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ABSTRACT: Flap endonuclease 1 (FEN1), an endogenous Nick site Dcriffzfo‘t’)‘ggﬁ',') o
nuclease with the ability to cleave the 5’ overhang of branched FENT ~ | L e mire
dsDNA, is of significance in DNA replication and repair. The = O=0O+ = OO Ou O Qﬂm

overexpression of FENI1 is common in cancer because of the b d _ o
ubiquitous upregulation of DNA replication; thus, FEN1 has been i . ° Cru ™ NO
recognized as a potential biomarker in oncological investigations. = OO0 =00~ 0=0 = rea
However, few analytical methods targeting FEN1 with high

sensitivity and simplicity have been developed. This work Fiapped dumbben ' )

developed a signal-amplified detection of FEN1 based on the °NAPe(PP)
cleavage-induced ligation of a dumbbell DNA probe and rolling

circle amplification (RCA). A flapped dumbbell DNA probe (FDP) was rationally designed with a FEN1 cleavable flap at the S’ end.
The cleavage generated a nick site with juxtaposed S’ phosphate and 3’ hydroxyl ends, which were linkable by T4 DNA ligase to
form a closed dumbbell DNA probe (CDP) with a circular conformation. The CDP functioned as a template for RCA, which
produced abundant DNA that could be probed using SYBR Green I. The highly sensitive detection of FEN1 with a limit of detection
of 15 fM was achieved, and this method showed high specificity, which enabled the quantification of FENI in real samples. The
inhibitory effects of chemicals on FEN1 were also evaluated. This study represents the first attempt to develop an FEN1 assay that
involves signal amplification, and the novel biosensor method enriches the tools for FEN1-based diagnostics.

SYBR Green | T4 DNA ligase

1. INTRODUCTION been proposed, for example, Lu et al. investigated a system
composed of graphene oxide (GO) and flapped DNA probes
for the detection of FENT1 in live cells.'” Wei et al. utilized a
combination of gold nanoparticles, functional DNA, and
organic dyes to quantify FEN1 levels."® The two assays have
significantly simplified the analytical procedures for FENI1
detection; however, both attempts require the consumption of
fluorescent labels or lab-made nanomaterials, which may lead
to increased cost and detection instability. Additionally, all the

The critical role of biomarkers in disease diagnosis and
prognosis has been universally recognized, and the advantage
of accurate biomarker detection is relevant for the develop-
ment of precision medicine.' > Flap endonuclease 1 (FEN1) is
generated by DNA poléymerase and primase during Okazaki
fragment maturation.” ® FEN1 is crucial for RNA and DNA
primer removal during lagging-strand DNA synthesis, and it

plays key roles in DNA replication and repair.”® As cancer cells

exhibit uncontrolled growth, they tend to replicate rapidly in current EENlla'ssays were developefi by. dn'.ecFly readln.g‘ t.he
the human body, resulting in the overexpression of DNA enzymatic activity of FEN1, resulting in limited sensitivity

AR T because of the lack of signal transduction and amplification.
polymerase, which in turn leads to FENT overexpression. Therefore, analytical methods with increased performance and
Minimal differentiation can lead to diverse FEN1 protein levels ’ P

highl irable.
in non-small-cell lung-cancer tissues."> It has also been decreased cost are highly desirable

The application of functional nucleic acids and DNA
reported that high FEN1 levels correlated with aggressive PP . . o .
, e i nanotechnology is currently an attractive topic in chemistry
breast cancer, poor survival, and epithelial ovarian cancer.

and life sciences.'””>* Based on the sequence programmabili
Therefore, FEN1 has the potential for use as a cancer marker . . T Prog abrity
L ) i ) ) of DNA, its conformation and function can be rationally
for determining the location, diagnosis, and prognosis of
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Currently, there has been limited progress toward the
development of analytical techniques to detect FENI.
Although FEN1 can be detected using diverse conventional
assays, including Western blotting and ELISA,">'® the assay
performance cannot fulfill the demand for precise detection in
clinical applications. Recently, a few emerging biosensors have
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Scheme 1. Schematic Illustration of FEN1 Activity and the Mechanism of Biosensor”
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“(a) Enzymatic activity of FEN1. (b) Sensing mechanism of this method. FEN1 cleaves the S’ flap of the FDP, exposing a ligatable domain similar
to a nick site. A CDP is generated by T4 DNA ligase, RCA is initiated, and the products are probed with SYBR green I (SGI).
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designed for recognition, catalysis,”> and computing.
Rationally designed DNA probes can be used as recognition
elements to recognize analytes ranging from metal ions to
microorganisms.”” > In particular, through their capacity to
produce large quantities of nucleic acid fragments under facile
conditions,”* isothermal amplifications such as rolling circle
amplification (RCA),>>*° exponential isothermal amplification
(EXPAR),”” and recombinase polymerase amplification
(RPA)** have significantly improved the performance of
nucleic acid-involved biosensors. To the best of our knowl-
edge, biosensors targeting FEN1 that integrate rationally
designed DNA probes and signal amplification have not been
reported. Therefore, it is worth attempting to improve the
performance of FEN1 biosensors by applying functional
nucleic acids.

In this work, we developed a sensing system for the
detection of FENI that involves RCA. A flapped dumbbell
DNA probe (FDP) was rationally designed for the recognition
of FEN1 and the transduction of FENI-induced cleavage
signals. The flap hanging over the S’ terminus of the FDP is
cleaved by FEN1, leaving a nick site that can be ligated by T4
DNA ligase. Ligation closes the dumbbell DNA probes,
allowing them to be used as a template to initiate RCA. This
method is the first attempt to apply signal amplification in the
detection of FEN1, which is the result of the rational design of
DNA probes and reaction circuits based on the activity of the
target. This investigation successfully increased the sensitivity
of FEN1 detection to the femtomolar level, thereby enriching
the analytical tools for FEN1-based clinical and basic science
applications.

2. METHODS

2.1. Materials. Oligonucleotides were synthesized and
purified by Sangon Biotech (Shanghai, China), and their
sequences are listed in Table S1. T4 DNA ligase, phi29 DNA
polymerase, dNTPs, SYBR Green I (SGI), and chemical
reagents for the preparation of buffers were obtained from
Sangon Biotech (Shanghai, China). FEN1 was supplied by BBI
(Shanghai, China). Aurintricarboxylic acid was purchased from
Sigma-Aldrich (MO, USA), and FENI-IN-1 was obtained
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from MedChemExpress (Monmouth Junction, NJ, USA).
Human brain tissue lysates (normal and tumor) were
purchased from Novus Biologicals (CO, U.S.A.). Ultrapure
water was prepared using a Millipore Milli-Q system (MA,
U.S.A.), and the water was pretreated with diethyl pyrocar-
bonate (DEPC, BBI, Shanghai, China) to deactivate the
DNases and RNases before use in DNA-related experiments.

2.2. FEN1 Detection. For the detection of FEN1, FDP (10
uL, 10 nM), 10 uL of the test sample, and 30 uL of reaction
buffer (15 mM KCI, 30 mM Tris—HCI, 15 mM (NH,),SO,,
and 3 mM MgSO,, pH 8.8) were mixed and incubated at 37
°C for 30 min. Afterward, T4 DNA ligase (1 uL, S U/uL) in
the corresponding 1X reaction buffer was added to the
solution, followed by incubation at 22 °C for 40 min. Then,
primers and S pL of RCA mixture (2 U of phi29 DNA
polymerase, 1 mM dNTPs, 1 X phi29 reaction buffer, and 1 X
SGI) were added to the reaction to initiate the RCA reaction.
After reaction at 30 °C for RCA, fluorescence was measured
using an F-7100 fluorescence spectrometer (Hitachi, Japan)
with excitation at A 497 nm. Rapid, high-throughput
detection was conducted using a Synergy H-1 plate reader
(Biotek, U.S.A.) with excitation and emission at 497 and 530
nm, respectively.

3. RESULTS AND DISCUSSION

3.1. Principle of the Developed Biosensor in the
Sensing of FEN1. FENI is an endonuclease that specifically
cleaves the 5’ overhang of branched DNA, thus the sensing
system was designed based on its enzymatic activity.”” As
shown in Scheme la, when a 3’ flap with a single nucleotide
exists (the green nucleotide), the 3’ flap can fill the gap
generated after the FEN1-induced cleavage (hybridize with the
blue nucleotide), forming a ligatable structure. Rationally
designed FDPs with a 5’ flap and a 3’ flap with a single
nucleotide were used for the recognition of FENI1. In the
presence of FENI, the 5’ flap is excised, exposing a 5’
phosphate group. Because of the stabilization of the DNA
scaffold, the 5’ phosphate and the 3’ flap with the hydroxyl
terminus are approached in the juxtaposition, forming a nick
site that is ligatable by T4 DNA ligase."”*" After ligation, a
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Figure 1. Proof-of-concept test of the biosensor. (A) Native-PAGE verification. The concentrations of FDP, FEN1, Exo I, Exo III, and T4 DNA
ligase were 10 M, 10 nM, 2 U/uL, 2 U/uL, and S U/uL, respectively. The times for cleavage, ligation, and Exo digestion were 20 min, 20 min, and
1 h, respectively. (B) Fluorescence response of this method under various conditions. The final concentrations of FDP and FEN1 were 2 nM and 1
pM, and the RCA was conducted by adding the RCA mixture, as described in the Methods section, and incubating for 30 min.

closed dumbbell DNA probe (CDP) is formed, which yields a
circular conformation without a free terminus. Afterward, an
RCA mixture composed of primers, phi29 DNA polymerase,
dNTPs, and SGI, was added to the system. By initiating the
RCA reaction, long-chain DNA with repetitive domains
complementary to the template is generated and the SGI can
be inserted into the self-hybridized domains of the DNA and
generate intense green fluorescence for quantification. In
contrast, when no FENI is in the system, the flap is cleaved
and ligation occurs. As a result, no long-chain DNA is
generated because of the lack of a template for DNA extension.
Following this diagram, more FENI1 leads to higher
fluorescence, yielding an activatable biosensor for FEN1
detection.

3.2. Proof-Of-Concept Test. We used the gel electro-
phoresis and fluorescence spectra to verify the design of the
sensing scheme. In Figure la, six lanes can be seen in the gel
image from native polyacrylamide gel electrophoresis (native-
PAGE), which is the gold standard for analyzing the length,
bending, and flexibility of nucleic acids.”***** Lane 1 contains
a single bright band, which represents the FDP band that
serves as a marker. The band uniformity observed in Lane 1
indicates that annealing of the ssDNA generated a uniform
FDP. Lane 2 shows that the addition of exonuclease (Exo) I
and III to the sample resulted in lack of a visible band. Exo I
and III can shred the DNA with exposed 3’ or 5" termini,**~*
and the results in Lane 2 can be ascribed to the FDP
degradation catalyzed by Exo I and III. After mixing the FDP
and a small amount of FEN1 (Lane 3), three bands were
recorded. The upper band had a migration speed similar to
that of the marker FDP, the middle one is assumed to be the
flap-cleaved dumbbell DNA, and the lowest band with the
weakest fluorescence is assumed to be the dissociative flap.
When Exo I and III were used to treat the sample of Lane 3
and separate it from Lane 4, no apparent bands appeared,
indicating that both the cutoff flap and the dumbbell DNA are
cleaved thoroughly, similar to the results in Lane 2, confirming
that FEN1 is capable of cleaving the FDP with a flapped 5’
end. Then, in Lane S, the combination of FDP, FEN1, and T4
DNA ligase resulted in three bands in the gel. The upper band
is believed to represent CDP produced by the ligation. Similar
to the band in Lane 3, the middle band had a migration speed
similar to that of the marker and was speculated to be the FDP,
and the lowest band was assumed to be the dissociative flap, as
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was the lowest band in Lane 3. Finally, the addition of Exo I
and III to the Lane S sample led to the disappearance of the
two lower bands; in contrast, the upper band was not
influenced by Exo I and III, implying that CDP was generated,
given that it is resistant to Exo I and IIL. In general, this
experiment demonstrates that FEN1 can cleave the S’ flap of
FDPs, and the CDP is generated with the aid of T4 DNA
ligase.

To verify the RCA procedure, we used agarose gel
electrophoresis, which is an effective assay for the separation
and imaging of DNA fragments of size 100 to 25k bp.*”*®
Higher concentrations of FEN1 were mixed with FDP,
followed by the addition of T4 DNA ligase and RCA mixture.
After incubation, the samples were analyzed by agarose gel
electrophoresis. As shown in Figure S1, the results visually
revealed DNA with a large size, which was recognized as a
product of RCA reaction. In addition, the quantity of RCA
products positively correlated with the FEN1 concentration,
further supporting FENIl-induced cleavage and T4 DNA
ligase-mediated formation of looped dumbbell DNA. More-
over, the image of agarose gel electrophoresis and images of
native-PAGE reinforced with each other demonstrate that after
FENI cleavage and T4 DNA ligase connection, the DNA with
the lowest migration speed in native-PAGE was a circular DNA
that could act as a template for the RCA reaction.

Furthermore, we utilized fluorescence spectra to verify the
sensing scheme (Figure 1b). When neither FEN1 nor the RCA
mixture was added to the reaction, low fluorescence was
recorded (black curve), indicating that the template, primer,
and T4 DNA ligase were not able to induce significant
fluorescence. Adding the RCA mixture without FEN1 (red
curve) has also led to weak fluorescence recording, as without
cleavage, the FDP was not capable of functioning as a template
for RCA. After introducing only FEN1 (blue curve), no
significant fluorescence was recorded, demonstrating that
without the RCA mixture, CDP did not cause intense
fluorescence enhancement. When both FEN1 and RCA
mixture were added, significant emission centered at 530 nm
was recorded (orange curve). This demonstrated that only
when both FEN1 and RCA mixture were input into the system
would a complete chain reaction take place to generate a
sensing signal. With the assistance of gel electrophoresis and
fluorescence spectroscopy, we can conclude that after the chain
reaction was caused by FEN1, T4 DNA ligase, and the RCA
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Figure 2. Optimization of sensing conditions. (a) Relationship between the ligation time and fluorescence of the total reaction. Experimental
details: S pM of FEN1 was incubated with FDP for 30 min and then 5 U of T4 DNA ligase was added and incubated at 22 °C for different time
intervals. Afterward, the RCA reaction was conducted by adding the RCA master mix and incubating at 37 °C for 30 min. (b) Relationship between
the RCA reaction time and the fluorescence of the total reaction. Experimental details: 5 pM of FEN1 was incubated with FDP for 30 min and then
5 U of T4 DNA ligase was added and incubated at 22 °C for 40 min. Afterward, the RCA reaction was conducted by adding the RCA master mix

and incubating at 37 °C for different time intervals.
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Figure 3. Performance of this method in the detection of FEN1. (A) Fluorescence spectra detected by the sensing system upon addition of
different concentrations of FENI1. (B) Linear relationship between the FEN1 concentrations and the fluorescent signal. (C) Selectivity of this
method toward FENI. The concentrations of all the interferents were all 20 U/uL, while that of FEN1 was S pM. (D) FENI quantification in
tumor samples was determined using this method and commercial ELISA kits. All the analyses were conducted following the protocols described in
the Methods section. The error bars indicate the standard deviation of three replicate determinations.

mixture, fluorescence is visible, verifying the feasibility of this
method in the detection of FENI.

3.3. Optimization of Sensing Conditions. Under the
proposed sensing scheme, the ligation process and RCA
reaction are key processes influencing the biosensor perform-
ance. According to the conditions in previous reports, we
arbitrarily mixed 10 nM of FDP with S pM of FEN1 for 30
min, and then subsequently investigated the influence of
ligation and RCA reaction on the final readout. A constant
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concentration of FDP was treated with different amounts of T4
DNA ligase for 1 h, followed by the same RCA procedure. As
shown in Figure S2, when the amount of T4 DNA ligase was
more than S U (inclusive), the system fluorescence stopped
increasing, indicating that 5 U of T4 DNA ligase was the
minimum amount to fully ligate the FDPs in this experimental
setting. Different ligation time intervals were then evaluated,
followed by a constant RCA reaction. As presented in Figure
2a, fluorescence climbed synchronously until reaching a

https://dx.doi.org/10.1021/acs.analchem.0c05275
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Table 1. Comparison between This Work and Recent Reports on the Analytical Methods Targeting FEN1

detection signal comment LOD linear range refs
fluorescent graphene oxide and dye-labeled DNA-formed nanocomposite. 0.38 pM 0.2—100 pM 17
fluorescent DNA and gold nanoparticle-assembled nanoparticle. 0.007 U 0.05-2 U 18
fluorescent detection based on cleavage-induced ligation of dumbbell DNA probe and RCA. 15 M 20—-8000 fM this work

plateau after 40 min, demonstrating that 40 min of ligation is
sufficient to completely link the flap-cleaved FDPs. As is shown
in Figure 2b, before reaching a peak at 30 min, fluorescence
was nearly proportional to the duration of the RCA reaction.
Only a slight fluorescence increase occurred when the RCA
reaction was extended after 30 min, which indicated that 30
min was sufficient to complete the rapid amplification. These
experiments demonstrated that the optimal ligation duration
was 40 min and the optimal RCA reaction duration was 30
min; therefore, these conditions were adopted in further
analysis.

3.4. Detection of FEN1. Various concentrations of FEN1
were added to the reaction system, and the final fluorescence
intensity of the detection channel was recorded. As shown in
Figure 3a, the more the FEN1 was added, the higher the
fluorescence was recorded. With increasing FEN1 in the
system, more cleavage-induced ligation took place, resulting in
greater amounts of CDP functioning as templates for
amplification. In Figure 3b, the fluorescence change was
proportional to the concentrations of FENI, and a linear
relationship (y = 0.7885 x [FEN1] + 908.14, R* = 0.9989)
from 20 to 8000 fM was observed. According to the rule of 36/
slope, the limit of detection (LOD) was calculated as 15 fM. It
should be noted that the cleavage of the 5’ overhang depends
on the activity of FEN1; thus, the amount of FEN1 can also be
expressed in active units.'® However, the FEN1 used in our
research was supplied in mass units, so we used the
concentration unit in this report. Compared with the FENI-
responsive nanobiosensor composed of graphene oxide,'” ~20-
fold improvement in sensitivity was achieved. Comparisons
between this method and the existing FEN1 biosensors are
listed in Table 1, and it can be seen that this method first
achieved sensitivity at the femtomolar level without the use of
organic fluorescent labels. In particular, the procedures mainly
involve sample addition and isothermal incubation, which
possess the advantages of simplicity and convenience.
Moreover, all the enzymes, reagents, and oligonucleotides
can be commercially supplied, which avoid the instability
derived from the synthesis of home-made nanomaterials.

The selectivity of this method toward FEN1 was evaluated
using a wide range of interferents. Since FENI1 is an
endonuclease, selected endonucleases (HindIIIl, BamHI,
EcoRl, Acil, and Dral) and exonucleases (Exo I, Exo III,
Lambda Exo, and TS Exo) were added to the reaction system
to verify the selectivity of this method. These nucleases or
enzymes with similar functions commonly exist in testing
samples, and they are also widely used in the pretreatment of
certain cellular extracts. As shown in Figure 3¢, only FEN1
induced a high fluorescence response, which is consistent with
the design of the biosensor. The interferents were not able to
mediate the removal of the 5§’ flap of FDP, thus, no
downstream reactions could take place. These results indicated
the high selectivity of the method toward FENI1, which is
rooted in the rational design of FDPs based on the enzymatic
activity of FENI.
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To test the specificity of FEN1 in real samples, we
conducted recovery tests by spiking known quantities of
FENI into the nucleoproteins extracted from cultured HeLa
cells and glioma samples donated by volunteers from Nanjing
Hospital of Chinese Medicine. The linear relationship
described in Figure 3B was used to measure FENI
concentrations. Table 2 shows the results of this experiment,

Table 2. Results of the Recovery Test Involving Spiking
FEN1 into Real Samples Extracted from Cultured Cells and
Clinical Samples

content spiked detected recovery RSD

sample (fM) M) (fM) (%) (n=26,%)
HeLa 3342.1 1000 4398.7 10S8.7 1.9

cells

2000 5363.9 101.1 2.2
3000 6272.3 97.7 1.7
glioma 42714 1000 5325.1 108.3 2.0
2000 6317.3 102.3 1.6
3000 7476.5 106.84 1.9

including both the non-spiked and spiked samples. The
recovery ranges from 97.7 to 106.84%, meeting the require-
ment for chemical analysis. These results indicated that the
calibration curve obtained under buffer conditions can be used
in the real sample analysis with permutable errors, and further
imply that this method possesses high specificity under the
challenge of complicated biometrics in the cell extracts.
Moreover, 1.6—2.2% of RSD revealed the precision of this
method, which has a high potential to be robustly applied in
clinical analysis.

To test the accuracy of this biosensor in the detection of
FEN1, we analyzed FENI1 in gliomas from four patients using
our method and ELISA, respectively. As shown in Figure 3d,
the results obtained by the two assays were almost identical.
The correlations between the quantification results were
analyzed further, and it was found that the concentrations of
FEN1 determined by our method and ELISA were directly
proportional (Figure S3). ELISA is a general method for the
detection of antigens based on immunity, while our method
was developed based on the enzymatic activity of FENI. In
general, the consistency between the two assays indicates that
our method can facilitate the accurate and specific detection of
FEN1 in real clinical samples. Furthermore, FEN1 levels in
tissue lysates of both normal human brains and brains with
tumors were analyzed using this method. It was found that the
tumor tissue expressed more FEN1 than the normal tissue
(Figure S4), which is in line with the previous reports.””°
Notably, due to the low abundance of FEN1 in whole brain
tissue lysate samples, ELISA was not sensitive enough to
conduct the analysis. Therefore, our method has a high
potential for detecting low concentrations of FENI in real
samples, which is critical for clinical diagnosis.

3.5. Inhibition Assay. Because of the role of FENI in cell
proliferation and oncogenesis, it has been recognized as a
potential drug target.”>" The inhibitory effect of chemicals on
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Figure 4. FEN1 inhibition assays. (a) Evaluation of the inhibitory effect of different chemicals on FEN1. FEN1 (S pM) and the indicated chemicals
(5 pM) were mixed for 20 min before the addition of FDP. (b) Relationship between the concentration of FEN-IN-1 and the fluorescent readout.
FEN1 (S pM) and different concentrations of FEN-IN-1 were mixed for 20 min prior to downstream reactions. Analyses were conducted according
to the standard protocol described in the Methods section, and error bars represent the standard deviation of three replicate experiments.

FEN1 can be determined by in vivo and in vitro assays.
Although in vivo assays are the best choice to reflect the activity
of candidate chemicals in living cells or animals, the diversity of
biological systems, high cost, and specialized experimental
skills may pose technical barriers to drug screening.’>>> The
development of facile in vitro assays could significantly increase
the efficiency of drug discovery, enablinsg_ rapid preliminary
screening to narrow down candidates.””>> We explored the
possibility of applying it in the evaluation of FENI inhibitors.
Using ATA and FEN1-IN-1 as positive controls,'”'* curcumin
as a negative control, and buffer as a blank control, inhibition
assays were conducted. As shown in Figure 4a, the fluorescence
was weak in the presence of inhibitors, which indicated that
ATA and FENI1-IN-1 have strongly inhibited the activity of
FEN1, thus blocking the whole reaction chain by intercepting
the cleavage-induced ligation. In contrast, without an inhibitor,
strong fluorescence was observed in the blank and negative
control conditions. Besides, different concentrations of FEN1-
IN-1 were incubated with the same quantity of FEN1, followed
by the same analyses. As shown in Figure 4b, the fluorescence
decreased with increasing FEN1-IN-1 concentration, and the
half-maximal inhibitory concentration (IC50) was calculated as
2.12 pM by fitting the curve. These tests show that the
application of this biosensor can be extended to the in vitro
screening and evaluation of FENI inhibitors.

4. CONCLUSIONS

In this study, cleavage-induced ligation of a dumbbell DNA
probe and RCA were integrated for the signal-amplified
detection of the tumor biomarker FEN1. FEN1 cleavage leaves
S’ phosphate at the cleaving site, which forms a ligatable nick
site. T4 DNA ligase was used for the formation of CDP, which
can function as a template to trigger the RCA reaction. The
RCA reaction was subsequently used to achieve signal
amplification, improving the sensitivity for FEN1 sensing to
the femtomolar level. The specificity of this biosensor has been
evaluated using real samples, and similar results were observed
in clinical samples as compared with a commercial assay. Our
work proposed a new method for FEN1 sensing by rationally
designing a DNA reaction network rooted in the activity of
FEN1. Notably, a brunched DNA conformation similar to the
FEN1-recognizable structure could be generated during the
strand displacement of the RCA reaction; however, our tests
indicated that the long-chain DNA can still be produced
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without significant influence. Our assumption of this
interesting phenomenon is that the phi29 DNA polymerase
could inhibit the approach between the DNA and FEN1, and
FEN1 may not stably bind to its substrate during the rapid
RCA process. Further investigation will be conducted to reveal
the underlying mechanism of this new finding in our future
work. In summary, it not only provides an improved method to
achieve FEN1 recognition and signal amplification of FEN1
but also offers an improved approach for use in FEN1-related
oncological investigations.
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