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Abstract
Persistence and prevalence of microbial diseases (pandemics, epidemics) is the most alarming threats to the human resulting 
in huge health and economic losses. Rapid detection and understanding of the disease dynamics by molecular biotechnology 
tools allow for robust reporting, treatment and control of diseases. As per WHO, the optimal diagnostic approach should 
be quick, specific, sensitive, without a stringed instrument, and low cost. The drawbacks of traditional detection techniques 
promote the use of CRISPR-mediated nucleic acid detection methods such as SHERLOCK as detection method. It takes 
advantage of the unexpected in vitro features of CRISPR-Cas system to develop field-deployable sensitive detection tools. 
Previously, CRISPR-mediated diagnostic methods have extensively been reviewed particularly for SARS-COV-2 detection, 
but it fails to provide the insight into advances of this technique. This study is the first attempt to review the advances of 
SHERLOCK approach as diagnostic tool for viral diseases detection. Variations of SHERLOCK mechanism for improved 
efficiency are discussed. Particularly integrated SHERLOCK approaches in terms of extraction-free assay and Bluetooth-
enabled detection are reviewed to access their feasibility for the development of simpler and cost-effective diagnostic toolkits. 
Insight in to perks and limitations of diagnostic methods indicates its potential as ultimate diagnostic instrument for disease 
management.
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Abbreviations
SARS  Severe acute respiratory syndrome
MRSA  Methicillin resistant Staphylococcus 

aureus
FDA  Food and Drug Authority
CDC  Center of Disease Control
ELISA  Enzyme-Linked Immunosorbent Assay
RT-qPCR  Reverse Transcriptase Quantitative PCR
NGS  Next Generation Sequencing
POC  Point of Care
CRISPR  Clustered regularly interspaced short 

palindromic repeats
Cas  CRISPR-associated proteins
PAM  Protospacer Adjacent Motif
PFS  Protospacer Flanking Sequence
HEPN  Higher eukaryotic and prokaryotic 

nucleotide-binding domain

RPA  Recombinase polymerase amplification
LAMP  Loop-mediated isothermal amplification
SHERLOCK  Specific High-Sensitivity Enzymatic 

Reporter Unlocking
STOP  SHERLOCK Testing in One Pot
TCEP  Tris (2-carboxyethyl) phosphine 

hydrochloride
SHINE  Streamline Highlighting of Infections to 

Navigate Epidemics
DISCOVER  Diagnostics with Coronavirus Enzymatic 

Reporting
CARMEN  Combinatorial Arrayed Reactions for 

Multiplexed Evaluation of Nucleic-acids
PEARL  Precipitation-enhanced analyte retrieval
CAS-EXPAR  CRISPR/Cas9 driven isothermal exponen-

tial amplification reaction
CARP  CRISPR-associated reverse PCR
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ctPCR  CRISPR-typing PCR
CASLFA  CRISPR/Cas9-based lateral flow assay
RCA   Rolling circle amplification
cfDNA  Cell-free DNA
Bio-SCAN  Biotin-coupled-specific CRISPR-based 

assay for nucleic acid detection

Introduction

In recent years, the spread of infectious diseases like severe 
acute respiratory syndrome (SARS), ZIKA, Ebola, Hepati-
tis, Influenza, Tuberculosis, Human Monkey Pox, Hemor-
rhagic Fever, Typhoid, etc. has increased, posing a serious 
threat to public health [1]. The pattern of reoccurrence and 
resurgence of infectious disease would continue to grow due 
to increased population, increased number of aged persons, 
and enhanced inter/intra continental traveling which facili-
tates the growth, mutation, and spread of novel infectious 
diseases [2]. In the last 3 decades, the world has witnessed 
the emergence of more than 30 new infectious diseases. 
Unfortunately, in most instances, Asia is the epicenter for 
the emergence and reemergence of these diseases [3]. All 
these atrocious diseases significantly affected global health, 
social stability, and the world economy. Authorities in the 
healthcare system highlighted the importance of screening 
as many people as possible to detect affected persons and 
locating their connections as an efficient solution for control-
ling viral transmission [2].

As per an estimation, until now approximately 39 diag-
nostic tests have been approved by FDA which mainly rely 
on laboratory procedures [4]. The current paradigm of 
clinical disease detection relies on the pathogen culture and 
detection of specific antibodies, antigens, or nucleic acid 
of pathogens for which patient samples have to be sent to 
centralized diagnostic laboratories for analysis [5, 6]. Con-
ventional methods like “Enzyme-Linked Immunosorb-
ent Assay” (ELISA), “Reverse Transcriptase Quantitative 
PCR” (RT-qPCR), “Next Generation Sequencing” (NGS), 
and Point of Care (POC) diagnosis are the most common 
in practice (Table 1) for the microbial identification and 
nucleic acid testing. However, these methods are time-con-
suming, rely on laboratory procedures, and require high-cost 
machines which limit their applicability as on-site diagnostic 
procedures [5]. It demands the development of robust, effi-
cient, sensitive, accurate, and economical detection methods 
to enhance the timely disease detection for their intervention.

Alternatively, “Clustered Regularly Interspaced Short 
Palindromic Repeats” (CRISPR) has emerged as a potent 
tool for genome editing since its discovery in 1987. The abil-
ity of CRISPR and CRISPR-Associated Proteins (Cas Pro-
teins) to correct genetic defects and prevent disease spread 
enabled scientists to utilize this technology in therapeutics 

and molecular diagnostics of infectious diseases. These 
methods have higher diagnostic accuracy and emerged as 
a promising tool not only for diagnostic purposes but also 
to identify antibacterial or antiviral-resistant microbes and 
for the inactivation of infectious pathogens [19]. Mostly 
the CRISPR-Cas platforms are developed on Cas-9 protein 
which transformed the world of genetic manipulation thus, 
speeding the development of new techniques in fundamen-
tal studies and clinical practices. CRISPR-Cas9 techniques 
were able to detect the Zika virus in 2016 and MRSA in 
2017 [20]. However, the recognition and cleavage activity 
is restricted in specific systems because of the requirement 
of “Protospacer Adjacent Motif” (PAM) or “Protospacer 
Flanking Sequence” (PFS) [21]. The discovery of Cas12a 
(formerly Cpf1) and Cas13a (formerly C2c2) proteins revo-
lutionized nucleic acid detection due to their collateral cleav-
age activity and the lack of PAM and PFS in some orthologs. 
Particularly Cas13a is ssRNA-specific single component 
RNA-guided RNA-targeting effector protein that target and 
cleaves the desired RNA as well as neighboring non-targeted 
RNA [22].

The particular activity of Cas13a was considered to 
develop an effective CRISPR platform known as “Specific 
High-Sensitivity Enzymatic Reporter Unlocking” (SHER-
LOCK) in 2017 by Prof. Feng Zhang and his team. Later 
it was used as a diagnostic platform in 2018 for the speedy 
detection of infectious diseases such as; ZIKA and COVID-
19 [17]. In SHERLOCK, nucleic acid pre-amplification was 
combined with the collateral activity of Cas13 for specific 
recognition of desired nucleic acid that allows the ultrasensi-
tive, portable, and multiplexed identification of pathogenic 
nucleic acid from clinical samples [23]. It emerged as prom-
ising diagnostic technology, especially in the recent wave of 
COVID-19. The sensitivity and accuracy of SHERLOCK 
are advantageous for the development of the cost-effective 
off-site diagnostic procedure (Table 1) as compared to PCR-
based methods. While previously published plethora of lit-
erature reviews the CRISPR as diagnostic and therapeutic 
tool specially for SARS-COV2, the present study reviews 
the developments of SHERLOCK (CRISPR-mediated 
technique) and its use as diagnostic tool for viral disease 
detection. It is first study where the potential and advances 
of SHERLOCK has comprehensively been reviewed. The 
objective of this paper is to explain the features, functions, 
and possibilities of SHERLOCK as prospective testing 
equipment for infectious viral disease diagnosis to curb the 
disease outbreaks. Being progressing technique currently 
SHERLOCK is facing some challenges/shortcomings that 
are being addressed by integrating other diagnostic meth-
ods with this technique. The highlight of the review is 
the advancements in the SHERLOCK through integrated 
approaches particularly focusing on extraction-free assays 
and Bluetooth-enabled detection. This information paves the 
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way for the development of SHERLOCK-based point-of-
care devices for viral disease diagnosis.

Mechanism of SHERLOCK‑Mediated 
Approach

SHERLOCK is the CRISPR-Cas13-based real-time nucleic 
acid detection method based on the “Recombinase Polymer-
ase Amplification” (RPA) and “Loop-Mediated Isothermal 
Amplification” (LAMP) amplification of the nucleic acid 
followed by collateral cleavage of a reported sequence by 
Cas13a (Fig. 1). Although the original protocol focused 
on the RPA and LwCas13a, it can be modified for Cas12a, 
Cas13a, or any other Cas protein variant accordingly. 
Depending on the choice of reporter molecule, fluorescence 
detection or lateral flow assay both are compatible with 
SHERLOCK. Generally, CRISPR-Cas13 system comprises 
of two components (i) RNA-guided Cas13 RNase with 
HEPN (higher eukaryotic and prokaryotic nucleotide-bind-
ing domain) mediated endonuclease activity, and (ii) pre-
CRISPR-RNA (crRNA) that can recognize mature crRNA 
for targeted activity [24].

SHERLOCK detection approach consist of three major 
steps including (i) sample acquisition, (ii) amplification, and 

(iii) CRISPR-mediated collateral activity and detection. The 
detection procedure starts from the sample acquisition which 
could be in the form of blood, urine, and nasal swab or the 
nucleic acid (either DNA or RNA) extracted from the patient 
samples. It is followed by the isothermal amplification of 
the target genome through recombinase polymerase (RPA) 
or loop-mediated isothermal amplification (LAMP). The 
target molecules are then subsequently converted to RNA 
targets by T7 transcription. Binding and collateral cleavage 
activity of Cas13 is then utilize for the detection. Speci-
ficity of this system is ensured by the crRNA-target pair-
ing which is confirmed by designing target-specific Cas13: 
crRNA complexes according to the target agent to activate 
and cleave fluorescent RNA sensors. Signal amplification 
of cleavage activity of LwCas13a protein on RNA reporter 
(already added in reaction) is done to achieve further sensi-
tivity [17, 25]. The results of collateral activity conferred by 
detached biotin-fluorescein RNA reporter is then captured. 
Single-plex colorimetric or lateral flow reactions and single- 
or multiplex fluorescence-based SHERLOCK reactions are 
both viable options for detection (Fig. 1). The intensity and 
existence of fluorescent light indicate the concentration of 
the target molecule in the clinical samples [25]. Combining 
Cas13 with Cas12 in the same assay allows for the simulta-
neous detection of several targets inside the same reaction.

Fig. 1  Schematic overview of the SHERLOCK-mediated disease 
diagnostic approach representing the various methods adopted 
for sample preparation, nucleic acid extraction, and Cas-mediated 
detection. The figure showed that nucleic acid could be extracted 
from blood, urine, or nasopharyngeal samples by kit-based extrac-

tion, HUDSON method, and magnetic-bead-based extraction. The 
extracted nucleic acid is then amplified either by LAMP or RPA 
methods, where amplicons are detected by probe-associated CRISPR-
Cas. The results could be obtained on lateral flow strip or through 
fluorometer
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SHERLOCK‑Mediated Disease Diagnosis

SHERLOCK has proven as versatile and robust method for 
the detection of DNA or RNA and has vast applications in 
rapid disease diagnosis and genotyping. The use of handheld 
spectrometers or portable electronic fluorescent readers can 
reduce the instrumentation cost to < 200$ which could be 
further reduced to 0.61$/test by redesigning the method on 
paper [25]. In 2017, SHERLOCK v1 was introduced that 
relies on the Cas13a nuclease originating from Leptotrichia 
wadei that could detect and cleave RNA molecules unlike 
the activity of Cas12. Though, SHERLOCK v1 was reliable 
and able to detect low viral concentrations its applicabil-
ity was limited by its qualitative nature, dependence on the 
fluorescent detection instrument for expression readout, and 
detection of a single target molecule in a single reaction. 
These limitations were addressed in the SHERLOCK v2 
which focused on the (i) combined activity of Cas13 with 
Csm6 to enhance the sensitivity by 3.5-fold, (ii) 4-channeled 
multiplexed reaction by Cas enzyme orthologs for the detec-
tion of up to four different targets in a single reaction, (iii) 
quantitative measurement of signals, and (iv) lateral flow 
readout for instrument-free portable detection. The combina-
tion of Cas13 with Csm6 not only improves the sensitivity 
but also allows the direct detection of most pathogen vari-
ants without pre-amplification. These modifications broaden 
the quantification aspect and the process utility, so it is more 
visual and sensitive [26]. The validity of SHERLOCK test-
ing for SARS-COV-2 detection on the clinical patient sam-
ples from Thailand indicated 100% specificity and sensitiv-
ity in the case of fluorescent detection while, lateral flow 
assay showed 100% specificity with 97% sensitivity [27].

Two-step SHERLOCK testing in combination with 
LAMP assay was given emergency use authorization by 
FDA as a portable diagnostic kit for COVID testing thus 
making it the first-ever FDA-approved CRISPR-Cas diag-
nostic system. The commercial availability of the kit allows 
viral detection in one hour with standard laboratory equip-
ment such as a water bath and fluorometer. Testing of the kit 
on 30 positive and negative nasopharyngeal samples indi-
cated 100% sensitivity and specificity of the test with 6.75 
copies/µL of limit-of-detection [28]. However, the cost and 
the requirement of proper lab setup are the limitations that 
must be addressed for the economical implementation of 
such a system in laboratory settings.

Time consumption and higher risks of cross-contam-
ination hinder the applicability of two-step diagnosis. An 
important variation in this regard enabled the performance 
of the whole SHERLOCK assay in a single tube which is 
termed SHERLOCK Testing in One Pot (STOP). It allows 
for rapid viral detection in femtomolar concentration in 
10–15 min and attomolar concentration in less than an hour. 

It reduces the cross-contamination chances and allows cost-
effective offsite disease detection [17]. Recently, a similar 
type of diagnostic approach is used for detecting SARS-COV 
2 (termed STOPCOVID v1). The Nucleic Acid is amplified 
by LAMP at temperatures 55–70 °C is detected through the 
specific activity of thermostable Cas12b in the presence of 
reporter molecule. In STOPCOVID v2, the nucleic acid 
sample was concentrated by magnetic beads that result in 
600 times higher yielding input as compared to the CDC 
test. Overall, the process can detect 100 copies/sample or 
33 copies/mL as compared to 1000 copies/mL detected by 
the CDC-approved RT-qPCR. Although, this process has the 
advantage of high sensitivity, unextracted sample process-
ing, and one-fluid handling at a single temperature yet its 
cost must be reduced. Installation of modular heather will 
help in streamlining the workflow for a simpler process [29].

Quality assurance of the tested method is challenging 
due to varying sample collection and preparation methods, 
incomplete understanding of time course viral dynamics, 
and lack of standard reference. Integrated approaches based 
on simpler sample preparation and portable analytical proce-
dures are the future exploratory areas for researchers.

Extraction‑Free SHERLOCK Analysis

Replacement of diagnostic gold standard “RT-PCR” with 
more robust and economical CRISPR-mediated methods 
would require them to be more scalable, efficient, and sen-
sitive for their easier deployment in low-resource settings. 
Nucleic acid extraction by commercially available kits is the 
major hurdle in the field deployment of CRISPR diagnos-
tics due to the multi-step processing, and the requirement of 
expensive chemicals and trained personnel [30]. Eliminating 
nucleic acid extraction (Fig. 1) can greatly reduce the time 
and chemical requirements [5]. The pairing of SHERLOCK 
with direct sample detection is a must for this technique to 
excel in any context. Raw nucleic acid extraction through 
mechanical or chemical forces is suitable but it may con-
taminate the sample with nucleases or PCR inhibitors which 
can degrade reporter molecules and cause false-positive sig-
nals. Pre-treatment of nucleic acid with RNase inhibitors or 
HUDSON [inactivation of inhibitors by heat and reducing 
agents such as Tris (2-carboxyethyl) phosphine hydrochlo-
ride (TCEP)] is a viable approach to reduce contamination 
risk [17]. To develop the field-deployable diagnostic system, 
HUDSON was integrated with SHERLOCK for the detec-
tion of ZIKA and Dengue virus. HUDSDON-treated unex-
tracted saliva or urine samples were directly employed for 
the RPA while, blood samples need 1:3 dilution with phos-
phate buffer saline to avoid coagulation during the amplifica-
tion process [31]. Focusing on this aspect, an extraction-free 
sensitive SARS-COV-2 detection test known as streamline 
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highlighting of Infections to Navigate Epidemics (SHINE) 
has been developed. In version 1 of the protocol, patient 
samples were treated with a mixture of TCEP, EDTA, and 
murine RNase inhibitors at 40 °C for 5 min followed by 
incubation at 70 °C for 5 min for sample lysis. The extracted 
sample was then processed and analyzed by optimized sin-
gle-step SHERLOCK where visual readouts were monitored 
through a specially designed smartphone app. The overall 
process took almost 50 min. Validation of protocol on 50 
patients indicates 90% sensitivity and 100% specificity com-
pared with RT-PCR [5]. The process was further simplified 
in SHINE.v2 by eliminating the need for heating and cold 
storage of reagents. The modified process took < 90 min 
and showed 100% specificity and 90.5% of sensitivity as 
compared to RT-PCR. SHINE.v2 was effectively discrimi-
nated between a different variant of the SARS-COV-2. Heat 
block working at 37 °C and lateral flow sticks were mainly 
required for the process which enabled its easy use in far 
reached low-resource areas [32].

Similarly, an RNA-extraction-free CRISPR detection 
method known as Diagnostics with Coronavirus Enzymatic 
Reporting (DISCoVER) has been developed for the covid 
diagnosis. It allows the direct lysis of saliva samples through 
heating in lysis buffer followed by sample loading in a grav-
ity-driven microfluidic cartridge where samples are ampli-
fied by LAMP at 65 °C for 20–30 min. LbuCas13 molecules 
then identify and cleave the crRNA-specific amplicons at 
37 °C and provide fluorescent readouts in 5 min. Unextracted 
samples are usually at a high risk of degradation due to the 
presence of RNase in the raw sample as was observed in the 
present scenario but the treatment of saliva samples with 
low concentrations of TCEP-EDTA was found to preserve 
the target RNA. The attomole sensitivity with 100% positive 
predictive value and 93.7% negative predictive value as seen 
by automated processes substantially decreases the likeli-
hood of contamination spread. The clinical trial showed 94% 

sensitivity and 100% specificity of the test [33]. However, 
the need for specialized equipment is a major limitation of 
the process in its applicability as a portable diagnostic tool.

Recently, SHERLOCK testing has been optimized with 
LAMP amplification. Even though, RPA has been in more 
practice as many CRISPR-based diagnostic methods are 
developed on it. However, it faces the challenges of cross-
contamination due to two-step reactions, weak signals, and 
long-incubation time. Alternatively, LAMP has a high yield, 
affordability, and accessibility as it is more specific and 
speedier [34] but it is limited by false-positive results due to 
contamination, formation of primer dimers, and sequence 
similarities [35]. Diseased samples were mixed with pro-
teinase K and heated at 65 °C for 6 min followed by 3 min 
of treatment at 98 °C. Cooled samples were then processed 
for the LAMP-based SHERLOCK where amplification 
was performed at 61 °C for 30 min followed by LwCas13a 
detection reaction with amplicons at 37 °C. Positive samples 
were detected by measuring fluorescence for 10 min at 2 min 
intervals [36].

Integrated Approaches for SHERLOCK 
Diagnosis

The limitations of the SHERLOCK-mediated diagnosis 
call for the integration of various methods to enhance the 
efficiency and efficacy of this technology. Recently, many 
research groups were able to combine two or more aspects 
of a process in a single process pipeline to develop effi-
cient methods like SHINE, Sherlock, CARMEN, CREST, 
etc. which enabled robust disease detection (Fig. 2). Each 
method has its own set of possibilities and challenges.

In an attempt to develop an economical and self-con-
tained POC diagnostic approach, SHERLOCK was modi-
fied to be operated by utilizing minimum instruments 

Fig. 2  Comparative evalua-
tion of SHERLOCK-mediated 
diagnostic approaches in terms 
of experimental duration. The 
figure showed the time required 
for extraction, amplification, 
and detection step for various 
variations of SHERLOCK 
method. Two-step SHERLOCK 
took almost 220 min while 
STOPCovid V2 took almost 
60–70 min
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(miSHERLOCK). This platform integrated STOP reaction 
with RNA paper-capture technique for the instrument-free, 
battery-operated multiplexed detection of SARS-COV-2 and 
its different variants. The experiment was performed in a 
specially designed battery-operated heater that could achieve 
temperatures up to 95 °C. Saliva samples were inactivated at 
95 °C and RNA was concentrated onto a column filter which 
was then automatically plunged into SHERLOCK reaction 
mixture (consisting of RPA reagents and Cas12a) and pro-
cessed at 37 °C. Reaction output was monitored visually or 
through the smartphone app. RNA filtration and concentra-
tion through this method not only reduces the chances of 
cross-contamination but also improves the sensitivity of the 
assay by 2–20-folds. The cost of miSHERLOCK device is 
approximately $15 which can further be reduced to $11 by 
reusing the heater and electronics. The major share of the 
cost accounts for the commercially obtained reagents and 
enzymes. Testing of the assay on a small set of saliva sam-
ples and the unavailability of test clinical samples were the 
major limiting factors of the assay [37].

The development of affordable and portable diagnostic 
facilities is the major goal of the current efforts. Integra-
tion of CRISPR with battery-operated, Bluetooth-enabled, 
field-ready mini thermocyclers allows the deployment of 
this technology in unconventional environments for viral 
detection. Based on this aspect, CREST protocol has been 
developed where the use of mini-PCR mini16 has been sug-
gested as an economical solution for viral target amplifi-
cation. Whereas for the visualization of results, a battery-
powered P51 cardboard fluorescence visualizer has been 
used instead of lateral flow assay or the fluorometer [38]. 
Currently, RNA extraction through commercial kits is the 
limiting factor in the affordable scalability of this technique. 
An extraction-free protocol precipitation-enhanced analyte 
retrieval (PEARL) has been combined with CREST to omit 
the need for commercial RNA extraction kits. PEARL utilize 
common laboratory reagents such as sodium acetate, TCEP, 
IGEPAL, polyacrylamide, and HEPES–KOH as lysis solu-
tion for nucleic acid or protein extraction. Sample purifica-
tion was performed by ice-cold precipitation by isopropanol 
and ethanol. The extracted sample can directly be utilized 
for detection purposes making the process more streamlined 
and robust [39].

Routine laboratory diagnostics are sufficient to provide 
information to patients and healthcare workers to curb the 
disease’s spread. However, multiplexing of the detection 
method is essential for robust and inexpensive identifica-
tion of circulating pathogens [4]. Cas13 approaches are 
blessed with the advantage of multiplexing which allows 
the (i) targeting of multiple sites in a single genome, (ii) 
differentiation between related serotypes and viral species, 
and (iii) simultaneous detection of multiple mutations within 
co-circulating SARS-COV-2 variants with high fidelity [24]. 

Combining the strengths of CRISPR with multiplexing will 
be ideal for the surveillance of hundreds of samples in one 
go. For this purpose, the “Combinatorial Arrayed Reactions 
for Multiplexed Evaluation of Nucleic-acids” (CARMEN) 
approach was developed where CRISPR-related detecting 
reagents including Cas13, crRNA, and reporter molecule 
were combined as fluorescent color-coded nanoliter droplets 
on the microwell-array system which were then paired with 
amplified nucleic acid samples in a single-step. Detection 
reaction monitored by fluorescence microscopy [4].

In general, regardless of the adopted method, there must 
be some modifications in SHERLOCK or CRISPR-based 
techniques for their improvement. It includes the (i) develop-
ment of extraction-free methods with concomitant advances 
in customized reagents, (ii) improvement in one-pot assays 
for better control over reaction dynamics, (iii) focus on the 
portable deployment of the diagnostic methods by improv-
ing reagent shelf-life or by employing battery-operated 
equipment, (iv) identification of novel Cas variants to meet 
the specific diagnostic needs, (v) per sample reduction in 
diagnostic cost.

CRISPR Diagnostics and Its Potential 
Applications

An ideal diagnostic test would have high specificity and low 
false rates for detecting pathogens, in addition, to be cheap, 
portable, and capable of differentiating between various 
types of pathogens. Currently, such test type of diagnos-
tic tolls is very fewer in the market. For the overwhelming 
infectious as well as noninfectious diseases around the globe, 
the development of novel instruments that meet the require-
ments of the WHO’s recommended screening procedures 
has the potential to profoundly transform epidemiological 
monitoring and healthcare delivery. Employing a universal 
“16S rRNA gene V3 RPA” primer set, SHERLOCK can 
distinguish bacterial strains. SHERLOCK has also been used 
to uncover antibiotic resistance genes to detect and geno-
type bacterial or viral infectious disease pathogens. When a 
critical SNP is known, SHERLOCK can be used to do SNP 
screening by carefully constructing a crRNA to target the 
area containing the SNP of interest, which promotes prefer-
ential binding of one mutant over another [25].

SHERLOCK has recently been extensively used for the 
detection of viral diseases such as COVID-19, Dengue, 
Pneumonia, Hepatitis, Zika, Ebola, and Influenza, etc. 
(Table 2). In first of its kind study to identify the Zika virus 
(ZIKV) to determine its genotype, Pardee et al. amplified the 
viral RNA employing isothermal amplification. The DNA 
was subsequently cut using CRISPR/Cas9, and this activ-
ity was recognized by toehold switch sensors, resulting in 
a colorimetric display on a test paper. With a single-base 
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precision, this approach can discriminate between the Amer-
ican and African variants of the ZIKA virus [40].

The CRISPR/Cas9 driven isothermal exponential ampli-
fication reaction (CAS-EXPAR) technique was recently 
established by Huang and colleagues. The technique is used 

Table 2  Diagnostic potential of SHERLOCK for the detection of viral diseases

Disease Causative agent Cas variant Amplification Detection Assay 
reaction 
time (min)

Specificity 
(%)

Sensitivity References

COVID-19 SARS-COV-2 AapCas12b Loop-mediated 
isothermal 
amplification 
(LAMP) of 
viral RNA

Lateral flow 
detection

140 100 – [41]

COVID-19 SARS-COV-2 LwaCas13 Direct ampli-
fication by 
real-time-
recombinase 
polymerase 
amplification 
(RT-RPA)

Fluorometric 
detection

60 100 2.5 copies/µL 
(96%)

[42]

ZIKA ZIKV LwCas13a RT-RPA of 
viral sample 
treated via 
HUDSON 
method

Fluorescence 
or calori-
metric

 < 120 100 1–1000 cp/µL [31]

Dengue DENV1 LwCas13a RT-RPA of 
viral sample 
treated via 
HUDSON 
method

Calorimetric 
(lateral flow)

 < 60 100 – [31]

Tuberculosis 
(TB)

Mycobacterium 
tuberculosis

Cas12 LAMP of 
extracted 
viral nucleic 
acid

Later flow/
real-time 
fluorescence

55–60 100 10 cp/reaction [43]

Pneumonia Pneumocystis 
jirovecii

Cas13a Transcription-
mediated 
amplication 
of viral RNA

Fluorescence 
plate reader

120 97.7 2 cp/µL
(78.9%)

[44]

Hepatitis Hepatitis B virus Cas13a Recombinase-
aided 
amplification 
(RAA)

Lateral flow 
detection

 < 60 – 93.8% [45]

Hemorrhagic 
fevers (Ebola 
& Lassa)

Ebola virus, Lassa 
virus

Cas13a RT-RPA of 
samples 
treated by 
HUDSON 
method

Fluorescence/
lateral flow 
method

 < 60 100% 91% [46]

Influenza Avian influenza A 
H7N9

LwCas13 RT-RPA of 
extracted 
viral RNA

Fluorescence 
plate reader

50 min – – [47]

African Swine 
Flu

African swine 
virus

LbuCas13a, 
AsCas12a

RPA of 
heat-treated 
samples, 
detected by 
AuNP detec-
tion

 < 1 200 copies/µL [48]
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to detect the sequence of DNA with attomolar (aM) level 
of sensitivity & single-base specificity. The target DNA 
fragment left over after CRISPR/Cas9 cleavage primes 
CAS-EXPAR, which then cycles through the amplification 
process to produce a huge number of DNA copies that are 
identified by utilizing a real-time SYBR Green detectable 
fluorescent signal. The technique successfully shows that it 
is sensitive enough to detect Listeria monocytogenes RNA 
and Epigenetic changes [49]. Another team created two tech-
niques called CRISPR-associated reverse PCR (CARP) and 
CRISPR-typing PCR (ctPCR) for finding DNA [50]. These 
tests combine PCR amplification of the target sequence 
with CRISPR-specific cleavage, and the outcome can subse-
quently be seen using gel electrophoresis or real-time PCR. 
Human papillomavirus (HPV) HPV16 and HPV18 L1 gene 
detection was used to validate ctPCR and CARP. CRISPR/
Cas9-based lateral flow assay (CASLFA) was devel-
oped more recently by Wang et al. This method combines 
CRISPR/Cas9 with the lateral flow assay. The CASLFA is 
used to diagnose Listeria monocytogenes [51] as well as the 
African swine fever with great specificity and within one 
hour at a LOD of hundreds of copies of genomic samples.

Another tool that has been modified is the nuclease-
dead Cas9 (dCas9) that binds DNA without splitting it. The 
researchers divided luciferase and joined the two halves to 
dCas9; these two fragments can heterodimerize to rebuild 
complete protein and emit bioluminescent signal if targeted 
to neighboring DNA locations. To diagnose Mycobacte-
rium tuberculosis DNA, the bacterial DNA sequence was 
pre-amplified, and the dual gRNAs targeting the bacterial 
DNA were added. If the amplified DNA is the predicted 
pathogen DNA, bioluminescence will result [49]. A similar 
technique known as the rolling circle amplification (RCA)-
CRISPRsplit-HRP system is employed for quickly detect-
ing MicroRNAs [52]. Pretty recently, Kyeonghye Guk and 
associates offer a CRISPR-based DNA-FISH approach for 
the straightforward, quick, and highly sensitive detection 
employing SYBR Green-I acting as fluorescent probe and 
dCas9 for precise targeting. Methicillin resistant Staphylo-
coccus aureus (MRSA) can be found using this CRISPR-
based DNA-FISH in just 30 min [53].

To increase sensitivity, all of the methods mentioned 
above need the pre-amplification procedure. The CRISPR-
Chip, a label-free DNA-testing device, was created by Reza 
Hajian et al. to find a target DNA sequence. The biosensor 
makes use of a field-effect transistor based on graphene and 
immobilized dCas9-gRNA complex, whose output signal 
may be detected by a straightforward handheld reader. The 
CRISPR-Chip can identify mutations in DNA in patients 
of Duchene muscular dystrophy with a sensitivity of 1.7 
femto moles in 15 min. The use of CRISPR-Chip technology 
to detect nucleic acids electrically on a chip broadens the 
applicability of CRISPR-Cas9 [54]. In future, exploitation 

of Cas9 as diagnostic agent in SHERLOCK method will be 
an interesting avenue to explore.

In another attempt, the improved SHERLOCKv2 utilize 
the multiplexing approach to enhance the process efficiency. 
In this technique, four different DNA or RNA sequences can 
be detected in a single reaction by utilizing a combination 
of four different Cas13 and Cas12 enzymes. Additionally, 
the detection sensitivity can be increased by approximately 
3.5-fold through the utilization of Csm6, a CRISPR-asso-
ciated enzyme, in order to boost Cas13 activity. The final 
step involves the incorporation of a reporter molecule for 
a lateral flow assay, which enables a visible reading on the 
test strip. Through the use of lateral flow, SHERLOCKv2 
is able to identify mutations in clinical samples as well as 
single-stranded RNA from the Dengue or Zika virus [26].

Cas12-based monitoring system Cas12a, which is also 
designated as Cpf1, is a Class V CRISPR-Cas protein. It 
comprises of one RuvC domain and may identify T-rich 
PAM sequences for target cleavage as mentioned in Table 3. 
Because of its ability to degrade dsDNA in the presence of 
an attached dsDNA substrate, this enzyme also exhibits gen-
eralized ssDNase activity. In the DETECTR and HOLMES 
experiments, Isothermal amplification of the target sequence 
is performed by RPA or RT-RPA, which subsequently bind 
the Cas12a-crRNA complex and cause the breakdown of a 
ssDNA fluorophore-quencher reporter, so producing a fluo-
rescent signal. Both DETECTR and HOLMES are capable 
of detecting DNA segments with a sensitivity that is atto-
molar and a specificity that is extremely high [55]. The same 
approach could be adopted with SHERLOCK to enhance 
its specificity. Cas12b has an activity that is comparable to 
that of Cas12a and is utilized in HOLMESv2 and CDetec-
tion. CDetection has demonstrated the ability to directly 
detect HPV16 DNAs in patient blood at concentrations as 
low as 1 attomolar [56]. There have been improvements to 
Cas12-based nucleic acid identification. To this day, many 
amplification techniques such as PCR, RPA, and LAMP and 
single output forms such as fluorescence detectors, naked-
eye views, and subsequently flow assays have been combined 
into the procedures, which has allowed them to become sen-
sitive, accurate, portable, and simple to employ [49].

One of the tiniest Cas proteins, Cas14, contains 24 dis-
tinct variants grouped into three distinct families. Proteins 
belonging to the Cas14 family are able to breakdown the 
targeted DNA sequence without the need for needing a 
PAM in order to be activated. Furthermore, target identifi-
cation by Cas 14 triggers the breakdown of ssDNA molecule 
that is not specific. Cas14a has been incorporated into the 
DETECTR platform so that it can create a brand-new sys-
tem for the detection of ssDNA called Cas14a-DETECTR. 
It makes possible high-fidelity DNA SNP analysis (detec-
tion of single-nucleotide polymorphisms) without being con-
strained by the PAM. Because of this inspirational study, a 
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number of scientists have proposed analyzing DNA as part 
of their work. Cas14a-DETECTR is able to detect patho-
gens, but there has been no documented case of the diagno-
sis of a pathogen [58]. In future, research on the suitability 
of Cas14 as diagnostic marker with SHERLOCK method 
will be an interesting avenue to explore.

Perks and Pitfalls of CRISPR/Cas‑Mediated 
Pathogen Detection Systems

Using CRISPR/Cas-based methods, microbes like SARS-
CoV-2, Zika, Ebola, HPV, and Mycobacterium tuberculosis 
can be detected with greater precision, speed, cost-effective-
ness, and ease. CRIPSR-mediated system also has the poten-
tial to be used as identification, imaging, and therapeutic tool 
in addition to its use as disease diagnostic approach (Fig. 3). 
The procedures are undergoing additional enhancements and 
modifications in order to render them more adaptable [49].

The ease of use of the CRISPR/Cas-based detection sys-
tem makes it possible to rapidly develop diagnostic methods 

in the event of an unexpected outbreak of infectious diseases. 
This is an extremely important feature. For instance, inte-
grated later flow assay (CRISPR/Cas12a-LFD) and naked-
eye detection (CRISPR/Cas-based colorimetric system, 
fluorescence-based POC system) was developed for rapid 
Cas12a-mediated on-site detection assays of African swine 
virus (ASFV), an emerging virus for the international swine 
industry [41]. These screening tools can identify as few as 
two copies of RNA and readout on a later flow ribbon in 
60 min without the need for complicated instrumentation 
or visualization by green fluorescent with the naked-eye 
under 485 nm light. In addition, these diagnostic methods 
can detect as few as two copies of SARS-CoV-2 RNA. While 
back, Joung and peers [29] proposed an integrated assay for 
detecting SARS-CoV-2 called STOPCovid (SHERLOCK 
Testing in One Pot). This test can return result on the strip 
in 70 min, with an LOD of 100 copies of viral RNA In saliva 
or nasopharyngeal swabs. These CRISPR/Cas-based SARS-
CoV-2 tests, in contrast to the RT-qPCR-based diagnostic 
methods, have the advantages of high speed, the absence of a 
requirement for expensive instrumentation and the assistance 

Fig. 3  Potential applications of the CRISPR diagnostics for identi-
fication, detection, and therapeutics. The figure showed that SHER-
LOCK is used for species identification and single-nucleotide poly-
morphism analysis. Nucleic acid detection could be adopted for 
mutation analysis or antibiotic resistance gene detection. As diagnos-

tic tool, SHERLOCK is used to detect bacterial, viral, and infectious 
diseases. CRISPR-mediated nucleic acid imaging is useful for disease 
genotyping. Nucleic acid editing and gene expression regulation by 
SHERLOCK are the potential areas for its as therapeutic agent
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of trained technician, and will be a significant help in the 
COVID-19 epidemic control.

SHERLOCK uses the Cas13 enzyme, which does not 
require tight sequence partialities at the target location, 
whereas Cas12 requires a PAM to cleave. As a result, SHER-
LOCK can tolerate a longer target range as compared to 
DETECTR [59].

Despite its advantages over existing detection systems, 
SHERLOCK has some drawbacks that may make it unsuit-
able in some situations. Currently, SHERLOCK entails 
the manufacture and testing of reaction components, some 
of which necessitate knowledge of protein purification as 
well as RNA biology. Furthermore, pre-designed assays 
for SHERLOCK, such as reaction mixes and DNA/RNA 
oligonucleotides, are not presently commercially available. 
Existing routine detection techniques, such as cancer assays, 
may be better for applications that do not require the speed 
or portability of SHERLOCK [17].

The multi-step nucleic acid amplification procedure, 
which may influence precise target quantification, is another 
possible restriction of SHERLOCK. Although Kellner et al. 
recently showed quantitative nucleic acid detection using 
SHERLOCK, absolute digital quantification, such as in digi-
tal droplet PCR, is presently not attainable, and minor dif-
ferences in target quantity may not be identified. As a result, 
SHERLOCK may be less useful for determining accurate 
gene expression profiles [17].

Opportunities for SHERLOCK‑Mediated 
Pathogen Detection Systems

The SHERLOCK reaction mixture can be lyophilized and 
utilized after long periods of storage without affecting the 
test's sensitivity and specificity. SHERLOCK can easily 
identify between viruses like the dengue virus and the Zika 
virus [25]. SHERLOCKv2 can identify two cancer muta-
tions in simulated cell-free DNA (cfDNA) specimens with 
single-base mismatch sensitivity under low allelic fraction 
[60]. In parallel to in vitro RNA target identification, cata-
lytically active LwaCas13 preserves its RNA-binding activ-
ity, allowing for live cell RNA tracking using a fluorescent 
probe. This provides a different way of recognizing and vis-
ualizing RNA. SHERLOCK’s single-nucleotide specificity 
has been used to offer a genotyping profile of cancer victims 
by exposing cancer-associated mutations in circulating cell-
free DNA, even at low attomolar concentrations of 0.1% 
allelic fraction in serum samples or urine samples. Cas13’s 
specificity can be enhanced in such circumstances by insert-
ing a synthetic mismatch’ into the crRNA [59].

Bio-SCAN (biotin-coupled-specific CRISPR-based assay 
for nucleic acid detection) was created as an efficient patho-
gen detection tool that doesn’t require any special equipment 

or technical knowledge. From specimen collection to result, 
Bio-SCAN recognizes the SARS-CoV-2 nucleic acid in 
less than 1 h. In the first phase, the target sequence is iso-
thermally amplified in 15 min using recombinase polymer-
ase amplification (RPA) then precisely identified on com-
mercially available lateral flow strips using biotin-labeled 
nuclease-dead SpCas9 (dCas9). Furthermore, Bio-SCAN 
was able to discriminate between the SARS-CoV-2 variants 
using variant-specific guide RNAs in the detection reaction. 
The findings also revealed that the Bio-SCAN assay reagents 
and chemicals have a long shelf-life and can be constructed 
locally in non-laboratory and low-resource environments. 
The Bio-SCAN system can also be used with the nucleic 
acid rapid extraction methodology. Our findings indicate 
Bio-potential SCAN’s as a potential point-of-care diagnos-
tic technology for cost-effective mass screening for SARS-
CoV-2 [61].

Cas13’s specificity can be improved by inserting a syn-
thetic mismatch’ into the crRNA. The assay’s speed is one 
of SHERLOCK’s most appealing features. RPA is usually 
done for 5–10 min as a first reaction, after which a portion of 
the solution is passed to the Cas13 detection reaction, which 
can detect the target in 5 min. The inexpensive cost of its 
components is another perk of the SHERLOCK system over 
other detection methods (such as TaqMan qPCR). A typical 
single-plex reaction costs around $0.60.

The point-of-care testing (PoC) may get benefit from 
nanotechnology in the near future. In addition to lateral 
flow tests, several additional diagnostic procedures like chest 
computed tomography, other new variants of Cas proteins, 
and paper microfluidic device can be integrated with smart-
phones and artificial intelligence (AI) for point-of-care test-
ing. These advancements will completely change the way 
diseases are diagnosed by providing a POC testing method 
that is rapid, accurate, low cost, and user-friendly. These 
technologies need to be developed further so that they can be 
quickly put into action in the event of unanticipated medical 
emergency.

Conclusion

SHERLOCK is recently developed CRISPR-mediated 
diagnostic technique with high sensitivity and specificity. It 
allows for the single-molecule detection of DNA and RNA 
target sequences in as low as 1-µL sample volumes without 
the need of specialized instruments which makes it suitable 
for on-site disease diagnostics. SHERLOCK takes advantage 
of both Cas13 and Cas12 enzyme specificity. Integration 
of SHERLOCK with extraction-free assays, multiplexing 
with Cas variants, and Bluetooth-enabled detection had ush-
ered a new era in molecular diagnostics by offering port-
able, extremely sensitive diagnostic platforms capable of 
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quickly diagnosing emerging infectious & non-infectious 
viral diseases. Albeit still in its infancy, SHERLOCK assay 
has proved to be a game-changer which have the potential to 
revolutionize our capability of detecting infectious disease 
and pathogens with ultra-sensitive tests which do not involve 
extensive complicated processing, allowing for mass screen-
ing and better control of viral outbreaks as well as wide-
spread distribution of field-deployable diagnostics toolkits 
at an affordable cost.
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