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Abstract: Polymerase chain reaction (PCR)-based nucleic acid 
testing has played a critical role in disease diagnostics, pathogen 
surveillance, and many more. However, this method requires a long 
turnaround time, expensive equipment, and trained personnel, limiting 
its widespread availability and diagnostic capacity. On the other hand, 
the clustered regularly interspaced short palindromic repeats 
(CRISPR) technology has recently demonstrated capability for nucleic 
acid detection with high sensitivity and specificity. CRISPR-mediated 
biosensing holds great promise for revolutionizing nucleic acid testing 
procedures and developing point-of-care diagnostics. This review 
focuses on recent developments in both fundamental CRISPR 
biochemistry and CRISPR-based nucleic acid detection techniques. 
Four ongoing research hotspots in molecular diagnostics–target 
preamplification-free detection, microRNA (miRNA) testing, non-
nucleic-acid detection, and SARS-CoV-2 detection–are also covered. 

 

1. Introduction 

Molecular diagnostics, in particular, nucleic acid testing, is critical 
in a wide range of fields relevant to the quality of human life, 
including the fundamental understanding of physiological 
processes,[1] pathogen detection,[2] and disease prognosis and 
diagnosis.[3] Nucleic acid detection relies on the identification of 
nucleic acid sequence, thereby providing superior sensitivity and 
specificity over other types of tests such as serological testing.[4] 
Over the past few decades, quantitative polymerase chain 
reaction (qPCR) has remained the gold-standard technique for 
nucleic acid testing.[5] However, qPCR is still limited by: 1) 
expensive instruments and reagents for nucleic acid amplification 
(NAA) through thermocycling and quantification of amplicons via 
fluorescence intensity;[6] 2) the need for specialized personnel for 
nucleic acid extraction, qPCR assay preparation, and data 
analysis;[7] and 3) long processing time from sampling to delivery 
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of results.[7b] Researchers have made efforts to address the above 
drawbacks, for example, by developing isothermal amplification 
techniques such as loop-mediated isothermal amplification 
(LAMP)[8] and recombinase polymerase amplification (RPA),[9] 
and by incorporating nucleic acid complementarity into point-of-
care (POC) diagnostic platforms such as electrochemical and 
optical biosensors.[10] However, these attempts still suffer from the 
necessary sequence amplification step or compromised detection 
sensitivity in comparison to qPCR. 

Recent discoveries of the clustered regularly interspaced 
short palindromic repeats (CRISPR)-Cas (CRISPR-associated) 
have opened a new path for the manipulation and analysis of 
nucleic acids,[11] and the engineering of CRISPR-Cas systems 
has expanded their applications beyond genome editing[12] and 
gene therapies.[13] Leveraging the single-nucleotide target 
specificity of the CRISPR-Cas systems as a result of base pair 
complementarity between guide RNA (gRNA) and target nucleic 
acid sequence,[12a, 14] scientists have developed a variety of 
CRISPR-mediated biosensing platforms for ultrasensitive and 
highly specific nucleic acid detection.[15] Because the CRISPR-
Cas system operates at body temperature[15] or even room 
temperature[16] unlike traditional PCR, it offers a more POC-
focused design approach.[17] The emergence of amplification-free 
assay eliminates the need for PCR primers,[16b, 16c, 18] and 
smartphone imaging with a mobile application lowers the 
requirements for data collection and analysis.[18-19] CRISPR 
reagents can also be lyophilized for streamlined field 
applications.[20] As a result, CRISPR has simplified reaction 
conditions, which in turn reduces the cost associated with 
equipment, reagents, and labor and speeds up the turnaround 
time. 

Due to the increasing interest in CRISPR-driven molecular 
diagnostics, this review focuses on the fundamental biochemistry 
of CRISPR-Cas systems, more specifically, Cas9, Cas12, and 
Cas13 systems, and the state-of-the-art CRISPR-Cas biosensing 
technologies. Four special applications, including target 
amplification-free detection, miRNA detection, non-nucleic-acid 

detection, and SARS-CoV-2 detection, are also discussed to 
highlight current trends. A brief overview of CRISPR-mediated 
detection platforms is summarized in Table S1. In addition, this 
review also presents the future perspectives for CRISPR-Cas 
bioengineering and CRISPR-based biosensing to discuss 
prospective research directions in this field. 

2. Overview of CRISPR-Cas Biochemistry 

2.1. CRISPR-Associated Protein 9 (Cas9) System 

CRISPR-Cas system interferes with invading nucleic acids, 
providing sequence-specific adaptive immunity in prokaryotes 
against bacteriophage infections (Figure 1),[21] and has become 
one of the most powerful and programmable tools in molecular 
biology and at the interface of engineering. Current studies have 
two major focuses on CRISPR-Cas9: the fundamental biological 
mechanism and the repurposing of Cas9 as a genetic 
manipulation tool. For a broad overview of its history, engineering, 
and immunization functions, we refer the readers to some well-
summarized review articles.[22] 

2.1.1. Mechanism of CRISPR-Cas9 

The most researched Streptococcus pyogenes Cas9 (SpCas9) is 
an RNA-guided DNA nuclease, targeting double-stranded DNA 
(dsDNA) (Figure 2A).[11c] Two strands of the dsDNA are defined 
respectively as the complementary strand (target strand) and the 
non-complementary strand (non-target strand). The 
complementary strand base pairs with the spacer region of the 
CRISPR RNA (crRNA). The non-complementary strand, also 
called the protospacer, contains a ~20-nt sequence same as the 
spacer region, albeit with a T-U difference. At the 3’ downstream 
of the protospacer is an “NGG” sequence, termed protospacer 
adjacent motif (PAM).[23] Applying the CRISPR-Cas9 system for 
gene editing or other purposes requires the presence of three 

 
Figure 1. Basics of CRISPR-Cas systems. Segments of bacteriophage DNA are acquired by the CRISPR-Cas Type I system and inserted into the CRISPR 
array as spacers. When future phase infection occurs, the spacer sequences are transcribed into pre-crRNA and processed into mature crRNA. The mature 
crRNA combines with the CRISPR-Cas complex or effector to cleave bacteriophage DNA and resist phage infection. Reproduced with permission from 
reference.[21] Copyright 2022 Springer Nature. 
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components, a crRNA with the 5’ spacer region, a trans-activating 
crRNA (tracrRNA), and a Cas9 protein as the effector.[11c] These 
three components form a Cas9-crRNA-tracrRNA ternary 
ribonucleoprotein (RNP) complex, binding to the target dsDNA via 
complementarity between the ~20-nt spacer region in the crRNA 
and the target site on the complementary strand and opening the 
double helix to form an R-Loop, which is a three-stranded RNA-
DNA hybrid structure. Two domains of Cas9, RuvC and HNH, 
perform the nuclease activity to cut the PAM-containing non-
complementary strand and the complementary strand, 
respectively, leaving a blunt-end double-strand break (DSB) at 3-
bp upstream of the NGG PAM. Also, linking the crRNA and 
tracrRNA with a stem-loop structure results in a single-guide RNA 
(sgRNA), which can function as efficiently as the dual-RNA guide 
and greatly simplify the CRISPR-Cas9 system for various 
applications.[11c]  

2.1.2. Engineering of Cas9 for Versatile Applications 

Diverse strategies have been adopted to engineer and optimize 
the CRISPR-Cas9 systems for genetic and epigenetic 
modifications. SpCas9 has two independent active sites, and a 
mutation of the SpCas9 catalytic residues, such as D10A and 
H840A, inactivates either the RuvC or the HNH domain, 
generating nickase Cas9 (nCas9).[28] A double mutation results in 

catalytically dead Cas9 (dCas9).[29] Fusing Cas9/nCas9/dCas9 to 
different functional proteins such as deaminases,[30] reverse 
transcriptases,[31] and transcription factors[32] creates target-
specific base editors, prime editors, and transcriptional activators 
or repressors, respectively. 

Besides genome editing, Cas9 has been engineered for 
nucleic acid detection. For in vitro applications, wild-type Cas9 
can be combined with NAA methods such as rolling circular 
amplification (RCA) to generate readout signals.[27a, 33] Both 
nCas9 and dCas9 have also been successfully utilized in nucleic 
acid detection based on their specific properties.[24-26, 34] 
Additionally, the fusion of a tripartite transcriptional activator, 
VP64-p65-Rta (VPR), to dCas9 promotes the expression of 
targeted genes and facilitates in vivo cellular imaging for the 
detection of certain genes or gene products.[35] The following 
section will discuss in vitro Cas9-mediated nucleic acid detection 
in detail. 

2.1.3. Strategies for Cas9-Based Biosensing 

As the first highly researched and engineered CRISPR-Cas 
system, Cas9 is well known for recognizing and cleaving 
dsDNA.[11a, 11c, 23, 36] In addition, CRISPR-Cas9 can be activated to 
cleave single-stranded DNA (ssDNA) or RNA (ssRNA) in the 
presence of short PAM-presenting DNA oligonucleotides 

 
Figure 2. Mechanisms of CRISPR-Cas9 cleavage and Cas9-based detection. (A) Cas9-mediated DNA cleavage requires the Cas9 effector, tracrRNA, crRNA, 
and the target DNA. (B) Cas9-based detection employing the binding capability of dCas9. Left: dCas9-based luciferase bioluminescent detection. NFluc: N-
terminal of the firefly luciferase enzyme. CFluc: C-terminal of the firefly luciferase enzyme. Reproduced with permission from reference.[24] Copyright 2016 
American Chemical Society. Right: dCas9-based TMB colorimetric reaction. TMB: 3,3’-5,5’-tetramethylbenzidine. HRP: Horseradish peroxidase. Reproduced 
with permission from reference.[25] Copyright 2018 American Chemical Society. (C) Cas9-based detection employing the nicking capability of nCas9. Top: 
CRISPR-Cas9-triggered nicking endonuclease-mediated strand displacement amplification (CRISDA). SDA: Strand displacement amplification. PNA: Peptide 
nucleic acid. Reproduced with permission from reference.[26] Copyright 2018 The Authors, published by Springer Nature. Bottom: nCas9-based SDA-RCA 
detection. RCA: Rolling circular amplification. Reproduced with permission from reference.[27] Copyright 2020 American Chemical Society. 
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(PAMmers) that hybridize with the targets.[66] Such target-specific 
cleavage by CRISPR-Cas9 has been directly engineered into 
biosensing, by initiating subsequent biorecognition events such 
as gene translation[67] and sequence amplification[68] upon the 
generation of post-cleavage products. The DNA binding capability 
of dCas9 without DSB has also been repurposed for nucleic acid 
detection by generating signals via follow-up reactions upon 
dimerization of fused functional domains (Figure 2B)[34] or directly 
probing the binding events.[24-25] The nicking capability of nCas9 

offers a different option to detect nucleic acid targets by strand 
amplification. For example, CRISPR-Cas9-triggered nicking 
endonuclease-mediated strand displacement amplification 
(CRISDA) unwinds target dsDNAs by creating a pair of nicks at 
specific sites on the two strands, thus triggering linear strand 
displacement amplification (SDA) (Figure 2C, Top).[26] These 
amplified strands undergo additional exponential SDA mediated 
by a common nicking endonuclease, Nb.BbvCI, and the final 
amplicons are quantitatively determined by peptide nucleic acid 

Table 1. Most Common CRISPR Class 2 Systems in Nucleic Acid Detection 

Type Strain Origin PAM/PFS Spacer 
Length 

Need 
tracrRNA? 

Cis-
Substrate 

Trans-
Substrate 

Crystal 
Structure Example 

Cas9 Streptococcus 
pyogenes[11c] 3’-NGG 20nt Yes dsDNA  [37] [26] 

Cas12a 

Lachnospiraceae 
bacterium ND2006[14b] 5’-TTTV 20nt No dsDNA/ 

ssDNA ssDNA [38] [15b] 

Acidaminococcus sp. 
BV3L6[14b] 5’-TTTV 20nt No dsDNA/ 

ssDNA ssDNA [39] [15b] 

Francisella novicida 
U112[14b] 5’-TTTV 20nt No dsDNA/ 

ssDNA ssDNA [40] [15b] 

Cas12b 

Alicyclobacillus 
acidoterrestris[41] 5’-TTN 20nt Yes dsDNA/ 

ssDNA ssDNA [41] [15b] 

Alicyclobacillus 
acidiphilus[42] 5’-TTN 20nt Yes dsDNA/ 

ssDNA ssDNA  [43] 

Cas12c Cas12c1[44] 5’-TG 17-18nt[45] Yes dsDNA/ 
ssDNA ssDNA [46] [45] 

Cas12e 
(CasX) Deltaproteobacteria[47] 5’-TTCN 20nt Yes dsDNA/ 

ssDNA ssDNA   

Cas12f 
(Cas14) Cas12f1[48] None 20nt Yes ssDNA ssDNA [49] [48, 50] 

Cas12g Cas12g1[44] None 24nt Yes ssRNA 
ssRNA/ 

ssDNA 
[51]  

Cas12i 

Cas12i1[44] 5’-TTN 28-30nt No dsDNA/ 
ssDNA ssDNA [52]  

Cas12i2[44] 5’-TTN 28-30nt No dsDNA/ 
ssDNA ssDNA [53]  

Cas12j 
(CasΦ) CasΦ[54] 5‘- T rich 

or 5’-TBN 20nt No dsDNA/ 
ssDNA ssDNA [55]  

Cas13a 

Leptotrichia buccalis[15a] None[56] 20-28nt No ssRNA ssRNA [57] [58] 

Leptotrichia shahii[14a] 3’-Not-G 21-28nt No ssRNA ssRNA [59]  

Leptotrichia wadei[15a] None or 
3’-Not-G 21-28nt[12c] No ssRNA ssRNA  [15a, 16c] 

Lachnospiraceae 
bacterium NK4A179  24nt No ssRNA ssRNA [60]  

Cas13b 

Prevotella buccae[61] 3’-Not-C 30nt[62] No ssRNA ssRNA [61]  

Prevotella sp. 
MA2016[15a]  30nt No ssRNA ssRNA  [15a] 

Capnocytophaga 
canimorsus Cc5[15a]  28nt No ssRNA ssRNA  [15a] 

Cas13d 

Eubacterium siraeum[63] None 22-30nt No ssRNA ssRNA [64]  

Ruminococcus 
flavefaciens[65] None 22-30nt No ssRNA ssRNA  [65] 
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(PNA) invasion-mediated fluorescence measurements. 
Alternatively, a pair of nCas9s nicking on the same strand can 
result in the generation of ssDNA fragments, and these fragments 
are then amplified by SDA and RCA into extended oligos with 
repeated target sequences (Figure 2C, Bottom).[27a] Fluorescent 
probes, originally quenched by a UiO66 metal-organic framework 
(MOF), hybridize with the amplicons and start to emit 
fluorescence signals. 

Cas9 is widely engineered for applications in nucleic acid 
detection, but the reagents and process are often complex 
because the binding, cleavage, and nicking-induced unwinding 
activities cannot be easily converted into readable outputs by 
Cas9 protein alone. As demonstrated below, Cas12 and Cas13 
proteins can produce signals much more readily through a special 
mechanism called collateral cleavage.[15] It greatly simplifies the 
reaction setup and allows for more focus on the development of 
sensitive and portable detection platform. As a result, recent 
CRISPR-based nucleic acid detection research is largely based 
on Cas12 and Cas13 systems.  

2.2. CRISPR-Associated Protein 12 (Cas12) System 

2.2.1. Domain, crRNA and Target Structure 

Cas12 effectors also create DSB in DNA, but they differ from 
Cas9 in several aspects. First, Cas12 nucleases use a single 
RuvC domain for targeted DNA cutting, and they generate 
staggered DSBs with a 5’ overhang.[14b] Second, some Cas12 
orthologs, such as Cas12a, require only a crRNA, but a tracrRNA 
is still required by other subtype effectors, such as Cas12b.[41] 
Third, not only dsDNA, but also ssDNA with complementarity to 
the crRNA spacer region can activate the nuclease activity of 
Cas12, and PAM sequences are not required for ssDNA 
targets.[15b] Lastly and most importantly for nucleic acid detection, 
after target binding, Cas12 can indiscriminately cleave adjacent 
ssDNAs in a sequence-independent manner in vitro.[15b] This 
trans-cleavage activity, also known as collateral activity, is 
predicted to be conserved within the Cas12 family due to their 
similarities in structures, though with different efficiencies. By far, 
the trans-cleavage has been experimentally proved in Cas12a, -
b, -c, -e (previously known as CasX), -f (previously known as 
Cas14), -g, -i, and -j (previously known as CasΦ) orthologs.[14b, 44, 

48, 69] The properties of different Cas12 orthologs used in nucleic 
acid detection, along with those of Cas9 and Cas13 effectors, are 
summarized in Table 1. This distinctive trans-cleavage property 

enables the expansion of Cas12 applications from genome 
editing to biosensing.  

2.2.2. Nonspecific Trans-Cleavage for CRISPR-Cas12-Based 
Biosensing 

The nonspecific trans-cleavage activities of Cas12 proteins have 
been extensively studied and applied in nucleic acid detection. To 
understand the mechanism, the crystal structure analysis of 
Francisella novicida U112 Cas12a (FnCas12a) shows that 
multiple steps are involved in the target DNA and nonspecific 
ssDNA cleavage.[40a] Upon the recognition of target DNA, the 
FnCas12a-crRNA-dsDNA complex undergoes a conformational 
change, where the non-complementary strand fits into the 
catalytic cleft on the RuvC domain, leading to the cis-cleavage of 
the non-complementary strand. Then, the catalytic cleft becomes 
available for a gradual, promiscuous trans-cleavage of ssDNA in 
the vicinity. Even after the complementary strand is cleaved, the 
trans-cleavage could sustain. This mechanism has also been 
suggested in other Cas12 ortholog structures. Cas12b,[41] 
Cas12i1,[52] and Cas12i2[53] all demonstrate the activation of trans-
cleavage activities upon RNP complex formation. Cas12i1 and 
Cas12i2 crystal structures reveal that conformational changes 
induced by target binding unblock the RuvC domain and initiate 
nonspecific ssDNA cleavage. These recent structural data 
confirm findings about Cas12 cleavage patterns and could 
provide insights into possible engineering. 

Benefiting from the nonspecific cleavage property, 
researchers have been designing all sorts of biosensing platforms 
by combining Cas12, isothermal amplification, and labeled 
ssDNAs. Typically, LAMP and RPA are applied to amplify target 
DNA at body temperature,[70] and fluorophore-quencher (FQ)-
labeled ssDNAs are often utilized as reporters. When target 
ssDNA or dsDNA binds to a Cas12 RNP complex, Cas12 cis-
cleaves the target DNA and in the meantime, trans-cleaves the 
FQ-ssDNA reporters. The quencher and the fluorophore are then 
separated apart, and the free fluorophore starts to generate 
fluorescence signals (Figure 3A).[15b] Though the trans-cleavage 
is nonspecific, it indeed has some bias towards certain sequences. 
For example, Alicyclobacillus acidiphilus Cas12b (AaCas12b) can 
hardly cleave homopolymer G sequences but can work efficiently 
on a poly(T), (A), or (C) sequence.[43] Additionally, the length[71] 
and the concentration[71a, 72] of the reporters may also affect the 
cleavage efficiency. In fact, the fluorescence recovery reaches 
the maximum rate when the FQ-ssDNA reporters are longer than 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Mechanisms of CRISPR-Cas12/13-based biosensing. (A) CRISPR-Cas12 trans-cleavage activity. RPA: Recombinase polymerase amplification. FQ: 
Fluorophore-quencher. Reproduced with permission from reference.[15b] Copyright 2018 The Authors, published by American Association for the Advancement 
of Science. (B) CRISPR-Cas13 collateral effect. Reproduced with permission from reference.[73] Copyright 2019 Mary Ann Liebert, Inc. 
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8 nt.[71b] Considering that the quenching effect works only when 
the fluorophore is in close proximity to the quencher and that a 4-
nt increase in length could lead to as high as 60% increase in 
background fluorescence,[71c] the FQ reporters are often designed 
to be short. Generally, an increase in reporter concentration 
results in increased fluorescence intensity.[71a, 72a] However, there 
is a tradeoff between measured fluorescence and backgorund 
signals.[72b] A list of design specifications for FQ reporters is 
summarized in Table 2.  

2.2.3. Engineering of Cas12 for Sensing Applications 

Unlike Cas9, Cas12 proteins have limited modifications to date. 
Bacillus hisashii Cas12b (BhCas12b) can be engineered from a 
thermophilic to a moderately mesophilic variant for human 
genome editing.[74] Directed mutagenesis expands the PAM 
recognition range of Acidaminococcus sp. Cas12a (AsCas12a), 
and this enhanced AsCas12a (enAsCas12a) has an extensive 
target range and moderately improved genome editing 
activities.[75] More recently, AsCas12a was engineered using a 
bacteriostatic toxin selection marker.[76] The resulting variant, 
AsCas12a Ultra, has greatly improved editing capability and can 
target TTTT PAM. Also, the binding efficiency of Lachnospiraceae 
bacterium ND2006 Cas12a (LbCas12a) can be greatly enhanced 
by mutating DNA-proximal negatively charged residues into 
positively charged residues.[77] This hyperCas12a variant 
increases in vivo efficiency by more than 300-fold in gene 
activation. However, the protein engineering research has rarely 
focused on trans-cleavage efficiency. In a comprehensive 
comparison, enAsCas12a has higher trans-cleavage activities 
compared to wild-type AsCas12a.[78] Yet, the improvement is not 
significant, and its activities are heavily spacer region-dependent 
and sometimes lower than wild-type LbCas12a. A recent study 
aiming to increase genome editing activities of LbCas12a resulted 
in three constructs with superior cis- and trans-cleavage activities 
by combinations of rational mutagenesis and directed 
evolution.[79] On the other hand, to specifically improve nucleic 
acid detection, a 7-mer DNA extension on the 3’ end of crRNA 
stabilizes the protein complex and increases the kinetics of 
detection.[80] The 7-mer DNA-extended crRNA and enAsCas12a 
were combined to generate a more robust detection platform for 
the SARS-CoV-2 virus.[78] Engineering of the Cas12 family could 
lead to higher sensitivity and potentially skip the preamplification 
step without compromising the readout time or requiring other 
sophisticated modifications. Especially with the availability of 

abundant crystal structure data, rational designs could generate 
more efficient variants for DNA detection. 

2.3. CRISPR-Associated Protein 13 (Cas13) System 

2.3.1. Domain, crRNA and Target Structure 

Cas13 proteins are RNA-guided ribonucleases, and their catalytic 
mechanism is similar to Cas9 and Cas12. However, Cas13 
enzymes share few sequence similarities to Cas9 or Cas12. They 
all have a crRNA recognition lobe (REC) and a nuclease lobe 
(NUC), but the homology within the Cas13 family is also low 
except for one common feature, the two higher eukaryotic and 
prokaryotic nuclease (HEPN) domains, which exclusively exist in 
all Cas13 members.[81] The HEPN domain contains a well-
conserved ‘RΦxxxH’ (R, arginine; Φ, asparagine, aspartic acid, or 
histidine; H, histidine) motif, which is essential for the 
ribonuclease activity.[14b, 62, 69, 81-82] The Cas13 crRNA structure is 
relatively simple, a stem-loop structured direct repeat (DR) with a 
5’ spacer region for Cas13a, -c and -d, or a 3’ spacer region for 
Cas13b. The length of the spacer region ranges from 14-30 nt. 
Averagely 20-28 nt is optimal for RNA targeting.[83] The target 
ssRNA sequence needs to be flanked by a protospacer flanking 
sequence (PFS) for efficient interference. As opposed to Cas9 
and Cas12 PAM for avoiding self-targeting of the CRISPR array 
dsDNA, PFS is for the identification of the target RNA.[14a] The 
structural diversity of Cas13 family is reminiscent of a varied 
requirement of PFS. For example, Leptotrichia wadei Cas13a 
(LwaCas13a) prefers a not-“G” P S. However, this requirement 
is not strict. In vivo and in vitro chemical assays using the same 
Cas13 can result in different PFS constraints, or no detectable 
PFS preferences for in vitro cleavage.[59] Most of the Cas13a PFS 
locates at the 3’ downstream of the target.  or some Cas13b 
orthologs, a single P S flanking at the 3’ end or double PFS 
flanking at both 3’ and 5’ ends can be observed.[62] 

2.3.2. Collateral Effect for CRISPR-Cas13-Based Biosensing 

Similar to the nonspecific cleavage of ssDNA by Cas12, Cas13 
also promiscuously cleaves bystander ssRNAs in trans.[20] 
Likewise, this collateral effect can be applied to biosensing by 
using FQ-ssRNAs as reporters (Figure 3B and Table 2). To 
understand the mechanism of Cas13-induced cleavage, 
extensive structure analysis has been performed on Cas13a from 
Leptotrichia buccalis (Lbu),[57] Leptotrichia shahii (Lsh)[59] and 

Table 2. Design Specifications of FQ Reporters for Cas12/13 Systems 

Type Strain Origin Homopolymer 
Preference Reporter Linker Length Kinetics Common Fluorophore 

Cas12a Lachnospiraceae 
bacterium ND2006 Poly-C or Poly-T[71a] C20=C10>DNaseAlert>C5 [71a] 

5’-6-FAM,[15a]  5’-HEX, 5’-Cy5, 5’-TEX, 
Alexa488,[71a] Alexa594 

Cas13a 
Leptotrichia buccalis  U20>U10>U5[71a] 

Leptotrichia wadei Poly-U[15a] U20>U15>U11>U5>RNaseAlert[16c] 

Cas13b 

Prevotella buccae Poly-U[15a] 

 
Prevotella sp. 

MA2016 Poly-A[15a] 

Capnocytophaga 
canimorsus Cc5 Poly-U[15a] 
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Lachnospiraceae bacterium ND2006 (Lba),[60] Cas13b from 
Prevotella buccae (Pbu),[61] and Cas13d from Eubacterium 
siraeum (Es).[64] These studies indicate that the dimerization of 
HEPN domains is critical for both cis-cleavage of target ssRNA 
and trans-cleavage of nonspecific ssRNA. The mechanism of 
Cas13 collateral effect is not fully understood. In vivo RNA editing 
in eukaryotes using Cas13 orthologs shows reduced off-target 
events compared to conventional short hairpin RNA (shRNA)-
mediated RNA knockdown or RNA interfering (RNAi) 
technology,[12c, 63] suggesting a possible additional machinery in 
preventing the trans-cleavage for in vivo settings. Particularly, 
Ruminococcus flavefaciens Cas13d (RfxCas13d) demonstrates 
high RNA targeting efficiency compared to LwaCas13a or 
Prevotella sp. P5-125 Cas13b (PspCas13b), and minimal off-
target effect.[63] However, recent studies have shown that the 
collateral activity is not negligible for in vivo RNA editing 
purposes.[84] The complicated mechanisms of the cis- and trans-
cleavage of Cas13 imply that researchers should be more 
cautious when developing Cas13-based in vivo applications. 

In vitro Cas13 assays for molecular biosensing require 
maximization of the collateral cleavage. Key mutations and 
crRNA designs can alter the binding and cleavage activities of 
Cas13.[57b, 85] Mismatches in the seed region, the central position 
of the crRNA spacer region, lead to unstable or diminished RNA 
binding, while mismatches at the distal end of the spacer region 
are relatively less effective on binding specificity.[86] However, 
upon binding, mismatches at other positions of the spacer region 
may positively or negligibly affect the collateral cutting. [57b] The 
spacer region length also contributes to the effect of mismatch 
position, and the length of the spacer region-target duplex has a 
significant conformational impact on the HEPN domain RNase 
activity.[14a] From the above knowledge, we can defer that the 
RNA binding and cutting activity can be modified and decoupled.  

2.3.3. Engineering of Cas13 for Sensing Applications 

As of now, for more sensitive and specific Cas13-based 
biosensing, researchers have mostly been focusing on optimizing 
the spacer region length, mismatch positions, and reaction 
conditions. Recently, two studies showed potential to greatly alter 
the trans-cleavage efficiency of Cas13 proteins through different 
approaches.[16c, 87] Yang et al. tethered RNA binding domains onto 
loops that are proximal to the active site of LwaCas13a and 
successfully enhanced its sensitivity from 300 fM to about 10 fM 
after optimization.[16c] Another study by Tong et al. successfully 
reduced Cas13d and Cas13X trans-cleavage efficiency in vivo to 
reduce their cell toxicity.[87] Their work demonstrates possibilities 
to modulate the Cas13 trans-cleavage activities by protein 
engineering and elucidates key residues involved in Cas13d and 
Cas13X trans-cleavage activities. Engineering of Cas13 with 
improved trans-cleavage kinetics is challenging as higher 
activities lead to higher cell toxicities in vivo, and in vitro 
engineering would require laborious purification and testing of 
each individual protein. Nevertheless, these results are 
encouraging and shed lights on pathways for protein engineering. 

2.4. Controversies in Cas12 and Cas13 Trans-Cleavage 
Kinetics 

Previously, the kinetics of both Cas12 and Cas13 was measured 
to be diffusion limited, which makes protein engineering 

unnecessary. However, two pioneering works had kinetic data 
revision,[15b, 61] and recent studies extensively examined the trans-
cleavage kinetics of Cas12 and Cas13.[71a, 71b, 88] They revealed a 
slower kinetics than previously reported values. The kcat/KM 
values range from 105 to 108 M-1s-1 depending on the enzyme, 
crRNA, and the reporter substrate. There are also discrepancies 
among all the measured data between the three studies. This 
contradiction in experimental data also calls for standardization to 
ensure reliable data. Lv et al. proposed a protocol for testing with 
fluorescence plate readers to minimize differences caused by 
different equipment.[71b] Besides standardization, the 
measurement in cis-cleavage kinetics can be interfered by 
unexpected trans-cleavage events, especially for Cas13. Gel 
analysis shows that Cas13a cis-cleaved ssRNA target can 
produce more bands than expected, and the fragments are the 
same even with different crRNAs.[14a] This suggests that the target 
ssRNA is cleaved in-trans after the initial RNA binding and cis-
cleavage. Because the trans-cleavage kinetics is faster than cis-
cleavage, when using fluorophore-attached ssRNA target to 
measure Cas13a cis-cleavage kinetics, the fluorophores can also 
be trans-cleaved by activated Cas13 proteins.[71a] Hence, without 
excluding the effects of trans-cleavage activities, the final data 
analysis could overestimate the cis-cleavage kinetics of Cas13 
proteins. On the contrary, Cas12 cis-cleavage activity 
measurement is less concerning because its trans-cleavage 
activities are much slower towards dsDNA targets compared to its 
cis-cleavage activities.[71a] Native gel separation of target DNA 
cleavage also shows almost identical and unique cleavage 
position, which indicates absence of non-specific cleavage 
activities.[14b] 

2.5. Class 1-Based Biosensing 

Unlike Class 2 CRISPR-Cas systems discussed thus far, Class 1 
systems demand a complex of multiple subunit effectors to 
identify and degrade target sequences, therefore making them 
less ideal for biosensing applications due to the complexity. 
Recent studies, however, reported two Class 1-based biosensing 
methods. Type III-A Csm6 RNase can be employed together with 
Class 2 systems to further boost the detection sensitivity.[15a, 89] 
Csm6 protein can be activated by the cleavage products of 
CRISPR-Cas13 collateral activity to enable additional collateral 
RNA degradation and further lower the limit of detection (LOD) 
(Figure 4A).[15a] Else, Type III-A CRISPR-Cas systems can 
directly carry out target detection.[90] In 2021, following the 
discovery of critical roles of 5’ crRNA tag and 3’ target RNA anti-
tag in RNA-guided DNA and RNA nuclease activity of Type III 
Cas10-Csm complex,[91] two groups of researchers developed 
truly Class 1-based biosensing systems.[90] For instance, upon the 
binding of Cas10-Csm RNP complex with the target RNA 
containing non-complementary 3’ anti-tag, Cas10 can be 
allosterically activated to convert adenosine triphosphate (ATP) 
into cyclic oligoadenylate (cOAs). Csm6 is then activated by cOAs 
for collateral ssRNA reporter cleavage (Figure 4B).[90a] Such 
strategy benefits from a two-step signal amplification, where the 
collateral activity of Csm6 is coupled with the multi-turnover 
generation of cOAs. Moreover, on top of this approach, the 
collateral DNase activities of Csm1 from the Cas10 family can be 
further harnessed to cleave additional ssDNA reporters for 
enhanced signal generation.[90b] These developments further 
diversify the toolkits for CRISPR-based nucleic acid detection and 
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allow for designs of more complex but efficient detection systems. 
More specifically, by combining different CRISPR systems 
together into a cascade, the reaction series can possibly amplify 
readouts from a low level of targets through multiple layers of 
target detection and signal generation.  

3. CRISPR-Based Nucleic Acid Detection 
Systems Integrated with Diverse Signal 
Transduction Techniques 

Signal-transducing modalities stand for a critical element in 
biosensing systems, in a way that caters to applications in diverse 
settings. For instance, field-effect transistors (FETs) are able to 
detect molecules down to single-molecule level,[92] thus satisfying 
the need for ultrasensitive detection. On the other hand, rapid and 
convenient POC diagnostics can be achieved by colorimetric 
detection.[93] In this section, we discuss recent endeavors in the 
integration of CRISPR technologies with numerous signal 
transduction techniques for nucleic acid detection. A summary of 
advantages and drawbacks of different transduction techniques is 
provided in Table 3. 

3.1. CRISPR-Based Biosensing Systems with Optical 
Readouts 

Optical detection, as a simple and cost-effective transduction 
method with high sensitivity and great stability, represents one of 
the most widely reported analytical strategies in the area of 
biosensing.[94] The non-contact nature of optical biosensing allows 
minimal perturbation to the biological complexes and therefore 
generates highly reliable and reproducible signals. Due to these 
advantages, the integration of CRISPR technologies with optical 
readouts, including fluorescence,[15b, 20, 68, 95] colorimetry,[67, 96] 

surface-enhanced Raman spectroscopy (SERS),[97] and other 
common optical techniques,[98] has thus far been most extensively 
investigated. Moreover, optical biosensing allows for simple 
device setup with compact size and high-throughput 
screening,[94b] thereby holding great promises for CRISPR-based 
optical biosensors in the field of POC diagnostics. 

3.1.1. Fluorescence 

Fluorescence is one of the most broadly applied readouts among 
all optical detection techniques.[99] Fluorescence-based 
biosensing employs methods such as Förster resonance energy 
transfer, fluorescence lifetime imaging, fluorescence correlation 
spectroscopy, and changes in fluorescence intensity to generate 
signals in response to biorecognition events.[100] Currently, 
quantitative fluorescence intensity measurement remains the 
predominant approach for CRISPR-mediated fluorescence 
detection systems, mainly due to its long history for analyte 
detection and simplicity of application.[101] 

3.1.1.1. CRISPR-Cas9-Based Fluorescence Detection 

Inspired by CRISPR-dCas9 mediated fluorescence in situ 
hybridization (FISH) for imaging of genomic loci in live human 
cells,[102] Guk et al. made an early attempt to employ dCas9 for 
fluorescence detection of mecA gene in methicillin-resistant 
Staphylococcus aureus.[103] As sequence-specific probes, dCas9-
sgRNA RNP complexes act in a similar way to conventional 
antibodies and can selectively bind to the targe gene. Staining of 
bound genes by SYBR Green I thereby enables both simple visual 
readouts and quantitative fluorescence intensity measurements. 
Without any preamplification, this approach reached an LOD of 
10 CFU/mL, higher than other non-PCR-based screening 
methods. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 4. Mechanisms of Class 1-based biosensing. (A) Cas13-Csm6 cascade reaction. Activated Cas13 cleaves both FQ reporters and activators. The cleaved 
products of the activators trigger the trans-cleavage activity of Csm6, further cleaving fluorescent reporters. This tandem cleavage strategy enhances the 
detection sensitivity. Reproduced with permission from reference.[15a] Copyright 2018 The Authors, published by American Association for the Advancement of 
Science. (B) Type III CRISPR-Cas-mediated detection. Target recognition by type III CRISPR-Cas complex triggers the polymerase activity of Cas10 subunit, 
forming cyclic oligoadenylates and initiating Csm6 trans-cleavage of fluorescent reporters. ATP: Adenosine triphosphate. cOA: Cyclic oligoadenylate. 
Reproduced with permission from reference.[90a] Copyright 2021 The Authors, published by Elsevier. 
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Continuing development focuses on improving the 
sensitivity of CRISPR-Cas9 detection systems; however, most 
Cas9 orthologs are considered single-turnover enzymes, 
indicating that they degrade DNA targets in a stoichiometric 
manner.[104] Although S. aureus Cas9 (SauCas9) demonstrates 
multi-turnover behavior,[104] the enhancement in assay activity is 
still constrained by the low turnover number. As a result, Cas9-
based detection is often accompanied by a NAA step. CRISPR-
Cas9 triggered exponential amplification reaction (CAS-EXPAR) 
introduces PAMmers into detection assays and therefore 
activates site-specific ssDNA target cleavage by Cas9 to 
generate primers.[68] These primers initiate EXPAR for a pre-
designed amplification template, allowing quantification of the 
target ssDNA by real-time fluorescence monitoring. CAS-EXPAR 
achieved an LOD of 0.82 amol Listeria monocytogenes hemolysin 
(hly) gene fragment. In addition, CAS-EXPAR has also been 
demonstrated to detect hly messenger RNA (mRNA) from 
pathogen extracts when integrated with reverse transcription (RT) 
and to recognize DNA methylation after bisulfite conversion. 

Another notable attempt to couple Cas9 system with NAA, 
CRISDA, uses nCas9 to initiate a two-step SDA reaction; however, 
a complex set of reagents is involved in this system,[26] including 
nCas9, a second nicking endonuclease Nb.BbvCI, ssDNA binding 
protein TP32, Klenow Fragment exo- polymerase, a pair of SDA 
primers, and biotin- and Cy5-tagged PNA probes. To reduce the 

use of bioreagents, Wang et al. developed Cas9 nickase-based 
amplification reaction (Cas9nAR). In Cas9nAR, nCas9 creates 
two nicks on the complementary strand, allowing Klenow exo- 
polymerase to displace the nicked strand.[105] The nicked strand 
then undergoes SDA cycles in the presence of two primers, and 
the amplicons are monitored by real-time fluorescence 
measurement. This technique reported zeptomolar sensitivity 
within 60 min for the detection of invA gene in Salmonella 
typhimurium genomic DNA samples. More importantly, Cas9nAR 
was also validated for the detection of other bacterial genes, such 
as the uidA gene of Escherichia coli, katG gene of Mycobacterium 
smegmatis, and indA gene of Saccharopolyspora erythraea, 
indicating the universality of Cas9nAR in genomic DNA detection. 

A shortcoming of CRISDA and Cas9nAR is the introduction 
of exogenous primers, which requires a high level of expertise in 
primer sequence design and potentially causes target-
independent amplification. Furthermore, the majority of Cas9-
based nucleic acid detection methods discussed so far rely on 
SYBR Green I staining to monitor fluorescence intensity. SYBR 
Green I preferentially binds to GC-rich dsDNA sequences and 
thus may underperform given AT-rich sequences. Consequently, 
Sun et al. proposed a nCas9-based MOF platform to address 
these issues.[27a] The complementary strand of the target dsDNA 
is amplified through a cycle of linear SDA, involving nicking by 
nCas9 and strand-displacement polymerization by Klenow exo- 

Table 3. Advantages and Limitations of Different Transduction Methods for CRISPR-Based Detection 

Transduction Advantages Limitations 

Fluorescence 

- High sensitivity 

- High throughput 

- Real-time monitoring 

- High background fluorescence 

- Photobleaching 

Colorimetry 

- Rapid deployment 

- Low cost 

- Direct visual readout 

- Minimal instrument requirement 

- Low sensitivity 

- High rate of false positives/negatives 

Bioluminescence/ 

Chemiluminescence 

- High signal-to-noise ratio 

- High sensitivity 

- High specificity 

- Extra set of reagents with potential interference to 
CRISPR assay 

Gel Electrophoresis 
- Direct visual readout 

- Low cost 
- Limited to lab settings 

Surface-Enhanced Raman 
Spectroscopy 

- Ultrahigh sensitivity 

- High specificity 

- Poor reproducibility 

- High instrument requirement 

Refractive Index 
- Label-free detection 

- Real-time monitoring 
- High instrument requirement 

Electrochemical Sensor 
- Mature technique 

- High sensitivity 

- Certain instrument requirement 

- High background noise 

Graphene Field-Effect 
Transistor 

- Ultrahigh sensitivity 

- Real-time monitoring 

- Complicated fabrication process 

- High background noise 

Nanopore Sensor 
- High sensitivity 

- Real-time monitoring 

- High background noise 

- Low throughput 

Conductivity - Low instrument requirement - Low sensitivity 
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polymerase. The amplicons serve as primers for subsequent RCA 
of pre-designed circular probes, therefore forming a two-step 
amplification for augmented sensitivity. FQ reporters, originally 
quenched by UiO66 MOF platform, hybridize with RCA amplicons, 
leading to fluorescence recovery. This technique exhibited an 
LOD of 4.0×101 CFU/mL with a wide linear range from 1.3×102 
CFU/mL to 6.5×104 CFU/mL for E. coli O157:H7 detection, which 
is significantly more sensitive than the real-time PCR assay with 
an LOD of 2.6×104 CFU/mL. 

The development of diverse Cas9-mediated fluorescence 
assays has propelled the emergence of biomedical devices 
employing these working principles. For example, Lee et al. 
coupled dCas9 selective sequence binding with ion concentration 
polarization phenomenon on a nanoelectrokinetic detection 
platform.[106] This device leverages the difference in 
electrophoretic mobility between dCas9-DNA complex and 
unbound DNA, leading to distinct concentrating patterns under a 
carefully tuned electric field. The stacking of dCas9-DNA 

complexes can be visualized by fluorescence. This platform has 
been used to detect C-C chemokine receptor type 5 gene related 
to human immunodeficiency virus (HIV), representing a powerful 
liquid biopsy tool for disease diagnostics. 

3.1.1.2. CRISPR-Cas12/13-Based Fluorescence Detection 

A critical disadvantage of Cas9-mediated nucleic acid detection is 
the stringent requirement of assay development with respect to 
detection sensitivity and specificity. In addition to CRISPR gRNA, 
probes and amplification primers need to be carefully designed to 
avoid poor sensitivity or nonspecific amplification. When adapting 
existing assays for a wider range of applications, researchers 
have to put a large amount of time and effort into redesigning 
probes and primers. This drawback may especially impair the 
development of diagnostic tools for newly identified diseases, 
considering bacterial and viral pathogens are rapidly emerging 
and evolving. Alternatively, Cas12/13-based biosensing has 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. CRISPR-Cas12/13 fluorescence readout. (A) CRISPR-Cas13 SHERLOCK detection. Reproduced with permission from reference.[20] Copyright 2017 
The Authors, published by American Association for the Advancement of Science. (B) Limit of detection for SHERLOCK is ~2 aM, as compared to ~50 fM for 
Cas13a alone. Reproduced with permission from reference.[20] Copyright 2017 The Authors, published by American Association for the Advancement of 
Science. (C) Multiplexed SHERLOCK detection. ZIKV: Zika virus. DENV: Dengue virus. Reproduced with permission from reference.[15a] Copyright 2018 The 
Authors, published by American Association for the Advancement of Science. (D) HUDSON procedure to extract viral RNA. Reproduced with permission from 
reference.[107] Copyright 2018 The Authors, published by American Association for the Advancement of Science. (E) SHERLOCK detection of Zika virus 
extracted from the saliva by HUDSON achieved 0.9 aM (~1 copy/µL) sensitivity. Reproduced with permission from reference.[107-108] Copyright 2018 The 
Authors, published by American Association for the Advancement of Science. 
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provided a new choice for ultrasensitive nucleic acid detection 
without complicated design. The collateral activity allows 
activated Cas12/13 to cleave bystander probes in a sequence-
independent manner. Hence, simply by changing the crRNA 
sequence, the assay can be adapted to detect a variety of nucleic 
acid targets. More importantly, the multi-turnover nature of the 
collateral activity converts one target recognition event into 
multiple probe cleavage events, resulting in intrinsic signal 
amplification. Although this signal amplification is still insufficient 
to satisfy the sensitivity requirement of amplification-free 
detection at the clinical level, Cas12/13-based biosensing can be 
integrated with a variety of strategies to further boost the 
sensitivity, therefore offering great potential for eliminating the 
need for primer design. We refer the readers to Section 4.1 for 
various amplification-free strategies. 

Since the discovery of collateral activity, nucleic acid 
detection based on collateral cleavage of FQ reporters has been 
widely investigated. For example, often regarded as the first 
comprehensive and applicable CRISPR-based biosensing 
system,[109] specific high-sensitivity enzymatic reporter unlocking 
(SHERLOCK) technology (Figure 5A and B) realized detection of 
Zika and Dengue virus down to 2 aM by integrating 1) target 
preamplification via RPA or RT-RPA, 2) T7 RNA polymerase 
transcription of amplified DNA to RNA, and 3) Cas13a collateral 
cleavage of FQ reporters activated upon detection of target 
RNA.[20, 110] Notably, SHERLOCK is capable of discriminating 
single-base mismatch between target and off-target viral strains. 
Later, Gootenberg et al. developed SHERLOCKv2 that uses four 
different Cas effectors, including three Cas13 endonucleases and 
one Cas12 endonuclease, to achieve multiplexed nucleic acid 
detection with attomolar sensitivity (Figure 5C).[15a] These 
effectors have different dinucleotide cleavage motif preferences 
and therefore can trans-cleave specific reporters. By scaling up 
the RPA preamplification step, the sensitivity of SHERLOCKv2 
can be boosted to the zeptomolar level. Moreover, SHERLOCKv2 
incorporates the activation of Type III CRISPR-Cas effector Csm6 
for further signal amplification. Activated LwaCas13a not only 
cleaves FQ reporters, but also degrades a specifically designed 
RNA activator containing poly(A) stretch followed by poly(U) 
protective stretch. The cleavage at the preferred AU dinucleotide 
site generates linear polyadenylates with 2’-3’ cyclic phosphate 
ends and thus triggers the collateral activity of Csm6. This 
technique resulted in an enhancement of sensitivity by 3.5 times. 
In a follow-up study, heating unextracted diagnostic samples to 
obliterate nucleases (HUDSON) sample treatment method, 
coupled with SHERLOCK, completes a pipeline for direct virus 
detection from bodily fluids.[107] HUDSON uses chemical and 
heating treatment to inactivate RNase and lyse viral particles 
(Figure 5D). The entire detection process takes less than 2 hours 
and can detect as low as 1 copy of Zika or Dengue virus per 
microliter of the patient sample (Figure 5E). 

Similar to SHERLOCK, for Cas12-based nucleic acid 
detection, a combination of target DNA amplification by RPA and 
DNA detection by Cas12a-mediated collateral cleavage of FQ 
reporters, known as DNA endonuclease-targeted CRISPR trans 
reporter (DETECTR), was developed for the detection of human 
papillomavirus 16 and 18 (HPV-16 and -18) with attomolar 
sensitivity.[15b] At the same time, a similar method integrating PCR 
with Cas12 collateral cleavage, termed one-hour low-cost 
multipurpose highly efficient system (HOLMES), was also 
reported.[95] HOLMES achieved the same attomolar level of 

sensitivity as DETECTR. By including an extra RT step, HOLMES 
demonstrated the potential for RNA detection. Building upon this 
method, HOLMESv2 adopted an isothermal amplification 
technique, LAMP, and used Cas12b to detect various RNA 
targets, such as viral RNA, human cell mRNA, and circular 
RNA.[111] Additionally, single-nucleotide polymorphism in target 
DNA was successfully discriminated, and DNA methylation 
degree could be quantified by HOLMESv2 as well. 

3.1.1.3. One-Pot Assay 

By far, the majority of ultrasensitive CRISPR-mediated biosensing 
platforms have been relying on NAA, thus increasing the 
complexity of the detection protocols and potentially introducing 
human artifacts and cross-contaminations especially during 
sample treatment and transfer processes. Such concerns can be 
dealt with without compromising detection sensitivity by 
implementing a one-pot assay for both NAA and CRISPR 
reactions. 

For one-pot assays, NAA proceeds in parallel with CRISPR 
reaction by directly mixing reagents together.[72a, 111-112] However, 
issues such as the stability of simultaneous reactions and 
compromised sensitivity due to difficulty in optimizing 
experimental conditions may lead to unreliable quantitative 
results.[113] Alternatively, several studies proposed to separate 
CRISPR assay from NAA reagents before the amplification step, 
by storing the detection assay on the tube wall,[114] at the lid,[115] 
or in an inner tube vessel,[113] and then allow follow-up mixing of 
amplicons and CRISPR reagents by either centrifugation or 
shaking. Interestingly, Yin et al. established a novel one-pot 
detection platform called dynamic aqueous multiphase reaction 
(DAMR) system.[116] The DAMR system consists of two phases 
containing different concentrations of sucrose, therefore forming 
a low-density top phase and a high-density bottom phase. RPA 
amplicons dynamically diffuse to the top phase, where the 
CRISPR detection reaction occurs. 

3.1.1.4. Multiplexed Detection 

Multiplexed nucleic acid detection has always been a hotspot in 
the field of molecular diagnostics. However, Cas12/13-mediated 
detection suffers from nonspecific collateral cleavage, hampering 
the identification of true targets among numerous candidates, 
whereas Cas9-based assays may not possess sufficient 
sensitivity due to the single-turnover nature. SHERLOCKv2 has 
presented a multiplexing solution as mentioned in Section 3.1.1.2, 
yet using multiple Cas orthologs is far from ideal, as currently 
there is only a limited selection of Cas enzymes developed as 
diagnostic tools, and they have an overlapping profile of 
dinucleotide motif cleavage preference. Thus, it is extremely 
challenging to design Cas enzyme-reporter pairs and to realize 
multiplexed detection with large capacity. Recently, an innovative 
platform called combinatorial arrayed reactions for multiplexed 
evaluation of nucleic acids (CARMEN) has provided opportunities 
for large-scale, multiplexed pathogen detection (Figure 6A and 
B).[117] Emulsion droplets of either target amplicons or Cas13 
detection reagents are color-coded with different sets of 
fluorescent dyes. These droplets are pooled and then loaded onto 
a microwell array, thus creating pairwise combinations of input 
droplets. Under the exposure to an external electric field, paired 
droplets merge and, if a detection reaction is triggered, start to 
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emit fluorescence unique to the assigned pair of color codes. 
CARMEN could simultaneously differentiate all 169 human-
associated viruses as well as detect Zika virus with attomolar 
sensitivity. 

 3.1.1.5. Cas-Mediated Cascades and Nucleic Acid Circuits 

Target preamplification is often considered less favorable, 
largely due to instrument requirements and complicated 
operations. More importantly, amplification-free detection 
methods mark a critical milestone in transitioning lab-based 
assays toward truly POC techniques. Yet, significantly reduced 
sensitivity poses a substantial challenge to amplification-free 
CRISPR-based diagnostics. To achieve similar level of sensitivity, 
common solutions include engineering Cas proteins as discussed 
in sections of CRISPR biochemistry, and integrating CRISPR 
biochemistry with ultrasensitive transduction techniques such as 
SERS[97] and graphene field-effect transistors (gFETs),[16b, 34] 
which will be discussed later in Section 3.1.5 and 3.2.2, 
respectively. An alternative approach involves signal amplification 
by implementing a Cas-mediated cascade reaction or an artificial 
biochemical circuit. For example, target RNA recognition by Type 
III Cas10-Csm complex initiates multi-turnover conversion of ATP 
into cOAs by Cas10, which subsequently activates multi-turnover 
collateral cleavage of FQ-ssRNA reporters by Csm6.[90a] However, 
this multiplexing signal amplification cascade reached only a 
sensitivity of 106 copies/µL for amplification-free SARS-CoV-2 
detection. Building upon this idea, multipronged, one-pot, target 
RNA-induced, augmentable, rapid test system (MORIARTY) 
pushed the LOD of SARS-CoV-2 assay to femtomolar level 
(~2,000 copies/µL). This method further leverages the collateral 
DNase activity of Csm1 subunit to cleave FQ-ssDNA reporters in 
the first step of the cascade for enhanced fluorescence 
signals.[90b] The idea of signaling cascade has also been 
translated to Cas13-mediated detection, as validated in 
SHERLOCKv2 with a 3.5-fold sensitivity improvement.[15a] 
Deriving from this method, fast integrated nuclease detection in 
tandem (FIND-IT) further optimized the SARS-CoV-2 detection 
assay using chemically modified activators, resulting in an 
increase in sensitivity by 100 times over unmodified activators.[89] 
By employing a multiplexing strategy with eight different crRNAs, 
FIND-IT detected SARS-CoV-2 genomic sequences at 
concentrations as low as 31 copies/µL within 20 min. 

In addition to cascade reactions, an artificial catalytic nucleic 
acid circuit for signal amplification, known as CRISPR-Cas-only 
amplification network (CONAN) offers a novel solution to 
ultrasensitive DNA detection free of target preamplification.[118] 
Upon target recognition, Cas12a cleaves a specifically designed 
probe, generating fluorescence and releasing a second crRNA for 
a positive feedback circuit. This circuit triggers additional 
collateral activities on the probes and causes exponentially 
amplified signals. Compared with conventional Cas12a diagnostic 
tools, CONAN demonstrated an enhancement of sensitivity by six 
orders of magnitude to attomolar level and improves single-base 
specificity by 7.2- to 10.4-fold. Unlike the cascade system, this 
technique only uses only one Cas enzyme, avoids multiplexed 
targeting of different genomic regions, and therefore facilitates 
assay adaptation for various targets, simply by changing the initial 
target-recognition crRNA. As a result, CONAN is considered the 
most minimalistic CRISPR-mediated signal amplification 
detection platform thus far.[119] 

3.1.1.6. Digital Assay 

Digital assays have recently attracted much attention due to the 
absolute quantification of targets and increased detection 
accuracy.[120] In digital assays, a sample is partitioned into 
thousands[121] or even millions[122] of compartments containing 
single entities of interest.[123] As opposed to conventional analog 
assays that measure bulk concentration, digital assays quantify 
the total number of targets by calculating a Poisson distribution of 
the number of compartments with positive and negative detection 
results.[124] This absolute quantification is especially favorable to 
nucleic acid detection, considering the limitation of relative 
quantification in qPCR that may cause biases from sample-
specific and sequence-dependent PCR inhibition.[125] The 
digitization of PCR has been widely adopted in nucleic acid 
testing,[126] which spurs the development of digital CRISPR-based 
techniques. It is intuitive to accommodate CRISPR diagnostics to 
digital formats. The solution-based assays are 
compartmentalized into droplets of ultralow volumes (usually in 
the range of nanoliter to femtoliter) by microfluidics.[58b, 127] NAA-
based CRISPR fluorescence assays have been directly digitized 
for nucleic acid detection.[127a-d] Further engineering of the reagent 
use in the isothermal amplification process results in warm-start 
assays that prevent premature amplification at room temperature, 

 
Figure 6. Combinatorial arrayed reactions for multiplexed evaluation of nucleic acids (CARMEN). (A) Workflow of CARMEN. Emulsified sample solutions and 
Cas13 reagents color-coded with unique fluorescent dyes are pooled and loaded onto a chip, forming all possible pairwise combinations of droplets. These 
droplet pairs then merge together, enabling Cas13 collateral cleavage of fluorescent reporters and emitting fluorescence with color codes specific to the droplet 
pairs. Reproduced with permission from reference.[117] Copyright 2020 The Authors, published by Springer Nature. (B) Identification of H1-H16 subtypes of 
influenza A virus. Reproduced with permission from reference.[117] Copyright 2020 The Authors, published by Springer Nature. 
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thus generating more reliable quantitative results.[127e-g] 
Alternatively, the engineering of microfluidics can also avoid 
premature amplification in a way such that a key RPA reagent, 
magnesium acetate, is added through a picoinjector after droplet 
formation to achieve controlled initiation of target 
amplification.[127h] Digital NAA-based CRISPR assays often 
perform simultaneous amplification and detection reaction and 
therefore may suffer from similar drawbacks of one-pot assays. 
This limitation can be alleviated by employing a microfluidic 
device to load and partition amplification and CRISPR reagents in 
a sequential manner.[127i] 

Compared to analog CRISPR-based assays, digital assays 
improve the sensitivity as a result of the confinement effect that 
causes an increase in local target concentration in the droplets.[58b, 

127a] Leveraging this sensitivity enhancement principle, 
amplification-free assays have been developed,[58b, 127j, 127k] and 
the LOD can be as low as 6 copies/µL for Cas13a-based SARS-
CoV-2 detection[58b] and 17.5 copies/µL for Cas12a-based African 
swine fever virus (ASFV) detection.[127j] 

3.1.1.7. Smartphone-Based Point-of-Care Fluorometric 
Biosensors 

Smartphone-based POC CRISPR diagnostics is evolving rapidly 
because of the pervasive nature of smartphone users. Apart from 

plate reader or real-time PCR, smartphones can easily be 
integrated for fluorescence signal acquisition, thus making the 
CRISPR diagnostic tools better suited for POC biosensing.[130] 
Numerous smartphone-coupled CRISPR diagnostic techniques 
have been reported in recent years.[18-19, 112a, 115b, 128-129, 131] For 
instance, Fozouni et al. designed a CRISPR-Cas13a assay to 
quantitatively detect SARS-CoV-2 in patient samples by 
smartphone imaging (Figure 7A).[18] Their sensing platform 
demonstrated 100 copies/µL sensitivity within 30 min without 
preamplification. By incorporating machine-learning algorithms, 
smartphone applications can be equipped with an additional 
capability to interpret results, in addition to data collection.[112a, 131a] 

Smartphone-based detection can also be combined with 
devices for integrated platforms. Ning et al. built a Cas12a-based 
detection platform to diagnose COVID-19.[19] They fabricated a 
compact assay chip that can be inserted into a smartphone reader 
for imaging. This device exhibited an LOD of 0.38 copies/µL for 
the detection of SARS-CoV-2 spiked in saliva samples. Chen et 
al. reported a single-step CRISPR-Cas12a-assisted assay 
utilizing a droplet magnetofluidic device to enrich nucleic acid 
targets in the sample.[131b] They also designed a compact 
thermoplastic cartridge for fully integrated and automated 
operation. The entire automated device enriches targets on 
magnetic beads, releases them in a nearby chamber, and finally 
performs the RT-RPA and CRISPR-Cas12a reaction in another 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Smartphone-based POC CRISPR diagnostics. (A) Amplification-free SARS-CoV-2 detection with CRISPR-Cas13a and mobile phone microscopy. 
Reproduced with permission from reference.[18] Copyright 2020 Elsevier. (B) Minimally instrumented SHERLOCK platform for POC SARS-CoV-2 detection. 
Reproduced with permission from reference.[128] Copyright 2021 The Authors, published by American Association for the Advancement of Science. (C) 
Smartphone-based digital CRISPR for sensitive detection. Left: Schematic illustration of smartphone-based digital CRISPR platform. Right: Photo of the digital 
chip and images of digital CRISPR assays with a calibration curve between the number of positive wells and target DNA concentration. NTC: No-target control. 
Reproduced with permission from reference.[129] Copyright 2021 American Institute of Chemical Engineers. 
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chamber. This miniaturized platform is able to detect 1 SARS-
CoV-2 genome/μL of sample in less than 30 min. In addition, Tian 
et al. developed a highly efficient dual-gene diagnostic tool based 
on the orthogonal collateral cleavage mechanism of the Cas12a 
and Cas13a system on ssDNA and ssRNA, respectively.[131c] This 
platform performs multiplex recombinase polymerase 
amplification and Cas12a and Cas13a reaction in one pot and 
employs a two-channel smartphone fluorescence readout. The 
portable device demonstrated 100% sensitivity and 100% 
specificity for diagnosing 32 suspected SARS-CoV-2 swab 
samples and 35 ASFV suspected swine blood samples. 

Combining all sorts of significant features mentioned above, 
de Puig et al. constructed a minimally instrumented SHERLOCK 
(miSHERLOCK) platform that incorporates a built-in sample 
preparation chamber with battery-powered incubation, signal 
readout with a smartphone camera, and result interpretation by a 
smartphone application (Figure 7B).[128] The miSHERLOCK 
platform successfully detected SARS-CoV-2 virus from saliva 
samples with an LOD of 1,240 copies/mL. 

Smartphones can also be used for data collection in digital 
CRISPR-assisted assays. Yu et al. have demonstrated a digital 
CRISPR-Cas12a assay based on imaging with a smartphone 
fluorescence reader and counting the number of positive and 
negative wells in a microfluidic chip (Figure 7C).[129] Using this 
platform, they detected hepatitis B virus (HBV) at femtomolar 
sensitivity without any preamplification step. The digital CRISPR 
assay also performed robustly in human serum samples with a 
recovery rate of >96%, suggesting high potential for clinical 
applications.  

3.1.2. Bioluminescence and Electrochemiluminescence 

The prosperity in the field of CRISPR-mediated fluorescence 
diagnostic platforms has stimulated the development of CRISPR 
biosensing based on other luminescence methods. Among a 
variety of luminescence biosensing techniques, bioluminescence 
(BL) and chemiluminescence (CL) have been successfully 
integrated with CRISPR technology for diagnostic applications.[24, 

98a] Compared with fluorescence, BL and CL rely on specific 
chemical reactions to generate light, leading to lower nonspecific 
signals and a higher signal-to-noise ratio.[132] They do not require 
incident light and therefore are promising optical techniques for 
the development of fully integrated, miniaturized CRISPR-based 
diagnostic tools. 

Based on BL, Zhang et al. designed a paired dCas9 reporter 
system for Mycobacterium tuberculosis DNA detection.[24] In this 
method, split fragments of firefly luciferase are linked to a pair of 
dCas9 proteins and brought into close proximity for conjugation 
when the dCas9 pair binds to the target dsDNA. The integral 
luciferase enzyme then catalyzes BL reactions for signal 
generation. This system achieved an amplification-free sensitivity 
of 50 pM, and by incorporating 35 cycles of PCR, could detect as 
low as one genomic copy in a 500 µL pre-PCR sample. 

Alternatively, electrochemiluminescence (ECL) 
transduction has been incorporated into a portable Cas13-driven 
platform for RNA detection (Figure 8).[98a] Following target 
recognition, LbuCas13a mediates collateral degradation of a 
preprimer at the preferred UU dinucleotide motif and produces a 
mature primer for subsequent EXPAR. ECL luminophores, 
[Ru(phen)2dppz]2+, ligate with the amplicons and undergo ECL 
reactions in the presence of coreactants on a portable ECL chip, 
thus generating quantifiable luminescence. This platform 
demonstrated the detection of miR-17 with femtomolar sensitivity 
and high specificity against other similar miRNAs. The paper-
based ECL chip allows for simple, low-cost detection ideal for 

 
 
 
 
 
 

 

 

 

 

 

 

 

 
Figure 8. CRISPR-Cas13a-powered ECL chip. (A) Target miRNA detected by LwaCas13a cleaves a preprimer into a mature primer at UU motif because of its 
dinucleotide preference. The mature trigger serves as the primer for EXPAR amplification. (B) An ECL light switch, [Ru(phen)2dppz]2+, ligates with the 
amplicons, thereby initiating a reaction that generates luminescence. Reproduced with permission from reference.[98a] Copyright 2020 The Authors, published 
by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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POC diagnostics. More importantly, the ECL reaction eliminates 
the need for traditional surface functionalization on biosensors, 
hence greatly simplifying experimental procedures. 

3.1.3. Colorimetry 

Colorimetric detection is one of the most widely used techniques 
for diagnostic purposes, mainly due to its rapid deployment, cost 
effectiveness, and minimal instrument requirements.[133] A 
straightforward design for CRISPR-based assays is to induce a 
color change as a result of colorimetric reactions following target 
recognition by Cas proteins. For example, Pardee et al. 
developed a paper-based toehold switch sensor for colorimetric 
discrimination between Zika and Dengue virus, and further 
incorporation of Cas9-driven cleavage improved specificity to 
differentiate variants of Zika virus (Figure 9A).[67] The biosensor 
uses a riboregulator called toehold switch that activates the 
translation of LacZ enzyme upon binding to a trigger RNA, in this 
case, the target RNA. Then, LacZ catalyzes the conversion of 
chlorophenol red-β-D-galactopyranoside into chlorophenol red, 
leading to a color change from yellow to purple. Coupled with 
nucleic acid sequence-based amplification (NASBA) and T7 
transcription, this paper assay exhibited femtomolar sensitivity for 
detecting Zika virus. However, this method cannot distinguish 
between African and American strains of Zika virus, considering 
they have the same primer binding site and are therefore 
indiscriminately amplified. To address this problem, a toehold 
trigger is instead appended to the NASBA-amplified target RNA 
via reverse transcription. When a strain-specific PAM is present, 
Cas9-directed cleavage causes subsequent T7 transcription to 
generate a truncated RNA without the trigger sequence, and 
therefore, the paper assay remains yellow. In contrast, in the 
absence of the PAM sequence, Cas9 is not activated, and a full-
length RNA is transcribed, initiating the toehold reaction for a color 
change. The high specificity of Cas9 system allows single-base 
differentiation between American and African strains of Zika virus. 
In addition to a simple naked-eye readout, this assay can be used 
along with a portable electronic reader to measure light 
transmission through the paper substrate, providing field-
deployable, quantitative analysis of viral infections. In fact, 
CRISPR-mediated detection is compatible with a variety of 
colorimetric reactions, including the oxidation of 3,3’-5,5’-
tetramethylbenzidine (TMB) by horseradish peroxidase (HRP),[25, 

134] G-quadruplex DNAzyme,[135] or Ag+;[136] the oxidative coupling 
of 4-aminoantipyrine (4-AAP) and N-ethyl-N-(2-hydroxy-3-
sulfopropyl)-3-methylaniline (TOOS) following glucose 
oxidation;[137] and G-quadruplex DNAzyme-catalyzed oxidation of 
2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)[138] 
or its diammonium salt ABTS2-.[139] 

Lateral flow assay (LFA) is another popular format of 
colorimetric detection for fast and inexpensive POC diagnostics. 
SHERLOCK was integrated with commercial LFAs consisting of 
a sample pad loaded with anti-FAM antibody-conjugated gold 
nanoparticles (AuNPs), a control band with streptavidin, and a 
sample band with protein A (Figure 9B).[15a] In a typical operation, 
the SHERLOCK reaction mix containing FAM-biotin ssRNA 
reporters is added to the sample pad and carries the AuNPs 
through the control and sample band. Upon target detection, 
Cas13a trans-cleaves the reporters, reducing accumulation of 
AuNPs on the control band and allowing their binding on the 
sample band. Hence, dark purple appears on the sample band. 

This LFA can detect 2 aM Zika and Dengue virus within an hour. 
In combination with HUDSON process for virus inactivation, 
SHERLOCK demonstrated streamlined LFA detection of virus 
from bodily fluids.[107] For diagnosis of asymptomatic malaria 
carriers, Lee et al. used a different sample preparation protocol 
termed SHERLOCK parasite rapid extraction protocol (S-PREP) 
to access intracellular parasites, and designed a one-pot, 
lyophilized SHERLOCK assay for ultrasensitive and highly 
specific LFA-based detection of two pathogenic species of 
malaria, Plasmodium falciparum and Plasmodium vivax, 
demonstrating CRISPR-based POC diagnostics suitable for 
resource-limited settings.[112b] SHERLOCK-based LFA has 
enabled convenient detection of various nucleic acid targets, such 
as CP4 EPSPS gene encoding glyphosate resistance in 
soybeans[73] and white spot syndrome virus in shrimp.[140] The 
similar collateral activity of CRISPR-Cas12 has encouraged the 
development of DETECTR-based or DETECTR-like LFA 
targeting bacteria such as Pseudomonas aeruginosa[141] and 
Shigella dysenteriae,[142] and viruses such as HPV-16 and HPV-
18,[143] Epstein-Barr virus,[144] and ASFV.[145] 

In some cases, the collateral activity may be disturbed by 
target-independent factors, leading to undesired inhibition or 
nonspecific activation.[57b, 146] Additionally, compared with the 
Cas12 system, Cas9 relies on the more commonly observed NGG 
PAM sequences, representing a more versatile tool for dsDNA 
detection.[146] Hence, Wang et al. developed a CRISPR-Cas9-
mediated lateral flow nucleic acid assay (CASLFA).[146] In 
CASLFA, biotinylated RPA amplicons of DNA targets bind to 
Cas9-sgRNA complexes. The assembled RNP complexes then 
flows through the LFA sample pad loaded with DNA probe-
functionalized AuNPs. The Cas9 sgRNA is designed with an 
extended stem-loop structure that can hybridize with the DNA 
probes on the AuNPs. As a result, the RNP complexes pick up 
the AuNP-DNA probes and are captured at the LFA test line 
coated with streptavidin. Meanwhile, excess AuNP-DNA probes 
flow past the test line and accumulate at the control line. CASLFA 
was validated for the detection of L. monocytogenes, 35S 
promotor sequence in transgenic rice, and ASFV, and achieved 
an LOD of several hundred copies of genomic DNA, comparable 
to PCR-based diagnostics. 

Plasmonic nanoparticles have also been extensively 
studied as a fundamental component for in vitro colorimetric 
assays.[147] The interparticle distance can be controlled by 
CRISPR-mediated target recognition, causing localized surface 
plasmon resonance shifts within the ultraviolet-visible wavelength 
range and associated color changes of the colloidal solution.[148] 
Based on this principle, Li et al. developed a Cas12a plasmonic 
colorimetric assay for the detection of grapevine red-blotch virus 
infection.[149] Cas12a-mediated collateral cleavage of ssDNA 
linkers prevents the crosslinking of AuNPs, and therefore, the 
AuNPs remain dispersed in the solution. In contrast, a lack of 
target DNA causes a discernible color change from red to blue 
due to AuNP aggregation via crosslinking. This colorimetric assay 
allows a simple naked-eye readout with an LOD of 200 pM, and 
by measuring absorbance, the LOD can be lowered to 40 pM. 
Combining this method with PCR can further boost the sensitivity 
to 10 aM of spiked targets. A follow-up study forms an orthogonal 
assay to reduce the possibility of false positives or negatives by 
adding an additional cross-validation test.[150] This extra test uses 
the ssDNA linker as a stabilizer to prevent aggregation of bare 
AuNPs at high salt concentrations. Consequently, a true positive 
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causing degradation of the ssDNA linkers should induce AuNP 
aggregation in the crosslinking test while maintaining the 

dispersion state of AuNPs in the cross-validation test. Yuan et al. 
expanded the Cas12a-based colorimetric detection to Cas13 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9. CRISPR-Cas13 colorimetric readout. (A) Schematic of Nucleic Acid Sequence Based Amplification (NASBA)-CRISPR Cleavage (NASBACC). NASBA 
amplicons undergo Cas9 cleavage and generate product sequences that trigger translation of LacZ enzyme, which is colorimetrically reported by a toehold 
switch reaction. Reproduced with permission from reference.[67] Copyright 2016 Elsevier. (B) Lateral flow assay for SHERLOCK detection. Reproduced with 
permission from reference [15a]. Copyright 2018 The Authors, published by American Association for the Advancement of Science. 
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system using ssRNA as the crosslinker, thus completing a 
universal Cas12/13-based AuNP colorimetric assay for nucleic 
acid detection.[96] The mechanism of crosslinking aggregation of 
plasmonic nanoparticles mediated by collateral cleavage has 
been extensively investigated for SARS-CoV-2[151] and 
Salmonella[152] detection. Further engineering attempts to control 
nanoparticle aggregation include 1) eliminating the use of 
additional crosslinkers by hybridizing ssDNAs of different lengths 
on the AuNPs, which leaves a ssDNA end vulnerable to Cas12a 
collateral cleavage;[153] 2) directly trans-cleaving ssDNAs on the 
AuNPs;[154] and 3) enriching AuNPs by magnetic separation for 
enhanced colorimetry.[155] In addition to Cas12/13-based methods, 
Cas9-mediated target cleavage can initiate isothermal 
amplification, generating amplicons that hybridize with AuNP 
probes to induce aggregation.[33a]  

3.1.4. Gel Electrophoresis 

So far, luminescence and colorimetry have demonstrated the 
potential for simple visual readout. As an extensively used 
technique in molecular biology for the separation of nucleic acid 
fragments, gel electrophoresis can also serve as a visual 
detection technique by inspecting nucleic acid bands on a gel 
image. Yet, gel electrophoresis for detection applications has 
been rarely investigated and almost entirely limited to lab settings, 
owing to the requirement of gel electrophoresis systems to induce 
nucleic acid separation as well as specialized personnel to 
prepare tests and analyze results. Nevertheless, taking a look at 
evolving gel electrophoresis CRISPR assays may spark the 
design of other platforms employing similar working principles but 
different transduction techniques and facilitate the development 
of POC diagnostics. 

Gel electrophoresis plays an important role in the validation 
of hybridization chain reaction (HCR).[156] For detection purposes, 
target sequence serves as an initiator to trigger a cascade of 
alternating hybridization between two DNA hairpins probes, 
forming large chunks of hybridized strands that can be easily 
identified on a gel image. HCR benefits from enzyme-free signal 
amplification, but on the other hand, target candidates are 
generally limited to single-stranded sequences. CRISPR-Cas12a 
has equipped HCR with additional capabilities to include dsDNAs 
as targets and improve programmability and sensitivity.[157] In the 
presence of DNA targets, Cas12a mediates collateral cleavage of 
initiators, thus inhibiting HCR and displaying a single, sharp band 
on the gel image. On the contrary, HCR proceeds in the absence 
of DNA targes, generating broad bands. Unlike conventional 
HCR-based detection, where the hairpin probes have to be 
redesigned and validated for different targets, Cas12a-mediated 
HCR detection allows for easy adaptation for diverse applications 
by only varying crRNAs. This high programmability was verified 
with selective detection of tobacco curly shoot virus fragments 
and HBV genomes. Taking advantage of Cas12a multi-turnover 
trans-cleavage, this method enabled amplification-free detection 
of targets down to 1.5 fmol. 

The size-based nucleic acid separation by gel 
electrophoresis has also enabled revolutionary Cas9-based 
multiplexed RNA detection refered to as leveraging engineered 
tracrRNAs and on-target DNAs for parallel RNA detection 
(LEOPARD).[158] The method is based on the discovery that 
cellular RNA can act as crRNAs, form noncanonical crRNAs 
(ncrRNAs) through hybridization with tracrRNAs and activate 

sequence-specific DNA cleavage activity of Cas9. Inspired by this 
finding, LEOPARD uses multiple reprogrammed tracrRNAs to 
recruit RNAs of interest as crRNAs. The resulting ncrRNAs guide 
Cas9 cleavage of matching DNA targets into products of distinct 
length. These unique DNA cleavage products can be 
discriminated by gel electrophoresis and traced back to target 
RNAs for multiplexed detection. Remarkably, LEOPARD 
demonstrated single-base resolution capable of differentiating 
wild-type SARS-CoV-2 and D614G variants. To further construct 
a systematic workflow for ultrasensitive detection, RNA 
preamplification and Bioanalyzer readout were incorporated into 
LEOPARD, achieving an LOD of 1.7 aM wild-type SARS-CoV-2 
fragment. Although the multiplexing capability is limited to a dozen 
targets because of insufficient detection capacity of gel 
electrophoresis or Bioanalyzer, LEOPARD has the potential for 
multiplexed detection of millions of targets when integrated with 
microarrays or next-generation sequencing. 

 3.1.5. Surface-Enhanced Raman Spectroscopy 

SERS takes advantage of significant enhancement of 
electromagnetic field induced by incident laser near metal 
nanostructures, along with minor chemical contributions to signal 
enhancement, making it one of the most sensitive spectroscopy 
techniques for biosensing.[159] The reported enhancement factor 
can be as high as 1014 to 1015, and therefore, SERS is a promising 
candidate for achieving single-molecule level of sensitivity.[160] In 
light of such high sensitivity, Kim et al. developed the first 
CRISPR-mediated SERS assay for amplification-free detection of 
multidrug-resistant bacteria.[97a] The dCas9 system functions 
similarly to the antibody-like dCas9-sgRNA RNP complex in the 
CRISPR-based FISH method discussed in Section 3.1.1.1. The 
RNP complexes linked to gold-coated magnetic nanoparticles 
selectively capture target genes, and then methylene blue (MB) 
intercalates into the bound dsDNA targets. After magnetic 
separation and concentration of the nanoparticles, the Raman 
intensity at the 1620 cm-1 characteristic peak of MB is used to 
quantify target concentration. Notably, the LOD of this assay 
reached femtomolar level without purification and preamplification, 
highlighting the prospect of CRISPR-mediated SERS detection as 
an amplification-free ultrasensitive detection technique. 

The trans-cleavage activity of the CRISPR-Cas12 system 
has inspired alternative designs for SERS-based detection. Often 
in these cases, bystander ssDNA is employed as a linker to 
immobilize SERS tags or Raman reporter molecules. For 
example, TAMRA-labeled AuNPs can be tethered to a SERS-
active graphene oxide/triangle gold nanoflower array via ssDNA 
bridges, and Cas12a collateral cleavage of these linkers upon 
target detection leads to a turn-off of SERS signals (Figure 10).[97b] 
This amplification-free method was validated with HBV, HPV-16 
and HPV-18 with a detection range of 1 aM to 100 pM. A similar 
design anchors 4-ATP modified silver nanoparticles to magnetic 
beads and successfully detected 1fM SARS-CoV-2 in clinical 
samples using a portable Raman spectrometer.[161] Pan et al. 
increased compatibility with biological matrices by using Prussian 
blue nanoparticles due to their unique Raman characteristic peak 
in a biologically silent region (1800-2800 cm-1).[162] Furthermore, 
engineering tethered molecules can enable controlled release of 
Raman-active reporters.[163] Liposomes encapsulating 4-
nitrothiophenol (4-NTP) are immobilized on a microplate via 
ssDNA linkers and freed by activated Cas12. The remaining 
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liposomes undergo breakdown in the presence of surfactants, 
releasing Raman-active 4-NTP for subsequent SERS 
measurement. This method also demonstrated versatility by 
enclosing cysteine in liposomes for colorimetric detection. 
Additionally, instead of being cut by Cas enzymes after anchoring 
SERS tags or reporter molecules, ssDNA can be cleaved 
beforehand.[164] Degraded linkers fail to crosslink SERS tags, 
leaving them in dispersed form and causing weak SERS 
intensities. This strategy can be combined with a follow-up 
centrifugation step and changed into a turn-on method by 
measuring SERS signals in the supernatant.[165] 

As discussed in CRISPR-based colorimetric detection, 
AuNPs are often used in LFA to visualize detection results. Ideally, 
the aggregation of SERS-active nanoparticles at the LFA test line 
can generate sufficient SERS enhancement for quantitative and 
more sensitive detection. Establishing upon this idea, Pang et al. 
developed Cas12a-mediated SERS-LFA for the detection of HIV 
type 1 (HIV-1).[166] Activated Cas12a cuts ssDNA probes, 
preventing SERS tags from being captured at the test line and 
resulting in decreased signals. This method achieved a linear 
detection range of 1 fM to 10 pM, with an estimated LOD of 0.3 
fM. In addition, Cas12a-mediated SERS-LFA successfully 
discriminated 0.01% single-base drug resistance mutation from 
wild-type DNA background.  

3.1.6. Refractive Index 

Koo et al. have reported a dCas9-enhanced silicon microring 
resonator (SMR) biosensor for simultaneous NAA and nucleic 
acid detection in real time.[98b] In brief, RPA primers are tethered 
to the sensor surface and can hybridize with target DNA or 
complementary DNA transcribed from target RNA to initiate 
amplification. The amplicons on the surface of the biosensor 
changes the refractive index, which is monitored in terms of 
resonant wavelength shift. The binding of dCas9-sgRNA RNP 
complexes to the amplicons further increases the change in the 
refractive index, thus improving the sensitivity. This SMR 
biosensor is 100 times more sensitive than qPCR, capable of 
detecting tick-borne pathogens such as bacterial DNA from 
Orientia tsutsugamushi and viral RNA from bunyavirus with 
single-molecule sensitivity (~0.6 aM). Although this technique 

may suffer from similar drawbacks to one-pot assays as a result 
of simultaneous reactions, it offers a unique label-free detection 
principle that may be of particular interest to optical methods 
encountering problems such as diminished signals due to 
photobleaching. 

3.2. CRISPR-Based Biosensing Systems with Electrical 
Readouts 

Electrical transduction modalities for biosensing rely on the 
measurement of biorecognition-induced changes in electrical 
characteristics, including impedance, voltage, and current.[167] As 
opposed to optical biosensors, which often require photodetectors 
to convert optical signals into electrical signals for processing, 
electrical biosensors may bypass the need for additional 
transducer modules as electrical signals in these platforms can 
be directly used for detection purposes.[167] More importantly, 
modern electrical devices are often equipped with additional 
capabilities such as sample preparation and are compatible with 
contemporary micro/nanofabrication techniques for 
miniaturization, thus offering great potential for large-scale 
manufacturing of integrated POC platforms.[168] Additionally, 
electrical readouts benefit from advantages of high sensitivity, 
cost effectiveness, and low power requirements.[168] This section 
covers major efforts to incorporate CRISPR technology into 
electrical detection systems, including conventional three-
electrode electrochemical sensors, graphene field-effect 
transistors, nanopore sensors, and biomaterial-based 
conductivity sensors 

3.2.1. Electrochemical Sensor 

Conventional three-electrode electrochemical systems are 
among the first attempts to combine CRISPR with electrical 
transduction techniques. Dai et al. developed a Cas12a-based 
electrochemical biosensor, E-CRISPR, for detection of viral 
ssDNA, including HPV-16 and parvovirus B19 (PB-19), with 
picomolar sensitivity.[169] The three-electrode configuration of E-
CRISPR consists of gold thin film working and counter electrodes 
and an Ag/AgCl reference electrode (Figure 11A). Thiolated 
ssDNA reporters tagged with MB are functionalized onto the gold 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10. CRISPR-Cas mediated biosensing based on SERS. Surface-enhanced Raman spectroscopy (SERS). Graphene-oxide/triangle Au nanoflowers are 
functionalized with Raman probe-modified gold nanoparticles using ssDNA as the linker. Activated Cas12a cleaves the linker, resulting in a decrease in Raman 
intensity. Reproduced with permission from reference.[97b] Copyright 2021 American Chemical Society. 
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electrodes, and the charge transfer between the gold electrode 
and the redox active MB generates a measurable current signal. 
Upon target recognition, collateral cleavage of ssDNA reporters 
causes a decrease in the electrochemical current of MB, and the 
amount of decrease can be correlated with target concentration. 
Apart from nucleic acid detection, an E-CRISPR cascade reaction 
can be employed to enable the detection of proteins in clinical 
samples (Figure 11B). Aptamer probes, specifically designed to 

recognize hepatocellular carcinoma-associated transforming 
growth factor β1 (TG -β1), form complexes with these protein 
biomarkers and become inaccessible to Cas12a target 
recognition. The concentration of free aptamer probes is 
subsequently determined by E-CRISPR. This E-CRISPR cascade 
represents a critical advancement of CRISPR-Cas biosensing by 
employing highly specific aptamer- and CRISPR-based detection 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 11. CRISPR-Cas12/13 electrochemical readout. (A) Schematic of a CRISPR-Cas12a-based electrochemical biosensor (E-CRISPR) for HPV-16 a PB-
19 detection. Trans-cleavage of immobilized reporters on the sensor surface by activated Cas12a leads to a current decrease. Reproduced with permission 
from reference.[169] Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) E-CRISPR cascade reaction for detection of transforming growth 
factor β1 (TG -β1) protein. TG -β1-specific aptamers bound to TGF-β1 proteins cannot be detected by Cas12a, resulting in an inhibition of Cas12a collateral 
cleavage, while in the absence of TGF-β1 proteins, collateral cleavage is unaffected. Therefore, an increase in current response is observed while TG -β1 
proteins are detected. Reproduced with permission from reference.[169] Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Schematic of 
CRISPR-Cas13-powered electrochemical microfluidic biosensor for amplification-free detection of miRNAs. Reproduced with permission from reference.[170] 
Copyright 2019 The Authors, published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Off-chip calibration curve for miR-19b detection with 24 hours 
of assay incubation. The limit of detection is 2 pM. Reproduced with permission from reference.[170] Copyright 2019 The Authors, published by Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim. 
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simultaneously and expanding the range of target biomarkers 
beyond nucleic acids. 

The electrochemical readout can also be integrated into 
microfluidics to prepare a miniaturized POC tool for disease 
diagnostics. Bruch et al. fabricated a microfluidic electrochemical 
sensor for the measurement of miRNAs such as miR-19b and 
miR-20a, of which serum levels are known to be associated with 
cancer.[170] The microfluidic sensor is defined with two regions, a 
microfluidic channel area that allows functionalization, and an 
electrochemical cell unit with a standard three-electrode 
configuration consisting of Pt working and counter electrodes and 
an Ag/AgCl reference electrode (Figure 11C). The microfluidic 
channel is pre-functionalized with streptavidin, followed by 
incubation with a CRISPR assay solution containing Cas13a 
proteins, crRNAs, ssRNA reporters dual-labeled by biotin and 
fluorescin 6-FAM, and sample fluid. After the incubation, glucose 
oxidase (GOx)-labeled anti-fluorescein antibodies are added 
through the inlet port. In the absence of target miRNA, ssRNA 
reporters can be captured by streptavidin and subsequently bind 
with anti-fluorescein antibodies, leading to anchoring of GOx on 
the channel surface. When a glucose solution is supplied to the 
microchannel, the immobilized GOx catalyzes glucose oxidation, 
and the reaction product, hydrogen peroxide, is further reduced at 
the working electrode, generating current signals. In contrast, the 
number of the immobilized GOx is decreased and less hydrogen 
peroxide is formed when the target sequences in the sample 
trigger Cas13a collateral cleavage, therefore producing lower 
current signals. This work managed to detect miRNAs and 
distinguish a single mismatch in clinical serum samples with 
picomolar sensitivity (Figure 11D) and represents a promising 
amplification-free CRISPR-based biosensor for on-site detection 
of disease biomarkers.  

 3.2.2. Graphene Field-Effect Transistors 

The emergence of field-effect transistors (FETs) and their 
applications in biosensing has created additional opportunities for 
ultrasensitive and amplification-free nucleic acid detection. A 
transistor is a semiconductor device that can regulate current flow. 
For FET devices, an external electric field is applied to control the 
current passing through the semiconductor channel. In a typical 
three-terminal FET design, a source electrode supplies current to 
the semiconductor channel, and the drain electrode collects the 
current that flows across the channel. A third electrode called the 
gate electrode provides an electric field to modulate channel 
conductivity and thus the source-drain current. The performance 
of silicon-based FET devices is approaching their theoretical limit 
(7 nm transistor current standard vs. ~0.2 nm atomic silicon size), 
so researchers have been looking for alternative semiconductor 
materials with superior electrical properties to replace silicon.[171] 
Graphene, a 2D material first discovered experimentally in 2004, 
has very high carrier mobility (>15,000 cm2/V·s), making it a great 
candidate as FET channels.[172] Compared with typical FET 
materials such as indium oxide, the significantly higher carrier 
mobility of graphene has allowed it to be highly sensitive to 
changes in an external field. As a result, graphene field-effect 
transistors (gFET) are widely accepted as ultrasensitive 
biosensors. 

Leveraging the exceptional electrical properties of graphene 
and high selectivity of the CRISPR-Cas system, a dCas9-
mediated gFET biosensor, named CRISPR-Chip, was reported 
for amplification-free detection of Duchenne muscular dystrophy-
associated mutations from clinical samples with an LOD of 1.7 fM 
within 15 min detection time (Figure 12).[34a] In CRISPR-Chip, 
dCas9-sgRNA complexes are covalently tethered to the graphene 
surface, acting as the biorecognition elements in a similar way to 
antibodies. The capture of negatively charged dsDNA targets 
alters the local electric field over the graphene channel and 
induced a significant change in source-drain current responses. 
Later, CRISPR-Chip was optimized to differentiate single-

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12. CRISPR-dCas9-mediated graphene field-effect transistor (gFET) biosensor. dCas9 tethered onto the graphene surface captures targets in the 
solution, causing a change in current. Reproduced with permission from reference.[34a] Copyright 2019 Springer Nature. 

Detection time

15 min

CRISPR-Cas9

DNA

Epoxy

Drain  electrode

Cartridge

Sample

DNA

sgRNA

Identification site

Graphene  layer

Patient

I r
es

po
ns

e
(%

)

Source 
electrode

PBA linker

0 10 20 30 40

Signal +

Signal -

10.1002/anie.202214987

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202214987 by N

orth C
arolina State U

niversity, W
iley O

nline Library on [03/02/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



REVIEW          

22 
 

nucleotide polymorphisms by using high-fidelity Cas9 orthologs 
and expanding the types of electrical measurements to record 
capacitance and effective gate potential in addition to source-
drain current.[34b] As discussed earlier, Cas13-based detection is 
favored over Cas9-based methods because of the multi-turnover 
signal amplification by Cas13 collateral activities. Consequently, 
an amplification-free Cas13-mediated miniaturized gFET 
biosensor array was developed.[16b] This platform relies on Cas13 
collateral cleavage of RNA probes immobilized on graphene 
surface and can achieve 1 aM sensitivity within 30 min for SARS-
CoV-2 detection. Such detection limit is two orders of magnitude 
below concentrations that are generally considered relevant for 
diagnostic purposes.[173] More importantly, the detection reaction 
can be completed at room temperature as opposed to CRISPR-
Chip at 37°C, marking an outstanding advance toward POC 
diagnostic platforms.  

3.2.3. Nanopore-Based Resistive Pulse 

Recent advances in nanofabrication processes have pushed 
forward resistive pulse sensing further to the development of 
nanopore sensors with single-molecule detection capabilities.[174] 
Similar to graphene field-effect transistors, nanopore resistive 
pulse sensors are considered candidates for preamplification-free 
nucleic acid detection methods. The operation of nanopore 
sensors relies on the Coulter Principle, whereby particles passing 
through a small orifice alter the electrical resistance because of 
the resistivity difference between the particles and the conductive 
media, thus creating transient changes in resistance proportional 
to the particle volume in the orifice, referred to as resistive 
pulse.[174-175] To date, a number of CRISPR-mediated nanopore 
sensors have been reported.[176] For example, a solid-state silicon 
nitride nanopore sensor generates a sharp spike in current signals 
as dCas9 bound onto the DNA target translocates through the 
nanopore, which can be clearly distinguished from current traces 
produced by bare DNA sequences.[176a] This platform presented 
single-molecule level of DNA sensing with high signal-to-noise 
ratio, and notably, can detect the location of dCas9 binding site 
based on the position of the sharp peak along the DNA signal. 
Furthermore, by employing multiple gRNAs targeting different 

segments of a DNA target sequence, a characteristic barcode 
signal can be generated as several dCas9 proteins on a single 
sequence pass through the nanopore.[176b] Through careful design 
and engineering of the spacing between binding locations and the 
number of binding sites to create unique barcodes, this method 
allows multiplexed detection of lambda and T7 phage DNAs 
among a background E. coli DNA mixture. 

In addition to dCas9 binding-based assay, Nouri et al. 
developed Cas12 collateral cleavage-based nanopore sensors 
for DNA detection.[176c, 176d] In brief, collateral cleavage activated 
by recognition of HIV-1 DNA degrades circular ssDNA reporters, 
reducing the event rate of reporter translocation through the 
nanopore. This nanopore event rate can be quantitatively related 
to target concentration, with an amplification-free LOD of 10 nM 
within a one-hour detection period. Combining with RT-PCR, an 
LOD of 22.5 aM for SARS-CoV-2 detection can be achieved. 

3.2.4. Conductivity 

To date, the majority of the CRISPR-based biosensing studies 
have been focusing on the integration of CRISPR technology with 
various transduction methods for different applications. In fact, 
engineering of biomaterials could become the next hotspot for 
CRISPR-based diagnostics, as the development of CRISPR-
responsive smart materials was reported.[177] English et al. 
investigated DNA cross-linked polyacrylamide hydrogels and their 
responses to CRISPR-Cas12 mediated collateral cleavage.[177a] 
In the presence of target sequences, DNA cross-links are 
successfully degraded by Cas12 enzyme, resulting in disruption 
of polymer networks in the hydrogels and changes in mechanical 
properties such as permeability. Translating from this idea, a 
microfluidic paper-based analytical device for nucleic acid 
detection was designed with both optical and electrical readouts. 
In this platform, collateral cleavage of ssDNA cross-linker driven 
by CRISPR-Cas12 target recognition prevents the formation of 
hydrogels from polyacrylamide gel precursors in the paper 
channels, and therefore an unimpeded flow of a buffer solution 
through a color dye layer in the porous channels offers a simple 
visual readout. This method had an LOD of 400 pM, and when 
combined with RT-RPA amplification for RNA detection, the LOD 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 13. Paper-based fluidic device using Cas12a-controlled hydrogel. A buffer solution flows through a paper channel with a layer of hydrogel. The extent 
of hydrogel cross-linking is dictated by trans-cleavage of dsDNA crosslinkers by activated Cas12a and associated with buffer flow into the microfluidic channel, 
which is sandwiched between two electrodes. The electrical conductivity between the electrodes can be used to quantify the concentration of nucleic acids. 
Reproduced with permission from reference.[177a] Copyright 2019 The Authors, published by American Association for the Advancement of Science. 
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was lowered to 11 aM, comparable to state-of-the-art CRISPR-
based diagnostic methods. To reduce human errors and generate 
signals suitable for downstream data processing, electrical 
conductivity across the microfluidic channel was used for 
quantitative measurement (Figure 13). The extent of cross-linked 
hydrogel formation, which is inversely correlated with target 
concentration, governs the flow of electrolyte-containing buffer 
solution and hence the electrical conductivity. The electrical 
readout approach realized a similar sub-nanomolar sensitivity. 
Compared with other electrical readouts, conductivity does not 
rely on complicated instruments for data acquisition, as opposed 
to, for example, E-CRISPR, which requires high-performance 
potentiostat for square wave voltammetry.  

4. Special Applications of CRISPR-Based 
Biosensing 

By far, CRISPR-mediated biosensing has been applied to many 
aspects including human and animal pathogenic viral and 
bacterial detection,[12c, 15b, 20, 27b, 43, 67, 72a, 80, 107-108, 140, 145a, 145b, 169, 178] 
disease-related single-nucleotide variation (SNV) 
discrimination,[12c, 43, 178d, 178j] genotyping,[43] and genetically 
modified organism identification,[179] etc. In this section, we will 

focus on four special applications in this research area besides 
nucleic acid detection mentioned in the above sections. The first 
topic is nucleic acid detection free of target preamplification. The 
second one discusses the detection of miRNA, most of which are 
shorter than 23 nt and hard to detect. Another interesting topic is 
to detect non-nucleic acid by CRISPR-based platform. The last 
topic is the ongoing development of CRISPR-mediated 
biosensing for the global medical crisis of COVID-19.  

4.1. Target Amplification-Free Detection 

Although CRISPR has demonstrated high sensitivity over 
conventional hybridization-based detection techniques, 
especially through the mechanism of multi-turnover collateral 
cleavage, the predominant strategies still rely on target 
preamplification in tandem with CRISPR diagnostics in order to 
achieve sensitivity relevant to various applications. However, 
traditional PCR-based nucleic acid amplification requires 
expensive thermocycler, limiting its applications in resource-
limited settings.[180] Though isothermal amplification techniques 
such as RPA and LAMP are less instrument intensive, they still 
suffer from common drawbacks of nucleic acid amplification, 
including need for trained technicians and long processing time. 
More importantly, isothermal amplification is vulnerable to 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 14. Amplification-free detection by CRISPR-Cas13a graphene field-effect transistors. (A) Upon target detection, Cas13a performs collateral cleavage of 
nonspecific reporters on the surface of graphene. (B) Reporter cleavage causes a positive shift of transfer characteristics. The change in charge neutrality 
voltage is used for target quantification. (C) The amplification-free CRISPR-Cas13a gFET reaches a sensitivity of 1 aM. (D-E) The CRISPR-Cas13a gFET 
platform is capable of differentiating five negative and nine positive clinical samples with high specificity. Reproduced with permission from reference.[16b] 
Copyright 2022 Wiley-VCH, GmbH. 

Heat-inactivated samples

I ds
(µ

A)
A B

∆VCNP

Vg (V)

Before cleavage
After cleavage

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

crRNA

Cas13a Target

Cas13a complex
Vg

Vds

Gate (Ag/AgCl)

Graphene

PolyU20

Vds

Vg

Graphene

Cleaved 
PolyU20 

V C
N

P
R

es
po

ns
e 

(%
)

Negative                 Positive

V C
N

P 
  R

es
po

ns
e 

(%
)

0

5

10

15

20

25

30

P1  P2  P3  P4  P5  P6  P7  P8   P9 N1 N2  N3  N4  N5

Clinical nasopharyngeal samples

0

10

20

30

40

Inactive virus (aM)

V C
N

P
R

es
po

ns
e 

(%
)

0
0

5

10

15

20

1 10 102

***

***

**

C D E

10.1002/anie.202214987

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202214987 by N

orth C
arolina State U

niversity, W
iley O

nline Library on [03/02/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



REVIEW          

24 
 

nonspecific amplicon formation and thus susceptible to false 
positive results.[16b, 16c] The nonlinear nature of the amplification 
process also limits its quantification capability.[16b] In addition, the 
introduction of target preamplification into CRISPR assay 
workflow requires extra sample preparation steps, increasing the 
risk of cross-contamination.[16b, 16c] Overall, amplification-free 
CRISPR diagnostics is highly desirable. 

Till now, a variety of amplification-free CRISPR-based 
detection platforms have been reported. As mentioned earlier, the 
electrochemical CRISPR biosensor such as E-CRISPR[169] and 
CRISPR-Cas13-powered electrochemical microfluidic 
biosensor[170] reached picomolar sensitivity. CRISPR-Chip was 
able to detect 1.7 fM genomic DNA within 15 min without target 
preamplification.[34a] Nevertheless, the majority of amplification-
free techniques do not have sufficient sensitivity in the absence of 
a target preamplification step. In clinical diagnostics, it is even 
necessary to realize attomolar-level detection for efficient medical 
interventions.[16c] Evidently, amid the current COVID-19 pandemic, 
this requirement is at the core of timely prevention of the epidemic 
spread, and therefore several approaches to further improve upon 
existing designs have been proposed. 

A straightforward way to increase the sensitivity is to employ 
ultrasensitive sensing techniques such as gFET,[16b] SERS,[97] and 
digital assays.[58b, 127j, 127k] For example, leveraging the collateral 
cleavage mechanism similar to E-CRISPR, the previously 

discussed CRISPR-Cas13a gFET translated conventional 
electrochemical biosensing to a much more sensitive gFET 
technology (Figure 14A).[16b] The cleavage caused a shift of 
transfer characteristics, and the charge neutrality voltage could 
be used to quantify the shifting (Figure 14B). This sensor reported 
a seven-order-of-magnitude decrease in the LOD to 1 aM (Figure 
14C). The clinical relevance of the sensor was proved by 
identifying SARS-CoV-2 in nasopharyngeal swab samples with 1 
aM sensitivity (Figure 14D). The device clearly differentiated all 
nine positive samples from five negative samples, demonstrating 
excellent specificity in clinical testing (Figure 14E). The coupling 
of Cas12 system to SERS with attomolar detection[97b] and Cas13 
to digital assays with an LOD of several copies per microliter[58b] 
also suggests the great potential for sensitivity boost by 
ultrasensitive techniques. 

The revolution in CRISPR biochemistry could also further 
lower the LOD for current platforms. The implementation of 
CRISPR cascades[50] and nucleic acid circuits[118] described 
before could change the workflow of CRISPR reactions and 
achieve signal amplification from a mechanistic standpoint. 
Additionally, the engineering of Cas proteins could enhance the 
enzymatic activity as well without altering the underlying detection 
mechanism. For example, by fusing RNA-binding domains 
(RBDs) to the active-site-proximal loop of LwaCas13a (Figure 
15A), the RNA target binding affinity of the fusion proteins was 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 15. Engineering of LwaCas13a for enhanced collateral activity in nucleic acid detection. (A) RNA-binding domain is fused to the active-site-proximal 
loop of LwaCas13a for increased binding affinity to RNA target. (B) Engineered LwaCas13a performs collateral cleavage of nonspecific reporters on the surface 
of an electrochemical sensor, causing a decrease in current signals. (C) Wild-type LwaCas13a fails to detect 16.2 fM heat-inactivated SARS-CoV-2 using an 
electrochemical sensor. (D-E) RBD#3L and RBD#4L are able to achieve SARS-CoV-2 detection with 1 aM sensitivity using electrochemical sensors. 
Reproduced with permission from reference.[16c] Copyright 2022 The Authors, published by Springer Nature. 
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enhanced.[16c] The fusions performed collateral cleavage of 
reporters on an electrochemical sensor upon target RNA 
detection, leading to a decrease in current signals (Figure 15B). 
Compared with wild-type LwaCas13a that failed to detect 
femtomolar heat-inactivated SARS-CoV-2 (Figure 15C), both 
heterogeneous nuclear ribonucleoprotein (hnRNP) A1 RNA-
recognition motif 2 (RRM2) and hnRNP C RRM fused with β-
hairpin loop G410-G425 within the HEPN1 domain of LwaCas13a 
(RBD#3L and RBD#4L) resulted in SARS-CoV-2 detection with 1 
aM sensitivity using electrochemical sensors (Figure 15 D and E). 
As opposed to previous amplification-free CRISPR-mediated 
electrochemical biosensing in the picomolar range using wild-type 
proteins, the application of engineered Cas proteins significantly 
improved the sensitivity and ultimately presented a novel path to 
ultrasensitive amplification-free detection.  

4.2. Short Targe: Biosensing of miRNA 

MicroRNA is a type of short noncoding RNAs that regulates a 
series of post-transcriptional modifications and perform other 
biological functions,[181] and can serve as biomarkers for a variety 
of diseases.[181b] Therefore, the detection and quantification of 
miRNA is critical to understand its biological and physiological 
functions. However, the precise measurement of miRNA has long 
been a challenge due to its short length (16-28 nt) and sequence 
similarity between different miRNA species. The conventional 
method to quantify miRNA is the stem-loop RT-qPCR,[182] which 
extends the length of miRNA by attaching a stem-loop primer and 
then performing RT-PCR for quantification. However, the 
specificity of RT-PCR is usually not high enough to discriminate 
miRNAs with high homology. Emerging methods based on 
CRISPR have been developed to address these issues.[25, 35, 50, 58, 

96, 170, 183] 
Initially, only Cas9 was employed for the detection of miRNA. 

The techniques involve using the base-complementarity of 
miRNA to a designed mRNA sequence to suppress or activate 
Cas9. Wang et al. have developed a miRNA-inducible CRISPR-
on (MICR-ON) system (Figure 16A).[35a] The pre-sgRNA consists 
of the canonical sgRNA with extra 5’- and 3’-flanking sequences. 
Only desired miRNA complementarity to the flanking sequences 
can form stable double stranded structures with the pre-sgRNAs, 
leading to the cleavage of the base-pairing region by endogenous 
cell machinery and formation of mature sgRNA. The sgRNAs 
activate dCas9-VPR proteins and induces the expression of RFP 
reporters. The corresponding miRNAs can be detected and semi-
quantified in proportion to the fluorescent intensity. In another 
strategy, Hirosawa et al. installed a miRNA complementary 
sequence on the mRNA 5’-UTR region of AcrllA4, a SpCas9 
inhibitor (Figure 16B).[35b] The translation of AcrllA4 is repressed 
by the target miRNA, leading to the activation of CRISPR-
Cas9/dCas9-VPR and subsequently a fluorescence reporter. Qiu 
et al. utilized a dumbbell-like probe to specifically bind to the 
miRNA and perform RCA, resulting in a stem-loop structure DNA 
product (Figure 16C).[25] By using sgRNA that target the repetitive 
regions of this product, the dCas9 fusion with split-HRP can be 
recruited to the scaffold-like stem-loop structure and catalyze a 
colorimetric reaction to visualize and measure miRNA 
concentration. 

Similarly, both Cas12 and Cas13 have been engineered for 
miRNA detection and the methods are simpler compared to Cas9 
due to their collateral cleavage properties. In GOx system, as 

discussed in Section 3.2.1, Bruch et al. combined LwaCas13a 
assays with electrochemical microfluidic chips to detect miR-19b, 
miR-19a, miR-20a and miR-197.[170] The miRNAs for detection 
are as short as 23-nt (miR-197), but the LOD is only 2 pM. To 
increase affinity towards miRNA, one resolution is to use Cas13a 
orthologs that favor shorter RNA duplex, such as LbuCas13a, 
which can be readily activated by a 20-bp crRNA-target binding 
region. Shan et al. and Tian et al. utilized LbuCas13a to detect 
miR-17, miR-106a, miR-20a, miR-20b, miR-10b, miR-21 and 
miR-155 (Figure 16D).[58] They used a syringe to create vacuum 
within the chip chamber to generate picoliter sized droplets from 
the Cas13 mix with no more than one miRNA molecule contained 
in each droplet. The resulting fluorescence was then measured  
and approached an LOD of 10 aM. On the contrary, when using 
the fluorescent machine for readout acquisition, an LOD of 4.5 
amol was achieved.[58a] Also, nanomaterials can be integrated into 
the CRISPR-based miRNA detection (Figure 16E). Gold 
nanoparticles linking with ssRNA aggregate and show 
transparency after low-speed centrifugation.[96] When the miRNA-
of-interest forming complex with crRNA and Cas13a, the linker 
ssDNA or ssRNA was trans-cleaved, preventing the aggregation 
of gold nanoparticles, resulting in a transparency-to-red visible 
shift from color. Sha et al. developed an amplification-free 
cascade CRISPR-Cas (casCRISPR) miRNA assay with a fM 
sensitivity (Figure 16F).[50] They designed ST-HP, a ssRNA, that 
acts as a bridge between LbuCas13a and Cas12f. The 
LbuCas13a binds target miR-17 and cleaves ST-HP, which 
converts it from a hairpin structure to a duplex structure. This 
allows ST-HP to bind and activate Cas12f and initiates trans-
cleavage of FQ reporters, achieving fM sensitivity. 

 The CRISPR-Cas12a system can also be applied to 
miRNA detection. In the aforementioned gold nanoparticle-aided 
miRNA detection, using ssDNA and Cas12a to replace ssRNA 
linker and Cas13a can achieve similar detection results.[96] 
Moreover, magnetic beads can also be used for Cas12a assay. 
Li et al. attached magnetic beads with barcode ssDNA probes for 
miRNA multiplexing (Figure 16G).[183a] The probe consists of a 20-
mer poly(A) at the 3’ terminal, a miRNA-base-complementary 
region in the middle, and a specific sequence barcode at the 5’ 
terminal. The barcode is unique to each individual miRNA to 
facilitate multiplexing. Upon the base pairing of miRNA, DNA-
miRNA hybrid is formed and then cleaved by the endogenous 
double stranded nuclease, releasing the 5’ barcode ssDNA 
sequence. Then Cas12a-crRNA forms complex with different 
barcoding ssDNAs to discriminate and quantify multiple miRNAs. 
The LOD of this method is 12.6 fM. More recently, an LOD of 0.47 
amol was achieved by using a more delicate design of a rolling 
circle transcription (RCT)-unleashed self-recruiting of crRNA by 
Cas12a (Cas12a-SCR) (Figure 16H).[183b] A pre-crRNA repeat is 
generated by using isothermal RCT and processed by Cas12a for 
target binding and subsequent nonspecific cleavage. 

4.3. Beyond Nucleic Acids 

CRISPR-based biosensing is intuitively related to the sensing of 
nucleic acids. However, with a delicate design, targets such as 
small molecules,[183a, 184] proteins,[183a, 185] microbes,[183a, 185] and 
metal ions[183a, 184a] can also be detected by the CRISPR system. 
The basic principle is to transduce the signal with adaptor 
molecules such as aptamers,[169, 184a, 186] DNAzymes,[183a, 184a] or 
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allosteric controllers[184b, 185] that can interact with both nucleic 
acids and non-nucleic acid targets. 

Immobilized functional DNA (fDNA) including both aptamers 
and DNAzymes is applied extensively to detect small molecules 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 16. Mechanisms of CRISPR-based miRNA detection. (A-C) Cas9-based miRNA detection methods. (A) MICR-ON system. Reproduced with permission 
from reference.[35a] Copyright 2019 Springer Nature. (B) Cas9-ON system controlled by miR-AcrIIA4 switch. Reproduced with permission from reference.[35b] 
Copyright 2019 American Chemical Society. (C) RCA-CRISPR-split-HRP method. Reproduced with permission from reference.[25] Copyright 2018 American 
Chemical Society. (D–H) Cas12/13-based miRNA detection methods. (D) Ultralocalized Cas12a/Cas13a assay by microfluidic techniques. Reproduced with 
permission from reference.[58b] Copyright 2021 American Chemical Society. (E) Gold-nanoparticle assisted Cas12a/Cas13a colorimetric assay. Reproduced 
with permission from reference.[96] Copyright 2020 American Chemical Society. (F) Cas13a-Cas14a cascade system for miRNA detection. Reproduced with 
permission from reference.[50] Copyright 2021 The Royal Society of Chemistry. (G) Multiplex miRNA detection by Cas12a. Reproduced with permission from 
reference.[183a] Copyright 2020 American Chemical Society. (H) Cas12a-SCR system. Reproduced with permission from reference.[183b] Copyright 2020 
American Chemical Society. 
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and metal ions with high specificity and fast reaction time.[183a, 184a] 
Xiong et al. used fDNAs such as structure-switching aptamers 
and DNAzymes to construct an activatable CRISPR-Cas12a 
system that successfully realized fast (<15 min), two-step 
detection of adenosine 5’-triphosphate (ATP) and sodium (Na+) 
ions (Figure 17A).[184a] Designed ATP aptamers have affinity to 
ATPs and are complementary to the activator ssDNA. These 
aptamer probes initially bind to the activator ssDNAs, and when 
encountering ATPs, undergo conformational changes to release 
hybridized ssDNAs. The released ssDNAs serve as target strands 
to activate the trans-cleavage activities of Cas12a. For Na+ ion 
detection, a similar approach using DNAzymes was applied. Na+-

specific DNAzymes are immobilized onto a microplate. The 
ssDNA activators are initially locked by the DNAzymes in the 
absence of Na+. Upon adding Na+, DNAzymes bind to Na+, and 
release the ssDNA activators. The activators initiate the Cas12a 
trans-cleavage and subsequent generation of fluorescent signals. 
Li et al. also employed activatable CRISPR-Cas12 fluorometric 
systems by attaching the biotin-modified fDNAs onto streptavidin-
coated magnetic beads.[183a] After the introduction of targets and 
the release of DNA activators, beads are removed by magnets, 
leaving these activators in the solution for subsequent activator-
induced LbaCas12a collateral activities. This method was 
reported to be capable of detecting Pb2+ down to picomolar level, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 17. CRISPR-Cas-Mediated Detection of Non-Nucleic-Acid Targets. (A) Workflow of functional DNA (fDNA)-regulated CRISPR-Cas12a sensing for 
detection of small organic molecules and metal ions. fDNA binds to non-nucleic acid targets and releases a ssDNA activator that triggers trans-cleavage of 
fluorescent reporter by Cas12a. Reproduced with permission from reference.[184a] Copyright 2020 American Chemical Society. (B) Workflow of allosteric probe-
initiated catalysis and CRISPR-Cas13a (APC-Cas) system for detection of bacterial pathogens. In the presence of target pathogen, the allosteric probe switches 
into an active configuration, allowing for binding with the pathogen and unlocking the primer region for DNA polymerization. DNA synthesis causes the 
displacement of target pathogen, and the synthesized dsDNA is transcribed into ssRNA, which activates collateral cleavage of fluorescent reporters. 
Reproduced with permission from reference.[185] Copyright 2020 Springer Nature. 
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Acinetobacter baumannii with single-cell sensitivity, and 
multiplexed miRNA detection at the femtomolar level. The same 
concept was applied by Zhao et al. to detect exosomes by 
identifying transmembrane protein CD63, and a dynamic 
detection range of 103 to 107 particles per microliter was 
obtained.[186] 

In addition, CRISPR-Cas12a and allosteric transcription 
factors (aTF) mediated small molecule detector (CaT-SMelor) 
was developed to detect uric acid and p-hydroxybenzoic acids 
and distinguish these biomolecules from structurally similar 
analogs.[184b] The aTFs have a substrate binding domain and a 
DNA binding domain. They are also fused to a cellulose-binding 
domain and immobilized onto microcrystalline cellulose. The 
functional dsDNA initially binds to the DNA binding domain. 
Competitive binding from target biomolecules to the substrate 
binding domain displaces the dsDNA and allows it to be 
recognized by Cas12-crRNA duplex, thus initiating collateral 
cleavage of FQ-ssDNA reporters. Although this method achieved 
nanomolar level of sensitivity, the target range this technology can 
detect are constrained by a limited number of target-responsive 
aTFs. 

Not only small molecules and metal ions, but proteins and 
intact microbials can also be detected by CRISPR-based 
biosensors. As discussed in Section 3.2.1, TGF-β1 protein, an 
important mediator in epithelial-mesenchymal transition (EMT), 
can bind with and sequester its specific ssDNA aptamer.[169] The 
unbound free aptamers can be further detected with LbaCas12a 
cleavage assay coupled to an electrochemical biosensor 
generating a concentration-dependent electrochemical current 

signal. Mentioned earlier in this Section, the pathogenic bacteria 
A. baumannii can be detected by CRISPR-based biosensing in a 
genome nucleic acid-independent manner using its specific 
aptamer.[183a] Shen et al. developed allosteric probe-initiated 
catalysis and CRISPR-Cas13a (APC-Cas) system for bacterial 
pathogen detection that utilizes hairpin-shaped DNA allosteric 
probes (AP) (Figure 17B).[185] The AP consists of three regions 
including the aptamer region for bacteria recognition, primer 
binding region for DNA extension reaction, and T7 promoter 
region for transcription. The AP recognizes and binds with the 
pathogen, causing a structural change of AP and exposing 
previously blocked primer binding site to primer strands. The 
resulting double-stranded primer domain allows DNA polymerase 
to initiate extension, which subsequently displaces the pathogen. 
T7 promoter sequence on the dsDNA produced by DNA 
polymerase leads to transcription of DNA template into ssRNA by 
T7 RNA polymerase. CRISPR-Cas13a effector hybridizes with 
the transcribed ssRNA, cuts FQ-ssRNA reporters, and generates 
measurable fluorescence signals. The three-stage process 
results in enhanced fluorescence intensity and ultrasensitivity. 
APC-Cas was found to be able to detect Salmonella enteritidis as 
low as 1 CFU in real food samples. 

 4.4. Coping with the COVID-19 Pandemic 

With the outbreak of the COVID-19 pandemic, scientists all over 
the world are initiating and accelerating their COVID-19-related 
research to understand the basic biology of the virus, improve 
clinical diagnostics and develop vaccines and drugs. CRISPR 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 18. Schematics of CRISPR-based SARS-CoV-2 detection. (A) A summary of various methods used in SARS-CoV-2 detection. The amplification-free 
method utilizes microfluidic techniques to achieve highly sensitive detection.[127k] Otherwise, the viral RNA is first reverse transcribed and amplified to dsDNA. 
dsDNA can be detected directed by Cas12a or be transcribed into RNA and detected by Cas13a. The crRNA can be optimized by machine learning.[178h] 
Multiple sites can be targeted simultaneous to increase the concentration of active proteins.[18] The output signal is often produced by trans-cleavage of FQ 
reporters. The final detection of the reporters can be from multiple different methods including lateral flow strip,[108] computer analysis, naked eyes,[27b] and 
mobile phone miscroscopy.[18] Reproduced with permission from references.[127k, 178h] Copyright 2021 The Authors, published by Springer Nature.[127k] Copyright 
2022 The Authors, published by Springer Nature.[178h] Copyright 2020 Elsevier.[18] Copyright 2020 The Authors, published by Springer Nature.[108] Copyright 
2021 The Authors, published by American Society for Microbiology. (B) The schematics showing the mechanism of FnCas9-based detection, FELUDA, on a 
lateral flow strip. Reproduced with permission from reference.[178j] Copyright 2021 The Authors, published by Elsevier. 
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experts are also providing candidate resolutions for testing and 
intervening of COVID-19.[27b, 72a, 80, 108, 178e-k, 187] This part will 
describe some of these studies in terms of tailoring CRISPR-
based biosensing for the detection of SARS-CoV-2 viral RNA 
(Figure 18A).[18, 27b, 108, 127k, 178h] 

As early as February 2020, Zhang et al. published a 
SHERLOCK-based testing protocol, targeting the S and ORF1ab 
gene of SARS-CoV-2.[178e] Metsky et al. designed a set of 
machine learning algorithms to predict amplification primers as 
well as maximally active Cas13 assays across virus variations for 
1,933 vertebrate-infecting viral species to achieve high 
specificities.[178h] Rauch et al. developed Cas13-based, Rugged, 
Equitable, Scalable Testing (CREST) by coupling thermal cycling 
PCR and Cas13 assay with blue LED and orange filter 
readout.[27b] Broughton et al. developed a DETECTR-based 
method targeting both E and N gene of SARS-CoV-2.[108] They 
extracted the viral RNA from clinical swab samples by using a 
universal transport medium (UTM), then amplified the signal by 
using simultaneous reverse transcription and loop-mediated 
isothermal amplification (RT-LAMP), and finally performed 
Cas12a cleavage assay with lateral-flow-dipstick readout. This 
method, compared to CDC’s RT-qPCR method, is less sensitive 
due to the use of colorimetric readout (10 copies vs. 1-3.2 copies 
per input). However, this method requires much less equipment 
and is time-saving (~40 min vs. 4 h). Azhar et al. developed a 
Cas9-based detection method, named FnCas9 editor linked 
uniform detection assay (FELUDA) (Figure 18B).[178j] FnCas9 is 
an ortholog of Cas9 from Francisella novicida, featured by a high 
mismatch sensitivity. Therefore, it can be used for the detection 
of single-nucleotide variations. Briefly, they used FAM-labeled 
sgRNAs and biotin-labeled amplicons for in vitro detection of 
target genes, including HBB gene (sickle cell anemia gene 
mutations), Helicobacter pylori genotype, H1N1, SARS-CoV-1 
and -2. As mentioned in section 3.1.1, Ackerman et al. developed 
CARMEN using a massive-capacity chip (mChip).[117] Fozouni et 
al. demonstrated a pre-amplification free detection of SARS-CoV-
2 virus using Cas13-based assays and mobile phone 
microscopy.[18] Similarly, Shinoda et al. developed CRISPR-
based amplification-free digital RNA detection (SATORI) by 
combining Cas13 and microchamber technologies.[127k] The 
femtoliter volume of microchambers divides the target virus into 
single molecule droplets and increases the sensitivity to 
femtomolar levels and decreases the turnaround time of detection 
to less than five minutes. These technologies focus on designing 
portable and quick detection kits and demonstrate the flexibility of 
CRISPR-based systems. However, they also show the 
requirement of sensitive measurement strategies to compensate 
for the insufficient activities of the CRISPR-Cas proteins. 

5. Summary and Perspectives 

This review focuses on both the fundamental biochemistry of 
CRISPR machineries and the engineering of CRISPR-based 
biosensors. CRISPR has high specificity toward nucleic acids of 
interest, and the detection mechanism is simple and 
straightforward. However, CRISPR-based diagnostics is greatly 
constrained by inadequate sensitivity for clinical scenarios and 
thus often coupled with target preamplification. Consequently, 
such setup makes it particularly difficult to achieve truly POC 
detection integrating sample preparation, detection reaction, data 

collection, and result interpretation. Moreover, the multiplexing 
capability of CRISPR-mediated detection is limited owing to 
compromised sensitivity from reagent mixing, potential off-target 
detection, and heavy dependence on labels for signal generation. 

Researchers have applied engineering principles to both the 
enzymes and the biosensors to lower the limit of detection. From 
the biochemistry perspective, the binding and cleavage 
mechanism of Cas9, Cas12, and Cas13 is well understood due to 
multiple crystal structures during different stages of the reaction 
process. However, the promiscuous trans-cleavage mechanism 
of Cas12 and Cas13 proteins is still poorly demonstrated from the 
available data. In addition, protein engineering is not extensively 
applied to Cas12 and Cas13 to improve their trans-cleavage 
properties. Further studies in this direction could potentially 
simplify biosensor designs with fewer detection steps and easier 
manufacturing. On the other hand, from the perspective of the 
engineering of biosensing technologies, amplification-free 
detection that involves less complicated reagents is generally 
favorable toward the development of a truly POC platform. In this 
regard, ulrasensitive readout methods combined with multi-
turnover collateral cleavage by Cas12 or Cas13 for intrinsic signal 
amplification are the preferred strategy. Ongoing research 
continues to explore possibilities to incorporate different readouts, 
for example, piezoelectric sensing[188] or even as simple as 
imaging and counting the number of bubble generation.[189] 
Another foreseeable trend is high-throughput, multiplexed 
detection assisted by machine learning.[178h] Hence, we anticipate 
the future of CRISPR-mediated biosensing to be an integrated 
POC diagnostic platform with optimized CRISPR machineries and 
transduction modalities for amplification-free, ultrasensitive, 
highly specific, multiplexed, and large-scale disease screening. 

This field is developing rapidly by the contributions from 
multiple disciplines as researchers are racing to find more 
solutions to the current COVID-19 pandemic. By tackling the 
issues from both biochemistry and bioengineering perspectives, 
toolkit designs with fewer steps and simpler materials have 
emerged while maintaining the detection specificity. With the 
recent development of amplification-free assays, the prospect of 
this new technology becoming an alternative to the PCR-based 
detection methods is increasingly promising, and the properties of 
the enzymes and the design of the toolkits can not only expand 
the testing capacity of the current facilities but also provide low-
cost, time-saving, and user-friendly portable devices to ordinary 
people as POC solutions.  
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