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The rapid identification and precise quantification of cancer biomarkers are essential for the purposes of diag-
nosis, classification, and therapeutic intervention. Traditional molecular diagnostic methodologies, such as po-
lymerase chain reaction (PCR), provide considerable sensitivity; however, they depend on exponential
amplification and advanced instrumentation, thereby constraining their applicability for point-of-care testing. In
this study, we developed a Transcription-driven CRISPR Cascade Amplification (TCCA) for one-tube detection of
mRNA at the concentration of 0.6 copies/pL within just 30 min. The target-induced assembly of a three-way
junction (TWJ) facilitates the generation of a split T7 promoter, which initiates transcription and activates
Casl3a collateral cleavage. The activated Cas13a subsequently cleaves cascade probes and releases new trigger
strands, forming a transcription-driven cascade amplification circuit. The assay enables multiplex detection of
breast cancer-associated mRNA biomarkers (HBB, KRT17, and CD55) in cell lysates, demonstrating robust
performance in intricate biological matrices. Furthermore, incorporation of a multiplex OR-gated logic design
enables parallel target recognition, thereby enhancing detection reliability for rapid and accurate clinical

diagnostics.

1. Introduction

Messenger RNA (mRNA) serves as a direct indicator of gene
expression dynamics and cellular functional states. In breast cancer,
aberrant mRNA expression profiles are closely associated with tumor
subtypes, progression, and therapeutic response, highlighting their po-
tential as informative biomarkers for molecular classification and early
diagnosis (Hohmann et al., 2025). Conventional nucleic acid diagnostics
typically rely on polymerase chain reaction (PCR) or other enzymatic
amplification methods to achieve high analytical sensitivity. Despite
their high efficacy, workflows based on exponential amplification are
often constrained by prolonged reaction times and strong dependence
on sophisticated instrumentation, which limit their applicability in
point-of-care settings (Aslan et al., 2026; Kreitmann et al., 2023).

CRISPR-based biosensing systems have solved several technical
bottlenecks by providing programmable target recognition and robust
operation under isothermal conditions (Wang et al., 2025). By
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leveraging their collateral activities to cleave reporter containing fluo-
rophores and quenchers, detectable signals can be generated. Among
these, Casl3a, a type VI CRISPR-associated protein, is capable of
recognizing target-specific RNA sequences and degrading adjacent
single-stranded RNA, rendering it exceptionally versatile for diagnostic
applications (Tong et al., 2024). Nevertheless, most current
CRISPR-based assays depend on pre-amplification step to achieve clin-
ical sensitivity (He et al., 2025; Zhao et al., 2025). As an innovative
strategy, autocatalytic CRISPR architectures directly combines initial
target identification with the feedback-driven signal propagation,
thereby minimizing the necessity for pre-amplification (Shi et al., 2021).
Numerous cascade probe strategies have been devised to facilitate
conditional activation, corroborating that nucleic-acid structures can be
programmed as feedback gates to drive autocatalytic reactions (Lim, n.
d.). However, the dependence on multiple effective Ribonucleoprotein
(RNP) complexes and insufficient control over Cas enzyme activation
underscore the need for an upstream regulatory mechanism that can
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impose kinetic constraints and suppress background activation (Zhang
et al., 2023). Compared to 3-hydroxyl-driven DNA polymerases, T7
RNA polymerase exhibits higher specificity through strict promoter
dependence (Gholamalipour et al., 2018; Schaffter et al., 2018). In this
regard, transcription-based mechanism offers a promising strategy for
improving reaction fidelity and system integration.

Herein, we integrate a split-T7 promoter with CRISPR-Casl3a
cascade probe system, to establish a novel analytical strategy. Effec-
tive RNP assembly and feedback initiation are governed by coordinated
multi-component release, functionally imposing an AND-gated activa-
tion requirement. In parallel, an OR-gated input recognition module
ensures the presence of any target biomarker (HBB, CD55, and KRT17)
can generate a detectable signal. This hierarchical logic-guided archi-
tecture combines stringent activation control with broadened detection
coverage, resulting in improved assay robustness and enhanced signal-
to-noise performance. The detection reaction can be completed within
30 min at 37 °C while effectively suppressing background signals.
Finally, the practically applicability of the proposed platform is vali-
dated by assessing its detection performance in breast cell line.

2. Experimental section
2.1. Materials and chemicals

LwaCasl3a together with the 10x Casl3a reaction buffer was
sourced from Magigen. T7 RNA polymerase, 10x transcription buffer,
rNTPs, RNase inhibitor, DNase I, and diethylpyrocarbonate (DEPC)-
treated water were provided by Sangon Biotech (Shanghai, China). The
5x DNA loading buffer was supplied by Biosharp (Anhui, China). The 20
bp DNA ladder and GelRed nucleic acid stain were obtained from Takara
Bio (Dalian, China). RNA isolater Total RNA Extraction Reagent, Beyo-
Fast™ SYBR Green qPCR Mix (2x), and the First-Strand cDNA Synthesis
Kit were from Beyotime (Shanghai, China), whereas the RNA Clean Kit
was obtained from Tiangen Biotech (Beijing, China). The oligonucleo-
tide sequences employed in this study are summarized in Table S1.

2.2. Real-time fluorescence monitoring and gel electrophoresis analysis

The cascade probe was prepared prior to the detection assay. Briefly,
the cascade probe was diluted in 1x Casl3a reaction buffer and pre-
incubated at room temperature for 6 h to ensure the formation of a stable
dumbbell configuration. The preincubated cascade probe was then used
as a stock reagent in subsequent detection reactions and stored at
—20 °C. To assemble the TWJ complex, 100 nM each of the SP1, SP2,
and ST oligonucleotides were mixed with varying target concentrations
in a 10x Casl3a reaction buffer. The mixture was subjected to thermal
denaturation at 95 °C for 5 min, followed by gradual cooling to room
temperature, and stored at 4 °C for use.

For the standard reaction, the reaction was carried out in a 20 pL
mixture consisting of two components: the CRISPR mixture and the TWJ
mixture, both of which were prepared on ice.

The ribonucleoprotein (RNP) complex, comprising 20 nM Lwa-
Cas13a and 20 nM crRNA in 1 x Cas13a buffer, was pre-incubated at 0 °C
for 10 min. Then, the final reaction matrix consisted of 20 nM Cas13a,
20 nM crRNA, 5 nM each of SP1, SP2, and ST, 5 nM cascade probe, 1 mM
NTPs, 1x transcription buffer, 1x Casl3a reaction buffer, 250 nM RNA
reporter, 20 U T7 RNA polymerase, 20 U RNase inhibitor, and DEPC-
treated HyO added to 20 pL. Reactions were carried out on a CFX 96
Real-Time PCR Detection System (Bio-Rad, USA) at 37 °C, with fluo-
rescence recorded every 30 s. Each condition was tested in at least three
independent replicates to evaluate reproducibility. The reliability of
fluorescence readouts was further verified by 12% polyacrylamide gel
electrophoresis (PAGE). For gel analysis, 5 pL of reaction product was
mixed with 1 pL of 6 x loading buffer prior to electrophoretic separation.
Electrophoresis was conducted at a constant 110 V for 60 min. The gel
was then stained with Gel Red at room temperature for 20 min and
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visualized under UV illumination using the ChemiDoc XRS imaging
system (Bio-Rad, USA).

2.3. RNA synthesis

Forward and reverse DNA templates for in vitro transcription (IVT)
were rationally designed according to the corresponding RNA sequences
(Table S1). To prepare the double-stranded transcription templates, the
forward (unRNAsense) and reverse (unRNAantisense) oligonucleotides
(25 pM each) were mixed at an equimolar ratio (1:1) in 1 x transcription
buffer. The mixture was thermally denatured at 90 °C for 5 min and
subsequently subjected to a controlled cooling ramp of 0.5 °C/s down to
25 °C to facilitate complete hybridization. The annealed duplexes were
then utilized for the IVT reaction, which was carried out at 37 °C for 8 h.
Following transcription, 5 pL of DNase I was introduced into the 20 pL
reaction matrix and incubated at 37 °C for 1 h to completely degrade the
residual DNA templates. The generated RNA products were purified
using a Total RNA Clean Kit (Tiangen Biotech, Beijing, China). Finally,
the RNA concentration was quantified with NanoDrop 2000c spectro-
photometer, and the purified aliquots were stored at —80 °C prior to
subsequent assays.

2.4. Application of cell lines

The human non-invasive breast cancer cell line (MCF-7) and the
human invasive breast cancer cell line (MDA-MB-231) used in this study
were cultured in high-glucose Dulbecco’s Modified Eagle Medium
(DMEM). The culture medium was prepared by adding 10% (v/v) fetal
bovine serum (FBS) and 1% (v/v) penicillin-streptomycin to the basal
medium. Cells were routinely cultured at 37 °C in a humidified incu-
bator with a controlled 5% CO; atmosphere, and maintained under
standard sterile conditions throughout the experiments.

2.5. RT-PCR assay

Quantitative reverse transcription PCR (qQRT-PCR) was employed as
a reference method for circulating mRNA analysis. Thermal cycling
conditions consisted of an initial denaturation at 95 °C for 2 min, fol-
lowed by 40 cycles of denaturation at 95 °C for 5 s and annealing/
extension at 60 °C for 30 s. Each 20 pL reaction contained 10 pL 2x SYBR
Green qPCR Mix, 2 pL forward primer (3 pM), 2 pL reverse primer
(3 pM), 2 pL cDNA, and 6 pL DEPC-treated water. Reverse transcription
of extracted mRNA was performed using First-strand cDNA Synthesis.
Amplification was carried out on a real-time quantitative PCR instru-
ment with SYBR Green chemistry, using p-actin as the internal reference
gene. Cycle threshold (CT) values were converted to HBB/CD55/KRT17
concentrations based on standard curves generated from synthetic HBB/
CD55/KRT17 templates.

2.6. Statistical analysis

Statistical analyses were conducted by GraphPad Prism (GraphPad
Prism Inc., California, USA) and SPSS Statistics (IBM Corporation, New
York, USA). Significance levels were denoted as follows: P < 0.001 (***),
P < 0.01 (**), and P < 0.05 (¥).

3. Results and discussion
3.1. Conceptual framework of the method

Reported study has revealed that the analytical sensitivity of Lwa-
Casl3a assays is primarily constrained by its inherently low trans-
cleavage turnover rate (kcat &~ 1) and the restricted formation of acti-
vated RNP complexes, which is determined by the availability of target
molecules (Fakhr et al., 2026; Son et al., 2026). At low analyte con-
centrations, the generated fluorescent signal becomes indistinguishable
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from instrumental and background noise, fundamentally limiting the
signal-to-noise (S/N) ratio before the enzymatic substrate is depleted
(Huyke et al., 2022). Although the incorporation of exponential ampli-
fication enhanced the detection sensitivity, it not only generally
accompanied by high background signals but also rend the CRISPR re-
action redundant (Zhang et al., 2025; Zhou et al., 2024, 2026).

Here, we proposed a proximity-induced Transcription-driven
CRISPR Cascade Amplification (TCCA) to circumvent sensitivity limi-
tations (Scheme 1). The TCCA reaction system is consist of three inter-
related modules: (i) target-induced assembly of three-way junction
(TWJ) DNA probes, (ii) transcriptional amplification based on split T7
promoter, and (iii) CRISPR/Cas-mediated signal amplification coupled
with cascade probe-driven positive feedback.

The transcriptional amplification reaction utilizes three DNA reac-
tion probes as target recognition elements including SP1, SP2 and ST.
Among them, SP1 is organized into three functional segments, including
a transcriptional template (purple region), a T7 promoter fragment
(pink region), an overlap sequence (yellow region) and a partial target
recognition sequence (dark blue region). Meanwhile, ST possesses a
partial sequence of the T7 promoter (pink region), which hybridizes
with SP1 to form the double-stranded T7 promoter containing a nick
site. Besides, the sequences on SP2 are composed of a partial T7 pro-
moter segment (pink region), an overlap region complementary to SP1
(yellow region) together with a target recognition sequence (light blue
region). To enable stable promoter reconstitution only upon target-
triggered assembly, an overlap sequence was introduced between SP1
and the split T7 promoter segment on SP2, allowing the hybridization
stability to be precisely regulated through the melting temperature
(Tm). In the absence of target, TWJ probes remain unassembled, as re-
gion of the overlap exhibits a low Tm of 11 °C, which is insufficient to
support stable hybridization at 37 °C. Consequently, the weak
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interaction between SP1 and SP2 fail to support reconstruction of the
complete nicked T7 promoter. Upon target binding, the target-guided
assembly of the TWJ spatially confines SP1, SP2, and ST, markedly
increasing their effective local concentration and stabilizing the struc-
ture. This cooperative assembly enables the formation of a stable split
double-stranded T7 promoter that can be efficiently recognized by T7
RNA polymerase (Scheme 1A). Moreover, the designed cascade probe is
constructed with two functional domains. Each loop domain contains an
rU-rU sequence which can be cleaved by an activated Casl3a, and a
trigger DNA strand identical to the target recognition sequence is
sequestered in the stem region (Scheme 1B).

As shown in Scheme 1C, the presence of the target drives the self-
assembly of the three-way junction, generating a complete transcrip-
tion template which can generate the signal RNA of downstream
CRISPR/Casl3a system by the help of T7 RNA polymerase. Upon
recognition of the signal RNA, the RNP complex cleaves signal RNA in
cis and activates its trans activity. Then the RNP complex cleaves the
single-stranded RNA bulge embedded in the cascade probe and releases
trigger DNA strand by the exposure of complementary sequences,
leading to the formation of additional TWJ structure. In this way, newly
formed TWJ structures generate additional activated RNPs via the same
mechanism, leading to further cleavage of ssRNA bulge regions and
release of trigger DNA strands, thereby enabling the subsequent ampli-
fication round. This autocatalytic process establishes a feedback-driven
signal amplification network. Importantly, this amplification mecha-
nism is governed by autocatalytic cascade reaction instead of initial
target concentration, enabling even a few targets to generate a robust
fluorescent intensity. All processes were conducted in a single tube.
Every DNA probe or cascade probe was optimized using NUPACK
(Zadeh et al., 2011) to minimize unintended hybridization (Table S1).

(Trigger DNA)

( Trans-

Q
Cis-
cleavage

O—® RNAreporter () T7 RNApolymerase

RNA R or RNA Cas 13a

Scheme 1. Schematic diagram of the cascade reaction. (A) The progress of TWJ transcription. (B) The structure of cascade probe. (C) Principle of RNA detection

based on a Cas13a-driven catalytic positive feedback circuit.
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3.2. Feasibility of the platform

To demonstrate the feasibility of the method, we confirmed the
target-triggered assembly of the three-way junction (TWJ). Given that
the formation of a nicked double-stranded T7 promoter is the critical
step in TCCA, the split ratio of the T7 promoter was optimized first (Kim
etal., 2024; Li et al., 2025). To this end, the split site was systematically
shifted along the promoter sequence from the 5’ end, generating a series
of split promoter at various ratios (Scheme 1A). By incorporating the
complementary sequence of the crRNA into the template, the tran-
scription process could be monitored via the fluorescence signal derived
from activated CRISPR/Casl3a. Five groups of reaction probes were
incorporated into T7 promoter transcription templates with different
split configurations, designated as 1/19, 2/18, 3/17, 4/16, and 5/15
(Fig. S2A). When the split ratio ranged from 1/19 to 3/17, efficient
transcription occurred with target. By contrast, in the case of ST + SP1,
the results showed markedly reduced fluorescence, indicating the lack of
sequences at the 5’ end of the T7 promoter could impair transcriptional
activity. Additionally, the usage of the 3/17 split configuration mark-
edly reduced the fluorescence in the presence of SP1+ST, implying that
the three-nucleotide portion on the 5’ side of the T7 promoter was vital
for specific recognition by T7 RNA polymerase. Conversely, minimal
transcription was observed with the 5/15 split configuration despite the
presence of all key components, suggesting that placement of a nick five
nucleotides from the 5’ end disrupts promoter recognition. Based on
these observations, the 3/17 split configuration was selected for inte-
gration with the three-way junction design. Given the critical role of the
complementary overlap between SP1 and SP2 in TWJ assembly, the
overlap length was further optimized. The S/N peaked at a comple-
mentary length of 6 nucleotides, whereas further extension to 7 nucle-
otides led to nonspecific transcription even without the target.
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Consequently, the new overlap was defined as 3 bp, resulting in a total
complementary overlap of 6 bp (Fig. S2B).

To verify the feasibility of the TCCA system, real-time fluorescence
was monitored under various reaction condition. In Fig. 1A, negligible
signals were observed in the absence of key components, whereas the
group including SP1 and SP2 with target produced strong signal,
demonstrating their indispensable roles in the reaction. Besides, melting
curve analysis further validated reaction products. As shown in Fig. S3,
there were two characteristic peaks detected only in the positive control
group containing target, while none of them was observed from the
negative control.

The observations were further confirmed by 12% polyacrylamide gel
electrophoresis (PAGE) analysis. As shown in Fig. 1B, in the absence of
the target, no combination of the reaction strands was observed (lane 4).
By contrast, upon addition of the target to all reaction probes, the three-
way junction structure occurred, showing a new gel band with the
lowest electrophoretic mobility (lane 5). In the presence of T7 RNA
polymerase, substantial signal RNA generated (lane 6), accompanied by
the disappearance of bands corresponding to SP1 and SP2, which suc-
cessfully indicated that the target could trigger the three-way junction
self-assembly and initiates transcription. Subsequently, we employed
another PAGE analysis to confirm the construction of the TCCA. As
shown in Fig. S4, the cascade probe band disappeared in the presence of
the target, with appearance of new bands exhibiting increased electro-
phoretic mobility.

In addition, we confirmed that the targeted-activated RNP could
cleave single-stranded RNA bulges and release functional products.
Nondenaturing PAGE confirmed the time-dependent trans cleavage of
cascade probe by activated RNP (Fig. 1C). Lane 1-2 included 1) the 20
bp DNA ladder, 2) cascade probe (1 pM), Lane 3-6 represented trans-
cleavage reactions at 0, 5, 30, and 60 min. At 30 min (lane 5), partial
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Fig. 1. Feasibility of TCCA. (A) Fluorescence intensity under different reaction conditions. The inset provides an expanded view of signals obtained from reactions
containing partial combinations of components. (B) Gel electrophoresis characterization of transcription reaction components and products. The transcription re-
actions were carried out at 37 °C for 30 min, and SP1, SP2, ST, and target were at 100 nM. (C) The trans-cleavage activity of the activated RNP toward cascade probe
was examined by nondenaturing PAGE analysis, and the electrophoresis was performed at 110 V for 60 min. (D) Comparison of different reaction systems. The
reaction components were incubated with the HBB target fragment at 37 °C for 30 min to obtain fluorescence signal. Error bars: standard deviation (SD), n = 3.
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cascade probe cleavage conducted smaller DNA fragments. As incuba-
tion proceeded (lane 6), the cascade probe bands gradually diminished
in intensity, accompanied by the accumulation of lower molecular
weight fragments. As shown in Fig. S5, the downstream fluorescence
signal progressively increased with extended pre-cleavage time, con-
firming that released trigger strands generated by activated RNP effi-
ciently initiate the downstream cascade reaction. Collectively, these
results demonstrate that TWJ assembly triggers transcription, while
activated Casl3a drives cascade probe cleavage and amplify the signal.

To further evaluate the advantages of the system in improving
detection performance, signals from the cascade reaction, single Cas13a
system, and TWJ-assisted Cas13a system were compared at target con-
centrations of 6 x 10° copies/pL, 6 x 108 copies/pL, and 6 x 108 copies/
pL. Robust signals were observed at 6 x 10° copies/pL and 6 x 10%
copies/pL for all systems. As shown in Fig. 1D, the single Cas13a system
produced signals indistinguishable from the negative control in 6 x 10°
copies/pL, reflecting the intrinsic limitation of Casl3a due to the
restricted number of activated RNP complexes at low target abundance.
Incorporation of the transcription module modestly improved sensi-
tivity, but the TWJ-assisted system still exhibited limited discrimination.
In contrast, the cascade system maintained clear signal separation from
the negative control, demonstrating its superior detection performance
at low target concentrations.

3.3. Cascade reaction optimization

To establish the optimal reaction conditions and maximize discrim-
ination between positive and negative groups, we systematically opti-
mized the key reaction parameters. The positive groups are represented
by dark columns, while negative groups are demonstrated in light. As
the absolute fluorescence signals are sensitive to the variations in
experimental conditions, there is a substantially limit in general appli-
cability for generating consistent and stable readouts. Accordingly, the
signal-to-noise ratio (SNR), defined as the ratio of AF (F — FO) between
positive and negative reactions, was adopted as a robust metric to
effectively normalize the background fluctuations (Lim et al., n.d.).

As the concentration of reaction probes plays a critical role in
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platform performance, it was prioritized for initial optimization. Sys-
tematic evaluation of the platform components revealed that 5 nM re-
action probes (Fig. 2A) and 20 U T7 RNA polymerase (Fig. 2B) reached
the optimal S/N ratio. The NTP dosage of 1 mM (Fig. 2C) and 20 nM RNP
yielded the most robust signal response (Fig. 2D). In addition, the
cascade probe concentration of 5 nM provided the maximum analytical
performance (Fig. 2E). Additionally, we assessed the long-term storage
stability of the cascade probes (Fig. S6). As depicted in Fig. S6, the
engineered cascade probes demonstrated outstanding long-term stabil-
ity and environmental resilience. Remarkably, the structural integrity
and signal-transduction efficacy of the system were rigorously preserved
even after prolonged storage and subjection to repeated freeze-thaw
cycles. Finally, the buffer ratio of 0.5/0.5 and the reaction time of
30 min were selected as the optimal conditions (Fig. 2F). The detailed
sequences were listed in Table S1, and all subsequent experiments were
performed under these optimized conditions.

3.4. Analytical performance of the method

With this optimized workflow, we then evaluated assay performance
under varied concentrations of target by end-point fluorescence and
kinetic profiles. As shown in Fig. 3A and B, although it remained chal-
lenging to quantify the concentration of the target, the assay exhibited
exceptional discriminatory capability between positive and negative
groups. Notably, strong signals were observed even at low concentra-
tions (e.g., 6 x 10* copies/jL), this phenomenon may attributable to the
breathing dynamics of the cascade probe and stochastic collateral
cleavage activity of Casl3a. Conversely, at moderate target concentra-
tions (e.g., 6 x 10° copies/pL), competitive hybridization between the
probe and the target strand may partially impair the efficiency of TWJ
assembly, hence decreasing the concentration of the effective tran-
scription template. The activated Cas13a can simultaneously cleave in-
termediate nucleic acid strands in the cascade reaction, disrupting
cascading amplification and diminishing signal accumulation. Previous
kinetic analyses have also suggested that reporter degradation and
nonspecific cleavage could impose a fundamental limit on the sensitivity
of CRISPR diagnostics, further contributing to nonlinear responses.
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Owing to the enzyme turnover and trans-cleavage reactions, analogous
nonlinear dynamic behavior has been extensively documented in
CRISPR-based detection circuits (Lim, n.d.).

Since the sequence mutation in mRNA can compromise the speci-
ficity of detection platforms, we assessed the specificity of the method. A
panel of control groups was employed, including single-base mutant
HBB (M1), double-base mutant HBB (M2) and two mRNAs (EGFR and
GAPDH) which were also highly expressed in invasive breast cancer cell
lines (Detsika et al., 2025; Ponzetti et al., 2017; Shi et al., 2017). As
depicted in Fig. 3C and 3D, the fluorescence signal of M1 decreased by
more than 50% relative to HBB, whereas M2 showed no discernible
difference from the blank control. In addition, the two high-level mRNA
controls (EGFR and GAPDH) produced negligible signals. These results
demonstrate high selectivity of the platform.

In addition, we compared the fluorescence signals of the Target and
M1 groups relative to the NC group. As shown in Fig. S7, the fluores-
cence signal of the Target group was significantly higher than that of the
NC group (P < 0.001), confirming the efficient activation of the pro-
posed system by the perfectly matched target sequence. Notably,
although the M1 group containing a single-base mismatch also exhibited
a significantly higher fluorescence signal than the NC group (P < 0.001),
the target concentration used in the M1 group was 10-fold higher than
that in the perfectly matched Target group (6 x 10'° copies/uL vs.
6 x 10° copies/pL). Despite this substantial concentration advantage,
the fluorescence intensity of the M1 group remained significantly lower
than that of the Target group (P < 0.001), suggesting that the signal
generated by the mismatched sequence was mainly attributed to limited
nonspecific activation rather than efficient target recognition. These
results demonstrate that the proposed platform maintains high sequence
discrimination capability, even under stringent mismatch conditions
involving an excess amount of non-perfectly matched target sequences.

3.5. Cascade-based detection of HBB, CD55, and KRT17 with high
sensitivity

To further demonstrate the applicability, we established cascade
detection platforms for three breast cancer-associated mRNA targets
(HBB, CD55, and KRT17). We identified the specific TWJ probe and
cascade probe sequences for each target and developed corresponding
assays. During assay development, detection of 0.6 copies/pL target
demonstrated the high sensitivity of the CRISPR-Cascade system.
Notably, across target concentrations from 0.6 to 6 x 102 copies/JL, the
SNR for each target consistently ranged from 1.6 to 3.5, exhibiting
reliable target identification at low abundance (Fig. 4A-F). Compared
with previous studies (e.g., Lim et al.), the proposed platform exhibited a
greater signal-to-background separation within a 30 min reaction time,
enabling more reliable discrimination between target and control
samples.

3.6. Analysis of cell lines

As previously reported, HBB is highly expressed in invasive breast
cancer cells (Ponzetti et al., 2017). To further evaluate the practical
applicability of the proposed method, we profiled the relative mRNA
expression levels of HBB, CD55, and KRT17 in non-invasive (MCF-7) and
invasive (MDA-MB-231) breast cancer cell lines, using p-actin as an in-
ternal reference. The relative expression was defined as the ratio of
target to reference fluorescence signals. As shown in Fig. 5B, the fluo-
rescence signal observed in MDA-MB-231 cells was significantly higher
than that in MCF-7 cells, indicating that the expression of these bio-
markers was upregulated in invasive cells. Furthermore, the perfor-
mance of the TCCA platform showed strong concordance with RT-qPCR
results (Fig. 5A), supporting the reliability and potential for clinical
application.
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3.7. OR-gate functionality

The TWJ architecture shows a very high sequence recognition
specificity, which is essentially driven by the strict thermodynamic

requirements of cooperative hybridization (Lee et al., 2020; Robinson
et al., 2026; Yoon et al., 2022). Unlike traditional linear probes, the
formation of stable TWJ requires precise complementary hybridization
across multiple structural arms, which effectively inhibits non-specific
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interactions and can accurately distinguish highly homogeneous se-
quences or single-base mismatches. Thus, the inherent branching and
modular characteristics of the TWJ structural basis sequence provide a
reliable platform for multiple detection. Importantly, the implementa-
tion of this TWJ-based multiple detection not only significantly im-
proves the overall detection efficiency and analysis throughput, but also
minimizes the detection cost and operational effort. Thus, such a plat-
form enables to provide a more comprehensive and highly reliable
diagnostic for complex biological samples.

In view of these characteristics, we developed a multiplex OR logic-
gated system capable of generating a positive signal upon recognition of
any target biomarker at low abundance within a pool (Fig. 6A). This
capability enables simultaneous detection of multiple breast cancer
biomarkers, thereby improving diagnostic efficiency while reducing cost
and analysis time. Although tissue biopsy remains the clinical gold
standard for morphological and molecular characterization, it is time-
consuming and limited in detecting low-abundance targets (Ma et al.,
2024; Zhou et al., 2022). Particularly in early-stage invasive breast
cancer, circulating nucleic acid biomarkers are typically present at fM to
aM levels, underscoring the need for rapid multiplex mRNA detection to
enable timely diagnosis and better resolve tumor heterogeneity.

Besides, as the expression of individual biomarkers may vary across
different breast cancer subtypes and patients, reliance on a single
biomarker may lead to false-negative results. HBB, CD55, and KRT17
represent complementary biological features associated with oxidative
stress adaptation, immune evasion, and aggressive tumor phenotypes,
respectively. Therefore, their combined detection through the OR-gate
strategy improves detection robustness by mitigating the impact of
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expression heterogeneity, thereby enhancing the biological relevance
and potential clinical utility of the proposed platform.

Then we evaluated the capability for the simultaneous detection of
singleplex, duplex, and triplex target combinations. Three mRNAs (HBB,
CD55, and KRT17) and their corresponding reaction probes (5 nM) were
respectively assessed in one pot to evaluate the performance of multiple
detection in practical application. As shown in Fig. 6B, the SNR values
were first evaluated for individual detection of the three targets (HBB,
CD55, and KRT17) at both 0.6 copies/pL and 6 copies/pL input levels.
Each target produced a measurable fluorescence response, indicating
that the proposed system was capable of detecting extremely low-
abundance nucleic acids for these three targets. As the multiple targets
were simultaneously introduced into one reaction mixture, a signifi-
cantly enhanced SNR was observed compared with the signals obtained
from individual targets. Besides, the triplex detection group generated
the highest fluorescence response, suggesting that the simultaneous
detection of targets can substantially amplify the overall signal output of
the sensing system. In addition, we further compared the analytical
performance of the singleplex and multiplex detection systems for in-
dividual targets to evaluate whether multiplexing compromises the
analytical performance of the detection platform. As shown in Fig. S8,
the multiplex assay exhibited amplification kinetics comparable to those
of the corresponding singleplex assays. Although slight variations in
fluorescence signals were observed at attomolar target concentrations,
these differences can be attributed to the stochastic activation behavior
at extremely low target concentrations and did not affect the clear
discrimination from the negative control. Furthermore, both the sin-
gleplex and multiplex assays achieved the same limit of detection (LOD)
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individual assays. (B) SNR results at 30 min for each target detection. (C) Multiplex detection of three targets in breast cancer cell lines (MDA-MB-231 and MCF-7).

Error bars: standard deviation (SD), n = 3.
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of 0.6 copies/pL. These results demonstrate that the OR-gate multiplex
strategy maintains analytical performance comparable to that of sin-
gleplex detection while enabling simultaneous multi-target analysis.
Besides, we further validated the multiplex detection performance of the
platform in real biological samples. The low-expression cell line MCF-7
and the high-expression cell line MDA-MB-231 were used as negative
and positive controls, respectively. Samples underwent extraction and
purification using commercial kits, followed by analysis in a multiplex
OR-gated CRISPR-Cascade assay. As shown in Fig. 6C, simultaneous
detection of two or three targets in cell lines produced markedly higher
signal intensities than single-target detection, indicating that parallel
target recognition enhances detection reliability and analytical robust-
ness. Above all, these results prove the proposed system suitable for
multiplex biomarker detection in complex biological samples.

4. Discussion

Benefit from the programmability and predictability of Watson—
Crick base pairing together with the versatile molecular toolkit of en-
zymes, nucleic acids have evolved from simple hybridization probes into
integrated platforms for biosensing, bioanalysis, and biomedical appli-
cations. Previous studies have demonstrated that conventional CRISPR/
Casl3a systems are susceptible to nonspecific activation in complex
environments and are limited by relatively low catalytic turnover rates.
Despite this limitation, activated Casl3a can maintain prolonged
collateral cleavage activity, thereby increasing the likelihood of unin-
tended signal generation. In addition, current CRISPR cascade systems
inherently constrained by the substrate specificity of Cas enzymes,
which restricts their adaptability for broader applications.

Herein, we developed a platform based on target-induced proximity
ligation assay coupled with split-T7 promoter-mediated transcription to
regulate the reaction pathway. Unlike the strategy reported by Lim et al.,
in which target recognition directly initiates transcription through a
preconfigured promoter architecture, our platform integrates target-
induced proximity ligation with split-T7 promoter reconstitution,
allowing transcription to occur only after successful junction assembly.
This hierarchical reaction design introduces additional kinetic check-
points, minimizes premature activation, and provides enhanced
programmability for modular target recognition and signal regulation.
According to kinetic gating, structural confinement of probes and inte-
gration of transcription-driven feedback modules, the controllability
and signal fidelity of the platform are further improved. Compared with
direct activation of Cas13a by target RNA, the TWJ-driven strategy in-
troduces a target-guided junction structure that generates signal through
transcription, leading to a stepwise activation mechanism. The tran-
scription step serves as a thresholding mechanism, filtering transient or
weak interactions and thereby reducing stochastic activation. In this
framework, activation of Cas13a depends on the successful progression
of these preceding steps, effectively introducing additional kinetic
checkpoints. Due to the increased energetic barriers associated with
conformational rearrangement, mismatched targets are less likely to
proceed through this process, indicating that multi-step assembly pro-
cesses enhance specificity by delaying enzyme activation and increasing
reaction selectivity. Additionally, the introduction of a cascade probe to
construct an autocatalytic feedback circuit dramatically increased the
sensitivity, extending the limit from the 6 x 10° copies/pL to the 0.6
copies/pL range. Moreover, compared with most of the CRISPR-Dx
methods, TCCA not only avoids extra target amplification step, but
also decouples target recognition from signal transduction, enabling
flexible reprogramming of the sensing module by alteration of the
recognition sequence or incorporation of aptamer elements to accom-
modate diverse targets. Finally, the applicability of the platform was
demonstrated through multiplex detection of breast cancer biomarkers.

Although the proposed platform enables highly sensitive detection,
its current implementation is intended primarily for threshold-based
sample classification rather than absolute quantification. The
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establishment of a fluorescence threshold using positive and negative
controls allows reliable discrimination between positive and negative
samples, which is adequate for identifying invasive and non-invasive
breast cancer cell phenotypes in this study. The nonlinear signal
amplification introduced by transcription and autocatalytic feedback
may limit quantitative accuracy over a broad dynamic range. Therefore,
future efforts will focus on optimizing reaction kinetics and incorpo-
rating quantitative calibration strategies to further enhance the quan-
titative performance of the platform.

As the analytical sensitivity reported in this study was determined
using purified nucleic acid samples, future work will evaluate the per-
formance of the platform in crude or minimally processed clinical vali-
dation samples to further assess its practical applicability.

Overall, the proposed CRISPR-cascade platform bypasses the
inherent limitations of conventional Casl3a systems through an engi-
neered internal positive feedback circuit for signal amplification. This
design eliminates the need for conventional target nucleic acid ampli-
fication while enabling discrimination of single-nucleotide mismatches,
with SNR >1.5 at a single target concentration of 0.6 copies/pL. The
platform demonstrates broad applicability in detecting multiple breast
cancer biomarkers (HBB, CD55, and KRT17) and incorporates an inno-
vative multiplex OR-gated logic design to enable rapid and signal
convergence for low-abundance targets. Overall, this study expands the
methodological toolbox for CRISPR-Casl3a-based detection and pro-
vides a promising foundation for future molecular analysis applications.
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