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Abstract: Apurinic/apyrimidinic endonuclease 1 (APE1), also known as redox factor-1 (Ref-1), is a
multifunctional protein which is widely existing in living organisms. It can specifically recognize
and cleave the DNA in apurinic/apyrimidinic (AP) site in the base excision repair (BER) pathway,
as well as regulate the expression of genes to activate some transcription factors. The abnormal ex-
pression and disruptions in the biological functions of APE1 are linked to a number of diseases,
including inflammation, immunodeficiency, and cancer. Hence, it is extremely desired to monitor
the activity of APE1, acquiring a thorough understanding of the healing process of damaged DNA
and making clinical diagnoses. Thanks to the advent of DNA nanotechnology, some nanodevices
are used to image the activity of APE1 with great sensitivity and simplicity. In this review, we will
summarize DNA nanotechnology-empowered fluorescence imaging in the past years for APE1
activity according to the types of DNA probe, which are classified into linear DNA probes,
composite DNA nanomaterials and three-dimensional (3D) DNA nanostructures. We also highlight
the future research directions in the field of APE1 activity imaging.
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1. Introduction

Human APE1, which displays homology to Escherichia coli exonuclease III, consists of a
globular domain with 318 amino acid residues [1-3]. It is discovered to be a 35.6 kDa cellular
multifunctional protein which contains a redox function and an AP endonuclease activity, and both
functions are independent in their actions (Figure 1) [4-7]. The redox function of APE1, which is in
its N-terminal domain, plays an important role in regulating the expression of genes to activate some
transcription factors, such as p53, Egr-1, NF-kB [8,9]. According to researches, APE1 redox function
is linked to the occurrence of various cancers, such as cutaneous squamous cell, pancreatic cancer,
and esophageal adenocarcinoma [10-13]. Inhibiting APE1l redox function can decrease cell
proliferation, prevent angiogenesis, and inhibit endothelial precursor cell differentiation [14-16]. On
the other hand, as a central enzyme in BER pathway, APE1 contains AP endonuclease activity in its
C-terminal domain [17-20]. After APE1 recognizes and cleaves the AP site, it results in a single strand
break that may be processed further by the coordinated actions of DNA polymerase, deoxyribose
phosphatase, and DNA ligase [21-24]. APE1 is mainly present in the nucleus and mitochondria. In
addition, it can also be found in the cytoplasm or secreted from cells. The state of disease dynamically
regulates APE1 localization [7,25,26].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Schematic illustration of the functional domains of APE1/Ref-1. (Reprinted with permission
from Ref. [4]. Copyright 2022 Frontiers).

So far, APE1 has been found to be vital in modern life science, and it is engaged in a variety of
biological functions such as apoptosis and cell cycle regulation [20,27]. Misfunctioning or disturbed
expression of APE1 can lead to a series of diseases [28], such as immunodeficiency [29], cancer [30,31],
cellular senescence [32]. Therefore, monitoring APE1 activity is extremely desired in order to acquire
a complete understanding of the repair process of damaged DNA and make clinical diagnosis.

DNA nanotechnology has become a potent tool for combining therapeutic and imaging in DNA
nanostructures [33]. Our group designed a series of DNA nanostructures for biomarkers detection
and cancer therapy, such as: (1) DNA tetrahedron-based nanocarrier with ATP aptamer for ATP
detection [34]; (2) DNA nanotriangle linked with split aptamer probes and loaded doxorubicin (dox)
as a platform for diagnosis and treatment [35]; (3) Y-shaped DNA nanostructure with split i-motif
fragments and loaded dox for enhancing cancer imaging and therapy [36]; (4) three-arm aptamer
nanoclaw for enhancing imaging and tumor growth inhibition [37]; and (5) a hand-in-hand DNA tile
assembly loaded with TK1 mRNA and dox for imaging of TK1 mRNA and chemotherapy. In
addition, Willner’s group proposed that the formation of self-assembled nanostructures provides a
basis for the formation of signal amplifying sensor systems as well as for the bottom-up construction
of functional scaffolds [38]. In fact, DNA nanotechnology also has a good application in the imaging
and regulation of APE1.

In this review, we will specifically summarize DNA nanotechnology-based fluorescence
imaging of APE1 activity (Figure 2). First, we briefly describe the origin of AP sites and mechanism
of APE1 cleavage of the AP site. Then, the most recent achievements of DNA nanotechnology as an
excellent tool for APE1 activity fluorescence imaging are described by typical examples. Finally, we
summarize the driving effect of DNA nanotechnology-empowered fluorescence imaging of APE1
activity and the future development directions and opportunities. We hope this review will provide
new insights into the design and development of new strategies for APE1 activity imaging, acquiring
a complete understanding of the repair process of damaged DNA and making clinical diagnosis.
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Figure 2. Diagram of the content of this review. The DNA probes for APE1 activity fluorescence
imaging can be mainly classified into three main parts according to probe types: linear DNA probes,
composite DNA nanomaterials and 3D DNA nanostructures.

2. Origin of AP Sites and Mechanism of APE1 Cleavage of the AP Site

As one of common lesions in genomic DNA, AP sites can block DNA replication and
transcription [39]. The term "AP sites" refers to DNA damage products that are created when a
nucleobase is lost but the deoxyribose is retained, along with the conserved 3'- and 5'-phosphodiester
linkages [40]. As shown in Figure 3a, there are two main sources of AP sites: (1) spontaneous loss of
base; and (2) removal by DNA N-glycosylase [41,42]. As the major repair enzyme of the BER pathway,
APE1 recognizes the AP site and cleaves it on the 5' side, producing a single strand break with a 3'-
hydroxyl end and a 5'-deoxyribose phosphate end (shown in Figure 3b) [43,44]. Studies have shown
that increased APEL1 levels lead to migration, drug resistance of tumor cells and reduced patient
survival. Differences in APE1 expression patterns between normal and cancer cells or inflammatory
cells could serve as endogenous triggers. In DNA nanotechnology, the majority of APEl-responsive
DNA systems rely on the design of AP site that can be specifically recognized and bound by APEL.
With this concept, a variety of DNA nanostructures containing AP sites have been rationally designed
to be substrates for imaging of APE1 activity.
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Figure 3. (a) Origin of AP sites; (b) Mechanism of APE1 cleavage of the AP site.
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3. DNA Nanotechnology-Empowered Fluorescence Imaging of APE1 Activity

3.1. Linear DNA-Empowered Fluorescence Imaging of APE1 Activity

The basic DNA-based probes for intracellular biomarkers detection are linear DNA structures
[45]. As it is simple to design and produce, linear DNA is frequently used as the fundamental unit
for arranging different nanomaterials. According to their structural characteristics, linear DNA-based
probes used for APE1 imaging can be classified as hairpin type and double-stranded linear type [46].

3.1.1. Hairpin DNA-Based Nucleic Acid Probes

Hairpin DNA is formed by single-stranded DNA (ssDNA) molecules which bend back to bring
complementary base pairs close to each other [47,48]. It is widely used in biosensing assays, such as
the detection of proteins [49,50], metal ions [51], small molecules [52-54] and RNA [55,56]. Hairpin
DNA probes used for APE1 imaging are typically designed with an AP site at the stem and tagged
with fluorophores and quenched groups on both sides of the AP site. APE1 has the ability to cut the
5" end of the AP site, causing the short strand to separate from the rest of the probe and making
fluorescence recovery. Furthermore, APE1 can cleave the AP site to form a trigger sequence and
combine with DNA signal amplification technology, such as Hybridization Chain Reaction (HCR),
Catalytic Hairpin Assembly (CHA), Rolling Circle Amplification (RCA) to achieve signal
amplification detection of APE1 activity.

Signal reporters using hairpin DNA, based on Foster resonance energy transfer (FRET), have
shown robustness for imaging of APE1 activity [57-59]. Lu et al. designed a hairpin DNA with an AP
site on the toehold section and a blunt end [60]. The presence of APE1 could expose the toehold part
of the hairpin by cleaving the AP site, then miRNA-21 triggered the CHA, causing fluorescence
recovery. With ease of use and low cost, this fluorescent biosensor would support for rapid diagnosis
of APE1. To avoid severe interference by other nonspecific endonucleases and distinguish APE1 from
similar nucleases, Fang et al. designed a fluorescent probe with a double-loop (shown in Figure 4a)
[61]. As this structure contained an AP site with a 3’ internal-loop, which enabled effective
differentiation between APE1 and nonspecific endonuclease, it was a practical tool for measuring
APEL activity in several biological samples with high throughput. Besides, DNA signal amplification
techniques are one of the most effective approaches to improve detection effect, and they were in
combination with hairpin DNA for APE1 imaging. The cascade integration of different amplification
modes can improve amplification depth and strengthen anti-interference capacity. As shown in
Figure 4b, Chai et al. employed a probe contained AP site and trigger T1, which was complementary
to the 5'-toehold of H1 [62]. APE1 could cleave the AP site and release T1. Then, the T1 activated the
cascade cycle of HCR and CHA to provide the amplified signal for quantitative analysis.

However, problems such as degradation of nucleases in cells and non-specific separation of
fluorescent groups from quenched groups often result in false positive signals. In comparison to the
FRET strategy, the label-free strategy preserves many benefits: (1) great specificity; (2) low time
consumption, and (3) stability of the sample activity for a significantly longer period of time. Huang
and co-workers used a hairpin-structured probe to detect the activity of APE1 sensitively [63]. After
incised by APE1, with the help of Klenow fragment (KF) polymerase, the products could initiate
polymerization. Then, it might make the hairpin structure open, resulting in double-stranded DNA
(dsDNA) with a Nt.BbvCI endonuclease recognition site. By means of polymerase-catalyzed strand
displacement and binding with N-methylmesoporphyrin IX (NMM), a G-rich segment was released
to produce a powerful fluorescence emission. In a subsequent work, Liu et al. reported a hairpin-
structured probe (HP) that contained an AP site and a circular DNA probe (CDT) as the template of
RCA [64]. The primer sequence was released by APE1. Then, with the assistance of DNA polymerase
and dNTPs, it quickly initiated RCA to produce a long chain DNA. As the production contained a
number of repetitive G-quadruplex sequence that could combine with Thioflavin T (ThT), it
generated strong fluorescent signals. This experiment successfully developed a simple, label-free and
highly sensitive fluorescence method for APE1 detection.

doi:10.20944/preprints202306.2208.v1
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Figure 4. Hairpin DNA-based probe design strategies for APE1 activity imaging. (a) Schematic

illustration of the fluorescent probe with double-loop for imaging of APE1 activity. (Reprinted with
permission from Ref. [61]. Copyright 2015 American Chemical Society); (b) Schematic illustration of
the closed cyclic-based DNA machine for APE1 detection. (Reprinted with permission from Ref. [62].
Copyright 2023 Wiley-VCH GmbH).

3.1.2. Double-Stranded Linear DN A-Based Nucleic Acid Probes

In addition to hairpin DNA probes, double-stranded linear DNA probes are one of the most
widely used tools in the linear DNA probes for APE1 analysis. Simeonov et al. used duplex probe to
identify APE1 inhibitions [65,66]. Subsequently, Liu and co-workers designed a natural substrate of
dsDNA probes for APE1 assay [67]. As this probe contained one uracil residue, the probes were
pretreated with Uracil DNA glycosylase (UDG) and then reduced with NaBHx4 to create an AP site.
When APEI1 cleaved DNA that labeled with fluorophore (TAMRA), it quickly dissociated, restoring
fluorescence. This strategy featured rapidity and high simplicity, which could be easily adaptable to
alternative DNA repair enzymes. Conventional dsDNA-based probes are susceptible to nonspecific
cleavage by other nucleases. Lu et al. developed a DNA/RNA hybrid-based fluorescent probe. This
hybrid-probes contained a 3'-base mismatch that could effectively enhance the activity of APE1
endonuclease. It showed good stability against other nucleases, and it made the APE1 detection in
complex matrices possible [68]. The hybrid probe, which allowed for one-step detection of APE1
subcellular activity, provided a practical and potential tool for APE1 high-throughput measurement
subcellular activity. Label-free method can also be used in the dsDNA for the assay of the APE1
activity. Li et al. used the AP site-binding fluorophore 2-Amino-5,6,7-trimethyl-1,8-naphthyridine
(ATMND) for APE1 activity imaging [69]. As a C base was in the opposite location, the fluorescence
of ATMND was quenched. After the APE site cleaved by APE1, the ATMND was released and the
fluorescence recovered. This label-free technique provided a good sensitivity and selectivity for APE1
activity detection.

Since APE1 can specifically recognize and cleave the AP site at the duplex DNA, Li and co-
workers developed a DNA system that contained a motor chain, a track strand and four stator strands
to achieve autonomous movement with high controllability and processivity [46]. As the motor-stator
hybrid-probe contained AP site, it could be incised by APE1, while the ssDNA could not cleave. The
cleaved short fragment products can activate the toehold domain for motor strand movement. As a
proof of concept for developing gene regulators for creating cellular diagnostic tools, this DNA
machine showed great potential. Although APE1 is applicable to a variety of DNA substrates
containing AP sites, the relative activity of APE1 varied with the sequence. Wu’s group constructed
a probe with 2-Aminopurine for APE1 activity imaging [70]. 2-Aminopurine can produce different
fluorescence in different DNA microenvironments (mononucleotide > ssDNA > dsDNA). The 2-
Aminopurine fluorescence at the dsDNA is completely extinguished. However, it could be cut by
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APEL1 and released DNA fragment that contained 2-Aminopurine. Then, the fragment was digested
by Exo I and released the 2-Aminopurine mononucleotide to make fluorescence recovery. This
strategy eliminated the influence from the little exonuclease activity of APE1 in comparison to the
standard dual-terminal labeling. It was shown that the relative endonuclease activity of APE1 varied
with the close or opposition base sequence. This study provided a reference for sequence design for
imaging APE1 activity or APE1-mediated biosensors.

Linear DNA probes are widely used in APE1 imaging. Besides, they are common in many DNA
substrates for signal amplification. However, as a hydrophilic molecule with a negative charge, linear
DNA is difficult to enter living cells in the absence of transfection agent and vector, because the cell
membrane is negatively charged. In the complex cellular environment, linear DNA probes are easily
cleaved by other intracellular enzymes, causing false positives [71,72]. With the development of
nanotechnology, some intelligent and multifunctional nanomaterials have become good gene
carriers. Selected functional groups can be modified to efficiently bring large numbers of nucleic acid
probes into living cells.

3.2. Composite DNA Nanomaterials-Empowered Fluorescence Imaging of APE1 Activity

Nanoparticles have attracted much attention as a carrier for APE1-probe delivery. According to
Willner's group, combining biomolecules with nanoparticles can produce new hybrid nanostructures
with distinctive traits that mix the characteristics of the biomolecules and the nanoparticles [73]. DNA
containing AP site is usually linked to nanomaterials by adsorption, covalent coupling and
encapsulation to improve the stability of the probe in the plasma and further facilitate their cellular
uptake [71,72,74]. According to the properties, nanomaterials are categorized including inorganic
nanomaterials and organic nanomaterials (Figure 5). Inorganic nanomaterials like graphene quantum
dots (GQDs), gold nanoparticles (AuNDPs), lanthanide-doped upconversion nanoparticles (UCNPs)
or other metals are desired as participants in these hybrid materials for APE1 activity imaging [75,76].
In addition, organic nanomaterials such as cationic polymer coated nanoparticles (PLL-NPs) and
proteins can also be used for the same role, as they can provide predefined and biocompatible cargo
carrying and targeting capabilities [77,78].

Inorganic nanomaterials Organic nanomaterials
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Figure 5. Schematic illustration of inorganic nanomaterials and organic nanomaterials for APE1
activity assays.

3.2.1. DNA/Inorganic Nanomaterial Composites

GQDs are zero-dimensional graphene nanomaterials with excellent properties and used in
various applications [67,79]. Nanocomposites constructed of DNA and fine-sized GQDs can be
effectively used to detect intracellular APE1 activity. Zhang et al. constructed a biocompatible
functional nanocomposite, which was designed combination of single-molecule DNA and fine-sized
GQDs for cellular APE1 imaging [80]. The GQDs moiety of this nanocomposite were designed to be
a quench agent that turned off the fluoresce of Cy3 in the DNA before the cleavage by APEL. In
addition, they also facilitated the entry of functional nanocomposites into the cytoplasm by
endocytosis. This study showed that sensitive, selective, and rapid detection of APE1 activity in living
cells was possible by utilizing GQD-based nanocomposites.
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AuNPs are also widely used in intracellular imaging of APE1 activity due to their unique
properties and ease of molecular functionalization [81,82]. Cai and co-workers re-ported a DNA
nanomachine to detect miRNA-21 and APE1 concurrently [83]. The detecting device had two
operating modes: OR and AND. The existence of any target could result in fluorescence in the OR
mode, which was suited for sensitive detection. In the AND mode, fluorescence could be produced
by the presence of all targets which was more suited for precise detection. It had potential in medical
application and provided reference for other biomarker detection. In another study, as shown in
Figure 6a, Zhang et al. presented a DNA nanomachine for signal amplification imaging of APE1 in
live cells [84]. APE1 served as a switch in this DNA nanomachine to get it moving, and telomerase
served as an engineer to continually expand new tracks. The DNA nanomachine was powered by the
toehold-mediated strand displacement reaction, which provided enough fuel for the walker to travel
continuously along each track. The fluorophore-labeled DNA strand was continuously released
while the walker walked, enhancing fluorescence signals for APE1 imaging in different cell types
(shown in Figure 6b). Compared to traditional nanomachines, this nanomachine performs
regenerative motion and shows higher specificity and sensitivity.
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Figure 6. (a) Schematic illustration of the TE-based DNA nanomachine (NE-AP/NF) for imaging of
intracellular APE1 activity; (b) Effect of NE-AP/NF probes on imaging of APEI in different cells.
(Reprinted with permission from Ref. [84]. Copyright 2022 Wiley-VCH GmbH).

In recent years, UCNPs have been received a lot of attention to offer spatial and temporal control
of APE1 activity detection. They can be activated in the biological window of the near-infrared (650-
1700 nm) for upconversion luminescence (UCL), which results to reduced bioabsorption and deeper
penetration [85,86]. Li's group introduced a sensor technology that allowed in situ localization and
photoactivation imaging of APE1 in the nucleus as well as mitochondria (shown in Figure 7a) [87].
The P-strand contained photocleavable (PC) linker, and it was used to hybridize the AP-strand to
block the fluorescent sequence of the target APE1. The UCNPs were used as carriers of DNA probe
(AP-P) to improve the capability to penetrate deep tissue. This detection probe AP-P could effectively
eliminate potential false-positive signals. Then, Li’s group presented a nanoplatform (UR-HAPT) for
dynamic imaging of mitochondrial APE1 (shown in Figure 7b) [88]. It was constructed by the
combination of an UCNP, rose bengal (RB)-modified UCNP, tri-phenyllphosphonium (TPP) ligands
and DNA probe (HAP). Upon the TPP targeting, the nanostructure entered the mitochondria. During
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photodynamic therapy (PDT), the NIR light irradiation induced subcellular ROS production by the
energy transfer from UCNPs to the photosensitizers RB, which increased the mitochondrial APE1
expression. Then, APE1 cleaved the AP site in HAP, and led to a recovery of fluorescence signal.
Since PDT could increase the content of APE1 in mitochondria, this system could be used as an index
to evaluate the efficacy of PDT in real-time.
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Figure 7. DNA/UCNPs design strategies for APE1 activity imaging. (a) Schematic illustration of the
design of the DNA nanosensor for photoactivation imaging of APE1l in the nucleus as well as
mitochondria. (Reprinted with permission from Ref. [87]. Copyright 2021 Wiley-VCH GmbH); (b)
Schematic illustration of the design of DNA nanosensor for mitochondrial APE1 imaging in PDT.
(Reprinted with permission from Ref. [88]. Copyright 2022 Wiley-VCH GmbH).

For intracellular diagnosis or genetic treatment, silica coated magnetic core-shell NPs (SiMNPs)
also employed to carry APE1-DNA probes into different types of cells [89,90]. As SiMNPs completely
inhibits the interaction between DNA and nucleases, including APE1 [91], it is not feasible to use
SiMNPs only for APE1 activity imaging. Excitingly, interactions with avidin allow it to attract APE1
to DNA on nanoparticles. This allowed avidin-modified SiMNPs to be used for APE1 imaging. Zhai
etal. demonstrated that APE1 might precisely and effectively cleave the AP site in DNA, which linked
to the avidin-modified surface of SiMNPs. It could resist the nonspecific cleavage by other enzymes
[92]. This study demonstrated the potential application of avidin in the detection of nuclease activity.

3.2.2. DNA/Organic Nanomaterial Composites

It is difficult for naked DNA probes to penetrate the cell membrane, because both DNA and
biological cell membranes are negatively charged. However, cationic polymer coated NPs can be
employed for delivery of DNA probes as well as their stability improvement. Li and co-workers
designed an activatable DNA nanoparticles for imaging of cytochrome ¢ and APE1 [93]. The
nanoparticles coated with cationic polymer was used for DNA probe (E-Apt) delivery. After the AP
site was cleaved by APE], it led to restoration of the aptamer recognition ability of cytochrome c. This
method allowed for imaging of cytochrome c and APE1 with a DNA probe, which provided a basis
for the detection of biological functions of related proteins. Inspired by the strong interaction between
avidin and APE], Li et al. proposed a DNA nanostructure, which consisted of a protein(avidin) as a
connecting structure for imaging the activity of APE1 in different live cells (shown in Figure 8) [94].
The avidin-scaffolded DNA nanostructure, which was prepared based on the interaction between
avidin and biotin, had a relatively loose structure with little steric hindrance. It favored APE1 entry
into the AP sites. APE1 cleaved the nanostructure effectively and precisely, resulting in activated
fluorescence for APE1 detection. By assembling an avidin-scaffold nanostructure, it could effectively
improve the specificity of APE1 detection and reduce nonspecific cleavage by other nucleases.
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Figure 8. DNA/Organic nanomaterial composites design strategies for imaging of APE1 activity. (a)
Schematic illustration of the avidin-scaffolded DNA nanostructure for live cell APE1 imaging; (b)
Confocal fluorescence images for different cells treat with avidin-scaffolded DNA nanostructure.
(Reprinted with permission from Ref. [94]. Copyright 2023 American Chemical Society).

Organic and inorganic nanomaterials can be used to effectively improve the stability of APE1-
probes in the plasma and further facilitate their cellular uptake. On the other hand, composite DNA
nanomaterials combine the APEl-responsive DNA systems with extra functions of nanomaterials to
improve the performance in APE1 imaging [72,95]. Despite the rapid development in composite DNA
nanomaterials, the fabrication process of nanomaterials is complex and time-consuming. Different
from these nanomaterials, DNA possess many unique properties, including biocompatibility,
programmability, ease of synthesis, and controllability on the nanoscale [96-98]. Because of the self-
assembly ability of DNA, three-dimensional (3D) nanostructures, such as DNA tetrahedron [99],
DNA polyhedron [100], 3D DNA origami [101], and DNA nanoflowers [102,103] can be created for
APELI activity imaging [104].

3.3. 3D DNA Nanostructure-empowered fluorescence imaging of APE1 Activity

A strong hydrogen bond holds the 3D DNA nanostructure together. It has great qualities such
as: (1) biocompatibility and nontoxicity; (2) precise size and shape management; and (3) facile
targeting decorating in numerous places [105]. Currently, 3D DNA nanostructures for APE1 activity
imaging includes DNA prisms and DNA tetrahedrons [106]. Herein, we concentrate on the usage of
DNA tetrahedron for APE1 activity imaging since tetrahedron is extensively employed because to its
high productivity and rigid structure [107].

DNA tetrahedron is typically formed by four ssDNA strands. The four strands can be arranged
to create a tetrahedral frame structure with six double-helix edges. Due to their superior mechanical
rigidity and structural stability, DNA tetrahedrons make excellent molecular scaffolds [108,109].
Moreover, DNA tetrahedron have multiple sites for targeting decoration [110,111], and functional
nucleic acids can be designed and constructed in DNA tetrahedron with superior properties for APE1
imaging. Su’s group used tumor aptamer-modified and AP site-contained DNA tetrahedron to
functionalize with fluorescent probes (DTFP) for imaging of APE1 activity (shown in Figure 9a) [112].
The AP site of the DNA could be cleaved by APE1 and short chains containing fluorophores could
be released. As platinum-resistant cell lines with down-regulated APE1 expression were highly
sensitive to platinum treatment, the potential to overcome this drug-resistance was demonstrated.
Compared to traditional single-molecule biomarker assays, the use of multi-target detection can
effectively enhance targeting accuracy. Moreover, the four overhangs of the tetrahedral structure
make the design more flexible and programmable. Besides, the compact tetrahedral structure can link
a large number of recognition chains with a large local concentration, thus greatly increasing the
reaction rate. In Su’s group, Kou et al. created the intramolecular hybridization of localized DNA
circuits (LDCs) with excellent sensitivity and quick reaction times that could concurrently detect
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intracellular miRNAs, APE1 and ATP (shown in Figure 9b) [113]. To carry out AND logic gate
operation, three response elements were positioned on the DNA tetrahedron nanostructure. The
release of fluorescence signal was dependent on the coexistence of miRNA and APEl1 with a
significant amount of ATP. This discovery offered a potent tool for accurate diagnostics and
substantially enhanced the performance of DNA-based nanodevices.
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Figure 9. (a) Schematic illustration of aptamer-modified DNA tetrahedra-based nanostructure (DTFP)
for APEL1 activity detection in cancer cells. (Reprinted with permission from Ref. [112]. Copyright 2022

Wiley-VCH GmbH); (b) Schematic illustration of LDC working principle. (Reprinted with permission
from Ref. [113]. Copyright 2022 Wiley-VCH GmbH).

Besides, the high-efficiency amplification technology provides a robust tool for the sensitive
detection of APE1, which can improve the accurate diagnosis. Meanwhile, as a disease biomarker,
APEL1 can be used to release small interfering RNAs (siRNAs) for precise treatment. Two kinds of
functionalized tetrahedral DNA nanostructures (f-TND1 and f-TND2) were constructed to form a
DNA nanostructure by Zhou and co-workers [114]. {-TND1 contained tetrahedral DNA and two
hairpin DNA: H1 and H2, while f-TND2 contained tetrahedral DNA, H1 and H3. As there were
aptamer Sgc8 and AP sites in H1, Cy5, BHQ2 and siRNA in H2, APE1 could cause the AP sites to
split, releasing S1 to start CHA reactions on two tetrahedral DNA nanostructures, creating massive
network nanostructures that significantly increased the production of fluorescent signals, enabling
sensitive detection and intracellular imaging of APE1L. To fulfill the goal of targeted tumor therapy,
siRNA produced during the CHA response may inhibit cell survival. This work offered a superb and
efficient nanoplatform for accurate gene treatment of cancers, sensitive biomarker detection, and
disease-specific diagnostics.

APELl is a desirable target for the development of anticancer drugs. Various small-molecule
APEL1 inhibitors have been studied in recent years to improve anticancer treatments. Small molecule
drugs, however, are typically linked to numerous medication resistance and adverse effects [115].
DNA tetrahedrons have been widely used in delivery of siRNA and small molecules drugs, such as
platinum drug and doxorubicin. Interestingly, DNA tetrahedron can regulate the APE1 activity.
Using DNA tetrahedrons, Zhang et al. reported a unique method for examining and controlling
cellular APE1 activity (shown in Figure 10) [116]. Contrary to typical molecular probes and inhibitors,
the DNA tetrahedrons function as both a probe and an inhibitor, and their functions may be changed
by modifying the AP site. The tetrahedron with an antenna that contains an AP site demonstrated
good APE1 sensitivity and specificity. On the other hand, the tetrahedron with an AP site on its
scaffold dis-played a substantial affinity for APE1 binding. This research offered a unique strategy
for controlling enzyme activity as well as fresh understanding of how enzymes and substrates
interact. It had potential implications in the inhibition of APE1 activity and the treatment of cancer.
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Figure 10. (a) Schematic illustration of the OUT-tetrahedron and IN-tetrahedron DNA nanostructures
in the APE1 enzymatic reaction; (b) PAGE analysis of the reaction products of the OUT-tetrahedron
and IN-tetrahedron nanostructures with APE1; and real-time monitoring of the reaction of the two
DNA nanostructures. (Reprinted with permission from Ref. [116]. Copyright 2019 Royal Society of
Chemistry).

All three of the above probes have been reviewed for imaging of APE1 activity. In fact, linear
DNA probes, composite DNA nanomaterials as well as 3D DNA nanostructures can also be combined
for APE1 imaging. Lv and co-workers described a stochastic bipedal DNA walker that traveled on
GNPs by itself via the CHA reaction [117]. They designed a hairpin chain containing the AP site to
serve as a substrate for APE1 and a stochastic bipedal DNA walker that autonomously traversed on
GNPs. To improve the internalization efficiency, lipofectamine 3000 encapsulated probes were
incubated with cells. This allowed for very sensitive, activatable fluorescence imaging of intracellular
BER activity. Besides, to precisely monitor intracellular APE1 activity, Zhou et al. created the
DNAzyme-modified tetrahedral DNA nanostructure (DZ-TDN) and molecular beacon (MB)
integrated biosensing system [118]. Thanks to liposomes, the device can be successfully internalized
into live cells to monitor changes in intracellular APE1 activity. They developed an effective
technique for tumor cells imaging and APE1 detection. In 2022, APE1 was successfully detected and
imaged intracellularly by Zhou and co-workers. They used a tetrahedral DNA walker with four arms
that moved autonomously on the GNPs via CHA. With the help of lipofectamine 3000, the DNA
nanomaterials were transfected into tumor cells [119]. This design offered a unique DNA walker for
sensitive detection of APEL.

4. Discussion and Perspectives

In this review, we summarized recent advances of DNA nanotechnology-empowered
fluorescence imaging of APE1 activity. APE1, which is important in BER pathway and regulation of
redox signaling in cells, is an essential multifunctional protein in mammals. The abnormal expression
and disruptions in the biological functions of APE1 are linked to a variety of diseases. Since it can
specifically recognize and cleave AP sites in DNA strands, DNA nanotechnology is commonly used
for APE1 imaging. Linear DNA-based nucleic acid probes are the most basic type of nucleic acid
probes used for APE1 imaging. However, since naked linear DNA probes are small and have a
negatively charged backbone, they exhibit ineffective cellular internalization. Also, they are quickly
broken down once within cells, preventing them from getting to the target areas. In order to transport
DNA probes intracellularly and achieve a desired performance in bioanalysis and cancer therapies,
nanocarriers have been widely employed. Despite the unique properties of these nanomaterials, the
fabrication process of nanomaterials is complex and time-consuming, which severely restricts their
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practical applicability. With the rapid development of DNA nanotechnology, the advantages of
programmability and high biocompatibility of DNA have spurred extensive research on the design
and assembly of a variety of 3D nanostructures with well-defined structures for the delivery of AP
sites in recent years.

Despite current achievements, there is still plenty of room in DNA nanotechnology-empowered
fluorescence imaging of APE1 activity. Firstly, complex biological matrices may seriously interfere
with the selectivity of probes for imaging APE1 in living cells and in vivo, causing false-positive
results. Thus, the specificity of APE1 detection can be improved through the following strategies: (1)
introducing a small loop structure to reduce non-specific cleavage by other nucleases in the cell or
replacing traditional dsDNA with DNA/RNA probes; (2) using more complex DNA nanostructures.
Secondly, the use of DNA nanotechnology for imaging APE1 is mainly based on its endonuclease
activity. The measurement of APE1 expression in cells is also important for understanding the disease
progression. APE1 aptamer may be an excellent tool for APE1 assay [120]. For example, Qin et al.
used the APE1 aptamer to inhibit APE1, and they designed a partial complementary strand to enable
APEL release and activity restoration [121].
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