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ABSTRACT: CRISPR/Casl2a holds great promise for biosensing
and diagnostics, but conventional methods suffer from low catalytic
efficiency, high background, and reliance on pre-amplification.
Direct detection of structured RNAs also remains challenging.
Herein, we report the development of a reverse transcriptase and
LNA probe (LNA-p)-mediated CRISPR/Cas12a positive feedback
system (RTLC) for highly efficient, one-pot detection of both
DNA and RNA. Without pre-amplification or thermal cycling, the
assay achieves a 0.5 aM detection sensitivity within 27 min, exhibits
single-base resolution, and allows direct detection of RNAs up to
985 nt in length. Together, RTLC is successfully validated in prac-

A reverse transcriptase and LNA probe mediated CRISPR/Cas12a positive feedback system (RTLC) was
ped for the direct of DNA and RNA without target pre-amplification.
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tical samples by detecting IncRNA HULC and miR-21, offering a robust, versatile tool for high-performance nucleic acid diagnostics.
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imely and accurate detection of DNA and RNA is crucial
for applications in disease diagnosis, agriculture, food
safety, and environmental monitoring."”> However, conven-
tional detection strategies often fail to balance sensitivity, speed,
and operational simplicity, severely restricting their application
in point-of-care testing. As a revolutionary cutting-edge technol-
ogy, CRISPR-based diagnostics (CRISPR-Dx) exhibits unparal-
leled superiority in nucleic acid recognition, positioning it as a
powerful candidate for next-generation biosensing tools.>”
Despite remarkable progress, the widespread clinical translation
of CRISPR-Dx remains hindered by several critical bottlenecks:
an ideal detection platform demands not only high sensitivity
and specificity, but also facile operation, rapid reaction, and
low contamination risk.>®
Driven by these practical demands, CRISPR-based detection
assays have undergone continuous optimization and upgrading.
Early platforms such as SHERLOCK,” DETECTR® and
HOLMES’ require two-step reactions, which introduce opera-
tional complexity and increase the risk of aerosol contamina-
tion. Moreover, Casl2a is often limited to sequence-specific
recognition and signal generation only after nucleic acid ampli-
fication, thus failing to fully harness its programmable potential.
To overcome these drawbacks, diverse strategies have been
developed to improve the performance of CRISPR detection
systems, including (1) coupling target recognition and Casl2a
cleavage with the initiation of isothermal amplification to enable
one-pot operation;' (2) employing blocker DNA to suppress
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non-specific  trans-cleavage  and  improve  detection
specificity;''™'® (3) engineering high-efficiency DNA reporters
to enhance Casl2a’s trans-cleavage activity and sensitivity;' ">
(4) developing autocatalytic nucleic acid circuits to achieve
autonomous signal amplification.’® Among these, self-
catalyzed positive feedback nucleic acid circuits have emerged
as a research hotspot owing to their autonomous signal amplifi-
cation capacity. For instance, the CONAN system'® and
CALSA method'” have achieved efficient signal amplification
via Casl2a-mediated self-catalytic networks, demonstrating
promising potential in DNA detection. Nevertheless, these
self-catalytic systems are plagued by high background signals
stemming from non-specific activation, which is mainly attrib-
uted to the nucleic acid “molecular breathing effect”, a phenom-
enon that describes the local, transient, and spontaneous
dynamic fluctuation of duplex unwinding and rewinding in
double-stranded nucleic acids under physiological condi-
tions.'®'” However, existing optimization methods involving
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Scheme 1. Schematic Illustration of the Direct Detection of DNA, miRNA, and Long RNA Using the RTLC Reaction Systema
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“LNA-P: LNA-modified probes, RT: reverse transcriptase, RNP: Cas12a ribonucleoprotein complex.

chemical modifications and specialized treatments inevitably
increase system complexity and decelerate reaction kinetics.>’
Beyond the above limitations, direct RNA detection—
particularly for long RNA molecules with intricate secondary
structures—remains a formidable challenge, rooted in
Casl2a’s intrinsic DNA-preferred recognition property.
Although Casl3a enables direct RNA targeting, its clinical
application is constrained by poor tolerance to RNA length,
severe interference from secondary structures, and unstable
RNA reporters.”’* To address this dilemma, researchers have
developed a “split activation” strategy to engineer the Casl2a
system for direct RNA detection,”*® For example, our group

ireviousli constructed a functionalli active -

target RNA acts as a
functional spacer to hybridize with the scaffold and trigger
Casl2a-mediated signal amplification.”**>  Similarly, the
SAHARA technology employs a proximal/distal split nucleic
acid architecture to activate Casl2a trans-cleavage, realizing
picomolar-level RNA detection.”® Recently, a proximity-
assembly and activation (PAA) strategy”” and a biosensor based
on dynamic reassembly of crRNA scaffold®® have been devel-
oped to further optimize the split crRNA-based
CRISPR/Cas12a diagnostic system, achieving highly sensitive
detection of miRNAs and small molecules. Meanwhile, deep
learning has advanced rapidly in biosensing data analysis, serv-
ing as a powerful tool for extracting weak, high-dimensional
features from complex signals*”*° and showing great potential
in boosting the performance of CRISPR-based diagnostic
systems.”’ Nevertheless, these methods still face challenges in
detecting RNAs at extremely low concentrations or long RNA
molecules with complex secondary structures.

In this study, by leveraging the modular design of split-
crRNA, we developed

8B (Scheme 1). This system enables continuous generation
of activated Casl2a ribonucleoprotein complexes (RNPs) in a
one-pot reaction, allowing for highly sensitive and specific
detection of diverse nucleic acids. The initial target serves as a
direct trigger for the first-round activation of Cas12a. Upon tar-
get recognition, Casl2a is activated and trans-cleaves the LNA
probe, releasing its 3’ end to serve as a reverse transcription
(RT) primer. Reverse transcriptase extends this primer using
the spacer RNA as a template, producing DNA-RNA hybrid
duplexes that activate the Casl2a-scaffold complex. This trig-
gers further cleavage of the LNA probe, initiating a positive
teedback loop. Throughout the entire reaction, no fully comple-
mentary double-stranded nucleic acid structures exist in the sys-
tem. This design fundamentally eliminates the local transient
unwinding-rewinding fluctuation known as molecular breathing.
We initially evaluated widely used AsCas12a and LbCas12a for
RTLC implementation, but observed elevated background

activity. Upon switching to the CtCas12a, which is derived from

With this optimized system, RTLC enables direct detection
of various nucleic acids, including dsDNA, ssDNA, miRNA,
and long RNA, by only providing the complementary nucleic
acid activator. The highly efficient self-catalytic system allows
for detection at concentrations as low as 0.5 aM within
27 min, representing a 10°-fold improvement over conventional
Cas12a systems.*®> We further validated the practical application
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potential of RTLC by successfully detecting long non-coding
RNA HULC in liver cancer cells (HepG2) and miR-21 in colo-
rectal cancer patient samples. Collectively, the RTLC system
features user-friendliness and sequence programmability, while
addressing the longstanding challenges in detecting RNAs with
complex secondary structures and highlighting the application
value of novel Casl2a variants. As such, it represents a highly
efficient and promising tool for high-sensitivity, high-
specificity nucleic acid diagnostics.

Bl RESULTS AND DISCUSSION
Design and Construction of the RTLC System

Current Casl2a-based positive-feedback circuits suffer several
prominent limitations: complicated molecular construction,
unsatisfactory performance in direct RNA detection, and low sen-
sitivity for long RNA with complex higher-order structures.'®'”2°
To tackle these bottlenecks, we constructed a CRISPR/Casl2a
positive-feedback system (RTLC) integrated with reverse tran-
scriptase and locked nucleic acid (LNA) probes. This one-pot
assay is pre-amplification-free, which refers to no independent
external target amplification (PCR, LAMP, etc.) before
CRISPR reaction and enables ultrasensitive detection of various
nucleic acid targets. Signal amplification in the RTLC reaction
primarily arises from the LNA-modified probes, reverse transcrip-
tase activity, and the Casl2a-mediated positive feedback loop.
The system is designed to avoid non-specific activation caused
by nucleic acid conformational changes, a major flaw in previ-
ously reported self-catalytic circuits.'”?%>*

We firstly evaluated the efficiency of primers of varying
lengths in initiating reverse transcription (Figure 1A,
Table S2). A 6-nucleotide primer effectively triggers the

reaction (Figure S1), generating a sufficient amount of
DNA-RNA hybrid duplex. This product directly activates
Casl2a-Scaffold, whereas longer primers do not significantly
enhance activity (Figure 1B). Therefore, we selected the 6-nt
primer for use in RTLC. To assess system compatibility, we
tested the integration of the reverse transcription and Casl2a
reaction systems using rCutSmart buffer, RT buffer, and a 1:1
mixture of both (Figure S2), with full-length ssDNA activator
as the positive control. The results show that rCutSmart alone
supports reaction kinetics and fluorescence output comparable
to the positive control, demonstrating that Casl2a detection
and reverse transcription can proceed simultaneously in a single
reaction tube.

According to the previous study,'” when the S-terminal posi-
tions 1, 4, and 10 of the 11-nt single-stranded DNA probe are
modified with LNA, the trans-cleavage sites of Cas12a are pre-
cisely restricted between the 6th and Sth nucleotides. To ensure
precise generation of the 6-nt RT primer via Casl2a collateral
cleavage, we adopted the design described above (Table S3).
The 11-nt ssDNA probe was labeled with S“BHQI and
3"FAM, and LNA modifications were introduced at the three
specific positions (Figure 1C). This design restricts Casl2a’s
trans-nuclease cleavage to a defined site, producing two fixed
fragments: a S-nt fragment (S“TTAAC-3-FAM) and a 6-nt
fragment (BHQI1-S"GAACGC-3'), the latter of which acts as
the RT primer to initiate the positive feedback loop. High-
resolution PAGE analysis confirmed that cleavage of the LNA-
modified probe by different nucleic acid targets (ssDNA,
dsRNA, RNA) or different Casl2a orthologs (AsCasl2a,
LbCas12a, CtCas12a) produced the same defined ssDNA prod-
ucts (Figures 1D and S3). Previous studies have shown that
replacing DNA primers with LNA-enhanced primers can signif-
icantly enhance the binding stability with the target RNA. More
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Figure 1. Selection of reverse transcription primer and LNA-modified probe. (A) Schematic design of primers used for reverse transcription, ranging
in length from S to 15 nucleotides. (B) Fluorescence signals generated by reverse transcription using primers of varying lengths. n = 3 independent
experiments. ***P < 0,001, ****P < 0,0001, based on two-tailed t-tests. (C) Design of the LNA-modified probe. (D) High-resolution PAGE analysis
(without staining) of trans-cleavage products generated by three Cas12a orthologs on the LNA-modified probe. (E) Detection results for AsCas12a,
LbCas12a, and CtCas12a used in the RTLC method. “Pos” and “Neg” stand for positive and negative, respectively. Data are presented as mean + SD
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importantly, this modification can be efficiently recognized and
extended by reverse transcriptases (including M-MLV-derived
enzymes), especially when dealing with highly structured or
ultra-short sequences.*>*® These findings validate the LNA-
modified probe as a reliable “switch” element for the RTLC
circuit. Notably, the LNA-mediated precise probe cleavage,
combined with the intrinsic sequence specificity requirement
of reverse transcriptase for primer recognition, effectively cir-
cumvents the core flaw of previously reported self-catalytic
Casl2a systems: single-stranded activators containing pendant
structures can activate Casl2a’s trans-cleavage activity to vary-
ing degrees.34’37 Such as, in the CALSA assay,'” conformational
fluctuations of HO molecules during the process of reaching
dynamic equilibrium may promote the formation of unintended
pendant activators through interaction with LNA-ss4, thereby
inadvertently triggering the cascade reaction.

We further compared the fluorescence signals and signal-to-
noise ratio (SNR), the ratio of the fluorescence signals at the
positive and negative endpoints, of three widely used Casl2a
orthologs (AsCas12a, LbCas12a, CtCas12a) in the RTLC sys-
tem. AsCasl2a failed to distinguish between positive and nega-
tive samples, with negligible signal discrimination (Figures 1E
and S4AD,E). LbCasl2a enabled clear target detection but
exhibited a high baseline background and a low SNR
(Figures 1E and S4B,D,E). In contrast, CtCasl2a exhibited
excellent target discrimination and a markedly improved SNR
(Figures 1E and S4C-E). This finding is consistent with previ-
ous reports of non-specific collateral activity in wild-type
AsCasl2a and LbCasl2a, and despite the widespread use of
LbCasl2a in one-tube detection assays,'®'”>%3%3% our data
demonstrate that CtCas12a is uniquely suited for the RTLC sys-
tem due to its low background and high activation specificity.
Furthermore, TBE-PAGE analysis with FAM-labeled LNA
probes validated the successful formation of RNA-DNA hybrids
in the RTLC system (Figure S5).

To validate the signal amplification advantage of RTLC, we
compared the performance of the LNA probe-driven RTLC
assay, a DNA probe (unmodified) control RTLC assay, and
the conventional single Casl2a reaction (SCasl2a)
(Figure 2A). At high ssDNA target concentrations (10 nM),
all three systems generated strong fluorescence signals.
However, at low target concentrations (10 pM), only the
LNA-p-driven RTLC assay produced robust, detectable signals
(Figure 2B-G). The unmodified DNA probe displayed low
binding stability and non-specific random cleavage
(Figure S6), which decreased the yield of functional 6-nt RT
primer and impaired subsequent extension, thus breaking the
positive feedback loop. This performance trend was consistent
cross dsDNA and RNA target detection (Figure S7), confirm-
ing that the LNA-modified probe is critical for the high sensitiv-
ity and autocatalytic efficiency of the RTLC system.

Optimization of Reaction Conditions for the RTLC Assay

To maximize the reaction speed, fluorescence intensity, and
SNR of the RTLC assay, we systematically optimized key reac-
tion parameters, including the molar ratio and concentration of
Casl2a and crRNA scaffold, RT concentration, ANTP concen-
tration, L-proline (L-pro) concentration, and supplementary
Mg** concentration. All optimizations were performed using
ssDNA as the positive control and nuclease-free water as the
negative control, with fluorescence signals measured at the
15-min time point to improve the performance (Figure 3).

Using a fixed scaffold concentration of 1 pM, we first titrated
the Cas12a: Scaffold molar ratio, finding that a 2:1 ratio yielded
the highest SNR (Figure 3A). We then optimized the absolute
concentrations at this fixed ratio, selecting 2 pM Cas12a and
1 pM scaffold for subsequent experiments (Figures 3B and
S8). For the RT reaction, 0.2 U/pL of M-MLV reverse tran-
scriptase and 25 pM dNTPs achieved the optimal balance of
SNR and reagent cost (Figure 3C,D). Meanwhile, we found
that supplementation with 100 mM L-pro and 20 mM addi-
tional Mg”* further enhanced the signal amplification efficiency
and specificity of the RTLC system (Figure 3E,F). It has been
well documented that L-pro boosts the cleavage activity and
reaction stability of Casl2a by stabilizing its protein conforma-
tion,*” while Mg>*, as an essential cofactor for Cas12a nuclease
activity, significantly promotes its cis-and trans-cleavage by stabi-
lizing the R-loop complex conformation.*’ These optimized
conditions were used for all subsequent experiments. In sum-
mary, the key optimized reaction parameters were as follows:
the Casl2a: scaffold molar ratio was set to 2:1, with absolute
concentrations of 2 pM Cas12a and 1 M scaffold; the reverse
transcription system used 0.2 U/uL M-MLV reverse transcrip-
tase and 25 pM dNTPs; and the reaction was supplemented
with 100 mM L-proline and an additional 20 mM Mg>*.
These optimized conditions were utilized for all subsequent
experiments.

High-Sensitivity and Versatility of the RTLC Assay for
Nucleic Acid Detection

We further applied the optimized RTLC assay to detect diverse
nucleic acid targets, including ssDNA, dsDNA, and miRNA.
Target-specific RNP1 workflows were designed as illustrated
in Figure 4A—C. Notably, the RNP2 complex remained unal-
tered, and only the spacer sequence within RNAI or the
ssDNA activator was adjusted to match the corresponding tar-
get. As shown in Figure 4D—F, Fluorescence signals across the
target concentration range of 0.5 aM to 10 pM were higher than
the negative control (P < 0.05). In our study, the limit of detec-
tion (LOD) was determined based on a 3¢ criterion: threshold
= Meanyc + 3SDyy¢c with a corresponding SNR threshold.
To statistically verify whether the observed signals were genuine
target-specific cleavages rather than random background fluctu-
ations, we performed 12 independent replicates for both the
0.5 aM ssDNA target and the negative controls (NTC) to
ensure statistical power for low-abundance detection. At
27 min, the 0.5 aM group achieved a 100% detection rate with
an average SNR of 2.31, which is well above the calculated SNR
threshold of 1.68 (Figure S9, Table S1).

Furthermore, analysis of SNR across the entire concentration
range at 15, 30, and 50 min (Figure S10) consistently met these
criteria. The assay maintained sustained amplification with low
background over 50 min (Figure 4G-I). For miRNA targets, a
slight lag (~20 min) was observed before signal accumulation,
consistent with their structural characteristics. These results
demonstrate that the RTLC assay offers high versatility and
ultra-high sensitivity, enabling reliable detection of diverse
nucleic acids down to 0.5 aM.

Specificity of the RTLC Assay for miRNA Detection

Given that CtCas12a is an atypical Cas12a ortholog, we initially
assessed its tolerance to single-base mutations in miRNA
targets via a split crRNA strategy. As illustrated in
Figure SA,B, CtCasl2a displayed high discrimination capacity
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Figure 2. Comparison between the single Cas12a and RTLC reactions mediated by probes with or without LNA modification. (A) Schematic illus-
tration of conventional Cas12a reaction, and RTLC using DNA-p or LNA-p. Real-time fluorescence kinetic curve of the conventional Casl2a reaction
(B), RTLC using DNA-p (D), and RTLC using LNA-p (F) for detecting 10 nM, 1 nM, and 10 pM ssDNA targets. End-point fluorescence values
from the conventional Cas12a reaction (C) RTLC using DNA-p (E) and RTLC using LNA-p (G) for detecting 10 nM, 1 nM, and 10 pM ssDNA
targets. Data are presented as mean + SD (n = 3). Statistical significance is indicated as follows: *P < 0.0S, **P < 0.01, ***P < 0.001, **¥#P <

0.0001, based on two-tailed t-tests.

for single-point mutations at most nucleotide positions of the
target miRNA, with prominent recognition efficiency for muta-
tions at positions 1, 2, 5, 10, 15-17, and 19-21. To further ver-
ify the ability of RTLC for low-abundance miRNA mutation
detection, we prepared mixed samples containing MIS
(Figure 5C) and M19 (Figure 5D) mutants at frequencies of
1, 0.1, 0.01, and 0% against a wild-type miR-21 background,
respectively. The corresponding results confirmed that the
RTLC assay can effectively discriminate mutant miRNAs with
an abundance as low as 0.01%, underscoring its promising appli-
cation potential in RNA mutation analysis.

Detection of Long RNA Using the RTLC Assay

Direct detection of long RNA molecules remains a major chal-
lenge for Casl2a-based assays.”**2°  Whiting and
Champoux** had confirmed that Moloney murine leukemia

virus (MLV) reverse transcriptase possesses strand displace-
ment activity. When dealing with complex templates such as
RNAs containing secondary structures, they can still maintain
stable synthetic activity. On the other hand, Several commer-
cially available reverse transcriptases have shown significant
improvements in stability, synthesis rate, and adaptability to
complex RNA templates, and have been widely used in various
research studies, such as BeyoRT II M-MLYV reverse transcrip-
tase (RNase H-) (D7160S) in this study.

We therefore evaluated the performance of the RTLC assay
for detecting long RNA fragments of varying lengths
(Table S4 and Figure S11): an 86 nt HCV RNA fragment
(Figure S12), a 100 nt IncRNA HULC fragment (Figure 6), a
150 nt PS3 RNA fragment (Figure S13), and a 985 nt SARS-
CoV-2 RNA fragment (Figure S14). The range (86-985 nt)
covers the lengths of many pathogen-derived RNAs, mRNAs,
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and long non-coding RNAs. For each target, we designed
ssDNA activators targeting three randomly selected binding
sites.While the RTLC system successfully detected all tested
sites—even within regions predicted to form stable secondary
structures (Figures 6A—C and S12-S14)—we observed variable
signal intensities across different sites, which we attribute to dif-
terences in local RNA secondary structure that affect activator
hybridization efficiency. Notably, this site-to-site variability has
minimal impact on qualitative detection but may introduce
deviations in absolute quantification. For optimal performance,
we recommend selecting binding sites with predicted single-
stranded regions via bioinformatic tools, followed by small-
scale experimental validation to identify the site with the highest
signal-to-noise ratio (SNR). Subsequently, we selected the
ssDNA activator yielding the highest SNR to evaluate the sensi-
tivity of RTLC for long RNA detection and found that it can
detect targets at concentrations as low as 0.5 aM within
15-60 min (Figures 6D—F and S15). Based on this results, we
hypothesize that this RT promotes efficient hybridization of
the ssDNA activator to stem-loop regions of the target RNA,
forming DNA-RNA heteroduplexes that recruit the

Casl12a-scaffold complex and trigger trans-cleavage. Our results
demonstrate the versatility of the RTLC system for detecting
diverse RNA targets of biological and clinical relevance.

Application of the RTLC Assay in Practical Scenarios

The practical workflow of the RTLC assay is depicted in
Figure 7A. In drug development, long non-coding RNAs
(IncRNAs) specifically overexpressed in tumor cell lines serve
as promising therapeutic targets.*> Accurate quantification of
their expression dynamics enables validation of drug regulatory
effects, accelerates related research and development processes,
and facilitates the discovery of IncRNA-targeted antitumor ther-
apies. Among these IncRNAs, IncRNA HULC is highly overex-
pressed in hepatocellular carcinoma (HCC) and closely linked
to tumor drug resistance.***> Accordingly, we extracted total
RNA from cultured HepG2 and HEK293T cells and employed
the RTLC assay to detect HULC expression levels. Receiver
operating characteristic (ROC) curve analysis was performed
using 27 positive and 27 negative samples, establishing an
SNR threshold of 1.676 (Figure 7B,C). This optimal threshold
endowed the assay with 100% sensitivity and 100% specificity.
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(H) dsDNA, and (I) miRNA. “Neg” stands for negative. Data are presented as mean = SD (n = 3). Statistical significance is indicated as follows:

#*P < 0.01, based on two-tailed t-tests.

For clinical diagnosis, miR21 is one of the earliest identified
microRNAs with aberrantly high expression in various solid
tumors.*® We collected peripheral blood samples from 12 colon
cancer patients and 8 healthy volunteers, extracted miRNAs
from equal volumes of plasma via a standard protocol according
to miRcute miRNA Isolation Kit (TIANGEN; DP503), and
quantified miR-21 levels using the RTLC assay. The results
demonstrated that miR21 was significantly overexpressed in
the peripheral blood of colon cancer patients compared with
the healthy group (Figure 7D,E), which validated the clinical
applicability of the established assay.

B CONCLUSIONS

In summary, we developed a novel positive-feedback nucleic
acid detection system termed RTLC, which integrates Casl2a,
split crRNA, reverse transcriptase, and LNA-modified probes
in a one-pot format without pre-amplification. Compared with
existing methods, RTLC exhibits three prominent merits
(Table SS): first, it delivers 0.5 aM sensitivity within 27 min
without nucleic acid pre-amplification, and enables detection
of 0.01% low-abundance mutations, greatly improving detection
efficiency and convenience; second, it features broad applicabil-
ity for diverse nucleic acid targets, including ssDNA, dsDNA,

miRNA and long-chain RNA; third, its simple activator design
avoids interference from molecular breathing effects, guarantee-
ing robust system stability. Furthermore, RTLC has demon-
strated rapid and reliable detection of IncRNA HULC and
miR-21 in real biological samples. Notably, RNA pre-
extraction is still required for serum sample detection. Future
efforts will focus on integrating this autocatalytic system with
simplified sample preparation strategies that eliminate the need
for conventional nucleic acid extraction and purification. In
addition, the positive-feedback loop continuously generates
DNA-RNA hybrid amplicons that sustain persistent Casl2a
activation, which introduces potential laboratory carryover con-
tamination risks analogous to PCR. This risk mignt be mitigated
via potential strategies such as UDG digestion and physically
separated experimental zones. In summary, RTLC surmounts
the drawbacks of traditional pre-amplification strategies, offer-
ing a sensitive and specific platform for clinical point-of-care
diagnostics, underscoring its strong potential for clinical
applications.
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