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Nucleic acids are essential biomarkers in molecular diagnostics. The CRISPR/Cas system has been widely used for
nucleic acid detection. Moreover, canonical CRISPR/Cas12a based biosensors can specifically recognize and
cleave target DNA, as well as single-strand DNA serving as reporter probe, which have become a super star in
recent years in the field of nucleic acid detection due to its high specificity, universal programmability and

simple operation. However, canonical CRISPR/Cas12a based biosensors are hard to meet the requirements of
higher sensitivity, higher specificity, higher efficiency, larger target scope, easier operation, multiplexing, low
cost and diversified signal reading. Then, advanced non-canonical CRISPR/Cas12a based biosensors emerge. In
this review, applications of non-canonical CRISPR/Cas12a-based biosensors in nucleic acid detection are sum-
marized. And the principles, peculiarities, performances and perspectives of these non-canonical CRISPR/Cas12a
based biosensors are also discussed.

1. Introduction

Nucleic acids carry rich genetic information and are typical bio-
markers for disease identification. Nucleic acid testing is widely used for
the diagnosis of causal factors, food safety and environmental moni-
toring [1,2]. The most popular nucleic acid detection technology is
polymerase chain reaction (PCR), which is considered as the gold
standard, e.g., coronavirus disease 2019 (COVID-19) detection [3].
However, PCR-based nucleic acid detection techniques still suffer from
several limitations, including time-consuming, expensive, use of bulky
and sophisticated instruments, and the operation of professional
personnel [4,5]. Therefore, attention has been drawn by a variety of
strategies with high sensitivity and specificity, efficiency, flexibility of
use and low cost for nucleic acid detection.

The cluster regularly interspaced short palindromic repeats (CRISPR)
and its associated proteins (Cas) is a significant adaptative immune
strategy in prokaryotes [6]. Based on the organization of the effector
proteins, the CRISPR system can be classified into two main classes,
named Class 1 and Class 2, and further subdivided into different types.
The Class 2 systems include three types, e.g., type II (Cas9), type V
(Casl2a, Casl4a), type IV (Cas13a) [7], which are showed in Table 1.
Among the CRISPR-associated biosensors reported in recent years,
Casl2a based biosensors are more common due to the unique
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advantages of Cas12a including specially recognizing target DNA and its
strong activity of trans-cleavage [8]. To date, a large number of nucleic
acid detection platforms have been developed based on the CRISP-
R/Casl2a system, e.g., DETECTR and HOLMS, which are canonical
Casl2a-based methods [9-11]. The canonical CRISPR/Casl2a system
mainly includes target single-stranded DNA (ssDNA) or double-stranded
DNA (dsDNA), CRISPR RNA (crRNA), Casl2a nuclease, non-targeted
ssDNA reporter and its reaction buffer. Firstly, target of dsDNA or
ssDNA with protospacer adjacent motif (PAM), a short sequence TTTV
necessary for identification dsDNA target, is recognized specifically by
Cas12a-crRNA complex. Then, a ternary complex is formed to cleave the
adjacent ssDNA reporter non-specifically. However, the canonical
CRISPR/Cas12a based biosensors are hard to meet the requirements of
higher sensitivity, higher specificity, higher efficiency, larger target
scope, easier operation, multiplexing, low cost and diversified signal
reading. Consequently, non-canonical CRISPR/Cas12a biosensors have
been developed to achieve desirable performance above through
altering the key elements of canonical CRISPR/Cas12a system. Here, we
mainly summarize the non-canonical CRISPR/Casl2a-based technolo-
gies that have been reported in recent years for the detection of nucleic
acid targets.
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2. Canonical CRISPR/Cas12a based biosensors
2.1. Key elements of the canonical Cas12a

Canonical CRISPR/Casl2a system is composed of Casl2a protein,
target DNA, crRNA, reporter, and reaction buffer. Cas12a with the RuvC
catalytic activity is a crRNA guided endonuclease in the Class 2 CRISPR
systems (Fig. 1A) [8]. CrRNA consists of a 19 nt repeat sequence and a
23-25 nt spacer sequence [8,12]. The repeat sequence will bind to the
inactivate Casl2a to form a ribonucleoprotein complex. The spacer
sequence is complementary to a specific DNA target [13], which can be
ssDNA or dsDNA with PAM [14]. Generally, the reporter is short ssDNA
labeled with fluorophore and quencher at both ends, which could be
non-specifically trans-cleaved into pieces by activated Casl2a to
generate fluorescence signal [15]. In particular, the ssRNA can be also
used as a substrate for Cas12a trans-cleavage [16]. The reaction buffer is
a solution that provides optimal reaction condition for CRISPR/Cas12a
system. For example, the trans-cleavage activity of Casl2a nuclease was
influenced by monovalent salt K* and Na* concentration [16]. As the
salt K" and Na't concentration increase, both the cis- and trans-cleavages
of degradation rate of Cas12a decreased. And both bovine serum albu-
min (BSA) and L-proline could enhance the detection sensitivity of
CRISPR/Cas12a system [17].

2.2. Canonical Cas12a biosensors

Having understood the important elements of the Cas12a system, we
next discuss the application to canonical Casl2a. Canonical CRISPR/
Casl2a based nucleic acid detection consists of three key steps including
nucleic acid amplification, identification of specific nucleic acid se-
quences and readout of detection results. For instance, a canonical
method HOLMES could be able to use to detect target DNA directly on
the basis of Cas12a (Fig. 1B) [10]. This method introduced PCR ampli-
fication to obtain large amount of target DNA for CRISPR/Cas12a system
in order to further improve the sensitivity. In the existence of target
DNA, the Cas12a-crRNA binary complex formed a ternary complex with
the target DNA, thus cleaving unrelated and non-targeted ssDNA re-
porter in the system and illuminating the HEX fluorescence (or any other
fluorescence).

However, some canonical Cas12a-based biosensors are hard to meet
the requirements of higher sensitivity, higher specificity, higher effi-
ciency, larger target scope, easier operation, multiplexing, low cost and
diversified signal reading. For example, without isothermal amplifica-
tion or PCR, the canonical CRISPR/Cas12a biosensors are only able to
detect targets low to the pM level [9,10]. And the detection efficiency of
Casl2a is often restricted by its trans-cleavage enzyme kinetics in the
detection of target at low concentrations [18]. When introducing
isothermal amplification techniques into the detection system, the

Table 1
Characteristics of different Cas proteins in class 2 CRISPR system.
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specificity and accuracy may be affected by potential introduced
carryover contamination [19]. Besides, if both DNA and RNA targets are
present in the detection system, canonical CRISPR/Cas12a system could
not identify and discriminate them simultaneously. In addition, the
application of the canonical CRISPR/Cas12a system is limited due to the
requirement of PAM [20-22]. This aforementioned issue may be
addressed by the modified Casl2a system. The systems with modifica-
tions on the target sequence, crRNA, Casl2a nuclease, reporter, and
reaction conditions are collectively referred to as non-canonical
CRISPR/Cas12a system, all of which are all described in detail in Sec-
tion 3.

3. Non-canonical CRISPR/Cas12a based biosensors

To further avoid the shortcomings of canonical biosensors, a large
number of non-canonical Casl2a based biosensors have emerged. We
next discuss six aspects of non-canonical strategies, including PAM,
target sequence, crRNA, Cas nucleases, reporter, and reaction condi-
tions, which performance have been summarized in Table 2.

3.1. Non-canonical PAM sequence in DNA

PAM is essential to dsDNA recognition in the target sequence. The
PAM sequence in target dsDNA is precisely recognized by Cas nuclease
under the guidance of crRNA. The canonical PAM for Cas12a contains 5'-
TTTV-3' where V can be A, C and G. Study has shown that the variations
in PAM sequence played an important role in the activity of trans-
cleavage of Cas12a. For example, PAM sequence changing from “TTTC”
to “TTT”, “TTC”, “TT” or “T” decreases the fluorescence signal generated
by Casl2a system [23]. In contrast, non-canonical PAM sequence
“VTTV” increases the fluorescence signal [24]. As a result, the PAM
sequence can be optimized to improve detection sensitivity and to
enlarge the scope of detectable targets.

A called sPAMC test employing suboptimal PAM was developed to
obtain a rapid, specific and sensitive one-pot detection of SARS-CoV-2
(Fig. 2A) [24]. In this study, Lu et al. for the first time designed multi-
ple crRNAs for different SARS-CoV-2 genes and used them in a one-pot
detection where amplification and CRISPR/Casl2a reactions were
combined into single step. Some crRNAs for target DNAs with
non-canonical PAM were found to exhibit faster fluorescence signal
dynamics than others. Thus, those non-canonical PAMs with better
performance were referred to as the suboptimal PAM of Cas12a. Finally,
Lu et al. demonstrated that the VTTV sequence was considered as the
best suboptimal PAM by PAM variation screening. And TCTV was also a
good suboptimal PAM candidate for one-pot detection. Compared to
canonical PAM in one-pot detection of SARS-CoV-2, the efficiency of
sPAMC was 2- to 3-fold faster (only 15 min). The limit of detection of
SsPAMC was 1 cp/pL. The sensitivity was 94.2 %. The specificity was
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Fig. 1. Schematic of canonical CRISPR/Casl2a system. (A) Schematic of cis- and trans-cleavage of CRISPR/Cas12a using target dsDNA or ssDNA activating. (B)
Schematic of a canonical method HOLMES. The amplification of target DNA would be first performed. Then, the amplicon was formed a ternary complex with
Cas12a/crRNA complex to cleave the quenched fluorescent ssDNA reporter, illuminating the fluorescence.

100.0 % with the comparison of RT-qPCR. A possible explanation for the
good performance is that Casl2a-based detection with enhanced stable
fluorescence signal has sufficient applications due to the weaker binding
affinity between Casl2a and target DNA with suboptimal PAM.

Despite using suboptimal PAM assay can have enhanced efficiency
and sensitivity of detection, PAM assistance is still necessary in Cas12a-
based systems. To eliminate the strict PAM preference of CRISPR/
Cas12a system on the DNA substrate, a generalized PAM-less conditional
DNA (pcDNA) substrate with unwound seed region was developed to
activate the trans-cleavage activity of Casl2a based on the fact that
unwound DNA could be processed by Casl2a/crRNA complex even if
PAM was absent (Fig. 2B) [25,26]. This pcDNA substrate could be
applied for detections of various intracellular biomolecules via
stimulus-responsive switch mechanism. In the detection of miRNA-21,
there was a linear relationship between miRNA-21 concentration and
fluorescence response in the range of 1-250 nM, with a detection limit of
0.25 nM. This work shows great potential for the detection of different
types of biomolecules in living cells and demonstrates a novel form of
CRISPR/Cas sensing system.

3.2. Targets of ssDNA and RNA

Although the application of the non-canonical PAMs is useful in the
nucleic acid detection, the PAM identification is severely limited for
CRISPR/Casl2a applications. The ssDNA is more widely used in the
CRISPR/Casl2a system because it does not be restricted by PAM
sequence. However, Casl2a is fault tolerant of single-base mismatch
recognition in detection of ssDNA. Hence, Wu et al. developed a novel
CRISPR/Casl2a PAM-unrestricted and ultra-specific target toehold-
activator (TOA), which was a dsDNA target with toehold ssDNA
(Fig. 3A) [28]. The flexible toehold ssDNA first bound to the crRNA and
a DNA-crRNA complex was subsequently formed on the basis of
toehold-mediated strand displacement reaction to activate Casl2a. In

practical sample detection, EGFR T790 M and L858R mutations could be
detected in samples with extremely low abundance. Therefore, TOA may
have specific, stable, general, and flexible advantages over canonical
ssDNA activators.

Although it is well known ssDNA is the trans-cleavage substrate of
Casl2a, its activation mechanism and specificity have not been fully
elucidated. Li et al. discovered a “synergistic activator effect” that
indicated two short ssDNA activators could support a synergistic
incorporation mechanism and promote the trans-cleavage of CRISPR/
Casl2a (Fig. 3B) [29]. And this synergistic activator-triggered CRISP-
R/Cas12a system has been successfully utilized in the AND logic oper-
ation and the discrimination of single-nucleotide variants (SNV). The
detection limit of SNV was 0.2 %. And a stick-end dsDNA, as an
ultra-specific activator of CRISPR/Casl2a system, was also developed
into the detection of single-base mismatches with detection limits of
0.005-0.01 % synthesized DNA [30]. This stick-end dsDNA could form a
triplex flap structure with the crRNA, which was more sensitive to
mismatches than canonical dsDNA. This finding provides deeper insight
into CRISPR/Cas12a and broadens its application scenarios.

Except ssDNA, CRISPR/Casl2a could be also applied to detect
miRNA directly. Luo et al. reported that the trans-cleavage activity of
Cas12a could be triggered straight by miRNA as miRNA would hybridize
with crRNA (Fig. 3C) [32]. With the help of fluorescence probe immo-
bilized on the surface of AuNPs, CRISPR/Cas12a system was used to
detect miRNA-21. The limit of detection was as low as 10 fM. It is evi-
denced that biosensor based on CRISPR/Cas12a possessed well potential
in miRNA detection, which can be applied into clinical diagnosis.

3.3. Chimeric cas protein

Due to the non-specific trans-cleavage activity of Casl2a, it is diffi-
cult to develop biosensors based on CRISPR/Cas12a to detect multiple
targets simultaneously. At present, Casl2a and Casl3a proteins are
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Table 2
Major characteristics of classified non-canonical CRISPR/Cas12a-based detection strategies.
Methods Detection strategies Nucleic acid targets Signal read-out Limit of Detection time Refs.
detection (min)”
Non-canonical PAM nicked PAM el4a2 mRNA Fluorescence 100 pM >60 [23]
sequence in DNA Suboptimal PAM SARS-CoV-2 RNA Fluorescence/ 1 cppl 1 15 [24]
Colorimetric
PAM-less MicroRNA-21 Fluorescence 0.25 nM >120 [25]
PAM-less MicroRNAs Fluorescence 50 fM 50 [27]
Targets of ssDNA and Toehold-activator EGFR T790 M and L858R Fluorescence 0.05 % 24 [28]
RNA mutations
Two ssDNA Activators DNA mutations Fluorescence 0.2 % 90 [29]
A sticky-end dsDNA activator EGFR T790 M Fluorescence 0.01-0.05 % 45 [30]1
MicroRNA activator MicroRNA Fluorescence 10 pM - [31]
MicroRNA activator MicroRNA Fluorescence 10 fM 35 [32]
Chimeric Cas protein Chimeric Casl12a and Casl3a protein SARS-CoV-2 Fluorescence 10 copies - [33]
Modified crRNA Extended crRNA SARS-CoV-2 RNA Fluorescence 1 pM 40-60 [34]
Multiplex crRNA African swine fever virus Fluorescence 1pM 90 [35]
Dual-crRNA Salmonella Fluorescence 0.2 cells 30 [36]
Photocontrolled crRNA SARS-CoV-2 RNA Fluorescence 10 copie >90 [37]
Photocontrolled crRNA SARS-CoV-2 RNA Fluorescence 1 copy 30-40 [38]
RNA/DNA circuit SARS-CoV-2 RNA Fluorescence 544 fM 60 [39]
Self-recruiting of crRNA MicroRNA-21 Fluorescence 1 aM 55 [40]
Autocatalysis-driven feedback amplification Hepatitis B virus Fluorescence 3 copies >30 [41]
network
Non-canonical signal Extended reporters Helicobacter pylori Fluorescence 43 aM/96 aM 40 [42]
reporter Hairpin DNA reporters SARS-CoV-2 RNA Fluorescence 10 pM >100 [43]
A dsDNA reporter Tobacco curly shoot virus Fluorescence 10 pM 325 [44]
Double-Stranded % DNA reporter ssDNA Non-optical 250 fM 30 [45]
DNA-Functionalized AuNPs reporter Breast cancer gene-1 Fluorescence/ 0.34 fM 30 [46]
Colorimetric
Spherical nucleic acid reporter MicroRNA Fluorescence 10 fM 35 [32]
G-Quadruplex reporter Leishmania donovani Fluorescence 1 pM 140 [47]
G-Quadruplex reporter Salmonella enterica Fluorescence 20 CFU 30 [48]
G-Quadruplex reporter SARS-CoV-2 RNA Fluorescence 0.02 nM 30 [49]
G-Quadruplex reporter Streptococci Fluorescence/ 1aM 30 [50]
Colorimetric
G-triplex reporter HPV Fluorescence 50 pM 10 [51]
Ratiometric fluorescent probe ssDNA Fluorescence 3 pM 50 [52]
Quantum dot-nucleic acid hairpin (QD-HP) ssDNA Fluorescence 1 pM 60 [53]
molecular beacons
Noble metal nanoclusters reporter Salmonella typhimurium Fluorescence 1 CFU 45 [54]
A novel half-blocking dsDNA reporter SARS-CoV-2 RNA Colorimetric 10 copies 60 [55]
G-Quadruplex reporter Salmonella Colorimetric/ 1 CFU 920 [56]
Photothermal
Linker ssDNA with DNA-Functionalized AuNPs  Salmonella Colorimetric/ 1 CFU 920 [56]
reporter Fluorescence
Qdots-reporter African swine fever virus Colorimetric 0.5 nM/1.25 >120 [57]
nM
Urease-Conjugated Single-Stranded African swine fever virus Colorimetric 0.34 pM 150 [58]
Oligodeoxynucleotide reporter
DNA-—PtNP conjugates reporter Single nucleotide Colorimetric 0.01 % 60 [59]1
polymorphisms
Hairpin transducer SARS-CoV-2 RNA Colorimetric 75 copies 45 [60]
Methylene blue (MB)-ssDNA reporter HPV-16 electrochemistry pM 60 [61]
MB-ssDNA reporter SARS-CoV-2 RNA electrochemistry 50 fM 45 [62]
MB-hairpin DNA reporter Target DNA electrochemistry 30 pM 60 [63]
Non-canonical reaction Mn?* Target dsDNA Fluorescence 0.45 pM 15 [64]
conditions MnO, nanosheets mRNA Fluorescence 67 pM 15 [65]

a «_ s

means that the detection time is not mentioned by the authors.

widely applied to detect DNA and RNA, respectively. A novel chimeric
protein composed of Casl2a and Casl3a was constructed to simulta-
neously detect DNA and RNA in one reaction tube [33]. First, strepto-
coccus pyogenes Tag (SpyTag) was coupled with LwCasl3a to obtain
LwCas13a-SpyTag. Then, the LbCasl2a was fused with SpyCatcher to
form LbCasl2a-SpyCatcher. Subsequently, the LwCasl3aSpyTag and
LbCas12a-SpyCatcher were mixed to form a chimeric protein with the
activities of both Casl2a and Casl3a. This chimeric protein could
recognize target DNA and RNA to trigger their trans-cleavage activities
simultaneously. In the analysis of wild type (WT) and N502Y
SARS-CoV-2, Cas12a-crRNA was designed to be complementary to WT
SARS-CoV-2 and Casl3a-crRNA was to N502Y SARS-CoV-2, respec-
tively. The detection limits of both RNA were 10 copies/test in the range
of 10-10° copies. This novel chimeric protein could be applied to design

innovative detection tool for biomarkers and infective pathogens, which
would be one-pot, one-step, rapid and accurate.

3.4. Modified crRNA

Length of crRNA. The off-target effect of Cas12a would lead to low
accuracy, high background and false positives. This issue could be
addressed by extending the length of the rigorously screened crRNAs in
the Cas12a system [66]. Nguyen et al. demonstrated that both specificity
and sensitivity of Cas12a for nucleic acid detection could be enhanced
by extending 7-mer DNA at the 3’ end of crRNA [34]. The highest ac-
tivity of Casl2a, 3.5 folds higher than that of the canonical crRNA, was
observed when it was extended with TA-rich DNA. In the detection of
SARS-CoV-2 with this modified crRNA, the detection could be
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Fig. 2. Modified and non-canonical PAM based CRISPR/Cas12a biosensors for nucleic acid detection. (A) Schematic of a Cas12a-based and using suboptimal PAM
assay for SARS-CoV-2 detection in one-pot reactions. When the target DNA contained suboptimal PAM, faster and stronger fluorescence signal production was
stimulated due to amplification accumulation. (B) Schematic of Casl2a system based on PAM-less conditional DNA substrates (pcDNAs) (Reproduced with
permission from Ref. [25]. Copyright 2022, Royal Society of Chemistry). Different types of targets converted the pcDNA into a PAM-less dsDNA substrate (pDNA),

which could activate the nuclease activities of Casl2a.

completed within 40-60 min.

Besides, it was reported that extending the length of crRNA at the 5’
end could enhance gene editing efficiency of Cas12a [67]. It was found
that the Casl12a nuclease activity relied on the secondary structure of
crRNA scaffold, as well as the length of crRNA [68]. The trans-cleavage
activity of Casl2a disappeared when the length of crRNA that was
complementary to the target DNA was less than 20 bases. Thus, not only
could the data on the split crRNA assist in understanding the molecular
mechanisms of Casl2a, but also help to facilitate the application of
Casl2a in vitro diagnostics.

Number of crRNA. In addition to the application of a single crRNA,
multiple crRNAs for the same target DNA have been put forward to
greatly improve the detection efficiency [35,36]. Different
Cas12a-crRNA complexes could be directed to different sites of the same
target DNA. This multiplex-crRNA strategy enabled the avoidance of
cumbersome, time-consuming, and cross-contamination in the following

steps of transferring pre-amplification products into the CRISPR/Cas12a
system. Biosensor with this strategy was used to detect African swine
fever virus (ASFV) (Fig. 4A) [35]. The detection limit was as low as 1 pM
without amplification, which was 64-fold lower than the canonical
single-crRNA system. Moreover, the reaction rate of multiplex crRNA
system was 4-fold faster than the canonical single-crRNA system. If
lateral flow assay, a portable fluorescence detector, or other strategies
are integrated into this system in the future, the results can be visualized
directly, which is widely applied in field test.

Activation of crRNA. Generally, an amplification is made to obtain
more target DNA for CRISPR/Cas12a detection. The amplification could
be suppressed by the cis- and trans-cleavage activities of Cas12a, leading
to a reduced detection efficiency. To address this issue, a robust method
was developed based on optochemical control crRNA (Fig. 4B) [37]. In
this method, all the components were mixed into a fully closed test tube.
In the beginning, the crRNA was inactivated temporarily by a protective
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Fig. 3. Detection of nucleic acids by the Cas12a biosensor was based on a modified target. (A) Schematic of toehold-activator of CRISPR/Cas12a (Reproduced with
permission from Ref. [28]. Copyright 2022, Oxford University Press). Toehold-activator specifically activated Casl2a by strict toehold-mediated strand displacement
reaction without PAM sequence. (B) The short ssDNA synergistic trigger CRISPR/Casl12a system (Reproduced with permission from Ref. [29]. Copyright 2023,
American Chemical Society). Two ssDNA short activators could activate the trans-cleavage of CRISPR/Cas12a. (C) Schematic of a CRISPR/Cas12a-based biosensors to
detection miRNA directly. (Reproduced with permission from Ref. [32]. Copyright 2022, American Chemical Society). The miRNA could be recognized by

Casl2a/crRNA complex directly, thus illuminating the fluorescence.

oligo. This protective oligo could be degraded under rapid 365-nm light
irradiation to activate the CRISPR/Cas12a system after the amplification
step was completed. This photocontrolled crRNA strategy presented a
100 folds improvement in sensitivity compared to the canonical one-pot
assay. In detection of SARS-CoV-2 RNA from clinical samples, this
strategy achieved a 100 % sensitivity for the ORFlab gene and 95.6 %
for the N gene. Although the detection efficiency and accuracy of this
strategy were satisfactory, the design of photocontrolled crRNA was
complicated. Hence, another light-start CRISPR/Casl2a reaction by
employing caged crRNA was developed [38]. This light-start caged
crRNA was obtained by modification of nitropiperonyloxymethyl-caged
thymidine, which could be decaged rapidly under 365 nm UV radiation.
This photocontrolled one-pot assay was 50-fold more sensitive than
conventional assays. Because this caged crRNA could be chemically
synthesized directly as regular crRNA, the CRISPR/Cas12a system was
simpler than that of light-start protective oligo. This advance in CRISPR
diagnostics will facilitate a wide range of detection applications in
biomedicine, agriculture, and food safety.

Amplification of crRNA. While the literature above is concerned
with enhancing the detection efficiency by altering the sequence,
amount and activation of crRNA, the following literature relates nucleic
acid circuits to CRISPR systems. A CRISPR/Cas-only amplification
network (CONAN) assay was constructed by introducing a special
switchable-caged guide RNA (scgRNA) with self-reporting capability via
a positive feedback circuit (Fig. 4C) [41]. First, the target DNA 1 was
bound by Casl2a-crRNA complex, which activated Cas12a to cleave the
intermediate scgRNA and to release the crRNA for the target DNA 2.
Again, the trans-cleavage of Cas12a was triggered by the released crRNA

and target DNA 2 to cleave the scgRNA, which constructed a positive
feedback circuit to amplify the fluorescence signal. Notably, this CONAN
assay achieved one-enzyme (Cas12a) and one-step, real-time detection
of target DNA with ultra-sensitivity. Compared to the canonical
CRISPR/Casl2a system, the CONAN assay was 7.2-10.4 times more
specific in identifying single-nucleotide mutations. And the lowest
detectable concentration of the CONAN system could reach the 5.0 aM
level, which was superior to canonical CRISPR detection system. The
feature of this CONAN system was amplification-free. Compared with
canonical CRISPR/Cas12a system, CONAN system has the advantage to
develop biosensors with high-speed, low-cost and simple-operation.

3.5. Non-canonical signal reporter

Typically, a short ssDNA reporter with modification of fluorophore
and quencher at each end, inhibiting the fluorescence emission [70], is
applied as signal transducer of CRISPR/Cas12a detection system [71].
This canonical reporter would be cleaved into pieces by Casl2a to
produce fluorescence signal when target DNA was detected. Currently,
non-canonical signal transducers have mushroomed to meet the
requirement of different detection, which further extends the applica-
tion of CRISPR/Casl2a system. Here, we describe different signal re-
porters from three perspectives: fluorescence, colorimetry, and
electrochemistry.

3.5.1. Fluorescence-based reporting element
Extending length of ssDNA reporter. The main reporter for
Casl2a-based biosensors is the canonical reporter probe, TTATT, which
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is capable of producing a detectable trans-cleavage signal. It was re-
ported that ssDNA reporter composed of 10 thymine (10-T) showed a
higher signal-to-background ratio that the canonical one. Its application
to detect Helicobacter pylori (HP) indicated that 10-T reporter achieve
higher cleavage speed and detection sensitivity than the canonical re-
porter [42]. The limits of detection for the CagA and VacA levels of HP
were as low as 43 aM and 96 aM, respectively. Thus, the length of the
ssDNA reporter plays a role in the performance of the CRISPR/Cas12a
detection system, which can identify and differentiate weak signals,
reduce false positives, shorten turnaround time, and improve sensitivity.

Hairpin DNA reporter. The trans-cleavage activity of Casl2a is
affected by the secondary structure of the signal reporter. Then, signal
reporters with different secondary structures have been reported. A
hairpin DNA reporter with fluorophore and quencher at each end was

developed for nucleic acid detection (Fig. 5A) [43]. When the trans--
cleavage activity of Cas12a was activated by the target, the hairpin DNA
reporter would be cleaved at the hairpin loop, generating a fluorescence
signal. Compared to the canonical signal reporters, hairpin reporters
with 10-T stem-loop were capable of generating faster and stronger
fluorescence signal, improving the sensitivity and the specificity of
CRISPR/Cas12a based detection. The limit of detection for SARS-CoV-2
was as low as 10 pM in a two-pot reaction assay. Furthermore, this
hairpin ssDNA reporter had the advantage of possessing a faster cleav-
age rate by Casl2a compared to canonical ssDNA reporters. And this
hairpin ssDNA reporter had been shown to improve sensitivity and
enhance specificity in distinguishing single- and double-point mutations
of dsDNA amplicons. Therefore, the design of ssDNA reporter with
different secondary structure was a feasible strategy to develop
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CRISPR/Cas12a based biosensors with better performance.
Double-strand DNA reporters. Except ssDNA reporters, dsDNA
reporters have also been reported as substrates for Cas12a trans-cleavage
activity. A dsDNA reporter labelling fluorophore and quencher at the
same end of each strand (Fig. 5B) [44]. Compared to canonical ssDNA
reporters, dsDNA reporters had comparable limits of detection but more
stable background signal and higher synthesis yield. The background
fluorescence signal of canonical ssDNA reporter increased steadily over
time. In contrast, the background fluorescence signal of this dsDNA re-
porter did not fluctuate significantly over time. A possible explanation
for the stable background signal was due to the different fluorescence
quenching modes, including ssDNA quenched by fluorescence resonance
energy transfer (FRET) distance and dsDNA quenched by contact [72].
Therefore, the non-canonical dsDNA reporter existed stable background
signal. The synthesis yield of reporter labeled with fluorophore and
quencher was determined by the label efficiency. The synthesis of
dual-labeling ssDNA was more challenging than that of mono-labeling,
leading to lower synthesis yield. Canonical ssDNA reporter needed to
label fluorophore and quencher at both ends. While dsDNA reporter
required only to label fluorophore or quencher to each of the two
complementary ssDNA. Thus, non-canonical dsDNA reporter had higher
synthesis yield than canonical ssDNA reporter. Notably, the reaction rate

of dsDNA reporter was slower than that of ssDNA reporter, which may
lead to longer detection times. In addition, A DNA was also reported to
serve as reporter of CRISPR/Casl2a based detection platform, which
was inexpensive, non-optical, simple and sensitive [45]. Thus, dsDNA
could be an alternative reporter for CRISPR/Cas12a system to overcome
the shortcomings of the ssDNA reporter.

Reporters based on Au nanoparticle. Nanomaterial such as Au
nanoparticle (AuNP) was introduced into the signal reporters of
CRISPR/Casl2a based biosensors to increase the diversity. Spherical
nucleic acid (SNA) reporter could be obtained by immobilizing ssDNA or
harpin reporters on the surface of AuNP via thiolate-Au bond [32,73].
This SNA reporter could achieve a much lower limit of detection than
the canonical ssDNA reporter system. Furthermore, the signal intensity
of fluorophore near AuNP could be enhanced by the surface plasma
resonance property. However, the fluorescence would be quenched if
the distance between fluorophore and AuNP was less than 2 nm. Based
on this phenomenon, reporters using DNA-functionalized AuNP were
designed for CRISPR/Casl2a system (Fig. 5C) [46]. Two AuNPs of
different sizes (20 nm and 60 nm) were linked by a dsDNA (7 nm long)
and a ssDNA (2 nm long). Fluorescein isothiocyanate (FITC) was labeled
at the end of dsDNA with a distance of 7 nm-20 nm AuNP and 2 nm-60
nm AuNP. Without target DNA, the fluorophore was quenched by the 60
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nm AuNP. When target DNA was added, the ssDNA of the
DNA-functionalized AuNP was cleaved by Casl2a to dissociate the 60
nm AuNP from FITC, resulting in fluorescence signal enhanced by 20 nm
AuNP. Its application detects cell-free DNA with high sensitivity, less
detection time and a detection limit of 0.34 fM, which was about 3 or-
ders of magnitude than the canonical ssDNA reporter system.

G4/G3 DNA reporters. All of the aforementioned reporters for the
CRISPR/Casl2a system require fluorophore and quencher labeling on
the ssDNA or dsDNA ends. So far, label-free G-quadruplex (G4) and G-
triplex (G3) had been applied as reporter probes for CRISPR/Casl2a
system to reduce complexity of probe synthesis and cost. Therefore, G4
reporters have drawn scientists’ attention to the construction of
CRISPR/Casl2a biosensors [47-49,74-76]. G4 was the most studied
non-canonical DNA secondary structures, which has the advantage of
easily synthesis, small size, low cost and good thermal stability [77,78].
It was reported that G4 and fluorescence dye, N-methyl mesoporphyrin
IX (NMM), were applied as reporter system for CRISPR/Casl2a
biosensor to detect Salmonella enterica [48]. The NMM emitted weak
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fluorescence under the free state. G4 could specifically bind with NMM
to enhance the fluorescence intensity. When the target was present, the
G4 would be cleaved into pieces, resulting in the loss of the ability to
bind to the NMM. Therefore, the fluorescence signal for targets was
much weaker than the negative control. The limit of detection for Sal-
monella enterica was as low as 20 CFU. Except for G4, G3 could also serve
as reporter probe for CRISPR/Casl2a biosensors [51]. The limit of
detection for non-preamplification and preamplification strategies could
be as low as 50 pM and 0.1 aM, respectively. Compared to the canonical
reporter, this sensitivity was improved by a factor of 20.

Reporter based on ratiometric fluorescent probe. In canonical
reporter, fluorophore and quencher are labeled at different ends of short
ssDNA, which are susceptible to a variety of confounding factors,
including variations in reporter concentration, instrument environment
(e.g., excitation and emission source fluctuation, changes in detector
working distance, changes in angle of detection, etc.), thus disturbing
the intensity of fluorescence signal [79]. To address this issue, two kinds
of fluorophores are labeled at both ends of short ssDNA to obtain
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AuNPs change from aggregated to dispersive and the color change from purple to

red.(C) A lateral flow assay was based on gold nanoparticle and Cas12a system

(Reproduced with permission from Ref. [83]. Copyright 2021, American Chemical Society). Target amplicons could induce the Casl2a-crRNA complex to

nonspecifically cleave a ssDNA reporter molecule modified with biotin and FITC at
the test line, indicating a positive readout.

each terminus. Once the ssDNA reporter was cleaved, the biotin was captured at
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ratiometric reporter. For example, two different fluorescence dyes,
fluorescein (FAM) and tetramethylrhodamine (TAMRA), were labeled at
the 5 and 3’ ends of ssDNA (Fig. 5D) [52]. Without targets, the fluo-
rescence of TAMRA at 580 nm was strong while the fluorescence of FAM
at 520 nm was weak due to the effect of FRET. When the targets were
present, the reporter was cleaved by Casl2a to eliminate the FRET ef-
fect, resulting in an increase fluorescence at 520 nm and a decrease
fluorescence at 580 nm. The ratio between the fluorescence signal at
520 nm and at 580 nm could be applied to quantify the level of target.
This limit of detection based on ratiometric reporter could be low to 3
pM without preamplification of target, which was three folds lower than
that of canonical reporter. Besides, noble metal nanoclusters could be
also employed to construct ratiometric reporter for CRISPR/Casl2a
biosensor, achieving detect limit for Salmonella typhimurium as low as 1
CFU/mL [54]. And the quantum dots immobilized fluorescently-labeled
DNA hairpins could be also designed a ratiometric reporter [53,80].
Therefore, the ratiometric reporter could be applied to improve the
sensitivity and to differentiate false-positive signals.

3.5.2. Colorimetric-based reporters

The fluorescent-based reporters enable CRISPR/Cas12a based bio-
sensors to possess good performance. Alternatively, CRISPR/Casl2a
based biosensors with colorimetric-based reporters have also been
developed owing to its advantage of visualization with the naked eye,
especially for fast qualitative analysis on the spot [60,81,82]. In this
respect, AUNP was the most common material applied to construct
colorimetric-based reporter. Here, we summarize the advance of
CRISPR/Cas12a based biosensors with AuNP as a colorimetric reporter.

Cao et al. reported a colorimetric reporter based on AuNP (Fig. 6A)
[60]. Two AuNPs were functionalized with two different thiolated DNA
sequences, respectively. Then, a hairpin transducer (HT) was designed
including three functional domains: an RNA crosslinker, a DNA loop and
a DNA lock. RNA crosslinker was composed of two different sequences
that were complementary to the two different functional DNA on the
surface of AuNPs, which conferred the ability to facilitate the aggrega-
tion of AuNPs. The DNA lock sequence was complementary to a part of
the RNA crosslinker to form a hairpin structure, inhibiting the aggre-
gation of AuNPs caused by HT. The DNA loop could serve as a substrate
of the trans-cleavage of Casl2a to release the RNA crosslinker. When
targets were present, HT was cleaved, resulting in a recognizable color
change from red to purple within 1 min. This colorimetric reporter has
been used to detect SARS-CoV-2 with a sensitivity and specificity of 92.6
% and 100 %, respectively.

In order to develop CRISPR/Casl2a biosensors with colorimetric
reporter based on AuNP for quantitative analysis, the absorbance change
of AuNP caused by different target concentrations were determined.
Then the target level can be recalled by the concentration-absorbance
relationship [56,84,85]. For example, Ma et al. developed a
CRISPR/Casl2a-powered biosensor for colorimetric detection and
photothermal detection (Fig. 6B) [56]. Two AuNPs were functionalized
with two different thiolated ssDNA sequences, respectively. Part of the
two different ssDNA was complementary to a linker ssDNA, by which the
two different functional AuNPs could be linked via annealing to display
a purple color. When target was present, this linker was cleaved by
Casl2a to make the AuNPs change from aggregated to dispersive, dis-
playing a red color. In addition, aggregated and dispersed AuNPs have
different temperature responses to the exposure of near-infrared radia-
tion. Thus, the CRISPR/Casl2a biosensor with functional AuNPs re-
porter was also a photothermal sensors. The sensor had a good linear
range from 10° to 10® CFU/mL Salmonella, with a detection limit of 1
CFU/mL in the both colorimetric and photothermal signal modes.

Besides, lateral flow assay (LFA) assisted by CRISPR/Cas12a was also
developed for virus detection due to its rapid, cheap and convenient
operation [83,86-88]. For example, Zhu et al. reported an LFA for
detection of SARS-CoV-2 based on the CRISPR/Casl2a system with
sensitivity and specificity of 100 % (Fig. 6C) [86]. In this strategy, the
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ssDNA reporter for CRISPR/Cas12a system was modified with biotin and
fluorescein isothiocyanate (FITC) at the both ends.
Streptavidin-immobilized AuNPs (SA-GNPs) which would be deposited
on the conjugate pad of the LFA was prepared. The capture reagents
including anti-FITC and biotinylated bovine serum albumin (B-BSA)
were distributed onto the control line and test line, respectively. When
the target was absent, the SA-GNPs that could bind to ssDNA reporters
with FITC and biotin would be all captured by anti-FITC antibodies at
the control line, displaying a red color. When target was present, the
ssDNA reporter was cleaved by activated Cas12a to separate FITC and
biotin. Part or all of the SA-GNPs would be captured by the B-BSA at the
test line, displaying a red color. The LFA results could be read out within
2 min. Therefore, the LFA based on the CRISPR/Casl2a system has a
great potential in clinical, field and resource-poor settings.

3.5.3. Reporters based on electrochemical signal

Electrochemical biosensors have become increasingly popular in
medical detection due to the advantages of lower cost, energy efficiency
and speed of electrochemical methods [89]. Based on electrochemical
platform and CRISPR/Casl2a system (E-CRISPR), a ssDNA reporter
normally labeled a methylate blue (MB) tag to develop CRISPR/Casl2a
assisted electrochemical biosensors [61,62,90]. This ssDNA reporter was
immobilized on the surface of gold electrode and was cleaved by acti-
vated Cas12a to generate electrochemical current signal (Fig. 7A) [61].
Without any enzymatic amplification, the detection limit of this elec-
trochemical biosensor could be as low as the pM level. To further
enhance the sensing performance with the help of AuNPs, the detection
limit of CRISPR/Casl2a assisted electrochemical biosensor for target
DNA was as low as 50 fM [62]. Notably, the MB-ssDNA reporter also had
limitation that the long distance between the MB and the surface of the
electrode decreased the transfer rate of electron. To overcome this
limitation, a hairpin DNA (hpDNA) modified with MB tag was designed
to sever as a signal reporter (Fig. 7B) [63]. Thus, the electrochemical
biosensor could achieve good performance with the assistance of the
CRISPR/Cas12a system.

3.6. Improve trans-cleavage activity of Cas12a through reaction
conditions

The buffer component of reaction affects the trans-cleavage activity
of Casl2a [17,34,51,91]. One of study results also demonstrated a
similar phenomenon that the concentration of Mg was very crucial for
the work of CRISPR/Casl2a system [92]. For example, the extra un-
winding of the target DNA in the distal PAM region was allosterically
stabilized by Mg?" ions [93]. And the best optimized concentration of
Mg2+ was ranged from 10 mM to 12 mM [34,92]. When the concen-
tration of Mg?* reached 15 mM, the fluorescence intensity began to
decrease and the reaction time of highest fluorescent would lengthen in
this study. Besides, the fluorescence intensity of study increased after
using a buffer containing a concentration of Mg?* to pretreat the fiber
nanoprobe, which has been cleaved by activated CRISPR/Cas12a [94].
However, the CRISPR/Cas12a system has been widely applied to in vitro
biosensing, but rarely to biosensing in living cells. One reason is the lack
of a suitable carry to deliver all factors of the CRISPR/Casl2a system
into living cells. Hence, some studies provided Mn?* as a stronger
accelerator to facilitate CRISPR/Cas12a based biosensors of intracellular
targets [64,65,95,96]. Wang et al. used MnO5 nanosheets to provide a
better carrier for CRISPR/Casl2a system and realize live-cell biosensing
analysis rapidly and sensitively of various intracellular targets [65]. The
application of the cofactor Mn?" may provide a dependable imaging
platform in living cells and promote the CRISPR development in the
biosensing field.

4. Perspectives

In the last few years, CRISPR/Casl2a-based systems have been
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transformed into a widely accessible and pervasive method, which have
emerged as the most influential and powerful class of molecular scissors
for biosensing applications. To date, a variety of CRISPR/Cas biosensors
have been developed based on the cis- and trans-cleavage activity of
Cas12a. The cis-cleavage of Casl2a is only single turnover. But the trans-
cleavage could reach up to a dozen turnovers per second. Therefore, the
trans-cleavage of Casl2a was frequently applied to cleave the reporter
probe in order to amplify the fluorescence signal. To improve the detect
performance, modifications of PAM, target, crRNA, Cas nuclease, re-
porter, and reaction conditions have been introduced in the CRISPR/
Casl2a detection system. However, work is still needed in future to
enhance detection sensitivity, to reduce background signal, to enlarge
target scope, to achieve intracellular imaging, as well as to develop
point-of-care (POC) testing platforms.

4.1. Enhance detection sensitivity

The sensitivity of CRISPR/Casl2a based biosensors needs to be
further improved. Without isothermal amplification, the canonical
CRISPR/Casl2a biosensors can be able to detect targets low to the pM
level, which could not meet the detection requirements for low-
abundance targets [9,10]. Therefore, one or more amplification strate-
gies including PCR, recombinase polymerase amplification (RPA), roll-
ing circle amplification (RCA) and loop mediated isothermal
amplification (LAMP) etc. could be applied to enhance the sensitivity of
CRISPR/Casl2a biosensors [97,98]. In this case, the detection limit
could reach aM [9]. Besides, other techniques could also be incorporated
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into CRISPR/Cas12a system [53,99-101]. For example, a glycerol ad-
ditive promoted 100-fold sensitivity enhancement for one-pot RPA--
CRISPR/Cas12a assay for the detection of ASFV and SARS-CoV-2 [100].
Consequently, techniques or strategies should be developed to improve
the sensitivity of the CRISPR/Cas system for trace detection in the
future.

4.2. Overcome high background signal

The background signal of CRISPR/Cas12a system could be generated
by non-specific recognition of enzymes to substrates, non-specific
amplification of primers or templates and imperfectly quenched of re-
porter probes [102]. Among them, non-specific amplification is the main
reason for the high background signal, which would influence the ac-
curacy of the detection results [102-105]. Therefore, reducing back-
ground signal will definitely boost the signal-to-noise ratio, thus
improving the sensing performance. Some efforts have been devoted to
solving this problem [105-112]. For example, Niu et al. proposed a
strategy that integrating two-templates into the CRISPR/Cas12a system
to reduce non-specific amplification in the exponential amplification
reactions, whose signal-to-background ratio was improved from 1.3 to
15.4 [105]. However, the background generation mechanism is still
poorly understood. Therefore, we should be able to further develop
other novel strategies or methods to overcome the background inter-
ference of CRISPR/Cas12a biosensors.
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4.3. Enlarge target scope

The CRISPR/Cas12a system is extremely mature for the detection of
nucleic acid targets, yet it is mostly limited to the detection of non-
nucleic acid targets. The greatest challenge in detecting non-nucleic
acid targets is how to convert non-nucleic acid signals into nucleic
acid signals via biological transduction elements, which can be identi-
fied by the CRISPR/Casl2a system. These bio-transduction elements
primarily consist of aptamers, DNAzymes, antigen-antibodies, tran-
scription factors, etc [113]. For example, a method using an allosteric
inhibitor aptamer had been developed to detect adenosine triphosphate
(ATP) [114]. And Wu et al. demonstrated a versatile biosensing strategy
that uniquely integrated CRISPR/Casl2a with RNA-cleaving nucleic
acid enzymes for ATP, Escherichia coli and Klebsiella pneumoniae detec-
tion [115]. Future work should consider incorporating or searching for
new biological transduction elements to further broaden the target
scope.

4.4. Achieve intracellular imaging

To date, the catalytically inactive protein called dead Cas9 (dCas9)
was frequently employed for intracellular imaging [116]. However, re-
ports about the application of CRISPR/Cas12a bioimaging were limited.
In living cells, the detection efficiency of the CRISPR/Cas12a system is
limited due to the restricted diffusion-mediated intermolecular in-
teractions in the cytoplasm [117,118]. A possible solution is to hold the
components of the sensing system in a confined space, by which
concentrating reactants can significantly speed up the reaction catalyzed
by CRISPR/Cas12a system. Besides, the physiological conditions of live
cells also must be carefully considered, which influences the trans--
cleavage activity of Casl2a [119]. For example, how to deliver the re-
porter and the substrate and how much concentrations of activators.
Therefore, further research is needed to search for appropriate reaction
conditions for the development of novel CRISPR/Casl2a based bio-
sensors in living cells.

4.5. Develop point-of-care testing

The point-of-care testing is integrating sample pretreatment, target
recognition, and signal sensing into a single device [120]. Point-of-care
(POC) testing based on CRISPR/Casl2a system is a newly developed
diagnostic tool with sensitivity, specificity and flexibility, which is
suitable for on-site testing. Notably, a variety of CRISPR/Cas12a based
POC sensing methods for SARS-CoV-2, including microfluidic chips,
paper-based sensors, and even single-tube reactions, have been devel-
oped in the COVID-19 outbreak. Portable microfluidic cartridges or
other miniaturized sensors have great potential for POC testing. For
example, Xing et al. developed a finger-actuated microfluidic CRISP-
R/Cas12a biosensor, which was easy to use, operate, and could be used
for POC testing without the help of professional equipment and suitable
for setting of constrained resource [121]. Further portable devices can
be considered to introduce the CRISPR/Casl2a system and thus
construct more convenient POC sensing.

5. Conclusion

In conclusion, nucleic acid detection is of great importance for the
diagnosis of various diseases. Therefore, there is an urgent need to
develop nucleic acid detection with high sensitivity, high specificity,
high efficiency, and low cost. The CRISPR/Cas12a system with advan-
tages of specific target recognition and high trans-cleavage activity, is
drawing people’s attention. Over the past few years, nucleic acid
detection based on the CRISPR/Casl2a system has become a broadly
accessible and popularized technology. However, the canonical
CRISPR/Cas12a is slowly struggling to meet the demand for detection
with higher sensitivity, higher specificity, higher efficiency, larger target
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scope, easier operation, multiplexing, low cost and diversified signal
reading. Fortunately, these could be improved by non-canonical
CRISPR/Cas12a biosensors via modification of the elements of
CRISPR/Cas12a system, including PAM sequence, crRNA, Cas nuclease,
reporter and reaction buffer. Thus, the detection performance of
CRISPR/Cas12a system could be greatly enhanced by non-canonical
modification, which would increase its detection capability and accel-
erate its practical application. Nevertheless, efforts are still needed to
better understand the mechanism of CRISPR/Cas12a system, to further
broaden the target scope, to achieve intracellular detection, and to
develop point-of-care testing. With the advancement of the Casl2a
system, it is believed that the CRISPR/Casl2a system will make more
achievements in the field of nucleic acid detection.
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