an 
easy-to-use, effective, and accessible genome editing plat-
form with a broad range of applications in numerous fields. 
In addition, it has also found its place in the CRISPR-based 
diagnostics of SARS-CoV-2. A Cas9 ortholog from Fran-
cisella novicida with very high specificity and minimal off-
target activity both under in vitro and in vivo conditions was 
used to develop FELUDA (FNCAS9 Editor Linked Uniform 
Detection Assay), to identify the SARS-CoV-2 virus by tar-
geting the genetic material of the virus (Acharya et al. 2019). 
Like the gold-standard detection approach by RT-PCR, the 
swab sample for RNA extraction is collected from the naso-
pharyngeal area for the FELUDA test, followed by the con-
version of the viral RNA to cDNA and its amplification to 
multiple copies in a single step using biotinylated primers. 
The amplification part is important for increasing the prob-
ability of detection. The sgRNAs were designed against the 
PAM containing conserved regions (NSP8 and nucleocapsid 
phosphoprotein) of SARS-CoV-2. Then, a FELUDA mixture 
comprised of amplified viral DNA, the guide RNA, and the 
Cas9 protein is prepared. The guide RNA directs the Cas9 
protein to bind only with the viral DNA. The Cas9 reads the 
SARS-CoV-2 sequence like a bar code and binds with the 
matching sequence of the viral DNA. When a paper strip 
is immersed in the mixture, the complex goes towards it 
due to lateral flow. Remarkably, FELUDA-based lateral flow 

assay could distinguish SARS-CoV-2 synthetic DNA on a 
paper strip only when SARS-CoV-2-specific RNP was used 
to interrogate the substrate, where a single line indicates a 
negative result, while the double line, a positive result—
much like a home pregnancy test. Moreover, FELUDA, by 
virtue of high specificity of FnCAS9-RNP, was also able to 
differentiate SARS-CoV-2 and SARS-CoV-1 sequences that 
only differed by a single nucleotide. Moreover, FELUDA 
is the world’s first COVID-19 detection test that employs 
Cas9 and has been established as a machine-independent and 
cost-effective alternative to current testing protocols by suc-
cessfully detecting the presence of viral signature from low 
amounts of total RNA obtained from COVID-19 patients 
within 1 h (Acharya et al. 2019; Azhar et al. 2020; Fig. 4).

Identification and quantification 
of SARS‑CoV‑2 and their emerging variant 
strains using CRISPR‑based methods

Among several tools developed so far, CRISPR-based meth-
ods SHERLOCK, DETECTR, and FELUDA techniques 
have shown rapid, 100% accuracy, sensitivity, and high 
specificity detection of SARS-CoV-2 but are not quantita-
tive as compared to the standard PCR method. Recently, 
researchers have slightly modified the above methods which 
can not only detect the different variants of the SARS-CoV-2 
efficaciously but also can detect the viral load and generate 
absolute quantification within 1 h. (Kaminski et al. 2021) 
These CRISPR-methods are named as follows: first, RAY 
(Rapid variant AssaY), an advanced version of FELUDA 
which uses multiplexing of crRNAs of a different mutated 
version of SARS-CoV-2 simultaneously accompanied with 
FnCAS9 (Kumar et  al. 2021); second, miSHERLOCK 

Fig. 4  Schematic representation of FELUDA experimental work-
flow to detect SARS-CoV-2. FELUDA-based lateral flow assay could 
distinguish SARS-CoV-2 synthetic DNA on a paper strip only when 

SARS-CoV-2-specific RNP was used to interrogate the substrate, 
where a single line indicates a negative result, while the double line, 
a positive result
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(Minimally Instrumented) which uses multiplexing of crR-
NAs of a mutated version of SARS-CoV-2 simultaneously 
accompanied with Cas12a, and addition to that, it requires 
diagnostic chamber which includes sample concentrator, 
incubator, and fluorescence reporter and also supported 
with a mobile application that automatically interprets and 
quantifies the mutated variants (de Puig et al. 2021); third, 
RADICA (RApid DIgital Crispr Approach) which uses 
multiplexing of crRNAs of SARS-CoV-2, SARS-CoV, and 
MERS-CoV simultaneously accompanied with Cas12a fol-
lowed by isothermal amplification of the extracted DNA and 
partitioning of the extracted DNA into a commercially avail-
able integrated chip. As the amplification begins, Cas12a 
cleaves the + ssDNA strand, and the fluorescence signal is 
detected by the detector and gives the absolute quantification 
of the virus particle (Wu et al. 2021).

CRISPR system as an antiviral platform

The discovery of CRISPR as a genome editor has rev-
olutionized the scientific world with its broad range of 
applicability ranging from drug development, cancer ther-
apy, agriculture, HIV treatment, sickle-cell anemia, and 
many more. Since then, scientists are putting tremendous 
efforts to use this technology in the detection/diagnosis 
and treatment of various diseases. Recently, researchers 
are recreating this technology by exploring more Cas pro-
tein orthologs such as Cas12 and Cas13 family nucleases, 
to detect and fight against the emerging deadly viruses 
SARS-CoV-2 by targeting the house-keeping genes of 
SARS-CoV-2, thus acting as an antiviral agent against 
COVID-19 (Yan et al. 2019; Straiton 2020). Further dis-
covery of Cas13d has helped the scientists to target and 
cleave ssRNA of SARS-CoV-2. The uniqueness and the 
potentiality of Cas13d make it a promising target for the 
development of antiviral agents because it can be pro-
grammed to target and inhibit any ssRNA viruses with 
high precision in human cells, without genomic loss of 
the targeted gene, and also it does not require any stringent 
PAM/PFS sequence to cleave the target unlike Cas9 and 
Cas12 enzyme. Further, the delivery of Cas13d (967 aa) 
along with CRISPR array containing two or more crRNA 
via adeno-associated virus (AAV) into the mammalian 
cells is facilitated by the small size of the construct. By 
virtue of Cas13’s high catalytic activity in mammalian 
cells, it can efficiently clear the lung tissue and facilitate 
targeted inhibition of the SARS-CoV-2 genome. Moreo-
ver, Cas13d which targets ssRNA does not any report of 
off-target effects but in the case of Cas9 and Cas12 endo-
nucleases which target DNA were found to have off-target 
effects (Konermann et al. 2018; Bayat et al. 2018; Freije 
et al. 2019). Thus, making the CRISPR-Cas13 system a 

prominent antiviral therapeutic tool to combat viral infec-
tions such as SARS-CoV-2.

Abbott et al. discovered CRISPR-Cas13-based ther-
apy treatment called Prophylactic Antiviral CRISPR in 
huMAN cells (PACMAN) against SARS-CoV-2 using 
Cas13d derived from Ruminococcus flavefaciens. They 
demonstrated that PACMAN effectively degrades the 
genomic sequences of SARS-CoV-2 and influenza A 
virus (IAV) in human lung epithelial cells and stops its 
replication efficiently. Therefore, PACMAN can be a 
potential pan-coronavirus inhibition strategy to control 
the emerging variants of disease-causing coronavirus like 
SARS-CoV-2, SARS, and MERS that reside in animals 
and humans (Abbott et al. 2020). Recently, Nguyen et al. 
used the CRISPR-Cas13d system to degrade the SARS-
CoV-2 RNA genome by designing specific crRNAs against 
ORF1ab (replicase) and S (spike) genes of it. Research-
ers have also shown that targeting the highly conserved 
RdRp gene of SARS-CoV-2 also inhibits viral replication 
(Nguyen et al. 2020; Lotfi and Rezaei 2020).

Since, PACMAN shows full potential to be used as a 
molecular tool for the detection and treatment of vari-
ous diseases such as viral, anemia, cancer, and many more 
at the transcriptome level without altering the genome 
but still faces basic challenges when it comes to its deliv-
ery (Amirkhanov and Stepanov 2019). The large size of 
the CRISPR components often makes the in-cell delivery 
tedious. However, due to the small size of Cas13d, viral 
vectors are opted to deliver such CRISPR-based antivirals 
into the cells in vitro, but limitations like immunogenicity 
and duration of Cas protein expression still persist (Lino 
et al. 2018; Freije et al. 2019; Straiton 2020). Moreover, 
in vivo delivery of PACMAN using AAV vectors to the 
target tissues is still to be optimized to gain better insight 
into its mechanism, efficiency, fidelity, and toxicity. How-
ever, non-viral vectors such as inorganic nanoparticles, 
lipid nanoparticles, exosome encapsulation, cell-penetrat-
ing peptides, lipoplexes, and polyplexes can be used as an 
alternative delivery system of PACMAN into the cells or 
target organs/tissues to overcome the limitation of toxic-
ity and immunogenicity, off-target effects, and scale-up 
the duration of Cas enzyme expression in the in vitro and 
in vivo (Lino et al. 2018; Abbott et al. 2020). Recently, 
researchers at Stanford University have synthesized a 
synthetic peptide termed lipitoids which is non-toxic and 
expeditiously carries nucleotides into human cells by 
encapsulating them into nanoparticles. They demonstrated 
that when PACMAN combined with lipitoid is added in 
a sample of SARS-CoV-2-affected human epithelial lung 
cells, it was able to reduce 90% of the SARS-CoV-2 from 
the solution. Therefore, lipitoid a non-viral delivery sys-
tem, which can be used efficiently to deliver PACMAN 
into human cells. However, to achieve the best results, 
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the next step will be to deliver PACMAN/lipitoid in vivo 
against a live SARS-CoV-2 virus and its related coronavi-
rus variants (Lino et al. 2018; Nguyen et al. 2020; Abbott 
et al. 2020).

Implications of CRISPR in vaccine 
development

In response to control the outbreak of the SARS-CoV-2 
pandemic, there is an urgent need to develop vaccines 
and specific antiviral drugs against the SARS-CoV-2 
virus. However, the development of the vaccine is a 
long and complex process and takes 5 to 10 years to get 
commercialized. But because of the rapid inflation of 
COVID-19 cases globally, WHO permitted the use of 
seventeen COVID-19 vaccine candidates under the act of 
Emergency Use Authorization (EUA). These seventeen 
COVID-19 vaccine candidates were developed under 
1 year with valid experimental (pre-clinical and clini-
cal) data but still need long-term extensive research and 
should meet all the regulatory norms which are under 
process. Further, recent WHO’s landscape of COVID-
19 vaccine development worldwide states that there are 
294 vaccine candidates which are in the clinical (110 
vaccine candidates) and pre-clinical (184 vaccine can-
didates) stage (https:// www. who. int/ publi catio ns/m/ 
item/ draft- lands cape- of- covid- 19- candi date- vacci nes). 
Traditionally, most of these vaccines work by inject-
ing the viral proteins or weakened viruses or RNA into 
the human body and thus boosting the immune system 
to generate antibodies against it and thus neutralizing 
the virus. However, the evolution of mutant variants of 
SARS-CoV-2 makes the scenario worst as these vaccines 
might fail or become less effective against it. There-
fore, there is an urgency for the acceleration of vaccine 
production or the finding of alternative approaches to 
detect and neutralize such mutant SARS-CoV-2 vari-
ants. To meet this, CRISPR approaches are being uti-
lized by the researchers which shows great potential in 
producing safer, multivalent, recombinant viral vac-
cines; engineered B cells; and antiviral defense systems 
in humans to fight against such mutagenic pathogens and 
thus overcome the limitation of a traditional vaccine. 
For instance, Atasoy et al. implemented NHEJ-CRISPR/
Cas9 (Non-Homologous End Joining) combined with 
CRE-LOX system and successfully deleted the viru-
lence genes [thymidine kinase (TK) and unique short 
4 (US4)] of infectious laryngotracheitis virus (ILTV) 
and simultaneously inserted foreign gene of Newcastle 
virus [inserted fusion (F) gene] without affecting rep-
lication of ILTV and expression of F protein and thus 
successfully generated multivalent recombinant vaccine 

vector which can be used for the protection against viral 
pathogens (Atasoy et al. 2019). Similarly, Chang et al. 
successfully generated recombinant HVT-H7N9-HA 
bivalent vaccine using HDR-CRISPR/Cas9 (homology-
directed repair) accompanied with erythrocyte binding 
assay. They inserted the H7N9-HA expression cassette 
inside the UL45 and UL46 (Integrin region) of HVT 
(turkey herpes virus) using CRISPR/Cas9. This H7N9-
HA cassette upon transfection expresses the avian influ-
enza virus (AVI) antigen, hemagglutinin (HA) glyco-
protein (Chang et al. 2019). Johnson et al. have shown 
that they can efficiently engineer B cells with CRISPR/
Cas9 to express mAbs against different antigens. Hence, 
this strategy may be adapted as an alternative method 
to vaccination by inserting precisely engineered nucleic 
acid stretch for antibodies against SARS-CoV-2 in the 
host B cell genome to express the antibody that is spe-
cific for SARS-CoV-2 without introducing a version 
of the virus. This may further potentially eliminate the 
need of repeated injections and may allow fighting such 
viral outbreaks within a month instead of years to make 
traditional vaccines for the same (Johnson et al. 2018; 
Faiq 2020). Further, Abbott et al. have shown that PAC-
MAN can be utilized as an alternative genetic vaccine 
approach to kill or disable the SARS-CoV-2 by target-
ing and destroying the intracellular viral genome and its 
mRNAs, hence halting the viral replication in humans 
without the requisite to introduce the virus itself. Fur-
thermore, they have stated that Cas13d not only can 
neutralize SARS-CoV-2 but also has the potential to 
neutralize mutant SARS-CoV-2 variants and also the 
viruses that are found in animal reservoirs which may 
infect humans, by delivering multiple crRNAs simul-
taneously that target different regions of the virus and 
thus not allowing the virus to escape through mutation 
(Abott et al. 2020; Patchsung et al. 2020). In one of the 
most interesting recent studies, Blanchard et al. deliv-
ered polymer formulated mRNA encoded Cas13a and 
crRNAs for PB1 and PB2 which are highly conserved 
regions of influenza virus A (IVA) and for replicase and 
nucleocapsid genes of SARS-CoV-2 to the respiratory 
tract of IVA-infected mice and SARS-CoV-2-infected 
hamsters using nebulizer, respectively. They found that 
Cas13a debauched the IVA-RNA in lung tissue of mice 
efficaciously. On the other hand, Cas13a reduces the 
replication of SARS-CoV-2 in hamsters, thus palliating 
both the viral infections expeditiously (Blanchard et al. 
2021). However, these studies are just a base-born and 
require more extensive pre-clinical studies to look into 
limitations like immunogenicity, delivery of CRISPR 
components, the fate of Cas protein expression, and off-
target effects before it goes to the clinical stage.
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Limitations and enhancement 
of CRISPR‑Cas‑based diagnostic 
and therapeutic tools

CRISPR-based sensing has exhibited its great potential in 
specific, sensitive, and affordable detection of nucleic acid 
in the last couple of years, and presently SARS-CoV-2, but 
still this arena needs much more attention for overcoming the 
challenges associated with this technology for the develop-
ment of “sample-in-answer-out” CRISPR-based point of care 
devices. According to the WHO guidelines, the key features 
of a point of care diagnostic device are affordable, sensitive, 
specific, user-friendly, rapid and robust, equipment-free, and 
deliverable (ASSURED) (Nouri et al. 2020). Abiding by these 
guidelines, the assay runtime of the CRISPR-based methods 
is one of the most crucial drawback, since sample preparation 
involves the most part of the CRISPR-based diagnostic meth-
ods, as well as separate sample preparations also increases the 
complexity of the process and in turn reduces the acceptability 
and applicability (Lino et al. 2018; Abbott et al. 2020; Nouri 
et al. 2020). This necessitates the development of a single-step 
diagnostic test for efficient and rapid point of care applica-
tion. Recently, few studies have been carried out to accelerate 
and simplify the process of SARS-CoV-2 sample preparation, 
and several studies have also inspected sample preparation-free 
assay, using RT-PCR and RT-LAMP (Crannell et al. 2014; 
Rabe and Cepko 2020). Hence, further research should be 
concentrated on the development of a fully rationalized pro-
cess by impeccably combining the sample preparation with 
the CRISPR assay for efficient and user-friendly operation, 
i.e., raw sample-in-answer-out. Apart from the lacking of the 
sample preparation process for CRISPR-based detection, per-
formance enhancement of the CRISPR sensing at the final step 
also requires distinguished attention. Currently, to improve 
the performance of CRISPR sensing with respect to signal 
enhancement, nanomaterials have been introduced (Yang et al. 
2018; Shao et al. 2019; Rabiee et al. 2020). A simple visual 
detection system has been recently developed using quantum 
dots, as an ultra-brightness indicator, for CRISPR-Cas12a 
assay to sense viral DNA targets (Ding et al. 2020; Yuan et al.; 
Rabiee et al. 2020). Hence, this sensing system has also omit-
ted the use of bulky and complicated sensing instruments and 
employed a handheld flashlight to distinguish between posi-
tive and negative samples. Additionally, artificial intelligence 
(AI) can also be combined with this sensing technology for 
improved and smoother data storage, classification, and shar-
ing. For instance, Ibrahim et al. have introduced the internet 
and machine learning with CRISPR sensing for wireless trans-
mission of signals over the cloud to support and accelerate 
the decision-making processes. This opens up new corridors 
for further research, focusing on the enhancement of CRISPR 
sensing performances in the near future (Ibrahim et al. 2020).

Conclusion and future perspectives

The emergence of highly infectious SARS-CoV-2 and their 
natural variants resulting from rapid evolution and diversi-
fication has drastically affected human health. To address 
these ongoing health issues, emphasis has been given to 
the development of reliable and scalable diagnostic tools. 
Among several tools developed so far, CRISPR-based 
SHERLOCK, DETECTR, and FELUDA techniques hold 
considerable promise for practical application in the treat-
ment and the diagnostics of COVID-19 caused by SARS-
CoV-2. Such ready-to-use portable diagnostic kits are avail-
able at low cost and as such can be used at the hospital 
and resource-limited areas such as airports, schools, small 
clinics, and even at home as well. These CRISPR-based 
diagnostics have the potential to detect SARS-CoV-2 and 
the emerging variants and can provide results within an 
hour with 100% accuracy, sensitivity, and high specificity 
as compared to the standard PCR method. Thus, screening 
and early detection of the COVID-19 affected populations 
at an individual level will impact society in preventing the 
spread of transmission of SARS-CoV-2 viral infection by 
imposing quarantine measures immediately. Although the 
CRISPR-based detection tool has proven to be promising, 
it is still limited to the lab. Therefore, further translational 
research is very much required for lab to land transition 
through large-scale production of such rapid diagnostic kits 
and commercialization. The development of low-cost and 
portable microfluidic CRISPR-based cartridges and lyophi-
lized reagents can aid to carry out the COVID-19 test at any 
location. However, the application of the kit will require 
well-trained personnel experienced in the technique.

The discovery of CRISPR-Cas13 further extended the 
practical applications such as RNA editing and repair, RNA 
knockdown, live-cell transcript imaging, and most cur-
rently being used as a novel therapeutic approach to cure 
COVID-19. Further, research on Cas13d nucleases has also 
led to the foundation for the development of new technol-
ogy termed PACMAN which has intelligibly shown that 
CRISPR-Cas13d with specific crRNA can cleave the target 
viral ssRNA inside the SARS-CoV-2 viral infected cells by 
preventing the expression of protein-coding genes prudent 
for the survival and replication of the viruses. Thus, the 
CRISPR-Cas system acts as a “molecular detector and anti-
viral proctor.” PACMAN technology emerges as a potential 
antiviral strategy to combat not only SARS-CoV-2 but also 
several variants of viral strains with pandemic potency. Even 
so, the current delivery system of PACMAN uses an AAV 
vector as a vehicle, but it might be inapplicable for in vivo 
delivery, because of toxicity and immunogenicity. Therefore, 
the assessment of other delivery systems such as non-viral 
vectors may add benefits to the researchers to explore and 
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refine the current technology to gain more cognition about 
the fate of delivery approach, duration of Cas13d expres-
sion, and toxicity of each component for future medicinal 
therapeutic advancements. Thus, CRISPR-Cas13 demands 
more attention to fully exploit its potential and overcome the 
associated challenges, for better application with salutary 
results for today and even for decades to come. Finally, we 
conclude that CRISPR assays are rapid, scalable, and cus-
tomizable without losing specificity and sensitivity to detect 
SARS-CoV-2 and its variant strains with limited resources at 
home or any point of care. However, it still needs extensive 
studies to overcome the complexity of designing crRNAs 
by developing more effective bioinformatic tools to predict 
crRNAs specificity and activity. Further, modification of Cas 
enzyme or reporter molecule, incorporation of non-primer 
signal amplification strategies, ruling out separate sample 
preparation steps, and multiplexing with different Cas pro-
teins such as Cas13b-d, Cas12b, and Cas14 for detection 
are some of the potential areas to meliorate and reshape the 
technology and extend its sensing strategies and thus open 
a new gateway for the researcher to carry out more extended 
research in the field and leverage this new technology for the 
betterment of human health.
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