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The trans-cleavage activity of the CRISPR-Cas system offers tremendous potential for developing highly sensitive
and selective molecular diagnostic tools. However, conventional methods often face challenges such as limited
catalytic efficiency of single Cas proteins and the necessity of complex multi-enzyme preamplification steps. To
address these limitations, we present a novel defective PAM-mediated CRISPR-Cas12a self-catalytic signal
amplification strategy, termed DEP-Cas-APE, for the rapid, sensitive, and specific detection of apurinic/apyr-
imidinic endonuclease 1 (APE1) activity. This approach integrates defective PAM-modified DNA probes to
synergize Casl2a trans-cleavage with self-catalytic circuit, achieving efficient signal transformation and ampli-
fication under isothermal, one-step conditions. We systematically investigated the influence of defective PAM
sequences containing apurinic/apyrimidinic (AP) sites on Cas12a activation and validated the feasibility of the
DEP-Cas-APE strategy in detecting APE1. Under optimized conditions, DEP-Cas-APE achieved a detection limit as
low as 7.66 x 10~8 U uL. ! within 30 min using a simple isothermal reaction. Additionally, we developed a point-
of-care testing (POCT) platform by integrating DEP-Cas-APE with a colorimetric assay based on gold nano-
particles (AuNPs), enabling portable, equipment-free detection. This sensitive and selective strategy successfully
detected APE1 in complex biological samples, including serum from lung cancer patients, and demonstrated the
ability to distinguish cancerous from normal samples. DEP-Cas-APE represents a robust and versatile platform for
advancing CRISPR-Casl2a biosensing technologies, offering new opportunities for molecular diagnostics and
clinical research.

has been extensively utilized to develop rapid, sensitive, and
user-friendly biosensing platforms for detecting diverse biomolecules,

1. Introduction

The CRISPR-Cas system has revolutionized biotechnology, trans-
forming molecular diagnostics beyond gene editing due to its simplicity,
speed, efficiency, and cost-effectiveness (Zhu et al., 2020; Chertow,
2018; Broto et al., 2022). Among the various CRISPR systems, Cas12a
(also known as Cpfl), a type V-A class 2 effector, has gained particular
attention due to its unique capability of DNA-triggered trans-cleavage
activity (Gayet et al., 2020; Shi et al., 2023). Over recent years, Cas12a

including nucleic acids, small molecules, and protein biomarkers (Luo
et al., 2022; Cui et al., 2023; Ding et al., 2024; Hu et al., 2024; Abnous
et al., 2022; Wang et al, 2025). Despite these advances, most
Casl2a-based assays still rely on preamplification steps, such as poly-
merase chain reaction (PCR) or isothermal amplification techniques, to
achieve the sensitivity required for many applications (Li et al., 2018b;
Chen et al., 2018; Wang et al., 2020). While such preamplification steps
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improve sensitivity and specificity, they also increase the risk of aerosol
contamination and complicate workflows. In contrast, self-catalytic
strategies offer a more efficient alternative by surpassing the conven-
tional one-to-one (1:1) binding interaction between the target molecule
and Cas protein, thereby enabling enhanced signal conversion (Li et al.,
2018a; Wu et al., 2021). Integrating self-catalytic systems into
CRISPR-Cas12a-based assays thus represents a promising avenue for
significantly improving sensing performance.

Self-catalytic systems, particularly those based on nucleic acid
nanotechnology, have found widespread applications in biosensing.
Techniques such as hybridization chain reaction (HCR) (Qiao et al.,
2023; Kachwala et al., 2021) and catalytic hairpin assembly (CHA) (Pan
et al., 2023) facilitate the detection of inputs and the generation of
amplified outputs through cascade or cyclic reactions under isothermal
conditions. When integrated with CRISPR-Cas systems, these modular
self-catalytic strategies can convert target information into substrate
double-stranded DNA (dsDNA) for precise cleavage. However, in most
implementations, Cas proteins are predominantly employed for
endpoint analyses, leaving their broader potential for simultaneous
identification and cleavage underutilized (Lv et al., 2021; Liu et al.,
2022). Additionally, activated Casl2a can suffer from nonspecific
degradation of template DNA within DNA circuits, resulting in un-
wanted interactions and signal leakage, which can compromise the
stability and reliability of the assay. Thus, there remains a critical need
for a fully integrated, efficient, and rapid CRISPR-Cas self-catalytic
feedback system to overcome these limitations and enhance the per-
formance of molecular diagnostics.

The Casl2a protein exhibits unique DNA cis-recognition and non-
specific single-stranded DNA (ssDNA) trans-cleavage capabilities, posi-
tioning it as a transformative tool in molecular diagnostics. Previous
studies have shown that Cas12a specifically recognizes and binds to the
protospacer adjacent motif (PAM) on the target double-stranded DNA
(dsDNA) via its PAM-interacting domain (Zetsche et al., 2015; Swarts
etal., 2017; Swarts and Jinek, 2019; Stella et al., 2017). This interaction
is mediated by hydrogen bonds and van der Waals forces between the
PAM sequence and Casl2a, initiating unwinding activity that de-
stabilizes the target DNA and facilitates strand separation. Following

A Intact PAM Sequence
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this, the CRISPR RNA (crRNA) hybridizes with the metastable target
strand (TS), forming a critical R-loop structure necessary for
Casl2a-mediated cis- and trans-cleavage activity. Despite these ad-
vances, the composition and functional properties of PAM sequences,
along with their regulatory role in modulating Casl2a activation,
remain inadequately studied. Further exploration of these aspects is
crucial for optimizing Casl2a-based molecular diagnostics and
expanding its applications.

In this study, we systematically explored the impact of base deletion
within the PAM sequence on the activation efficiency of the Casl2a
protein. We then proposed a novel defective PAM-mediated CRISPR-
Casl12a self-catalytic signal magnifier for the rapid, specific, and sensi-
tive detection of apurinic/apyrimidinic endonuclease 1 (APE1) activity,
which we termed DEP-Cas-APE. This innovative approach involves the
incorporation of an apurinic/apyrimidinic (AP) site within the PAM
sequence of a double-stranded DNA (dsDNA) activator. As illustrated in
Scheme 1A, the introduction of an AP site into the PAM sequence dis-
rupts Casl2a recognition, keeping the nuclease activity in an inactive
state. Conversely, dsDNA with an intact PAM sequence efficiently acti-
vates Casl2a, triggering trans-cleavage activity and leading to the
cleavage of fluorescent probes. In Scheme 1B, we show that APE1 spe-
cifically cleaves the AP site, followed by Klenow Fragment (KF) DNA
polymerase-mediated repair of the PAM sequence, which subsequently
activates Casl2a’s nuclease activity. The trans-cleavage activity of
Cas12a on AP sites further promotes the disruption of the traditional 1:1
binding mode, enabling efficient signal transformation and amplifica-
tion (Scheme 1C and Fig. S1). With its stringent cis recognition and
efficient trans-cleavage activity, alongside carefully designed self-
catalyzing DNA probes, DEP-Cas-APE ensures both high sensitivity
and specificity in detection. We demonstrated the utility of the DEP-Cas-
APE strategy in detecting the tumor marker APE1 (Song et al., 2021;
Zhang et al., 2016; Wei et al., 2017; Pascut et al., 2019; Xie et al., 2019;
Lee et al., 2020), showing excellent selectivity and high sensitivity for
tumor marker signal amplification. Additionally, we developed a ho-
mogeneous colorimetric analysis platform based on gold nanoparticles
(AuNPs), facilitating portable, efficient, and field-deployable analyte
detection (POCT). Therefore, DEP-Cas-APE not only offers a new
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Scheme 1. Schematic Illustration of the DEP-Cas-APE Platform for Detecting APE1 Activity.
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approach for designing CRISPR-Casl2a-based biosensing systems but
also establishes versatile signal output platforms, enhancing the
robustness and practicality of detection systems in real-world
applications.

2. Materials and methods

Details about the required materials, reagents, instruments and the
methods for the supplementary experiments are provided in the Sup-
porting Information.

2.1. Fluorescence measurement of DEP-Cas-APE

First, the model target dsDNA probes (MP) were denatured at a 1:1.2
ratio of TS to NTS in 1 x NEBuffer 3.0 by heating at 90 °C for 10 min,
followed by annealing at 37 °C for 1h. Afterwards, APE1 at varying
concentrations was added into a 100 pL reaction mixture containing 1 pL
of 0.8 uM MP, 10 pL of 10 x NEBuffer 3.0,5 x 1072 U pL."! of KF, 1 pL of
25 mM dNTP, 40 U uL.~! of RNase inhibitor, 1 pL of 2 pM Cas12a, 1 pL of
1 uM crRNA, and 1 pL of 50 pM FQ-ssDNA. The mixture was then
incubated at 37 °C for 30 min. After incubation, fluorescence signals
were measured using an FS5 fluorescence spectrophotometer.

2.2. Preparation of DNA-AuNPs

Initially, 88.2 mL of 1 mM HAuCly solution was added to a round-
bottom flask, heated, and stirred. After boiling, 10.1 mL of 34 mM so-
dium citrate solution was quickly added, and the mixture was allowed to
continue boiling for 10 min. The heating was then stopped, but stirring
continued for another 15 min before cooling to room temperature. The
resulting AuNPs solution appeared wine red with an approximate
diameter of 13 nm and was stored at 4 °C in the dark (Grabar et al., 1995;
Siti et al., 2012). The functionalization of AuNPs and the conjugated
DNA probes (Table S3) is based on the methodology described by Ma
et al. (2022). Firstly, 2 pL of 500 nM TCEP was added to 8 pL of 100 pM
DNA 1 and DNA 2 respectively, and the mixture was left at room tem-
perature for 30 min. After mixing with 200 pL of AuNPs and freezing at
—20 °C for 2 h, the coupling of DNA-AuNPs was completed. The mixture
was then thawed at room temperature, centrifuged at 12,000 rpm for 30
min, the supernatant was removed, and the pellet was washed three
times with 5 mM HEPES buffer (pH 7.6). Finally, DNA-AuNPs were
resuspended in 10 mM HEPES buffer containing 300 mM NaCl (pH 7.6)
and stored at 4 °C in the dark. UV-vis absorbance at 520 nm was
measured using a UV-vis spectrophotometer.

2.3. Colorimetric measurement of DEP-Cas-APE

The target APE1 at different concentrations was added to a 70 pL
mixture containing 1 pL of 0.8 pM MP, 7 pL of 10 x NEBuffer 3.0, 5 x
1072 U puL~! of KF, 1 pL of 25 mM dNTP, 40 U uL.~! of RNase inhibitor, 1
pL of 2 pM Cas12a, 1 pL of 1 pM crRNA, and 1 pL of 2 pM Linker ssDNA.
The mixture was then incubated at 37 °C for 30 min. Casl2a was
induced to trans-cleave the Linker ssDNA and then inactivated at 65 °C
for 5 min. Subsequently, 15 puL of DNA-AuNPs1 and DNA-AuNPs2 were
added and incubated at 37 °C for 6 min to facilitate the coupling ag-
gregation of DNA-AuNPs with Linker ssDNA. The colorimetric image of
the solution was captured using a smartphone, and the absorption in-
tensity at 520 nm was measured using a UV-Vis spectrophotometer.

2.4. Dynamics analysis

The probe was modified at the 5' end of TS2-2 (TS2-2*) and the 3' end
of NTS2 (NTS2*) with a pair of dye/quencher agents (FAM/BHQ1). The
TS2-2* and NTS2* strands were denatured in 1 x NEBuffer 3.0 at 90 °C
for 10 min at a ratio of 1:1.2, and then annealed at 37 °C for 1 h to
generate model report probes (Table S1). To study the catalytic kinetics
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of APE1 and Cas12a, 1 x 1072 U pL~! of APE1 was added to a 100 pL
reaction mixture. This mixture consisted of 1 pL of 50 pM model report
probes, 10 pL of 10 x NEBuffer 3.0, 5 x 1072 U pL ™! of KF, 1 pL of 25
mM dNTP, 40 U pL’l of RNase inhibitor, 1 pL of 2 pM Cas12a, and 1 pL
of 1 pyM crRNA. RNase-free water was added to adjust the final volume to
100 pL. The blank control did not contain APE1. For APE1 activity
analysis, 1 x 1072 U uL.™! of APE1 was introduced into a 100 pL mixture
containing 1 pL of 50 pM model report probes, 10 pL of 10 x NEBuffer
3.0,5 x 1072 U pL ! of KF, 1 pL of 25 mM dNTP and 40 U pL. ™! of RNase
inhibitor. RNase-free water was used to ensure the total volume reached
100 pL. The above mixtures were incubated at 37 °C. The fluorescence
intensity was monitored every 100 s for 30 min using an FS5 fluores-
cence spectrophotometer.

2.5. Extraction of nucleus proteins

Cells were harvested after reaching 80 % confluency in a cultured
dish. All cells were washed twice with 1 x Sterile PBS and treated with 1
mL trypsin at 37 °C for 2 min. After treatment, an equal amount of
DMEM was added to the isolated cells to inactivate the trypsin. The cell
mixtures were then collected into sterile centrifuge tubes and harvested
by centrifugation at 1000 rpm for 5 min. After centrifugation, the su-
pernatant was discarded, and 1 mL of fresh 1 x Sterile PBS was added for
cell counting using a Beckman cell counter. The cell pellet was subse-
quently obtained by centrifugation again. Ice-cold Cytoplasmic Extrac-
tion Reagent I (CER I) was added to the cell pellet and incubated for 10
min. Cytoplasmic Extraction Reagent II (CER II) was then added to the
mixture and incubated for 1 min. The cell lysates were centrifuged at
3500 rpm, and the pellet was resuspended in Nuclear Extraction Reagent
(NER) for 40 min on ice. Finally, the supernatants containing the nuclear
proteins were collected by centrifugation at 14,000 rpm. The obtained
proteins were stored at —80 °C for future use.

2.6. Clinical sample analysis

Serum samples from lung cancer patients and healthy individuals
were collected from Chongqing Hospital of Traditional Chinese Medi-
cine, with approval from the hospital’s medical ethics committee in
accordance with the Helsinki Declaration. Initially, the serum samples
were centrifuged at 1000 g for 10 min at 37 °C. After centrifugation,
APE1 levels were detected using the one-step DEP-Cas-APE assay,
following the procedures described above.

3. Results and discussion
3.1. Influence of PAM with AP site on Cas12a activation

The presence of the PAM sequence is essential for Cas12a to recog-
nize and bind to target DNA, highlighting the importance of maintaining
PAM integrity for accurate target region identification (Chen et al.,
2018). We hypothesize that the absence of bases in the PAM or its
complementary sequence could interfere with Cas12a’s ability to accu-
rately recognize the target dsDNA, significantly affecting its nuclease
activity (Fig. 1A and B). To test this hypothesis, MP were designed with
an AP site positioned within the PAM or its complementary sequence to
evaluate their impact on Casl12a’s nuclease activity (Fig. 1C and F). For
comparison, APE1 was employed to excise the AP site, followed by
repair of the cleavage site by DNA polymerase, generating intact target
dsDNA for Cas12a activation. It was observed that introducing an AP site
into the 5-TTTC-3' PAM sequence and its complementary sequence had
minimal effect on Casl2a’s trans-cleavage activity (Fig. 1D and G).
However, inserting an AP site into the 5-TTC-3' PAM sequence and its
complementary sequence led to a significant reduction in the fluorescent
signal. Notably, when the AP site was positioned between T and C in the
5-TTC-3' PAM sequence, there was a significant inhibition of Cas12a’s
nuclease activity, with an F/Fy value of 32.3 (Fig. 1E), where F
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Fig. 1. Casl2a activation affected by AP site within the PAM sequence. (A and B) Schematic illustration of Cas12a recognition of the classical PAM and PAM
containing AP sites. (C) Positions of AP sites within the PAM sequence. (D) Fluorescence intensity and (E) F/FO values for AP site-modified PAM, with or without
APEL. (F) Positions of AP sites within the PAM complementary sequence. (G) Fluorescence intensity and (H) F/FO values for AP site-modified PAM complementary
sequence, with or without APE1.The concentration of target dsSDNA was 0.8 pM. Aex: 490 nm, Aem: 520 nm.

represents the fluorescence intensity observed in the presence of APE1,
while Fy denotes the fluorescence intensity without APEL. In contrast,
when the AP site was positioned between A and G in the complementary
sequence of PAM, there was almost complete inhibition of Casl2a’s
nuclease activity, with an F/F, value of approximately 150 (Fig. 1H). A
possible reason is that Cas12a is unable to recognize the T-rich sequence
in double-stranded DNA, and the extra base at the 5' terminal of NTS-b is
more effective in blocking the spacer domain. This dual effect ensures
that Cas12a remains in an inactive state, leading to stronger inhibition.
This result is consistent with our previous findings (Zhang et al., 2022).
Interestingly, a similar phenomenon was observed when the corre-
sponding sequence location was deleted, leading to the formation of
nicked dsDNA, which also inhibited Casl2a activation (Fig. S2). These
results suggest that a PAM sequence consisting of at least two thymine
(T) bases is critical for activating the Casl2a protein. Additionally, the
complementarity of the two T-base PAM sequences is indispensable,
especially the base located on the complementary strand, which plays a
more critical role in activating Cas12a. However, PAM sequences with
three T bases showed greater tolerance to incomplete complementation.
Additionally, the results clearly demonstrate that in the presence of
APE1, when the AP site is cleaved and the complementary sequence of
PAM is repaired by DNA polymerase, MP is converted into a functional
activator recognized by Casl2a, thereby restoring its trans-cleavage
activity.

3.2. Feasibility of the DEP-Cas-APE strategy

To validate the feasibility of the DEP-Cas-APE biosensing strategy,

we first used MP containing an AP site, which were formed by hybrid-
izing TS2-2 and NTS2, as described previously. A series of fluorescence
experiments were then conducted using 5-FAM and 3-BHQ-labeled
ssDNA (ssDNA-FQ) as the substrate for Casl2a trans-cleavage. The
presence of APE1 resulted in a significant enhancement of the fluores-
cence response, as shown in Fig. 2A, indicating effective cleavage of the
ssDNA-FQ reporter and subsequent restoration of the fluorescence
signal. In contrast, without APE1, the fluorescence response was nearly
undetectable. Moreover, fluorescence signals were negligible in the
absence of MP, KF, crRNA, or Casl2a protein. These results confirm the
successful establishment of the DEP-Cas-APE strategy and highlight the
essential roles of MP, crRNA, Casl2a protein, and KF in the system.

To further validate these fluorescence results, we performed 12 %
polyacrylamide gel electrophoresis (PAGE). As shown in Fig. 2B, the
hybridization of TS2-2 (lane 1) and NTS2 (lane 2) resulted in the for-
mation of MP (lane 3). Under the catalytic action of APE1, the AP site in
the PAM complementary sequence of MP was cleaved, followed by
extension and strand displacement reactions mediated by KF, producing
a distinct band approximately 17 bases in length (lane 4). This confirms
the role of DNA polymerase in preserving the integrity of the PAM
complementary sequence, converting MP into a dsDNA activator that is
recognizable by Casl2a. Consequently, the activated Casl2a nuclease
effectively cleaved both of the dsDNA activator and a 20-nucleotide
ssDNA (lanes 6 and 7). Conversely, in the absence of APE1, Casl2a
nuclease activity was not induced (lanes 8). These findings collectively
validate the feasibility of using the DEP-Cas-APE strategy for APE1
detection.

Based on these results, we hypothesize that the trans-cleavage
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Fig. 2. Feasibility and performance of the DEP-Cas-APE for APE1 detection. (A) Fluorescence spectra of the DEP-Cas-APE system obtained from different samples. (B)
12 % PAGE analysis: Lane 1, TS; Lane 2, NTS; Lane 3, TS + NTS; Lane 4, TS + NTS + APE1 + KF; Lane 5, crRNA + ssDNA; Lane 6, APE1 + TS + NTS + KF + crRNA +
Casl2a; Lane 7, APE1 + TS + NTS + KF + crRNA + Casl2a + ssDNA; Lane 8, TS + NTS + KF + crRNA + Casl2a + ssDNA. (C) Real-time fluorescence monitoring
curves in the absence of Cas12a/crRNA. (D) Real-time fluorescence monitoring curves in the presence of Cas12a/crRNA. (E) Signal-to-background ratio analysis for
end-point fluorescence detection. (F) Fluorescence spectra responding to APE] at varying concentrations. (G) Linear relationship between fluorescence intensity and

APE1 concentrations, ranging from 1.0 x 1077 U L

activity of Cas12a not only induces non-specific cleavage of ssDNA but
also efficiently targets and cleaves the AP site, thereby initiating a self-
catalytic amplification process. As illustrated in Fig. 2C, we modified the
5" end of the TS2-2 strand and the 3’ end of the NTS2 strand with fluo-
rescence (FAM) and quencher (BHQ1) groups, respectively, forming a
double-stranded signal probe upon hybridization. In the direct detection
assay, APEl cleaves the AP site, triggering a polymerase-mediated
extension reaction that replaces the excised TS2-2 segment. This dis-
rupts the fluorescence resonance energy transfer (FRET) between FAM
and BHQI, generating a fluorescence signal. When co-incubated with
Casl2a/crRNA, the signal probe is converted into a double-stranded
DNA trigger, activating Cas12a’s trans-cleavage activity. This, in turn,
targets the AP site, continuously initiating the PAM repair process in the
presence of KF, leading to repeated activation of Cas12a and progressive
replacement of additional TS2-2 segments, ultimately resulting in sig-
nificant fluorescence enhancement (Fig. 2D). As shown in Fig. 2E, the
signal-to-background (S/B) ratio increased from 4.7 to 67.8, demon-
strating the effectiveness of Casl2a-mediated self-catalytic

110 1.0 x 1073 U uL. L. (H) Comparative fluorescence intensities of APE1 and other protein species.

amplification in signal enhancement.

To further validate this amplification effect, we conducted additional
experiments comparing the three different detection modes for APE1 at
varying concentrations. As shown in Fig. S3, the results demonstrated
that Casl2a-mediated self-catalytic amplification improved sensitivity
by at least three orders of magnitude compared to direct detection.
Furthermore, the introduction of the ssDNA-FQ probe significantly
enhanced the signal, as the activated Casl2a trans-cleaved the probe,
establishing the DEP-Cas-APE system and further improving detection
sensitivity. These findings collectively confirm the successful imple-
mentation of Cas12a-mediated self-catalytic amplification, underscoring
its remarkable ability to enhance detection sensitivity and establish it as
a highly effective tool for ultra-sensitive APE1 detection.

3.3. Performance of the DEP-Cas-APE strategy

Under the optimized experimental conditions (Fig. S4), the analyt-
ical performance of the DEP-Cas-APE biosensing method was evaluated
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by measuring various concentrations of APE1. As shown in Fig. 2F, the
fluorescence signal increases proportionally with APE1 concentrations
ranging from 1.0 x 1077 U pL ™! t0 1.0 x 1073 U pL 1. Within this range,
the fluorescence intensity at 520 nm exhibited a strong linear correlation
with the logarithm of APE1 concentration, with the regression equation
Y = 187596 1gC +1340554 (R2 = 0.996), where Y represents the fluo-
rescence intensity and C denotes the concentration of APE1 (Fig. 2G).
The limit of detection (LOD), calculated as the mean of the blank sample
plus three times the standard deviation, was found to be 7.68 x 1078 U
pL~L. This demonstrates enhanced sensitivity compared to previous
studies (Table S5). The high efficiency and sensitivity of the biosensor
are primarily attributed to two key factors: (i) the incorporation of AP
sites into the PAM complementary sequence in the dsDNA trigger, which
effectively regulates Cas12a activity, significantly reducing background
signals and improving S/B ratios; (ii) the activated Casl2a-catalyzed
enzymatic reaction, which synergistically interacts with the AP sites to
establish a self-catalysis for signal amplification. This process acceler-
ates the reaction kinetics, improves overall efficiency, and results in dual
amplification of the target signal.

To assess the specificity of the biosensor, experiments were
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conducted with several potential interfering proteins, including FEN1,
T4 ligase, Exo I, GOX, BSA, and T7 Exo. As shown in Fig. 2H, the target
APE1 produced a strong fluorescence signal, while unrelated proteins
and the blank control resulted in only weak signals near background
levels. This demonstrates negligible cross-talk or interference, confirm-
ing high selectivity of the method for APE1 detection. Additionally, to
assess the reproducibility of the biosensor, five parallel measurements of
APE1 at a concentration of 0.001 U pL™! were performed. The results
showed a low relative standard deviation (RSD <5 %), indicating
excellent reproducibility.

3.4. Application evaluation of the proposed strategy

To evaluate the potential of the proposed strategy in complex bio-
logical samples, the standard addition technique was applied by intro-
ducing varying concentrations of APE1 into buffer solutions and diluted
serum from healthy individuals. As shown in Fig. 3A, the fluorescence
intensities of target APE1 in both buffer and diluted human serum were
comparable. The recovery rates ranged from 96.07 % to 105.14 %, with
RSD between 7.45 % and 9.34 % (Supplementary Table S4). These
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Fig. 3. Application of the DEP-Cas-APE strategy. (A) Comparison of fluorescence intensities between diluted serum and buffer. (B) Fluorescence intensity of the APE1
detection system in response to lysates from varying numbers of HeLa cells. (C) Fluorescence intensity of the APE1 detection system in response to lysates from
different human cells, with the same number of cells (30000). (D) Evaluation of the inhibitory effects of different chemical substances on APE1 activity. (E) Changes
in APE1 relative activity with increasing concentrations of APE1-IN-1. (F) Fluorescence signal response of APE1 activity in extracts from HeLa and A549 cells, and the
inhibitory effects of APE1 inhibitors APE1-IN-1 and CRT0044876 on APE1 activity in A549 cell extracts. (G) and (H) Box plots showing the APE1 activity detection in
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comparing the diagnostic performance of the DEP-Cas-APE strategy and the commercial APE1 ELISA kit in clinical serum samples.
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results confirm that serum has a negligible effect on the performance of
the biosensor.

To further investigate the practical application of this biosensor,
fluorescence assays were conducted using different cell lines. As depic-
ted in Fig. 3B, the fluorescence signals detected in lysates from 2000
HeLa cells were significantly higher than the blank background. A
progressive increase in fluorescence signals was observed as cell
numbers increased to 90000, demonstrating the method’s ability to
quantitatively determine APE1 levels in live cells. Furthermore, the
biosensor was used to compare APE1 expression levels in different
human cells. As shown in Fig. 3C, the fluorescence signals in lysates from
human lung adenocarcinoma cells (A549) and HeLa cells were signifi-
cantly higher than those in MCF-10A (normal epithelial cells) lysates
and clearly exceeded the blank background. To validate these findings,
we compared APE1 levels using a commercially available enzyme-linked
immunosorbent assay (ELISA) kit (Fig. S5). The results revealed signif-
icant differences in APE1 expression between normal and cancer cells,
consistent with prior studies (Xu et al., 2021; Yi et al., 2021). These
findings highlight the elevated APE1 levels in cancer cells compared to
normal cells, supporting the proposed method’s potential for precise
discrimination in clinical diagnostics.

Recent studies have indicated that inhibiting APE1 activity could
impede cancer progression, making it a promising target for the devel-
opment of anticancer therapeutics. To investigate this, we performed
inhibition experiments using APE1-IN-1 and CRT0044876 as positive
controls, with curcumin and buffer serving as negative controls. As
shown in Fig. 3D, fluorescence signals were markedly reduced in the
presence of inhibitors, confirming the effective suppression of APE1
activity by APE1-IN-1 and CRT0044876. Additionally, a concentration-
dependent decrease in APE1 activity was observed when incubated with
increasing concentrations of APE1-IN-1 (Fig. 3E), yielding an IC50 value
of 1.92 pM. Moreover, fluorescence intensities of cell lysates treated
with APE1-IN-1 and CRT0044876 were significantly lower compared to
untreated samples (Fig. 3F). These results demonstrate the feasibility of
the proposed strategy for screening APE1 inhibitors and highlight its
potential as a robust platform for both cancer diagnostics and drug
discovery.

3.5. Measurement of APE1 activity in clinical specimens from lung cancer
patients

Lung cancer is one of the most prevalent malignancies, and
numerous studies have highlighted a strong correlation between APE1
and the progression of lung cancer. To evaluate the feasibility of our
strategy for clinical diagnostics, we collected a total of 60 serum sam-
ples, including 30 from healthy individuals and 30 from biopsy-
confirmed lung cancer patients. The performance of our novel DEP-
Cas-APE strategy in diagnosing lung cancer was compared to that of
commercially available ELISA kits. As shown in Fig. 3G and H, APE1
expression levels in serum samples from lung cancer patients were
significantly higher than those in healthy individuals, consistent with
the results obtained using the ELISA method. Furthermore, receiver
operating characteristic (ROC) curves were used to assess the diagnostic
accuracy of different methods. As depicted in Fig. 31, the area under the
curve (AUC) for the DEP-Cas-APE strategy was 0.94, significantly out-
performing the traditional ELISA method, which had an AUC of 0.73.
The optimal cut-off value was 2.4 x 10~/ U pL™}, resulting in 93.3 %
sensitivity and 86.7 % specificity. Since the LOD is significantly lower
than the cutoff value, our sensor possesses sufficient sensitivity to detect
APE1 concentrations relevant to lung cancer diagnosis, demonstrating
the superiority of our diagnostic strategy over ELISA by offering a more
streamlined and convenient approach for APE1 detection.

3.6. Application of colorimetric analysis

The potential application of the developed method for POCT was

Biosensors and Bioelectronics 279 (2025) 117410

explored by integrating it with an AuNPs colorimetric output platform
(Zhao et al., 2008; Zagorovsky and Chan, 2013; Wang et al., 2021; Lee
et al., 2024). As shown in Fig. S6A, the prepared DNA-AuNPs 1 and
DNA-AuNPs 2 exhibited a burgundy color, indicating successful
attachment of DNA probes to the surface of AuNPs and their homoge-
neous dispersion. In contrast, AuNPs without DNA probes displayed
complete aggregation and precipitation when frozen. Additionally, the
UV-vis absorption peak of both unfrozen AuNPs and DNA-AuNP probes
exhibited a 4 nm redshift, further confirming successful DNA conjuga-
tion on the AuNP surface. Transmission electron microscopy (TEM)
analysis revealed that the unfrozen AuNPs and DNA-AuNPs 1 displayed
excellent dispersibility, whereas the frozen bare AuNPs were completely
aggregated (Figs. S6B, C, and D). As shown in Fig. 4A, the degradation of
the linker ssDNA, triggered by Cas12a activity in the presence of APE1,
led to the dispersion of DNA-AuNPs, resulting in a vivid red solution
with high absorbance, as confirmed by UV-vis spectroscopy. In contrast,
in the absence of APEl, the defective PAM sequence hindered
Cas12a/crRNA recognition of the dsDNA, preventing cleavage activa-
tion. As a result, linker ssDNA and DNA-AuNPs cross-linked, inducing
aggregation of AuNPs, leading to a shift in the absorption peak and a
lighter solution color.

The feasibility of Casl2a-mediated trans-cleavage regulation of
AuNPs for colorimetric analysis was validated through visual inspection,
UV-vis spectroscopy, and TEM. As shown in Fig. 4B, in the presence of
APE1, DNA-AuNPs dispersed, forming a vivid red solution with strong
UV-vis absorbance. Conversely, in the absence of APE1, AuNP aggre-
gation occurred, leading to a reduction in UV-vis absorption intensity, a
redshift in the absorption peak, and a lighter solution color. TEM anal-
ysis further revealed that the presence of APE1 induced a transition in
the state of the gold nanoparticles from aggregation to dispersion,
validating the method’s feasibility (Fig. 4C). As depicted in Fig. 4D, the
UV-vis absorbance at 520 nm increased with the concentration of APE1.
A strong linear correlation was observed within the concentration range
0f 1.0 x 107* U pL 1 t0 1.0 x 1072 U pL. ™}, with the regression equation:
Y =0.096 1gC +1.382 (R2 = 0.993), where Y represents absorbance and
C denotes the concentration of APE1 (Fig. 4E). The LOD was calculated
to be 417 x 107* U pL™L. Selectivity experiments indicated that
colorimetric signal restoration occurred only in the presence of target
APE1 (Fig. 4F). These results demonstrate that our strategy successfully
integrates nanomaterial-based colorimetric sensing, highlighting its
significant potential for POCT applications.

4. Conclusion

In summary, we conducted an in-depth investigation into the regu-
lation of base deletion in PAM sequences and its impact on Casl2a
protein activity. Based on the findings, we developed a novel strategy,
termed DEP-Cas-APE, which leverages defective PAM-mediated
CRISPR-Casl2a self-catalytic circuits for signal amplification, enabling
efficient detection of APE1 activity. Our results demonstrate that Cas12a
activity can be effectively regulated by incorporating an AP site into the
complementary sequence of 5-TTC-3, which minimizes background
signals and an improvs signal-to-noise ratio. The DEP-Cas-APE method is
a straightforward, one-step process that can be completed in just 30 min
under isothermal conditions. Moreover, this system is compatible with
nanomaterial colorimetric sensing technology and does not require
large-scale, precision equipment, making it highly suitable for POCT
settings with limited resources. The DEP-Cas-APE provides a direct and
efficient method for detecting even trace amounts of APE1, highlighting
its significant potential in both biochemical and molecular biological
research as well as clinical diagnostics. Despite these promising results,
certain limitations remain and should be addressed in future iterations.
First, implementing lyophilization could enhance assay stability by
extending reagent shelf-life, which in turn facilitates long-term storage
and transportation. Furthermore, optimizing DNA probe design and
CRISPR-Casl2a recognition elements could broaden the DEP-Cas-APE
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Fig. 4. (A) Schematic representation of the DEP-Cas-APE strategy integrated with AuNPs colorimetric output platform. (B) Photographs and UV spectra of AuNPs in
the DEP-Cas-APE system obtained from different samples. (C) TEM images of tubes 1 and 5 (representing dispersed and aggregated AuNPs) from Fig. 4B. (D) Visual
colorimetry and UV-vis spectra of APE1 reaction solutions at varying concentrations. (E) Linear relationship between UV-vis absorbance intensity and the loga-

rithmic concentration of APE1, ranging from 1 x 10™*
to APEL.

system’s applicability, thus enabling the detection of a wider range of
targets beyond APE1. In addition, integrating the assay with a portable
detection device, such as a smartphone-based biosensor, could support
real-time, field-deployable diagnostics with quantitative analytical
capabilities.
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