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The limitations of conventional diagnostic procedures, such as real-time PCR-based methods and
serological tests, have led the scientific community to innovate alternative nucleic acid detection
approaches for SARS-CoV-2 RNA, thereby addressing the dire need for increased testing. Such
approaches aim to provide rapid, accurate, cost-effective, sensitive, and high-throughput detection
of SARS-CoV-2 RNA, on multiple specimen types, and without specialized equipment and expertise.
The CRISPR-Cas13 system functions as a sequence-specific RNA-sensing tool that has recently been
harnessed to develop simplified and flexible testing formats. This review recapitulates technical
advances in the most recent CRISPR-Cas13-based methods for SARS-CoV-2/COVID-19 diagnosis. The
challenges and opportunities for implementing mass testing using these novel CRISPR-Cas13 platforms
are critically analyzed.
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Introduction
As authorities fight to contain SARS-CoV-2 [Severe Acute Respiratory
Syndrome (SARS)-associated Coronavirus 2], the cause of COVID-19,
experts warn that the death toll will almost certainly rise. Globally,
as of 10 March 2021, more than 117,332,262 confirmed cases and
2,605,356 deaths caused by SARS-CoV-2 infection were reported in
more than 210 countries (https://covid19.who.int/).

One of themost significant limitations of the response to the cur-
rent outbreak has been in our ability to chart the path that the SARS-
CoV-2 virus follows and to determine who has it and who does not.
Current estimates indicate that SARS-COV-2 viral infection has an
incubation period of 2–14 days, with potential for asymptomatic
transmission [1]. Thus, rapid and early detection of the SARS-CoV-
2 virus is a necessity for contact tracing, quarantine of confirmed
cases, and enhanced surveillance, which undoubtedly depends on
data obtained from widespread testing.

The conventional method used for diagnosing SARS-COV-2 is
by real-time quantitative reverse transcription PCR (RT-PCR).
(guillaqui@himfg.edu.mx)
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Although this method is effective, it requires qualified personnel
to run the tests and interpret the results. It also employs expen-
sive equipment and lacks standardized protocols, hindering field-
deployable viral diagnostics. Besides, it is time-consuming and
cannot be used to screen large cohorts of people rapidly [2,3].

On the other hand, the sensitivity and reliability of RT-PCR
have been questioned due to the return of negative results for
some patients who were highly suspected of having COVID-19
[4]. Hence, a significant drawback of current RT-PCR-based diag-
nostics is that they cannot detect the virus immediately after
infection and need time for the viral load to rise, leading to
false-negative results for recently infected individuals [5]. As a
result, although samples collected from patients with symptoms
seem to present relatively high viral titers, the testing of asymp-
tomatic patients and testing before quarantine release may need
extremely sensitive tests to confirm negative results during re-
examinations and to avoid the potential risk of viral transmis-
sion [6,7]. Therefore, there is an urgent need to implement
www.drugdiscoverytoday.com 2025
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new alternatives for rapid molecular diagnostics in patients and
species of live animals suspected of SARS-COV-2 infection,
especially in places where SARS-CoV-2/COVID-19 testing capa-
bilities are limited.

This review describes current advances regarding diverse
CRISPR-Cas13 systems, including SHERLOCK, SHINE, CREST,
SENSR, CARMEN and the quantitative direct detection methods,
in the development of fast, accurate, and portable diagnostic
tests to address the dire need for increased SARS-COV-2 testing.
CRISPR-Cas13-based systems
Since their initial discovery, six types and 22 subtypes of the clus-
tered regularly interspaced short palindromic repeats (CRISPR)
systems have been discovered and explored [8]. CRISPR-Cas sys-
tems are divided into two classes: class I systems, which rely on
multiple CRISPR-associated (Cas) proteins that mediate the target
interference, and class II systems, which involve single, multido-
main effector proteins [9]. The class II CRISPR-Cas systems
include types II, V, and VI. Types II and V comprise endonucle-
ases that operate at the DNA level [10,11]. By contrast, type VI
CRISPR-Cas systems are RNA-guided and RNA-targeting
machineries that provide prokaryotes with immunity against
RNA [12]. All type VI CRISPR-Cas systems have a single effector
protein known as the Cas13 effector, previously known as the
C2c2 CRISPR-Cas system [12,13]. CRISPR-Cas13 systems com-
prise just two components: the programmable single-effector
RNA-guided RNase Cas13, which possesses a ribonuclease
(endoRNase) activity provided by its two Higher Eukaryotic and
Prokaryotic Nucleotide-binding domains (HEPN); and a 64–66-
nt pre-CRISPR-RNA (crRNA), which recognizes a 24–30-nt
sequence (mature crRNA) on the target RNA, with a preference
for targets with a protospacer flanking site (PFS) motif [13–15].
Once activated by the specific binding of the target RNA, these
systems confer collateral ‘promiscuous’ activity and non-
specifically degrade the RNA transcripts [12,16].

Cas13a from the gram-negative bacteria Leptotrichia shahii
(LshCas13a) was the first Cas13 ortholog to be harnessed for pro-
grammable RNA-targeting activities [12]. Since the first description
FIGURE 1
Detection of SARS-COV-2 by CRISPR-Cas13 technology.① After collecting clinical s
is extracted (except when using HUDSON methods such as SHINE). ②Then, reverse
target sequences (while also adding T7 promoter sequences to the 50 terminus)
combination of T7 transcription (CREST, SHERLOCK, SHINE, and SENSR). In the case o
thermocyclers (mini16 thermocycler) instead of isothermal reactions. ③ The CRISPR-
RNA. This activation triggers collateral cleavage of a nonspecific ssRNA reporter in tran
by scissors). Thus, sensing differs according to the desired output detection method
method, cleavage of the quenched reporters (which are not fluorescent in their nativ
the activated Cas effectors produces a signal, which indicates the presence of a speci
through an in-tube fluorescent readout. In this case, fluorescence can be seen to accu
specific guide RNA (gRNA). In CREST, Cas13 activation is followed by fluorescence d
emitting diode (LED) (~495 nm) and orange filter, or another fluorescence detection
RNA can also be detected by visualization on a lateral flow test strip using a one-dim
coupled to a 6-carboxyfluorescein (6-FAM) fluorophore and biotin. Here, a streptavidin
presence of the target, the reporter is cleaved, leading to the separation of 6-FAM an
second detection line where an anti-6-FAM capture antibody is found. (c) By tak
smartphone applications (instead of portable plate readers), CREST and SHINE allow
method employs a mobile phone fluorescent microscope using a 488 nm diode lase
box). A pipette indicates steps involving user manipulation. Times shown are the su
nasopharyngeal swab; ssRNA, single-stranded RNA.
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of LshCas13a, several studies have identified more variants of
Cas13 proteins belonging to different Cas13 families, classified into
four type VI subtypes (A–D) [17–19]. These Cas13 variants exhibit
variable efficiencies for transcriptome targeting and engineering.
For example, Cas13a from Leptotrichia wadei (LwaCas13a) has been
reported to mediate more robust RNA-targeting activity than the
LshCas13a system, but requires a fusion to a stabilizer, such as
the msfGFP protein, for efficient interference activity [19]. Subse-
quent studies have identified that the Cas13b ortholog from Prevo-
tella sp. P5–125 (PspCas13b) is more suitable for RNA targeting in
mammalian cells than the LwaCas13a protein, and PspCas13b
does not require a stabilizer protein for its activity [18]. An addi-
tional Cas13d subtype was recently identified, type VI-D, which
shows minimal sequence identity with previous Cas13 effectors
[20]. Interestingly, Cas13d is among the smallest CRISPR-Cas single
effectors, with 20–30% less mass than all previously reported type
VI Cas13 endoRNases [20]. Hence, these Cas13 effector proteins
provide a rich resource for new RNA-targeting technologies and
have been developed recently for RNA knockdown, detection, edit-
ing, splicing, and viral delivery [16,18,19,21].
CRISPR-Cas13-based diagnosis
SHERLOCK
The natural RNA-guided ribonuclease activity of the Cas13 protein
and its nonspecific cleavage of collateral single-stranded RNAs
(ssRNAs) in trans allowed the Zhang group and colleagues from
the Broad Institute of MIT and Harvard to develop and optimize
a method termed Specific High-sensitivity Enzymatic Reporter
unLOCKing (SHERLOCK) [16]. This method was developed mainly
to achieve the sensitive and specific detection of viral nucleic acid
sequences in both synthetic and patient-derived samples [16].

SHERLOCK starts with an isothermal target nucleic acid pre-
amplification step, in which either a DNA or an RNA target input
is replicated by loop-mediated isothermal amplification (LAMP),
most often using recombinase polymerase amplification (RPA)
[22] (Fig. 1I). Subsequently, the amplified targets are converted
to RNA via T7 transcription. The specificity of Cas13 is conferred
by crRNA–target pairing, and further sensitivity is achieved
amples in a point-of-care setting (at the patient’s bedside or in the field), the RNA
transcription into cDNA is performed, followed by amplification of the specific
by RT-PCR, LAMP, or recombinase polymerase amplification (RPA) through a
f CREST, the amplification step uses cost-effective Taq polymerase and portable
Cas13 � crRNA RNP complex is activated by binding to a complementary target
s, by the higher eukaryotic and prokaryotic nucleotide-binding domains (denoted
. (a) In SHERLOCK, SHINE, CREST, SENSR, and the Quantitative Direct Detection
e state due to the proximity of the conjugated fluorophore and the quencher) by
fied nucleic acid target sequence. The SARS-CoV-2 genome can then be detected
mulate over time in an in vitro transcription (IVT)-coupled cleavage reaction for a
etection of a de-quenched poly-U cleavage reporter visualized by a blue light
system. (b) Otherwise, in SHERLOCK, CREST, SHINE, and SENSR, the SARS-CoV-2
ensional lateral flow immunochromatography system, in which a reporter can be
-impregnated line captures biotin in the absence of the target nucleic acid. In the
d biotin, which allows the reporter to move beyond the first streptavidin line to a
ing advantage of fluorescence visualizers such as mobile phone cameras and
for a binary interpretation of results. Notably, the Quantitative Direct Detection
r, a green fluorescence interference filter, and a Pixel 4 XL phone camera (black
ggested incubation intervals. C, control line; T, test line. crRNA, CRISPR RNA; NP,
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through signal amplification by the collateral cleavage activity of
Cas13 on the RNA reporters that are added to the reaction, which
can be captured on a colorimetric lateral-flow strip (by biotin–flu-
orescein RNA reporters) or visualized by fluorescence signal (by
molecular beacon fluorescent reporters) (Fig. 1I) [16,22,23].
Thus, SHERLOCK allows rapid (in as little as one hour with a
setup time of less than 15 minutes) and reliable detection of
nucleic acids at concentrations down to approximately 2 attomo-
lar (aM; 10–18 molar) and with single base-pair mismatch speci-
ficity [22].

To distinguish between pathogenic RNA viruses that cause
similar symptoms, however, it is necessary to detect multiple
www.drugdiscoverytoday.com 2027
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sequences at once. As a result, the SHERLOCK method has been
further optimized to incorporate multiplex detection in clinical
settings through a simplified and more specific protocol (SHER-
LOCKv2) [24]. Thus, employing the SHERLOCKv2 platform, sci-
entists have been able to detect viral particles at concentrations
down to 1.25 � 103 copies/mL (2.1 aM) and to distinguish reli-
ably between Zika virus and Dengue virus in body fluids such
2028 www.drugdiscoverytoday.com
as urine, saliva, serum, plasma, and whole blood [16,24]. (Zika
virus and Dengue virus are closely related flaviviruses that also
possess a positive-sense RNA genome and may cause encephali-
tis.) This example highlights the wide applicability of
SHERLOCK-based platforms to detect, for example, both single-
stranded negative-sense RNA viruses, including Filoviridae family
members such as the Ebola virus [25], and single-stranded
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positive-sense RNA viruses, including Coronaviridae family mem-
bers such as SARS-CoV-2.

Shortly after the pandemic started, Zhang and colleagues
described the SARS-CoV-2/SHERLOCK protocol (v.20200321)
used to detect the novel coronavirus, which was developed by
employing synthetic SARS-CoV-2 virus RNA fragments that were
based on the full genomic sequences of SARS-COV-2 strains that
are available in databases [26]. SHERLOCK/SARS-CoV-2 showed
high sensitivity in detecting both the S gene, which encodes
the spike (S) proteins of the virus, and the Orf1ab gene, which
encodes orf1ab polyproteins. The limit of detection (LOD) for
this protocol was between 20 and 200 aM (10–100 SARS-CoV-2
RNA copies per microliter of input), within the first 40 minutes
of amplification. The use of RPA amplification primers and Lwa-
Cas13a guide RNAs (gRNAs) minimized off-target detection of
related human respiratory virus genomes [26].

Patchsung and colleagues [27] recently performed SHERLOCK
detection on a total of 534 clinical samples of SARS-CoV-2 RNA
extracted from nasopharyngeal and throat swabs from infected
patients in Thailand. The SHERLOCK system was 100% specific
and 100% sensitive with fluorescence readout (LOD of 42
SARS-CoV-2 RNA copies per reaction, corresponding to a Ct of
33.5 on the RT-qPCR analysis), and 100% specific and 97% sen-
sitive with lateral-flow readout [27]. The novelty of the SHER-
LOCK system that was designed by Patchsung and colleagues is
the incorporation of an internal control for contamination by
ribonucleases (RNases) in a single lateral flow strip. Each flow
strip incorporates a RNase-responsive RNA reporter that is resis-
tant to Cas13a cleavage, but that remains susceptible to RNase
I-, RNase A- and RNase T1-mediated cleavage. This control fea-
ture is a valuable addition to a test for the detection of SARS-
CoV-2, which may be used in settings with limited resources
where there is a higher risk of contamination by RNases [27].

Among the main advantages of detection methods that are
based on CRISPR-Cas13 (SHERLOCK) are: 1) rapid turnaround
time, 2) limited infrastructure requirements, 3) isothermal ampli-
fication that avoids the need for thermocycling, 4) specificity of
the target sequence at the single-nucleotide level, and 5) the pos-
sibility of adaptation to allow detection through visual readout
based on lateral flow immunochromatography [16,22].

Nevertheless, SHERLOCK typically uses a target amplification
step, followed by CRISPR-mediated nucleic acid detection to rec-
ognize SARS-CoV-2 [22]. These two processes make SHERLOCK a
complex diagnostic platform because they depend on an RNA
extraction step and multiple liquid-handling steps that increase
the risk of cross-contamination of samples [28]. Although these
factors could limit the scalability of CRISPR-Cas13
(SHERLOCK)-based diagnostics, the method could nevertheless
become a great option for testing in non-clinical settings, as well
as in clinical settings where there is a need for rapid, inexpensive,
accurate, and highly sensitive identification of SARS-COV-2 in
multiple specimen types, without the need for specialized
infrastructure.

SHINE
During the current outbreak, there is an unprecedented demand
for the reagents and sophisticated equipment necessary for SARS-
CoV-2/COVID-19 diagnostic tests. Amidst global supply short-
ages, it is necessary to innovate strategies to overcome such prob-
lems. On this point, Myhrvold et al. [23] previously established
an approach to release viral nucleic acids from clinical specimens
directly and to protect them from degradation, thus bypassing
the need for nucleic acid extraction. This method, named HUD-
SON (Heating Unextracted Diagnostic Samples to Obliterate
Nucleases), employs heat and chemical reduction to inactivate
the pervasive ribonucleases found in body fluids. Then, viral par-
ticles are lysed by disruption of the viral envelope, resulting in
the release of nucleic acids into solution [23]. HUDSON-treated
biological samples can be directly added to isothermal amplifica-
tion reaction mixtures, with no dilution or purification step,
without inhibiting subsequent amplification or detection [23].
Therefore, a lab environment and professionally trained person-
nel are not essential for this protocol [16,23].

Building on this method, Arizti-Sanz and colleagues [29] cou-
pled HUDSON and CRISPR-based programmability into one step
to create SHINE (SHERLOCK and HUDSON Integration to Navi-
gate Epidemics), a scalable diagnostics tool for detecting viral
RNA from unextracted patient samples that has minimal equip-
ment requirements and quick turnaround time [29] (Fig. 1II).

SHINE has been validated on 50 nasopharyngeal clinical sam-
ples, and shown to have 90% sensitivity [with SARS-CoV-2 RNA
detected at ten copies per microliter (cp/ll)] and 100% specificity
when compared to RT-PCR, and with a mean response time of 50
minutes [29]. The main advantages of SHINE are that it decreases
user manipulations and assay time, and reduces the risk of sam-
ple contamination. Employing SHINE, Arizti-Sanz and colleagues
[29] detected SARS-CoV-2 RNA in HUDSON-treated patient sam-
ples (in nasopharyngeal swabs and saliva) with either a paper-
based colorimetric readout or an in-tube fluorescent readout,
which can be performed with portable equipment and with
reduced risk of sample contamination. The in-tube fluorescence
readout and smartphone application used with SHINE (Fig. 1II)
allowed scalable, high-throughput testing and automated inter-
pretation of results. Thus, by reducing specialized personnel,
infrastructure, and time to obtain outcomes, without sacrificing
sensitivity or specificity [29], this platform has the potential to
provide point-of-care diagnostic tests for SARS-COV-2.

CREST
Rauch and colleagues [30] recently developed another CRISPR-
based SARS-CoV-2 RNA detection method named CREST
(Cas13-based, Rugged, Equitable, Scalable Testing). This method
was developed as an option for recurrent testing that could over-
come issues with the supply of reagents and specialized equip-
ment, and that is easy to deploy at sites with minimal
infrastructure [30]. CREST addresses three of the main hurdles
that limit the scalability of Cas13-based testing at sites with a
minimal supply of resources: 1) reagent accessibility, 2) equip-
ment availability, and 3) cost. By taking advantage of widely
available reagents (that are stable at room temperature), low-
cost thermocyclers (instead of isothermal reactions), and easy-
to-use fluorescent visualizers, this method bypasses the need
for highly trained personnel and experienced molecular diagnos-
tic laboratories [30].

The CREST method employs standard sample collection, RNA
extraction, and reverse transcription (Fig. 1III). However, the
www.drugdiscoverytoday.com 2029
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amplification step uses cost-effective Taq polymerases and porta-
ble thermocyclers. This has been made possible by creating inex-
pensive, Bluetooth-enabled thermocyclers (which can even be
powered by a 9 V battery and run using mobile device applica-
tions) and simple plastic-filter-based, LED visualizers [30]. In
the CREST platform, transcription and Cas13 activity are
followed by fluorescence detection of de-quenched poly-U cleav-
age reporter, visualized with a blue LED (~495 nm) and orange fil-
ter or other fluorescence detection system. Thus, the use of
expensive antibodies or antibody-conjugates for lateral flow
immunochromatography, is avoided (Fig. 1III). Results can be
registered with a smartphone camera and uploaded to the cloud,
enabling a massive deployment of point-of-care testing that is
capable of addressing the current global demand for SARS-CoV-
2/COVID-19 testing.

The RNA extraction step that is required for CREST, which
uses commercial kits, is a potential bottleneck that might limit
the accessibility and scalability of this method for detecting
SARSCoV-2. However, the developers overcame this limitation
by coupling to a method called PEARL (Precipitation Enhanced
Analyte RetrievaL), a fast and accessible approach for the isola-
tion of RNA, DNA, and proteins [31].

Using CREST, Rauch and colleagues [30] detected the presence
of the N1, N2, and N3 sites in the SARS-CoV-2 nucleocapsid (N)
gene, with an associated cost of reagents per test of US$ 5.90 (a
single sample run in triplicate) compared to the PCR test cost
of US$ 14 apiece. Thus, CREST is a relatively cheap format that
allows portable diagnostic tests to assess suspected cases without
sophisticated equipment. The sensitivity of CREST was equiva-
lent to the gold standard RT-qPCR method commonly employed
for SARS-CoV-2 detection [30], and it can detect just 10 copies of
a target RNA molecule per microliter. Although still being evalu-
ated, the CREST method has great potential to identify SARS-
CoV-2 and other pathogens using accessible reagents and afford-
able equipment.

SENSR
Recently, Brogan and colleagues [32] provided proof-of-principle
that the Cas13d effector can be adapted as a point-of-care diag-
nostic through an approach termed Sensitive Enzymatic
Nucleic-acid Sequence Reporter (SENSR) [32], which was derived
from protocols developed initially for SHERLOCK.

SENSR is a two-step protocol that requires an initial isother-
mal pre-amplification reaction (45 minutes) combined with RT-
RPA to produce a short double-stranded DNA amplicon contain-
ing a T7 promoter sequence [32] (Fig. 1IV). This CRISPR-based
nucleic acid molecular diagnostic tool harnesses the off-target
collateral cleavage property of Cas13d ribonuclease derived from
Ruminococcus flavefaciens (CasRx) to detect highly conserved
SARS-CoV-2 viral sequences, in both synthetic templates and
infected patient isolates [32] (Fig. 1IV). Results are obtained via
fluorescence-based readout or paper-based lateral flow assay,
and the total reaction time is just two hours [32].

The LOD for SENSR was determined by fluorescence readout
to be ~ 100 copies/ml (with variability between the gRNAs
employed), indicating that SENSR also exhibits attomolar sensi-
tivity and that CasRx can robustly detect and report the presence
of synthetic SARS-CoV-2 RNA (E- and N-gene target templates)
2030 www.drugdiscoverytoday.com
[32], with potential similar to those of other CRISPR-based sys-
tems [16,29,30,33].

To determine the capability of SENSR to detect SARS-CoV-2 in
infected patient samples, Brogan and colleagues [32] performed
fluorescence detection analysis on 42 RT-qPCR validated positive
(n = 21) and negative (n = 21) patient isolates [32]. SENSR yielded
no false positives among the negative patient samples, demon-
strating 100% specificity (0/21). In RT-qPCR analysis, a lower
Ct value suggests a higher viral load within a patient sample.
In this regard, SENSR detected SARS-CoV-2 RNA up to a maxi-
mum Ct value of � 28, with a moderate false-negative rate of
25% (4/16) [32].

To examine whether SENSR can function as a point-of-care
diagnostic test, Brogan and colleagues [32] also performed lateral
flow analysis on 12 positive samples, observing 92% (11/12) con-
cordance with SENSR fluorescence analysis. These data suggest
that SENSR can be successfully adapted for the rapid detection
of SARS-CoV-2 in patient samples [32]. Nevertheless, the scalabil-
ity of SENSR for the identification of SARS-CoV-2 and other viral
pathogens on a large scale, by multiplexed configuration, needs
to be determined. Before thinking about this approach, it would
be desirable for SENSR to be compatible with a one-step molecu-
lar diagnostic [32].

Cas13-based direct-detection assay: A quantitative approach
Recently, Doudna’s group developed a ground-breaking method
for the direct detection of viral SARS-CoV-2 RNA that employs
CRISPR-Cas13a without a pre-amplification step for the viral gen-
ome (Fig. 1V). Unlike previous CRISPR-Cas13 diagnostics, this
novel platform, which is based on LbuCas13a (the Cas13a homo-
log from Leptotrichia buccalis), yields quantitative RNA measure-
ments rather than only a positive or negative result (change in
color). The detection of viral RNA takes place directly in the sam-
ple without additional manipulations [34]. The strategy to
increase the activity of Cas13a was through the use of multiple
crRNAs along the N gene of SARS-CoV-2, which work in tandem
to increase the sensitivity of the test. The rationale was that a sin-
gle target RNA could activate multiple Cas13a ribonucleopro-
teins (RNPs). If each RNP is directed to different regions of the
same viral target RNA, this could effectively double the active
enzyme concentration [34]. Thus, to demonstrate the advantage
of crRNA combinations, two crRNAs were pooled in the same
reaction, keeping the total concentration of Cas13a RNPs con-
stant but divided equally between RNPs made with each crRNA.
Interestingly, when both crRNAs were combined, both target
detection and reaction sensitivity were increased markedly when
measured with a fixed in vitro transcription (IVT) target RNA con-
centration (480 fM) [34]. This approach allowed detection
of ~ 100 copies/ml of SARS-CoV-2 viral RNA within 30 minutes,
measuring changes in fluorescence over time rather than detect-
ing only endpoint fluorescence [34].

In recent years, notably, smartphones have been adapted as
diagnostic technologies that can replace some of the functional-
ity of conventional laboratory equipment, simplifying diagnostic
workflow by automating readout [35]. In this regard, the simplic-
ity and portability of this assay were demonstrated by using a
mobile-phone-based fluorescence microscope [34]. This micro-
scope measures the fluorescent signal generated by the Cas13a
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direct-detection assay through a compact device, which includes
low-cost laser illumination and collection optics [34] (Fig. 1V).
This compact device was approximately an order of magnitude
more sensitive than a plate reader thanks to reduced measure-
ment noise and the ability to collect more time points [34].

The functionality of this platform was validated with SARS-
CoV-2 positive patient samples extracted from nasal swabs (with
Ct values from 14.37 to 22.13). The accuracy was perfect, with
positive results being detected within the first 5 minutes of the
assay, suggesting that the fluorescence signal detected directly
with Cas13a was proportional to the concentration of target
RNA in the sample. Hence, this platform can provide a speedy
results quickly for patients with high viral loads [34].
PO
ST

-

CARMEN-Cas13
Emerging diseases represent significant threats to human health,
so it is necessary to have molecular tests available for the diagno-
sis and surveillance of the vast majority of disease-causing patho-
gens [36]. In this respect, the recent viral outbreak has
highlighted the challenges of detecting known and putative
unknown coronaviruses, and of differentiating between related
FIGURE 2
Schematic of nucleic acid detection by CARMEN–Cas13. (a) Identification of m
the CARMEN–Cas13 workflow. ① After sample collection, RNA extraction, and am
via T7 transcription and detected by Cas13 � crRNA RNP complexes. The result
reporter RNA. In parallel, detection mixes are assembled, color-coded, and emu
mixed by pipetting. ③ The droplets are loaded onto a chip in a single pipetting
imaged by fluorescence microscopy to identify the color code and to map the
detection reaction. ⑥ After incubation, the detection reaction in each microwe
viruses (for example, influenza (flu) virus and other respiratory
viruses) that cause infections with similar symptoms [36].

The development of SHERLOCK creatively laid a foundation
that could be highly multiplexed and easily scaled for simultane-
ous pathogen detection [24]. Multiplexing is an inherent and
powerful advantage of Cas13-based approaches, allowing such
methods to: 1) target a single viral genome at multiple sites; 2)
differentiate between related viruses or serotypes; and 3) detect
different mutations within SARS-COV-2 genomes, facilitating
the simultaneous detection of co-circulating variants of SARS-
CoV-2 or other coronavirus family members with high fidelity
[23,24,37].

Sabeti’s group developed a CRISPR-based molecular diagnos-
tics platform named CARMEN (Combinatorial Arrayed Reactions
for Multiplexed Evaluation of Nucleic acids), which uses minia-
turized and self-organizing microfluidic technology to enable
massive multiplexing of any circulating pathogen in parallel,
quickly and inexpensively [36]. In the CARMEN platform, nano-
liter droplets containing CRISPR-based nucleic acid detection
reagents self-organize in a microwell-array system to pair with
droplets of amplified samples, testing each sample against each
crRNA in replicate (Fig. 2).
Drug Discovery Today

ultiple circulating pathogens in human and animal species. (b) Depiction of
plification of the nucleic acid input, amplified targets are converted to RNA
ing collateral cleavage activity of Cas13 produces a signal using a cleavage
lsified. ② Droplets from each emulsion are pooled into a single tube and
step, during which the droplets self-organize into pairs. ④ Each microwell is
position of each droplet on the chip. ⑤ Droplets are merged, initiating the
ll can be monitored over time by fluorescence microscopy.
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Ackerman et al. [36] employed CARMEN-Cas13 to test dozens
of samples for more than 4500 crRNA–target pairs on a single
array. This allowed the simultaneous differentiation of the sam-
ples for all 169 human-associated viruses, among them influenza
A strains (haemagglutinin H1–H16 and neuraminidase N1–N9
subtypes), dozens of drug-resistance-associated mutations in
HIV (six drug-resistance mutations that are prevalent in
antiviral-naive patient populations), and the novel coronavirus
SARS-CoV-2 [36]. Interestingly, the authors were able to incorpo-
rate a new test for SARS-CoV-2 into the coronavirus panel already
on the array comprising human coronaviruses 229E, NL63, and
HKU1 Middle East respiratory syndrome (MERS) coronavirus
[36].

CARMEN-Cas13 offers reduced sample consumption per test,
fewer pipetting steps, and shorter turnaround time, and
decreases reagent cost per test by more than 300-fold. Further-
more, as we have seen for SARS-CoV-2, this platform can be opti-
mized and scaled rapidly to detect newly discovered pathogen
sequences by incorporating the specific amplification primers
or crRNAs for the novel target sequences [36]. Hence, the multi-
plexing and high-throughput capabilities of the CARMEN–Cas13
platform make it possible to detect and differentiate viral
sequences in large cohorts of people, allowing better epidemio-
logical surveillance.

Ultralocalized Cas13a assay
The local concentration of a single molecule increases inversely
with decreasing analytical volume. Exploiting this, Tian and col-
leagues very recently developed a droplet-digital Cas13a assay
named ultralocalized Cas13a assay by harnessing the natural
confinement effect for highly efficient reaction or detection
[38] (Fig. 3a). They employed a simple droplet microfluidic plat-
form to enhance the local concentration of target sequence and
RNA reporter for the Cas13a system in cell-sized volumes [38]
(Fig. 3b). In their method, target RNAs together with a Cas13a
mixture are emulsified with oil into thousands of picoliter-sized
droplet reactors, in which the fluorescent signal accumulated
from a single RNA target activated by collateral cleavage by
Cas13a is sufficient to illuminate a picoliter-sized droplet [38]
(Fig. 3b). After recognition by a crRNA, a single-target RNA can
induce the cleavage of over 104 quenched fluorescent RNA repor-
ters, yielding a fluorescently positive droplet. As a result, the
ultralocalized Cas13a assay allows absolute digital quantitation
(according to the Poisson distribution) of single unlabeled RNA
molecules without the need for reverse transcription and
sequence amplification [38].

The applicability of this novel approach was demonstrated
not only for precise counting of cell-free microRNAs from clin-
ical serum samples but also for the ultrasensitive detection of
16S rRNA from uropathogens and for the accurate diagnosis
of SARS-CoV-2 (via detection of the N gene) from 40 nasopha-
ryngeal swabs specimens collected from suspected COVID-19
patients with 100% concordance with RTqPCR results [38].
The effectiveness of this assay was evaluated using serially
diluted SARS-CoV-2 RNA standards with N gene crRNA, and
the authors observed a reproducible detection limit down to
~6 copies/ll and linearity (R2 = 0.99987) over 104-fold enhance-
ment [38].
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The sensitivity, the single-molecule quantitation capability,
and the broad applicability of this method suggest that it is a
promising RNA diagnostic tool with potential value in responses
to outbreaks of infectious diseases such as COVID-19 [38].
Point-of-care testing by CRISPR-Cas13 sensors:
Challenges and opportunities
For now, there is no targeted therapy for SARS-COV-2, and there
are limited vaccines available, so that the best way to deal with
the contagion is to control the source of infection and to achieve
widespread early diagnosis [39]. In the face of an outbreak,
healthcare system laboratories must have the ability to perform
the tests required to detect the disease-causing pathogen in dif-
ferent biological samples.

Point-of-care tests avoid the need to send samples to central-
ized facilities, thereby enabling communities without laboratory
infrastructure access to rapid diagnostics [40]. CRISPR-Cas13-
based technologies can be applied as fast, accurate, and portable
diagnostic assays for emerging infectious diseases. Thus, the
CRISPR-Cas13 system can be used, in combination with point-
of-care devices, as highly effective nucleic acid detectors that
allow tests to be conducted and interpreted in various settings
[40], including in low resource communities where non-
specialist equipment and staff must be used.

As the COVID-19 pandemic accelerates worldwide, many low-
and middle-income countries (LMICs) are still struggling to
access the diagnostic tests they urgently need to bring the disease
under control. Supplies (reagents or analytical equipment) can
take months to deliver, with stocks frequently sold to the highest
bidder [41]. Another hurdle is that many LMICs have no domes-
tic capacity to manufacture diagnostic tests, and thus they have a
high dependence on imports [41].

In the face of this health emergency and to overcome these
limitations, developers of new diagnostic platforms need to seek
approvals by the United States Food and Drug Administration
(US FDA), or other international regulatory agencies, for their
use in point-of-care tests under ‘Emergency Use Authorizations’.
The CRISPR-Cas13 (SHERLOCK)-based test is the only new plat-
form to have received such approval to date [42]. Further accu-
rate, and portable diagnostic tests for the novel coronavirus
could be implemented in the clinical setting once they obtain
‘Emergency Use Authorization’, providing a powerful comple-
ment to current standard RT-qPCR detection.

On the other hand, the Foundation for Innovative New
Diagnostics (FIND) [43], a Geneva-based not-for-profit that facil-
itates the development and delivery of diagnostics to low-
income countries, is inviting assay developers to submit their
inventions for independent evaluation in collaboration with
the World Health Organization (WHO) [44]. FIND has priori-
tized the review of rapid diagnostic tests according to: 1) regu-
latory status and time to market, 2) the manufacturing and
distribution capacity of the supplier, and 3) clinical and analyt-
ical performance [43]. FIND also provides online training on
carrying out diagnostic tests and advice about the most appro-
priate tests for particular uses in different countries [43]. This
prioritization could be an opportunity that LMICs could use
to access point-of-care testing that is based on the new
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FIGURE 3
Schematic of the ultralocalized Cas13a assay. (a) Confinement effect on local concentration. The presence of a single molecule in a bulk volume, such as
one microliter, yields an aM level molecular concentration. If the single-molecule is confined in a volume of 1nL or 1pL, its local concentration will increase to
1.66 fM or 1.66 pM, respectively [38]. (b) Workflow for the ultralocalized Cas13a assay. Target RNAs (orange) and a Cas13 mix are emulsified with oil into
thousands of picoliter-sized droplets. Once recognized by a ~ 28-base CRISPR RNA (crRNA) (blue), one target RNA will induce the cleavage of 104 quenched
fluorescent RNA reporters (F, fluorescence; Q, quencher), yielding a fluorescently positive droplet. The high-yielding fluorescent signal confined in an
ultrasmall volume could be at once accumulated to illuminate a droplet. In the absence of the RNA target, no fluorescence is detected. If a single RNA target
molecule is sufficient to ‘illuminate’ a droplet, digital counting of single RNA molecules can be achieved by assigning each positive droplet as ‘one’ and each
negative droplet as ‘zero’ [38]. PFS, protospacer flanking site; ssRNA, single-stranded RNA.
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CRISPR-Cas13 diagnostic platforms for massive deployment.
CRISPR-Cas13-based diagnosis could be implemented to detect
SARS-COV-2/COVID-19 and to help with rapid decision-
making, principally in the weakest health systems where access
to clinical laboratories can be challenging.
In addition, CRISPR-based diagnostic tests could be used at
the main ports of entry and border crossings for rapid and accu-
rate identification of cases of this new coronavirus (even in
asymptomatic people who are subjected only to body tempera-
ture measurements or rapid diagnosis in serology), potentially
www.drugdiscoverytoday.com 2033
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prompting a strategy for action by health authorities that could
limit disease spread [39,40]. When performing these tests in a
point-of-care setting, however, it will be necessary to provide
the advice necessary to allow these tests to be handled by differ-
ent personnel or used with varying biological sample qualities.
Coordination between public and academic laboratories will also
be needed to accelerate the implementation of next-generation
CRISPR-based diagnostics for coronaviruses detection using a
multi-disciplinary and highly collaborative approach involving
scientists, clinicians, engineers, and public health practitioners.
Such an approach could facilitate not only early detection of
SARS-COV-2 cases in humans, but also detection of the virus in
many species of live animals (e.g., pangolins and mink). The
screening of large cohorts of people will provide real-world sce-
narios to test the fidelity of CRISPR-based platforms in diagnos-
ing SARS-CoV-2 and other pathogens that could cause public
health crises.

Concluding remarks
Regular testing can ascertain foci of infection and reduce false-
negative rates [45], but comes with significant challenges, espe-
cially in many low- and middle-income countries where access
to clinical laboratories can be an issue and when the pressure
to get results quickly increases. To address the dire need for
increased testing, researchers of several disciplines have quickly
developed novel laboratory solutions to optimize the SARS-
CoV-2/COVID-19 testing pipeline, adapting available commer-
cial reagents, shortening protocol durations and skipping RNA
extraction steps [29,30,32].

During the current COVID-19 outbreak, CRISPR-Cas13-based
platforms have been recognized as novel molecular tools that
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have compelling programmability, specificity, and efficiency.
Creative ways to take advantage of the CRISPR-Cas13 effector
in different testing formats have been adapted or newly devel-
oped. Remarkable progress in CRISPR-Cas13-based approaches
has provided rapid detection (<1h), with high sensitivity (atto-
molar limits of detection), and high-throughput [36] of SARS-
CoV-2 RNA, on multiple specimen types, without the need for
specialized infrastructure [26,27,29,30,32,34].

Through these recently developed CRISPR-Cas13 based test-
ing platforms, it is possible to integrate target recognition and
sense capabilities into a single device through paper-based sen-
sors or even single-tube reactions with easy-to-interpret accessi-
ble readout methods (such as a smartphone-based reader)
[26,29,30,32,34]. Most of these CRISPR sensing methods could
even be adapted to monitor the viral load of COVID-19 patients
or to evaluate therapeutic efficacy in patients receiving antiviral
therapy. They could also be reconfigured to detect new viruses
that threaten human health.

These novel diagnostic modalities could enhance the current
efforts to identify virus reservoirs, to elucidate transmission
routes, and to design strategies to limit the spread of the disease
until an effective countermeasure to this new coronavirus
becomes available to everyone.
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