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CRISPR technology incorporating amplification strategies:
molecular assays for nucleic acids, proteins, and small molecules

CRISPR-Cas systems have revolutionized genome engineering
and advanced analytical chemistry and diagnostic technology.
Incorporating CRISPR-Cas with nucleic acid amplification
strategies enables the generation of amplified detection signals,
enrichment of low-abundance molecular targets, improvements
in analytical specificity and sensitivity, and development of
point-of-care diagnostics. These techniques use special features
of various Cas proteins, including RNA-guided endonuclease
activity, sequence-specific recognition, multiple turnover
trans-cleavage activity of Casl2 and Casl3, and unwinding and
nicking ability of Cas9. Successful integrations of CRISPR with
amplification techniques result in highly sensitive detection of
diverse molecular targets.
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Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated (Cas) protein
systems have transformed the field of genome editing and transcriptional modulation. Progress in CRISPR—
Cas technology has also advanced molecular detection of diverse targets, ranging from nucleic acids to
proteins. Incorporating CRISPR-Cas systems with various nucleic acid amplification strategies enables
the generation of amplified detection signals, enrichment of low-abundance molecular targets,
improvements in analytical specificity and sensitivity, and development of point-of-care (POC) diagnostic
techniques. These systems take advantage of various Cas proteins for their particular features, including
RNA-guided endonuclease activity, sequence-specific recognition, multiple turnover trans-cleavage
activity of Cas12 and Casl3, and unwinding and nicking ability of Cas9. Integrating a CRISPR-Cas system
after nucleic acid amplification improves detection specificity due to RNA-guided recognition of specific
sequences of amplicons. Incorporating CRISPR-Cas before nucleic acid amplification enables
enrichment of rare and low-abundance nucleic acid targets and depletion of unwanted abundant
nucleic acids. Unwinding of dsDNA to ssDNA using CRISPR-Cas9 at a moderate temperature facilitates

techniques for achieving isothermal exponential amplification of nucleic acids. A combination of
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detection of non-nucleic acid targets, such as proteins, metal ions, and small molecules. Successful
integrations of CRISPR technology with nucleic acid amplification techniques result in highly sensitive
and rapid detection of SARS-CoV-2, the virus that causes the COVID-19 pandemic.
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(crRNA) or a single-guide RNA (sgRNA) to direct Cas effector
proteins to specific nucleic acid sequences for processing, e.g.,

Introduction

The Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) and CRISPR-associated (Cas) protein systems have
revolutionized our ability to manipulate, regulate, and image
genomic nucleic acids." CRISPR-Cas systems use CRISPR RNA
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binding and/or cleavage. Prior to CRISPR-Cas technology, other
nucleic acid binding proteins, such as zinc finger nucleases
(ZFNs),* transcription activator-like effector nucleases (TAL-
ENs),” and meganucleases,® were engineered to bind to and
operate on specific genomic loci.**® Meganucleases, such as
LAGLIDADG homing endonuclease, specifically recognize
double-stranded DNA sequences of 14 to 40 base pairs and
enable modification and deletion of DNA sequences.® ZFNs
require multiple zinc-finger motifs to be linked tandemly, with
each motif targeting one nucleotide triplet.' TALENSs require
a DNA-binding domain in which each amino acid binds
specifically to one of the four types of nucleotides.’ These
systems require engineering different fusion proteins for
different target sites, and therefore are not widely applicable.
CRISPR-Cas technology overcomes this problem. Targeting
a different gene sequence can be achieved by using a corre-
sponding crRNA designed to recognize the gene sequence. This
programmable feature of the crRNA-mediated guidance of
CRISPR is particularly advantageous. Thus, CRISPR-Cas
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systems have been extensively used to genome editing and
transcriptional modulation, and have also been applied to the
development of molecular detection and imaging techniques.
Recent research on incorporating CRISPR-Cas systems with
various nucleic acid amplification strategies has resulted in the
generation of amplified detection signals, improvements in
analytical specificity and sensitivity, the enrichment of rare and
low-abundance molecular targets, and the development of
point-of-care (POC) diagnostic techniques. For example, an
amplification reaction using the Cas9 nickase (Cas9nAR) with
the help of polymerase and primers can exponentially amplify
double-stranded DNA (dsDNA) while avoiding the thermal
cycling required by polymerase chain reaction (PCR)."* Modular
combinations of CRISPR-Cas systems with nucleic acid ampli-
fication techniques take advantage of the exponential amplifi-
cation ability of current nucleic acid techniques and the high
specificity of CRISPR-Cas systems.'”** Among the many appli-
cations, CRISPR-Cas systems have been incorporated into the
development of rapid POC diagnostic tests for the coronavirus
disease of 2019 (COVID-19).**** The potential of CRISPR tech-
nology in high-throughput and comprehensive diagnostics of
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multiple viral infections has recently been demonstrated.*® In
this review, we highlight how unique features of CRISPR-Cas
systems are integrated with innovative nucleic acid amplifica-
tion techniques, including amplification of the target and the
signal, to achieve sensitive and specific detection of nucleic
acids, proteins, and small molecules.

Fundamental features of CRISPR-Cas
system

CRISPR-Cas systems generally function as RNA-guided endo-
nucleases. crRNA guides Cas proteins to specific nucleic acid
sequences, where hybridization initiates the nuclease activity of
Cas-protein, resulting in nucleic acid cleavage.»**** Some
systems, such as those that use Cas9, require a trans-activating
CRISPR RNA (tracrRNA), which binds to crRNA, forming an RNA
hybrid." The crRNA and tracrRNA can be linked into a single
guide RNA (sgRNA)." Many CRISPR-Cas systems have been
discovered and characterized with each exhibiting distinct
cleavage functions and activities, thus making CRISPR tech-
nology stand out for diverse applications. Fig. 1 shows the
components of the four CRISPR-Cas systems and Table 1
summarizes their unique features that have been used for
developing analytical techniques.

Cas9 is well studied for its programmable endonuclease
activity.»*'** The sgRNA of CRISPR-Cas9 systems contains
a hairpin-rich region that binds to Cas9 and a 20-nucleotide
“spacer” region that binds with the complementary “proto-
spacer” region in the target strand of a dsDNA duplex. Binding
between the sgRNA and the DNA target brings Cas9 into close
proximity to the target (Fig. 1A). The His-Asn-His (HNH) domain
of Cas9 cleaves the strand that is complementary to sgRNA
(target strand) and the RuvC domain of Cas9 cleaves the other
strand of the dsDNA (non-target strand).”® The combined
endonuclease activities of the HNH and RuvC domains achieve
the cleavage of both strands of the dsDNA of interest, leaving
behind two blunt ends or a “protospacer adjacent motif” (PAM)-
distal 5 overhang.”* Cas9 can target innumerable DNA
sequences; the only requirement is the presence of a “proto-
spacer adjacent motif” (PAM) located 3-4 nucleotides (nt)
downstream from the protospacer.>*” Unlike restriction endo-
nucleases, CRISPR-Cas9 systems cleave the specific sites that
are pre-determined by specific sgRNA sequences. CRISPR-Cas9
systems can also be programmed to target single-stranded DNA
(ssDNA) or single-stranded RNA (ssRNA) by introducing a PAM-
presenting oligonucleotides (PAMmer) sequence. A PAMmer is
typically designed to hybridize with the target strand and form
a pseudo-PAM region to activate Cas9.>**°

When a single amino acid in either the RuvC (Cas9D10A) or
HNH (Cas9H840A) domain is mutated, Cas9 behaves as a nick-
ase (nCas9); in the first case, it nicks only the target strand of
a dsDNA duplex and in the second case, it nicks only the non-
target strand."***' Mutating both RuvC and HNH domains
produces deactivated Cas9 (dCas9), which is still guided by
sgRNA to bind to nucleic acid targets, but does not cleave
them.**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Cas12, including the well-known subtypes Casl2a and
Cas12f (previously referred to as Cas14),**** lacks the HNH
domain, but is still able to achieve PAM-dependent cleavage of
dsDNA with its RuvC domain alone (Fig. 1B).*****¢ Cleavage of
both the target strand and its complementary non-target strand
by Cas12a produces 5-7 nt overhangs because the cleavage sites
on the two strands are staggered. Cas12 also targets and cleaves
ssDNA, but does not require a PAM recognition® (Fig. 1C).
Distinctly, Cas12 cleaves not only the target DNA strand (cis-
cleavage), Casl2 also exhibits trans-cleavage activity (also
referred to as collateral cleavage), which cleaves ssDNA indis-
criminately.’®*”*® Another important feature of Cas12 is its
multiple-turnover nuclease activity, which can be harnessed for
the amplified detection of nucleic acid targets, including
products of other nucleic acid amplification techniques.
Although less is known about Cas12f, existing evidence has
shown two promising features: Cas12f has a smaller size
compared to Cas9 and other Cas12 subtypes (Table 1), making
Cas12f useful for imaging applications within cells. Cas12f also
has better specificity toward ssDNA activation than Cas12a; thus
Cas12f has been used to distinguish single nucleotide differ-
ences at certain protospacer sites.*

Compared to recombinases and nucleases (e.g., nicking
and restriction endonucleases) that have been used in nucleic
acid amplification techniques, CRISPR-Cas systems have
distinct advantages for improving nucleic acid detection and
molecular diagnostics. Both Cas9 and Cas12 enable
unwinding of specific dsDNA without the need for single-
stranded binding proteins (SSB) that are otherwise required
for unwinding dsDNA when recombinases are used. This
unwinding ability of Cas9 and Cas12 facilitates the imaging of
specific dsDNA sequences in living cells*>** and the develop-
ment of new fluorescence in situ hybridization (FISH)
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techniques for localized detection of nucleic acids.*” The
CRISPR-Cas9 and -Casl12 systems allow cleavage of both
strands or single strand of different dsDNA sequences by
simply altering crRNA, whereas nicking and restriction endo-
nucleases only work on dsDNA sequences containing or
adjacent to specific recognition sites. Consequently, the
CRISPR-Cas9 and -Cas12 systems can potentially replace
nicking or restriction endonucleases for nucleic acid amplifi-
cation with improved performance.

CRISPR-Cas13 systems target and cleave ssRNA. After Cas13
binds to a target sSRNA, its two domains, called HEPN (higher
eukaryotes and prokaryotes nucleotide-binding) domains, are
brought together through a conformational change to initiate
cis-and trans-cleavage activities®®** (Fig. 1D). Whereas Cas9
requires PAM, Cas13a and Cas13b proteins prefer a specific
nucleotide next to the 3’ end of the protospacer, called the
protospacer flanking site (PFS).**** Cas13 cannot be used as
a nicking enzyme because the cleavage site of Cas13 on its target
is not fixed and multiple sites on one target can be cleaved.*
CRISPR-Cas13 systems exhibit trans-cleavage activity that is
activated by a specific target, and thus have been widely used as
molecular switches.

Although most Cas12 and Cas13 systems can tolerate
mismatches between spacer and target strands, crRNA or gRNA
can be modified to improve the specificity of CRISPR-based
detection. For example, a single nucleotide specificity has
been achieved for nucleic acid detection by introducing
a synthetic mismatch between crRNA and target.*>*” However,
the activity and specificity of Cas systems vary among different
originating species and target sites. Systematic optimization of
crRNA may be required when an existing technique is applied to
different targets.

B
(B) Casl2a RuvC
v dsDNA or

ssDNA
Qv{.\
3'
, A \
5 ﬁ“ ,
cleavage

o
ssDNA

crRNA

(D) Casl3a

ssRNA

PFS = 3’

' A
chNW EPN
cleavage

ssRNA

Fig. 1 Fundamental components of CRISPR-Cas9, -Casl2a, -Casl2f, and -Casl3a systems. Pink triangles indicate cis-cleavage sites.
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Table 1 Key features of each CRISPR-Cas system
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Cas9 Cas12 Cas12f (Cas14) Cas13

Subtypes, homologs, and/or Deactivated Cas 9 (dCas9), Cas12a (Cpf 1): Casl4a Cas13a (C2c2): Leptotrichia
variants discussed in this  Cas 9 nickase (nCas9): Lachnospiraceae bacterium buccalis Cas13a, LbuCas13a,
review Cas9D10A and Cas9H840A Cas12a, LbCas12a; Cas12b: Leptotrichia wadei Cas13a,

Alicyclobacillus acidiphilus LwaCas13a; Cas13b

Cas12b, AapCas12b,

Alicyclobacillus

acidoterrestris Cas12b,

AacCas12b
Size (according to Uniprot) ~1400 amino acids (aa) ~1300 aa (LbCas12a) 400-700 aa ~1160 aa (LbuCas13a)

(Streptococcus pyogenes Cas
9, SpCas9)

Target (activator) dsDNA," ssDNA and ssRNA ssDNA, dsDNA*'? ssDNA, dsDNA** SSRNA'>16
if PAMmer is provided*®*°
Commonly used spacer 20 nucleotide (nt)*” 20 nt"? 20 nt*° 28 nt'?
length
Cis-cleavage products of Blunt ends or PAM-distal 5 For dsDNA, sticky end Sticky end** Not applicable
dsDNA overhang’?® contains a 5-7 nt overhang"?
Specificity The 6-8 nt near PAM are ~ For dsDNA, 4-6 nt at the 3’ Seed region is more specific The use of a synthetic

more specific than other
locations;*” mismatch in
PAM region significantly
impairs the activity of
SpCas9.!

Not applicable

ssDNA target®

Trans-cleavage substrates sSDNA™?

Using the trans-cleavage activity of
CRISPR-Cas to generate amplified
detection signals

The trans-cleavage activity of Cas12 and Cas13 has been used to
develop on-off switches that enable amplified detection of
nucleic acids. These systems typically function through two
essential components: a ribonucleoprotein (RNP) complex
between a crRNA and the Cas protein and a nucleic acid sig-
nalling reporter. The crRNA in the RNP is designed to hybridize
to a nucleic acid target of interest. Altering the spacer domain of
the crRNA allows for the flexibility to detect different nucleic
acid targets. Hybridization of the crRNA with the nucleic acid
target activates the trans-cleavage activity of the Cas protein,
leading to the cleavage of multiple reporter molecules. There-
fore, signal amplification is achieved for sensitive detection of
nucleic acid targets. The Cas12-based system can detect both
dsDNA and ssDNA targets, whereas the Cas13-mediated system
detects RNA targets. Incorporation of established signal gener-
ation approaches, such as fluorescence and electrochemical,
into nucleic acid reporters enables various options of sensitive
readout.

The strategy of Cas-mediated generation and amplification
of fluorescence® has been used to detect microRNA™ and N'-
methyladenosine.* Typically, ssSDNA or ssRNA reporters were
designed to serve as non-specific substrates for Cas12 and
Cas13.*” With a fluorophore and a quencher on each end of the
short ssDNA or ssRNA, the fluorescence of these reporters was
quenched due to fluorescence energy transfer. When the Cas
protein was activated in response to the target binding, it

4686 | Chem. Sci, 2021, 12, 4683-4698

end of crRNA is less specific than other locations in
than other locations;*®
cannot achieve single
nucleotide specificity for

mismatch in crRNA results

sgRNA*® in a single-nucleotide
specificity'?
ssDNA*® sSRNA%%¢

indiscriminately trans-cleaves the reporters (substrates), which
separated the quencher from the fluorophore and restored the
fluorescence (Fig. 2A). Cas12 and Casl13 repeatedly cleaved
multiple reporter molecules, and therefore amplified the fluo-
rescence signal. The kinetics of the cleavage varied among Cas
proteins and the reaction conditions. The turnover number of
Cas12 was as high as 1250/s, meaning as many as 1250 substrate
molecules were cleaved by one Cas enzyme in one second.” The
cleavages of reporters by Cas proteins proceeded at moderate
temperature (~37 °C), making CRISPR-Cas systems suitable for
point-of-care testing. Such fluorescence assay has also been
realized on automated fluorometer-integrated microfluidic
chips for point-of-care serological testing of Ebola virus.>
Limited by the signal amplification efficiency of CRISPR-Cas
alone, this assay required the input RNA concentration to be
higher than 5.45 x 10’ copies per mL.

For electrochemical detection, redox-reactive molecules
served as detection reporters.>*** The redox-reactive molecule
was typically conjugated to a sSDNA or ssRNA substrate that was
tethered to an electrode surface. Specific nucleic acid binding to
the Cas system initiated the ¢rans-cleavage of multiple substrate
molecules, which released multiple redox-reactive molecules
from the electrode surface and disrupted the electron transfer
between the electrode and the redox-reactive molecule (Fig. 2B).
The amplified electric signals generated by the release of these
redox-reactive molecules provided highly sensitive detection of
the nucleic acid target. Compared to conventional electro-
chemical assays, the target-initiated trans-cleavage activity of
the Cas system improved the specificity of highly sensitive
electrochemical detection. As a consequence, incorporation of
the CRISPR technology into electrochemical platforms has

© 2021 The Author(s). Published by the Royal Society of Chemistry
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achieved discrimination of a single-nucleotide difference in
specific nucleic acid targets.>*>*

An alternative platform used an ssDNA-bridged hydrogel as
the detection reporter.”® The target-initiated trans-cleavage
activity of Cas12a cleaved multiple ssDNA that linked hydrogel
polymers, which altered the structural properties and perme-
ability of the hydrogel (Fig. 2C). Hydrogels disintegrated by the
Casl2a-mediated cleavage released cargos, such as fluo-
rophores, for subsequent detection. Other strategies for
hydrogel manipulation, such as DNA strand displacement or
DNA-initiated conformational change, required a 1:1 ratio
between target nucleic acids and the ssDNA cross-linkers, thus
requiring high concentrations of the target, resulting in
suboptimal sensitivity. Target choice was also limited because
strand displacement required careful design of oligo sequences.
In contrast, the multiple-turnover nature of Casl2a trans-
cleavage activity allowed a target-binding event to trigger the
cleavage of multiple ssDNA hydrogel linkers.*® The cleavage of
ssDNA cross-linker also changed the permeability of hydrogel,
allowing the use of polyacrylamide hydrogel as a fluidic valve on
paper-based microfluidic device. Sample with nucleic acid of
interest activated Cas12a to cleave ssSDNA cross-linkers, which
resulted in slow gel formation and thus a high flow rate. Liquid
flow-through the hydrogel layer flowed along the channel for
electrical detection or mixed with dyes for visual detection.
Although trans-activating CRISPR-Cas systems alone were not
sensitive enough to detect nucleic acid of extremely low abun-
dance, incorporating an isothermal nucleic acid amplification
step improved the detection limit of a hydrogel platform from
400 pM dsDNA to 11 aM viral RNA.*

A/ .

Fluorescence
=

Beacon
Fig.2 Three representative nucleic acid detection platforms using the
trans-cleavage activity of CRISPR-Casl2a and -Casl3a. Trans-
cleavage of ssDNA or ssRNA linker built into (A) a fluorophore and
quencher pair,°5t (B) a redox-reactive molecule and electrode,*>* or
(C) hydrogel.>* Adapted from ref. 50 and 54. Copyright 2017 Wiley and
Sons.

Electrochemical
Detecter
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C

ssDNA-linked Hydrogel
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Also a visual point-of-care platform, a volumetric Bar-Chart
chip used ssDNA to link platinum nanoparticles and magnetic
beads. Casl2 recognizing DNA targets released platinum
nanoparticles from the immobilized magnetic beads. Free
platinum nanoparticles were then transferred to a channel
containing H,0,. The amount of O, generated was visualized by
the position of a dye pushed by the generated O,.>*

Incorporating CRISPR—-Cas after
nucleic acid amplification to improve
the specificity of assays

The trans-cleavage activity of Cas12 and Cas13 has been used to
detect amplification products (amplicons) of various nucleic
acid amplification techniques. Integrating a CRISPR-Cas
system after nucleic acid amplification improves the nucleic
acid detection and achieves three main benefits. First, CRISPR-
Cas systems recognize specific sequences of amplicons and
differentiate the specific amplicons from byproducts of ampli-
fication reactions, thereby improving the specificity. Second,
the multiple turnover trans-cleavage activity of Cas12 and Cas13
leads to repeated cleavage of nucleic acid signaling reporters,
generating amplified readout signals for detection, thus
improving sensitivity. Third, CRISPR-Cas systems facilitate the
generation of diverse readout signals, broadening applicability.

The recognition of specific sequences by CRISPR-Cas acts as
a confirmation that the intended sequences were amplified and
detected. In one example, Nucleic Acid Sequence-Based
Amplification (NASBA)*” was combined with CRISPR-Cas9,
resulting in a NASBA-CRISPR cleavage assay. The requirement
of Cas9 for its target sequence to contain a PAM region was used
to distinguish between American and African strains of Zika
virus (ZIKV) (Fig. 3A).”® After amplification using NASBA, the
amplicons of American ZIKV contained a PAM region and
permitted Cas9-mediated cleavage, while the amplicons of the
African ZIKV without PAM remained uncut. The intact ampli-
con of the African ZIKV interacted with a subsequent sensing
system to induce an observable color change. Thus, two strains
differing by one nucleotide in the PAM region were
differentiated.

Cas proteins with switchable trans-cleavage activity can be
used to generate amplified signals after isothermal amplifica-
tion of a specific target molecule. This strategy is exemplified in
SHERLOCK (Specific High-Sensitivity Enzymatic Reporter
UnLOCKing), facilitated by CRISPR-Cas13. Target DNA or RNA
was amplified by recombinase polymerase amplification (RPA)
or reverse transcription (RT) RPA,” respectively. RPA was
chosen because it is highly sensitive, rapid, and has an opera-
tion temperature (37-42 °C) compatible with that of Cas13 (~37
°C). After RPA, amplicons were transcribed into ssRNA by T7
polymerase. The amplified ssSRNA product initiated CRISPR-
Casl3a trans-cleavage activity and generated an amplified
fluorescence signal for detection (Fig. 3B)."> A sample prepara-
tion technique, known as Heat Unextracted Diagnostic Samples
to Obliterate Nucleases (HUDSON), has been developed to be
paired with SHERLOCK." The HUDSON-SHERLOCK assay was

Chem. Sci., 2021, 12, 4683-4698 | 4687
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able to detect Zika and Dengue viruses in patients’ urine and
saliva samples at an equivalent nucleic acid concentration as
low as 1 copy per uL. Multiple nucleic acids have also been
analyzed simultaneously using the SHERLOCK platform by
taking advantage of the preferential cleavage activity of Cas13a
and Cas13b orthologs for various dinucleotide motifs at their
respective cleavage sites.®® The different CRISPR-Cas13 ortho-
logs could then be paired with pre-designed reporters. The
reporters consisted of each of the orthologs' preferred dinu-
cleotide motifs and different fluorophore-quencher pairs. For
example, in the same reaction solution LwaCasl3a cleaved
reporters for detecting Zika virus, which consisted of an
adenine-uracil site and TEX red fluorescence dye, and Cca-
Cas13b cleaved reporters containing a uracil-adenine site and
Cy5 far-red fluorescence dye for the detection of Dengue virus.

A similar strategy to SHERLOCK was developed, except using
CRISPR-Cas12 instead of CRISPR-Cas13. Because Cas12 targets
DNA, the DNA amplicons can be directly detected without the
need for additional transcription (Fig. 3C). An RPA-Casl2a
detection platform, termed DNA Endonuclease-Targeted
CRISPR Trans Reporter (DETECTR), was able to identify viral
strains from DNA extracted from patient samples.”® The
temperature compatibility of RPA and CRISPR-Cas12 makes it
possible for both processes to take place in the same reaction
tube, a feature useful for developing simple POC tests.
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A DETECTR technique using the Cas14a (Cas12f) protein was
able to discriminate single nucleotide polymorphisms (SNPs) in
HERC2, a gene involved in eye color* (Fig. 3E). The CRISPR-
Casl4a (Cas12f) system requires full complementarity in the
seed region of sgRNA, a feature considered for achieving single
nucleotide specificity. The SNPs of the HERC2 gene residing in
the seed region in the middle of the protospacer, as well as SNPs
within the PAM region, completely deactivated Cas14a.*® Due to
the single nucleotide specificity in the seed region, the Cas14a-
DETECTR technique successfully distinguished the SNP corre-
sponding to blue eyes from that of brown eyes.

Other nucleic acid amplification techniques have also been
paired with CRISPR-Cas systems. For example, a technique
called one-HOur Low-cost Multipurpose highly Efficient System
(HOLMES) used PCR to amplify target nucleic acids and
detected the amplified products using a CRISPR-Cas12a system
(Fig. 3D).** HOLMES version 2 detected amplicons from PCR
and loop-mediated isothermal amplification (LAMP). However,
because the nucleic acid target did not have a suitable PAM
region nearby, HOLMES version 2 used two strategies. First,
because ssDNA activation of Casl2 is PAM independent,
asymmetric PCR was used to generate ssDNA amplicons to
avoid the requirement of PAM. Second, since amplicons from
LAMP were dsDNA, PAM sequences were introduced through
careful design of primers. Both ssDNA and dsDNA amplicons
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Fig. 3 Techniques that use CRISPR-Cas systems to generate amplified signals from amplicons produced by nucleic acid amplification tech-
nigues. (A) Nucleic Acid Sequence-Based Amplification CRISPR Cleavage (NASBA-CC) followed by CRISPR-Cas9. A difference in the presence or
absence of a PAM sequence in the viral RNA was used to differentiate the viral strains.®® (B) Specific High-sensitivity Enzymatic Reporter
unLOCKing (SHERLOCK) assay incorporating recombinase polymerase amplification (RPA) with Cas13a.*> T/ RNA polymerase was necessary
before the CRISPR-Cas13a reaction. (C) DNA Endonuclease-Targeted CRISPR Trans Reporter (DETECTR) assay incorporating RPA with CRISPR-
Casl2a.”® (D) One HOur Low-cost Multipurpose highly Efficient System (HOLMES) incorporating PCR amplification with CRISPR-Cas12a trans-
cleavage activity.®* (E) RT-PCR or PCR incorporated with CRISPR—-Cas12f (Casl4a).*® Pol: polymerase. RT: reverse transcription. T7 Pol: T7
polymerase. T7 exo: T7 exonuclease. Adapted from ref. 58. Copyright 2016 Elsevier.
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initiated the trans-cleavage activity of Cas12a for detection. The
PCR amplification and CRISPR-Cas12a detection steps must be
conducted separately because the CRISPR-Casl2a system is
inactive at the denaturation temperature (95 °C) used during
PCR. Typical reaction temperatures for LAMP and RT-LAMP
(60-65 °C)** could be tolerated by Cas12b (>40 °C). Therefore,
incorporating LAMP or RT-LAMP with CRISPR-Cas12b has
enabled isothermal amplification and signal generation to
occur in one procedural step.*

SHERLOCK and DETECTR are being used to develop
potential POC tests to address the diagnostic needs of the
COVID-19 pandemic.**** Current molecular diagnosis of
COVID-19 is mainly based on reverse transcription (transcrip-
tase) quantitative polymerase chain reaction (RT-qPCR) to
detect viral RNA of Severe Acute Respiratory Syndrome - Coro-
navirus 2 (SARS-CoV-2).°"*” Diagnostic challenges include time-
consuming pre-analytical and analytical processes and the
requirement for well-equipped laboratories with trained
personnel to conduct RT-qPCR.'® Broughton et al.** developed
SARS-CoV-2 DETECTR, using RT-LAMP and CRISPR-Cas12, to
detect the virus's genes encoding the envelope (E) and nucleo-
capsid (N) proteins. The authors reported a 100% clinical
specificity from the analysis of RNA of clinical samples. Using
RT-RPA and Cas13, Zhang et al.®** developed a SHERLOCK
lateral flow technique, which was able to detect 10-100 copies of
SARS-CoV-2 genes per pL in under one hour. Both DETECTR
and SHERLOCK techniques require only heating blocks or
water baths, lateral flow dipsticks, a microcentrifuge (for
SHERLOCK), pipettes, and pipette tips, which are all portable
and amenable to POC testing. An improved version of SHER-
LOCK screening test for COVID-19, SHERLOCK Testing in One
Pot (STOP), integrated sample processing, nucleic acid ampli-
fication, and detection in one-pot."” Joung et al."’” released viral
RNA from nasopharyngeal swabs by incubating the swabs with
QuickExtract reagents for 10 min at room temperature or 60 °C.
The released RNA was captured on magnetic beads and
amplified using RT-LAMP; and the amplicon was detected using
CRISPR-Cas12b. This one-pot assay achieved the detection of
100 copies of SARS-CoV-2 RNA within 1 h. Analysis of 202 SARS-
CoV-2 positive samples and 200 SARS-CoV-2 negative samples
demonstrated a clinical sensitivity of 93.1% and a clinical
specificity of 98.5%. Key to the success of this “one-pot” assay
was the use of a new Cas ortholog, AapCas12b, because this
enzyme (from Alicyclobacillus acidiphilus) remained active at the
temperature of RT-LAMP reactions (60 °C). Previously used,
commercially available Cas12a operates at a lower temperature
(e.g, 25-40 °C), which is incompatible with temperature
conditions of RT-LAMP.

To overcome the problem of incompatible temperature
conditions between RT-LAMP and CRISPR-Cas12a, Pang et al.*®
placed RT-LAMP and CRISPR-Cas12a reagents separately in the
same reaction tube (0.2 mL PCR tube): RT-LAMP reagents on
the bottom and CRISPR-Cas12a reagents on the cap of the tube
(Fig. 4). While the bottom of the tube was heated to 62 °C, using
a heating block, to allow for optimum RT-LAMP reaction, the
temperature on the cap was about 31 °C. After a 30 min RT-
LAMP amplification, the tube was removed from the heating

© 2021 The Author(s). Published by the Royal Society of Chemistry
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block. The tube was inverted and flicked to mix the amplicon
with the CRISPR-Cas12a detection reagents at room tempera-
ture. Fluorescence was generated immediately and ready for
detection within 10 min. The sequence-specific recognition of
the amplicon by the gRNA and Cas12a significantly enhanced
the detection specificity. Analysis of RNA extracts of 100 respi-
ratory swab samples (equal number of SARS-CoV-2 positive and
negative) showed a clinical specificity of 100% and clinical
sensitivity of 94%. This assay required a single controlled
temperature for RT-LAMP amplification. The integration of
isothermal amplification with the CRISPR-Cas12a detection in
a single tube simplified operation and minimized the risk of
cross-contamination during the assay.

RT-RPA has also been combined with CRISPR for the
detection of SARS-CoV-2.°4% The operation temperature of RT-
RPA (37-42 °C) is similar to that of Cas12a (~37 °C). Thus,
RT-RPA isothermal amplification and CRISPR-Cas12a detection
are considered compatible in principle. In practice, however, it
is challenging to achieve reproducible detection of SARS-CoV-2
in a single tube. Zhang and colleagues pointed out that “while
we have focused on recombinase polymerase amplification in
the past,"'**° LAMP reagents are readily available from
multiple commercial suppliers, are easily multiplexed,” and
rely on defined buffers that are amenable to optimization with

Cas enzymes”."”

Incorporating CRISPR—-Cas before
nucleic acid amplification to enrich for
rare and low-abundance targets

Incorporating CRISPR-Cas before nucleic acid amplification
has achieved two main objectives: the enrichment of rare and
low-abundance nucleic acid targets and depletion of abundant
interfering nucleic acids. The challenge is exemplified by the
need for detecting tumor-specific somatic mutations in the
circulating tumor DNA (ctDNA) from patients’ blood that
contains several orders of magnitude higher amounts of wild-
type DNA sequences.” Two strategies have been developed.
The first used the sequence-specific binding ability of dCas9 to
enrich the target of extremely low abundance, and the second
harnessed the PAM-dependent cleavage by Cas9 to deplete
unwanted high-abundance species. The ability of CRISPR-
dCas9 and dCas12 to specifically recognize and bind to dsDNA
and ssDNA without the need of denaturation enabled enrich-
ment of rare and low-abundance nucleic acid targets, whereas
the sequence-specific cleavage of CRISPR-Cas9 and Cas12 was
used for depletion of abundant interfering nucleic acids.
CRISPR-Cas9 was designed to target and cleave naturally
occurring sequences containing PAM regions, leaving
sequences with mutated PAM regions uncleaved. Subsequent
amplification of the uncleaved mutant sequence resulted in its
enrichment. A technique called Depletion of Abundant
Sequences by Hybridization (DASH) was able to deplete wild-
type mitochondrial ribosomal RNA (rRNA) extracted from
cerebrospinal fluid samples and to enrich mutant rRNA
(Fig. 5A).® Another technique, called CRISPR-mediated
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Fig. 4 Schematics showing (A) general principle and (B) overall operation of an assay incorporating RT-LAMP with CRISPR-Cas12a for the
detection of SARS-CoV-2.18 (A) Specific E and N gene sequences of SARS-CoV-2 RNA were amplified using RT-LAMP. The RT-LAMP products
were scanned by the Cas12a—gRNA ribonucleoprotein (RNP) complex. RNP recognized the specific sequence complementary to gRNA, acti-
vating the trans-cleavage activity of Casl2a. The active Casl2a system cleaved a short ssDNA reporter (8 nt) that was labeled with a pair of
fluorophore and quencher. The cleavage of the reporter separated the quencher from the fluorophore, resulting in the generation of fluo-
rescence. (B) A 0.2 mL PCR tube contained the RT-LAMP reagent mixture (25 pL or lyophilized) at the bottom and the CRISPR—Cas12a detection
reagent mixture (10 pL liquid or lyophilized) inside the cap. A sample was added into the bottom of the tube and mixed with the RT-LAMP
reagents. The tube was placed in a heating block and the bottom of the tube was maintained at 62 °C for 30 min to allow for RT-LAMP reactions
while the temperature in the cap was about 31 °C. The tube was then removed from the heating block, and the subsequent procedures were
performed at room temperature. Inverting and wrist-flicking of the tube forced the Casl12a reagents to mix with the RT-LAMP amplicons in the
bottom. Green fluorescence was generated at room temperature and was visualized under the excitation of a handheld UV lamp. Reproduced

with permission from ref. 18. Copyright 2020 American Chemical Society.

Ultrasensitive Detection of target DNA (CUT-PCR), depleted
abundant nucleic acids using sgRNA complementary to wild-
type sequences for cleavage by Cas9. The uncleaved oncogenic
sequences of circulating tumor DNA from patient blood
samples were enriched by subsequent PCR amplification.®

CRISPR-Cas9 has also been used to target and cleave
sequences of interest, resulting in shorter oligos for subsequent
enrichment via amplification. This technique, called Finding
Low Abundant Sequences by Hybridization (FLASH), has been
used to enrich target fragments for next-generation sequencing
(NGS) (Fig. 5B).”* Phosphate groups were removed from the
ends of all genomic DNA or ¢cDNA to prevent the ligation of
sequencing adapters that are required for NGS. Cas9 complexes
with tracrRNA and crRNA complementary to the targeted
sequences produced short oligos from only the mutant DNA.
The newly generated ends, containing phosphate groups, could
then be linked to the adapters for amplification and
sequencing.

CRISPR-dCas9 with only sequence-specific binding and no
cleavage activity was used as a recognition probe to extract and
separate nucleic acids of interest from complex samples. Typi-
cally, the dCas9 protein was conjugated with a tag (e.g:, histi-
dine) recognizable by antibodies coated on magnetic beads.
Complexes of dCas9-sgRNA ribonucleoprotein (RNP) with the
target nucleic acid could be captured on the magnetic beads
and separated under a magnetic field. For example, mutated
epidermal growth factor genes from non-small cell lung cancers

4690 | Chem. Sci., 2021, 12, 4683-4698

of patients were enriched using a CRISPR-dCas9 technique and
detected using qPCR.”> Without this enrichment, qPCR was
unable to detect low-abundance mutations. In addition to the
enrichment of a single target using the CRISPR-dCas9 tech-
nique, the programmable ability to use multiple sgRNAs, along
with dCas9, allows for simultaneous capture of multiple targets
for multiplexed detection.

Integrating CRISPR-Cas within
amplification strategies to achieve
isothermal amplification

The ability of CRISPR-Cas9 systems to unwind dsDNA at
a moderate temperature (37 °C) has been used to develop and
improve isothermal exponential amplification techniques.
Exponential amplification of nucleic acids requires separation
of dsDNA to ssDNA. Conventional PCR uses high temperature
(e.g., 95 °C) to denature dsDNA for each cycle of amplification.
Current isothermal exponential amplification techniques
require the use of multiple enzymes and proteins to facilitate
unwinding and separation of dsDNA. A special feature of Cas9,
including the wild-type Cas9, nCas9, and dCas9, is that they can
unwind dsDNA to generate sSDNA at 37 °C. Therefore, CRISPR-
Cas systems can replace multiple enzymes used in several
isothermal exponential amplification techniques. Commonly
used restriction enzymes and nicking endonucleases recognize

© 2021 The Author(s). Published by the Royal Society of Chemistry
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specific sequences of 4-6 base with  limited
programmability.**

Because Cas9 and nCas9 can unwind dsDNA at 37 °C,
primers can hybridize to the unwound strand for subsequent
amplification without the initial denaturation of the dsDNA
target.”® The nuclease activity of CRISPR-Cas9 systems can be
programmed using sgRNA to target a broader range of
sequences. In addition, the spacer of sgRNA can be designed to
target multiple sites of dsSDNA.**

The sequence recognition and cis-cleavage properties of
CRISPR-Cas9 enable nicking of long nucleic acid strands at
specific sites to produce shorter strands for subsequent ampli-
fication.”*”® For example, EXPonential Amplification Reaction
(EXPAR) is a highly sensitive technique in which short-length
ssDNA targets are exponentially amplified.”*”” The ssDNA
produced by CRISPR-Cas9 served as the primer to initiate
EXPAR.” Although EXPAR in combination with CRISPR-Cas9
achieved aM sensitivity, it suffered from poor specificity
because CRISPR-Cas9 activation tolerated several mismatches
between the spacer and protospacer regions. Only single-base
mismatches at the dinucleotide cleavage site could be distin-
guished when dsDNA was processed.” CRISPR-Cas9 cis-cleaved
DNA was also used to initiate combinations of amplification
methods such as strand displacement amplification (SDA) fol-
lowed by EXPAR. This combination resulted in Nicking-
Triggered EXPAR (NTEXPAR)”™ (Fig. S1, ESITt). Application of
these techniques to long ssRNA has yet to be explored and
remains a possibility with the use of PAMmers.”®

For techniques such as exponential strand displacement
amplification (E-SDA),”® an initial 95 °C heating step is required
to denature dsDNA into ssDNA for binding of primers. Instead
of heat, CRISPR-Cas9-triggered nicking-endonuclease-
mediated Strand Displacement Amplification (CRISDA) used
two nCas9 proteins to unwind and nick the ends of the dsDNA

pairs

© 2021 The Author(s). Published by the Royal Society of Chemistry

region of interest (Fig. 6A).” Primers containing nicking endo-
nuclease sites then bind to the 3’ overhang of the nicked strand.
To commence E-SDA, the polymerase extended the primers with
the assistance of ssDNA binding proteins (SSBs) to stabilize the
unwound DNA. The newly formed strand was released after
nicking by the endonuclease, facilitating exponential amplifi-
cation. Although the dsDNA unwinding by nCas9 occurred at
a constant temperature, which suggested the potential for
single-tube analysis, the authors conducted the analysis in two
separate steps. To prevent sgRNAs from being blocked by
hybridization to the primers, they used nicking endonuclease in
the second step of E-SDA after unwinding by nCas9.

Alternatively, Cas9n-based amplification reaction (Cas9nAR),
which used RuvC-mutated nCas9 (D10A), did not require nick-
ing endonucleases (Fig. 6B)."* Cas9nAR operated in two circuits.
The first circuit used two sgRNAs for CRISPR-Cas9n complexes
to nick a targeted length of the dsDNA in two locations. Poly-
merase extension at the upstream nicking site synthesized
a new ssDNA target strand and displaced the original nicked
strand. The second nicking facilitated the release of the original
nicked strand. This strand (in green color) entered the second
circuit which commenced amplification using two primers.
Primer 1 first hybridized to the ssDNA and initiated extension,
forming a PAM sequence for Cas9n to nick and release another
ssDNA (light blue), complementary to the first sSSDNA. Primer 2
hybridized to this new ssDNA, facilitating extension, nicking,
and release of ssDNA for propagation of the reaction. The
combination of two primers and two CRISPR-nCas9 enzymes
resulted in the exponential amplification and single-molecule (2
copy/20 pL reaction) detection at 37 °C.

Simultaneous binding events of two sgRNA-dCas9 probes
can be used to initiate isothermal amplification techniques. For
example, the DNA oligos required for proximity ligation assay
(PLA) and subsequent rolling circle amplification (RCA)” were
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assembled by proximal sgRNA-dCas9 binding events (Fig. 6C).**
PLA oligos were hybridized to each stem-loop region of the
bound sgRNA-dCas9 molecules, where simultaneous binding
favored the completion of PLA assembly. Enzymatic DNA liga-
tion then joined PLA components to form a circular template
that was amplified by RCA. The amplified product remained
attached to the PLA oligos that were anchored to sgRNA-dCas9.
Multiple fluorophore-oligos could then bind to the extended
product to generate an amplified fluorescence signal at target
genomic loci for imaging applications.

Amplified detection of non-nucleic
acid targets with CRISPR-Cas trans-
activity

CRISPR-Cas systems can be used in combination with func-
tional nucleic acids (FNAs) and molecular translators for the

detection of non-nucleic acid targets, including metal ions,
proteins, and small molecules.****®* FNAs and molecular
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translators convert the detection of non-nucleic acid targets into
surrogate nucleic acid targets, such as ssDNA, which are
amenable for initiating amplified detection strategies.>*** DNA
aptamers and deoxyribozymes (DNAzymes), which are chemi-
cally more stable and easier to handle than their RNA coun-
terparts, have been frequently used.**®* CRISPR-Cas12 has
been used for non-nucleic acid target detection because Cas12
targets both dsDNA and ssDNA and has the additional benefit of
trans-cleavage activity upon target binding.”* Molecular trans-
lators other than aptamers and DNAzymes exist and can also
convert the detection of non-nucleic acid targets into surrogate
nucleic acid targets that can be detected by CRISPR-Cas
techniques.®*

In one example, Lu's group used two copies of an adenosine
triphosphate (ATP) aptamer to hybridize to an ssDNA (Fig. 7A).
The ssDNA was designed to be complementary to crRNA so the
sequestering of the ssDNA by the aptamer silenced the activity
of Cas12a.** The binding of the aptamers to the ATP target
decreased the stability of their hybridization with the ssDNA,
resulting in the release of the ssDNA. The released ssDNA could
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Fig. 6 Amplification of target nucleic acids facilitated by CRISPR-Cas9. (A) CRISPR—nCas9 initiates and commences strand displacement
amplification (E-SDA).”® (B) CRISPR—nCas9 facilitates strand displacement in Cas9n-based amplification reaction (Cas9nAR).** Adapted from
ref. 11. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) The simultaneous binding of two CRISPR-dCas9 probes along
a gene locus initiates proximity ligation assays (PLA).*? Adapted from ref. 42. Copyright 2012 Royal Society of Chemistry. Adapted from ref. 73.
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bind to the crRNA and activate the Cas12a for trans-cleavage
activity to produce amplified detection signals. Alternatively,
crRNA was designed to hybridize directly with the aptamer®*
(Fig. 7B). Folding of the aptamer following its binding to its
target displaced its hybridization to the crRNA which turned off
the activity of Cas12a. This strategy has been used for the
electrochemical detection of TGF-a.1 using an aptamer binding
to TGF-al. In the presence of the TGF-a1 target, fewer aptamers
were available to bind to crRNA and to activate the trans-
cleavage activity of CRISPR-Cas12a. The reporter consisted of
a ssDNA conjugated to a redox-reactive species, methylene blue,
on one end and thiolated on the other end for tethering onto
a gold electrode. Lower activation of CRISPR-Cas12a resulted in
reduced cleavage of the substrate. Methylene blue in the
uncleaved reporter allowed electron exchange with the electrode
to generate electrochemical signal.>

Metal dependent DNAzymes can cleave their substrates,
ssDNA containing RNA cleavage sites, only in the presence of
metal ion cofactors. These DNAzyme substrates can be designed
to produce ssDNA complementary to crRNA to activate the ¢trans-
activity of CRISPR-Cas12a for amplified detection of the metal
ion (Fig. 7C). In one example, Na'-dependent DNAzyme was
paired with CRISPR-Cas12a for the detection of Na'.!® The
variety of metal-dependent DNAzymes (e.g., Mg”*, Mn>*, Pb*>",
Zn**, Co®, Cu**, and more**) provides opportunities to
develop CRISPR-Casl2a-paired strategies for the selective,
sensitive, and multiplex detection of multiple metal ions.

Allosteric transcription factors (aTF), naturally occurring
proteins, are capable of binding to small molecules and to
particular dsDNA motifs. The affinity of aTFs for the dsDNA
motifs changes upon binding to various small molecules. Liang
et al. used aTFs as molecular translators and developed a CaT-
SMelor technique (CRISPR-Cas12a- and aTF-mediated small
molecule detector) for the detection of various small mole-
cules.® (Fig. 7D) They designed the sequence of the dsDNA to
contain motifs for binding to both the aTF and a PAM sequence.
Binding of the aTF to a small-molecule target induced
a conformational change of the aTF, resulting in the release of
the dsDNA. The released dsDNA, containing PAM, activated
CRISPR-Cas12a trans-activity to generate detection responses.
The authors achieved concentration-dependent, quantitative
detection of various small molecules (Fig. S2, ESI{t).

Compared to the detection of nucleic acids, the detection of
non-nucleic acid targets has an inferior sensitivity, even with
the use of FNAs and CRISPR-Cas strategies. The first reason is
a lower turnover rate of ¢trans-cleavage activity of Cas12a when it
is activated by ssDNA than by dsDNA." Most FNA molecular
translators have been designed to generate output ssDNA.
Second, DNAzymes display high cleavage activity only with high
concentrations of metal ion cofactors (sub-mM to mM).*"* For
the detection of trace amounts of metal ions (e.g., heavy metals),
DNAzymes may not produce adequate amounts of ssDNA frag-
ments for the activation of CRISPR-Cas12. Third, the efficiency
of releasing output ssDNA or dsDNA in response to the target is
usually low. For example, the use of aTF as a molecular trans-
lator activated Casl12a in response to pM levels of the output
dsDNA, while the overall assay was only able to detect nM
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Fig. 7 Combining FNAs and molecular translators with CRISPR-Cas
technology for the detection of non-nucleic acid targets. (A) The
activator, the target ssDNA complementary to crRNA, is locked by two
copies of an aptamer. Binding of the aptamer to small molecules (e.g.,
ATP) releases the activator for hybridization to crRNA and activation of
CRISPR-Casl12a trans-activity.®%#2 (B) Binding of the target molecule
to its aptamer prevents the activation of CRISPR-Casl2a. The
unbound aptamer activates CRISPR—Cas12a.5* (C) Metal ions serve as
co-factor(s) for an RNA-cleaving DNAzyme to generate output ssDNA
for CRISPR-Cas12a activation.®® (D) Binding of allosteric transcription
factor (aTF) to the target molecule releases output dsDNA for CRISPR—
Casl2a activation.® Adapted from ref. 54. Copyright 2019 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. Adapted from ref. 80. Copyright
2020 American Chemical Society. Adapted from ref. 81. Copyright
2016 Springer Nature.

concentrations of small molecule targets.** Both the binding
affinity of the translator to the non-nucleic acid target and the
release efficiency of the output DNA greatly affect the sensitivity
of these detection strategies.

Concluding remarks, outlook, and
perspectives

CRISPR-Cas systems offer new opportunities for developing
diverse analytical techniques and assays. CRISPR-Cas systems
can specifically recognize target sequences and have been used
for imaging target genes in live and fixed cells.****%*°* The
feature of recognizing target sequences has also been incorpo-
rated into various types of detection methods, such as electro-
chemical detection, lateral flow assays, nanomaterial-based
sensors, and nano/microfluidics.>***>® For example, dCas9 was
immobilized on graphene-based microchips for the detection of
target genes.”” Incorporating CRISPR technology with nucleic
acid amplification strategies represents another important
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research advance for CRISPR-based analytics because the
coupling can lead to substantial improvements in sensitivity,
specificity, and other analytical characteristics.

The trans-cleavage activity of CRISPR-Cas systems improves
detection sensitivity of nucleic acids techniques. Hybridization
of the crRNA with the nucleic acid target activates the trans-
cleavage activity of the Cas protein, leading to the cleavage of
multiple reporter molecules. Therefore, signal amplification is
achieved for sensitive detection of nucleic acid targets. The
trans-cleavage activity varies among Cas types and homologs.
For a specific Cas protein, its trans-cleavage activity is also
related to sequences of the target sites. The reported turnover
number of LbCas12a is five times higher with dsDNA as the
target (1250/s) than with ssDNA as the target (250/s)."* Large
discrepancies exist in literature among the reported trans-
cleavage rates for a specific Cas protein, which may be due to
differences in methods of determination, target sequences, and
experimental conditions. Further research is needed to gain
a better understanding of the kinetics (quantitative rate values)
and trans-cleavage activities of Cas proteins.

Integrating a CRISPR-Cas system after nucleic acid amplifi-
cation improves detection specificity. CRISPR-Cas systems
recognize specific sequences of amplicons and differentiate
them from byproducts of amplification reactions. The multiple
turnover trans-cleavage activity of Cas12 and Cas13 results in
repeated cleavage of nucleic acid signaling reporters, generating
amplified readout signals for detection, thus improving sensi-
tivity. Applications are exemplified by several CRISPR-mediated
techniques for rapid and sensitive detection of SARS-CoV-2
(Table S1, ESI+¥).

Incorporating CRISPR-Cas before nucleic acid amplification
enables enrichment of rare and low-abundance nucleic acid
targets and depletion of unwanted abundant nucleic acids. The
enrichment strategy uses the sequence-specific binding ability
of dCas9 and dCas12 to specifically recognize dsDNA and
ssDNA. The PAM-dependent cleavage by Cas9 depletes
unwanted high-abundance nucleic acids.

The ability of CRISPR-Cas9 systems to unwind dsDNA to
ssDNA at a moderate temperature (37 °C) makes CRISPR-Cas9
useful for developing isothermal exponential amplification
techniques. Exponential amplification of nucleic acids requires
separation of dsDNA to ssDNA after each round of amplification
reactions. A special feature of Cas9 and nCas9 is their ability to
unwind and/or nick dsDNA to generate ssDNA at 37 °C.
Therefore, CRISPR-Cas systems eliminate the high temperature
(e.g., 95 °C) denaturation step commonly required for PCR.

A combination of CRISPR-Cas systems with functional
nucleic acids (FNAs) and molecular translators enables the
detection of non-nucleic acid targets, such as metal ions,
proteins, and small drug molecules. FNAs and molecular
translators convert the detection of non-amplifiable targets into
surrogate nucleic acid targets, such as ssDNA, which activates
CRISPR-Cas and generates amplified responses for highly
sensitive detection.

The realization of CRISPR-Cas-based detection techniques is
promising but still in its early stages. The use of CRISPR-Cas
systems to detect non-nucleic acid targets with assistance of
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FNAs and molecular translators has only recently been explored
and has incredible potential to be developed further. A broader
application of CRISPR technology to non-nucleic acid targets
can be achieved by incorporating other molecular translators.””

CRISPR-Cas systems have been used for DNA and RNA
imaging in live cells,*>*"** but the target site is limited to
repetitive sequences, because of the low copy number of DNA or
RNA in one cell and the lack of sufficient signal amplification,®®
CRISPR-Cas-integrated amplification strategies allow for
enhanced signal generation at a genomic locus in fixed cells and
overcome the limitation of CRISPR-Cas probes that could only
detect and image repetitive sequences.”” Amplification tech-
niques using CRISPR-Cas systems have not been demonstrated
to function within live cells. Perhaps a major reason is because
trans-cleavage activity operates variably, if at all, within living
cells. For example, cis-cleavage activity of Cas13 occurred in the
modified human embryonic kidney cell line HEK293FT, while
trans-cleavage activity was not observed.*** However, it has
been reported that trans-cleavage activity occurred within
LN229 glioma cells.'® The inconsistency may be attributed to
the differences in cellular environments or methods of intra-
cellular delivery from different studies.'® However, CRISPR-
Cas-facilitated amplification strategies that do not depend on
trans-cleavage activity may still work within live cells. The
recently discovered Cas12f (Cas14) could be considered for use
in live cells. Cas12f is only 400-700 amino acids long, which
makes Cas12f easier to deliver into cells than other Cas effectors
that are greater than 1000 amino acids in length. Due to the
smaller size of Cas12f, both the Cas12f gene and sgRNA can be
readily packaged'®* in the same adeno-associated virus (AVV)
vector and delivered into live cells.

RNases, nucleases, and proteases that degrade CRISPR-Cas
ribonucleoproteins and nucleic acids are abundant in biolog-
ical samples. These interferences need to be further addressed
when CRISPR-Cas technologies are used as diagnostic tools.

CRISPR-Cas technologies continue to revolutionize analyt-
ical applications, and their full potential has yet to be reached.
Tremendous advances made in modifications of Cas proteins
and crRNA for the purpose of gene editing"®>** could be har-
nessed and applied to developing and improving molecular
diagnostics.
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Abbreviations and terminology

Cas “CRISPR-associated” proteins. Cas proteins
work together with CRISPR RNA to target and
cleave nucleic acids

Target-initiated Cas activity that specifically
cleaves the target nucleic acid

“Clustered regularly interspaced short
palindromic repeats”. CRISPR sequences in
prokaryotic genomes are fully expressed along
with Cas proteins as a nuclease defense
mechanism against viral infections

The nucleic acid targeting and cleaving
system that involves CRISPR RNA, tracrRNA,
or guide RNA, and Cas proteins

“CRISPR RNA”. This is the sequence-specific
targeting component of CRISPR-Cas systems
that can be programmed for different target
sequences

Two “higher eukaryotes and prokaryotes
nucleotide”-binding domains of Cas13 that
mediate the cleavage of sSRNA

The domain of Cas9 protein that facilitates
the cleavage of the target nucleic acid strand
(the strand complementary to sgRNA)

The region of the target nucleic acid sequence
that is complementary to the spacer region of
SgRNA or crRNA

“Protospacer adjacent motif”. This sequence
is located 3-4 nucleotides downstream of
protospacer regions and is intimately
involved in Cas activation

“PAM-presenting oligonucleotides” that
hybridize with sSDNA or ssRNA to stimulate
the site-specific nuclease activity of Cas9
“Protospacer flanking site”. Cas13 requires
only a single nucleotide downstream of the
protospacer region instead of a complete PAM
region

The domain that facilitates Cas9 cleavage
activity of the non-target nucleic acid strand
(the strand in dsDNA target that does not
hybridize with crRNA/sgRNA), and Cas12
cleavage activity

“Single-guide RNA”. This RNA combines both
crRNA and tracrRNA to form one RNA that
dually functions to anchor Cas proteins and
bind to target nucleic acids

Cis-cleavage
activity
CRISPR

CRISPR-Cas

crRNA

HEPN

HNH

Protospacer

PAM

PAMmer

PFS

RuvC

SgRNA
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SNP “Single-nucleotide polymorphism”, variation
of a specific genome site among individuals of
the same species. Some SNPs are associated
with the susceptibility to diseases

The region of crRNA or sgRNA that is
complementary to the target nucleic acid
sequence

“Trans-activating CRISPR RNA”. This RNA is
hybridized with crRNA and functions to bind
Cas proteins

Target-initiated Cas activity that non-
specifically cleaves nucleic acid

Spacer
tracrRNA

Trans-cleavage
activity

Acknowledgements

We thank the Natural Sciences and Engineering Research
Council of Canada, the Canadian Institutes of Health Research,
the New Frontiers in Research Fund, the Social Sciences and
Humanities Research Council of Canada, Alberta Innovates,
and Alberta Health for their support. W. F., Y. C., and B. P.
acknowledge the support of China Scholarship Council. C. L.
acknowledges the support of a Vanier Canada Graduate Schol-
arship and an Alberta Innovates MD-PhD Studentship.

References

1 M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J. A. Doudna
and E. Charpentier, Science, 2012, 337, 816-821.
2 G.J. Knott and J. A. Doudna, Science, 2018, 361, 866-869.
3 L. Cong, F. A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib,
P. D. Hsu, X. Wu, W. Jiang, L. A. Marraffini and F. Zhang,
Science, 2013, 339, 819-823.
4 P.Mali, L. Yang, K. M. Esvelt, J. Aach, M. Guell, ]. E. DiCarlo,
J. E. Norville and G. M. Church, Science, 2013, 339, 823-826.
5 M. Adli, Nat. Commun., 2018, 9, 1911.
6 F. D. Urnov, E. J. Rebar, M. C. Holmes, H. S. Zhang and
P. D. Gregory, Nat. Rev. Genet., 2010, 11, 636-646.
7 J. K. Joung and J. D. Sander, Nat. Rev. Mol. Cell Biol., 2013,
14, 49-55.
8 G. Silva, L. Poirot, R. Galetto, ]J. Smith, G. Montoya,
P. Duchateau and F. Paques, Curr. Gene Ther.,2011,11, 11-27.
9 A. Singh, D. Chakraborty and S. Maiti, Chem. Soc. Rev., 2016,
45, 6666-6684.
10 T. Gaj, C. A. Gersbach and C. F. Barbas III, Trends
Biotechnol., 2013, 31, 397-405.
11 T. Wang, Y. Liu, H. H. Sun, B. C. Yin and B. C. Ye, Angew.
Chem., Int. Ed., 2019, 58, 5382-5386.
12 J. S. Gootenberg, O. O. Abudayyeh, J. W. Lee,
P. Essletzbichler, A. ]J. Dy, J. Joung, V. Verdine,
N. Donghia, N. M. Daringer, C. A. Freije, C. Myhrvold,
R. P. Bhattacharyya, J. Livny, A. Regev, E. V. Koonin,
D. T. Hung, P. C. Sabeti, J. J. Collins and F. Zhang,
Science, 2017, 356, 438-442.
13 J. S. Chen, E. B. Ma, L. B. Harrington, M. Da Costa,
X. R. Tian, J. M. Palefsky and J. A. Doudna, Science, 2018,
360, 436-439.

Chem. Sci., 2021, 12, 4683-4698 | 4695


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06973f

Open Access Article. Published on 02 March 2021. Downloaded on 1/12/2026 3:46:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

14 C.Myhrvold, C. A. Freije, J. S. Gootenberg, O. O. Abudayyeh,
H. C. Metsky, A. F. Durbin, M. J. Kellner, A. L. Tan,
L. M. Paul, L. A. Parham, K. F. Garcia, K. G. Barnes,
B. Chak, A. Mondini, M. L. Nogueira, S. Isern,
S. F. Michael, I. Lorenzana, N. L. Yozwiak, B. L. Maclnnis,
I. Bosch, L. Gehrke, F. Zhang and P. C. Sabeti, Science,
2018, 360, 444-448.

15 J. P. Broughton, X. Deng, G. Yu, C. L. Fasching, V. Servellita,
J. Singh, X. Miao, J. A. Streithorst, A. Granados,
A. Sotomayor-Gonzalez, K. Zorn, A. Gopez, E. Hsu, W. Gu,
S. Miller, C.-Y. Pan, H. Guevara, D. A. Wadford, J. S. Chen
and C. Y. Chiu, Nat. Biotechnol., 2020, 38, 870-874, DOI:
10.1038/s41587-020-0513-4.

16 W. Feng, A. M. Newbigging, C. Le, B. Pang, H. Peng, Y. Cao,
J. Wu, G. Abbas, J. Song, D.-B. Wang, M. Cui, J. Tao,
D. L. Tyrrell, X.-E. Zhang, H. Zhang and X. C. Le, Anal.
Chem., 2020, 92, 10196-10209, DOI: 10.1021/
acs.analchem.0c02060.

17 J. Joung, A. Ladha, M. Saito, N.-G. Kim, A. E. Woolley,
M. Segel, R. P. J. Barretto, A. Ranu, R. K. Macrae,
G. Faure, E. I. Ioannidi, R. N. Krajeski, R. Bruneau,
M.-L. W. Huang, X. G. Yu, J. Z. Li, B. D. Walker,
D. T. Hung, A. L. Greninger, K. R. Jerome,
J. S. Gootenberg, O. O. Abudayyeh and F. Zhang, N. Engl.
J. Med., 2020, 383, 1492-1494, DOI: 10.1056/NEJMc2026172.

18 B. Pang, J. Xu, Y. Liu, H. Peng, W. Feng, Y. Cao, J. Wu,
H. Xiao, K. Pabbaraju, G. Tipples, M. A. Joyce,
H. A. Saffran, D. L. Tyrrell, H. Zhang and X. C. Le, Anal.
Chem., 2020, 92, 16204-16212, DOI:  10.1021/
acs.analchem.0c04047.

19 C. M. Ackerman, C. Myhrvold, S. G. Thakku, C. A. Freije,
H. C. Metsky, D. K. Yang, S. H. Ye, C. K. Boehm, T.-S.
F. Kosoko-Thoroddsen, J. Kehe, T. G. Nguyen, A. Carter,
A. Kulesa, J. R. Barnes, V. G. Dugan, D. T. Hung,
P. C. Blainey and P. C. Sabeti, Nature, 2020, 582, 277-282,
DOI: 10.1038/s41586-020-2279-8.

20 O. O. Abudayyeh, J. S. Gootenberg, S. Konermann, J. Joung,
I. M. Slaymaker, D. B. T. Cox, S. Shmakov, K. S. Makarova,
E. Semenova, L. Minakhin, K. Severinov, A. Regev,
E. S. Lander, E. V. Koonin and F. Zhang, Science, 2016,
353, 5573.

21 N. N. Chang, C. H. Sun, L. Gao, D. Zhu, X. F. Xu, X. J. Zhu,
J. W. Xiong and J. J. Xi, Cell Res., 2013, 23, 465-472.

22 P.D. Hsu, E. S. Lander and F. Zhang, Cell, 2014, 157, 1262-
1278.

23 M. Jinek, A. East, A. Cheng, S. Lin, E. B. Ma and J. Doudna,
Elife, 2013, 2, €00471, DOI: 10.7554/eLife.00471.

24 P. Mali, L. H. Yang, K. M. Esvelt, J. Aach, M. Guell,
J. E. DiCarlo, J. E. Norville and G. M. Church, Science,
2013, 339, 823-826.

25 H. Nishimasu, F. A. Ran, P. D. Hsu, S. Konermann,
S. 1. Shehata, N. Dohmae, R. Ishitani, F. Zhang and
0. Nureki, Cell, 2014, 156, 935-949.

26 A. A. Stephenson, A. T. Raper and Z. Suo, J. Am. Chem. Soc.,
2018, 140, 3743-3750.

27 P. D. Hsu, D. A. Scott, J. A. Weinstein, F. A. Ran,
S. Konermann, V. Agarwala, Y. Q. Li, E. J. Fine, X. B. Wu,

4696 | Chem. Sci, 2021, 12, 4683-4698

View Article Online

Review

O. Shalem, T. J. Cradick, L. A. Marraffini, G. Bao and
F. Zhang, Nat. Biotechnol., 2013, 31, 827-832.

28 M. R. O'Connell, B. L. Oakes, S. H. Sternberg, A. East-
Seletsky, M. Kaplan and J. A. Doudna, Nature, 2014, 516,
263-266.

29 E. Ma, L. B. Harrington, M. R. O'Connell, K. Zhou and
J. A. Doudna, Mol. Cell, 2015, 60, 398-407.

30 G. Gasiunas, R. Barrangou, P. Horvath and V. Siksnys, Proc.
Natl. Acad. Sci. U. S. A., 2012, 109, E2579-E2586.

31 F. A. Ran, P. D. Hsu, C.-Y. Lin, J. S. Gootenberg,
S. Konermann, A. E. Trevino, D. A. Scott, A. Inoue,
S. Matoba, Y. Zhang and F. Zhang, Cell, 2013, 154, 1380-
1389.

32 L. S. Qi, M. H. Larson, L. A. Gilbert, J. A. Doudna,
J. S. Weissman, A. P. Arkin and W. A. Lim, Cell, 2013, 152,
1173-1183.

33 K. S. Makarova, Y. I. Wolf, J. Iranzo, S. A. Shmakov,
O. S. Alkhnbashi, S. J. J. Brouns, E. Charpentier,
D. Cheng, D. H. Haft, P. Horvath, S. Moineau,
F. J. M. Mojica, D. Scott, S. A. Shah, V. Siksnys,
M. P. Terns, C. Venclovas, M. F. White, A. F. Yakunin,
W. Yan, F. Zhang, R. A. Garrett, R. Backofen, J. van der
Oost, R. Barrangou and E. V. Koonin, Nat. Rev. Microbiol.,
2020, 18, 67-83.

34 T. Karvelis, G. Bigelyte, J. K. Young, Z. Hou, R. Zedaveinyte,
K. Budre, S. Paulraj, V. Djukanovic, S. Gasior, A. Silanskas,
C. Venclovas and V. Siksnys, Nucleic Acids Res., 2020, 48,
5016-5023.

35 B. Zetsche, J. S. Gootenberg, O. O. Abudayyeh,
I. M. Slaymaker, K. S. Makarova, P. Essletzbichler,
S. E. Volz, J. Joung, ]J. van der Oost, A. Regev, E. V. Koonin
and F. Zhang, Cell, 2015, 163, 759-771.

36 S. Shmakov, O. O. Abudayyeh, K. S. Makarova, Y. I. Wolf,
J. S. Gootenberg, E. Semenova, L. Minakhin, J. Joung,
S. Konermann, K. Severinov, F. Zhang and E. V. Koonin,
Mol. Cell, 2015, 60, 385-397.

37 S.-Y. Li, Q.-X. Cheng, J.-K. Liu, X.-Q. Nie, G.-P. Zhao and
J. Wang, Cell Res., 2018, 28, 491-493.

38 D. C. Swarts and M. Jinek, Mol Cell, 2019, 73, 589-600,
e584.

39 L. B. Harrington, D. Burstein, J. S. Chen, D. Paez-Espino,
E. Ma, I. P. Witte, J. C. Cofsky, N. C. Kyrpides,
J. F. Banfield and J. A. Doudna, Science, 2018, 362, 839-842.

40 B. Chen, L. A. Gilbert, B. A. Cimini, J. Schnitzbauer,
W. Zhang, G.-W. Li, J. Park, E. H. Blackburn,
J. S. Weissman, L. S. Qi and B. Huang, Cell, 2013, 155,
1479-1491.

41 X. Wu, S. Mao, Y. Ying, C. J. Krueger and A. K. Chen,
Genomics, Proteomics Bioinf., 2019, 17, 119-128.

42 K. Zhang, R. Deng, X. Teng, Y. Li, Y. Sun, X. Ren and J. Li, J.
Am. Chem. Soc., 2018, 140, 11293-11301.

43 S. Konermann, P. Lotfy, N. J. Brideau, J. OKki,
M. N. Shokhirev and P. D. Hsu, Cell, 2018, 173, 665-676.
e614.

44 A. A. Smargon, D. B. Cox, N. K. Pyzocha, K. Zheng,
I. M. Slaymaker, J. S. Gootenberg, O. A. Abudayyeh,
P. Essletzbichler, S. Shmakov, K. S. Makarova,

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06973f

Open Access Article. Published on 02 March 2021. Downloaded on 1/12/2026 3:46:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

E. V. Koonin and F. Zhang, Mol. Cell, 2017, 65, 618-630,
€617.

45 C. Zhang, S. Konermann, N. J. Brideau, P. Lotfy, X. Wu,
S. J. Novick, T. Strutzenberg, P. R. Griffin, P. D. Hsu and
D. Lyumkis, Cell, 2018, 175, 212-223, e217.

46 A. East-Seletsky, M. R. O'Connell, S. C. Knight, D. Burstein,
J. H. Cate, R. Tjian and J. A. Doudna, Nature, 2016, 538, 270-
273.

47 V. Pattanayak, S. Lin, ]J. P. Guilinger, E. Ma, J. A. Doudna
and D. R. Liu, Nat. Biotechnol., 2013, 31, 839.

48 B. P. Kleinstiver, S. Q. Tsai, M. S. Prew, N. T. Nguyen,
M. M. Welch, J. M. Lopez, Z. R. McCaw, M. J. Aryee and
J. K. Joung, Nat. Biotechnol., 2016, 34, 869.

49 M. ]. Kellner, J. G. Koob, J. S. Gootenberg, O. O. Abudayyeh
and F. Zhang, Nat. Protoc., 2019, 14, 2986-3012.

50 Y. Shan, X. Zhou, R. Huang and D. Xing, Anal. Chem., 2019,
91, 5278-5285.

51 Y. Chen, S. Yang, S. Peng, W. Li, F. Wu, Q. Yao, F. Wang,
X. Weng and X. Zhou, Chem. Sci., 2019, 10, 2975-2979.

52 P. Qin, M. Park, K. J. Alfson, M. Tamhankar, R. Carrion,
J. L. Patterson, A. Griffiths, Q. He, A. Yildiz, R. Mathies
and K. Du, ACS Sens., 2019, 4, 1048-1054.

53 R. Bruch, J. Baaske, C. Chatelle, M. Meirich, S. Madlener,
W. Weber, C. Dincer and G. A. Urban, Adv. Mater., 2019,
31, 1905311, DOI: 10.1002/adma.201905311.

54 Y. Dai, R. A. Somoza, L. Wang, J. F. Welter, Y. Li, A. I. Caplan
and C. C. Liu, Angew. Chem., Int. Ed., 2019, 58, 17399-17405.

55 M. A. English, L. R. Soenksen, R. V. Gayet, H. de Puig,
N. M. Angenent-Mari, A. S. Mao, P. Q. Nguyen and
J. J. Collins, Science, 2019, 365, 780-785.

56 N. Shao, X. Han, Y. Song, P. Zhang and L. Qin, Anal. Chem.,
2019, 91, 12384-12391.

57 J. Compton, Nature, 1991, 350, 91-92.

58 K. Pardee, A. A. Green, M. K. Takahashi, D. Braff,
G. Lambert, J. W. Lee, T. Ferrante, D. Ma, N. Donghia,
M. Fan, N. M. Daringer, I. Bosch, D. M. Dudley,
D. H. O'Connor, L. Gehrke and J. J. Collins, Cell, 2016,
165, 1255-1266.

59 O. Piepenburg, C. H. Williams, D. L. Stemple and
N. A. Armes, PLoS Biol., 2006, 4, €204.

60 J. S. Gootenberg, O. O. Abudayyeh, M. J. Kellner, J. Joung,
J. J. Collins and F. Zhang, Science, 2018, 360, 439-444.

61 S.-Y. Li, Q.-X. Cheng, ]J.-M. Wang, X.-Y. Li, Z.-L. Zhang,
S. Gao, R.-B. Cao, G.-P. Zhao and J. Wang, Cell Discovery,
2018, 4, 20, DOI: 10.1038/s41421-018-0028-z.

62 T. Notomi, Y. Mori, N. Tomita and H. Kanda, J. Microbiol.,
2015, 53, 1-5.

63 L. Li, S. Li, N. Wu, J. Wu, G. Wang, G. Zhao and J. Wang, ACS
Synth. Biol., 2019, 8, 2228-2237.

64 F. Zhang, O. O. Abudayyeh and J. S. Gootenberg, 2020. A
protocol for detection of COVID-19 using CRISPR
diagnostics, accessed May 11, 2020, Available from:
https://www.broadinstitute.org/files/publications/special/
COVID-19%20detection%20(updated).pdf.

65 V. M. Corman, O. Landt, M. Kaiser, R. Molenkamp,
A. Meijer, D. K. Chu, T. Bleicker, S. Briinink, J. Schneider,
M. L. Schmidt, D. G. Mulders, B. L. Haagmans, B. van der

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Veer, S. van den Brink, L. Wijsman, G. Goderski,
J.-L. Romette, ]. Ellis, M. Zambon, M. Peiris, H. Goossens,
C. Reusken, M. P. Koopmans and C. Drosten,
Eurosurveillance, 2020, 25, 2000045.

66 D. K. Chu, Y. Pan, S. M. Cheng, K. P. Hui, P. Krishnan,
Y. Liu, D. Y. Ng, C. K. Wan, P. Yang, Q. Wang, M. Peiris
and L. L. M. Poon, Clin. Chem., 2020, 66, 549-555.

67 CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-
PCR Diagnostic Panel. 2020, accessed May 11, 2020,
https://www.fda.gov/media/134922/download.

68 X. Ding, K. Yin, Z. Li, R. V. Lalla, E. Ballesteros, M. M. Sfeir
and C. Liu, Nat. Commun., 2020, 11, 4711.

69 S. H. Lee, J. Yu, G. H. Hwang, S. Kim, H. Kim, S. Ye, K. Kim,
J. Park, D. Park, Y.-K. Cho, J.-S. Kim and S. Bae, Oncogene,
2017, 36, 6823-6829.

70 W. Gu, E. D. Crawford, B. O'Donovan, M. R. Wilson,
E. D. Chow, H. Retallack and J. L. DeRisi, Genome Biol.,
2016, 17, 41, DOI: 10.1186/s13059-016-0904-5.

71 J. Quan, C. Langelier, A. Kuchta, J. Batson, N. Teyssier,
A. Lyden, S. Caldera, A. McGeever, B. Dimitrov, R. King,
J. Wilheim, M. Murphy, L. P. Ares, K. A. Travisano, R. Sit,
R. Amato, D. R. Mumbengegwi, J. L. Smith, A. Bennett,
R. Gosling, P. M. Mourani, C. S. Calfee, N. F. Neff,
E. D. Chow, P. S. Kim, B. Greenhouse, J. L. DeRisi and
E. D. Crawford, Nucleic Acids Res., 2019, 47, e83.

72 A. Aalipour, J. C. Dudley, S.-m. Park, S. Murty, J. J. Chabon,
E. A. Boyle, M. Diehn and S. S. Gambhir, Clin. Chem., 2018,
64, 307-316.

73 W. Zhou, L. Hu, L. Ying, Z. Zhao, P. K. Chu and X.-F. Yu,
Nat. Commun., 2018, 9, 5012.

74 M. Huang, X. Zhou, H. Wang and D. Xing, Anal. Chem.,
2018, 90, 2193-2200.

75 K. Zhang, R. Deng, Y. Li, L. Zhang and J. Li, Chem. Sci., 2016,
7, 4951-4957.

76 J. Van Ness, L. K. Van Ness and D. ]J. Galas, Proc. Natl. Acad.
Sci. U. S. A., 2003, 100, 4504-4509.

77 M. S. Reid, X. C. Le and H. Zhang, Angew. Chem., Int. Ed.,
2018, 57, 11856-11866.

78 G. T. Walker, M. S. Fraiser, J. L. Schram, M. C. Little,
J. G. Nadeau and D. P. Malinowski, Nucleic Acids Res.,
1992, 20, 1691-1696.

79 P. M. Lizardi, X. H. Huang, Z. R. Zhu, P. Bray-Ward,
D. C. Thomas and D. C. Ward, Nat. Genet., 1998, 19, 225-
232.

80 Y. Xiong, J. Zhang, Z. Yang, Q. Mou, Y. Ma, Y. Xiong and
Y. Lu, J. Am. Chem. Soc., 2019, 142, 207-213.

81 M. Liang, Z. Li, W. Wang, J. Liu, L. Liu, G. Zhu, L. Karthik,
M. Wang, K.-F. Wang, Z. Wang, J. Yu, Y. Shuai, J. Yu,
L. Zhang, Z. Yang, C. Li, Q. Zhang, T. Shi, L. Zhou, F. Xie,
H. Dai, X. Liu, J. Zhang, G. Liu, Y. Zhuo, B. Zhang, C. Liu,
S. Li, X. Xia, Y. Tong, Y. Liu, G. Alterovitz, G.-Y. Yan and
L.-X. Zhang, Nat. Commun., 2019, 10, 3672.

82 X. Zhao, W. Zhang, X. Qiu, Q. Mei, Y. Luo and W. Fu, Anal.
Bioanal. Chem., 2020, 412, 601-609.

83 A. D. Ellington and J. W. Szostak, Nature, 1990, 346, 818-
822.

84 C. Tuerk and L. Gold, Science, 1990, 249, 505-510.

Chem. Sci., 2021, 12, 4683-4698 | 4697


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06973f

Open Access Article. Published on 02 March 2021. Downloaded on 1/12/2026 3:46:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

85 K. Kruger, P. J. Grabowski, A. J. Zaug, ]. Sands,
D. E. Gottschling and T. R. Cech, Cell, 1982, 31, 147-157.

86 E. M. McConnell, I. Cozma, D. Morrison and Y. Li, Anal.
Chem., 2020, 92, 327-344.

87 J. Li, L. Mo, C. H. Lu, T. Fu, H. H. Yang and W. Tan, Chem.
Soc. Rev., 2016, 45, 1410-1431.

88 L. Ma and J. Liu, iScience, 2020, 23, 100815.

89 H. Peng, A. M. Newbigging, Z. Wang, J. Tao, W. Deng,
X. C. Le and H. Zhang, Anal. Chem., 2018, 90, 190-207.

90 K. Hwang, Q. Mou, R. ]J. Lake, M. Xiong, B. Holland and
Y. Lu, Inorg. Chem., 2019, 58, 13696-13708.

91 S. W. Santoro and G. F. Joyce, Biochemistry, 1998, 37, 13330-
13342.

92 H. Peng, X.-F. Li, H. Zhang and X. C. Le, Nat. Commun.,
2017, 8, 14378.

93 H. Wang, M. Nakamura, T. R. Abbott, D. H. Zhao, K. W. Luo,
C. Yu, C. M. Nguyen, A. Lo, T. P. Daley, M. La Russa,
Y. X. Liu and L. S. Qi, Science, 2019, 365, 1301-1305.

94 M. Wang, R. Zhang and J. Li, Biosens. Bioelectron., 2020, 165,
112430.

95 R. Hajian, S. Balderston, T. Tran, T. deBoer, J. Etienne,
M. Sandhu, N. A. Wauford, J.-Y. Chung, J. Nokes,
M. Athaiya, ]. Paredes, R. Peytavi, B. Goldsmith,
N. Murthy, I. M. Conboy and K. Aran, Nat. Biomed. Eng.,
2019, 3, 427-437.

96 W. Yang, L. Restrepo-Pérez, M. Bengtson, S. ]J. Heerema,
A. Birnie, ]J. van der Torre and C. Dekker, Nano Lett., 2018,
18, 6469-6474.

97 F. Li, H. Zhang, C. Lai, X. F. Li and X. C. Le, Angew. Chem.,
Int. Ed., 2012, 51, 9317-9320.

4698 | Chem. Sci, 2021, 12, 4683-4698

View Article Online

Review

98 H. Y. Peng, A. M. Newbigging, M. S. Reid, J. S. Uppal,
J. Y. Xu, H. Q. Zhang and X. C. Le, Anal. Chem., 2020, 92,
292-308.

99 0. 0. Abudayyeh, J. S. Gootenberg, P. Essletzbichler, S. Han,
J. Joung, J. J. Belanto, V. Verdine, D. B. T. Cox, M. J. Kellner,
A.Regev, E. S. Lander, D. F. Voytas, A. Y. Ting and F. Zhang,
Nature, 2017, 550, 280-284.

100 Q. Wang, X. Liu, J. Zhou, C. Yang, G. Wang, Y. Tan, Y. Wu,
S. Zhang, K. Yi and C. Kang, Adv. Sci., 2019, 6, 1901299.

101 L. Wang, W. Zheng, S. Liu, B. Li and X. Jiang,
ChemBioChem, 2019, 20, 634-643.

102 F. O. Rueda, M. Bista, M. D. Newton, A. U. Goeppert,
M. E. Cuomo, E. Gordon, F. Kroner, J. A. Read,
J. D. Wrigley, D. Rueda and B. J. M. Taylor, Nat. Commun.,
2017, 8, 1610.

103 H. Yin, C.-Q. Song, S. Suresh, S.-Y. Kwan, Q. Wu, S. Walsh,
J. Ding, R. L. Bogorad, L. J. Zhu and S. A. Wolfe, Nat. Chem.
Biol., 2018, 14, 311.

104 D. E. Ryan, D. Taussig, I. Steinfeld, S. M. Phadnis,
B. D. Lunstad, M. Singh, X. Vuong, K. D. Okochi,
R. McCaffrey, M. Olesiak, S. Roy, C. W. Yung, B. Curry,
J. R. Sampson, L. Bruhn and D. J. Dellinger, Nucleic Acids
Res., 2018, 46, 792-803.

105 A. Mir, J. F. Alterman, M. R. Hassler, A. ]J. Debacker,
E. Hudgens, D. Echeverria, M. H. Brodsky, A. Khvorova,
J. K. Watts and E. J. Sontheimer, Nat. Commun., 2018, 9,
1-9.

106 D. D. Kocak, E. A. Josephs, V. Bhandarkar, S. S. Adkar,
J. B. Kwon and C. A. Gersbach, Nat. Biotechnol., 2019, 37,
657-666.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06973f

	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f
	CRISPR technology incorporating amplification strategies: molecular assays for nucleic acids, proteins, and small moleculesElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06973f




