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A B S T R A C T

Apurinic/apyrimidinic endonuclease 1 (APE1) has been considered as a promising biomarker since it is asso
ciated with numerous human diseases, involving neurodegenerative diseases and cancer. However, current APE1 
detection methods mainly rely on immunology-based methods, which are burdened by time-consuming and 
procedural complexity. To overcome these shortcomings, we have developed an innovative all-in-one technique 
that simplifies APE1 detection by integrating enzyme-responsive elements structure-switchable dsDNA promoter 
with CRISPR/AsCas12a methodology, namely EDC. In this work, the structure-switchable dsDNA promoter has 
been well-designed to trigger the site-directed incision of APE1 and then release the split activator to illumine the 
CRISPR/AsCas12a catalyst system by coupling it with another truncated activator. Under optimal circumstances, 
the proposed strategy enables sensitive detection of the target APE1 with a detection limit of 4.8 × 10− 5 U/mL 
and a wide linear range from 5.0 × 10− 5 to 1.0 × 10− 1 U/mL. Moreover, this strategy could be gratifyingly 
applied to screen APE1 inhibitors and monitor APE1 in lysates from cell extractions or clinical serum samples. 
Overall, this study presents a novel approach that utilizes dsDNA promoter as programmable switching com
ponents, effectively enhancing CRISPR/Cas12a-based diagnostic platforms and demonstrating the significant 
potential for clinical translation.

1. Introduction

APE1 (Apurinic/apyrimidinic endonuclease effector factor) is a 
critical enzyme in the DNA repair process, participating in the DNA 
damage BER (base excision repair) pathway by carving the dsDNA to put 
the cleavage locus in the specific sites to facilitate nucleophilic attack 
within its compact protein active site [1–3]. In addition to DNA repair, 
APE1, also commonly recognized as redox factor-1, plays a crucial 
function in the reductive activation of most transcription factors, regu
lation of gene expression and facilitating cell response to oxidative 
stress, which is linked to diverse cellular physiological processes such as 
growth signaling, inflammatory and anti-apoptotic pathways [4]. Evi
dence has shown that the expression of APE1 in tumor tissues (such as 
cervical cancer, lung cancer, and primary liver cancer) is significantly 
different from those in the corresponding normal tissues. Furthermore, 

some previous research has proven that inhibiting APE1 activity in
creases the cellular susceptibility to therapeutic agents, indicating a 
direct correlation between the expression level of APE1 and drug 
resistance. Accordingly, APE1 has been broadly regarded not only as a 
quite worthy biomarker for clinical diagnosis but also as a promising 
tool for screening anticancer drugs and therapeutic targets for cancer [5,
6]. Given the significance of APE1, exploiting a subtle and efficient 
strategy to detect APE1 is of great benefit to clinical practice.

Currently, conventional strategies such as liquid chromatography- 
mass spectrometry, and enzyme-linked immunosorbent assay (ELISA) 
have been widely employed to depict the expression levels of APE1 [7]. 
Fatally, most of these strategies usually were labor-intensive procedures, 
time-consuming and low abundance, which fall short of meeting the 
requirements of burgeoning clinical demands. In contrast with the above 
strategy, the fluorescent probe-based methods have received much 
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attention for their simplicity and robustness. For example, Madhusudan 
et al. established an assay for APE1 activity using 
fluorophore/quencher-labeled dsDNA substrate and screened for APE1 
inhibitors [8]. Zhao et al. developed a label-free strategy for detecting 
APE1 activity by using ATMND (2-amino-5,6,7-trimethyl-1,8-naph
thyridine) as a signal probe [9]. Although these methods mentioned 
above provide good performance in terms of selectivity and simplicity, 
their applications are often burdened by limited sensitivity. Therefore, 
over the last few years, to sensitive detection of the amount of APE1, 
multiple analytical approaches have been established utilizing 
isothermal nucleic acid amplification methods such as RCA, CHA, TdT, 
DNAzyme, and so on [10–18]. Nonetheless, the intricate nature of these 
components complicates the detection workflow, often necessitating 
multi-step manual procedures and inevitably reducing both the ampli
fication efficiency and convenience. Thus, it would still be anticipated to 
develop a simple, sensitive and reliable technique to detect the 
low-concentration APE1.

The CRISPR system, a prokaryotes adaptive immune defense mech
anism, defends the invasion of foreign genes and resists the damage [19,
20]. As research on the CRISPR/Cas system advanced, various members 
of the CRISPR family with distinct characteristics were identified [21], 
including Cas9 [22–24], Cas12 [25–29], Cas13 [30], and Cas14 [31] 
paving the way for novel applications in CRISPR molecular biosensing. 
Among them, Cas12a has been broadly used to detect the target dsDNA 
containing PAM or ssDNA by crRNA-guided, complementar
ity-dependent CRISPR recognition, involving both cis and trans cleavage 
activities, which greatly makes Cas12a/crRNA become a hopeful signal 
amplifier [32]. For example, Hou et al. effectively harnessed the activity 
of APE1 to produce multifarious activation parts that initiate the 
cleavage function of the Cas12a system [33]. Tang et al. depict a 
straightforward strategy for detecting APE1 based on the REST 
(releasing extension signal amplification test) method, which leverages 
dsDNA as an activator to fully enhance the trans-cleavage capability of 
Cas12a [34].

However, these methods still couldn’t overcome the compatibility 
problem of the one-pot assay. Recently, more evidence demonstrates 
that the activity of Cas12a could be modulated through structural var
iations of Cas protein or conformational transition within crRNA or the 
dsDNA/ssDNA molecule. Especially, researchers found that two trun
cated nucleic acids as substrates also could cause Cas12a’s trans-cleav
age activity [35–37]. We envisage that through the logical structural 
design of nucleic acid elements, it can be used to activate the Cas12a 
system more flexibly. Herein, a pivotal element structure-switchable 
dsDNA promoter with AP site (Dp-A) was established to manipulate 
the activity of Cas12a for APE1 detection. In this work, the specific in
hibitor part of the Dp-A induced spatial steric hindrance in the absence 
of APE1, leading to the disruption of Cas12a’s binding ability, thereby 
inhibiting Cas12a’s cleavaging ability. When APE1 is present, Dp-A is 
cleaved, generating a split activator (SA) that initiates a synergistic 
activation reaction of CRISPR/Cas12a by combining with a truncated 
activator (TA). Leveraging the cascade cleaving mechanism between the 
enzymatic reaction and the AsCas12a system, the developed method 
enables the conversion of the target recognition into Cas12a’s switch
able cleavage event through the use of structure-switchable Dp-A. 
Moreover, this devised strategy can gratifyingly screen APE1 inhibitors 
and monitor APE1 in lysates from cell extractions or clinical serum 
samples with high sensitivity in one step, which spurs further develop
ment and application of the CRISPR system.

2. Experimental section

2.1. Materials and reagents

4’_Hydroxypropiophenone and tert-butyl hydroperoxide (TBHP) so
lution were purchased from Macklin Co., Ltd. (Shanghai, China). 
Lucanthone was purchased from Shanghai Yuanye Bio-Technology Co., 

Ltd (Shanghai, China). Modified coagulant was obtained from Service
bio Technology Co., Ltd. (Wuhan, Hubei, China). TEMED (N, N, N, N- 
Tetramethylethylenediamine) and Acryl/Bis 30 % Solution (29:1) were 
provided by Sangon Biotech Co., Ltd. (Shanghai, China). HPLC-purified 
DNA (Tables S1–S3) and TE buffer were offered by Sangon Biotech Co., 
Ltd. (Shanghai, China). Additional materials and reagents are detailed in 
the "Supplementary Information" file.

2.2. Apparatus

The low-speed centrifuge and Oscillating vortex blender were sup
plied by DLAB Scientific Co., Ltd. (Beijing, China). Fresco™ 21 Micro
centrifuge was equipped by Thermo Fisher Scientific Co., Ltd (Shanghai, 
China).

3. Result and discussion

3.1. The design of the APE1-driven structure-switchable -based dsDNA 
promoter for regulating the cleavage activities of AsCas12a

APE1 exhibits enzymatic activity capable of cleaving the DNA 
phosphodiester backbone at the 5′ side of an abasic (AP) site in dsDNA, 
generating a single-strand break with a 3’ hydroxyl terminus and a 5’ 
deoxyribose phosphate (dRP) group. Here, by taking full advantage of 
this feature of APE1, we devised a novel approach EDC that integrates 
APE1-powered site-directed incision of structure-switchable Dp-A with 
CRISPR/Cas12a assay to realize sensitive detection of tumor biomarker 
APE1. The Dp-A contains a modified strand with AP sites (MS-A) and a 
blocker strand (BS). Moreover, the configurations of Dp-A were divided 
into two regions with the AP site as the boundary: the inhibitor region 
creates steric hindrance rendering it non-complementary to crRNA, 
while the activator region remains complementary to crRNA. When the 
target APE1 is present, “Dp-A″ serves as an "enzymatic switch element" 
incising DNA adjacent to the AP sites exchanges its spatial conformation 
to release the SA which couldn’t retain base-paired to its complement at 
37 ◦C. Subsequently, the product SA binds to the TA, resulting in the 
synergistic activation of Cas12a and restoration of its trans-cleavage 
activity. When the target is absent, the inhibitor segment of Dp-A was 
positioned to create steric hindrance, which potentially prevented the 
conformational unlocking of the cas12a catalytic site and thereby sup
pressing the cutting activity of AsCas12a. Therefore, EDC would be a 
rapid, specific, and sensitive APE1 sensing platform with wide applica
tion potential (Scheme 1).

3.2. Feasibility of the proposed method

As APE1-driven cleavage is a crucial step to initiate follow-up 
amplification-detection, we first checked whether the introduction of 
APE1 could contribute to the performance of dsDNA-cleavage. Here, we 
investigated this reaction by using high-resolution PAGE (poly
acrylamide gel electrophoresis). As shown in Fig. 1A, it could be found 
that the lanes from two to three represented MS-A and BS, respectively. 
Moreover, the lower band exists in lane 4 indicating the successful for
mation of Dp-A. As expected, the introduction of APE1 could generate 
detectable degradation bands compared to that of dsDNA (lane 5). 
Subsequently, to further confirm the feasibility of EDC, we characterized 
the follow-up step still by PAGE. When fully activated by the target 
APE1, the random ssDNA showed a noticeable reduction in intensity in 
Lane 8 compared to Lane 6. However, no significant changes in random 
ssDNA were observed when the reaction was conducted in the absence 
of the target (Lane 7). Taken together, these outcomes reveal that the 
target-directed cleavage of Dp-A successfully induces AsCas12a’s trans- 
cleavage function. Then, the fluorescence spectrum was implemented to 
substantiate the above results. As seen in Fig. 1B/C, an obvious increase 
in fluorescence intensity could be observable when APE1 exists 
compared with no APE1. We further checked the viability of our method 
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by comparing the fluorescence changes caused by the reactions 
including different components (Fig. S1). In the absence of MS-A or TA, 
they can only partially hybridize with the crRNA sequence, failing to 
activate the AsCas12a and thus preventing the generation of fluorescent 
signals. Besides, in the absence of BS, there is also shown low fluorescent 
signal since MS-A chains alone cannot facilitate the cutting of APE1. 
Simultaneously, minimal fluorescence was detected in the absence of 
AsCas12a or crRNA. The above results indicate that the incomplete 
structure did not generate significant fluorescence signals. Therefore, 
only when the complete structure is present, Dp-A would release 
detectable SA due to APE 1 cleavage, enabling the formation of prox
imity ligation DNA module that hybridizes with crRNA, which signifi
cantly enhances the activity of AsCas12a.

To further determine whether the AP site plays a key element switch 

during the whole reaction, we used the dsDNA probe without the AP site 
(Dp-nA) which has the same structure as Dp-A but lacks AP site as the 
control. As depicted in Fig. 1D/E and Fig. S2, when the target is absent, 
neither method was capable of activating AsCas12a, and both yielded 
negligible background signals owing to the steric hindrance effect. In 
comparison, the captured S/B (signal-to-background) ratio of the com
plex with the AP site significantly exceeded that of the complex without 
the Ap site in the presence of the target, indicating that the AP site was 
essential for the system.

3.3. Optimization of the proposed system

To further investigate the better cleavage efficiency of APE1 and 
AsCas12a, the number of complementary base pairings of the inhibitor 

Scheme 1. Schematic diagram of utilizing APE1-activated structure-switchable dsDNA promoter with AP site to trigger the trans-cleavage activity of 
CRISPR/AsCas12a.

Fig. 1. Feasibility assessment of the proposed strategy. (A) PAGE analysis of the feasibility. Lane 1:TA; Lane 2: MS-A; Lane 3: BS; Lane 4: Dp-A; Lane 5: Dp-A with 
APE1, Lane6: random ssDNA; Lane 7: the TA/Dp-A complex, AsCas12a/crRNA complex and the random ssDNA; lane 8: the TA/Dp-A complex, APE1 with AsCas12a/ 
crRNA complex and the random ssDNA; (B) The time-dependent fluorescence signals of the EDC initiated method were monitored with and without the target; (C) 
The fluorescence change rate associated with the reaction shown in Fig. 1B. (D) Schematic illustrating the design of Dp-A, Dp-nA, respectively. (E) The rate of the 
fluorescence of Dp-A, Dp-nA in response to APE1. Bars represent the mean ± SD (n = 3).
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part of Dp-A which is critical for APE1’s enzymatic activity was sys
tematically analyzed. As shown in Fig. 2A, a series of paired Dp-A with 
different lengths were designed. As depicted in Fig. 2B and Fig. S3, the 
S/B ratio increased as the number of complementary bases increased 
until 12 nt due to the too-short length of the strand may result in the 
dsDNA bond not being stable enough to effectively activate the APE1. 
Therefore, the 12 nt complementary lengths of the inhibitor region were 
selected for the detection. Besides, we researched the favorable base 
length of the activator part of BS (Fig. 2C). As depicted in Fig. 2D and 
Fig. S4, the S/B ratio enhanced with the growing number of comple
mentary bases until 8 nt then reduced, which can be on account of the 
too long strand of the activator part of BS might cause incomplete 
release of SA and reduce its efficiency in activating Cas12a. Therefore, 
the activator part of BS with 8 nt complementary lengths was chosen for 
subsequent experiments.

To further investigate the detection efficiency of the target, addi
tional essential experimental conditions including the concentration of 
the AsCas12a/crRNA complex and the Dp-A/TA complex, and the ratio 
of AsCas12a/crRNA complex were optimized. As depicted in Fig. 2E and 
Fig. S5, the concentration of the Dp-A/TA was detected from 200 to 1 
nM. The S/B ratio improved as the concentrations of Dp-A/TA increased 
from 200 to 100 nM. Then, the S/B ratio exhibited a gradual decline 
which can be attributed to that too little or too high Dp-A/TA might 
suppress the cut reaction. Subsequently, to balance the reaction and 
background signal, 100 nM was taken for further investigations. As 
depicted in Fig. 2F and Fig. S6, the S/B ratio increased as the ratio of the 
Cas12a/crRNA complex rose, reaching its peak at a 1:1 ratio. Therefore, 
the 1:1 proportion was chosen in the following experiments. Next, 
further optimization was performed on the concentration of the Cas12a/ 
crRNA complex (Fig. 2G and Fig. S7). The concentration progressively 
increased and attained a peak value at 100 nM. A significant decrease 
will be observed if the concentration of Cas12a/crRNA falls below 100 
nM. Thus, 100 nM was chosen as the optimum concentration.

3.4. Evaluation of the analytical performance and application of this 
strategy

Using the optimized conditions, we further investigated the analyt
ical performance by measuring the detection sensitivity at different 
target concentrations. As shown in Fig. 3A, the fluorescence enhanced as 
the concentration of APE1 increased from 5.0 × 10− 5 to 1.0 U/mL. 
Besides, the calibration plots of APE1 were depicted in the inset of 
Fig. 3B. The linear formula is Y = 128266.03 Ctarget+1071.40 ranging 
from 5.0 × 10− 5 to 1.0 × 10− 1 U/mL with the LOD calculated to be 4.8 
× 10− 5 U/mL. The proposed strategy effectively distinguished fluores
cence intensities across varying concentrations, demonstrating the 
capability of this strategy would provide a clear response to different 
target concentrations. Besides, compared to other reported CRISPR/ 
Cas12a-based APE1 detection methods (Table S4), which require so
phisticated multi-step manual operations based on the usage of nano
materials or enzymes for signal transduction or amplification, our 
sensing system could react in one pot, achieving a low detection limit 
within a relatively short time. This approach improves the stability of 
the detection assay and reduces the cost significantly. Besides, since the 
considerable amplification efficiency of APE1 and the extraordinary 
performance of Cas12a, the proposed biosensor presented great poten
tial for APE1 detection applications.

We further validated the selectivity of the proposed method using 
various proteins including restriction endonucleases (DpnI), Structure- 
specific Endonucleases (UDG, FEN1), Exonucleases and Non-specific 
Endonucleases Products (Lambda Exonuclease) and Restriction Endo
nucleases (Nt.BbvCI). Fig. 3C and D illustrate the fluorescence intensities 
for different targets. Significant differences were observed between the 
fluorescence signals of non-specific groups and those from APE1 
detection. Moreover, a mixture of APE 1 together with the same con
centration of other interfering enzymes was detected and the fluores
cence signal was almost the same as the fluorescence signal caused by 
only APE1. Accordingly, the sensor demonstrated superior performance 

Fig. 2. To detect the optimal conditions for this experiment. (A) Schematic illustration of the inhibitor part of Dp-A with different lengths; (B) The fluorescence rates 
and S/B ratios produced by the inhibitor part of Dp-A with different lengths; (C) Schematic illustration of the activator part of BS with different lengths; (D) The 
fluorescence rates and S/B ratios produced by the activator part of BS with different lengths; (E) The fluorescence rates and S/B ratios produced by different 
concentration of Dp-A/TA; (F) The fluorescence rates and S/B ratios produced by the different ratio of Cas12a/crRNA; (G) The fluorescence rates and S/B ratios 
produced by the different concentration of Cas12a/crRNA. Bars represent the mean ± SD (n = 3).
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in discriminating APE1 from other types of proteins, highlighting its 
strong potential for selective and efficient target detection.

3.5. Application assessment of the devised strategy

Currently, it has been discovered that suppression of the APE1’s 
activity can impede cancer progression, making it a promising target for 
the development of anticancer drugs. To assess the utility of the pro
posed strategy for inhibitor screening, NCA, 4’_Hydroxypropiophenone 
and Lucanthone, well-established and selective APE1 inhibitors that 
effectively inhibit APE1’s AP endonuclease activity, were chosen as the 
positive control. Besides, TBHP was chosen as the negative control. As 
seen in Fig. 4A and Fig. S8A, the stronger fluorescence was discovered in 
the negative conditions. In contrast, the fluorescence was weak in the 
positive group indicating that NCA, 4’_Hydroxypropiophenone and 
Lucanthone would be expected to block the APE1 cleavage-induced 
recognition and thus block the entire reaction. Under the same condi
tions, the relative activity of APE1 was concentration-dependent in the 
range of 80–800 μM NCA (Fig. 4B), and the IC50 value was determined 
to be 420.3 μM (Fig. 4C). The above result demonstrates that this system 
could be effectively utilized for screening APE1 inhibitors.

To investigate the broad application prospects of the suggested 
method in complex biological samples, a cell lysis test was performed. 
Initially, to exclude the influence of RIPA lysate on the experiment, 
different concentrations of target APE1 were added to DEPC and RIPA 
buffers for fluorescence detection. As seen in Fig. S9, it shows the fluo
rescence intensity of target APE1 with different concentrations was 
nearly identical in both DEPC and RIPA buffers. Then, the expression 
level of APE1 protein derived from cell lysates, containing HEK-293 T, 
A549, MDA/MB-231 and Huh7, was detected with or without the 

addition of the inhibitor. As seen in Fig. 4D and Fig. S10A, these results 
indicated that the fluorescence signals were rapidly decreased after 
adding the NCA, further evidence of NCA specifically inhibits the 
endogenous APE1 activity response is provided. Next, analysis of A549 
cell lysates with different cell numbers showed a gradual decrease in 
fluorescence intensity as the number of A549 cells decreased (Fig. 4E 
and Fig. S10B). Besides, the calibration plots of Fig. 4F show an “S” 
relationship between the fluorescent intensities and the logarithm of 
A549 concentration which is from 10 to 10,000 cells/mL. The above 
results indicate that this strategy can precisely quantify the activity of 
intracellular APE1, showcasing significant potential for clinical 
diagnosis.

3.6. Detection of APE1 activity from biological samples

Motivated by the outstanding detection capabilities of EDC, we were 
prompted to explore the APE1 activity of biological samples. To evaluate 
whether APE1 expression levels are elevated in lung cancer, we 
collected serum samples from 30 patients with histopathologically 
confirmed diagnoses as the case group. A total of 30 healthy individuals, 
with no history of tumors or other diseases, were recruited from the 
health examination center at our hospital. Then, we used a commercial 
ELISA kit and EDC for APE1 detection. As depicted in Fig. 5A/B and 
Fig. S11/12, the expression level of APE1 in the serum of patients was 
higher than that in the serum of healthy controls. The area under the 
ROC curve (AUC) value of EDC was 0.8578. Through optimization of the 
cut-off value to maximize the combined sensitivity and specificity, we 
achieved an optimal balance with 83.33 % sensitivity and 96.67 % 
specificity (Fig. 5C). Additionally, the samples were analyzed using 
ELISA for method comparison (Fig. 5D–F). The above results showed 

Fig. 3. Analytical performance of this strategy. (A) Time-dependent fluorescence signals with different concentrations of APE1 from 5.0 × 10− 5 to 1.0 U/mL. (B) 
Fluorescence intensity was responding to the reaction in Fig. 3A. The linear correlation of the devised method of fluorescence intensities for different amounts of 
APE1 was shown in the inset. (C) Time-dependent fluorescence signals are produced by various proteins; (D) The rate of the fluorescence of other proteins and APE1. 
Bars represent the mean ± SD (n = 3).
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Fig. 4. Application of this devised method. (A) Evaluation of the inhibitory effects of various chemical substances on APE1; (B) Detection of the relative fluorescence 
expression triggered by different concentrations of APE1 inhibitor. (C) The inhibitory effect evaluation of various concentrations of APE1 inhibitor (NCA) on APE1. 
(D) The fluorescence rates were examined in different cancer cell lysates with or without inhibitors. (E) Analysis of the expression of APE1 in A549 cell lysates at 
different concentrations (10–10000 cells/mL). (F) Curve relationship between the fluorescence intensity and the logarithm of A549 cell. Bars represent the mean ±
SD (n = 3).

Fig. 5. Analysis of APE1 enzyme activity in clinical samples. (A) The ROC curves of clinical serum samples diagnostic model using EDC methods. (B) Box plot for 
detection of activity of APE1 by using EDC methods. (C) Performance of proposed EDC compared to biopsy diagnostics (gold standard). (D) The ROC curves of clinical 
serum samples diagnostic model using ELISA methods. (E) Box plot for detection of activity of APE1 by using ELISA method. (F) Performance of commercial ELISA kit 
compared to biopsy diagnostics (gold standard). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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that this devised method based on EDC was consistent with those of 
standard ELISA, indicating that our devised sensor can detect APE1 
which is higher sensitivity and more convenient than traditional ELISA 
methods.

4. Conclusion

This study introduces a novel approach by developing a program
mable construction-adjustable promoter to control the activity of 
Cas12a. By utilizing target-triggered site-directed cleavage, this strategy 
effectively mitigates steric hindrance, enabling the activation of 
AsCas12a and allowing for real-time, user-friendly and portable APE1 
detection. Furthermore, by harnessing the robust enzymatic and cata
lytic cleavage of CRISPR, this strategy achieves faster detection of APE1 
at a constant physiological temperature, offering distinct advantages 
over traditional techniques. Most importantly, the entire detection 
process can be performed in a single pot, significantly minimizing the 
need for specific external environmental conditions and greatly simpli
fying the experimental procedure. In conclusion, this study offers novel 
perspectives on modulating Cas12a’s trans-cleavage activity through 
steric hindrance-based inhibitors, presenting a promising sensing plat
form for protein detection in molecular diagnostics.
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