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A B S T R A C T

Protein biomarkers on breast cancer-derived small extracellular vesicles (BC-sEVs) hold great promise in liquid 
biopsy. However, it remains challenging due to their inherent heterogeneity and low abundance. Herein, we 
developed an AND logic gate-based DNA cascade signal amplification strategy, termed Alternating Primer Ex
change Reaction-activated Cas12a (Alt-PER-Cas12a), for the ultrasensitive detection of BC-sEVs in clinic samples. 
This dual-protein recognition system employs EpCAM/MUC1-specific capture probes to release two DNA hair
pins (Hep and Hmu) as AND gate inputs in Alt-PER. The corresponding Hep and Hmu hairpins can initiate the 
Alt-PER with a large amount of primers to generate long single-stranded DNA products with alternating repeat 
units. Each repeating unit serves as a CRISPR activator, inducing the trans-cleavage activity of Cas12a and 
enabling cascade signal amplification. The as-constructed strategy exhibits excellent sensitivity with LOD of 2.6 
× 103 particles/mL. It has been successfully used to discriminate breast cancer patients from healthy donors 
(AUC = 0.992) in clinical validation, and shows great potential for liquid biopsy.

1. Introduction

Breast cancer has become the most prevalent malignancy among 
women, with its incidence continuing to rise steadily [1–4]. While tissue 
biopsy remains the clinical gold standard for breast cancer diagnosis, its 
invasive nature poses significant challenges, including an increased risk 
of recurrence and metastasis, susceptibility to sampling bias, and the 
inability to provide real-time monitoring of tumor progression. More
over, the procedure itself may adversely affect patient survival and 
prognosis [5–8]. Liquid biopsy has emerged as a highly promising 
alternative, offering advantages such as minimal invasiveness, 
cost-effectiveness, and ease of sample collection [9,10]. Among the 
various liquid biopsy markers, small extracellular vesicles (sEVs) 
secreted by cells with nanoscale size (30–200 nm in diameter) enclosed 
by a lipid bilayer are particularly attractive due to their widespread 
distribution in bodily fluids and exceptional stability in circulation 
system [11–13]. sEVs carry some key biomolecules that reflect the 
molecular signatures of their parent cells [14]. It was also reported that 
tumor cells could secrete up to 10 times more sEVs than normal cells 
[15,16]. The characteristic enables the detection of cancer-specific 
biomarkers even before clinical symptoms manifest, providing crucial 

opportunities for early diagnosis and therapeutic intervention [14]. 
Consequently, sEVs have attracted attention as non-invasive, reliable 
biomarkers for liquid biopsy-based cancer diagnostics [17–19].

In the early stages of cancer, tumor-derived sEVs in blood are present 
at low concentrations and heterogeneity. These pose significant chal
lenges for highly sensitive sEVs detection. To enhance detection sensi
tivity, various signal amplification strategies were developed, including 
rolling circle amplification (RCA) [20,21], primer exchange reaction 
(PER) [22,23], hybridization chain reaction (HCR) [24,25], 
toehold-mediated strand displacement (TMSD) [26], and CRISPR/Cas 
systems [27]. The primer exchange reaction (PER) can append special 
sequence domains to primers [28]. This programmable amplification 
strategy has been successfully applied in biosensing and cellular bio
imaging [29–33]. The key advantages of PER lie in its simplicity, 
requiring only three core components of a DNA polymerase, primer 
DNA, and hairpin DNA. This system allows for sequence design based on 
Boolean logic operations to achieve efficient amplification [28,34,35]. 
The CRISPR-Cas system, a powerful RNA-guided gene-editing technol
ogy, has been widely applied for molecular diagnostics [36–38]. In the 
CRISPR-Cas12a system upon crRNA-target DNA hybridization, Cas12a 
exhibits dual functionality of precise cleavage of double-stranded DNA 
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and robust trans-cleavage activity against single-stranded DNA [39–42]. 
This unique dual-functionality endows CRISPR-Cas12a with exceptional 
signal amplification capacity for molecular diagnostics [43–46]. How
ever, these methods exhibit inherent limitations in efficiency and 
generalizability. Given the programmability of DNA reactions, 
cascading signal amplification strategies can significantly enhance the 
performance of biosensing system [47–49].

In addition to sensitivity, heterogeneity is an important issue for sEVs 
detection [50,51]. Studies have shown that simultaneous analysis of 
multiple biomarkers can significantly solve the false positives from 
heterogeneity, thereby improving the accuracy of diagnosis [52]. Re
searchers have developed some detection systems based on DNA logic 
devices capable of processing multiple signal inputs and generating 
defined output through Boolean operation [53,54]. Compared to con
ventional single protein detection strategies, DNA logic circuits incor
porating "AND" logic operations offer improved specificity through 
effective reduce the interference of phenotypic heterogeneity [55–57].

Systematic evolution of ligands by exponential enrichment yields 
DNA aptamers with high specificity and strong binding affinity for 
various biomarkers, including surface proteins on sEVs [58–60]. Upon 
target binding, these aptamers undergo conformational changes, 
releasing pre-hybridized complementary DNA strands. This 
structure-switching aptamer mechanism effectively converts sEVs sur
face protein information into detectable DNA signals [61–65]. Impor
tantly, when these DNA signals are incorporated into AND logic gate 
systems, they enable simultaneous analysis of multiple surface bio
markers on sEVs, thereby significant enhancement the accuracy of 
cancer diagnostics.

We herein developed an AND logic gate-based DNA cascade signal 
amplification system, termed Alternating Primer Exchange Reaction- 
activated Cas12a (Alt-PER-Cas12a), for the ultrasensitive recognition 
dual-protein biomarkers on the surface of breast cancer-derived sEVs. 
EpCAM and MUC1 proteins, overexpressed on breast cancer-derived 
sEVs, were selected as model targets. As illustrated in Fig. 1, we 

employed two types of magnetic capture probes (EpCAM and MUC1 
aptamers along with their complementary hairpin DNA (Hep and 
Hmu)). Due to the coexistence of EpCAM and MUC1 on breast cancer- 
derived sEVs, the two aptamers specifically bind to their targets, and 
trigger the simultaneous release of Hep and Hmu hairpins as AND logic 
gate inputs. Upon the addition of excess primer P, these few hairpins 
initiate a self-sustaining primer exchange reaction, wherein primer P 
alternately extends along Hep and Hmu templates, generating abundant 
alternating repeat products. These repetitive units consist of multiple 
tandem sequences that are complementary to the crRNA guide region. 
Upon hybridization with the Cas12a-crRNA complex, they form an 
active ternary structure, inducing conformational changes in Cas12a to 
expose its catalytic domain. The activated Cas12a exhibits nonspecific 
trans-cleavage activity, indiscriminately digesting nearby single- 
stranded DNA (FQ reporter probes). This cascade amplification results 
in a substantial and robust fluorescence signal, enabling the ultrasensi
tive detection of sEVs based on dual-protein recognition. The proposed 
strategy holds great promise for precise sEVs detection and liquid 
biopsy.

2. Experimental section

2.1. Native PAGE analysis

All DNA oligonucleotides were dissolved in 1 × TE buffer and diluted 
to 10 μM in PBS, followed by annealing at 95 ◦C for 5 min and gradual 
cooling to room temperature over 1 h. The amplification reaction system 
contained 500 nM each of hairpin Hep, hairpin Hmu, and primer P in 1 
× PBS buffer supplemented with 0.8 U/μL Bst DNA polymerase (large 
fragment), 10 mM MgSO4, 1 × ThermoPol buffer, and dNTP mixture 
(900 μM each of dATP, dTTP, and dCTP). The Alt-PER reaction was 
performed at 37 ◦C for 90 min. For PAGE analysis, 10 μL of samples were 
mixed with 2 μL of 6 × DNA loading buffer and electrophoresed on 12 % 
polyacrylamide gels at 110 V for 90 min, followed by Gel-Red staining 

Fig. 1. Schematic diagram of dual-aptamer assisted AND logic gate driven Alt-PER-Cas12a cascade signal amplification for sensitive sEVs detection and breast cancer 
identification.
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and imaging. To validate the responsiveness, capture probes were 
incubated with sEVs, magnetically separated, and the supernatant was 
analyzed by PAGE (60 min electrophoresis) using identical procedures.

2.2. Validation performance of and logic gate

We established a binary logic system based on hairpin DNAs (Hep 
and Hmu) and verified its functionality through four input combina
tions, including (00) no hairpins, (10) Hep only, (01) Hmu only, and 
(11) both Hep and Hmu. The reaction system, consisting of 5 nM hair
pins (Hep/Hmu) and 400 nM primer P in Alt-PER amplification buffer, 
was incubated at 37 ◦C for 90 min and inactivated at 80 ◦C for 20 min. 
For Cas12a activation, 5 μL of Alt-PER products were added to a 
detection system containing 30 nM Cas12a, 30 nM crRNA, 1 × NEBuffer 
r2.1, 0.5 μM FQ reporter) in 384-well plates, and the fluorescence signal 
was measured every 1 min at 37 ◦C. To assess amplification efficiency, 
parallel experiments were conducted using 5 nM target sequence (TS) in 
the Cas12a-crRNA system under the same conditions.

2.3. Characterization of sEVs

TEM analysis of MCF-7-sEVs was performed by adsorbing 10 μL of 
samples onto copper grids for 15 min, followed by negative staining with 
1 % uranyl acetate for 2 min and subsequent washing before imaging. 
For NTA, sEVs were diluted 400 × in PBS to assess the size distribution 
and determine the concentration.

2.4. Preparation of capturing probes

The Bio-EpCAM and hairpin Hep were mixed with a concentration of 
10 and 15 μM in PBS, respectively. Then, the mixture was denatured at 
95 ◦C for 5 min, and gradually cooled to room temperature, forming the 
Apt-EpCAM hybrid complex. The Apt-MUC1 complex was prepared 
using the same procedure with Bio-MUC1 and hairpin Hmu. For probe 
preparation, 50 μL of streptavidin-coated magnetic beads (SA-MBs, 10 
mg/mL) were washed three times with 500 μL of Buffer I (10 mM Tris- 
HCl, pH 7.5; 1 M NaCl; 1 mM EDTA; 0.05 % Tween-20). The washed 
beads were incubated with 50 μL Apt-EpCAM hybrid and 450 μL of 
Buffer II (10 mM Tris-HCl, pH 7.5; 1 M NaCl; 1 mM EDTA) under a rotary 
mixer at room temperature for 1 h. After incubation, the supernatant 
was collected for UV absorption analysis to assess conjugation effi
ciency. The Apt-EpCAM-conjugated beads (MB1) were washed three 
times with Buffer I and once with PBS, then resuspended in PBS at 2 mg/ 
mL for storage at 4 ◦C. The MUC1-specific probe (MB2) was prepared 
following the same protocol.

2.5. Alt-PER-Cas12a system for sEVs detection

2.5 μL each of Apt-EpCAM-conjugated MB1 and Apt-MUC1- 
conjugated MB2 were added to diluted sEVs solutions. The samples 
were incubated on a rotary mixer at room temperature for 1 h to release 
target-specific hairpins (Hep and Hmu). After magnetic separation, the 
supernatant was collected and transferred to a system containing 400 
nM primer P in 1 × PBS supplemented with 0.8 U/μL Bst DNA poly
merase (large fragment), 10 mM MgSO4, 1 × ThermoPol buffer, and 
dNTP mixture (dATP/dTTP/dCTP). Alt-PER reactions were conducted at 
37 ◦C for 90 min and terminated by heat inactivation at 80 ◦C for 20 min. 
For signal detection, 5 μL of Alt-PER products were added to a CRISPR- 
Cas12a detection system containing 30 nM Cas12a, 30 nM crRNA, 1 ×
NEBuffer r2.1, and 0.5 μM FQ reporter probe in 384-well plates. Fluo
rescence intensity at 523 nm (λex = 488 nm) was measured at 1min 
interval using a multimode plate reader.

2.6. Clinical sample detection

For clinical validation, 32 serum samples were collected from the 

affiliated YiXing Hospital of Jiangsu University. Samples were homog
enized by gentle pipetting and sequentially centrifuged at 2000×g for 
10 min (4 ◦C) to remove cellular debris, followed by 10,000×g for 30 
min at 4 ◦C to eliminate free proteins. The clarified serum supernatants 
were aliquoted and stored at − 80 ◦C. sEVs detection in clinical serum 
samples followed the same workflow as that used for cell culture-derived 
sEVs, ensuring methodological consistency.

3. Results and discussion

3.1. Design principle of the and logic gate-based Alt-PER system

The Alt-PER system served as the input module for AND logic gating 
and the cascade signal amplification was schematically shown in Fig. S1. 
Through rational primer design, the Alt-PER process can be initiated 
when primer P hybridizes via its domain to the a* region of hairpin Hep, 
which enables Bst polymerase to extend along the Hep template and 
generate an a-b product. Upon reaching the terminator sequence, the 
extended strand dissociates, and free Hep template to recruit primer P 
molecules for continuous PER cycles. In the presence of hairpin Hmu, 
the b segment of the a-b product serves as a secondary primer by binding 
to the complementary b* region of Hmu, facilitating further extension 
into an a-b-a repeat sequence. This regenerated domain can then be 
reinitiated on the Hep template, establishing an autonomous amplifi
cation loop that progressively elongates the DNA product. The alterna
tive templating between Hep and Hmu yields long single-stranded DNA 
(ssDNA) with periodic b-a repeats, and each repeat unit maintains the 
capacity to initiate subsequent rounds of amplification while preserving 
the original template structures. Theoretically, this system enables 
continuous generation of unlimited b-a alternating ssDNA products by 
employing hairpins Hep and Hmu as templates, provided sufficient Bst 
DNA polymerase, dNTPs, primers, and reaction time. This target- 
conserving, self-perpetuating cyclic amplification enables exponential 
signal amplification while preserving the original biomarker templates 
throughout the reaction.

The initial a-b product generated by PER remains inactive for Cas12a 
activation due to its incomplete complementarity with crRNA. However, 
in presence of both hairpins (Hep and Hmu), the alternating PER re
actions produce a-b-a sequences, wherein the b-a segment achieves 
perfect crRNA complementarity. This specific recognition triggers the 
trans-cleavage activity of Cas12a, leading to the degradation of the FQ 
reporter probe and the subsequent release of fluorescent signals. This 
process establishes a secondary amplification that greatly improves 
detection sensitivity.

3.2. Validation the performance of and logic gate

Fig. 1A shows the dual-hairpin induced AND logic gate for surface 
protein recognition and subsequent Alt-PER signal amplification. Poly
acrylamide gel electrophoresis (PAGE) analysis of Alt-PER products 
confirmed the generation of elongated DNA strands (Fig. 2B). Control 
lanes in PAGE demonstrated the co-migration of unreacted Hep and 
Hmu hairpins in absence of primer P (Lane 1, intensified band at hairpin 
position) and the unextended primer P in the absence of templates (Lane 
2). Lane 3 showed the selective extension in single-hairpin system with 
the conversion of primer P into an a-b product (intermediate mobility) 
with an intact Hep template, whereas Lane 4 maintained unmodified P 
and Hmu due to the lack of a compatible initiation site. Critically, the 
complete reaction system (Lane 5) exhibited full primer consumption 
and production of a series of high molecular weight DNA species, 
exceeding the size of individual hairpins while preserving their tem
plates. It demonstrates AND-gate-dependent generation of alternating b- 
a repeat sequence through processive primer extension. These results 
establish the essential dual-input requirement for effective Alt-PER 
amplification.

To verify the feasibility of AND-gate, we evaluated all four binary 
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input states (00, 10, 01, 11), as illustrated in the truth table (Fig. 2C), 
enabling a quantitative assessment of hairpin cooperativity in signal 
amplification. Fluorescence analysis (Fig. 2D) showed negligible signal 
output in three control conditions of no hairpins (− ), Hep-only (+Hep), 
and Hmu-only (+Hmu), which was consistent with the inability to 
generate crRNA-complementary sequences. Only the simultaneous 
presence of both hairpins (+All) triggered a significant fluorescence 
signal. It confirmed Alt-PER successfully produced b-a repeat sequence 
for efficient Cas12a activation. These results demonstrate perfect Bool
ean logic correspondence, where only the "11″ input (Hep + Hmu) yields 
a TRUE logic output, whereas all other states ("00″, "10″, and "01″) 
remain FALSE, thereby validating the dual-input requirement for Alt- 
PER driven amplification.

To quantitatively assess the contributions of hairpins Hep and Hmu 
for signal amplification and detection sensitivity, we compared the 
performance of Alt-PER-Cas12a system with that of conventional 
Cas12a (Fig. 2F). The traditional Cas12a system exhibited 14-fold 
fluorescence enhancement over blank controls, whereas the Alt-PER- 
Cas12a system achieved 28-fold higher signal intensity, representing 
100 % improvement. This enhanced performance is attributed to two 
key reasons that (1) the non-consumptive nature of hairpin templates 
(Hep/Hmu) permits their reuse for sustained amplification cycles under 
optimal conditions, and (2) the AlterPER reaction produces long ssDNA 
products containing multiple activator repeats (b-a units) capable of 
independent triggering Cas12a trans-cleavage for cascaded signal 
multiplication. This reveals that the Alt-PER-Cas12a can be employed 
for ultrasensitive target detection.

3.3. Characterizations of sEVs

We extracted sEVs from the MCF-7 breast cancer cells and 

characterized them by transmission electron microscopy (TEM) and 
nanoparticle tracking analysis (NTA) analysis. As shown in Fig. 3, TEM 
image displayed sEVs with characteristic cup-shaped morphology and 
the size was about 100 nm. NTA measurement demonstrated the hy
drodynamic diameter of sEVs approximately 141 nm and concentration 
about 1.7 × 1011 particles/mL. The observed size discrepancy (NTA >
TEM) reflects inherent methodological difference. NTA measures the 
hydrated particle diameter, including the solvation shell, whereas TEM 
assesses dehydrated dimensions under vacuum, thereby confirming the 
successful extraction of sEVs.

3.4. Construction of sEV-Responsive capture probes

Fig. 4A shows the schematic illustration of the response of capture 
probes toward sEVs. Two kinds of magnetic capture probes were pre
pared, and separately incubated with sEVs at room temperature for 1 h. 
The supernatant was collected via magnetic separation for subsequent 
experiments to validate the responsiveness of the capture probes toward 
sEVs.

The successful conjugation of the DNA probes to magnetic beads 
(MBs) was confirmed through ultraviolet–visible (UV–Vis) absorption 
spectroscopy. As shown in Fig. 4B, a sharp decrease in absorbance at 
260 nm was observed in the supernatant after incubating the bio
tinylated aptamer-hairpin DNA hybrid complexes with streptavidin- 
coated magnetic beads, whereas the non-biotinylated hybrid com
plexes showed no notable change in absorbance under the same incu
bation conditions (Fig. S2A). Furthermore, the modification of hybrid 
complexes resulted in more negatively charged bead surface (Fig. S2B). 
This indicating efficient immobilization of the DNA sequences onto the 
bead surfaces.

PAGE confirmed both the successful assembly of aptamer-probe 

Fig. 2. (A) Schematic diagram for the validation the feasibility of AND logic gate through Alt-PER-Cas12a signal amplification. (B) PAGE analysis of Alt-PER 
products. (C) Truth table of the AND logic gate. (D) Fluorescence intensity output of FAM for the four input combinations (00, 10, 01, 11), respectively. (E) 
Schematic demonstration of signal amplification through conventional Cas12a system and the Alt-PER-Cas12a system. (F) Fluorescence intensity of Cas12a reactions 
triggered by equal concentrations of TS and hairpin DNA. The Cas12a reaction was performed with 30 nM Cas12a-crRNA, 5 nM TS and the Alt-PER-Cas12a reaction 
was conducted in PER buffer containing 30 nM Cas12a-crRNA, 400 nM P, 5 nM Hep, and 5 nM Hmu. Blank represents the fluorescence intensity in the absence of TS 
or hairpin DNA.
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complexes and their target-responsive functionality (Fig. 4C). In lane 3, 
a distinct band with slower migration compared to the individual bio
tinylated EpCAM (Bio-EpCAM) or Hep components verified the forma
tion of Aptamer-EpCAM heteroduplex. Similarly, lane 7 exhibited a 
higher molecular weight band than these of biotinylated MUC1 (Bio- 
MUC1) or Hmu controls, confirming the successful assembly of Apt- 
MUC1. After incubation of sEVs with capture probe MB1 and subse
quent magnetic separation, PAGE analysis of the supernatant (lane 4) 
exhibited a discrete band aligning with the Hep reference, demon
strating the specific recognition of EpCAM on the surface of sEVs by 
MB1, and the conformation-induced aptamer switching releases Hep 
hairpin. Parallel experiments with MB2 (lane 8) showed similar release 
behavior of Hmu upon MUC1 engagement, thereby confirming the 
general responsiveness of both probes. Furthermore, dynamic light 

scattering (DLS) analysis revealed a significant increase in the average 
hydrodynamic diameter of the MBs following sEVs capture (Fig. S3).

3.5. Optimization of experimental parameters

To achieve optimal detection performance, we systematically eval
uated four key parameters, including the concentration of capture 
probes, Bst polymerase, primer and the Alt-PER reaction time. As shown 
in Fig. S4A, a 1:1 mixture of MB1 and MB2 capture probes showed signal 
saturation at 0.5 mg/mL, and higher concentrations led to the increasing 
of background noise. Fig. S4B demonstrated the changes of signal over 
the concentration range of Bst polymerase (0.4–1.2 U/μL). It could be 
observed that the value of (F–F0)/F0 did not improve significantly 
beyond 0.8 U/μL. Thus, it was selected as the optimal concentration for 

Fig. 3. (A) TEM image of the sEVs from MCF-7 cells. (B) NTA detection of sEVs concentration and size distribution.

Fig. 4. (A) Schematic illustration of the response of capture probes toward sEVs. (B) UV–vis absorption spectra of biotin-modified hybrid complexes in the su
pernatant before (Line 1, Line 3) and after (Line 2, Line 4) incubation of the corresponding hybrid complexes with MBs. Line 1: Apt-EpCAM; Line 2: Apt-EpCAM +
MBs; Line 3: Apt-MUC1; Line 4: Apt-MUC1 + MBs. (C) Results of PAGE analysis. Lane 1, Bio-EpCAM; Lane 2, Hep; Lane 3, Apt-EpCAM; Lane 4, supernatant of sEVs 
incubated with MB1; Lane 5, Bio-MUC1; Lane 6, Hmu; Lane 7, Apt-MUC1; Lane 8, supernatant of sEVs incubated with MB2; Lane M, DNA molecular weight marker.
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the following experiments. Fig. S4C and S4D indicated that a primer 
concentration of 400 nM for 90 min reaction yielded maximum signal. 
Consequently, the optimal conditions were 0.5 mg/mL capture probes, 
0.8 U/μL Bst polymerase, 400 nM primer for 90 min Alt-PER reaction.

3.6. Detection of sEVs

We implemented an integrated capture probe and AND logic gate- 
based Alt-PER-Cas12a system for MCF-7-derived sEVs detection. Fluo
rescence measurements in Fig. 5A revealed negligible signal in negative 
controls, including probe-free (column a) and single-probe system 
(columns b and c), respectively. Detectable background signal was 
observed in probe-only condition (without sEVs, column d) might be 
attributed to the mechanical disruption of magnetic handling. Excellent 
signal amplification was realized in the system containing probes and 
sEVs (column e), achieving a 3.8-fold enhancement over background (p 
< 0.001), thereby confirming the robust specificity in target detection.

Fig. 5B showed the time-dependent fluorescence kinetics for 
different concentrations of sEVs within 120 min. An excellent linear 
correlation (R2 = 0.9958) was obtained between the fluorescence in
tensity and logarithmic concentration of sEVs over a broad dynamic 
range of 3.4 × 103-1.7 × 107 particles/mL (Fig. 5C). The regression 
equation was F = 3395 × lgC – 6929, and the limit of detection was 
calculated as 2.6 × 103 particles/mL by 3σ criterion. Compared with the 
PER- or CRISPR-based technologies for sEVs detection (Table S2), the 
Alt-PER-CRISPR system employs Alt-PER as a signal input to construct 
an AND logic gate, enabling dual-protein detection while enhancing 
sensitivity through a cascaded signal amplification. The system showed 
comparative or superior performance relative to other AND logic gate- 
based methods (Table S3). The results revealed that we successfully 
developed a highly sensitive detection of tumor-derived sEVs approach.

To further validate the target-specific detection capability of the Alt- 
PER-Cas12a system, we analyzed sEVs derived from non-tumorigenic 
human mammary epithelial MCF-10A cells (Fig. S5). Fluorescence 
measurements revealed that the signal intensity for MCF-7-derived sEVs 
(EpCAM+, MUC1+) was significantly higher than that of MCF-10A- 
derived sEVs (EpCAM-, MUC1-), while the signal from MCF-10A sEVs 
remained comparable to the blank control group (Fig. S6). These results 
confirm the high specificity of the system toward target sEVs.

3.7. Clinical sample analysis

We further assessed the anti-interference of the Alt-PER-Cas12a 
system in a complex matrix, with 10 % and 30 % FBS. While there 
were slight increases in the standard deviation (SD) values under both 

10 % and 30 % FBS conditions, the fluorescence intensities remained 
remarkably stable and did not display any significant differences 
compared to the control (Fig. 6A). This confirms the potential clinical 
applicability for sEVs detection in complex biological systems.

To evaluate the applicability of the AND logic gate-based Alt-PER- 
Cas12a method in clinical samples, we analyzed serum samples 
(Table S4) from 16 breast cancer (BC) patients and 16 healthy donors 
(HD) based on the as-constructed system. As shown in Fig. 6B, the BC 
group exhibited significantly higher fluorescence signals than that of HD 
group (P < 0.001 by t-test), indicating elevated expression of EpCAM 
and MUC1 proteins on sEVs surfaces in breast cancer patients. Receiver 
operating characteristic (ROC) curve analysis in Fig. 6C demonstrated 
excellent diagnostic performance with an AUC (the area under the ROC 
curve) of 0.992, which can effectively distinguish BC patients from 
healthy individuals. The heatmap in Fig. 6D further confirmed breast 
cancer-specific fluorescence signature with relative strong intensity 
gradient, providing intuitive differentiation between healthy donors and 
breast cancer patients.

4. Conclusions

We design an AND logic gate system that employs dual hairpin DNA 
inputs to drive cascade signal amplification through the combination of 
Alt-PER with CRISPR-Cas12a (Alt-PER-Cas12a). For detection sEVs 
through simultaneous recognition dual-positive proteins (EpCAM and 
MUC1) on surfaces, the system operates via target-specific aptamer 
binding, which competitively releases two hairpin DNA as templates for 
Alt-PER. The Alt-PER reaction programmatically generates long single- 
stranded DNA products with alternating repeat units via a target- 
conserving, self-sustaining cycle through the coordinated action of 
both hairpins. Each repeat unit efficiently activates trans-cleavage ac
tivity of Cas12a, enabling cascade signal amplification for ultrasensitive 
detection of breast cancer cell-derived sEVs with LOD of 2.6 × 103 

particles/mL. Clinical sample test demonstrated high diagnostic accu
racy (AUC = 0.992), which can statistically distinguish breast cancer 
patients from healthy donors. The modular Alt-PER design allows flex
ible detection different targets through the modification of hairpin se
quences, and shows great potential for disease diagnostic based on 
precise identification surface biomarkers on sEVs.
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