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Molecular Engineering of CRISPR/Cas12a: From Activity 
Enhancement to Exponential Signal Amplification
Qing-Nan Li,a,b,1 Qi-Fan Yang,a,b,1 Wei-Liang Jin,a Xiao-Zhe Pang,a Wen-Bo Sun,a Jia-Xin Wang,a Xin-
Yue Wang,a An-Na Tang,a De-Ming Konga,* and Li-Na Zhub,*

CRISPR/Cas12a has emerged as a powerful tool for molecular diagnostics, yet its inherent linear signal output and limited 
amplification efficiency constrain its detection sensitivity. Conventional approaches that rely on coupling with pre-
amplification techniques increase operational complexity and introduce potential uncertainties, thereby hindering clinical 
translation. This review highlights a paradigm shift: moving beyond the canonical "one-target-one-enzyme" model through 
molecular engineering to intrinsically enhance the catalytic activity of CRISPR/Cas12a and even achieve exponential signal 
amplification. We systematically summarize key strategies, including crRNA reprogramming, activator strand engineering, 
reporter probe design, and reaction environment optimization, that collectively enhance Cas12a’s kinetics, specificity, and 
intinsic signal output. These integrated engineering approaches enable ultrasensitive, pre-amplification-free detection of 
both nucleic acids and non-nucleic acid targets, paving the way for the next generation of robust and field-deployable point-
of-care diagnostics.

Introduction
Sensitive, rapid, and specific detection of metal ions, small 
molecules, and disease-related biomarkers, such as nucleic 
acids, enzymes, and proteins, is crucial for clinical diagnostics, 
environmental monitoring, and infectious disease control. Such 
detection capabilities provide vital information for fundamental 
biochemical research, drug screening, and early disease 
diagnosis and treatment1-8. Although polymerase chain reaction 
(PCR) and isothermal amplification techniques are considered 
as gold standards due to their high sensitivity and specificity, 
they still present limitations, including complex operational 
procedures, reliance on specialized equipment, and potential 
contamination risks9-11. Consequently, there is a growing 
interest in developing alternative detection methods that offer 
rapid, cost-effective, and user-friendly diagnostic solutions. 

Against this backdrop, clustered regularly interspaced short 
palindromic repeats (CRISPR) and CRISPR-associated (Cas) 
systems have emerged as advanced and highly promising 
molecular tools. These systems exhibit diverse biological 
functions and hold great potential for the development of novel 
biosensors and diagnostic devices12-14. Originally identified as an 
adaptive immune mechanism in prokaryotes, CRISPR/Cas 
systems target and cleave foreign genetic elements such as 
plasmids or phages15. Among various Cas proteins, Cas12a, is 
type V effector, distinguishes itself with a simple structure and 

high efficiency, making it a preferred candidate for biomarker 
detection in biosensing applications16, 17. 

In recent years, the CRISPR/Cas12a system has demonstrated 
considerable potential in biosensing owing to its unique trans-
cleavage activity18-21. In this system, Cas12a not only cleaves 
target double-stranded DNA (dsDNA) via its cis-cleavage activity 
but also exhibits nonspecific trans-cleavage activity toward 
single-stranded DNA (ssDNA) upon target recognition22, 23. This 
property has been leveraged to develop biosensors for a wide 
range of analytes, including nucleic acids24-26, proteins27, small 
molecules28, 29, and ions30, 31, highlighting its utility in medical 
diagnostics, pathogen detection, and environmental 
monitoring.

Despite these promising advances, CRISPR/Cas12a-based 
biosensors remain largely confined to the laboratory settings. 
Two major bottlenecks hinder their practical applications: (1) 
The inherent limited signal amplification capacity of Cas12a 
(only 3~17 turnovers per second23, 32), which is inadequate for 
detecting low-abundance targets; and (2) heavy reliance on 
external pre-amplification techniques, such as PCR, 
recombinase polymerase amplification (RPA), loop mediated 
isothermal amplification (LAMP), and other exogenous signal 
amplification strategies (e.g., nanomaterial catalysis or 
nuclease cascades) to achieve satisfactory sensitivity33-35. These 
requirements not only increase operational complexity but also 
raise the risk of cross-contamination, limiting their suitability for 
point-of-care testing (POCT).

Conventional Cas12a biosensors typically follow a "one-
target-one-enzyme" mode. To improve sensitivity, pre- 
amplification of the target or Cas12a-related components is 
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Fig. 1 Engineering core CRISPR/Cas12a components and regulating reaction conditions for activity enhancement and exponential signal amplification.

often necessary. Recently, researchers have turned to 
engineering the CRISPR/Cas12a system itself to enhance its 
signal output and reduce dependency on external pre-
amplification. These efforts aim to boost catalytic activity and 
even establish exponential signal amplification mechanisms 
based on autocatalytic cycles and positive feedback loops. In 
such systems, target activation triggers the continuous 
generation of secondary activators, leading to cascaded signal 
amplification and exponential signal enhancement. 

To this end, multiple intrinsic components of the 
CRISPR/Cas12a system, including crRNA36-47, Cas12a proteins48-

50, activator strands51-63 and report molecules26, 64-66, have been 
systematically engineered. External factors such as ionic 
conditions67-71 have also been optimized to enhance reaction 
kinetics. Among these, crRNA and activator strand engineering 
have emerged as particularly powerful strategies, as they 
directly regulate target binding, conformational activation, 
cleavage kinetics, and signal propagation behavior. Through 
terminal extension, site-specific chemical modification, 
switchable structural programming, and feedback-circuit 
construction, these molecular designs have enabled Cas12a to 
evolve from a simple signal transducer into a programmable 
amplification module. Importantly, such advances suggest that 

rational molecular engineering can simultaneously improve 
trans-cleavage efficiency, suppress background interference, 
and establish self-sustaining amplification pathways, thereby 
opening a route toward ultrasensitive and pre-amplification-
free biosensing. 

Although several excellent reviews have summarized the 
general development of CRISPR/Cas12a-based biosensors or 
their integration with external amplification technologies, this 
review is conceptually distinct in its specific focus on the 
intrinsic molecular engineering of the CRISPR/Cas12a system 
itself. Rather than emphasizing platform assembly or upstream 
target amplification, we focus on how rational reprogramming 
of core Cas12a-related components can overcome the inherent 
linear output of the system and drive the emergence of 
exponential signal amplification through autocatalytic and 
positive-feedback mechanisms. This perspective provides a 
more mechanism-centered framework for understanding how 
molecular design can fundamentally reshape the performance 
boundaries of CRISPR/Cas12a biosensing.

Based on this framework, we systematically summarize 
recent advances in CRISPR/Cas12a engineering for activity 
enhancement and exponential signal amplification, with a 
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particular emphasis on crRNA, activator strand, reporter 
modulation and environmental regulation for catalytic activity 
enhancement or exponential signal amplification (Fig. 1). We 
discuss the underlying design principles, amplification 
mechanisms, representative applications, and remaining 
challenges associated with each strategy. By highlighting how 
intrinsic molecular engineering can transform Cas12a from a 
linear-response nuclease into a self-amplifying biosensing 
system, we aim to provide both a conceptual foundation and a 
practical reference for the future development of robust, 
sensitive, and field-deployable CRISPR/Cas12a diagnostic 
platforms. 

Programming CRISPR/Cas12a system components 
for activity enhancement and exponential signal 
amplification
crRNA engineering: from passive recognition to active 
regulation for signal amplification

The CRISPR RNA (crRNA), also known as guide RNA, is a 
fundamental component of the CRISPR/Cas12a system. It 
directs the Cas12a protein to specific target sequences and 
initiates both cis- and trans-cleavage reactions72, 73. The 
efficiency of Cas12a’s trans-cleavage activity, including its 
turnover rate, substrate accessibility, and activation kinetics, is 
strongly influenced by the spatial configuration, sequence 
properties, and terminal chemical environment of crRNA74. 
Previous work has established that crRNA conformation plays a 
critical role in the assembly and function of the 
Cas12a/crRNA/activator complex75. Consequently, strategic 
engineering of crRNA through structural design, sequence 
extension, or programmable modification can not only improve 
turnover rate but also enable the construction of positive 
feedback loops, which transforms the signal output from a 
linear mode to an exponential amplification process, offering a 
promising route to highly sensitive biosensing without the need 
for pre-amplification. This section systematically reviews recent 
advances in crRNA editing strategies for modulating 
CRISPR/Cas12a activity. By shifting the role of crRNA from a 
mere targeting guide to an active signal amplifier, researchers 
have achieved dynamic control over the system, markedly 
improving biosensor performance and expanding its 
applications. 

Terminal extension modifications of crRNA: for enhanced 
trans-cleavage activity. A typical crRNA consists of a direct 
repeat region, which binds Cas12a protein and stabilizes the 
ribonucleoprotein complex, and a spacer sequence (guide 
sequence) that mediates target recognition76, 77. Both elements 
influence targeting accuracy and cleavage efficiency. Modifying 
the terminal regions (3’- or 5’-end) of crRNA has emerged as a 
common strategy to enhance Cas12a’s trans-cleavage activity78, 

79. For instance, the introduction of nucleic acid extensions 
alters the Cas12a/crRNA conformation, modulates activation 
kinetics, and enhance both target recognition and trans-
cleavage activity, leading to improved signal amplification. 

3’-end extension: targeting the catalytic core. Crystal 
structure analyses suggest that the 3’-end of crRNA is situated 
near the RuvC catalytic core domain of LbCas12a, and it was 
proposed that extending this terminal region could induce 
conformational changes that enhance the non-specific cleavage 
rates of ssDNA78. Systematic evaluation of various extension 
types (ssDNA, ssRNA, and phosphorothioate (PS)-modified DNA) 
and lengths revealed that a 7-nt ssDNA extension at the 3’-end 
of crRNA enhanced trans-cleavage activity by 3.5-fold, with 
ssDNA extension proving superior to ssRNA extension and AT-
rich sequences outperforming GC-rich ones (Fig. 2A). This 
modification also reduced background noise without 
compromising target binding, ultimately improving detection 
sensitivity from picomolar (pM) to femtomolar (fM) levels. 
Mechanistically, the 3’-end extension facilitates proximity-
driven interactions with the RuvC domain of Cas12a, promoting 
catalytic site exposure and thereby increasing cleavage rates. 
Following target recognition, the extended sequence itself 
undergoes autocatalytic cleavage, generating free ends that 
further activate the sustained cleavage activity of Cas12a, 
thereby establishing a “cleavage–activation–recleavage” 
cascade effect. AT-rich extended sequences were found to 
more effective than GC-rich ones, and this enhancement was 
consistent across different spacer sequences in LbCas12a. 
Notably, the length and chemical properties of the terminal 
extension are crucial for activity regulation80. For instance, 
phosphorothioate modification at the 3’-end of ssDNA 
extension significantly suppressed Cas12a activity. Collectively, 
these findings establish the 3’-terminal 7 nt AT-rich ssDNA 
extension as an optimal design balancing activity and specificity, 
which has been successfully applied in highly sensitive detection 
of pathogens such as SARS-CoV-2 and HIV. 

5’-end extension: modulating recognition kinetics and 
complex stability. In contrast to 3’-end strategies that target 
the RuvC core, 5’-end extensions of crRNA primarily enhance 
Cas12a performance by improving the stability and delivery of 
the ribonucleoprotein complex, particularly in the contest of 
AsCas12a. Structural studies indicate that the 5’-end of crRNA is 
exposed within the AsCas12a/crRNA complex, permitting 
rational engineering without disrupting protein-RNA 
interactions81. Extension of ssRNA with 4 to 59 nucleotides at 
the 5’-end of crRNA have been shown to enhance Cas12a’s 
trans-cleavage activity, with short extensions (4~9 nt) offering 
the best balance between activity and specificity (Fig. 2B). A key 
advantage of 5’-end extensions is their compatibility with 
chemical modifications, such as 2′-O-methylation, 
phosphorothioation, and deoxynucleotide substitutions. In 
contrast to the activity loss often caused by direct 5’-end 
modification of an unextended crRNA, the spatial flexibility 
afforded by an extension enables the incorporation of these 
modification groups without compromising cleavage efficiency. 
Moreover, 5’-end extensions significantly enhance the serum 
stability of crRNA and facilitate efficient delivery of Cas12a 
ribonucleoprotein (RNP) complexes via cationic carriers, 
underscoring their clinical utility. Supporting evidence comes 
from the “NEXT CRISPR” system, in which a 4-nt 5’-end 
extension of crRNA improved AsCas12a’s trans-cleavage 
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activity82, enabling attomolar (aM)-level detection of Human 
Papillomavirus 16 (HPV16) DNA within 30 min using both 
fluorescence and lateral flow readouts. This enhancement is 
likely due to conformational changes in Cas12a protein, which 
promote non-specific cleavage of ssDNA81, 83. Overall, 5’-end 
engineering represents a versatile strategy for enhancing 
Cas12a performance across gene editing and molecular 
diagnostics.

Chemical modifications: from stability to kinetic regulation. 
Beyond terminal extensions, chemical modification of crRNA 
provides another powerful avenue to enhance biosensor 
performance. By altering the phosphate backbone, nucleobase, 
or sugar moieties, these modifications can significantly improve 
crRNA stability, binding affinity, and specificity40, 84-86. Common 
modifications include base modifications (e.g., locked nucleic 
acid (LNA), base analogues such as 5-bromo-2'-deoxyuridine 
and 2-amino-purine), backbone modifications (e.g., 2′-O-
methylation, phosphorothioate) and fluorescent labeling. These 
modifications increase resistance to nucleases, extend half-life 
in complex matrices, and improve overall detection reliability.

Fig. 2 Engineering crRNA to enhance the performance of the CRISPR/Cas12a system. (A) 
Enhancement of LbCas12a trans-cleavage activity by a 3’-end ssDNA extension, the 
effect of which depends on the extension’s length and nucleotide composition. (B) 
Improvement of AsCas12a trans-cleavage activity, stability, and delivery efficiency via a 
5’-end ssRNA extension. (C) Boost in trans-cleavage activity through the incorporation of 
DNA bases into the crRNA spacer region. (D) Schematic of photoactivatable crRNA design 
enabling spatiotemporal, on-demand control of trans-cleavage activity.

In one notable example, an RNA-DNA hybrid crRNA was 
developed by replacing several RNA bases in the spacer region 
of crRNA with DNA bases (Fig. 2C), which enhanced base-pairing 
stability by reducing crRNA flexibility and thereby significantly 
improved both the target recognition efficiency and trans-
cleavage activity of Cas12a87. This strategy greatly increased the 
sensitivity of SARS-CoV-2 detection. Similarly, incorporating 
phosphorothioate modifications into the crRNA backbone at 
the 5’-end enhances resistance to intracellular nucleases and 

prolongs its half-life without compromising Cas12a activation, 
making it suitable for living cell and in vivo applications37. 

Furthermore, the design of environmentally responsive 
crRNA through chemical modifications enables the on-demand 
activation of Cas12a, achieving precise spatiotemporal control 
for the construction of intelligent biosensors40, 88. A notable 
example is the development of a light-controlled crRNA89. By 
incorporating a photocleavable cross-linker into its spacer 
region, the crRNA remains inactive until UV irradiation, upon 
which it is activated to trigger the detection signal, realizing “on-
demand activation” (Fig. 2D). This strategy reduces background 
noise and improves the signal-to-noise ratio by 5~10 times, 
making it particularly suitable for detecting low-abundance 
targets in complex matrices such as serum or cell lysates. 
Importantly, this photoactivatable Cas12a system allows for 
one-pot combinatorial assays with other signal amplification 
methods, and may hold great promise in designing exponential 
amplification strategies. Upon coupling with other signal 
amplification techniques in one-pot manner, the Cas12a 
reaction can be temporally controlled (activated by light only 
after other amplification steps are completed), thereby 
effectively preventing any interference from Cas12’s non-
specific cleavage activity during the upstream processes. Other 
modifications, such as 2'-O-methylation at the 3’-end of crRNA, 
can reduce off-target effects while preserving the high targeting 
affinity of the CRISPR/Cas12a system. This modification 
effectively suppresses non-specific binding interactions, further 
enhancing detection specificity90.

Programmable crRNA switches: engineering autocatalytic 
feedback for exponential amplification. The development of 
programmable crRNA switches represents a paradigm shift 
toward dynamic control of Cas12a activity through self-
catalyzed editing, enabling positive feedback loops for signal 
amplification. By incorporating programmable modules, such as 
stem-loop structures, aptamers or nucleic acid zymes, into the 
crRNA sequence, researchers have constructed self-sustaining 
“target recognition–switch activation–signal amplification” 
networks capable of exponential signal output91-94. Central to 
this design is the exploitation of crRNA conformational changes 
to trigger sustained Cas12a activation.

A landmark example is the switchable-caged guide RNA 
(scgRNA) system, also known as CONAN (CRISPR-Cas-only 
amplification network) (Fig. 3A)74. This system employed two 
crRNA/Cas12a complexes. In the secondary complex (T2), the 
crRNA (green color) pre-hybridizes with an inhibitory DNA (iDNA) 
to form a stem-loop structure (intermediate probe) that 
maintains the crRNA in an inactive “off” state. Upon target-
induced activation of the primary system (T1), its trans-cleavage 
activity cleaves the single-stranded loop region of the iDNA in 
the T2 system, liberating the crRNA and switching on Cas12a 
activity. The activated T2 complex then cleaves additional iDNA 
molecules, establishing an autocatalytic cycle that leads to an 
exponential increase in fluorescence signal. Under optimal 
experimental conditions, this single-enzyme detection method 
exhibits an approximately 363.8-fold enhancement in signal 
intensity compared with the conventional Cas12a linear 
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amplification system. It achieves aM sensitivity and has been 
successfully applied to the detection of hepatitis B virus (HBV) 
and bladder cancer–associated gene mutations, with single-
nucleotide discrimination specificity improved by 7.2~10.4 
times. 

Splitting crRNA strategies: enabling competitive binding and 
cascade amplification. The splitting of crRNA into two or more 
fragments, such as separating the repeat region from the spacer 
region, offers another versatile route to enhance 
CRISPR/Cas12a functionality76. Remarkably, Cas12a retains 
significant activity even when crRNA is split only between these 
two segments or cleaved at arbitrary positions within the spacer 
region. An exception occurs when the split is introduced 
between the 8th and 9th nucleotides at the 5’-end of the spacer 
region, which nearly abolishes CRISPR/Cas12a activity. This loss 
of function may be attributed to the disruption of key stabilizing 
interactions involving Lys897 and Lys900 in LbCas12a, which 
normally interact with the phosphate group between the 8th 
and 9th bases of the DNA activator. Cleavage at this specific site 
likely impairs protein-substrate binding95. This splitable 
property allows the CRISPR/Cas12a system to be directly 
adapted for RNA detection by using the target RNA itself as the 
spacer component of a split crRNA. Upon hybridization with a 
complementary DNA activator, the reconstituted crRNA 
efficiently triggers trans-cleavage. This modular design not only 
improves biosensor flexibility, particularly for ultra-short RNA 
detection and multiplex analysis, but also enables 
discrimination between mature microRNAs (miRNAs) and their 
precursors (pre-miRNAs)77, 96-100, significantly expanding the 
system’s applicability and offering new opportunities for 
designing novel exponential signal amplification strategies.

Fig. 3 Engineering crRNA to construct autocatalytic and cascade amplification circuits. 
(A) Mechanism of the CRISPR/Cas12a autocatalysis-driven feedback amplification 
network (CONAN system). (B) Principle of cascade signal amplification based on 
competitive binding of Cas12a between full-length and split crRNAs.

To further improve sensitivity and versatility, split crRNA 
strategies have been integrated with competitive binding 
mechanisms. Studies have revealed that full-length crRNA and 
split crRNA exhibit distinct binding affinities for Cas12a101,102. By 
co-introducing full-length crRNA and a non-homologous split 
crRNA, each designed to recognize a distinct activator strand, 
researchers established a sequential activation cascade (Fig. 3B). 

In this asymmetric CRISPR system, the target first activates full-
length crRNA/Cas12a complex. The authors proposed that, 
once the trans-cleavage activity of the full-length crRNA is 
activated, Cas12a protein is subsequently released and can then 
bind to the split crRNA, thereby activating its trans-cleavage 
activity and forming a cascading reaction. This “target-triggered, 
stepwise activation” mechanism amplifies the signal up to 1000-
fold, enabling microRNA detection at concentrations as low as 
856 aM without reverse transcription or pre-amplification, as 
demonstrated in clinical plasma samples from bladder cancer 
patients. The same principle has been adapted for 
electrochemical aptasensors (E-A-CRISPR), allowing 
ultrasensitive detection of small molecules such as clenbuterol 
(CLB)103, thereby extending the utility of CRISPR/Cas12a to non-
nucleic acid targets.

The split crRNA strategy disrupts the conventional one-to-
one target recognition and activation mode, replacing it with an 
artificially regulated “inactivation–reconstruction–
amplification” cascade that supports exponential signal 
accumulation. Key advantages include low background, high 
programmability, compatibility with multimodal readouts, and 
broad target adaptability. A growing body of work confirms the 
considerable design flexibility offered by crRNA splitting, 
highlighting its potential for developing novel exponential signal 
amplification strategies.

In summary, crRNA engineering, through structural 
optimization, chemical modification, and programmable switch 
design, has transformed the CRISPR/Cas12a system from a 
linear signal generator to an exponential amplification platform. 
These advances enhance Cas12a performance on multiple 
fronts: improving enzymatic kinetics, enabling self-sustaining 
activation cycles, and diversifying reaction modalities. Notably, 
the effectiveness of these engineering strategies is not 
universally conserved across different Cas12a orthologs. For 
example, LbCas12a generally exhibits higher tolerance to 
terminal extensions and chemical modifications, often resulting 
in enhanced trans-cleavage activity, whereas AsCas12a is more 
sensitive to structural perturbations of crRNA and therefore 
requires more precise optimization. In contrast, MeCas12a 
displays distinct ion-dependent catalytic behavior, which can 
further modulate the impact of crRNA design. These ortholog-
dependent differences highlight that rational crRNA design 
should not be viewed as a universally transferable strategy, but 
rather as one that requires ortholog-specific evaluation and 
optimization. Despite these significant advances, challenges 
remain in delivery efficiency, multi-target compatibility, and 
standardization. Nevertheless, the ongoing integration of 
nanotechnology, artificial intelligence, and microfluidics is 
expected to further accelerate the translation of CRISPR/Cas12a 
biosensors from laboratory research to clinical POCT testing, 
establishing them as important tools in next-generation 
molecular diagnostics.

Activator strand engineering: from “one-target-one-enzyme” 
to autocatalytic signaling networks

Within the CRISPR/Cas12a system, the activator strand serves 
as the critical link between target recognition and the enzyme’s 
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trans-cleavage reaction. It not only determines recognition 
specificity but also acts as a central “switch” for signal 
amplification104, 105. Conventionally, Cas12a activator strands 
have been limited to ssDNA and dsDNA, a lack of diversity that 
has constrained the functional versatility and broader 
application of the system23, 60, 106.

Traditional biosensor designs follow a “one-target-one-
enzyme” model, where a single target molecule activates only 
one Cas12a/crRNA complex, resulting in limited trans-cleavage 
events and linear signal amplification. This inherent limitation 
hinders the detection of low-abundance biomarkers. Recent 

research has therefore focused on directly engineering the 
activator strand itself, including modulating its length, structure, 
topology, chemical modification, and reconfigurability, to 
regulate its binding mode with Cas12a, cleavage kinetics, and 
regenerative capability. By constructing positive feedback loops, 
the activator strand can be upgraded from a “passive trigger” to 
a “synergistic amplifier”, enabling exponential signal output. 
The following sections analyze and summarize the structural 
designs, modification strategies and underlying mechanisms of 
these engineered activator strands.

Fig. 4 Engineering activator strands to construct autocatalytic and cascade amplification circuits for the CRISPR/Cas12a system. (A) Schematic of Cir-mediator capable of switching 
between inactive (cyclic) and active (linearized) states. (B) Mechanism of the Cas12a autocatalytic feedback loop initiated by Cir-mediator linearization. (C) Fluorescence signal 
generation principle using cleaved Cir-mediator as both activator and reporter. (D) Autocatalytic amplification system mediated by a DNA activator with two stem-loop structures. 
(E) Cas13a-Cas12a cascade activation strategy using the RNA-DNA hybrid activator. (F) Working principle of LNA-modified split activator system (CALSA) for self-sustaining 
amplification.

Topological regulation: circular–linear conversion-mediated 
autocatalytic feedback. Research has shown that the activation 
efficiency of Cas12a can be profoundly influenced by altering 
the structure and sequence of the activator strand107. A 
groundbreaking study in 2024 reported that short DNA with a 
circular topological structure (Cir-mediator) are virtually 
incapable of activating the Cas12a/crRNA complex due to their 
constrained spatial conformation (Fig. 4A)58. This Cir-mediator 
consists of a dsDNA region (containing both a protospacer 
adjacent motif (PAM) sequence and a target sequence 
complementary to the crRNA) and a ssDNA linker. Once this 
circular structure is linearized (for instance, through cleavage of 
its ssDNA linker by activated Cas12a), the exposed dsDNA 
region becomes an efficient activator that can activate 
additional Cas12a proteins. This initiates an exponential trans-
cleavage reaction characterized by “circular shielding–cleavage-
induced linearization–sustained activation” (Fig. 4B). By labeling 
the circular structure with a fluorophore and a quencher at 
opposite ends, exponential amplification of the fluorescence 
signal can be achieved (Fig. 4C). Herein, Cir-mediator plays two 
critical roles simultaneously: activator and reporter. This system 
enables aM-level detection of both DNA and RNA without pre-
amplification, and notably, RNA detection does not require 

reverse transcription. The signal growth approximates an 
exponential curve while maintaining low background noise. 

In a complementary approach (Fig. 4D), an activator strand 
containing two stem-loop structures was designed for use with 
CRISPR/CasΦ (a Cas12 family member)108. In this configuration, 
once the trans-cleavage activity of the first CRISPR/CasΦ system 
is activated by the target, it cleaves the loop regions of the two 
stem-loop structures, releasing an activator strand with a 3’-
toehold that is highly efficient at activating a second 
CRISPR/CasΦ system. The activated secondary system then 
cleaves additional stem-loop structures, releasing more 
activators and establishing a “cleavage–activation–re-cleavage” 
cascade amplification effect. This mechanism, which relies on 
“structural inhibition–enzyme cleavage unlocking–cascade 
activation”, uses the activator strand as a delayed-release 
secondary trigger, effectively amplifying the signal while 
controlling background. This strategy achieved ultra-sensitive 
detection of pathogen DNA (detection limit as low as 0.11 
copies/μL) and demonstrated the ability to detect pathogens at 
concentrations as low as 1.2 CFU/mL in serum samples within 
40 min, outperforming qPCR in sensitivity.

The combination of Cas13a and Cas12a allows for the 
construction of a cascade signal amplification system. In this 
design, the Cas12a activator is engineered as an RNA-DNA 
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hybrid (Fig. 4E). When the target RNA activates Cas13a’s trans-
cleavage activity, Cas13a cleaves the RNA component (blue) of 
the hybrid, releasing a pre-locked single-stranded DNA trigger 
(green) from a hairpin structure. The released ssDNA then 
serves as the activator strand for Cas12a, generating a 
detectable signal53. This process achieves cascade conversion 
and signal amplification from RNA recognition (Cas13a) to DNA-
based amplification (Cas12a), lowering the detection limit to 1 
aM and enabling discrimination among different SARS-CoV-2 
variants. The core mechanism involves using stem-loop 
structures to reduce background signals via steric hindrance, 
while the cleaved linear fragments act as new activator strands 
to initiate the cascade reaction, enabling efficient signal 
accumulation60, 109-111.

Split activators and collaborative amplification: from 
monomeric to synergistic activation. Similar to crRNA, the 
activator strand can also be split into two segments, neither of 
which alone can effectively activate trans-cleavage activity, but 
which can restore function upon combination51, 55, 112. The 
“split–coassembly” strategy involves dividing the activator into 
functionally complementary subunits that undergo secondary 
assembly within the Cas12a RNP complex, upgrading the 
process from linear activation to exponential amplification. 
Such designs can be extended to construct “AND” logic gates or 
multi-input responsive circuits, significantly enhancing the 
specificity for single-nucleotide polymorphism detection and 
offering new avenues for disease genotyping. 

Based on this concept, a strategy termed CRISPR/Cas 
autocatalysis amplification driven by LNA‑modified split 
activators (CALSA) was developed56. In their design, a 12-nt 
ssDNA serves as the trans-cleavage substrate. Introducing LNA 
modifications at specific sites within this substrate enables 
activated LbCas12a to cleave it into two defined fragments. One 
of these fragments, when combined with a hairpin DNA, can 
activate a second CRISPR/Cas12a system. The activated 
secondary system then established a positive feedback loop by 
cleaving more 12-nt ssDNA substrates, which in turn activate 
more CRISPR/Cas12a complexes, forming an “activation–
cleavage–reactivation” cycle (Fig. 4F). When the 12-nt ssDNA is 
labelled with fluorophore-quencher pair at its termini, 
exponential amplification of the fluorescence signal is achieved, 
with the ssDNA functioning dually as both an activator and a 
reporter probe. This system reduces the detection limit for the 
BRCA-1 gene to 4.7 fM and can distinguish single-base 
mutations, showing promise for early detection of circulating 
tumor DNA (ctDNA). Future directions may involve transferring 
“controllable activation” logic from crRNA to the activator 
strand, potentially simplifying the system, shortening reaction 
time, and enabling dynamic tracking of target appearance and 
disappearance. Activator strand engineering is thus evolving 
from “single-structure optimization” to “modular collaborative 
design”.

In addition to the specific design mentioned, activator 
strands can be further modified or engineered to enhance the 
flexibility and performance of CRISPR/Cas12a-based biosensors. 
Strategies such as splitting, RESET effects, and structural 

modifications expand their applicability to direct RNA detection, 
cellular imaging, and single-nucleotide variant discrimination112-

114. These modifications not only increase detection sensitivity 
and specificity but can also boost enzymatic activity and enable 
exponential signal amplification schemes, providing versatile 
design principles for next-generation nucleic acid diagnostics. 

In summary, activator strand is the core mediator connecting 
target recognition and signal output in the CRISPR/Cas12a 
system. Precise editing of its structure and function is key to 
overcoming the system’s inherent signal amplification 
bottleneck. Through design strategies such as topological 
regulation, splitting, chemical modification, and modular 
synergy, “inhibition–unlocking–cascade” signal amplification 
networks have been constructed. These have improved the 
detection sensitivity of the CRISPR/Cas12a system from the nM 
to the aM level without external pre-amplification. The 
commonality among these methods lies in leveraging the 
structural plasticity of the activator strand to break the “one-
target-one-enzyme” activation paradigm, achieving exponential 
signal amplification through self-catalytic cycles. Notably, 
circular, split, and stem-loop activator architectures share a 
unified design principle centered on rigorous background 
suppression to ensure high-fidelity activation. Circular 
activators employ topological constraint to physically block 
activator–Cas12a recognition and prevent spontaneous 
conformational activation, thereby eliminating leakage from 
partial strand invasion or non-specific binding. Split activators 
rely on modular separation to disrupt the structural integrity 
required for Cas12a engagement; individual fragments lack 
sufficient recognition elements and cannot trigger trans-
cleavage unless spatially assembled, thus minimizing false 
activation. Stem-loop activators use intramolecular stem 
hybridization to sequester functional motifs and mask PAM or 
seed regions, creating a kinetic barrier that prevents premature 
Cas12a loading. Together, these mechanisms synergistically 
suppress stochastic cleavage, non-specific activation, and signal 
leakage, enabling the low-background operation critical for 
reliable exponential signal amplification in complex biosensing 
environments. Future efforts should focus on optimizing the 
stability of activator strands in complex matrices and develop 
multi-target parallel detection strategies. With the emergence 
of more intelligent designs (e.g., environment-responsive and 
multivalent synergistic activators), the CRISPR/Cas12a system is 
expected to find broader application in POCT diagnostics, 
multiplex detection, and in vivo imaging, providing core tools for 
early disease screening and precision therapy.

Despite the significant advantages of these autocatalytic and 
positive feedback designs, a critical challenge is the trade-off 
between suppressing background (signal leakage) and 
maintaining efficient exponential amplification. In systems such 
as those illustrated in Fig. 4, unintended background activation 
can arise from incomplete structural inhibition, stochastic 
cleavage events, or transient exposure of activator domains, 
which may prematurely trigger feedback loops and compromise 
detection fidelity. To address this challenge, several strategies 
have been explored, including enhancing the stability of inactive 
states through rational structural design (e.g., circular or stem-

Page 7 of 20 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
8/

20
26

 5
:0

6:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6SC02276F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc02276f


ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

loop configurations), introducing kinetic barriers via multi-step 
activation or toehold-mediated processes, and implementing 
spatiotemporal control mechanisms such as photoactivation or 
phase separation. In addition, careful optimization of reaction 
conditions, including ion concentration and enzyme loading, 
can further suppress nonspecific activation while preserving 
amplification efficiency. These approaches collectively enable a 
more controlled transition from a low-background state to a 
high-gain amplification regime, thereby improving the 
robustness and reproducibility of exponential CRISPR/Cas12a 
systems.

Reporter probe engineering: from background suppression to 
signal recycling and exponential output 

As the final carrier of signal output, the design and composition 
of the reporter probe directly determine the signal transduction 
efficiency, background noise level and overall detection 
sensitivity of a CRISPR/Cas12a system115. Conventional reporter 
probes are typically short, linear ssDNA molecules labeled with 
a fluorophore (e.g., FAM) and a quencher (e.g., BHQ) at their 
termini (termed as FQ-Reporter). Upon Cas12a is activation, its 
trans-cleavage activity non-specifically cleaves these probes, 
separating the fluorophore from the quencher and generating 
a fluorescent signal116. However, this traditional linear FQ-
Reporter system is constrained by the “one-target-one-enzyme” 
activation mode, where each activated Cas12a cleaves only a 
limited number of probes. Additional limitations include high 
background noise, susceptibility to degradation, 
photobleaching, insufficient quenching efficiency, and poor 
photostability, which collectively cap further improvements in 
detection sensitivity.

In recent years, engineering the reporter probe itself has 
emerged as a pivotal strategy for enhancing the signal 
amplification capability of Cas12a. Beyond extending the length 
of the reporter strand (from 5 nt to 30 nt or longer) to overcome 
the limitation that Cas12a cannot be directly used for RNA 
detection117, 118, researchers have achieved significant 
breakthroughs through precise chemical modifications, 
structural redesign (e.g., incorporating hairpin or circular 
conformations), and coupling with nanomaterials. These 
innovations have upgraded the signal output from a linear “one-
to-one” mode to an “one-to-many” or even “self-recycling” 
exponential amplification system20, 119. By overcoming the 
limitations of traditional FQ-Reporters, these advanced probes 
offer superior sensitivity, interference resistance, and device 

Fig. 5 Advanced reporter probes for enhanced signal output in CRISPR/Cas12a system. 
(A) Schematic of the “CrisprAIE” sensing principle using AIEgens. (B) Sensing mechanism 
of the SNA-AIEgen reporter. Polydopamine and AuNP-coated Fe3O4 nanocomplex 
(Fe3O4/Au/PDA) act as the nanoquencher of AIEgens. (C) Comparison of the 
CRISPR/Cas12 system using conventional single-stranded FQ-Reporter versus quencher-
free 2-AP probe.

compatibility, thereby expanding the application scope of 
CRISPR/Cas12a-based detection. 

Chemical modifications and signal transduction optimization: 
from “one-target-one-light” to “one-target-multiple-light”. 
Introducing advanced chemical motifs, such as aggregation-
induced emission (AIE) luminogens (AIEgens), can surpass the 
signal ceiling of conventional fluorescence quenching-release 
mode. AIEgens exhibit weak fluorescence in free states but emit 
intense fluorescence upon aggregation or spatial confinement, 
offering large Stokes shifts and excellent photostability120. 
Leveraging this property, a novel probe termed “CrisprAIE” was 
developed121. This system employs a dsDNA reporter with 
single-stranded overhangs, each terminally labeled with a 
quencher. Cationic AIEgens (e.g., 4′,4′′,4′′′-(((((1E,1′E)-
benzo[c][1,2,5]thiadiazole-4,7-diylbis(ethene-2,1-diyl))bis(4,1-
phenylene))bis(azanetriyl))tetrakis(benzene-4,1 
diyl))tetrakis(1-methylpyridin-1-ium) iodide (TPBT)) intercalate 
into the dsDNA grooves, where their fluorescence is initially 
quenched by the terminal quenchers. Upon CRISPR/Cas12a 
activation, cleavage at the single-stranded overhangs removes 
the quenchers, allowing the embedded AIEgens to emit strong 
fluorescence (Fig. 5A). Since multiple AIEgen molecules can be 
incorporated into each dsDNA reporter, this design enables a 
“one-to-many” signal output (a single cleavage event releases 
numerous fluorescent molecules), achieving 80~270-fold higher 
signal gain than traditional FQ-Reporters and lowering the 
detection limit to fM or even aM levels. Further coupling with 
spherical nucleic acids (SNAs) enhanced stability and clinical 
utility (Fig. 5B), enabling successful detection of norovirus and 
SARS-CoV-2 in patient samples. AIEgen-based reporters are also 
compatible various CRISPR/Cas detection platforms (e.g., 
SHERLOCK122, 123, DETECTOR124, and HOLMES125), significantly 
boosting their sensitivity and robustness.

Quencher-free reporter probes based on environment-
responsive molecules offer an alternative pathway for 
sensitivity enhancement. A prominent example is the 2-
aminopurine (2-AP) probe (Fig. 5C)126. In its free state, 2-AP 
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exhibits strong fluorescence due to unrestricted intramolecular 
motion. However, when incorporated into ssDNA, its 
fluorescence is suppressed by base stacking and the local polar 
environment, and it is nearly completely quenched upon 
integration into dsDNA. This environment-dependent 
fluorescence change eliminates the need for a separate 
quencher, avoiding the synthetic complexity and potential 
background interference associated with traditional FQ-
Reporter probes. Unlike the “single cleavage–single signal” 
mode of FQ-Reporter probes, a single ssDNA can embed 
multiple 2-AP molecules (e.g., four). Thus, one Cas12a cleavage 
event can release several fluorescent units. 2-AP probes are 
particularly suitable for detecting low-abundance viral nucleic 
acids (e.g., goat pox virus (GTPV), HPV) and ctDNA, offering a 
cost-effective and operationally simple solution for pathogen 
screening and early cancer detection in resource-limited 
settings.

Nanomaterial-coupled reporter probes: from local field 
enhancement to multilevel amplification and cross-modal 
transduction. Immobilizing reporter probes onto nanocarriers 
to prepare SNAs represents an effective strategy for signal 
enhancement by regulating probe density, spatial distribution, 
and nuclease resistance64. For instance, constructing a high-
density, aligned nucleic acid shell on gold nanoparticles (AuNPs) 
or Au nanostars (AuNSTs) significantly improves the biological 
stability of reporters and optimizes fluorescence signal 
transduction127-129. AuNPs themselves act as efficient 
fluorescence quenchers. When fluorescently labeled reporters 

are adsorbed onto AuNP surfaces, fluorescence is quenched. 
Target-activated Cas12a cleavage releases short fluorescent 
fragments, restoring fluorescence (“signal-on” state).

The core of nanomaterial-based signal enhancement lies in 
the “local field enhancement” effect. This phenomenon is 
driven by the surface plasmon resonance (SPR) of noble metal 
nanoparticles, which generates intensified electromagnetic 
fields near the particle surface, thereby amplifying the signal 
from adjacent fluorophores or Raman tags. Realizing this effect 
requires precise chemical modification to control the spatial 
distance and surface charge of the nanoparticles. It is essential 
to position signal molecules within the SPR “enhancement zone” 
(typically within 5~10 nm of the nanoparticle surface), while 
preventing nanoparticle aggregation or nonspecific adsorption 
that could undermine signal fidelity130, 131. A central strategy for 
achieving such control involves the chemical modification of 
gold nanoparticles, with thiol-modified ssDNA of defined 
sequence is anchored to the gold surface. This configuration 
serves a dual purpose: the ssDNA acts as the trans-cleavage 
substrate for Cas12a, and upon target-induced activation, 
cleavage of the ssDNA alters the surface conformation, 
effectively modulating the distance between the signal 
molecule and the gold nanoparticles. Simultaneously, the 
negatively charged ssDNA backbone provides electrostatic 
repulsion that suppresses particle aggregation, thereby 
maintaining colloidal stability and preserving the SPR 
enhancement effect. 

Fig. 6 MEF effect or SNA-enhanced fluorescence and electrochemical readouts for CRISPR/Cas12a-based sensing. (A) Diagram illustrating the effect of dsDNA length on the MEF 
effect between 20 nm AuNP and FITC. (B) Mechanism of MEF-based signal amplification using AuNP nanosensors upon Cas12a trans-cleavage activation. (C) Performance comparison 
between conventional ssDNA reporters and SNA reporters in CRISPR/Cas12a-based sensing systems. (D) Working principles of electrochemical and electrochemiluminescence signal 
transducers for CRISPR/Cas12a-based detection.

A representative study utilized dual-sized AuNPs (20 nm and 
60 nm) assembled into a reporting probe via a bridging 
fluorescein isothiocyanate (FITC)-labeled dsDNA-ssDNA 
construct26 (Fig. 6A and B). In the absence of a target, FITC 
fluorescence is quenched due to proximity (<2 nm) to the 60 nm 
AuNP. Upon Cas12a activation, the ssDNA bridge is cleaved, 

releasing FITC from the 60 nm AuNP while maintaining a linkage 
to the 20 nm AuNP. By fine-tuning the FITC-20 nm AuNP 
distance to ~7 nm using dsDNA, a metal-enhanced fluorescence 
(MEF) effect is triggered, resulting in amplified fluorescence and 
a visible color change from purple to reddish-purple. This 
approach enabled amplification-free detection of BRCA-1within 
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30 min at fM sensitivity, exemplifying a “self-amplification” 
design where Cas12a cleavage modulates the spatial 
relationship between nanoparticles and signal molecules.

Building on this, a subsequent study combined 
nanoconfinement with plasmon-enhanced fluorescence (PEF) 
by employing AuNSTs featuring 20 symmetrical “hot spots” 
coated with a tunable silica shell (Fig. 6C)132. Cy5.5/BHQ-labeled 
ssDNA probes were anchored to the surface. The silica shell 
adjusted the optimal fluorophore-metal distance, achieving a 
~21.5-fold enhancement in the signal to background ratio. 
Spatial confinement increased the collision frequency between 
Cas12a and the substrate, reducing the cleavage time from 35 
to 15 min and maintaining high efficiency even at low 
intracellular Mg2+ concentration (~1 mM). This probe detected 
miRNA-375 and prostate-specific antigen (PSA) at limits of 17.3 
fM and 27.7 pg/mL, respectively, representing ~196-fold and 
~122-fold improvements over conventional ssDNA probes. SNA- 
or PEF-type reporters not only enhance stability and signal-to-
noise ratios but also establish new paradigms for Cas12a 
applications in complex systems and living cells.

By systematically investigating Cas12a’s trans-cleavage 
activity on AuNP surface133, it was demonstrated that LbCas12a 
retained high cleavage efficiency on SNA shells, where the 
densely packed nucleic acid architecture confers remarkable 
probe stability and protects against nuclease degradation in 
serum, substantially reducing false-positive backgrounds. The 
large surface area of AuNPs allows high-density loading of 
reporters, enabling a single Cas12a activation event to release 
numerous fluorophores for primary signal amplification (Fig. 
6D). By optimizing DNA density and length, the detection limit 
was reduced to 10 fM, approximately two orders of magnitude 
better than traditional ssDNA probes, with stable performance 
in 100% serum. Integrating nuclease-resistant SNA reporters 
with rolling circle amplification (RCA) products created an RCA-
Cas12a cascade system, achieving a detection limit of 10 aM for 
ctDNA134. These findings underscore the exceptional stability 
and minimal background drift of SNA-based probes in complex 
biofluids, highlighting their strong potential for clinical liquid 
biopsy applications.

The core design principle of modulating the spatial 
relationship between nanomaterials and signal molecules 
through Cas12a-mediated cleavage can be extended to 
electrochemical detection, forming a unified framework for 
multimodal signal transduction135. In classic electrochemical 
CRISPR (E-CRISPR) platforms, thiolated ssDNA substrates 
labeled with an electrochemical label (e.g., methylene blue 
(MB), ferrocene) are immobilized on a gold electrode15, 136, 137. 
Target-activated Cas12a-catalyzed ssDNA cleavage separates 
the tag from the electrode surface or alters its electron transfer 
distance, causing a measurable change in faradaic current 
detectable by differential pulse voltammetry (DPV), 
electrochemical impedance spectroscopy (EIS) or 
electrochemiluminescence (ECL) signal. This shift from “photon” 
to “electron” readout allows the same cleavage event to be 
monitored via both optical and electrochemical modes, 
enhancing result reliability and enabling the development of 

robust, multimodal CRISPR/Cas12a detection platforms for 
POCT (Fig. 6D)138. 

Structured reporter probes: from single-event cleavage to 
positive feedback loops. Beyond traditional linear FQ-
Reporters, a variety of structured reporter probes have been 
designed to further enhance the signal amplification capabilities 
of the CRISPR/Cas12a system. One of the most impactful 
designs is hairpin-shaped molecular beacon probe, which 
consists of a complementary stem region and a single-stranded 
loop. The stem termini are typically modified with a fluorophore 
and a quencher (e.g., FAM/BHQ1), while the loop serves as the 
trans-cleavage substrate for Cas12a. The key advantage of this 
configuration is the spatial proximity between the fluorophore 
and quencher in the intact state, enabling efficient fluorescence 
resonance energy transfer (FRET) that significantly reduces the 
initial background noise66, 139, 140. Furthermore, the unique 
conformation of hairpin DNA enhances its affinity for the 
Cas12a catalytic pocket. Michaelis-Menten analysis have 
confirmed that hairpin reporters exhibit lower Km values 
compared to linear ssDNA reporters, indicating stronger 
enzyme-substrate binding. Through precise secondary structure 
design, hairpin probes have achieved integrated breakthroughs 
in structural optimization, activity regulation, and signal 
amplification. By functionally repurposing the cleavage 
products to establish positive feedback loops, these probes 
enable a transition from linear to exponential signal output 
without relying on exogenous nanomaterials or complex 
chemical modification. Recent researcher has focused on tuning 
secondary structure parameters (e.g., stem length, loop size, 
base composition), surface/interface modifications, and the 
construction of cyclic/feedback systems, which provides a new 
idea for the construction of cyclic/feedback systems to develop 
highly sensitive, upstream pre-amplification-free 
CRISPR/Cas12a sensing platforms.

Structural parameter optimization. The performance of 
hairpin reporters is highly dependent on precise control over 
structural parameters. Stem stability directly influences the 
activation threshold: overly too short stems (<5 bp) result in stru 
ctural relaxation and elevated background, whereas excessively 
long stems (>8 bp) hinder product release and slow signal 
generation. Nevertheless, it does not represent a fixed value, 
instead, it constitutes a “design window” in which a balance 
must be achieved between stability (low background) and 
accessibility/kinetic performance (high sensitivity and fast 
response). Similarly, loop length must balance cleavage 
efficiency and probe stability. Systematic studies have shown 
that a moderate loop length (e.g., 10 nt) enhances binding to 
the Cas12a catalytic center, leading to higher cleavage rates 
while maintaining structural stability and low background (Fig. 
7A) 119.

Feedback-driven hairpin systems. While conventional 
hairpin probes primarily operate in a “one-cleavage–one-
release” linear mode. Recent designs incorporate feedback 
mechanisms for exponential signal accumulation. One 
innovative example is the hairpin-driven, reverse transcriptase-
assisted CRISPR/Cas12a positive feedback loop (HR-CRISPR)141. 
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In this system, target-activated Cas12a cleaves an FQ-labeled 
hairpin probe, and one of the released fragment binds to the 
crRNA and is extended by reverse transcriptase to generate a 
sequence that activates secondary CRISPR/Cas12a complexes, 
establishing a product-driven autocatalytic cycle (Fig. 7B). This 
system achieved ultrasensitive detection of terminal 
deoxynucleotidyl transferase (TdT) activity (4.55 × 10-6 U) 
without pre-amplification and was successfully used to monitor 
TdT activity and screen inhibitors in human serum samples. 
Compared with traditional linear signal amplification, this HR-
CRISPR system achieves exponential signal accumulation while 
maintaining low background.

Interface-immobilized hairpin reporters. In addition to the 
chemical modification, immobilizing hairpin probes on 
nanomaterial surfaces to construct three-dimensional reaction 
interfaces represents another effective strategy for improving 
sensing performance142, 143. For instance, anchoring biotin-
labeled hairpin DNA onto magnetic beads (MB-hairpin interface) 
allows precise regulation of cleavage sites by adjusting the 
length of the “root” and “stem” regions66. Extending the root to 
10 nt reduced steric hindrance and increased the probability of 

Cas12a cleavage at the root region, whereas a root length of 0 
nt confined cleavage primarily to the loop, enabling controllable 
cleavage positioning (Fig. 7C). This approach not only addresses 
fundamental issues of background and reaction kinetics 
through hairpin structure and magnetic bead immobilization, 
but also facilitates seamless integration between 
CRISPR/Cas12a trans-cleavage and downstream dynamic DNA 
amplification techniques (e.g., hybridization chain reaction, 
HCR), establishing a new paradigm for multifunctional, 
multimodal detection. This strategy demonstrates that by 
integrating hairpin-structured reporters into dynamic DNA 
amplification networks can overcome the amplification 
limitations inherent to single-enzyme reactions. The integrated 
design concept of “CRISPR precise cleavage + downstream 
cascade amplification + multi-mode readout” establishes a 
novel pathway and provides a theoretical foundation for 
developing next-generation CRISPR biosensors with high 
performance and high reliability.

Integration with non-canonical nucleic acid structures: 
development of label-free strategies. Recent efforts have 
beyond single stem-loop designs by incorporating non-classical 

Fig. 7 Harnessing structured DNA reporters for enhanced CRISPR/Cas12a-based sensing. (A) Influence of stem length, loop length, and base composition on the trans-cleavage activity 
of LbCas12a toward hairpin DNA reporters. (B) Working principle of HR-CRISPR feedback amplification circuit for detecting TdT activity. (C) Schematic of a MB-immobilized hairpin 
DNA interface for spatially regulated CRISPR/Cas12a cleavage reaction.

nucleic acid structures, such as G-quadruplex (G4) and G-triplex 
(G3), to further break through the signal conversion ceiling of 
Cas12a in pre-amplification-free detection. In addition, one key 
advantage of these structures lies in enabling label-free 
detection, where the signaling dye remains free in solution 
rather than being covalently attached to the reporter probe.

G4 structures, formed by G-rich sequences, can specifically 
bind some small-molecule dyes (e.g., N-methyl mesoporphyrin 
IX, NMM) and enhance their fluorescence by 100~1000 fold144. 
This property is harnessed in a label-free CRISPR/Cas12a 
detection strategy (G-CRISPR-Cas) using a G-quadruplex probe, 
where signal transduction is achieved through specific G4-NMM 
binding145. Upon Cas12a activation by LAMP amplicons, the G4 
structure is cleaved, disrupting NMM binding and leading to a 
decrease in fluorescence intensity. This dual amplification 
system (LAMP + Cas12a) detected Salmonella enterica at a 
sensitivity of 20 CFU and enabled monitoring of bacterial 
colonization in chickens.

G3 structures, also formed by G-rich sequences, are the 
triple-stranded intermediates between ssDNA and G4, exhibit 
favorable cleavage kinetics but require specific K⁺ 
concentrations for stability, which may conflict with the salt 
sensitivity of Cas12a146. To resolve this, a compatible reaction 
environment was engineered using a “multi-crRNA cooperative 
recognition + buffer optimization” strategy, where low 
concentration of K⁺ was supplemented with Mg²⁺/Ca²⁺/PEG200 
for co-stabilization147. Under these conditions, a terminally 
labeled G-triplex probe demonstrated higher signal 
transduction efficiency than linear probes, achieving fM-level 
detection limits. This approach highlights the potential of 
combining high-affinity nucleic acid structures with precise 
environmental control to achieve synergistic improvement 
through enhanced catalytic site accessibility and substrate 
conformation matching.

Collectively, diverse reporter architectures exhibit distinct 
characteristics tailored for specific sensing demands. AIE-based 
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reporters feature strong fluorescence intensity, large Stokes 
shift, and high photostability, making them ideal for ultra-
sensitive and visual detection; yet they require sophisticated 
probe design and fluorogenic element synthesis. Quencher-free 
2-AP probes offer simple configuration, low background, and 
cost-effectiveness, suitable for rapid and high-throughput 
screening; however, their fluorescence quantum yield is 
relatively moderate. Hairpin reporters provide significantly 
suppressed background and enhanced substrate affinity via 
stem-loop structure, supporting high-fidelity and feedback-
driven amplification, but demand precise tuning of stem and 
loop lengths. G-quadruplex reporters enable label-free 
detection through specific dye recognition, which is 
advantageous for low-cost and simplified sensing systems, 
while their performance is susceptible to ion conditions and 
sequence constraints. Nanomaterial-coupled reporters achieve 
remarkable signal enhancement via metal-enhanced 
fluorescence or surface confinement effects, exhibiting 
excellent anti-interference ability in complex matrices, yet they 
involve nanomaterial preparation and surface modification 
steps. This comparative overview provides a rational framework 
for selecting and designing optimal reporter probes to balance 
sensitivity, background, simplicity, and robustness in 
CRISPR/Cas12a-based biosensing.

In summary, the reporter probe serves as the core interface 
module for “target recognition–signal output” in the 
CRISPR/Cas12a system. Its evolution has consistently followed 
a logic centered on transitioning from “pursuing ultimate 
sensitivity” to “balancing practicality and clinical value”. Starting 
from initial linear signal output based on fluorescence 
quenching and release, the technology has matured into a 
diversified system combining high sensitivity, strong 
interference resistance, and excellent scenario compatibility. 
This development has progressed through stages of “linear–
hairpin–non-classical conformation” in probe design, 
“exogenous dependence–self-circulation–multimodality” in 
signal amplification strategy, and “laboratory–complex 
samples–POCT” in application scenarios. Each breakthrough has 
revolved around reducing background noise, improving 
efficiency, and simplifying operations.

As signal amplification for highly sensitive sensing, it is 
noteworthy that most currently reported pre-amplification-free 
CRISPR/Cas12a-based exponential signal amplification 
strategies involve the engineering and high-value utilization of 
reporter probes. In such systems, reporter probes not only 
function as signal output elements but also frequently perform 
additional roles. For instance, in Fig. 3A, the reporter probe 
serves simultaneously as a blocking strand that prevents crRNA 
from interacting with Cas12a and the activator strand. In Fig. 4C, 
the reporter probe forms an integral component of the crRNA 
double-stranded activator, cooperatively initiating Cas12a 
trans-cleavage activity. Furthermore, in Fig. 4F and 7B, the 
cleaved activator strand is repurposed either as a full activator 
or as part of a split activator to sustain CRISPR/Cas12a activation 
and enable autocatalytic amplification. Collectively, these 
multifunctional designs significantly enhance detection 
sensitivity, response speed, and amplification efficiency. 

Therefore, within exponential amplification frameworks, 
reporter probes frequently assume multiple roles, with their 
engineering profoundly influencing not only signal readout but 
also the regulation and propagation of amplification cascades.

Despite significant advances, challenges remain in 
environmental adaptability, sample stability, and multi-target 
compatibility. Future developments, such as intelligent 
response design, biomimetic protection strategies, and 
orthogonalization approaches, are expected to further promote 
the translation of CRISPR/Cas12a biosensors from laboratory 
research to clinical use. These tools hold great promise for 
providing low-cost, highly reliable detection in areas including 
pathogen detection, early tumor screening, and in vivo imaging, 
particularly benefiting public health prevention and control in 
resource-limited settings.

External ions and reaction environment control: unlocking the 
kinetic potential of CRISPR/Cas12a

Beyond engineering the core molecular components (crRNA, 
activator strand, and reporter probe), the trans-cleavage 
activity of CRISPR/Cas12a system is also profoundly influenced 
by external factors such as ion species, ion concentration, and 
buffer composition148, 149. As a metal-dependent nuclease, the 
conformation and catalytic efficiency of Cas12a’s RuvC domain 
are strictly dependent on divalent metal ions (e.g., Mg2+ and 
Mn2+)150. These ions participate in DNA unwinding, RuvC 
domain activation, and phosphodiester bond hydrolysis, 
thereby directly shaping both the cleavage efficiency and 
specificity of the system. Consequently, the optimization of 
metal ions and other environmental conditions have emerged 
as a powerful and straightforward strategy to enhance the 
reaction rate and detection sensitivity of Cas12a. 

Metal ions: concentration-dependent specificity “switch” and 
highly efficient activity enhancers. Mg²⁺ serves as the natural 
cofactor for Cas12a, playing an indispensable role in crRNA pre-
assembly, target recognition, and both cis- and trans- cleavage 
processes. Its concentration exhibits a direct yet nuanced 
impact on enzymatic efficiency: while moderately increasing 
Mg²⁺ can enhance the trans-cleavage activity of Cas12a, 
excessively high concentrations often promote non-specific 
cleavage, thereby reducing detection specificity. From a 
practical perspective, Mg²⁺ is typically optimized within a low-
to-moderate millimolar window, where ~5–10 mM provides a 
robust baseline for catalytic activity in most in vitro detection 
systems, whereas lower concentrations (≤1 mM) can be 
selectively employed to enhance mismatch discrimination or 
regulate specificity at the expense of reaction rate.

While traditional reaction systems primarily rely on single 
Mg²⁺ as the sole cofactor, recent studies have revealed that 
certain alternative divalent metal ions, notably Mn²⁺, can not 
only substitute for Mg²⁺ but also profoundly enhance Cas12a 
function by favorably modulating key enzymatic kinetic 
parameters68. Studies have revealed that Mn²⁺ can markedly 
accelerate the cleavage kinetics of LbCas12a in systems already 
containing Mg²⁺. The enhancement mechanism likely stems 
from the similarities and differences in the chemical properties 
of Mn²⁺ and Mg²⁺. Although similar in ionic radius, Mn²⁺ 
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possesses partially filled d-orbitals, granting it stronger 
electrophilicity and greater tolerance for flexible coordination 
geometries. This property may better stabilize the catalytic 
transition state, thus improving overall efficiency. Enzymatic 
kinetic analysis revealed that in the presence of 5 mM Mg²⁺, the 
addition of Mn²⁺ increased the trans-cleavage efficiency (kcat/Km) 
of LbCas12a by approximately 47.6-fold. Specifically, kcat 
increased from 0.035 s⁻¹ to 0.546 s⁻¹, while Km decreased from 
2051.45 nM to 662.99 nM, indicating that Mn²⁺ enhances both 
the catalytic rate and enzyme-substrate affinity. Mn²⁺ also 
accelerates cis-cleavage, reducing the reaction half-life (τ1/2) by 
35%. These results collectively demonstrate that Mn²⁺ 
comprehensively enhances Cas12a catalysis by optimizing both 
the catalytic step and the substrate binding step. However, in 
practical assay design, Mn²⁺ is therefore more suitably used as 
a low-millimolar supplement to Mg²⁺-containing systems, 
rather than as a direct universal substitute, so as to achieve a 
desirable balance between activity enhancement and 
background suppression. 

Similarly, in a MeCas12a (manganese-enhanced Cas12a) 
system151, Mn²⁺ was found to significantly enhance signal 
amplification, enabling single-molecule-level detection and 
accurate discrimination of single-base mutations. This capability 
improved the differentiation of co-infection cases involving 
SARS-CoV-2 and MERS-CoV. It is worth noting that the response 
to such metal enhancement varies among Cas12a orthologs. For 
instance, Mn²⁺ can induce off-target reporter cleavage in 
AsCas12a, elevating background even without target presence, 
whereas LbCas12a remains selectivity under identical 
conditions, highlighting the critical importance of ortholog-
specific metal ion optimization when employing different 
Cas12a proteins. 

Beyond enhancing activity, metal ions can also modulate 
Cas12a’s tolerance for target sequence mismatches, effectively 
altering its target recognition specificity. A systematic 
comparison of the effects of Mg²⁺ on various Cas12a orthologs 
at physiological concentrations (≤1 mM) found that under low 
Mg²⁺ conditions69, tolerance for mutations in the PAM and seed 
region increased, while tolerance for mutations in the PAM-
distal region decreased, exhibiting a specificity “flip”. This 
metal-dependent switching not only elucidates the 
discrepancies between in vivo and in vitro detection but also 
provides a mechanistic basis for achieving programmable 
balance between “targeting and tolerance” through external 
ion regulation. 

Beyond Mg²⁺ and Mn²⁺, other metal ions, including Ca²⁺ and 
Zn²⁺ can also modulate the activity of the CRISPR/Cas12a 
system152, 153. While their influence is generally less pronounced, 
evidence confirms their capacity for precise kinetic tuning at 
optimal concentrations. Unlocking the full potential of these 
alternative ions represents a promising direction for advancing 
the performance and specificity of CRISPR/Cas12a systems152, 

154.

Synergistic effects of organic chemical additives. Small organic 
molecules can enhance Cas12a activity and expand its target 
recognition range by fine-tuning the conformation and 

physicochemical properties of the Cas12a/crRNA/activator 
complex. Thiol-based reducing agents such as dithiothreitol 
(DTT) and tri(2-carboxyethyl)phosphine (TCEP), as well as the 
non-ionic surfactant polyvinyl alcohol (PVA), can increase the 
distance between key domains within the Cas12a 
ribonucleoprotein complex by approximately 50%155. These 
reagents improve enzyme-substrate affinity, reduce protein 
aggregation, stabilize enzyme conformation, and shorten the 
detection time by 75~83%, while significantly improving 
sensitivity. Additionally, DTT substantially relaxes the base-
pairing requirements of LbCas12a for the PAM sequence, 
maintaining high activity output for various non-typical PAMs 
(e.g., CCTT, AGAT), thereby expanding the targetable sequence 
space. From an operational standpoint, DTT is typically 
employed in a low-millimolar regime, with ~1 mM representing 
a practical benchmark in commonly used buffer systems, while 
higher concentrations should be optimized according to assay 
compatibility and potential redox interference70.

Optimization of phase separation and buffer conditions. 
Adjusting the macroscopic physicochemical properties of the 
reaction medium can significantly improve performance 
without altering protein and nucleic acid components. For 
instance, adding 15% glycerol to a one-pot RPA-Cas12a system 
leverages its viscosity to physically isolate the RPA amplification 
system from the CRISPR components during the early reaction 
stages67. This prevents Cas12a cis-/trans-cleavage from 
prematurely consuming amplification templates or primers, 
improving sensitivity by nearly two orders of magnitude and 
achieving aM-level sensitivity comparable to that of a two-step 
method, while retaining the convenience and low 
contamination risk of a one-pot format. The successful 
application of this method provides a new approach for 
developing highly sensitive, on-site nucleic acid detection 
platforms.

Furthermore, appropriate buffer systems are essential for 
maintaining the stability and optimal performance of the 
CRISPR/Cas12a system. Different buffer components and pH 
values affect the binding efficiency and reaction kinetics of 
Cas12a with crRNA, target DNA, and activators. Systematic 
investigation into reporter probe length and buffer composition 
revealed that a 15-nt reporter combined with NEB Buffer 4 
(containing K+ and DTT) increased the reaction rate by 
approximately 50-fold and lowered the detection limit from nM 
to pM levels71. This indicates that optimizing the buffer 
composition can provide a more suitable reaction environment 
for the CRISPR/Cas12a system, thereby improving its overall 
detection performance.
In addition to the conditions described above, reaction 
temperature is another critical factor influencing 
CRISPR/Cas12a performance. Generally, higher temperatures 
improve molecular mobility and reaction rates, but excessively 
high temperatures may lead to protein denaturation or nucleic 
acid degradation. In practice, the optimal reaction temperature 
must be determined according to the specific reaction system 
and detection objectives. For instance, in in vitro fluorescence 
assays, a reaction temperature of around 37 °C often yields the 
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Table 1 Comparison of representative engineering strategies for CRISPR/Cas12a-based signal enhancement

Engineered 
Component

Representative 
Design

Typical 
Applications Key Advantages Current Limitations Primary Mechanism Signal Gain 

(Fold-Change)

crRNA
[78]

3′-end ssDNA 
extension

(7 nt, AT-rich)

SARS-CoV-2, 
HIV

Activity enhancement; 
reduced background; 
simple modification

Ortholog-dependent 
efficacy; length and 
sequence sensitivity 

Proximity-driven RuvC 
catalytic core; 

autocatalytic cascade

(~3.5 ×)
pM → fM

crRNA
[81]

5′-end ssRNA 
extension
(4~9 nt)

HPV16

Improved serum 
stability; compatible 

with chemical 
modifications

AsCas12a-specific 
optimization required

Conformational change; 
enhanced RNP stability aM level

crRNA
[89]

Photoactivatable 
caged crRNA SARS-CoV-2

Spatiotemporal control; 
reduced background 

leakage

Requires external light 
irradiation

Photocleavage removes 
the caging group

5~10 ×
signal to noise

crRNA
[74]

Switchable caged 
crRNA (CONAN)

HBV, bladder 
cancer 

mutations

aM sensitivity; single-
nucleotide 

discrimination

Complex circuit design; 
potential leakage

Autocatalytic positive 
feedback; target-triggered 

crRNA liberation

~363.8 ×
exponential

crRNA
[101]

Split crRNA 
(asymmetric CRISPR)

miRNA, 
clenbuterol

Up to 1000-fold 
amplification; no 

reverse transcription

Ortholog-dependent 
splitting tolerance; 

Competitive binding 
crRNA; stepwise cascade 

activation

~1000 ×; 
856 aM for 

miRNA

Activator Strand
[58] Cir-mediator DNA, RNA

Dual activator-reporter 
function; no reverse 
transcription for RNA

Circular structure 
synthesis; potential 

religation

Topological constraint 
prevents activation; 

linearization by Cas12a 
triggers exponential 

feedback

exponential

Activator Strand
[108]

Two stem-loop 
activators

Pathogen DNA, 
serum samples

40 min assay time; 
outperforms qPCR

CasΦ specific; cross-
reactivity risk

Structural inhibition; 
cleavage induced toehold 

release; cascade 
activation

0.11 copies/μL 
(pathogen DNA); 

1.2 CFU/mL in 
serum

Activator Strand
[56]

Split activator with 
LNA modification BRCA-1 ctDNA Single base mutation 

discrimination

LNA synthesis cost; 
optimization of 
cleavage sites

LNA-defined cleavage 
fragments reconstitute 

activator; positive 
feedback

4.7 fM

Reporter Probe
[121]

AIEgen-based 
reporter

Norovirus, 
SARS-CoV-2

“One-to-many” signal 
release

Complex probe 
synthesis; AIEgen 

availability

AIEgens intercalated into 
dsDNA; quencher removal 

upon cleavage

80~270 ×
fM to aM levels

Reporter Probe
[126]

Quencher free 2 AP 
probe

Goat pox virus, 
HPV, ctDNA

“One-to-many” signal 
release

Moderate quantum 
yield; sequence-

dependent 
performance

Environment responsive 
fluorescence; no external 

quencher

Not explicitly 
quantified

Reporter Probe
[26], [132], [133]

Metal-enhanced 
fluorescence with 

AuNPs

DNA, miRNA, 
protein Visible color change

Precise distance tuning 
required; nanoparticle 

synthesis

Plasmonic field 
enhancement

10 fM (AuNP-
SNA); 17.3 fM 

miRNA; 
27.7 pg/mL PSA

Reporter Probe
[141] Hairpin-structured TdT activity Exponential output

Requires reverse 
transcriptase; reaction 

time longer

Stem-loop conformation 
enhances substrate 

affinity
4.55 × 10⁻⁶ U

Reaction 
Environment

[68]

Mn²⁺ 
supplementation

SARS-CoV-2, 
MERS-CoV 

discrimination

47.6-fold efficiency 
increase; 35% τ₁/₂ 

reduction
Ortholog-dependent 

Enhanced electrophilicity; 
better transition-state 

stabilization
~47.6 × (kcat/Km)

Reaction 
Environment

[70], [155]
DTT/PVA addition Non-typical 

PAM targets

75~83% detection time 
reduction; relaxed PAM 

requirement

Additive compatibility; 
potential interference

Conformational relaxation 
of RNP complex; reduced 

protein aggregation

Not explicitly 
quantified

Reaction 
Environment

[67]

Glycerol phase 
separation

Nucleic acid 
POCT

reduced contamination 
risk; one-pot 
convenience

Glycerol concentration 
optimization

Physical isolation of RPA 
from Cas12a

~100 × (vs. one-
pot without 
separation)
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best results, whereas cell-based assays may require 
temperature adjustments based on cell physiology and 
experimental requirements to ensure cell viability and 
detection accuracy.

In summary, precise regulation of external ions and reaction 
environment represents an optimization strategy independent 
of molecular component engineering. It can enhance the 
catalytic rate, substrate affinity and detection sensitivity of 
CRISPR/Cas12a without modifying the structures of the crRNA, 
activator strand, or reporter probe. A key advantage of external 
environmental regulation is its ability to take effect rapidly 
without relying on complex molecular modifications, and its 
high orthogonality to strategies such as crRNA optimization, 
activator strand engineering, and reporter probe design. Metal 
ions directly alter the reaction energy barrier through 
coordination at the catalytic center; organic additives optimize 
the enzyme-substrate spatial relationship via conformational 
rearrangement; and buffer composition and phase separation 
techniques improve the effective interaction probability by 
tunning the macroscopic physicochemical properties of the 
reaction system. 

Taken together, these studies demonstrate that the 
performance evolution of CRISPR/Cas12a biosensing does not 
rely on a single dominant engineering route, but rather emerges 
from the coordinated optimization of multiple functional layers, 
including crRNA, activator strands, reporter probes, and 
reaction environments. Although each strategy offers distinct 
advantages in enhancing catalytic activity, suppressing 
background, improving stability, or enabling exponential signal 
amplification, their practical utility also differs in terms of 
mechanistic complexity, ortholog dependence, operational 
convenience, and application scope. To provide a clearer cross-
sectional comparison of the representative approaches 
discussed in this Review, Table 1 summarizes their engineered 
components, representative designs, typical applications, key 
advantages, current limitations, underlying mechanisms, and 
representative signal-gain performance. This comparison not 
only helps clarify the distinct functional roles of different 
molecular engineering strategies, but also highlights their 
complementary value in constructing next-generation 
CRISPR/Cas12a diagnostic platforms.

As the understanding of the CRISPR/Cas12a reaction 
mechanism deepens, future research will increasingly focus on 
enhancing the system’s reaction speed and detection sensitivity 
through multi-factor collaborative optimization. For example, 
combining ion concentration regulation, chemical enhancer 
addition, and reaction buffer optimization with CRISPR 
component engineering can construct a more efficient and 
stable CRISPR/Cas12a biosensor platform. This will provide 

more convenient and efficient solutions for disease diagnosis, 
environmental monitoring, and infectious disease control.

Conclusions and future perspectives
The CRISPR/Cas system represents a revolutionary molecular 
toolkit that has profoundly transformed the landscape of 
analytical and diagnostic development. Its unique combination 
of programmability, specificity, and multifunctionality endows 
it with unprecedented capabilities in target recognition, 
cleavage, signal amplification, and in vivo imaging. Compared 
with current diagnostic gold standards such as quantitative PCR 
(qPCR) and isothermal amplification techniques (e.g., 
recombinase polymerase amplification and loop-mediated 
isothermal amplification), which often require thermal cycling, 
specialized equipment, or exogenous enzymes, CRISPR/Cas12a 
offers a simpler, isothermal, and more programmable platform 
with integrated target recognition and signal transduction. 
More importantly, recent advances in molecular engineering 
have driven a fundamental shift in the signaling paradigm of 
Cas12a—from an inherent linear output limited by enzyme 
turnover to intrinsically amplified systems capable of nonlinear 
and even exponential signal generation. This transformation 
establishes CRISPR/Cas12a not merely as a recognition tool, but 
as a programmable amplification engine, providing a new 
conceptual framework for achieving ultrasensitive, pre-
amplification-free detection in next-generation diagnostic 
platforms156.

In this review, we systematically summarized recent progress 
in engineering the core components and reaction environment 
of the CRISPR/Cas12a system to enhance catalytic activity and 
enable exponential signal amplification. These advances include 
rational reprogramming of crRNA architecture, activator strand 
structure, reporter probe design, and external reaction 
conditions. Collectively, these strategies demonstrate that the 
analytical performance of Cas12a is not fixed, but can be 
fundamentally reshaped through molecular-level design. In 
particular, the emergence of autocatalytic circuits, positive 
feedback loops, multifunctional reporter systems, and 
structurally reconfigurable activators has enabled Cas12a to 
evolve from a passive signal transducer into an active 
amplification module. This transition is of major significance 
because it opens a feasible route toward amplification-free 
detection of low-abundance analytes while reducing reliance on 
conventional upstream nucleic acid amplification procedures.

Despite these advances, several current challenges still 
hinder the translation of CRISPR/Cas12a-based biosensing 
systems from laboratory proof-of-concept demonstrations into 
robust diagnostic technologies suitable for real-world clinical 
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and point-of-care applications. First, matrix interference in 
complex biological samples (e.g., serum, plasma, and whole 
blood) remains a major bottleneck. Nonspecific adsorption, 
nuclease degradation, and background signal leakage can 
significantly compromise detection accuracy and 
reproducibility, particularly in highly sensitive amplification 
systems. Second, the increasing diversity and complexity of 
molecular engineering strategies introduce system integration 
and standardization challenges. The coexistence of chemically 
modified crRNAs, programmable activators, nanomaterial-
based reporters, and feedback amplification circuits often leads 
to compatibility trade-offs, limiting robustness and hindering 
the establishment of universal design frameworks. Third, large-
scale production and manufacturing feasibility remain 
underexplored. The cost-effective synthesis, purification, and 
quality control of functional nucleic acids and nanostructured 
components are essential for clinical deployment but are not 
yet fully standardized. Fourth, storage stability and operational 
robustness present additional limitations, as CRISPR 
components are often sensitive to environmental conditions 
such as temperature fluctuations and nuclease contamination, 
restricting their use in point-of-care and resource-limited 
settings. Last but not the least, although remarkable progress 
has been made in sensitivity enhancement, the development of 
multiplexed detection systems remains in its infancy. Achieving 
high-throughput, orthogonal, and interference-resistant multi-
target detection requires precise coordination of crRNA 
specificity, activator orthogonality, and signal readout 
strategies, representing a significant systems-level challenge.

To address these challenges, future efforts should move 
beyond isolated component optimization toward holistic 
system-level engineering. In terms of clinical applicability, the 
development of anti-interference strategies—such as surface 
passivation, biomimetic protection, and dynamic background 
suppression—will be essential for reliable operation in complex 
biological matrices157, 158. Meanwhile, the establishment of 
standardized and scalable manufacturing protocols, including 
automated synthesis and rigorous quality control of engineered 
nucleic acids, will be critical for ensuring reproducibility and 
facilitating regulatory approval159. Enhancing storage stability 
through approaches such as lyophilization, encapsulation, or 
integrated reagent stabilization matrices will further enable 
long-term storage and field deployment160.

In parallel, the realization of multiplexed and high-
throughput detection will require the development of 
orthogonal CRISPR systems, barcoded signal outputs, and 
advanced signal deconvolution strategies161, 162. The integration 
of CRISPR/Cas12a with microfluidics, paper-based analytical 
devices, and portable detection platforms is expected to 
accelerate the development of fully enclosed, automated, and 
user-friendly point-of-care testing systems. Furthermore, the 
incorporation of artificial intelligence and machine learning into 
CRISPR system design and optimization may enable rapid 
identification of optimal sequences, reaction conditions, and 
system configurations, thereby significantly accelerating 
technological iteration163.

Overall, the future of CRISPR/Cas12a-based biosensing lies in 
the seamless integration of molecular innovation with practical 
application requirements. By bridging the gap between 
mechanistic understanding and system-level implementation, 
these technologies are poised to evolve into next-generation 
diagnostic platforms that are not only ultrasensitive and 
amplification-free, but also robust, scalable, and widely 
accessible. Such advances will ultimately enable real-time, 
multi-target, and intelligent detection across diverse scenarios, 
marking a significant step forward in the evolution of molecular 
diagnostics.
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