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Rapid and accurate molecular diagnosis is a prerequisite for precision medicine, food safety, and

environmental monitoring. The clustered regularly interspaced short palindromic repeats (CRISPR)/

CRISPR-associated (Cas)-based detection, as a cutting-edged technique, has become an immensely

effective tool for molecular diagnosis because of its outstanding advantages including attomolar level

sensitivity, sequence-targeted single-base specificity, and rapid turnover time. However, the CRISPR/

Cas-based detection methods typically require a pre-amplification step to elevate the concentration of

the analyte, which may produce non-specific amplicons, prolong the detection time, and raise the risk

of carryover contamination. Hence, various strategies for target amplification-free CRISPR/Cas-based

detection have been developed, aiming to minimize the sensitivity loss due to lack of pre-amplification,

enable detection for non-nucleic acid targets, and facilitate integration in portable devices. In this

review, the current status and challenges of target amplification-free CRISPR/Cas-based detection are

first summarized, followed by highlighting the four main strategies to promote the performance of

target amplification-free CRISPR/Cas-based technology. Furthermore, we discuss future perspectives

that will contribute to developing more efficient amplification-free CRISPR/Cas detection systems.

1. Introduction

Fast and accurate detection is vital for applications in disease
diagnosis, agriculture, food safety, and environmental
monitoring.1,2 Among them, nucleic acid testing (NAT) shows
high sensitivity and single-base specificity because the target
DNA or RNA sequence can be selectively amplified from trace
amounts and be recognized via the pairing of complementary
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nucleotides (i.e., hybridization). In fact, the nucleic-acid-based
diagnostics relying on the quantitative polymerase chain reaction
(qPCR) or next-generation sequencing have been considered as
gold standards for the clinical diagnosis of various infectious
diseases and noninfectious chronic diseases.3–5 During the
coronavirus disease 2019 (COVID-19) pandemic, the reverse
transcription qPCR (RT-qPCR) technique has played an impor-
tant role in the diagnosis of COVID infections for further
effective pandemic response.6 These PCR-based diagnosis
methods are typically implemented using bulky and sophisti-
cated instruments with complicated procedures, such as the
programmed thermal cycling, which restrict their applications
toward on-site, home-based and miniaturized devices. To
address this challenge, a series of isothermal amplification

technologies (IATs), including recombinase polymerase ampli-
fication (RPA), loop-mediated isothermal amplification (LAMP),
and rolling circle amplification (RCA), have been established
for ultra-sensitive detection of nucleic acids with no requirement
of thermal cyclers.7 Nevertheless, wide deployment of IAT remains
challenging due to its suboptimal specificity caused by non-
specific amplification and the critical requirements for elaborate
primer design. Therefore, there is an urgent need for an ideal NAT
method that has ultrahigh sensitivity, single-base specificity, a
short sample-to-result time, flexibility for ease of use, and the
ability to be combined with point-of-care test platforms.8

Recently, clustered regularly interspaced short palindromic
repeat (CRISPR)-based technology has shown the potential to
become an immensely effective tool for molecular diagnosis.
CRISPR and CRISPR-associated (Cas) enzyme systems are
fundamental parts of adaptive immune systems in bacteria
and archaea, which recognize foreign nucleic acids and subse-
quently eliminate them using programmable endonucleases.9

Under the guidance of CRISPR RNA (crRNA) that hybridizes to a
complementary sequence of a target DNA or RNA, Cas proteins
enable the recognition and the cleavage of nucleic acids with
high specificity. Based on high enzyme activity and specificity,
CRISPR/Cas systems have been repurposed for a variety of
applications, especially in molecular diagnosis.8,10,11 However,
compared with ideal NAT, CRISPR/Cas-based technology shows
lower sensitivity. To solve this problem, a target amplification step
is performed by isothermal amplification or PCR to enhance
target concentration prior to detection, such as SHERLOCK12

and DETECTR10 for ultrasensitive RNA and DNA detection,
respectively. On the other hand, pre-amplification not only
prolongs the detection time but also poses limitations for
subsequent detection, such as non-specific amplification and
interferences between primers.13 Moreover, this two-step reac-
tion system (i.e., pre-amplification and detection) significantly
increases the risk of aerosol contamination. Researchers have
proposed single-tube solutions to reduce the chance of
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potential carryover contamination,14–16 but partly sacrificed the
best performance of both the reactions.

To overcome the limitations mentioned above, various
amplification-free CRISPR/Cas-based detection strategies have
been explored as alternatives, which omit pre-amplification
steps for elevating the target concentration and exhibit the
merits of high specificity, flexibility, and short detection time
(Fig. 1A). The detection targets have also been expanded from
nucleic acids to other analytes such as live bacterial cells,
proteins and metal ions,17–21 which have been summarized in

Table 1. Moreover, because of eliminating the complicated target
amplification process, the amplification-free CRISPR/Cas systems
are capable of adapting to compact, portable, and easy-to-operate
devices for promising field-deployable monitoring.22 However,
compared with state-of-the-art techniques (SHERLOCK,
DETECTR, or other gold standard methods), it is necessary to
further enhance the sensitivity of target amplification-
free CRISPR/Cas detection systems to the attomolar level
or even single-molecule level.6 In fact, referring to the classic
fluorescence-based CRISPR-detection system,10,23 various

Fig. 1 Schematic overview of target amplification-free CRISPR/Cas-based detection. (A) The schematic for CRISPR/Cas-based detection system. On
the one side, the Cas effectors recognize and specifically cleave the template nucleic acids guided by the crRNAs. On the other side, the activated Cas
effectors exhibit extremely high trans-cleavage activity to cut reporters nonspecifically to generate fluorescence signal readouts. (B) Strategies of
amplification-free CRISPR/Cas-based detection, including the optimization of crRNAs and signal reporters (i), droplet-based digital CRISPR/Cas
detection platforms (ii), signal transducers which alter fluorescence detection to either electrochemical or SERS signal output (iii), and the cascade
reaction focusing on protease-based and nucleic acid circuit-based signal amplification systems (iv).
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strategies have been further designed and practiced to improve
the sensitivity of amplification-free CRISPR/Cas systems (Fig. 1B)
and build novel molecular diagnostic platforms. Instead of
relying on converting a single detection target itself to multiple
targets, these approaches focus on signal amplification which
lies in the formation of a multitude number of reporter
molecules or the improved properties of multiple reporters
and sensors. To highlight the emerging developments of
the amplification-free CRISPR/Cas technique, it is of vital

importance to summarize the recent advances for further
innovation.

In this review, we have summarized the latest advancement
of the amplification-free CRISPR/Cas-based technique and its
applications toward diagnosis, where we survey the state-of-the-
art techniques, highlight strategies for improving the detection
sensitivity, and outline the future perspectives. First, we overview
the current status of amplification-free CRISPR/Cas detection
techniques and describe the remaining challenge for high

Table 1 Major characteristics of classified amplification-free CRISPR/Cas-based detection strategies

Method Cas type Targets
Signal
read-out LOD

Sample to
answer time
(min) Quantitative Refs.

Optimization of
crRNAs and sig-
nal reporters of
the CRISPR/Cas
system

Cas12 Cyt b gene FL 2.7 ng mL�1 4150 Yes 29
Cas12a BRCA-1 FL/colorimetry 0.34 fM per nM level o30 Yes 13
Cas12a HPV-16 FL 10 fM N.S. Yes 36
Cas12a CXCL9 FL 14 pg mL�1 60 No 47
Cas12a Salmonella enterica FL 619 CFU 475 Yes 18
Cas12a HIV, HPV-16 ECL 30 fM, 320 fM 120 Yes 51
Cas12a SARS-CoV-2 antigen FL 0.17 fM (B2 copies per mL�1) 20 Yes 52
Cas12a ASFV DNA, EBV, HBV FL 17.5 copies per mL�1 60 Yes 53
Cas13a SARS-CoV-2 FL 100 copies per mL�1 30 Yes 15
Cas13a SARS-CoV-2 FL 10 fM N.S. No 58
Cas13a Bacillus cereus FL 10 CFU 20 Yes 22

Digital-CRISPR
ultrasensitive
detection
platforms

Cas12a HBV, HPV FL 5 fM 90 Yes 34
Cas12a ASFV DNA, EBV, HBV FL 17.5 copies per mL 60 Yes 53
Cas13a SARS-CoV-2 FL 5.7 fM (3.4 � 103 copies per mL) o5 Yes 63
Cas13a miRNAs, 16S rRNAs, SARS-

CoV-2 RNA
FL 101 – 105 aM, 6 copies per mL,

6 copies per mL
N.S. Yes 14

Cas13a SARS-CoV-2 FL 6.5 aM 9 Yes 64
Signal transdu-
cer formation

Cas9 HIV FL N.S. o60 No 65
Cas9 exon 3 and exon 51 of

DMD-associated gene
Electrical
signal

1.7 fM 15 Yes 3 and 66

Signal transducer
formation

Cas9 exons 2–10 and 45–55 of
DMD-associated gene

Electrical
signal

1.3 fM 5 Yes 103

Cas12a PB-19 EC 10 fM 460 Yes 79
Cas12a HBV, HPV-16, HPV-18 Raman 1 aM 20 Yes 97
Cas12a genetically modified soy-

bean SHZD32-1 gene
ECL/FSV 0.3 fM/3 fM 60 Yes 93

Cas12a DENV-4 EC 100 fM 50 Yes 78
Cas12a SARS-CoV-2 Raman 1 fM 30B40 Yes 100
Cas12a HPV-16 ECL 480 fM 70 Yes 92
Cas12a MRSA bacteria mecA gene EC 3.5 fM 90 Yes 85
Cas12a HIV-1 Raman 0.3 fM 60 Yes 101
Cas12a HPV-16 EC 100 fM 180 Yes 83
Cas13a miR-17 ECL 1 fM 490 Yes 48
Cas13a miR-17 EC 50 aM 36 Yes 123
Cas13a DENV-1 EC 0.78 fM 80 Yes 122
Cas13a SARS-CoV-2 EC 4.4 � 10�2 fg mL�1 90 Yes 81

Cascade signal
amplification

Cas10, Csm6 SARS-CoV-2 FL 200 copies mL�1 o30 Yes 110
Cas12a SARS-CoV-2 Optical signal:

gas bubbles
50 copies mL�1 71 Yes 114

Cas12a HBV, Human bladder can-
cer–associated single-
nucleotide mutation

FL 5 aM 240 Yes 121

Cas13a miR-17 EC 50 aM 36 Yes 123
Cas13a DENV-1 EC 0.78 fM 80 Yes 122
Cas13a Respiratory syncytial virus FL 75 aM 30 Yes 124
Cas13a SARS-CoV-2 Colorimetry B400 fM o60 Yes 116
Cas13a A synthetic 71-nucleotide

RNA
Colorimetry B260 fM 210–270 Yes 117

Cas13a, Cas14a miR-1 FL 1.33 fM N.S. Yes 113
Cas13a, Csm6 SARS-CoV-2 FL 30 copies mL�1 20 Yes 112

Notes: ASFV, African swine fever virus; BRCA-1, breast cancer susceptibility gene-1; CXCL9, chemokine ligand 9; DENV, dengue virus; DMD,
Duchenne muscular dystrophy; EBV, Epstein Barr virus; EC, electrochemistry; ECL, electrochemiluminescence; FL, fluorescence; FSV, fast scan
voltammetry; HBV, hepatitis B virus; HIV, human immunodeficiency virus; HPV, human papillomavirus; MRSA, methicillin-resistant Staphylo-
coccus aureus; N.S., not specified; PB-19, parvovirus B-19.
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sensitivity detection. Additionally, referring to the initial
amplification-free CRISPR/Cas-based detection method which
utilized a fluorescence signal output,23 four representative stra-
tegies to overcome the challenges are summarized, including
optimization of key parameters of CRISPR/Cas systems, digitali-
zation of detection assays, change of signal transducer modes,
and amplification of the output signal generated by the cascade
assay (Fig. 1B). This review has also discussed challenges and
future perspectives of amplification-free CRISPR/Cas techniques,
which will contribute to developing more efficient strategies in
biosensing and hold tremendous promise to become the next-
generation of detection techniques.

2. Current status and challenges
2.1. Current status of amplification-free CRISPR/Cas
detection systems

CRISPR/Cas systems are attractive molecular diagnostic tools
due to their programmability and capability to directly target
nucleic acid sequences in genomes. As the research develops,
CRISPR/Cas-based detection technology unfolds great potential
for forming next-generation NAT platforms and has been

chosen as one of seven technologies that look set to shake up
science in 2022.24,25

The novel capability of the CRISPR/Cas systems to precisely
cleave certain nucleic acid sequences stems from their acquired
immunity-alike biological effects against exogenous viral invasion.
However, Cas enzymes are created unequally depending on
different purposes of application. The currently established
CRISPR/Cas-based detection strategies (class 2 CRISPR/Cas sys-
tems) are primarily classified into three categories (type II, V, and
VI) that implement different types of Cas effectors based on
different underlying mechanisms (summarized in Table 2). The
dCas9, a Cas9 variant without endonuclease activity while keeping
programmable DNA binding activity, is typically used to bind
target DNA with various modules like gFET sensors and nano-
pores, resulting in electrical conductivity signal output.26,27 Owing
to superior collateral activity on nonspecific oligonucleotides,
many examples of CRISPR/Cas-based detection utilized type V
or VI systems and the CRISPR-associated nucleases Cas12 or
Cas13 accordingly. After binding a single crRNA with specific
spacer sequences to form the nuclease-inactive ribonucleoprotein
complex (RNP), Cas12 or Cas13 effectors will be guided to
their target nucleic acids and triggered the collateral cleavage
activity to non-specifically degrade nearby single-stranded DNA or

Table 2 Distinct characteristics of CRISPR/Cas-based detection systems classified by different Cas proteins

Type Cas PAM sequence Target
Trans-cleavage
capability Strategy Refs.

II NGG dsDNA No

Based on specific binding: the
selective recognition between
dCas9 and target DNA can induce
current signal change.

27

V TTTN dsDNA/ssDNA Yes, ssDNA

Based on trans-cleavage: the target
can bind to crRNA, activating the
Cas12a and triggering trans-
cleavage of quenched fluorescent
reporters.

39

VI No, PFS-dependent ssRNA Yes, ssRNA

Based on trans-cleavage: the target
sample binds to the com-
plementary crRNA spacer and
activates Cas13a, inducing the
trans-cleavage effect on quenched
fluorescent reporters.

23

Notes: crRNA, CRISPR RNA; dsDNA, double-stranded DNA; PAM, protospacer adjacent motif; PFS, protospacer flanking site; ssDNA, single-
stranded DNA; ssRNA, single-stranded RNA; tracrRNA, transactivating crRNA.
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RNA (ssDNA or ssRNA), respectively. Typically, an ssDNA- or
ssRNA-fluorophore quencher (FQ)-labeled reporter is introduced
into the CRISPR/Cas detection system, which will generate a
fluorescence signal after collateral cleavage, and builds a relation-
ship between the target molecule concentrations and fluorescence
signal outputs.28 Notably, for dCas9 and Cas12a, the template
strand with an effector protein specific protospacer adjacent motif
(PAM) sequence will be better specifically bound to RNP complex.
As to Cas13a, the PAM sequence is not the key factor to the
system, but there exists a protospacer flanking site (PFS) where a
guanine base directly following the protospacer negatively influ-
ences the complementation between crRNA and the target.28

As a transformative technique in NAT, the CRISPR/Cas
detection systems are highly specific and accurate, which
benefit from the specific recognition of Cas effectors and their
complementary target sequence under crRNA’s guidance.
Additionally, without the pre-amplification step, the amplification-
free CRISPR/Cas detection can be rapidly completed within 15 min
because of the highly catalyzed turnovers of Cas13a or Cas12a
effectors armed with sensitivity-enhancing strategies.10,23,29

With simple steps and mild experimental conditions compared
to those of conventional molecular diagnosis methods, CRISPR/
Cas system-based detection can be coupled with portable devices
as long as their accommodate settings (such as physiological
temperature) are compatible with Cas effectors.30–32 The inno-
vative uses of amplification-free CRISPR/Cas detection have
allowed for broad sample testing categories from various areas
such as clinical diagnosis, food identification, and environment
monitoring, since the detection strategies for almost all types of
targets can be converted to NAT. For instance, an amplification-
free CRISPR/Cas12-based method can specifically discriminate
pork meat from beef, mutton, and chicken, suggesting a promis-
ing test strategy for rapid halal food authentication.33 Fluoride
in drinking water could be detected and quantified using a
CRISPR/Cas13-based biosensor without pre-amplification, forming
the advanced approach for on-site anion environmental
monitoring.17 As a simple and fast terminal biosensing platform
that has ‘cleavage upon activation’ capability, CRISPR/Cas detection
holds tremendous promise to be combined with other novel
biotechnologies and flesh out the future biosensing toolbox.

2.2. Challenges of amplification-free CRISPR/Cas detection
systems

Without pre-amplification, the detection limit of CRISPR/Cas
systems typically locates at the picomolar to femtomolar levels,
which is far below the requirement of the ideal NAT method.
Here, the main challenges that need to be addressed to improve
the detection sensitivity are listed below (Fig. 2).

2.2.1. crRNA optimization and synergistic action. The
CRISPR/Cas systems have evolved for billions of years on
preventing invaders, which endows ultrahigh specificity to
recognize target sequences. But it also brings the problem that
the trans-cleavage activity of Cas proteinases may vary greatly
depending on the length and sequence or synergistic action
of crRNAs.34–36 Satisfactory fluorescence signals show only
with the guidance of the most suitable crRNAs. Therefore, the

detection region of the target sequence should be carefully
chosen by comparing the detection efficiency of different
candidate crRNAs.

2.2.2. Adapt to high-efficient probes. In the CRISPR/Cas
detection systems, it is the accumulative progress of cleaved
FQ-reporters that induces detectable fluorescence signals.
Limited by the sensitivity of the instruments that detect
fluorescence signals, low target concentrations cannot be suc-
cessfully detected. This is because the fluorescence intensity of
probes in a microliter-level reaction volume is diluted by several
orders of magnitude. Therefore, introducing the concept of
digital droplet PCR (ddPCR) may highly improve the detection
sensitivity of CRISPR/Cas systems. The relative concentration of
target molecules could be increased to the pM level by reducing
the reaction volume to a droplet (about the nL level). On this
basis, with the adaption of high-efficient probes to CRISPR/Cas
systems, it is possible to reach ultrasensitive or even single-
molecule detection.

2.2.3. Flexible signal output modes. The sensitivity of
CRISPR/Cas systems depends on Cas trans-cleavage activities,
which are triggered to nonspecifically cleave ssDNA or ssRNA
reporters in the presence of target nucleic acids. Usually, the
reporter is dual labeled with a fluorophore and a quencher, and
the trans-cleavage reactions are monitored using a fluorescence
reader. Although the above strategy is robust and convenient, the
output signals are relatively weak, which may lead to compro-
mised detection sensitivity. Besides, such homogeneous analysis

Fig. 2 Challenges of amplification-free CRISPR/Cas detection. There are
four main challenges remaining to be addressed to improve the detection
sensitivity. (A) Optimize the spacer sequences of crRNAs to obtain satis-
factory fluorescent signals. (B) Adapt to high-resolution fluorescent
collectors to improve the detection signals of reaction system. (C) Attempt
to combine CRISPR/Cas detection system with other flexible signal output
modes. (D) Design post-amplification strategies to break the limitation of
trans-cleavage catalytic efficiency of the Cas effectors.
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pattern based on fluorescence readout requires bulky and
expensive optical equipment. Therefore, studies attempting to
combine other signal output modes with high sensitivity, such
as electrochemistry, surface enhanced Raman spectroscopy,
nanopore sensing platform, etc., may help CRISPR/Cas detection
systems overcome the above challenge.37–39

2.2.4. Skilful combination with post signal amplification.
In principle, the reason why the detection sensitivity of
amplification-free CRISPR/Cas systems locates at the sub-pM
level is that the trans-cleavage catalytic efficiency of Cas pro-
teins is restricted.12,35 The first idea that comes to mind is to
promote Cas nuclease activity with synthetic biological tools.
Alternatively, the skillful combination with post-amplification
strategies, such as simply incorporating multiple nucleases or
nucleic acid circuits, may be a promising technique to boost the
sensitivity of CRISPR/Cas systems.

3. Strategies of amplification-free
CRISPR/Cas-based detection
3.1. Optimization of crRNAs and signal reporters of the
CRISPR/Cas system

In the CRISPR/Cas detection system, crRNA and signal repor-
ters are two critical components. The former crRNA is vital for
detection because only with its specific targeting behavior
could the follow-up enzymatic cleavage be induced. Also, it
determines CRISPR diagnostic a major advantage of high
specificity, based on its sequence-specific recognition of the
target nucleic acid. The latter signal reporter is a basic element
that directly decides the performance of the signal readout.
Therefore, the initial strategy to improve the sensitivity of
amplification-free CRISPR/Cas detection is to optimize the
crRNAs, such as the length and the base arrangement, and
reporter types (ssDNA or ssRNA) (Fig. 3A). Moreover, recent
research on the Cas effector kinetics has provided a funda-
mental theoretical basis for determining achievable LODs of
CRISPR/Cas-based detection platforms.40,41 In the classic
amplification-free CRISPR reaction system, Ramachandran
et al. have found that the Michaelis–Menten model fits well
for trans-cleavage activity of CRISPR-associated enzymes. By
developing back-of-envelope analysis on reported research stu-
dies and performing experimental study, they summarized that
the catalytic efficiency related parameters (kcat and KM) depend
on the variations of gRNA, targets and reporters, thus further
influencing the achievable assay sensitivity.40 Optimization
strategies that noticeably improve the kinetic rates of CRISPR
systems will be discussed in the following section.

3.1.1. Optimization of crRNAs. Typically, mature crRNAs
originated from the CRISPR array of bacterial genomes, where
each single spacer is transcribed and processed correspond-
ingly. While perfectly complementary spacers ensure specific
targeting by the CRISPR/Cas system, the target efficiency varies
from the spacer length and base arrangement of the crRNA
sequence.42,43 The first method to increase detection sensitivity
simply is by optimizing crRNA sequences.44 After testing diverse

programmed crRNA with spacer lengths from 14 to 28 nt, it was
observed that the trans-cleavage ability of RNA-guided Cas13a
was significantly weakened with spacers shorter than 20 nt. The
research also indicated that at least 20 base pairs of crRNA:-
miRNA (target) duplex is vital for efficient collateral cleavage.44

This could be mainly explained by the fact that changes of Cas13
conformation contribute to disparity in kcat and further catalytic
efficiencies, which has been confirmed to highly depend on
crRNA–target duplex sequence.45

In theory, integrating multiple crRNAs targeting different
nucleotide regions of a single nucleic acid can synergistically
activate Cas nucleases, resulting in more released fluorophores
and thereby improve the sensitivity. For example, harnessing
four targeted crRNA sequences in the CRISPR/Cas12a system
displayed B64 times stronger signals than the conventional
single-crRNA system.46 A previous study has also verified that
combining two or three crRNAs can markedly increase the
sensitivity of CRISPR/Cas detection systems (Fig. 3B).32 Speci-
fically, two crRNAs inducing the greatest Cas13a activation were
selected, which exhibited high sensitivity with an LOD of 270
copies per mL and low background fluorescence. Although
trinal-crRNAs further enhanced the detection limit (31 copies
per mL�1), more off-target events could possibly occur upon
crRNA combination, resulting in false positive quantification.
Consistent with the signal-amplified strategy described above, a
dual-crRNA-based CRISPR/Cas13a assay performed in micro-
chambers enabled an LOD down to 5 fM.47 These studies
inspire us that an ideal crRNA combination should be formed
via systematically searching across the entire target sequences,
which can significantly increase the detection sensitivity of the
amplification-free CRISPR/Cas-based platform.32 However, the
LOD and the corresponding reaction time reported by Fozouni
et al.32 reveal to be physically inconsistent with the theoretical
enzyme kinetic criteria developed by Ramachandran et al.40

This conflict may be explained by the disparity of detector
sensitivities, but there is still a large space to explore kinetic
changes in the multi-crRNAs strategy.41

3.1.2. Signal reporter optimization. Signal reporters are
directly related to the signal output, which is of great signifi-
cance in the approach of CRISPR/Cas-based biosensing.
Previous research has revealed that the catalytic efficiency of
Cas effectors varying from the lengths of fluorescent reporters.48

By changing the reporter length to 22U, the detection sensitivity
was B10 times higher than that of 5U instance.49 Besides this,
the secondary structure of fluorescent reporters also affects Cas
nuclease activity. Rossetti et al. revealed that hairpin DNA
reporters generate a faster and enhanced fluorescence signal
change compared to linear ssDNA reporters, performing with
better sensitivity (10 pM, 10-fold improvement) in the detection
of SARS-CoV-2.50 The kinetic analysis also confirmed better
affinity between hairprin reporters and Cas12a, resulting in an
B5-fold improvement of catalytic efficiency parameter (kcat/KM)
and a faster trans-cleavage rate. Although the sensitivity failed to
meet the estimated LOD requirement of 100 copies per mL for
sensitive COVID-19 screening,51 this work evolutionarily pro-
vided a better understanding of Cas12a nuclease activity and
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could be utilized to integrate with other improved amplification-
free CRISPR/Cas-based detection methods.

Recently, one study has demonstrated a novel alternative
method by designing a proximal DNA probe. The probe con-
sisted of a fluorophore-labeled ssDNA, which was first incu-
bated with CRISPR reagents in the solution. After the reaction,
a quencher group-labeled ssDNA was then added for the
following assay. Without the target, the above two ssDNA
materials hybridized with each other and showed high

quenching efficiency. In contrast, in the presence of the target,
the fluorophore-labeled ssDNA could be trans-cleaved in
advance and inhibit the hybridization with the quencher
group-labeled ssDNA, leading to the increase of the fluores-
cence intensity (Fig. 3C). This study has illustrated a 4-fold
sensitivity improvement than other assays utilizing single-
stranded dual-labeled probe.52 However, the principle of why
the fluorophores near the quencher group-labeled DNA strand
can increase fluorescence intensity more than the free

Fig. 3 (A) Schematic representation of optimizations operated through biological processes for identification and cleavage of the CRISPR system,
including multiple crRNA combinations (a), and formation of alternatively designed nucleic acid reporters (b), which can amplify the signal-to-
background ratio and thereby improve the sensitivity. (B) Schematic of two RNP combination binding to different positions of the same target template,
resulting in the cleavage of the signal reporter and increased fluorescence compared to single RNP.32 (C) The proximal DNA probe could yield enhanced
fluorescence after being cleaved by the Cas effector.52 (D) A special RNA aptamer that could bind to specific dyes and induce fluorescence
enhancement.37 (E) Illustration of a stably quenched spherical nucleic acid reporter, with a circle of fluorescence-labeled ssDNAs binding to the AuNP
core.36 (F) Schematic diagram of an AuNP nanosensor inducing metal enhanced fluorescence after collateral effect of the Cas effector.13
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fluorophores remains to be further discussed. Here is another
research that has established a light-up RNA aptamer as
the alternative signal reporter to dual-labeled nucleic acid
strands.37 Without the target, the special RNA aptamer
sequence remained intact and could bind to specific dyes,
inducing fluorescence enhancement and significantly raising
the background-to-signal ratio. In the presence of the target,
the single-stranded aptamers were trans-cleaved into fragments
with the activation of the Cas effector (Fig. 3D). The signaling-
CRISPR/Cas13a assay allowed as low as 10 CFU of Bacillus
cereus to be detected.

Besides the optimization methods mentioned above,
nanomaterial-based or nanoparticle-assisted reporters can also
enhance the signal intensity. To date, several studies have
investigated the roles that nanoparticles play on enzyme activity,
either positively or negatively, when they are anchored by nucleic
acids.53,54 Owing to their high quenching efficiency when
anchored with fluorophores, Au nanoparticles (AuNPs) have been
creatively utilized for nucleic acid reporter constructions.55

Researchers believe that a stable and sensitive CRISPR/Cas detec-
tion system can be established by developing an extraordinary
structure of metal nanoparticle-based nucleic acid reporters.
Among several DNA-based nanostructures, spherical nucleic
acids (SNAs) have worked as attractive tools due to their unique
three-dimensional construction with a nanoparticle core densely
with a nucleic acid shell.56,57 By uniformly immobilizing plenty of
fluorescent dye-labeled ssDNAs (15 nt) on the AuNP core to form
an SNA reporter (Fig. 3E), the target DNA as low as the femtomolar
range could be sensed with a high signal-to-noise ratio, which
benefited from the high quenching efficiency of AuNPs on
fluorescent chromophores.58 Based on the above stable SNA
structure, replacing the loaded-fluorophore with electrochemilu-
minescent (ECL) luminophores of carbon dots also showed an
improvement in signal responses, again demonstrating that this
nanostructure based on the high quenching ability of AuNPs can
improve the sensitivity of the overall detection.59 Another attempt
to detect cell-free DNA (cfDNA) based on an amplification-free
CRISPR/Cas12a fluorescent biosensor was developed, in which
metal-enhanced fluorescence (MEF) using DNA-functionalized Au
nanoparticles (AuNPs) was designed to improve the sensitivity.39

In this case, two different-sized AuNP (20 and 60 nm) pairs
connected by a 7 nm long dsDNA and a 2 nm long ssDNA were
introduced to induce MEF with target DNA and fluorescence
quenching without target DNA (Fig. 3F). In the presence of the
target, the ssDNA between the 20- and 60-AuNPs was cleaved
by the activated CRISPR/Cas12a complex, which resulted in the
dissociation of the 60-AuNPs from fluorescein isothiocyanate
(FITC) with 7 nm long DNA functionalized 20-AuNPs, thereby
inducing an enhanced fluorescence signal that was proportional
to the target cfDNA concentration down to femtomolar concen-
tration ranges. Notably, because of AuNPs’ surface plasmon
resonance properties, the proposed method not only showed
excellent fluorescence enhancement by the CRISPR/Cas12a sys-
tem but also provided the ability to intuitively assess target DNA
concentrations via visual inspection of color change. The above
nanoparticle-assisted reporters have shown improvement in LODs

because of their high fluorescence quenching efficiency, which
can be explained by the kinetic research conclusion that lower
background signal facilitates the production of more cleaved
reporters in fluorescence-based detection schemes.41 There is no
doubt that nanomaterial-based CRISPR assays targeting certain
biomolecules have exhibited excellent diagnostic performance by
improving LODs for 2–4 orders of magnitude and have been
successfully adapted in real clinical sample detection.39,58 Moving
forward, further studies on the achievable sensitivity for different
targets are expected, to expand the applicability of an amplifi-
cation-free CRISPR/Cas detection system with nanomaterial-based
reporters.

Researchers have also found that the detection signals of
amplification-free CRISPR/Cas system can be amplified by sim-
ply increasing the number of recognition sites. For instance, an
engineered DNA barcode complex containing multiple recogni-
tion sites for the Cas12a/crRNA complex was designed for the
ELISA-like ‘‘immune-CRISPR’’ assay.18 Specifically, a DNA bar-
code was an oligonucleotide strand with the crRNA targeting
sequence in the middle and biotin modification at both ends.
Then, biotinylated DNA barcodes self-assembled onto streptavi-
din (SA) to generate SA-DNA barcode complexes, which increased
the number and density of CRISPR/Cas12a recognition sites
attached to the target protein antibody. As a result, the detection
rate improved approximately 8-fold compared to using a mono-
meric DNA barcode. The LOD of the immune-CRISPR assay with
multiple recognition sites represented a B7-fold improvement
compared with traditional horseradish peroxidase (HRP)-based
ELISA. Similarly, a CRISPR/Cas-based protein biosensor was
developed by introducing aptamers to recognize the SARS-CoV-
2 antigen. The platform transduced the aptamer defector signal
into the reflection of trans-cleavage activity through hybrid DNA
containing multiple sites for the specific touch-off of Cas12a.19

These lead to us anticipating that the extensive molecular
detection methods taking advantage of programmable cleavage
events from the Cas nuclease may be extended to proteins or
other biomacromolecules.

3.2. Digital-CRISPR ultrasensitive detection platforms

The digital assay is the technology based on reaction system
segmentation and has shown great application potential in
biomedical analysis. The whole system is divided into massive
reaction units, followed by counting the result of each micro-
reaction unit in the final statistic processing. Compared with the
regular detection in tubes, reaction units formed in the digital
assay are very small with the droplets at the micro-nano level
inside.60 The main types of methods for droplet generation can
be divided into two categories, one of which is to submerge water
in oil (Fig. 4A(a)).61 With the continuous oil flowing in from both
sides of the microchannels, the dispersed water in the middle is
squeezed, forced to shrink and deform, and finally formed
droplets under the basis of entrainment focusing.60 The alter-
native method that produces microdroplets relies on the passive
distribution of the fluid by microchannel geometry (Fig. 4A(b)).

NAT using digital assay has highlighted its advantages of
small sample requirement and rapid reaction speed. Droplet
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generation is fast and significantly improves the mixing
efficiency while containing mixed small volumes of fluids.62

The individual reaction in each micro-unit instead of typical
detection in tubes can significantly improve the sensitivity of
biomedical detection and provide a novel capability of quanti-
fication. For example, droplet digital PCR (ddPCR) allows single
template molecule amplification, providing a new strategy of
NAT for pathogen detection, personalized cancer treatment,
drug resistance, prenatal diagnosis, and other fields.63

As a next-generation NAT method, the CRISPR/Cas system
combined with droplet digital technology allows the establishment
of an ultra-sensitive biosensing platform for direct molecular
detection (Fig. 4A). One platform named CRISPR/Cas-based
amplification-free digital RNA detection (SATORI) was devised

upon the combination of CRISPR/Cas13 and microchamber-
array technologies.47 The induced cleavage provided a signal
read-out with the detection of targets at as low as 5 fM
concentration within 5 min, which was much more sensitive
than other amplification-free CRISPR/Cas13a biosensing plat-
forms (B50 pM or 3 � 1010 copies per mL).24 They further
established an automated detection platform on SATORI (opn-
SATORI) integrated with magnetic-bead enrichment module,
which not only eliminated the human operation errors but
also lowered the LOD down to 6.5 aM (about 1000-fold higher
than the former SATORI assay).64 By confining the target
and other reaction reagents in picoliter-sized droplets, an ultra-
localized amplification-free CRISPR/Cas13a assay format was per-
formed with the LOD of SARS-CoV-2 down to B6 copies per mL.

Fig. 4 (A) Principal schematic representation of the digital assay. The bulk sample and CRISPR/Cas reaction mixture are emulsified with oil (a) or added
to a microfluidic chip (b) to form a large number of microvolume droplets. In the presence of a single target molecule in each volume, fluorescent
reporters could be trans-cleaved and yield a signal positive droplet. (B) Use of fluorescence microscopy for fluorescence imaging-based droplet counting
on the microfluidic droplet chip. Adapted with permission from ref.65, Copyright 2021 American Chemical Society. (C) Illustration of the smartphone
platform as a signal reader for the biosensing of nucleic acids. Reproduced with permission from ref.34, Copyright 2021 American Institute of Chemical
Engineers.
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Once Cas13a was activated by the single-target RNA in one droplet,
the cleavage of reporters produced a fluorescence signal. Then the
‘‘lighted’’ microdroplet was assigned as ‘‘one’’ for digital counting,
otherwise ‘‘zero’’ would be recorded (Fig. 4B).65 The disparity of
LODs between the above two strategies may be caused by their
different experimental parameters. One difference lies in that the
SATORI exhibited the whole assay in B3 fL droplets, while the
latter performed in pL-sized reactors. Besides, SATORI two crRNAs
were additionally used to simultaneously target one template for
sensitivity improvement. With the same CRISPR/Cas system in a
microdroplet-based assay, the reason why the latter strategy yielded
higher sensitivity than the former one remains to be further
studied.

In terms of molecular diagnostic applications, Cas12a-based
collateral cleavage can detect as low as the pM range, which is
about 1–2 orders of magnitude weaker than the CRISPR/Cas13a
system. Therefore, it is a critical task to build a droplet-
mediated single-molecule nucleic acid detection platform by
amplification-free CRISPR/Cas12a system with satisfactory sen-
sitivity. Under the optimal stoichiometric ratio of the Cas
nuclease and crRNA, the CRISPR/Cas12a detection system
without pre-amplification achieved an LOD of 8 pM in bulk
solution. Further enhancement of sensitivity down to 5 fM was
acquired after the reaction was switched into droplet-based
digital assays (Fig. 4C).66 Optimization of multiple crRNAs,
which has proven to be valid for sensitivity enhancement
before, can also be coupled with a digital assay to achieve
single-molecule detection. For example, a dual-crRNA targeted
droplet-powered CRISPR/Cas12a detection platform was cap-
able of ultrasensitive DNA detection at the single-molecule
level, which exhibited a hundred-fold improvement compared
with digital assays alone.67 Considering the former CRISPR/
Cas12a reaction performed in the same pL-sized volume, this
strategy proves that leveraging powerful optimization strategies
of the CRISPR assay tailored for droplet-based analysis endows
better detection efficiency.

3.3. Signal transducer formation

Apart from detecting fluorescence intensity changes caused by
reporter cleavage, researchers have designed amplification-free
CRISPR/Cas-mediated biosensing strategies with a variety of
signal output modes, such as current changes and transforma-
tion of Raman scattering intensities (Fig. 5A). Electronic sen-
sors are typically created under two main principles based on
CRISPR/Cas systems. One is on account of target recognition.
Specifically, the combination of the target strand and CRISPR/
Cas complex hinders the transfection of electrons on the
electrode and thus induces current response change. Other
electronic sensors use the trans-cleavage effect on ssDNA/ssRNA
reporters immobilized on the electrode surface, and their
follow-up configuration changes can be transferred into the
current change, because of the removal of the signal transduc-
tion tag modified on the reporters. Similarly, surface-enhanced
Raman scattering (SERS)-integrated CRISPR/Cas biosensors
rely on the change of Raman intensity caused by fragmentation
of single-strand probe binding to SERS-active array. And this

deactivates the so-called hot-spots effect, revealing a significant
signal decrease compared to distinct SERS enhancement with-
out trans-cleavage. The above biosensing devices utilize low-
cost materials for the fabrication of compact platforms, and the
sample-to-result time is short, usually within 60 min. Therefore,
they are suitable for point-of-care testing (POCT), endowing
amplification-free detection methods to fit resource-limited
areas where well-equipped laboratories are not accessible. Addi-
tionally, the trials on biosensing strategies have also expanded
the applied range of CRISPR/Cas-based detection methods for
non-nucleic acid targets, via the specific alteration of the recog-
nition element. In terms of sensitivity, the above biosensing
strategies are mostly at the fM–pM level, around 3 orders of
magnitude lower than the digital-based assay. But the detection
sensitivity of biosensors can reach an LOD of the aM level by
taking advantage of nanomaterials and post-amplification. In
this section, we will discuss signal transducer-based strategies
for amplification-free CRISPR/Cas detection systems.

3.3.1. Graphene-based field effect transistor (gFET). The
graphene-based field effect transistor (gFET) is the first biosen-
sing platform that introduces an electronic readout in CRISPR/
Cas-based detection. A field effect transistor (FET) is an electronic
device with gate terminals, which allow the FET a current switch-
on mode. The control of current is realized by gate modulation of
the free carrier density under the gate.68 Graphene is a type of low-
cost nanomaterial with exceptional electronic properties for its
excellent performance in current-carrying, and has been used for
the high current gain of FET.69,70 A successful case of CRISPR/Cas-
gFET biosensors was based on the target recognition by the dCas9
complex, which resulted in a current change (Fig. 5B).27 Specifi-
cally, the target genomic DNAs were close to the surface of the
sensor by hybridization with the single-guide RNA molecules
immobilized on the gFET electrode. The negative charge of target
DNAs caused the ion concentration change to switch on the gate
and increase the conductivity of the detection system, leading to a
higher electric current response. It successfully detected the target
DNA as low as 1.7 fM within 15 min.27 After further optimization,
the above assay was successfully carried out for single-nucleotide
mutation discrimination (SNP).71 When DNA targets contain
mismatches, the RNP complex shows less affinity and results in
the dissociation of DNA from the surface of the electrode.72–74

Here, researchers optimized the Cas9/dCas9 proteins and mea-
sured different electrical properties including capacitance, vol-
tage, and intensity of current responses to elect the most sensitive
parameter for improved detection performance. Inspired by the
excellent performance of gFET biosensors, Li et al. has designed a
new CRISPR/Cas13a-gFET detection platform relying on the high
trans-cleavage activity of Cas13 nuclease.75 This assay showed an
LOD down to the attomolar range (1 aM or 0.6 copies per mL),
which is comparable to the gold-standard RT-qPCR and 3 orders
of magnitude better than that of the dCas9-gFET platform.

3.3.2. Electrochemical (EC)/ECL biosensors. For amplifica-
tion-free detection, Cas nucleases have been adapted to various
electrochemical-based biosensing platforms. In most cases, an
electrochemical tag methylene blue (MB) is linked to an electrode
surface via stranded nucleic acid, and the signal responses are
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created by the absence of the MB tag or the change in its distance
to the surface. The strategy of the first CRISPR/Cas12a-based
electrochemical biosensor was employed directly placing MB

electrochemical tags on a gold electrode base to form a thiolated-
ssDNA-MB conjugate (Fig. 5C(i)).76 The activated CRISPR/Cas12a
complex cleaved the MB probes and yielded a significant decrease

Fig. 5 (A) Principal schematic representation of the different signal readout modes. (B) Illustration of a CRISPR/Cas-gFET biosensor based on target
recognition by the catalytic dCas9 complex.30 (C) An overview of electrochemical/electrochemiluminescence signal transducers: electrochemical
sensors coupled with the MB tag via ssDNA (i),76 hairpin DNA probe (ii),77 AuNP modified MB tag via ssDNA (iii),78 and hairpin probe using both DNA sensor
induced conformation change and cis-cleavage of the Cas effector (iv);95 (D) An electrochemical sensor with a glucose oxidase tag. Reproduced from
ref. 86 according to Creative Commons Attribution License (CC BY 4.0). (E) The dual-mode electrochemical sensor using Fe3O4@AuNPs/DNA-Fc&Ru as
a signal unit. Adapted with permission from ref. 93, Copyright 2021 American Chemical Society. (F) Schematic diagram of the formation of SERS-based
signal transducer. Adapted with permission from ref. 97, Copyright 2021 American Chemical Society. (G) CRISPR trans-cleavage-based glass nanopore
sensors. Adapted with permission from ref. 106, Copyright 2020 American Chemical Society.
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in the current peak. Owing to its decent performance on nucleic
acid sensing, researchers even additionally achieved protein detec-
tion driven by the extra combination of a specific aptamer.76

Following the above method, a series of detection systems
have been set up with a few alterations on electrochemical tags
to improve sensitivity. Instead of using linear ssDNA as the
linker, an optimized hairpin DNA electrochemical probe enabled
lower concentration target detection (Fig. 5C(ii)).77 The develop-
ment of multiple MB electrochemical tags conjugated to
streptavidin-AuNPs as a whole, which was linked to Au electrode
via linear SH-ssDNA-Biotin, was found to reduce the LOD to
0.1 pM without the pre-amplification process (Fig. 5C(iii)).78 The
use of AuNPs expands the number of MB labels per reporter,
indicating a stronger capability in increasing the conductivity of
the system than a single MB molecule. Furthermore, a CRISPR/
Cas system enhanced electrochemical DNA (E-DNA) sensor
showed unprecedented sensitivity and accuracy.79 In this study,
the target first induced a conformational change of the surface
signalling probe from hairpin to linear structure, leading to
the variation of the electron transfer rate of the electrochemical
tag. The followed introduction of Cas cleavage activity into the
E-DNA sensor dramatically induced a more apparent signal
change between with and without the presence of the target
(Fig. 5C(iv)). Such dual reduction of current outputs enhanced
the sensitivity of the E-DNA sensor to the femtomolar level,
which was capable of detecting a single mutation under
unknown concentration conditions.

Nano noble-metal materials not only have been used for the
modification of electrochemical tags but also acted as working
electrodes, due to their exclusive electrical properties.78 The
employment of noble-metal nanomaterials (such as gold nanos-
tructures) and DNA nanostructures modified electrodes can
highly improve the sensitivity by increasing the conductivity
and the sensing areas, as well as providing an upper electro-
chemical platform with high affinity to the electrode surface.80

For instance, with the modification of Au nanoflower (AuNF)-
like nanoparticles on the electrode surface, the developed
CRISPR/Cas13a electrochemical biosensing platform enabled
the detection of the ORF gene of SARS-CoV-2 at a concentration
down to 4.4 � 10�2 fg mL�1.81 In another case, framework
nucleic acids (FNAs, especially tetrahedral DNA nanostructures)
were used as scaffolds with one face anchoring on the electrode
interface. Due to their special 3D structure, FNAs can effectively
weaken the surface crowing effect and well control the density
of extending DNA probes to capture the target ssDNAs, achiev-
ing optimal detection sensitivity.82 Based on the recognition of
the complementary target through PAM confirmation and
crRNA matching, the Cas12a/crRNA complex got access to the
interfaces, and the cis and trans-cleavages of Cas12a were
activated at the same time. In combination with the enzyme-
catalyzed reaction, the electrochemical platform with AuNPs-
FNA modification achieved an ultralow LOD of 100 fM in
HPV-16 detection without pre-amplification.83 Robust develop-
ment of the electroactive silver nanowire metallization has also
enhanced the current disparity. Based on the electrostatic
interaction between negatively charged DNA probes and

positively charged Ag+, a mass of Ag+ was deposited on the
electrode surface. Compared with the bare electrode only
modified with DNA probes, Ag+ metallization offered a large
improvement in the electrochemical signal response.84 In the
presence of the target, DNA probes would be trans-cleaved by
the Cas effector, which led to a low current response. Notably,
the degree of silver metallization was proportional to the
quantity of ssDNA target, thereby enabling the quantitative
measurement of the target.85

Besides for the evaluation of the current response directly
caused by the degradation of ssDNA on the metal electrode, a
novel tool has been manufactured by tuning the detection of
Cas protease cleavage activity into glucose oxidase activity
monitoring. In the absence of the target molecule, glucose
oxidase bound to the intact reporter RNA was therefore immo-
bilized, resulting in a catalytic reaction producing H2O2

(Fig. 5D). Otherwise, cleaved reporter RNA would fail to seize
the glucose oxidase as the result of the trans-cleavage activity of
the Cas effector. The enriched product concentration could be
detected by the amperometric method.86 The above assay was
performed in small sample volumes, and the biosensor chip
could be stored for several months under refrigerated condi-
tions. Without the requirement for pre-amplification of the
target, the above properties endowed the capability of POCT
application. Further optimization stretched its capability on
multiplexed biosensing for miRNA, by subdividing microfluidic
channels and optimizing related microfluidic dynamics.87 The
compatible detection of the amplification-free CRISPR/Cas
platform greatly improves its POCT detection potential because
of its cost-effectiveness, flexibility, and simplicity.

Taking advantage of both electrochemistry and chemilumi-
nescence, ECL techniques have drawn much attention in
molecular diagnostic and bioanalysis, featuring low back-
ground noise, wide dynamic range, and requiring simple
devices.88–90 The initial version of the CRISPR/Cas detection
method implementing an ECL signal readout was established
on a bipolar electrode electrical conductor in dielectric fluid
and was sensitive to the femtomolar level range for miRNA
sensing.48 Once trans-cleaved by Cas13a, a pre-trigger probe
degraded into two fragments, one of which served as the
initiator for follow-up isothermal exponential amplification
(EXPAR). Upon the addition of ruthenium (Ru)-complexes and
their subsequent oxidation reaction with the amplified dsDNA
product, an intense luminescence signal was induced, propor-
tional to the target concentration. This portable platform allows
for simple experimental procedures, averting electrode modifi-
cation and washing process. However, Ru-complexes used in
this work serving as the ECL emitter are costly and have
limitations in the immobilization capacity.91 As a cost-
effective alternative to Ru-complexes, L-methionine stabilized
gold nanoclusters (Met-AuNCs) were further used as substrate
emitters to formulate an ECL transducer. At the beginning,
Met-AuNCs were quenched by the ferrocene (Fc)-tagged thio-
lated ssDNA tethered on their surface. Upon non-specific
ssDNA degradation by the CRISPR/Cas12a system, the Met-
AuNCs modified on the electrode were released from the
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quenching states. The recording recovered ECL signals demon-
strated an LOD of 0.48 pM for target HPV-16 DNA biosensing.92

Further research on a dual signal mode detection platform was
achieved by synthesizing a functionalized composite bionano-
material Fe3O4@AuNPs/DNA-Fc&Ru as a signal unit (Fig. 5E).93

A signal unit consisted of one Fe3O4 particle with several AuNPs
deposited on its surface, and each AuNP was modified by a Ru-
complex emitter and a short ssDNA labeled with Fc. The
ssDNA–Fc in the signal unit was cleaved due to the nonspecific
cleavage ability of the CRISPR/Cas12a system, which resulted in
the decrease in the fast scan voltammetric (FSV) signal from Fc
and the increase in the ECL signal from the Ru-complex which
was formerly inhibited by Fc. The strategy not only showed high
sensitivity with LODs of 0.3 fM and 3 fM for ECL signal and FSV
signal, respectively, but also had satisfactory cross-validating
ability and reliability in the rapid detection of genetically
modified crops.

3.3.3. Optical sensing based on surface plasmon effects.
SERS is a powerful surface enhancement technology to identify
biomolecules, in which the ultrasensitive detection capability
with incident light is attributed to surface plasmon effects on
metal surfaces. When the external electromagnetic radiation
interacts with free electrons in nanostructures, molecule
probes immobilized on the surface of plasmonic nanostruc-
tures will generate intense Raman signals as a result of the
enhanced electric field which is restricted to the surfaces of
nanomaterials.94–96 As one of the most promising ultrasensitive
biosensing technologies, SERS technique have been applied to
develop the amplification-free CRISPR/Cas-based detection
system. A new modality that combined Cas12a nuclease with
Raman spectroscopy was demonstrated, and it achieved multi-
ple nucleic acid biosensing capabilities with an LOD of 1 aM in
merely 20 min (Fig. 5F).97 Instead of the bare electrode,
researchers designed hot spots that are regions with SERS
improvement, via tuning triangle-shaped Au microstructures
and introducing the Au/Ag alloy to fabricate a rough surface to
generate a stronger electromagnetic field.98 Additionally, the
SERS-active graphene oxide layer modified the surface and
brought greater charge separation efficiency and contributed
to enhanced SERS intensity.99 The well-designed nanoelectrode
structure along with Raman probes at the hot spots generated
stably enhanced Raman signals and endowed the platform with
remarkable detection at the aM level.

Another similar advancement in the utilization of SERS-
based biosensing strategy obtained 1 fM detection of SARS-
CoV-2 by a SERS probe consisting of Ag nanoparticles and the
MB tag linked through ssDNA.100 Further development focused
on the portability improvement by developing an ultra-sensitive
SERS-based CRISPR/Cas12a lateral flow assay with an LOD of
0.3 fM, making it possible to detect biomolecules even in
resource-limited settings.101 Compared with the first SERS-
based CRISPR biosensor capable of detecting single molecules,
these two methods own sensitivity merely at the fM level, but
they are well-designed POCT approaches due to their portable
signal read-out system. Above all, the schematic to simulta-
neously improve the sensitivity and stability of the portable

SERS detection platform still needs further exploration and
validation.

Surface plasmon resonance (SPR) sensing platforms are
promising technologies for monitoring molecular interactions
and enabling a wide range of applications in the field of clinical
diagnostics and biological analysis. The SPR phenomenon is
where the light beam hits at a specific incident angle that can
excite the electrons at the interface between a dielectric and
metal and transfer the resonance energy parallel to the metal
surface layer.102 When the light source stays constant, the
certain angle that triggers SPR is sensitively influenced by the
surface refractive index change, which can therefore be utilized
for analyte detection. This approach was integrated with dCas9
to capture specific DNA sequences and realized sensitive NAT
without pre-amplification.103 In this case, the SPR sensing
surface was modified with graphdiyne film coupling with the
Au metal layer, which enabled a powerful dCas9 loading
capacity through linkers and enhancement in changes of
incident angles when the surface refractive index was altered
by the presence of the dCas9-target DNA complex. By monitoring
the change in the angle, the target molecule could be successfully
detected with real-time quantification, allowing for an LOD of
1.3 fM. Future improvements of SPR platforms should focus on
exploring other materials for metal layer modification and Cas
effector optimization to improve the sensitivity and ensure the
reusability of the sensing system to overcome their high-cost
construction.

3.3.4. Other biosensing strategy. The nanopore biosensor
is an electrical detection approach that relies on a resistive-
pulse sensing mechanism, where the conductance of an
electrolyte-filled pore or channel is sensed as the element
crosses it.104 One solid-state nanopore-mediated biosensor
has been used to detect DNA targets based on their stable
binding to dCas9.105 When the driven target DNA strand started
to pass through the nanopore, a decrease in current occurred
and stayed constant not long after. When the binding position
of the dCas9–DNA complexes moved through the nanopore, a
deep signal spike could be observed. In contrast, a typical DNA
translocation event that failed to target dCas9 showed no
additional spike in current traces. Albeit the translocation
signal indicated the existence of one dCas9–DNA complex; this
also meant that the time needed for measurement would be
excessively long. To address this challenge, recent research
deployed a strategy to induce signal changes by sensing the
trans-cleavage of DNA reporters instead of directly sensing the
binding position of target–nuclease complexes (Fig. 5G).106

Though the detection performance is not quite impressive, the
biosensing strategy can be further extended to other nanopore
categories and hopefully realize sensitivity enhancement.

The specific targeting activity of dCas9 can also be integrated
with an ion concentration polarization (ICP) phenomenon-based
sensor for direct nucleic acid detection.107 This was achieved
under the interaction between the electrophoretic force, which
was formed by the charge-selective nano-junction, and the
convective drag force from the flow in the channel. Since the
electrophoretic mobility of biomolecules varied, the complexes
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of dCas9 and target DNA were separated from the sample and
kept to accumulate in the vicinity of an ion boundary nanolayer,
and other free DNAs in the analytes propagated towards the
opposite direction. Using a fluorescence-labeled DNA sample,
the two distinguishable behaviors revealed different optical
profiles, thereby realizing the direct detection method of the
target biomolecule.

3.4. Cascade signal amplification

Currently, the LOD of CRISPR/Cas mediated amplification-free
nucleic acid detection is usually at the pM level, which cannot
meet the requirement of most diagnostic cases (attomolar
sensitivity). Except as mentioned above, a series of studies with

cascade signal amplification strategies have shown great appli-
cation prospects of improving the sensitivity of CRISPR/
Cas-based detection methods. Typically, the major development
is focused on protease-based cascade signal amplification sys-
tems and nucleic acid circuit-based cascade signal amplification
systems (Fig. 6A). The former system containing a tandem
protease reaction amplified the signal by leveraging products
of the first nuclease activity as the substrate for the next enzy-
matic reaction. In virtue of the high catalytic activity of both
enzymes, the final detection signal can be improved by 2–3
orders of magnitude. In the nucleic acid circuit-based cascade
system, probes with a certain structure are usually designed as
the intermediate. After being activated by the target biomolecule,

Fig. 6 (A) Schematic representation of cascade signal amplification mechanisms, including protease-based cascade signal amplification systems (a) and
nucleic acid circuit-based cascade signal amplification systems (b). (B) Tandem CRISPR nucleases-based detection.112 (C) The catalase-assisted CRISPR/
Cas13a detection.114 (D) CRISPR/Cas-powered catalytic nucleic acid circuit.121
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the Cas effectors nonspecifically cut intermediates, leading to
their transformation and thus bringing the subsequent nucleic
acid cycle circuit, such as catalytic hairpin assembly and CRISPR/
Cas-only amplification network (CONAN), which realizes expo-
nential signal amplification. Here, we will discuss in detail the
cascade signal amplification-based amplification-free CRISPR/
Cas methods for ultrasensitive detection.

3.4.1. Protease-based cascade signal amplification systems.
One of the tandem protease-based strategies is composed of
CRISPR type-III effector protein Csm6, which is a non-ssRNA-
specific nuclease.108 Although the ssRNase activity of Csm6 is
usually weak and distinct only at the micromolar level, the
digestion activity can be improved by cyclic oligoadenylates
(cOAs) as a ligand.109 Research showed that the joint utilization
of Cas13 with Csm6 could bring a 3.5-fold increase in the
detection of RNA than that of Cas13 alone.11 Taking advantage
of Csm6 as an auxiliary protein, identification of a complemen-
tary target molecule using the type III Csm complex could
specifically activate Cas10 subunits, leveraged to the develop-
ment of an alternative to trans-cleavage-based nucleic acids
detection methods. In this method, the presence of the target
triggered a conversion from ATP into B1000 cyclic oligoadeny-
lates by Cas10 polymerase, and these products served as sub-
strates for the following Csm6 activation and the consequent
non-specific fluorescent reporter degradation. Mutated Csm3
subunits that acted as the backbone of the Csm complex were
utilized to prevent target RNA degradation, further improving the
LOD of B107 copies per reaction without any target amplification,
which was around 3-fold more sensitive than the backbone with
wild type Csm3. However, this newly designed approach based on
intrinsic signal amplification by type III CRISPR/Cas system failed
to perform in clinical implementation.110 This limitation may
be caused by the ability of some Csm6 ribonucleases to degrade
its cognate activator, providing an automatic off-switch on Csm6
activity.111 Thus, further progressed research developed an
amplification-free CRISPR/Cas-based approach that integrated
Cas13a and Csm6 proteins to form a direct RNA detection assay
(Fig. 6B).112 The introduction of chemically modified activators
contributed to the robust collateral cleavage of Csm6. In the
presence of the target RNA, the Cas13a effector was activated to
non-specifically digest linear A4 4 P activators, which were found
to be capable of preventing itself from being degraded by Csm6
and simultaneously inducing the most sensitive signal response.
Using the modified activators, the Cas13a-Csm6 biosensing
method could finally detect the SARS-CoV-2 as low as 1.25 �
104 copies per mL, constituting around 3 orders of improvement in
sensitivity over that of the former Csm complex based detection
system. Furthermore, the inclusion of a set of eight optimized
crRNAs in the Cas13a-Csm6 tandem reaction incredibly enhanced
the LOD of 31 copies per mL within 20 min. Instead of employing
Csm6 to achieve final signal generation, another strategy com-
bined Cas13a and Cas14a for sensitive target RNA biosensing
without pre-amplification.113 After target-activated Cas13a collat-
eral cleaving of the phosphodiester bond of RNA molecule
featuring a stable hairpin structure, the resultant products inter-
acted with Cas14a through strand displacement, and thereby

triggered the trans-cleavage activity of Cas14a and released fluores-
cence signals. It is worth noting that apart from designing and
selecting the most proper structure of hairpin DNA oligonucleo-
tides (i.e., length ratios of the stem to loop), researchers also
compared Cas13a–Cas14a to Cas13a–Cas12a tandem series and
found that the former version possessed better cleavage efficiency.
The final amplified signal provides a lower LOD of 1.33 fM for
microRNA detection, compared with the relatively weaker detec-
tion capability of Cas13a alone.113

Proofs have also shown that combining Cas proteins with
other non-nucleic acid catalytic effectors can render superior
detection sensitivity.86 A study termed cellphone-based
amplification-free system with CRISPR/Cas-dependent enzy-
matic (CASCADE) has been created, where a catalase–ssDNA
probe was devised to bound to streptavidin beads with a high
loading capacity (Fig. 6C).114 Upon the trans-cleavage effect of
Cas12a protein triggered by target SARS-CoV-2 reverse-
transcribed DNA, catalase was released from conjugated magnetic
beads and was able to freely perform catalytic reaction after
magnetic separation by the interaction between beads and mag-
netic rack. Free catalase then decomposed H2O2 and produced
final optical gas bubble signals, featuring the platform with an
LOD of 50 copies per mL in 71 min. The enzymatic reaction based
on catalase could reveal direct optical signal readouts detected by
portable smartphones, whereas the stability of Cas12a and cata-
lase reagents and the thermal influence on H2O2 must be taken
into consideration. HRP is one of the most commonly chosen
enzymatic reporter because of its ubiquitous use in a variety of
commercial assay formats and ability to be detected with high
sensitivity via several different signaling substrates.115,116

Recently, Samanta et al. designed an HRP-based amplified signal
strategy in the CRISPR/Cas detection system. In this study, target
recognition activated the CRISPR/Cas complex, leading to catalytic
cleavage and release of HRP-labeled oligonucleotides from the
surface of microbeads. The HRP in solution could be monitored
through colorimetric, fluorometric, or luminescent approaches,
yielding up to a B75-fold turn-on signal and limits of detection
(LODs) as low as B10 fM, which was B30-fold higher than the
conventional fluorophore/quencher reporter in CRISPR/Cas detec-
tion systems. In addition, this study expanded its scope to non-
nucleic acid targets with the aid of aptamers, showing commer-
cially comparable detection sensitivity in complex biological
media (i.e., human serum sample). Similarly, Marta Broto et al.
have studied the combination of a CRISPR/Cas-based reaction
with a nanozyme-linked immunosorbent assay (CrisprZyme),
allowing for the quantitative and colorimetric readout of Cas13-
mediated RNA detection.117 In principle, nanozymes have a
higher substrate conversion rate than HRP.118 However, Crispr-
Zyme has failed to show much improvement on the sensitivity
compared with HRP-coupled CRISPR/Cas detection platform,
probably because short target sequence restricted crRNA and
non-specific immunosorbent.117,118

Briefly, the protease-based cascade signal amplification
systems have proved their capability of improving sensitivity,
but they still require for further optimization to achieve com-
patible multi-reaction and real clinical applications.
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3.4.2. Nucleic acid circuit-based cascade signal amplifica-
tion systems. In addition to the above one-way cascade ampli-
fication assays, various nucleic acid catalytic circuits for rapid
RNA detection have been proposed. Artificial biochemical
circuits are likely to play an important role in regulating the
transduction between biomolecules in chemical reaction
networks.119,120 Since the programmable sequence of nucleic
acids has become an attractive option for the generation of
modular biochemical circuits, they are integrated with engi-
neering ribozymes to form artificial control circuits. Signal
amplification in artificial nucleic acid circuits is achieved by
integrating cascaded or cycling reactions to yield massive out-
puts answering to a single input,120 and the intrinsic dynamical
behaviors of the catalytic mechanism are usually powered by
DNAzymes/RNAzymes or strand displacement.121

Taking advantage of Cas13a to directly recognize the target
RNA and non-specifically cleave the probe for follow-up EXPAR
reaction, multiple dsDNA products were synthesized and later
interacted with the ECL emitter, which ultimately induced high
intensity of fluorescence, allowing for target detection as low as
1 fM.48 One of the most common signal amplification circuits,
catalytic hairpin assembly, was also incorporated with a
CRISPR/Cas13a-based detection assay. A swing arm-DNA walker
(DW) was devised to initiate subsequent signal amplification,
enabling the cascade platform to obtain a detection limit of
0.78 fM.122 The DW machine was an ssDNA anchored to the
electrode with a blocker-silenced walking strand. In the
presence of the target, the activated Cas13a trans-cleaved
blocker and released the walking arm, realizing catalytic signal
amplification.122 In another Cas-catalytic hairpin DNA circuit
(CHDC)-powered cascade system, Cas13a was utilized to trans-
cleave hairpin probes, which were then degraded to intermedi-
ate for the following toehold-mediated strand displacement
reactions.123 After multiple cycles of strand displacement reac-
tions, numerous product molecules with MB tag were added to
an electrochemical cell to interact with ferrocene-modified
nucleic acid strand and thus perform a high level of the current
response. After the measurement, an enzyme mixture of uracil-
DNA glycosylase and endonuclease IV joined the assay and
broke down the interaction between the two molecules, leaving
only ferrocene-modified nucleic acid strands laid on the gold
electrode for the next measurement. This CRISPR/Cas13a-
mediated CHDC amplification system exhibited high sensitivity,
allowing the LOD down to 50 aM, with its cost-effectiveness in
reusable materials. Apart from the above CRISPR-triggered cas-
caded systems which were fabricated based on nucleic acid
circuits exclusive of Cas effectors, an excellent study termed
CONAN that contained an ordered integration of nucleic acid
circuits for rapid DNA detection was established, exponentially
amplifying signals by a Cas12a protein autocatalysis-driven feed-
back loop (Fig. 6D).121 Specifically, the target DNA was first
combined with one CRISPR/Cas12a, followed by the activated
nuclease cleaving the inhibitor DNA hybridizing a well-designed
gRNA as the intermediate. The fragments of prior caged gRNA
had two important functions: one served as the crRNA for
another Cas12a effector, while the other two fragments turned

into a fluorescence signal. With one of the intermediate frag-
ments assembled with a Cas12a effector-assistant dsDNA probe
system, this Cas12a nuclease could be activated and trans-cleave
another gRNA, sequentially generating new intermediate fragments
and providing positive feedback. Hence, multiple cleavage turn-
overs yielded abundant fluorescence signals. Exploiting CONAN for
genomic DNA detection, concentrations as low as aM level could be
sensed in unamplified samples. Another Cas13a cascade cyclic
reaction based on a similar nucleic acid circuit principle also
showed a low LOD of 75 aM.124 After the target RNA recognized
by the first Cas13a, it can non-specifically digest fluorescent
reporters as well as one designed mediator molecule. The mediator
came with double-stranded RNA with a toehold, and it could
activate another Cas13a effector after being first digested. This
induced more and more active Cas13a and cleaved mediator
molecule, thereby generating amplified signal. The above studies
exhibit the promising future of nucleic acid circuits for rapid
biomolecule detection.

While the ability of the CRISPR/Cas system to specifically
recognize the target makes up for the artificial nucleic acid
circuits, a CRISPR biosensing platform coupled with nucleic
acid control circuits significantly improves the detection sensi-
tivity. The programmability and precision of DNA hybridization
could be employed to endow self-assembled DNA nanostruc-
tures, allowing for spatiotemporal regulation of biomolecular
reactions.120 Also, the sophisticated process of designing
diverse intermediate nucleic acid modules is needed to build
CRISPR-nucleic acid circuits with higher performance, and the
standardization and automation of the biosensing platform will
contribute to enhancing the stability of clinical implementation.

4. Conclusions and future
perspectives

Over the past few decades, CRISPR/Cas system-based pro-
grammed NAT has become a broadly accessible and popularized
technology. The repurposing binding or cleavage event from
bacterial CRISPR/Cas systems endows the design of ideal detection
tools for molecule biosensing. While masses of CRISPR/Cas-based
detection modalities are facilitated with target pre-amplification
procedure in solution for sensitivity enhancement,125 they also
raise the risk of non-specific amplification and cross-carryover
contamination. Additionally, the two-step operation is not friendly
for users, which is also a problem for field-deployable detection. To
address these challenges, a series of amplification-free CRISPR/Cas-
based detection platforms have been developed using strategies
mentioned below. First, the optimally engineered crRNAs and
signal reporters have been utilized to improve the signal-to-
background ratio. Additionally, various biosensors with practicable
modifications, ultrasensitive digital detection platforms, and cas-
cade signal amplification systems also have allowed finer detection
resolution and greater signal responses.

Partial improvements have contributed amplification-free
CRISPR/Cas-based detection approaches to have comparable
sensitivity to gold standard techniques. For example, confining
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the CRISPR/Cas NAT reaction within one pL-sized microdroplet
enabled detection sensitivity as low as a single molecule level.65

Generally, the sensitivity requirements of detection methods
are different depending on specific targets and detection pur-
poses. For example, viral kinetic modeling has shown that a
detection approach with an LOD of 100 SAR-CoV-2 RNA copies
per mL was needed for screening during the COVID-19
pandemic.51 Therefore, an LOD of the aMBfM level is typically
required to detect infectious disease. However, for non-
communicable diseases like cancers, the concentration of
cancer biomarker cfDNA higher than 127 ng mL�1 (B108

copies per mL) may be a predictive indicator of death for
patients in the intensive care units (ICUs).126 Abnormal concen-
tration of ATP molecule in human venous plasma, usually
higher than 28 nM probably indicates the occurrence of various
physiological and pathophysiological events such as hypoxia
and ischemia.127–129 When monitoring these targets, the detec-
tion limit that reaches their physiological concentration is
enough to diagnose real clinical samples. For example, an
electrochemical amplification-free CRISPR/Cas-based detection
approach has been used to detect miR-19b from serum samples
of children, with an LOD of 10 pM.86 Therefore, strategies that
only improve the sensitivity by a few times can also be deployed
for amplification-free systems when they apply for specific
detection targets.

Because of the mild reaction conditions and short detection
time given by Cas nuclease, amplification-free CRISPR/Cas-
based detection techniques have shown excellent compatibility
with portable devices and promising field-deployable application
and home-based diagnostics. Connecting with microfluidic-chip
reactors and portable signal collectors such as smartphones as a
signal analyzer, or colorimetric lateral flow assay techniques,
amplification-free CRISPR/Cas-based detection approaches can
be easily used to develop universal POCT platforms.19,32,66,101,112

To date, CRISPR/Cas-based detection methods without pre-
amplification have achieved a sample-to-answer process time
within 5 min,47 which is much shorter than gold standards
(usually 4–6 h). During the global pandemic of COVID-19, such a
fast turnaround time of amplification-free CRISPR/Cas-based
detection techniques was able to cope with the rapid epidemic
expansion and helped to break the pandemic.51 With increasing
efforts on innovative uses of amplification-free CRISPR/Cas-
based detection technology in diverse areas including but not
limited to clinical diagnosis, precision medicine, and environ-
mental monitoring, it is reasonable to assume that this devel-
oping technology will provide more breakthroughs shortly.

Despite the tremendous promise of amplification-free CRISPR/
Cas-based biosensing platforms, certain obstacles remain to be
addressed to make these technologies universal tools for real-life
applications in POCT and at-home settings. The first challenge is
the limitation of target sequence selection. A specific PAM
sequence on the target array is crucial for most of the Cas
nucleases’ activity. Pre-amplification of target molecules can
introduce PAM sequences and thus allows CRISPR/Cas detection
platforms to work without considering the particular sequence
fragment in targets. Moreover, target types can be converted with

the target amplification process, enabling CRISPR/Cas biosensors
to detect various analytes including nucleic acids and biological
molecules. However, the amplification-free CRISPR/Cas techni-
ques are currently unsatisfactory to the features mentioned above,
resulting in a certain limited range of target options and compro-
mised universality and flexibility of detection.

To become an ideal NAT platform, amplification-free
CRISPR/Cas detection techniques must overcome the draw-
backs associated with conventional methods and be suitable
for POCT without requiring ancillary complicated equipment.
The main issues requiring continuous improvement, which
may help to shape a simple and practical workflow of
CRISPR/Cas-based biosensors are listed below:

4.1. Standardization

Standardization of reaction conditions, such as buffer,
temperature, and pH values, is vital for CRISPR/Cas-based
detection methods applied in real sample, which might interfere
with the efficiency of assembly between crRNA and effectors and
further influence the detection performance.76 This issue may be
solved by adding internal references or establishing calibration
curves for samples with known concentrations before each
independent test.130 Furthermore, turning results of CRISPR/
Cas-based detection to pH paper or color chart may be an ideal
improvement.130

4.2. Cost-effective detection

It is necessary to consider the production cost of CRISPR/Cas
components and portable devices, from the view of long-term
cost-effective employment. The ingenious design of nucleic
acid circuits in CRISPR/Cas systems might reduce the cost, by
reusing reaction nucleic acid materials or regenerating the
electrochemical sensing interfaces.123 For digital-CRISPR detec-
tion platforms that usually perform on microsystems, small
size reaction chamber and volume feature the advantage of low
cost.47,65–67 Further efforts may focus on reducing the cost of
ultrasensitive and portable signal collectors in digital-CRISPR
detection assays, to meet the market demand.

4.3. Integrated platform

Always, sample pretreatment step is the rate-limiting part of
POCT, which is also one of the key issues in amplification-free
CRISPR/Cas-based detection techniques.8,16,30 Also, the transfer
process from sampling to detection steps may result in biological
contamination.131 The majority of amplification-free detection
methods use pre-treated samples to perform well in real applica-
tions, but the prerequisite involves much time and complexity as
well. Rapid and portable DNA purification kits have been explored
to minimize or even eliminate the extraction step.86 We look
forward to the emergence of more sample pretreatment methods
or products in the future, to expand on-site applications of
amplification-free CRISPR/Cas-based detection techniques.18

4.4. Multiplexed biosensing

The demonstration of multiplexing capability has grown to be a
future focus influenced by recent trends. In some circumstances,
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the sole biomarker is not adequate for an appropriate diagnosis
of a disease or confirmed abnormal test results. For example,
most laboratory diagnosis methods of COVID-19 are based on
positive results of RT-qPCR of two distinctive genes. Also, the
simultaneous screening of various analytes will enable low-cost,
rapid, and accurate detection. For amplification-free CRISPR/
Cas-based detection methods, it is challenging to distinguish
multiple targets in a single reaction volume because of the
responded signal leveraged by non-specific collateral cleavage.
Introduction of microfluidic technology based on physical
separation may be an effective solution. For example, deploying
spatially multiplexed chips to obtain different targets in each
reaction space can contribute to multiple detection.65,97 Besides,
employing orthogonal effectors of LwaCas13a, PsmCas13b, Cca-
Cas13b, and AsCas12a, which show different dinucleotide clea-
vage motif preferences, may also achieve the detection of
different targets at the same time.11

With improvements to gradually become an ideal NAT tool,
the pioneering amplification-free CRISPR/Cas-based detection
technology will not only serve as a fundamental component of
the biomedical toolkit but also spread to the the brink of every
aspect of human lives.
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