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Herein, giant DNA networks were assembled from two kinds of functionalized tetrahedral DNA
nanostructures (f-TDNs) for sensitive detection and intracellular imaging of apurinic/apyrimidinic
endonuclease 1 (APE1) as well as gene therapy in tumor cells. Impressively, the reaction rate of the
catalytic hairpin assembly (CHA) reaction on f-TDNs was much faster than that of the conventional free
CHA reaction owing to the high local concentration of hairpins, spatial confinement effect and
production of giant DNA networks, which significantly enhanced the fluorescence signal to achieve
sensitive detection of APEL with a limit of 3.34 x 1078 U uL~% More importantly, the aptamer Sgc8
assembled on f-TDNs could enhance the targeting activity of the DNA structure to tumor cells, allowing
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Accepted 1st February 2023 intracellular APE1 in living cells. Meanwhile, the siRNA carried by f-TDN1 could be accurately released to
promote tumor cell apoptosis in the presence of endogenous target APEL, realizing effective and precise

DOI: 10.1039/d25c06968g tumor therapy. Benefiting from the high specificity and sensitivity, the developed DNA nanostructures
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Introduction

Human apurinic/apyrimidinic endonuclease 1 (APE1) is
a multifunctional enzyme in human cells, which plays a critical
role in the base excision repair (BER) pathway by recognizing
apurinic/apyrimidinic (AP) sites in double-stranded DNA
(dsDNA).** It has been confirmed that the occurrences of
various tumors are accompanied by changes in the expression
level or intracellular distribution of APE1;*® thus effective
monitoring of intracellular APE1 expression is beneficial for
tumor diagnosis and further treatment. Recently, several
methods have been developed to assess the activity of APE1,7"°
however, these methods only utilized the cleavage function of
APE1 to output signals without cyclic amplification of the target,
resulting in low detection sensitivity and unifunctional
application of APE1, which still hindered the accurate diagnosis
and treatment of diseases. Therefore, it is necessary to
introduce efficient amplification methods for sensitive
detection and multifunctional application of APE1. Recently,
RNA interference (RNAi) has been proposed as a novel
multifunctional gene-silencing tool for tumor treatment, in
which small interfering RNAs (siRNAs) are used as effector
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provide an excellent nanoplatform for precise cancer diagnosis and therapy.

molecules to guide efficient gene therapy.'*** However, the lack
of efficient and non-toxic siRNA delivery vectors and the precise
release mechanism seriously hinder the clinical application of
RNAi technology.**® Therefore, with the help of APE1,
designing efficient nanocarriers of siRNA with a precise release
mechanism may be an effective therapy approach, and how to
achieve sensitive detection of APE1 and accurately release
siRNA remains to be explored.

As a classical enzyme-free nucleic acid circuit amplification
method, catalytic hairpin assembly (CHA)*' achieves cyclic
amplification of the target through toehold-mediated strand
displacement*>* with simplicity and versatility,*>° which is
one of the best candidates to achieve sensitive detection and
versatility of APE1. Nevertheless, traditional CHA reactions
relied on random collisions of reactants in a homogeneous
solution with low collision efficiency and long reaction time,
resulting in a low reaction rate and nonspecific background
leakage, which limit further exploration and application of
CHA.*** Thus, how to improve the CHA reaction kinetics is the
direction of our continuous efforts. For the past few years,
tetrahedral DNA nanostructures (TDNs), as the classical
frame nucleic acid, have attracted great attention®-° owing to
their pre-engineered sizes, structural stability, excellent
biocompatibility and cell permeability.*’** Based on precise
programmability, TDNs can not only serve as efficient
nanocarriers for probes and siRNAs, but also provide a spatial-
confinement effect to aggregate reactants together in a compact
space, which could increase the local concentration of DNA
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reactants accelerating the reaction rate and improving the
dynamic efficiency. Therefore, it is worthwhile to explore the
use of TDNs as siRNA vectors and amplification scaffolds to
improve the kinetics and rate of CHA reactions.

Herein, giant DNA networks were assembled from two kinds
of functionalized tetrahedral DNA nanostructures f-TDNs
(f-TDN1 and f-TDN2) triggered by a target for sensitive
detection and intracellular imaging of apurinic/apyrimidinic
endonuclease 1 (APE1) as well as delivery of siRNA into cells
for tumor therapy. The mechanical principle is displayed in
Scheme 1. First, tetrahedral DNA nanostructures (TDNs) were
assembled in one step*' from four single DNA strands (T1, T2,
T3 and T4), which were designed with four anchors (three of
them containing the same DNA sequence). The hairpin H1 was
marked with two AP sites in the stem, and the loop was the
aptamer Sgc8 of protein tyrosine kinase 7 (PTK7), which is
expressed on cell membranes associated with tumors. H2 was
labeled with fluorophore (Cy5) and quencher (BHQ2), and the
fluorescent signal was in a quenched state because of Forster
resonance energy transfer. siRNA was assembled at the end of
H2 by complementary base pairing (H2-siRNA). Then, H1 and
H2-siRNA were assembled on the TDNs at a ratio of 1 : 3 via base
complementary pairing to form functionalized tetrahedral DNA
nanostructure 1 (f-TDN1). Among them, H1 hybridized with the
5" end of T1, and H2 hybridized with the 5 end of T2-T4.
Similarly, H1 and H3 were assembled on the TDNs at a ratio of
1:3 to form functionalized tetrahedral DNA nanostructure 2 (f-
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Scheme 1 The assembly of DNA structures, the principle of sensitive
detection and fluorescence imaging of APEL, and apoptosis of tumor
cells. (A) Construction of the functionalized tetrahedral DNA
nanostructures f-TDNs (f-TDN1 and f-TDN2) from TDNs and hairpins.
(B) APE1 induced cleavage process and self-assembly of DNA network
structures, and the mechanism of siRNA inducing mRNA cleavage and
promoting tumor cell apoptosis.
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TDN2). After that, the aptamer Sgc8 modified on f-TNDs
targeted and delivered probes into tumor cells directly. In the
presence of target APE1, the AP sites of H1 were cleaved to
release single-stranded S1 for triggering CHA reactions on
f-TND1 and f-TND2 to form giant network nanostructures with
significant generation of fluorescent signals, which achieved
sensitive detection and intracellular imaging of APE1.
Meanwhile, siRNA released during the f-TDNs CHA reaction
could promote cell apoptosis to achieve the purpose of precise
tumor treatment. Hence, the proposed target-mediated self-
assembly of DNA networks provides an excellent and effective
nanoplatform for sensitive detection of biomarkers, specific
diagnosis of diseases and precise gene therapy of tumors.

Results and discussion
PAGE analysis of the proposed strategy

In order to validate the successful assembly of the DNA
nanostructures and the feasibility of the proposed analysis
strategy, polyacrylamide gel electrophoresis analysis was
adopted. As displayed in Fig. 1A, samples in lanes 1-4 were four
single-stranded DNA T1, T2, T3 and T4 forming tetrahedral DNA
nanostructures (TDNs), which corresponded to a band with
a faster migration rate, respectively. The lanes 5-7 were
respectively loaded with T1 + T2, T1+ T2 + T3 and T1 + T2 + T3 +
T4, and the mobility of bands was observed to be lower and
lower with the addition of single-stranded DNA, indicating the
formation of TDNs. After incubating the mixture of TDNs, H1
and H2, a bright band was observed at the top of the lane 8,
demonstrating that TNDs, H1 and H2 successfully formed into
f-TDN1 via base complementary pairing. Similarly, the reaction
products of TDNs, H1 and H3 showed a bright band at the top of
the lane 9, which proved the formation of f-TDN2. The above
results showed that the proposed DNA structures could be
successfully assembled.

TIL+ - - - + + + + + APE1+ - - - - - - +
T- + - - + + + + + HI + + - - - + +
- - + - - + + + + H2 - - + - + - + +
T4- - - + - - + + + sSDNA— - - + + — + +
HI- - - - - - - + + H3 - - - - - + + +
H2- - - - - - - + -

H3- - - - - - — — +

Fig. 1 PAGE characterization of (A) the preparation of DNA

nanostructures. Lane 1: T1; Lane 2: T2, Lane 3: T3; Lane 4: T4; Lane 5:
T1+7T2;Llane 6: T1+ T2+ T3; Lane 7: T1+ T2+ T3+ T4; Lane 8: T1 +
T2+ T3+ T4+ H1+H2; Lane 9: T1+ T2 + T3 + T4 + H1 + H3. PAGE
analysis of (B) the target APE1-mediated CHA. Lane 1: H1; Lane 2: H1 +
APE1, Lane 3: H2; Lane 4: ssDNA; Lane 5: H2 + ssDNA; Lane 6: H3;
Lane 7: H2-ssDNA + H3; Lane 8: H1 + APE1 + H2-ssDNA + H3.
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In Fig. 1B, the cleavage ability of the target APE1 and the
catalytic hairpin assembly (CHA) reaction between the hairpins
were verified by PAGE analysis. Lane 1 was loaded with hairpin
H1 with two AP sites, and lane 2 was loaded with the products of
H1 cleavage by APEL. It can be seen in lane 2 that H1 almost
disappeared and several new bands appeared, indicating that
substrate H1 could be efficiently cleaved by APE1 to release S1.
The samples of lane 3 and lane 4 were H2 and ssDNA (ssDNA
was used instead of siRNA), respectively, showing a clear band.
Lane 5 was loaded with a mixture of H2 and ssDNA, which
displayed a slower migration band in comparison with H2,
indicating that the ssDNA could be efficiently tethered to the
end of H2 through base pairing. Lane 6 was loaded with H3 and
shows a clear band. Lane 7 was loaded with a mixture of H2 and
H3, and a shallow and almost negligible band appeared due to
the spontaneous reaction of H2 and H3, indicating that H2 and
H3 hardly reacted with each other in the absence of APE1. In
contrast, after incubating the sample of H1, H2, H3 and APE1,
an obvious band corresponding to dsDNA of H2 and H3 was
observed at the top of lane 8, and a band corresponding to
ssDNA was also observed. These observations demonstrated
that S1 produced by APE1 cleavage of H1 triggered the CHA
between H2 and H3. Furthermore, it was also demonstrated
that siRNA could be released in the case of the CHA reaction.

Feasibility and reaction rate analysis of different CHA systems

The feasibility of target-mediated self-assembly of DNA networks
for sensitive detection of APE1 was evaluated in vitro (Fig. 2B). In
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Fig. 2 The feasibility and reaction rate analysis of different reaction
systems. (A) The corresponding schematic illustration. Part a: f-TDN1
with f-TDNZ2; Part b: H1, H2-ssDNA, H3 and APE1; Part c: f-TDNI,
f-TDN2 and APEL. (B) Fluorescence analysis of the different reaction
systems. Curve a: f-TDN1 with f-TDN2; Curve b: H1, H2-ssDNA, H3
and APEL; Curve c: f-TDN1, f-TDN2 and APEL. (C) The normalized real-
time fluorescence signal of different reaction systems. Curve a:
f-TDN1 with f-TDN2; Curve b: H1, H2-ssDNA, H3 and APE1; Curve c:
f-TDN1, f-TDN2 and APEL. (D) The initial reaction rate monitoring of
different reaction systems. Curve a: f-TDN1 with f-TDN2; Curve b: H1,
H2-ssDNA, H3 and APE1; Curve c: f-TDN1, f-TDN2 and APEL.
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the reaction system of 125 nM f-TDNs CHA without the target APE1
(schematic illustration in Fig. 2A, part a), a low background signal
was observed (Fig. 2B, column a). However, with the addition of 0.1
U pL " APE1 (schematic illustration in Fig. 2A, part c), the fluo-
rescence signal was significantly enhanced (Fig. 2B, column c),
indicating that APE1 was the key to triggering the CHA reaction and
the recovery of the fluorescence signal. Besides, it was worth noting
that in the presence of 0.1 U uL ™" APE1, the fluorescence signal of
the conventional CHA reaction with the same concentrations of
hairpins as in the fTDNs system (schematic illustration in Fig. 24,
part b) was weaker (Fig. 2B, column b) than that of the f-TDNs CHA
reaction system under the same conditions. The results implied
that the assembly of fTDNs could promote the CHA reaction and
produce a stronger fluorescence signal.

The real-time fluorescence monitoring further confirmed the
necessity for the presence of APE1 to achieve recovery of the
fluorescence signal and compared the reaction rate of different
reaction systems. As shown in Fig. 2C, in the absence of APE1, the
fluorescence signal barely increased with time in the 125 nM f-
TDN s system (Fig. 2C, curve a). In contrast, the fluorescence signal
recovered rapidly over time in the presence of 0.1 U uL~* APE1
(Fig. 2C, curve c). In addition, the real-time fluorescence of the
conventional CHA reaction with free hairpins was also monitored
(Fig. 2C, curve b), showing that the fluorescence signal generated
by f-TDNs CHA was significantly higher than that of traditional
CHA with the same concentration at the same time. The initial
rates of different CHA systems were calculated using the slope of
the time-dependent FL intensity in the first 5 minutes of the
reactions,*** and the linear regression equations of the proposed
f-TDNs CHA and the traditional CHA were I. = 6.57 x 10 ¢+ 1.16
x 102 (Fig. 2D, curve ¢) and I, = 2.82 x 107 % + 1.11 x 10>
(Fig. 2D, curve b), respectively. Therefore, the normalized initial
reaction rate of f-TDN CHA was 6.57 x 10~ * s™*, which was 2.33-
fold faster than that of conventional CHA (2.82 x 10™* s™"). The
results demonstrated that the assembly of hairpins on TDNs
could accelerate the reaction between the hairpins due to the
enrichment effect of TDNs.

AFM characterization of the DNA nanostructures

Atomic force microscopy (AFM) was used to characterize the
assembled DNA nanostructures. All the samples were prepared
by the typical dehydration of solvents on mica method. Fig. 3A
shows the AFM image of TDNs, and there were some uniformly
dispersed particles with a height of about 3-4 nm (Fig. 3B),
which was close to the theoretical height of 4.62 nm, further
indicating the successful assembly of the TDNs. The
characterization of products yielded by f-TDNs CHA is displayed
in Fig. 3C, which showed huge and uniformly distributed DNA
network nanostructures. The height of the DNA network
nanostructures (Fig. 3D) almost corresponded to that of TDNs.
These results further revealed that f-TDN1 and f-TDN2 could
assemble into huge DNA networks triggered by APE1.

Analysis capability of the proposed biosensor

To study the analysis ability of the proposed strategy for APE1,
the fluorescence intensity was recorded at different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AFM characterization of (A) the tetrahedral DNA nanostructures
(TDNs), and (C) the DNA network nanostructures formed by f-TDNs
CHA in the presence of APEL. AFM height profile of (B) TDNs and (D)
DNA network nanostructures along the white line in panels (A) and (C),
respectively.

concentrations of APE1 in vitro. As shown in Fig. 4 A, with the
increase in concentration of APE1 from 0 to 1 x 10~ U uL™?,
the fluorescence signal of the 125 nM f-TDN system was
obviously enhanced. The fluorescence intensity showed a good
linear relationship with different concentrations of APE1 with
the correlation equation of I = 277.4410g capg1 + 3238.51, and
the detection limit of the proposed biosensor was 3.34 x 10~ % U
uL~" (Fig. 4B). More importantly, the proposed strategy has
a significantly wider linear range and an extremely low
detection limit compared to other APE1 assays (Table S27),
suggesting the potential application of the proposed CHA on
f-TDNs for ultrasensitive biomarker detection.

APE1 is an endonuclease, therefore, several different
nucleases of hOGG1, Nt.Bbvcl, EcoRI and Exonuclease 1 were
selected as interferences to evaluate the specificity of the proposed
strategy. As displayed in Fig. S1,} with the addition of 0.1 U uL™"
hOGG1, Nt.Bbvcl, EcoRI and Exonuclease I, respectively, the
fluorescence signal barely recovered. However, the fluorescence
signal of the mixture of 0.01 U uL ™' APE1 and 0.1 U pL™'
interference nucleases was consistent with that of only adding
target APE1, clearly indicating that the proposed method could
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Fig. 4 The analysis performance of the f-TDNs CHA system. (A)
Corresponding fluorescence spectra of APEl at different
concentrations in the f~-TDNs CHA reaction system (a—h: 0,1 x 1077, 1
x1076,1x107%,1x107%1x 1073 1x 1072 and1 x 102U pL™?). (B)
The linear relationship between fluorescence intensity and the
logarithm of APE1 concentrations.
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distinguish APE1 from other interference nucleases with high
selectivity.

The cellular uptake of f-TDNs

After validating the excellent detection ability of fTDNs in vitro, the
imaging capability of intracellular APE1 and gene therapy were
investigated. First, the uptake mechanism of f-TDNs was verified in
HelLa cells, which have high expression of the PTK7 receptor on the
cell membrane. Brightfield (Panel IT) and Hoechst staining images
(Panel IV) showed the healthy state of the HeLa cells in the
experiments. As shown in Fig. 54, after incubating with the free
hairpins, almost no fluorescent signal was observed in HeLa cells,
indicating that the free hairpins were hardly taken up into cells
without the help of any transfection reagents. This is mainly due to
the permeability resistance of the cell membranes to prevent
hairpins from entering the cells. Only with the help of the
transfection agent lipofectamine, the fluorescent signal was
observed obviously (Fig. 5B). In addition, after incubation of f-TDNs
and HeLa cells, a more obvious fluorescent signal was observed
(Fig. 5C), indicating that f-TDNs could be directly taken up by cells
through the recognition of aptamer Sgc8 with the protein PTK7 on
the cell membrane of HeLa cells. Moreover, the fluorescence signal
of the f-TDNs CHA reaction triggered by APE1 was brighter than
that of the free hairpin CHA reaction in HeLa cells, further
emphasizing that f-TDNs could promote CHA reaction occurrence.
These results indicated that the proposed fTDNs CHA system
could be used to evaluate the activity of APE1 in tumor cells.

Activity assessment of intracellular APE1

After verifying how f-TDNs were taken up by cells, we
investigated the imaging capability of f-TDNs for APE1 in
different cells with different expressions.»**** Both brightfield
(Panel I) and Hoechst staining images (Panel IIT) showed that all
cells maintained high activity in the experiments. The f-TDNs
were incubated with different cells for 4 hours under the
same conditions. When normal cells MCF-10A were incubated
with f-TDNs (Fig. 6A), almost no fluorescent signal was observed
because of low expression of PTK7 and APE1. Although APE1 is
highly expressed in MCF-7 cells, a small amount of f-TDNs were
endocytosed into MCF-7 cells via sgc8 targeting PTK7 due to the
low expression of PTK7, thus only a relatively obvious
fluorescence signal was observed in MCF-7 cells (Fig. 6B).
Similarly, HeLa cells with high expression of PTK7 and low
expression of APE1 showed only a relatively obvious
fluorescence signal compared with MCF-10A cells. Notably, only
the double positive MDA-MB-231 cells displayed a significant
fluorescent signal, which was attributed to the synergistic effect
of highly expressed PTK7 and APE1. The above results indicated
that the constructed f-TDNs CHA system could not only achieve
sensitive intracellular APE1 imaging, but also distinguish tumor
cells with different PTK7 and APE1 expression levels.

Cell proliferation assays

According to the results of fluorescence experiments in vitro and
intracellular imaging experiments, we concluded that APE1
could trigger the CHA reaction between f-TDN1 and f-TDN2 with
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Fig. 5 Cellular uptake of the DNA nanostructures. (A) Free hairpins H1, H2-ssDNA and H3 incubated with Hela cells. (B) Hairpins H1, H2-ssDNA
and H3 were transfected into Hela cells via lipofectamine. (C) f-TDN1 and f-TDN2 incubated with HelLa cells. Panel I: schematic imaging of Hela
cells incubated with different reaction systems; Panel II: brightfield confocal microscopy images; Panel Ill: fluorescence confocal microscopy
images of the f-TDNs CHA system in the cells; Panel IV: Hoechst nuclear staining; Panel V: merged images; Panel VI: normalized fluorescence
intensities of Cy5 signals. All the Hela cells were incubated at 37 °C for 4 h before CLSM imaging. The Cy5 signal corresponding to the APEL is in
red, and the cell nucleus was stained with Hoechst and shown in blue. Scale bar: 20 pm.
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Fig. 6 Confocal imaging of different cells incubated with f-TDNs. (A) MCF-10A, (B) MCF-7, (C) HelLa and (D) MDA-MB-231 cells incubated with
f-TDN1 and f-TDN2 at 37 °C for 4 h, respectively. Panel |: brightfield confocal microscopy images; Panel II: fluorescence confocal microscopy
images of the f-TDNs CHA system in the cells; Panel Ill: Hoechst nuclear staining; Panel IV: merged images; Panel V: normalized fluorescence
intensities of these cells treated with f-TDNs. The Cy5 signal corresponding to the APE1 is in red, and the cell nucleus was stained with Hoechst
and shown in blue. Scale bar: 20 um.

simultaneous release of siRNA. As a proof of concept, small
interfering RNA of polo-like kinase 1 (siPLK1) was chosen to
demonstrate the feasibility of gene therapy (Fig. 7A), which was
a key regulator of cellular proliferation that over-expressed in
many malignant tumor cells. We studied the cell viability
activities by MTT assays, and the experimental results are
shown in Fig. 7B. The proliferation activity of HeLa cells

2322 | Chem. Sci, 2023, 14, 2318-2324

cultured with different concentrations of f-TDN1 without
siPLK1 and f-TDN2 (Fig. 7B, column a) was not significantly
inhibited, indicating that the constructed DNA nanostructures
did not affect the viability of cells. Similarly, after culturing with
different concentrations of free siPLK1 (Fig. 7B, column b), the
proliferation activity of HeLa cells was also not inhibited
because free siPLK1 would not be taken up into cells without

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Cell apoptosis verified by MTT cytotoxicity assay. (A) Schematic
of the process of cell apoptosis. (B) Cell apoptosis under different
conditions: (a) f-TDN1 without siPLK1 and f-TDN2 incubated with
Hela cells; (b) free siPLK1 incubated with Hela cells; (c) f-TDN1 with
siPLK1 and f-TDNZ2 incubated with Hela cells; (d) f-TDN1 with siPLK1
and f-TDNZ2 incubated with MAD-MB-231 cells.

the help of transfection reagents. However, after incubation
with different concentrations of the mixture of f~TDN1 with
siPLK1 and f-TDN2 (Fig. 7B, column c), the viability of HeLa
cells decreased with increasing concentrations, indicating that
f-TDNs with siPLK1 could indeed achieve gene silencing to
inhibit tumor growth. Notably, the proliferation of MAD-MB-
231 cells was more effectively inhibited by the same
concentration of f-TDNs with siPLK1 (Fig. 7B, column d) than
that of HeLa cells, possibly due to the release of more siPLK1
triggered by the high expression of APE1. Overall, these results
demonstrated that the prepared f-TDNs with siPLK1 could
effectively silence the PLK1 gene to realize tumor treatment with
the aid of the endogenous marker APE1.

Conclusions

In conclusion, giant DNA networks were assembled from two
kinds of functionalized tetrahedral DNA nanostructures (f-TDN1
and f-TDN2) in the presence of APE1, which achieved sensitive
detection and intracellular imaging of APE1 as well as gene
therapy by siRNA delivery of f-TDN1. Specifically, the constructed f-
TDNs efficiently targeted and entered tumor cells by the accurate
recognition of aptamer Sgc8 and PTK?7. After entering into tumor
cells, the AP sites in the stem of H1 could be efficiently cleaved in
the presence of APE1 and release S1, which triggered the CHA
reaction between f-TDN1 and {-TDN2. Notably, compared with the
traditional free CHA reaction, ffTDNs CHA had a faster reaction
rate and stronger fluorescence signal due to the spatial confine-
ment effect, which realized the sensitive detection and intracel-
lular imaging of APE1. In addition, the endogenous tumor
biomarker APE1 triggered the release of siRNA loaded on f-TDN1
precisely, which promoted tumor cell apoptosis to achieve gene
therapy. The proposed {-TDNs achieved functions of diagnosis and
treatment integration, and provided a potential method for accu-
rate tumor diagnosis and treatment in clinical practice.
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