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Abstract

Nucleic acid-based diagnostics is a promising venue for detection of pathogens causing infectious diseases and mutations related to cancer.
However, this type of diagnostics still faces certain challenges, and there is a need for more robust, simple and cost-effective methods. Clus-
tered regularly interspaced short palindromic repeats (CRISPRs), the adaptive immune systems present in the prokaryotes, has recently been
developed for specific detection of nucleic acids. In this review, structural and functional differences of CRISPR-Cas proteins Cas9, Cas12 and
Cas13 are outlined. Thereafter, recent reports about applications of these Cas proteins for detection of viral genomes and cancer biomarkers
are discussed. Further, we highlight the challenges associated with using these technologies to replace the current diagnostic approaches and
outline the points that need to be considered for designing an ideal Cas-based detection system for nucleic acids.
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Introduction

Nowadays most nucleic acid-based diagnostics are based on
polymerase chain reaction (PCR) and sequencing approaches.
Despite high sensitivity, there are shortcomings with these
methods, such as complicated workflows, handling of frag-
ile enzymes, relying on advanced instruments and skilled op-
erators. Clustered regularly interspaced short palindromic
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repeats (CRISPRs) are adaptive immune systems, that are
present in about half of the sequenced bacteria and almost
all archaea, protecting them from viruses and other invading
DNAs (1). The enzymatic capability of CRISPR-Cas systems
for specific targeting of DNA sequences, insertion and dele-
tion in vivo promoted numerous advancements in the field
of gene therapy. However, simple, and specific recognition of
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nucleic acids by CRISPR-Cas can also be utilized for different
diagnostic applications.

Based on the architecture of CRISPR array and the signa-
ture interference effector, these systems are divided into two
major classes, six types (I to VI) and 33 sub-types (2). Class
1 systems are composed of multi-subunit protein complexes,
whereas class 2 systems are composed of a single-effector mul-
tidomain protein. Simpler architecture makes class 2 systems
the preferred candidates for genome-editing approaches. Most
commonly used class 2 CRISPR type Il and type V systems for
biosensing include the single-component effector protein Cas9
(comprising RuvC and HNH nuclease domains), and Cas12a
(previously named Cpf1, with a single RuvC nuclease domain)
(Figure 1A). These CRISPR-Cas systems provide timely diag-
nosis of viral infection using both DNA and RNA genomes
and therefore can be used in versatile point-of-care (POC) di-
agnostic applications (3).

The design principles for CRISPR RNAs for different effec-
tor proteins used in CRISPR diagnostics have been previously
reviewed (4). Basis for the action of these RNA-guided nucle-
ases, such as Cas9 is that the CRISPR RNA (crRNA) recog-
nizes foreign DNA (dsDNA), forms an R-loop structure using
~20 nts of the crRNA with the target strand of the target
DNA, displaces the non-target strand for DNA interference,
and cleaves target DNA (5,6). However, there are distinct evo-
lutionary origins for Cas9 and Cas12a and they display dif-
ferent structure, and hence distinct molecular mechanisms of
target DNA binding and cleavage.

While the Cas9 and Cas12 enzymes target the DNA, Abu-
dayyeh et al., (2016) characterized the class 2 type VI CRISPR-
Cas effector Cas13, previously known as C2c2, guided by
a single crRNA that can cleave single-stranded RNA targets
(Figure 1B) (7). Interestingly, the Cas13 enzyme was first real-
ized as a potential diagnostic tool (8). East-Seletsky et al. (8)
discovered that the RNA-guided trans-endonuclease activity
of Cas13 could be used to cleave a fluorophore quencher-
labelled reporter RNA, leading to an increased fluorescence
upon target-RNA-triggered RNase activation.

In this review, we discuss most of the recent findings in this
area, classified from a specific perspective, i.e. based on the
type of Cas protein and their applications in detection of vi-
ral and cancer biomarkers. We discuss the challenges associ-
ated with using CRISPR-Cas in diagnostics and we also out-
line how these detection platforms can be improved.

CRISPR-Cas function
Cas9

Cas9 is a multi-domain DNA endonuclease[6], and it is guided
by a dual trans-activating CRISPR RNA (tracrRNA): crRNA
or a chimeric single guide RNA (sgRNA). Cas9 makes a
bilobed structure when it is in complex with the respective
RNAs. The RNP complex formation used for recognition and
degradation of target DNA. The respective RNA is comple-
mentary to a 20-base pair (bp) sequence in a DNA molecule,
which is a target for a site-specific double-stranded DNA
break caused by CRISPR-Cas9 (9). First, Cas9 needs to rec-
ognize a protospacer-adjacent motif (PAM) on the DNA se-
quence. PAM is a short DNA sequence (usually 2-6 bp in
length) that follows the DNA region targeted for cleavage
by the CRISPR system. For DNA targeting by Streprococ-
cus pyogenes Cas9, the PAM sequence is located downstream
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of the target DNA on the non-template strand and recog-
nized by the PAM interacting (PI) domain that is primed for
recognizing 5'-NGG-3' PAM. It is notable that the PAM se-
quence would be different for Cas9 from different sources for
example the PAM sequence for Neisseria meningitidis Cas9
is NNNNGATT (10). Then, complementary pairing between
the sgRNA and the target DNA leads to the formation of an
RNA-DNA heteroduplex in the PAM-proximal region. After
hybridization of the DNA and RNA, the pairing extends to
the distal region and positions the Cas9 active site adjacent to
3 bp upstream of the PAM, which is where the cleave of the
target DNA occurs (11). Finally, the catalytic sites of HNH
and RuvC domains in Cas9 cleave template and non-template
strands at 3 bp upstream of the PAM, respectively, thereby
generating a blunt double strand break (DSB) (Figure 1C). A
~10 nucleotide (nt) sequence adjacent to the PAM determines
the specificity of target DNA binding in Cas9. Cas9 can toler-
ate some mismatches with sgRNA, specifically when the mis-
matches are present at the PAM-distal end (12), which results
in off-target DNA cleavage. However, specificity of Cas9 can
be improved by engineering the enzyme or using truncated
sgRNA (13,14).

The S. pyogenes Cas9 (SpCas9) has 1368 amino acids, and
its conformation is dynamic during DNA cleavage. The con-
formational dynamics of Cas9 and interactions between Cas9
and the RNA/DNA heteroduplex govern its nuclease activity
and target specificity. Cas9 adopts different forms while inter-
acting with RNA/DNA, including apo (unbound), sgRNA-
bound and double-stranded DNA (dsDNA)/sgRNA-bound.
Based on the interaction with the target DNA, the Cas9 fluc-
tuates among three major conformational states including
open, intermediate, and closed states while turning to different
forms, that mainly reflects significant conformational mobility
of the catalytic HNH domain (Figure 1D).

Cas12a

There are some functional similarities between Cas12a and
Cas9, despite their distinct evolutionary origins. Francisella
novicida Cas12a (FnCas12a) is somewhat smaller than Cas9,
with 1307 amino acids (15). Like Cas9, Cas12a multidomain
effector protein makes a bilobed structure when it is in com-
plex with the respective RNAs. Cas12a requires only a sin-
gle RNA molecule, the crRNA. Cas12a has only one nucle-
ase site in the RuvC domain (Figure 1A), and it also has an
RNA processing site. In fact, Cas12a protein adopts distinct
mechanism of RNA processing, PAM recognition, target DNA
binding and eventually catalysis compared to Cas9.

For Cas12a, the PAM, typically 5'-TTTV-3/, is located up-
stream of the target DNA and it recognizes A-T rich se-
quences. After recognizing the PAM, target DNA is unzipped
and hybridized with the RNA. A short sequence of ~5-6 nt
adjacent to the PAM is crucial for specificity of target DNA
binding by Casl12a. Casl12a possess a single nuclease site,
thereby DNA strands are cut in the same nuclease site, gen-
erating the staggered double strand break (DSB) (Figure 1C).

Once Casl12a/Cas12b-crRNA is bound with the target
dsDNA/ssDNA, it can catalyze site-specific cleavage activ-
ity on target dsDNA/ssDNA (16,17). Furthermore, Cas12-
crRNA bound with target dsDNA/ssDNA can trigger the
nonspecific ssDNA cleavage activity (Figure 1B). How-
ever, the kinetics of Cas12-crRNA for site-specific target
dsDNA /ssDNA cleavage and nonspecific ssDNA cleavage are
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Figure 1. (A) The structure of Cas9, Cas12 and Cas13 proteins. Cas9 comprises RuvC and HNH nuclease domains, Cas12 comprises single RuvC
nuclease domain, and Cas13 contains two conserved HEPN (higher eukaryotes and prokaryotes nucleotide-binding) domains that cleaves RNA. (B)
Mechanism of function of Cas9, Cas12 and Cas13 proteins on DNA and RNA. While Cas9 and Cas12 enzymes target DNA, Cas13 cleaves
single-stranded RNA targets. Cleavage of surrounding nontargeted nucleic acids after recognition of target is called collateral cleavage activity. Collateral
cleavage activity of Cas12 is against ssDNAs while that of Cas13 is against ssRNAs. (C) Cas9 and Cas12 cleavage of target. For Cas9, the PAM
sequence (5-NGG-3') is located downstream of the spacer on the non-template strand and recognized by the Pl domain. The HNH and RuvC domains in
Cas9 cleave template and non-template at 3 base pairs upstream of the PAM, respectively, thereby generating a blunt double strand break (DSB). For
Cas12, the PAM, typically 5'-TTTV-3', is located upstream of the spacer and a single nuclease RuvC cut DNA strands in the same nuclease site,
generating the staggered double strand break (DSB). (D) Cas9 fluctuates among three major conformational states including open, intermediate, and
closed states, that reflects conformational mobility of the catalytic HNH domain.
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basically different. Site-specific target dsSDNA/ssDNA cleav-
age carries out a single turnover, whereas nonspecific cleav-
age performs multiple turnovers. It means that Cas12—crRNA
complexed with target dsDNA/ssDNA remains bound even
after site-specific cleavage, while the complex working on non-
specific ssDNA releases its PAM-distal cleavage products from
the RuvC active site, generating renewed access to substrate,
and turnover (18). Interestingly, once Cas12a is bound with
the target ssDNA, it can catalyze non-specific ssDNA cleav-
age at a rate of ~3 turnovers per second, which is much
slower than ~17 turnovers per second once it is bound with
the target dsDNA (16). It can be proposed that the non-
target strand of target dsSDNA may help Cas12a to acquire an
optimal conformation for non-specific ssDNA cleavage. But
an interesting point is that Cas12b differs from Cas12a in
target preference for non-specific ssDNA cleavage. Cas12b-
crRNA complex with the target ssDNA compared to target
dsDNA showed higher non-specific ssDNA cleavage activity
(17). Overall, Cas12 is structurally different from Cas9, re-
sulting in different functions and can therefore be used for
different sensing applications (Tables 1 and 2).

Nguyen et al., (2020) extended 3’-end and 5’-end of the cr-
RNA. This led to increased trans-cleavage activity and speci-
ficity of LbCas12a, particularly when 3’-end was extended
with RNA or DNA. This technique is named the ENHANCE
system and can be used to detect DNA: RNA heteroduplex
and methylated DNA with high sensitivity. Further, several
types of nucleic acids such as ssDNA, dsDNA, and RNA from
various samples including HIV, HCV, and SARS-CoV2 could
also be detected using ENHANCE technology without the
need for further optimization. Specifically, enhanced SARS-
CoV2 detection with improved sensitivity and specificity in a
fluorescence-based assay and a paper-based lateral flow assay
was demonstrated using ENHANCE. However, this technol-
ogy has limitations as no patient samples were directly used
for testing nucleic acid detection so far (19).

To address limitations such as off-target cleavage associ-
ated with CRISPR-Cas12a (Cpfl) complex, Kim et al. devel-
oped a chimeric RNA-DNA guide to reduce off-target cleav-
age by increasing instability in target DNA binding. The re-
duction in off-target cleavage is due to reduction in the hy-
bridization energy and increased sensitivity to mismatches.
Here, the combination of SpCas9 nickase and chimeric (cr)
RNA guided Cas12a led to the development of highly target
specific genome editing technique with possible reduction in
unwanted off-target cleavages. However, future structural and
biochemical studies are warranted on chimeric DNA-RNA
recognition of the CRISPR-Cas12a. One possible venue is the
improvement of the target DNA cleavage efficiency by mod-
ifying amino acid residues in Cas12a, which would increase
the safety of in vivo target-specific genome editing (20).

Cas13

RNA-guided ribonucleases (RNases) Cas13 possess four di-
vergent family members (Cas13a—d) and produces numerous
cleavage sites in single-stranded areas of target RNA with a
specific sequence. Unlike other class 2 effectors, such as Cas9
and Cas12a/Cas12b, Cas13 lacks a DNase domain while
it contains two conserved HEPN (complex eukaryotes and
prokaryotes nucleotide-binding) domains that cleave RNA
(Figure 1A) (21). Cas13 catalyzes both crRNA maturation
and RNA-guided single-stranded RNA degradation using two
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separated catalytic sites in an interdependent manner (22-26).
Cas13 cleaves after certain nucleotides and engages in ‘collat-
eral’ cleavage of nearby RNAs after recognition of target RNA
(Figure 1B). Thus, Cas13 can be reprogrammed with crRNAs
to sense specific RNAs. This crRNA-programmed collateral
cleavage could aid to detect the presence of specific RNA in
vitro by nonspecific degradation of labeled RNA (8) and in
vivo by inhibition of cell growth and triggering programmed
cell death (7). The binding of target RNA at the recognition
lobe of Cas13 impacts the dynamics of the spatially distant
HEPN1-2 catalytic core, resulting in altered dynamics with
respect to the crRNA-bound form, and in the opening of the
catalytic cleft. Critical residues in Cas13 (R377, N378 and
R973) are involved in selection of target RNA and they re-
arrange their interactions upon target RNA binding. It was
revealed that the alanine mutation of these residues could im-
prove the selectivity of Cas13 as Cas13 was highly specific in
discrimination of single-nucleotide polymorphisms (SNPs) in
SARS-CoV-2 variants (27,28).

Cas13 enzymes, such as Cas13d and Casl3e are the
CRISPR systems available for adeno-associated virus delivery.
Compared to Cas13d, Cas13e is highly compact and possesses
high efficacy and specificity (29).

Cas13X (also known as Cas13bt3) and Cas13Y were re-
cently identified as subtypes of Cas13. With 775 and 790
amino acids in length, respectively, they are smaller than
other Cas13 subtypes, which have 1000-1200 amino acids
(29). Surprisingly, species specific alterations in the amino
acid residues were noted between Cas13bt3 and PbuCas13b.
Cas13bt3 comprises 775 residues which makes it 352-residues
shorter than PbuCas13b (1127-residues) and they share very
little sequence identity. However, the overall structures of
Cas13bt3 and PbuCas13b are similar (30,31). Recent stud-
ies on RNA knockdown efficacy of various Cas13 subtypes,
such as Cas13X, Cas13Y, Cas13a, Cas13b and Cas13d re-
vealed that Cas13X/Y and Cas13d exhibited significantly
higher RNA knockdown efficacy compared to the other sub-
types. Specifically, Cas13X/Y and Cas13d showed significant
SARS-CoV-2 RNA elimination compared to other subtypes
(29,32,33). While Cas13a can collaterally cleave non-target
RNAs, Cas13X/Y have relatively weak collateral activity,
which requires further investigation (34).

Cas14

Cas14 proteins with around 400 to 700 amino acids size,
are the smallest Cas protein of the Class 2 family. Similar to
Cas12, Cas14 has cis dsDNA and cis/trans ssDNA cleavage
activities. Despite its small size, it can target and cleave ss-
DNA without restrictive PAM sequence requirement. How-
ever, it needs T-rich PAM sequences, such as TTTG for ds-
DNA targeting (35,36). Wei et al., (2021) demonstrated that
the strongest trans cleavage activity of Cas14al could be trig-
gered by short target RNA (20 nt) and short target ssDNA (20
nt) targets as the activators (37).

The applications of CRISPR-Cas for sensing

CRISPR-Cas protein driven by guide-RNA is a powerful tool
for sequence-specific targeting and detection of nucleic acids
including viral RNA and cancer biomarkers. While Cas9 has
been most intensely studied in terms of structure and func-
tion, Cas13-based detection of nucleic acids has been more
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exploited in sensing applications. Therefore, in each of the
following sections we first discuss the Cas13-based detection
methods, followed by those based on Cas12 and Cas9.

Detection methods for viral RNA/DNA
Cas13-based detection of viral RNA and dsDNA

Almost all Cas13-based methods for detection of viral RNA
are based on amplification of target RNA and Cas13 collateral
cleavage of non-specific RNA (reporter RNA), once Cas13 is
bound with the target RNA. The readout from these meth-
ods can be in the form of fluorescence, colorimetry, and lat-
eral flow immunochromatography from cleavage of reporter
RNA.

Gootenberg et al. described real-time in vitro nucleic acid
detection of the target using Specific High-Sensitivity Enzy-
matic Reporter UnLOCKing (SHERLOCK), based on nucleic
acid amplification and dsDNA and RNA detection followed
by Casl13-mediated collateral cleavage of a reporter RNA
(quenched fluorescent RNA). SHERLOCK is based on the
conversion of RNA to DNA by reverse transcription, DNA-
based amplification through recombinase polymerase ampli-
fication (RPA), transcription back to RNA for detection by
Cas13 and fluorescence readout (Figure 2A). SHERLOCK is
also used to detect dsSDNA by RPA. This method has been used
to detect specific strains of Zika and Dengue virus, distinguish
pathogenic bacteria, genotype human DNA, and identify mu-
tations in cell-free tumor DNA (cfDNA) (38).

In 2018, four advances integrated into SHERLOCK version
2 (SHERLOCKv2) have been reported: (i) four-channel single-
reaction multiplexing with orthogonal CRISPR enzymes al-
lows cost-effective multiple targets detection (Figure 2B); (ii)
quantitative analysis of input as low as 2 attomolar; (iii)
3.5-fold increase in signal sensitivity by combining Cas13
with Csmé that is an auxiliary CRISPR-associated enzyme;
and (iv) lateral-flow readout. SHERLOCKv2 could detect
Dengue or Zika viruses single-stranded RNA as well as mu-
tations in patient liquid biopsy samples via lateral flow. In
this method, the cleavage sequence preference of LwaCas13a,
Cas13b from Capnocytophaga canimorsus Cc5 (CcaCas13b),
LbaCas13a and PsmCas13b was assessed by evaluating their
collateral activity across dinucleotide motifs. Then, by lever-
aging orthogonal dinucleotide motifs, the detection was ex-
tended to four targets in FAM, TEX, Cy5 and HEX channels
for LwaCas13a, PsmCas13b, CcaCas13b and AsCas12a, re-
spectively (Figure 2B). The advances on in-sample multiplex-
ing via orthogonal based preferences made it possible to per-
form detection of multiple targets at large scale and more eco-
nomically (39).

HUDSON (heating unextracted diagnostic samples to
obliterate nucleases) is a protocol along with SHERLOCK
used to lyse viral particles and to inactivate ribonuclease
present in the bodily fluids of patient samples. This step could
be accomplished through the application of heat and chemi-
cal reduction process (Figure 2C), to detect Zika and Dengue
viruses from patient samples in less than 2 hours even at
concentrations as low as 1 copy per microliter with a col-
orimetric readout using lateral flow strips. Furthermore, the
method could distinguish the four Dengue virus serotypes, as
well as region-specific strains of Zika virus from the 2015-
2016 pandemic. This approach eliminates the need for nucleic
acid extraction but instead it requires a 30 min incubation
time (40).

Nucleic Acids Research, 2024, Vol. 52, No. 17

Qin et al. developed an automated microfluidic system and
a sensitive fluorometer, coupled with a fully solution-based
Cas13 assay (collateral cleavage of fluorescence probes) for
detection of Ebola viral RNA. The detection can be done
within § min, without the need of solid phase extraction. Fur-
thermore, the method needs a small volume of blood sample,
that makes the system suitable for finger-prick tests (41).

The outbreak of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) triggered the development of a
SHERLOCK-based method for detecting SARS-CoV-2 from
unextracted samples, named Streamlined Highlighting of In-
fections to Navigate Epidemics (SHINE). SHINE is an im-
proved HUDSON protocol for detection of SARS-CoV-2
RNA with both paper-based colorimetric and in-tube fluores-
cent readout. The recombinase polymerase amplification of
target and Cas13-based detection is performed in a single step,
to simplify the assay, minimizing the risk of cross contami-
nation, and reduce the running time (Figure 2D) (42). It is
notable that SHINE’s performance is equivalent to the SARS-
CoV-2 CDC assay for reverse transcription quantitative PCR
(qPCR) -imputed titers > 1000 copies/pl.

Freije et al. developed Cas13-based diagnostic readout us-
ing SHERLOCK, that was called as Cas13-assisted restric-
tion of viral expression and readout (CARVER) (Figure 2F).
This study investigated whether Cas13 targeting could result
in mutations at the site of crRNA targeting. For this, com-
putational analysis was used to identify Cas13 target sites
by screening > 350 viral genomes of known species that
infect humans. Genome-wide screening of LCMV was used
for crRNA design. Later, the results were confirmed exper-
imentally to inhibit the viral replication in three types of
ssRNA viruses namely lymphocytic choriomeningitis virus
(LCMV), influenza A virus (IAV) and vesicular stomatitis
virus (VSV). CARVER allows the CRISPR-Cas effector Cas13
to target numerous mammalian viruses and analyze the ef-
fects of targeting and viral response (43). Similarly, Acker-
man et al. developed Combinatorial Arrayed Reactions for
Multiplexed Evaluation of Nucleic acids (CARMEN), a scal-
able platform that is capable of testing >4500 crRNA-target
pairs on a single array. This platform CARMEN-Cas13 al-
lows for validation and comprehensive subtyping of influenza
A strains and multiplexed identification of dozens of HIV
drug-resistance mutations. Additionally, CARMEN can act at
high speed to pin down infected samples for further sequenc-
ing to trace the proceeding evolution of the virus thus aids
in improved CRISPR-based diagnostics (44). Another study
from Welch et al. demonstrated the use of first generation
of CARMEN called CARMEN v.1, capable of detecting 169
human-associated viruses in 8 samples simultaneously. Specif-
ically, this platform was designed for use during the COVID-
19 pandemic, but faced challenges such as obtaining FDA
approval, and in the end had a limited application in clini-
cal practice due to the following drawbacks, (i) custom-made
imaging chips and readout hardware, (ii) manual intensive
8-10 h workflow, (iii) low-through put sample evaluation.
Nevertheless, the method benefits from a smooth workflow
and improved sensitivity, without affecting specificity. Once
the steps are taken to integrate high-throughput, multiplexed
pathogen testing with variant tracking, CARMEN technology
can be applied clinically to test respiratory pathogens and their
variants (45).

To enhance the sensitivity of Cas13-based diagnosis of
RNA, pre-amplification of target RNA is generally required.

20z Joqualdag /z uo Jasn Aseiqi uiepy 8y / ABojouyda] jo AlsieAiun siswiey) Aq Geezy/Z/0v001L/2L/ZS/o191ue/1eu/woo dno-olwapeoe//:sdyy wolj papeojumoq



Nucleic Acids Research, 2024, Vol. 52, No. 17

A SHERLOCK (Viral RNA Detection)
:

10049

Cas 13 detection Collateral c:lleavageN
NA — LwCas13 —&:
ASVNRT - RPA - T7 Transeription —— —— = .-
. b > —— = — . —€
o S S s
Target = R
Target viral RNA viral RNA *—o ;
Signal release
ssDNA reporter
N S
B SHERLOCKv2 (Four-channel single-reaction)
'S N
Cas detection
LwCas13a pscas13@ CcCas13b
- 3 =%
*—o o—o
o— 7 *—o o—o —® o—o
3 o—o o—o
Collateral o — .__. * o —
cleavage - — o— — o
L - — * o o )

C HUDSON (Detection from clinical sample)

Clinical sample

Nuclease
inactivation inactivation

_—-’ —>
37-50 °C for 64-95°C for 5

5 -20 min min

Viral

Viral particles

E Amplification-free multiple targeting

o—
o—

o—

Figure 2. Cas13-based detection methods for viral RNA. (A) SHERLOCK is ba
recombinase polymerase amplification (RPA)-based amplification, and transcr
collateral cleavage of a reporter RNA (38). (B) SHERLOCKv2 in-sample fourch
Viral detection directly from bodily fluids using HUDSON (40). (D) RPA-based
Amplification-free multiple crRNAs targeting of Cas13 (46). (F) Cas13 for viral

However, Fozouni et al. developed a rapid and amplification-
free Cas13 assay for direct detection and quantification of
SARS-CoV-2 from nasal swab RNA. This simple and portable
method can measure the fluorescence from collateral cleav-
age of reporter RNA with a mobile phone camera with a
compact device that includes low-cost illumination and col-
lection optics. This makes for an appealing tool for point-of-

RNA

RT, RPA, T7

transcription,
_Target Cas 13a
Viral RNA detection

F CARVER (Viral detection and knockdown)

Target viral RNA

LwaCas13a,
PsmCas 13b

Cas 13 detection

and knock dgwn

sed on the conversion of RNA to DNA by reverse transcription (RT),
iption back to RNA for detection by Cas13, and further Cas13-mediated
annel multiplexing with orthogonal Cas13 and Cas12a enzymes (39). (C)
amplification and Cas13 in a single step using SHINE (42). (E)

detection and knockdown (43).

care diagnosis particularly in low income regions. Instead of
pre-amplification of target RNA, this method uses multiple
crRNAs targeting different parts of the viral genome, that in-
creases the activation of Cas13. It also analyzes the change
of fluorescence in real time, instead of a fluorescence mea-
surement only at the endpoint (Figure 2E) (46). In line with
this, Shinoda et al. developed an amplification-free platform
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‘SATORY’ by combining Cas13-mediated RNA detection with
microchamber array technology to exhibit several advantages
compared to other ssRNA detection methods; (i) SATORI is
not affected by amplification errors, (ii) it requires only <§
min for detection, (iii) it is more robust against contami-
nants such as saliva, therefore can be directly applied to clin-
ical samples without any pre-processing steps, (iv) it is well
tolerant to single mismatches between the guide and tar-
get sequences. Thus, SATORI serves as a powerful class of
accurate and rapid diagnostics for ssRNA viruses such as
SARS-CoV-2, Zika, Ebola, HIV and Influenza. When SATORI
combined with Cas12a would result in amplification free
double-stranded DNA detection that can be applied in diag-
nosis of DNA virus infections and circulating tumor DNA
(47). It has been established that fundamental sensitivity lim-
its of CRISPR-Cas12/CRISPR-Cas13 schemes and their rele-
vant amplification-free assays are determined by kinetic rates.
However, the link between them was not well understood
until Huyke ef al. quantified kinetic parameters for various
Cas12 and Cas13 enzymes including LbCas12a, AsCas12a,
AapCas12b, LwaCas13 and LbuCas13 and their correspond-
ing limit of detection (LOD). The activation of Cas12 and
Cas13 enzymes exhibited trans-cleavage catalytic efficiencies
between order 10° and 10° M~! s~'. This study, aiming at
analyzing sensitivity, concluded that cleavage of at least 0.1%
of the fluorescent reporter molecules by an activated CRISPR-
Cas12/ CRISPR-Cas13 is required for successful detection of
the target to further differentiate signal from the background
(48). Similar research can be used to examine the sensitiv-
ity of various CRISPR assay detection methods, namely those
that use tandem nucleases and those that use electrochemical
or chemiluminescence-based measures for target identification
(49-53).

Loop-mediated isothermal amplification (LAMP) performs
highly sensitive nucleic acid amplification in under 20 min
with attomolar limits of detection, but often results in non-
specific amplification. To overcome this limitation, Chan-
drasekaran et al. developed DISCoVER (for diagnostics with
coronavirus enzymatic reporting), which is an RNA extrac-
tion free test that linked two different amplification mecha-
nisms for sensitivity with a Cas13-mediated probe for speci-
ficity which greatly enhance frequent and on-site molecular
diagnostics if mindful steps are undertaken to develop and de-
ploy this assembly (54).

Ren et al. developed rapid, specific and sensitive detection of
Mycobacterium tuberculosis (MTB) complex PCR-CRISPR-
Cas13 detection method (CRISPR-MTB) that could replace
old gold standard tuberculosis diagnostic test (55). Similarly,
Macgregor et al. developed SHERLOCK to detect Schisto-
soma japonicum and S. mansoni by a combination of RPA
with CRISPR-Cas13 detection through colorimetry or fluo-
rescent readouts. This assay achieved 93-100% concordance
with gold standard qPCR detection across all the samples of
S. japonicum, and achieved 100% sensitivity when compared
to qPCR detection of faecal and serum samples of S. mansoni
(56).

In summary, cleavage of target and non-target RNAs by
Cas13 is useful for microbial detection as well as treatment.
The methods explained in this section are adapted for detec-
tion of microbial RNA and DNA directly from bodily fluids, in
multiple-channel single-reaction for multiple detections, and
in single step or even amplification-free assay for rapid, easy,
and contamination-free detection.
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Cas12-based detection of viral DNA/RNA

As it was indicated, SHERLOCK is highly sensitive, specific,
and suitable method for detection of target RNA. However,
for DNA sensing, the shortcoming with SHERLOCK is that
in vitro transcription of DNA to RNA for sensing DNA se-
quences is needed, and that brings an extra step to the pro-
cess. However, Cas12 can directly detect DNA and thereby
the in vitro transcription of DNA to RNA is not needed
for sensing by Cas12. Furthermore, Cas12 possess collateral
cleavage activity against non-specific ssDNAs upon the forma-
tion of Cas12a—crRNA complexed with target DNA (57,59).
Thus, based on these features of Cas12, Cas12-based de-
tection methods, such as one-Hour Low-cost Multipurpose
Highly Efficient System (HOLMES) was developed for sens-
ing target viral DNA/RNA, where the quenched fluorescent
non-specific ssDNA reporter is used as the probe for readout
(Figure 3A) (59).

In 2019, HOLMESv2 was developed for detection of (i)
single nucleotide polymorphism (SNP), (ii) virus RNA, hu-
man cell mMRNA, and circular RNA (Figure 3B) and (iii) quan-
tification of target DNA methylation degree using combined
Cas12b detection and bisulfite treatment. In this method,
target nucleic acid quantification (fluorescence signal from
cleavage of ssDNA reporter) is combined with loop-mediated
isothermal amplification, performed in one single step and at
a constant temperature of 55°C (15), thus preventing cross-
contamination.

SHERLOCK was also adapted for simplified detection
of SARS-CoV-2 termed as SHERLOCK testing in one pot
(STOP). STOP is a streamlined assay with simplified vi-
ral RNA extraction (magnetic bead purification method),
isothermal amplification of target, and Cas12b detection. The
method is compatible with fluorescence and lateral-flow read-
outs. Similar to HOLMESv2, it is performed at a single tem-
perature (60°C) in less than an hour, with minimal equipment
and without the need of thermocycler (Figure 3C) (60) that
makes it cost-effective.

As stated before, Casl12 is able to sense the DNA, and
for viral RNA sensing by Cas12, we can skip the conversion
of amplified DNA into RNA after the conversion of target
RNA to DNA by reverse transcription and DNA amplifica-
tion. Thus, amplified target DNA will be directly used for
detection by Cas12. That is the principle used in a method
called as DNA Endonuclease-Targeted CRISPR Trans Re-
porter (DETECTR) (16). DETECTR has been adapted for
SARS-CoV-2 detection from RNA extracted from nasopha-
ryngeal or oropharyngeal swabs. This method includes si-
multaneous reverse transcription and isothermal amplifica-
tion of RNA extracted from nasopharyngeal or oropharyn-
geal swabs in a universal transport medium. It is followed by
detection of predefined coronavirus sequences by Cas12 and
cleavage of reporter molecules for fluorescence/lateral flow
readouts as the proof of virus detection (61). This method is
deemed to be superior to the reverse transcription qPCR assay
for SARS-CoV-2 by the US Centers for Disease Control and
Prevention, as in comparison, it provides a faster and visual
readout (61).

Furthermore, Ding et. al., (2020) developed an all-in-one
dual CRISPR-Cas12a (AIOD-CRISPR) assay that is one-pot
(mixed components for amplification and CRISPR detection)
detection method for SARS-CoV-2 that is performed at a sin-
gle temperature of 37°C (Figure 3D). In this case, dual cr-
RNAs specific to the SARS-CoV-2 nucleoprotein gene without
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that gives visual fluorescent output (63).
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Figure 4. Cas12a activated nuclease poly-T reporter illuminating particles (CANTRIP) for DNA detection. After target DNA recognition by Cas12a, ssDNA
reporter oligos with blocked 3’-ends are cut into smaller ssDNA fragments, generating neo3’-hydroxyl moieties. Terminal deoxynucleotidyl transferase
incorporates dTTP nucleotides into these fragments and produces poly(thymine)-tails that function as the scaffolds for the formation of copper

nanoparticles with a bright fluorescent signal (64).

PAM sequence limitation were introduced for dual CRISPR-
based nucleic acid detection. For that, a pair of Casl2a-
crRNA generated using two individual crRNAs, binds to
two different sites in the target sequence and displaces non-
targeted strands. The strand displacement exposes the bind-
ing sites of the Cas12a—crRNA complexes to the forward
and reverse primers present in one pot reaction mixture.
The mixture incubation at ~37°C initiates the recombi-
nase polymerase amplification. Furthermore, upon Cas12a-
crRNA binding with the amplified target sites, the Cas12a
endonuclease creates strong fluorescence signal by cleav-
ing the ssDNA reporters (62). In this method, the am-
plified products continuously trigger the Cas12a collateral
cleavage activity and thereby strengthening the fluorescence
signal.

Given the constant evolution of new SARS-CoV-2 variants,
it is critical to quickly adapt the diagnostics. Minimally in-
strumented SHERLOCK (miSHERLOCK) is a one-pot SHER-
LOCK reaction with RNA paper-capture method compati-
ble with in situ nucleic acid amplification and Cas12a de-
tection with visual fluorescence readout. The miSHERLOCK
includes lysis chamber and reaction chamber. In lysis cham-
ber, the patient introduces saliva to the sample preparation
column followed by addition of lysis buffer and heating to
95°C (3-6 min) for the elimination of viral particles and false-
positive signal related to the nucleases present in saliva. Saliva
flows through a polyethersulfone membrane which concen-
trates and accumulates viral RNA. Then, the flow column
needs to be transferred to the reaction chamber to release
the polyethersulfone membrane as well as stored water into
freeze-dried pellet of one-pot reaction. The result can be visu-

alized after 55 min directly or by a smartphone that quantifies
fluorescent signal. The method is capable of concurrent uni-
versal detection of SARS-CoV-2 as well as specific detection of
B.1.1.7,B.1.351 or P.1 variants by designing guide RNAs and
RPA primers for universal detection as well as specific detec-
tion of variants. It is instrument-free, and it has built-in sam-
ple preparation from saliva, room temperature stable reagents,
battery-powered incubation, simple visual and mobile phone
output interpretation with a LOD of 1000 copies/ml that
matches US Centers for Disease Control and Prevention re-
verse transcription gPCR assay for SARS-CoV-2 (Figure 3E)
(63).

A DNA detection assay termed Cas12a Activated Nucle-
ase poly-T Reporter Illuminating Particles (CANTRIP) was
developed using combined function of two enzymes, ter-
minal deoxynucleotidyl transferase and Cas12a for sensing
anthrax lethal factor gene (Figure 4). The method gener-
ates copper nanoparticles that are visible by the naked eyes
under UV-light. After target DNA recognition by Casl2a,
ssDNA reporter oligos with blocked 3’-ends are cut into
smaller ssDNA fragments, generating neo3’-hydroxyl moi-
eties. Deoxynucleotidyl transferase incorporates dTTP nu-
cleotides into these fragments and produces poly(thymine)-
tails that function as the scaffolds for the formation of copper
nanoparticles with a bright fluorescent signal. The limitation
with this method is that, unlike SHERLOCK, HOLMES and
DETECTR, target amplification in this method is not possible,
since the amplification primers would be used by deoxynu-
cleotidyl transferase for poly-T formation (64).

When it comes to readout, besides fluorescence-based de-
tection methods such as SHERLOCK, other approaches such
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when a potential is applied, that yields a minimized electrochemical signal. Once the target gene is absent, ssDNA on the electrode is not cleaved, and

yields a higher electrochemical signal (51).

as electrochemical-based detection of nucleic acids were also
established using Au nanoparticles (AuNPs). Lee et al. con-
jugated AuNPs with methylene blue (MB) (electrochemi-
cal probe) and immobilized the conjugate on working elec-
trode via SH-ssDNA-biotin. The ssDNA was non-specifically
cleaved by Cas12a in the presence of Dengue fever viral RNA
leading decreased electrochemical signal from MB-AuNPs
(65). The approach exhibited an ultrasensitive detection of
viral RNA (as low as 100 fM) without any amplification as
the PCR based detection method of dengue virus could be
able to detect only 100 copies/ml of plasma (66). A novel
electrochemical sensor platform was developed for the rapid
and sensitive detection of nucleic acids. The results revealed
that lower surface coverage density and incompact morpho-
logical structure are the reason for the lower steric hindrance
effect and higher efficiency Cas12a cleavage of the hairpin
DNA reporter for improved analytical sensitivity. Apart from
that this platform can also detect target complex matrices
providing a potential tool for POC diagnostics (67). In an-
other study, an electrochemical luminescence biosensor was
developed with incorporation of silver metallization to elec-
trochemical CRISPR-based biosensor to detect pathogenic
genomes, such as antimicrobial resistance gene in bacteria. In
this method, ssDNA immobilized on the electrode is cleaved
by Cas12a in the presence of target gene. Subsequent addition
of Ag* and NaBHy seeds the silver metallization followed by
double metallization when a potential is applied, that yields
a minimized electrochemical signal. However, once the target
gene is absent, ssDNA on the electrode is not cleaved, and that
yields a higher electrochemical signal (51) (Figure 5). These ul-
trasensitive and amplification free electrochemical-based de-

tection methods produce strong enough signal and eliminate
the need for amplification of target DNA/RNA.

In order to enhance the sensitivity of amplification-free
Cas12a-based detection, a Raman-sensitive system was fabri-
cated using ssDNA-immobilized Raman probe-functionalized
AuNPs (RAuNPs) on GO/triangle Au nanoflower array (Fig-
ure 6). This method could detect multiviral DNA (hepatitis B
virus (HBV), human papilloma viruses (HPVs) HPV-16, HPV-
18) with an extremely low detection limit of 1 aM to 100
pM, without amplification (68). Meanwhile the analytical sen-
sitivity of most commonly used PCR-based assays for HBV
DNA (Xpert assay HBV DNA platforms, Abbott RealTime
HBV test, Roche Cobas AmpliPrep/Cobas TagMan HBYV test,
Roche Cobas TagMan HBV test with the HighPure system,
Qiagen Artus HBV and Aptima Quant HBV tests) is 10 IU/ml
for the plasma sample (69). In case of HPV, the sensitivity
using digene HC2 HPV DNA test from Qiagene is 100 000
copies of hrHPV per ml of sample, or 100 copies of hrHPV
per pl of sample (70).

Generally, both Cas13 and Cas 12 detection techniques de-
scribed here are mostly based on signal release from collateral
cleavage activity of Cas12/Cas13 against ssDNA/ssRNA re-
porter. However, nucleic acid detection using Cas12 is more
convenient, since T7 transcription step for converting ampli-
fied DNA to RNA before Cas13 detection is omitted in Cas12-
based detection assays. Furthermore, recent advances, includ-
ing one-pot assay at a constant temperature and ultrasensitive
amplification-free detection, reduce the risk of contamination,
dual crRNAs strengthen the signal without PAM sequence
limitation and instrument-free detection makes the technol-
ogy more accessible.
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Cas9-based detection of viral and bacterial DNA/RNA

In case of Cas9, there is no collateral activity against non-
specific ssDNA/ssRNA. This makes Cas9 different from
the Cas12 and Cas13 in sensing approaches (71). A sim-
ple, field ready sample processing workflow was demon-
strated by linking isothermal RNA amplification to toehold
switch RNA sensors to detect clinically relevant concentra-
tions of zika virus sequences and with specificity against
dengue viral sequences (Figure 7A). When coupled with a
novel CRISPR-Cas9-based module, the sensor can distin-
guish between distinct viral strains with single-base resolution
(71).

A novel Cas9-based DNA detection method, named
CRISPR-Cas-typing PCR version 4.0 (ctPCR4.0) was devel-
oped to detect L1 fragments of HPVs from clinical samples.
In this method, the target DNA is cleaved by a pair of Cas9-
sgRNAs. It is followed by releasing two single strands with

ances the surface-enhanced Raman spectroscopy (SERS) signal by generating
ivated CRISPR-Cas12a by target viral DNA. (C) RAuNPs on the GO-TANF
ction of maximized SERS intensity (68).

free 3’ ends that anneal with a pair of oligonucleotides for
polymerization of DNA from the free 3’ ends, further PCR
amplification by universal primers, and finally fragment detec-
tion using qPCR or on agarose gel electrophoresis (Figure 7B)
(72). The method addresses the limitations of PCR for primer
design and nonspecific amplification by introducing CRISPR-
Cas system into PCR.

For bacterial detection, the strand displacement ampli-
fication (SDA)-rolling circle amplification (RCA) combined
with Cas9 was applied for fluorescence detection of E. coli
0157:H7 using the metal-organic framework (MOF) UiO66
platform (Figure 7C). UiO66 is a cubic framework of cationic
Zrs04(OH)4 nodes and 1,4-benzenedicarboxylate linkers,
that adsorbs fluorophore-labeled ssDNA and quenches the
fluorescence. Upon target DNA recognition and cleavage by
Cas9, short ssDNAs are produced from SDA, that are used
as the primer for RCA, leading to synthesis of a long DNA
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and further PCR amplification by universal primers (72). (C) Cas9 triggered SDA-RCA method based on UiO66 platform. A pair of Cas9: sgRNA complex
cleave one strand of target DNA, strand displacement amplification (SDA) extends at the nick while displacing the original DNA strand and producing
some short-ssDNAs. Then, a long-ssDNA copy of the circular probe with repeat sequences is synthesized through rolling circle amplification (RCA) once
the circular probe hybridized to 3’ of short-ssDNA. Next, fluorescent probes leave UiO66 and hybridize with long-ssDNA, that produces fluorescence

signal (73).

chain. In the presence of long ssDNA, the fluorescence ssDNA
probes that are bound with UiO66, depart from UiO66 and
hybridize with the long-ssDNA, leading to the fluorescence
recovery (73).

Quan et al. also introduced a next generation CRISPR-Cas
diagnostic method termed Finding Low Abundance Sequences
by Hybridization (FLASH) for detection of antimicrobial re-
sistance genes (Figure 8). The FLASH technique with a set of
Cas9 guide RNAs cleaves the sequences of interest into frag-
ments for Illumina sequencing. Then, the cleaved products are
ligated with universal sequencing adapters. The amplification
step ensures the enrichment of target sequences for binding to
the sequencing flow cell (74). This method is very precise and
allows for a high level of multiplexing (thousands of targets
analyzed simultaneously).

Unlike Cas13 and Cas12 detection processes that are based
on collateral cleavage activity against non-specific DNA, Cas9
does not have this property and Cas9 detection systems, such
as toehold-based sensor, Cas9-typing PCR, and Cas9 triggered
SDA-RCA are based on cleavage of target DNA, as described
in here.

Cas10-based detection of viral RNA

Like Cas13, Cas10-based type III CRISPR system is also used
to detect viral RNA. Sequence-specific detection of viral RNA
was observed with Cas10, which makes it unique among other
detection methods. For a sensitive, specific and rapid diagnos-
tic of SARS-CoV-2, type III CRISPR Csm complex that trig-
gers Cas10-mediated polymerase activity was used. As a re-
sult, this study (75) concluded that viral RNA recognition by
the type III CRISPR-Cas complex stimulated Cas10-mediated
polymerase activity which resulted in the generation of py-
rophosphates, protons, and cyclic oligonucleotides within 1-
30 min, which can be detected using colorimetric or fluoro-
metric methods (75). Additional modifications, such as re-
designing primer sets could increase the efficacy of reverse-
transcription LAMP at 55°C, or using a more thermostable
RNA polymerase increase the efficacy of T7 transcription-
Csm detection at 65°C, result in a successful integrated one-
pot diagnostic (75). Although type III-A systems have unique
dual DNA and RNA targeting complex mechanisms, several
questions remain unanswered, such as how crRNAs translo-
cate from Cas6 endonuclease to the Cas10 complex as Cas6

20z Joqualdag /z uo Jasn Aseiqi uiepy 8y / ABojouyda] jo AlsieAiun siswiey) Aq Geezy/Z/0v001L/2L/ZS/o191ue/1eu/woo dno-olwapeoe//:sdyy wolj papeojumoq



10056

Nucleic Acids Research, 2024, Vol. 52, No. 17

Y, LW aWa \</| Targetted N\ '\{/i
Cas9
\_/\\/>/\\_//\/\<-/- Block \\/’{/_'\/L\//—\\/*/ digeasstion w
AN LWl W W W W W
Ligate adaptersl
4 Wa® LV WL Y.
N Sequence —_— . Amplify i I\/
' - — [FENE
oAt o o Kt B !

Figure 8. Finding Low Abundance Sequences by Hybridization (FLASH) for detection of antimicrobial resistance genes. Cas9 guide RNAs cleaves the
sequences of interest into fragments for lllumina sequencing. Then, the cleaved products are ligated with universal sequencing adapters. The
amplification step ensures the enrichment of target sequences for binding to the sequencing flow cell.

endonuclease needs to cleave and liberate the crRNA to be
transferred to Cas10, and how the Cas10 complex search for
the transcripts for the complementary sequence to the crRNA
(76).

Cas14-based detection of viral and bacterial DNA/RNA

Although only a few studies so far reported on CRISPR-
Cas14, this system appears superior to other Cas13 systems.
Harrington et al., (2018) first combined the use of CRISPR-
Cas14 system with the DETECTR technique by designing
gRNA targeting the HECT and RLD Domain Containing E3
Ubiquitin Protein Ligase 2 (HERC2) gene in human saliva col-
lected from blue-eyed single nucleotide polymorphisms (SNP)
individuals. This result showed that Cas14 was more advan-
tageous than Cas12, where Cas12 failed in recognition of
the blue-eyed SNP. It seems to be a cost-effective method
for screening mutations of pathogens and a great opportu-
nity for mapping the candidate genes associated with various
pathogens (36).

Wei et al. developed Aptamer-based Cas14al Biosensor
(ACasB) to detect a large variety of pathogenic microorgan-
isms by simply changing the guide RNA sequence. The biosen-
sor does not need amplification and nucleic acid extraction.
In this case, S. aureus specific aptamer was hybrid with a
blocker DNA. Upon addition of S. aureus, the blocker was re-
leased upon bacteria-aptamer binding, and further activation
of Cas14al protein when bound with sgRNA generates fluo-
rescence intensity. This method is more advanced than qPCR-
based detection, which exhibited 100% accuracy and can dif-
ferentiate live and dead bacteria in complex samples in food
safety and disease diagnosis (35).

Genotyping by single nucleotide polymorphism
(SNP)

Over one and half million SNPs that are related to risk of
disease are found in the human genome. There are some Cas-
based methods available for detection of these SNPs.

Both extracted genomic DNA and saliva from human in-
dividuals have been used for PCR amplification and then
HOLMES assay could determine both homozygous and het-
erozygous genotypes. HOLMES could also easily and rapidly
detect human SNP (rs1014290) genotypes (59).

HOLMESv2 was used to examine the SNP locus of rs5028
from the human cell line HEK293T. Since there was no PAM
sequence near the locus, two distinct approaches of asym-
metric PCR and loop-mediated isothermal amplification were
used for target amplification. Asymmetric PCR amplifies the
sense strand from the original DNA to a greater extent than
the anti-sense strand. It is used in hybridization probing when
only one of the two strands is required. Asymmetric PCR
produces ssDNA, and Cas12b could distinguish the SNP lo-
cus without any PAM sequence. However, in case of loop-
mediated isothermal amplification, the PAM sequence was
necessary for distinguishing SNP locus by Cas12b, so it was
introduced in amplification primers (17).

Detection methods of DNA/RNA biomarkers in
cancer

Cas13-based detection of DNA/RNA biomarkers in cancer

As stated before, Cas13-based SHERLOCK can detect cell-
free tumor DNAs including BRAF V600E and epidermal
growth factor receptor (EGFR) L858R. However, its limita-
tion is the additional step of in vitro transcription of cell-free
tumor DNA to RNA for sensing by Cas13 (38).

MicroRNAs (miRNAs) are composed of 20-22 nts and
play an essential role in regulation of gene expression related
to biological processes. Certain cancer types are linked to
the aberrant regulation of specific miRNAs. Cas13-powered
microfluidics integrated electrochemical biosensor was intro-
duced for on-site detection of microRNAs. It can quantify the
potential tumor markers, microRNA miR-20a and miR-19b
with a detection limit of 10 pM without nucleic acid amplifi-
cation, which shows a good agreement with the standard re-
verse transcription-qPCR method. In this method, anti-biotin
antibodies, biotin, 6-FAM-labeled reporter RNA (reRNA) and
glucose oxidase (GOx)-labeled anti-fluorescein antibody are
immobilized on the surface of the biosensor. Upon introducing
miRNA and its incubation (37°C) with crRNA/Cas13 com-
plex in a microchannel, Cas13 cleaves immobilized reRNAs.
This remobilizes the GOx-conjugated antibodies. After wash-
ing all unbound GOx-labeled antibodies, the readout can
be conducted using glucose solution. Glucose oxidation, cat-
alyzed by GOx, produces H,O, that can be detected in an
electrochemical cell (Figure 9A). As it was shown in panel 2
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in figure SA, the target microRNA activates Cas13 to cleave
the bound reRNA, leading to removal of the GOx-labeled
antibody, thereby reducing the amperometric signal (77). In
this method, it is expected that immobilization of Cas/crRNA
complex on the surface might be helpful to beneficially reduce
the LOD. Overall, detection of cancer biomarkers including
cell-free tumor DNAs and microRNAs can be performed us-
ing Cas13. These methods rely on fluorescence and electro-
chemical readouts.

Cas12-based detection of DNA biomarkers in cancer

EGFR is a transmembrane receptor tyrosine kinase, that in-
duces the growth and proliferation of cancer cells. Thus,
the detection of EGFR mutations as circulating tumor DNA
(ctDNA) in body fluids, such as blood plasma, can be applied
in clinical decisions related to targeted EGFR therapies. Tsou
et al. (2020) used the collateral cleavage activity of Cas12a
against non-specific ssDNA reporter as a simple test with flu-
orescent readout to sensitively detect circulating tumor-DNA
via EGFR point mutations in plasma (78).

Cell-free DNA, including circulating tumor-DNA originate
mainly from apoptosis but also from necrosis and secretion
(79). Levels of circulating tumor-DNA correlate with cancer
progression (80). The use of blood plasma for DNA analysis is
considered to be minimally invasive and suitable for repeated
sampling. Such applications include screening, diagnostics,
prognostics, monitoring treatment efficacy as well as early
detection of minimal residual disease, treatment resistance,
and relapse (81). Cas12a fluorescent-based amplification-free
biosensor was developed to detect circulating tumor-DNA by
AuNP-assisted metal-enhanced fluorescence. The method in-
cludes two different sized AuNPs (20 nm and 60 nm) con-
nected by a 7 nm dsDNA and a 2 nm ssDNA (reporter) that is
cleaved by Cas12a in the presence of circulating tumor-DNA
and induces metal-enhanced fluorescence. Quenching fluores-
cence occurs in the absence of circulating tumor-DNA (Figure
9B). On the other hand, a color change from red to purple as
well as shift in absorbance from 532 (20-AuNP) and 531 nm
(60-AuNP) to 540 nm (nanoparticle complex via DNA com-
plementary binding) were observed using colorimetric analy-
sis when a target DNA binding CRISPR-Cas12a complex to
the 20- and 60-AuNP binding complex takes place. However,
the color change can be reverted when there is initiation of
dissociation of AuNP and ssDNA indicating that color and
absorbance peak changes dependent on trans-cleavage reac-
tion of the CRISPR-Cas12a by the target DNA and therefore
can be used as an alternative detection method (82).

The non-specific cleavage activity of different types of
Cas12a (LbCas12a and AsCas12a) against ssDNA anchored
on AuNPs has been compared, and it was found to be highly
dependent on length and density of ssDNA (83). Another
study found that non-specific cleavage of dsDNA probes with
staggered ends by Cas12a was more effective than hairpin
and ssDNA probes. This scenario could be explained by the
orientation of the dsDNA probe, which alters accessibility of
Casl12a (84).

Telomerase activity was found to be a good proxy for can-
cer detection. Telomerase is an enzyme that adds new DNA
repeats into telomeres (chromosomal extremities), thus main-
taining the stability of chromosomal ends, playing an essential
role in stem cell maintenance/renewal. Negligible telomerase
activity was found in most normal somatic cells except for
germ cells. However, around 85% of primary tumors shows
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significant telomerase activity (85). Cas12a and AuNP-DNA
probes were used for colorimetric detection of telomeric re-
peat DNAs. In this method, ssDNA is added to the reaction,
containing a terminus complementary to DNA probes fixed
on AuNPs. When there is no telomeric repeat DNAs in the
sample, ssDNA terminus is hybridized with DNA probes on
AuNPs, and cross-links AuNPs to form aggregates. However,
once Cas12a/crRNA complex recognizes the telomeric repeat
DNAs, ssDNA is degraded by Cas12a, thus, AuNPs remain in
dispersed form, resulting in red color (86).

Compared to Cas12a-based detection platforms, Cas12b-
mediated DNA detection (CDetection) strategy is highly sen-
sitive. The tgRNA-programmed Cas12b-mediated DNA de-
tection (CDetection) could detect the human BRCA1 gene
with a SNP (3232A > G) responsible for breast cancer. This
method amplifies the BRCA1 3232A > G and wild-type al-
lele from DNA of human breast cancer cells, using recom-
binase polymerase amplification. It further differentiates the
SNP with strong fluorescent signal from wild-type allele with
near-background signal with allelic fractions as low as 1%
(87). This CDetection strategy is considered advantageous
over Cas12a-DETECTR as it can detect dsDNA directly with-
out an extra step as in Cas-SHERLOCK or Cas14-DETECTR
platform. However, this technique has the following limita-
tions: i) Due to inadequate purity and integrity, clinical speci-
men detection may be difficult, ii) For CRISPR-Cas-based nu-
cleic acid detection technologies, the RPA pre-amplification
step is critical for producing a strong signal and avoiding false
positives (87).

Table 2 demonstrates that the Cas12 based detection of
cancer DNA/RNA biomarkers could be based on fluores-
cence, electrochemical, and colorimetric readouts. Colorimet-
ric based detection, without need of any sophisticated visu-
alization instruments, is the most promising route to make
cancer diagnostics more accessible.

Cas9-based detection of DNA biomarkers in cancer

A nanopore-based diagnostic tool for direct detection of DNA
was also developed using DNA sensing capability of Cas9.
Catalytically deactivated dCas9 variant used in this work is
not able to cut DNA, but instead it remains bound at a user-
defined binding site, making it an interesting tool for biosens-
ing (88).

Hajian et al. used the gene targeting property of dCas9
to detect two distinct mutations at exons commonly deleted
in individuals with Duchenne muscular dystrophy. They im-
mobilized Cas9 on a graphene-based field-effect transistor
(gFET), to combine gene-targeting of Cas9 and sensitive de-
tection power of gFET. The method provides a rapid, facile,
amplification free, and selective detection of target sequence
contained within intact genomic DNA (Figure 9C) (89).

The abundance of ctDNAs is low in peripheral blood
and the background of wild-type DNA is very high. That
makes specific and precise measurement of ctDNA challeng-
ing. A novel three-dimensional graphene/AuPtPd nanoflower
electrochemical biosensor was developed for detection of
EGFR c¢tDNA based on Cas9 cleavage-triggered entropy-
driven strand displacement reaction (ESDR). ESDR employs
several ssDNA molecules thermodynamically driven forward
by the entropic gain of liberated molecules in an enzyme-free
reaction. In this method, the Cas9/sgRNA complex cleaves
the target DNA, that triggers ESDR creating triplicate DNA
substrate probe (T1, R1 and S1 chains) (Figure 9D). Addition
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of trigger ssDNA causes release of initial target sequence that
is the promoter for the next cycle, resulting in a high variation
in signal (90).

The electrogenerated specific chemiluminescence reaction
on the surface of a working electrode (WE) is called elecro-
chemiluminescence (ECL). The transfer of high energy elec-
trons between the illuminating substance and WE forms the
excited state illuminator that can turn into the ground state
by emission of photons. Catalytically dead Cas9 (dCas9)
was used as the universal ECL probe for single base specific
and sensitive sensing genome of Listeria monocytogenes and
EGFR L858R mutation. In this method, the sgRNA, dCas9,
and labeled Ru-probe are assembled into a dCas9-ECL probe.
A labeled primer is used for PCR amplification to obtain
labeled dsDNA products. The products are further recog-
nized by the dCas9-ECL probe and captured by streptavidin-
modified magnet beads. Then, upon addition of tripropyl
amine (TPrA), the excited-state form of [Ru(bpy)3;2*]* is pro-
duced at the diffusion layer of an electrode, that turns into the
ground-state by photon emission and gives ECL signal (Figure
9E) (91).

As shown in Table 2, the detection of cancer biomark-
ers using Cas9 is mostly based on Cas9 binding with target
DNA and cleavage of target DNA on electrochemical sensing
platforms.

Challenges and perspectives

Rapid detection of nucleic acids with high sensitivity and
single-base specificity on a portable platform would be ideal
in diagnostics and to monitor disease and treatment. With
the advanced methods reviewed herein, the steps were already
taken towards the development of a powerful tool that reduce
personnel time, required equipment, assay time, increase ade-
quate sensitivity (sub-attomolar), and specificity of detection.
These steps are crucial for improving the accessibility of di-
agnosis, and for monitoring the patients in relation to disease
progression and treatment efficacy. Now SARS-CoV-2 RNA
DETECTR assay and SHERLOCK CRISPR SARS-CoV-2 kit
are not FDA cleared or approved, but they are authorized by
FDA under an Emergency Use Authorization (EUA) for use by
authorized laboratories (92).

In the following section, we discuss the requirements for an
optimal detection method, challenges with the currently used
methods and possible solutions for these challenges.

One-pot versus two-steps methods

SHERLOCK is normally performed in two steps: amplifica-
tion of the target and Cas-based nucleic acid detection (61).
However, due to the RNA extraction and multiple liquid-
handling steps, this method is complicated and increases the
risk of cross-contamination in the samples compared to those
methods that are applied in point-of-care testing. In contrast,
one pot strategy is used in streamlined SHERLOCK testing
or STOP that combines simplified extraction of viral RNA,
isothermal amplification, and CRISPR-mediated detection of
SARS-CoV-2. The test is fast and can be performed in less than
one hour, at a single temperature, and with minimal equip-
ment. Furthermore, the sensitivity of the test was similar to
that of reverse transcription-qPCR assay (60). Thus, some ad-
vantages can be proposed for the one-pot assays such as STOP,
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(i) it is simple and fast (10~15 min for concentration range
of femtomolar and less than 1 h for a concentration range
of attomolar), (ii) it causes less contamination, (iii) it is easy
to obtain quantitative results. However, there is also draw-
back with the one-pot assay, as it is less sensitive than two-
step methods. To address the compromised sensitivity in one-
pot strategy, dual crRNAs specific to a single gene could still
provide high sensitivity as low as 5 copies as shown by AIOD-
CRISPR method (62). One-pot assay is proposed for the ap-
plications that are time-sensitive, quantitative, require high-
throughput, and carry a significant risk of contamination (e.g.
in repeated testing). In contrast, two-step is proposed for ap-
plications with challenging sample inputs for example quick
extractions from body fluids like saliva or urine (93).

The use of miRNAs as a clinical cancer biomarker is
negatively affected by the absence of accurate, fast and
cost-effective assays. However, development of one-step and
one-pot isothermal assay called Endonucleolytically Expo-
nentiated Rolling Circle Amplification with CRISPR-Cas12a
(Extra-CRISPR) offers a rapid, specific and high sensitiv-
ity detection method for miRNA. This technique offers sev-
eral advantages compared to previously reported CRISPR-
based biosensing methods including the strategy to harness
both cis-cleavage and trans-cleavage activities of CRISPR-
Cas12a system, building a robust one-step, single tube isother-
mal assay for miRNA analysis by incorporating multiple
reactions into one coupled reaction network. This pro-
vides a reasonable analytical performance similar to re-
verse transcription-qPCR, including high sensitivity, single
digit femtomolar detection limit, single-nucleotide specificity
and rapid and flexible turnaround. Extra-CRISPR has a po-
tential for use in point of care diagnostics as the method
follows a simple workflow and requires no specialized
instruments (94).

Nucleic acids extraction

Besides the one pot strategy that simplifies the detection, the
streamlined RNA extraction methods are also useful to re-
duce the liquid-handling steps. For example, magnetic beads
purification combines the lysis and magnetic bead-binding
steps and eliminates the ethanol wash and elution steps. The
method could decrease the extraction time to only 15 min with
less hands-on time (60).

To simplify the detection, one may even consider the nucleic
acid extraction free detection methods to minimize the num-
ber of liquid handling steps. As an example of DNA extraction
free Cas13 detection, Shen et al. presented ‘allosteric probe-
initiated catalysis and CRISPR-Cas13” (APC-Cas) method us-
ing a specific allosteric probe (Figure 10). The probe is a ss-
DNA molecule, that is composed of three functional domains:
an aptamer domain for recognition of the target pathogen, a
primer binding site domain, and a T7 promoter domain. Once
target pathogen is present, the aptamer domain of probe binds
with the target pathogen. Then, the hairpin structure of the
probe is unfolded. This allows primers annealing to the primer
binding site domain and yields a dsDNA by addition of DNA
polymerase. Consequently, T7 RNA polymerase identifies T7
promoter sequence on the dsSDNA and generates ssRNAs by
transcription. ssRNAs are then hybridized to their comple-
mentary sequence in designed guide RNA of Cas13-crRNA
complex. It finally activates the non-specific collateral cleav-
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Figure 10. Allosteric probe-initiated catalysis and CRISPR-Cas13 (APC-Cas) method. The probe composed of an aptamer domain for recognition of the
target pathogen, a primer binding site domain, and a T7 promoter domain. The aptamer domain binds with the target pathogen. Then, primers annealing
to the primer binding site domain yields a dsDNA by addition of DNA polymerase. T7 RNA polymerase identifies T7 promoter sequence on the dsDNA
and generates ssRNAs. ssRNAs hybridized to their complementary sequence in designed guide RNA of Cas13-crRNA complex, activates the
non-specific collateral cleavage of RNA reporter probe by Cas13, thus producing fluorescence signals (95).

age of RNA reporter probe by Cas13, thus producing fluores-
cence signals (95).

In addition, the detection of biomarkers from clinical sam-
ples is challenging due to limited purity and integrity. Despite
the successful detection of target DNA/RNA from body flu-
ids such as urine by HOLMESv2, the detection limit for tar-
get RNA is low, most likely due to degradation of RNA in the
urine environment.

Amplification free methods

Basically, to achieve higher sensitivity by HOLMES detection,
it has been argued that the amplification is needed (59). How-
ever, Fozouni et al. proposed an amplification free Cas13-
based detection for sensing SARS-CoV-2 that could detect 100
copies of viral RNA per ul of nasal swab RNA. Multiple cr-
RNAs used for targeting different parts of the viral genome en-
hance the sensitivity of the test without any amplification. Sim-
ilarly, Wang et al. provided a solution for amplification bias,
complicated operation, complex instruments, and aerosol pol-
lution by developing integrated assay for single molecule digi-
tal detection of nucleic acids on a CRISPR-Cas13 and microar-
ray. The implemented magnetic beads pool the target away
from the untargeted sample. This aids significantly to improv-
ing sensitivity and specificity, whilst reducing the detection
time. The limit of this assay for amplification-free detection
of SARS-CoV-2 is 2aM (96).

Gootenberg et al., (2018) combined LwaCasl3 with
CRISPR type III RNA nuclease Csmé6 to detect single

molecules of RNA or DNA with increased sensitivity and
without pre-amplification step (39) (Figure 11). Another study
reported a unique platform for highly specific and sensi-
tive detection of Staphylococcus aureus (S. aureus) based on
Aptamer-based Cas14al Biosensor (ACasB) which did not re-
quire nucleic acid or amplification processes (335).

In summary, CRISPR-based methods have been shown to
detect unamplified nucleic acids with fM level sensitivity.
However, their LOD greatly varies depending on the detec-
tion methods used. For instance, among most of the detec-
tion methods used in CRISPR-Cas systems, electrochemical-
based methods are cheap, portable, and allow simple sam-
ples processing, but their long detection time is consid-
ered disadvantageous. On the other hand, CRISPR-Cas13-
based droplet microfluidics technology showed sensitive de-
tection with a LOD of 10 aM. However, the output read-
ing highly depends on coat-ineffective and bulky optical
equipment (97).

PAM sequence and guide sequence

One issue with the detection of double strand target sequences
by Cas12 is that the presence of PAM sequence is required for
detection. However, one could overcome the PAM sequence
limitations by introducing the PAM sequence in the primer
for DNA amplification and further detection by Cas12 (17).
Zhang et al. engineered various nicked dsDNA activators con-
taining PAM nucleotide deletion to demonstrate Cas12a pro-
tein had different interaction with the nucleotides in PAM
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Figure 11. Combined LwaCas13 with CRISPR type Ill RNA nuclease Csm6 to detect single molecules of RNA or DNA with increased sensitivity and

without pre-amplification step (39).

sequence. Particularly nucleotides at the 5’ terminal showed
the largest effect on trans-cleavage activity with utmost sen-
sitivity and specificity (98). Though this approach cannot be
applied to the amplification free detection systems.

An optimal detection method should be able to discriminate
single-base differences. It was already found that the 5’-end
seed regions in the crRNA guide sequence is extremely im-
portant for Cas12a-based sensing by HOLMES (59,99). Ad-
ditionally, short guide sequences (1-16 nt) are recommended
to be used in HOLMES for sensing single base differences (59).

A robust gRNA requires maximum on-target efficiency and
minimum off-target specificity. To achieve this, various com-
putational methods are adapted for high-efficiency CRISPR
gRNA design (100). For instance, CHOPCHOP has a clear in-
terface with well-rounded functions, >200 genomes are listed
on the webpage where users can input gene names, genomic
coordinates, or target sequences and use the function ‘Find
Target Sites’. By using this function, the page shows the results
in a table where each gRNA has a rank, genomic information,
GC content etc. This method is compatible with and can sup-
port several experimental procedures including CRISPR Cas9
nuclease/nickase, Cpf1, CasX, Cas13 and TALEN (101,102).
Of note, these predictive technologies were designed for indi-
vidual experiments and rules and therefore each model gen-
erates distinct on-target scores for sgRNAs. Therefore, users
should be cautious in choosing models that fir their own
experiments, and would be advised to use multiple models
to evaluate gRNA before reaching a conclusion (100). For
instance, one can improve CRISPR guide design by using
consensus approaches by combining sgRNAScorer2, CHOP-
CHOP, PhytoCRISP-Ex and mm10db tools. One can generate
a set of guides where up to 91.2% are efficient but still car-
ries some disadvantages such as time consuming, and there

are limitations in using these tools to compute resources and
scalability (103).

An improved CRISPR-Cas system using 2'-O-methylated
gRNA to promote Cas12a protein specificity outperforms ex-
isting SNP detection methods by a factor of three for single
SNP detection. It indicates that 2’-O-methylated gRNA can be
used to improve Cas12a’s specificity for a variety of applica-
tions (104). Another study found that including non-canonical
universal bases into Cas9/Cas12a guide RNAs are tolerated
and thereby specificity is selectively degenerate at the site of
universal base incorporation. This technology could target a
series of polymorphic gene variants using a single guide RNA.
Moreover, this technology can even be used to avoid false-
negative results in diagnostics caused by pathogen evolution
(105).

Type lll CRISPR-Cas system

A completely distinct class of CRISPR-Cas systems is the type
III effector. A recent study identified a novel type III-E like ef-
fector which composed of Cas7 like and a Cas1-like domain,
that can be engineered into an active chimeric RNA-targeting
Cas effector to bring up a new role of Casl in RNA target-
ing. Although this research reported clear evidence of RNA-
targeting iz vitro and in mammalian cells, they did not outper-
form WT DiCas7-11, suggesting the need to improve Cas7-S
effectors engineering. Apart from this, RNA cleavage by Cas
7-11 enzymes is slow and therefore increasing their catalysis
rate to enhance the enzyme activity while maintaining the high
target specificity is required (106). In another recent study,
type III CRISPR-based TEAR-CoV was applied against vi-
ral replication and function, however, their safety and efficacy
of TEAR-CoV warrants future study to improve this system
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Table 3. Cas-based detection of nucleic acids in clinical samples

Nucleic Acids Research, 2024, Vol. 52, No. 17

Detection limit, operation
time, cost, point of care
(POC), orthologue,
temperature (Tm)
control, single base

Protein Detection molecule Gene Patients resolution References

Casl3 RNA 169 viruses, subtyping 58 plasma, serum, and Attomolar, 3 h, low cost (44)
of influenza A strains, throat and nasal swabs, with multiplexing and
HIV drug-resistant 22 samples from patients throughput, LwCas13a,
mutations with HIV Tm control (37°C)

Cas13a RNA MicroRNAs MiR-17, 1-20 tumor tissue 4.5 amol, <30 min, POC, (131)
-10b, -155, -21 samples from 20 breast LbuCas13a, constant

adenocarcinoma patients temperature 37°C, single
base resolution

Casl13 RNA collected from Zika and Dengue 53 Zika virus patient For Zika virus 45 (40)

urine, whole blood, viruses samples, 24 Dengue virus copy/ul in whole blood

plasma, serum, saliva samples and serum, 1 copy/ul in
saliva, 10 copy/ul in
urine, <2 h, LwCas13a,
nuclease inactivation
37-50°C; viral
inactivation 64-95°C;
Tm control (37°C for
fluorescence and RT for
lateral flow), single base
resolution

Cas13 Isolated cfDNA from EGEFR (L858R), 4 patients 2 amol, <90 min, low (39)

with liquid biopsy (T790M), exon 19 cost for many targets

Csmé6 deletion (five amino detection, LwaCas13a
acids) and EiCsm6, Tm control

(37°C), single base
resolution

Casl13 RNA SARS-CoV-2 50 unextracted >1000 copy/pl 50 min, (42)

nasopharyngeal swabs LwCas13a, Tm control
(37°C), single step
Cas12 RNA, gene N encoding SARS-CoV-2 200 nasopharyngeal 33 copies per milliliter, (60)
nucleocapsid protein swabs less than 1 h, AacCas12b
and AapCas12b, one pot
in a single temperature
Cas12 DNA collected from EGFR mutation 28 lung cancer patients, 0.005%, <3 h, (78)
plasma (L858R, T790M) 20 cancer-free individuals LbCas12a,
preamplification and
37°C

Cas12 RNA extracted from E (envelope) and N 50 nasopharyngeal 10 copies/pl, <40 min, (61)

nasal swabs down to (nucleoprotein) genes of patient samples POC, LbCas12a, Tm
SARS-CoV-2 control (37°C), single
base resolution

Casl2 DNA collected from anal HPV16, HPV18 25 patient samples Attomolar, 1 h, POC, (16)

swabs LbCas12a and SpCas9,
Tm control (37°C)

Cas9 DNA Mutations for Buccal swabbing 1.7 fM, 15 min, dCas9 (89)
Duchenne muscular (University of California,
dystrophy in exon 3 or Berkeley MacroLab), Tm
51 control (37°C)

Cas9 DNA, RNA from Antimicrobial resistance 9 patient samples Sub-attomolar, low (74)

respiratory fluid and genes in materials cost, S.
dried blood spots pneumonia-causing pyogenes Cas9
gram-positive bacteria,
drug resistance in the
malaria parasite
Plasmodium falciparum
Cas9 DNA from cervix brush L1 fragments of HPVs 30 HPV-positive clinical 1 ng (SiHa gDNA) and 5 (72)

samples

ng (HeLa gDNA), 2-3 h,
Cas9 from New England
Biolabs, 37°C, 72°C,
95°C, 58°C

cfDNA, cell-free DNA.
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for anti-viral treatment (107). Although Type III CRISPR-Cas
unique targeting mechanism provided a major breakthrough
towards understanding the CRISPR-Cas systems, many ques-
tions are still unanswered. There are contradictory results re-
ported on preliminary studies about the presence of RNA,
PAM or rPAM, a short sequence motif flanking the target
RNA that is crucial for DNA degradation (108), whereas
other studies emphasized the complementary between the cr-
RNA tag and the repeat sequence flanking the RNA spacer
and protospacer sequences are vital for targeting of CRISPR
array (109-111). Moreover, studies have reported a significant
degree of tolerance to mutations in the target seed sequence by
Type III systems (112-1135). Future work is needed to confirm
the requirement of PAM and/or seed sequences for Type III
immunity and to confirm whether they aid target detection.

LOD limitations

The clinically used nucleic acids detection assays require
lower LOD and preamplification steps. However, most of
the CRISPR-based diagnostics have reported LOD in the
picomolar range when Cas enzymes are used without up-
stream preamplification of the target (116,38). This range
of LOD requires a relatively high concentration of DNA
or RNA in the sample for target detection that is one of
the disadvantages when selecting pre-amplification free de-
tection technique. For example, during early phase of infec-
tion, there is a high concentration of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) (~6.76 x 10°
copies per swab) that is required for pre-amplification-free
identification (46). In the Tables 1-3, we present an overview
of the sensitivity as LOD per method. Whilst LOD is po-
tentially indicative of sensitivity, this remains controversial
as LOD is clearly determined by the pre-amplification step
(RPA, LAMP, PCR), which are variable tests and independent
of CRISPR Cas enzymes. However, in case of amplification-
free Cas12 and Cas13 diagnostics, Huyke et al. showed that
the enzyme kinetics and detector sensitivity are the two prin-
cipal factors that determine the LOD of amplification-free
systems (48).

Chen et al. and Slaymaker et al. are the two seminal papers
that set a high bar for enzyme kinetic performance and iden-
tified Cas12a and Cas13b as diffusion-limited enzymes with
high turnover rates of 1250-1000 s~!. Since then, many inter-
national researchers in the field corroborated their CRISPR
rate measurements and reported even higher kinetic rates by
incorporating modifications. In line with this, a recent per-
spective article (117) debated the limits of LODs as the appli-
cation of CRISPR-based diagnostics remains an open question
due to the reports of kinetic rates that have been largely incon-
sistent and contains gross errors including violations of basic
conversation and kinetic rate laws. This perspective came for-
ward to pinpoint the drawbacks thereby future researchers
would need to pay attention and identify strategies to improve
kinetic rates and LODs, therefore CRISPR field would bene-
fit from verifications of self-consistency of data and providing
sufficient data for experiment reproducibility (117).

Clinical samples

One of the challenges with the detection systems described
in this review, is that they are clinically tested against small
sample cohorts (Table 3). However, to properly validate the
clinical significance of the CRISPR system for the detection of
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nucleic acids from clinical samples, sufficiently large sample
size and benchmarking against routine methods like PCR and
sequencing is needed.

Quenching ability of nanomaterials used in
detection

When it comes to readout, AuNP probes possess exceptional
optical properties including larger molar absorption coeffi-
cient than small fluorescent dye molecules, as well as local-
ized surface plasmon resonance. Hence, colorimetric readout
using AuNP probes can be used for sensitive detection of nu-
cleic acids by Cas12a. The assay can be visualized by naked
eyes without need of any sophisticated optical instrument, that
makes AuNP-based colorimetric detection cost-effective diag-
nostics (86,118-120).

The fluorescence quenching in the absence of target nu-
cleic acid occurs due to distance-dependent fluorescence res-
onance energy transfer (FRET) effect. The quenching ability
of different nanomaterials such as spherical AuNPs and 2D
graphene oxide nanosheets were compared. It was indicated
that graphene oxide possesses better quenching ability and sig-
nal recovery than AuNPs (84).

Essential points for design of ideal Cas-based
detection system

Based on this review, we outline the essential points that would
need to be considered for designing an ideal Cas-based detec-
tion system.

- A nucleic acid extraction free protocol for sample prepa-
ration is required to reduce the number of steps and
the overall sample-to-answer turnaround time. One-pot
strategy with simple nucleic acid extraction method us-
ing beads can be recommended.

- Isothermal (single temperature) amplification methods
including recombinase polymerase amplification and
loop-mediated isothermal amplification are proposed to
eliminate the need for thermocyclers and make the tech-
nology cost-effective.

- Amplification free detection Cas systems can be devel-
oped, however, to ensure sensitivity, multiple crRNAs
targeting multiple regions in the target genome can en-
hance the sensitivity.

- The PAM sequence can be introduced by the primer used
in target amplification; thus, PAM limitations can be
lifted.

- The sequence and size of crRNA would need to be opti-
mized for sensing the single base difference.

- The ideal detection system is that the steps performed at
ambient temperature in less than 15 min and via a colori-
metric readout that does not require opening the tubes
and can be visualized by naked eyes.

- Formulations for the assay can be lyophilized, simplify-
ing the distribution and assay preparation.

- The detection systems can be advanced by integrat-
ing CRISPR assay into a disposable microfluidics chip
platform.

Data availability

No new data were generated or analyzed in the support of this
study.
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