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A B S T R A C T

Deoxyribonucleic acid (DNA) offers the fundamental building blocks for the precisely controlled assemblies due 
to its inherent self-assembly and programmability. The tetrahedral DNA nanostructure (TDN) stands out as a 
widely utilized nanostructure, attracting attention for its high biostability, excellent biocompatibility, and ver
satile modification sites. The capability of DNA tetrahedron to interact with various signal outputs makes it ideal 
for developing functional DNA nanostructures in biosensing platforms. This review highlights recent advance
ments in functional tetrahedral DNA nanostructures (FTDN) for various biomarkers monitoring, including 
nucleic acid, protein, mycotoxin, agent, and metal ion. Additionally, it discusses the potential of FTDN in the 
fields of disease diagnosis, food safety, and environmental monitoring. The review also introduces the applica
tion of FTDN-based biosensors for simultaneous identification of multiple biomarkers. Finally, challenges and 
prospects are addressed to provide guidance for the continued development of FTDN-based biosensing platforms.

1. Introduction

In recent years, biosensing has garnered widespread attention owing 
to its broad applications in environmental monitoring, food safety, 
disease diagnosis [1,2]. Especially, by converting biological signals into 
visible ones, biosensors have undergone extensive development for the 
analysis of nucleic acid, protein, enzyme, metal ion and other molecules 
[3–5]. Deoxyribonucleic acid (DNA), beyond being a genetic informa
tion carrier, also plays an indispensable role in the field of nanotech
nology. The exceptional programmability and precise molecular 
recognition capability of DNA make it an excellent material for creating 
various functionalized DNA nanostructures, for instance, DNA origami, 
DNA hydrogel, cube, tetrahedron, octahedron, etc. These intricate 
nanostructures possess structural rigidity, high cellular uptake effi
ciency, and sufficient biostability, which are crucial for the construction 
of effective biosensors [6].

The tetrahedral DNA nanostructure (TDN), as a representative three- 

dimensional (3D) nanostructure with multiple arms, has experienced 
significant advancements over the past two decades (Fig. 1). It was 
originally proposed by Turberfield in 2005 [7]. The self-assemble of 
TDN is achieved through Watson-Crick base pairing of four 
single-stranded DNAs [8] (Fig. 2). Through caveolin-mediated endocy
tosis, TDN is capable of entering cells and maintains stability for at least 
several hours, exhibiting resistance to nuclease degradation [9]. 
Furthermore, their exceptional editability and rich molecular modifi
cation capabilities make TDNs ideal for developing functionalized 
nanostructure known as functional TDN (FTDN) (Fig. 3). In biosensors 
construction, the highly stable and rigid TDN scaffold serves as a core 
and four vertices of which could be modified with functional nucleic 
acids and suitable nanomaterials, thereby facilitating interactions with 
multi-biomarkers, including nucleic acid, protein, mycotoxin, agent, 
and metal ion, etc. For instance, capture probes are modified at the TDN 
vertex to specifically recognize DNAs or RNAs (Fig. 3a). 
Antibody-modified TDN is utilized for antigen detection through specific 
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antigen-antibody interactions (Fig. 3b). Furthermore, TDN-supported 
fluorescent biosensors are commonly used for intracellular enzymes 
sensing by incorporating enzyme recognition sites into the capture 
probe of the TDN (Fig. 3d). Metal-dependent DNAzymes can be incor
porated into TDN for the detection of metal ions (Fig. 3e). Aptamers 
anchored at the TDN vertex allow for capture cells (Fig. 3c), agents 
(Fig. 3f), and mycotoxins (Fig. 3g). In addition to functional nucleic 
acids, various nanomaterials are combined with TDN to enhance the 
sensitivity of the biosensing platform. These include gold nanoparticles 
(AuNPs), silver nanoparticles (AgNPs), reduced graphene oxide (rGO), 
covalent organic frameworks (co-MOFs), magnetic beads (MBs), quan
tum dots (QDs), and others.

The incorporation of such functional modifications makes TDN a 
versatile and powerful tool for multi-biomarker identification. This 
versatility underscores their significant potential in advancing disease 
diagnosis [10]. In the field of disease diagnosis, FTDN-based biosensors 
show tremendous potential for precise and speedy detection of 
disease-specific biomarkers. For instance, wang et al. [11] proposed a 
TDN-based nanosensor assisted with catalytic hairpin assembly (CHA) 
and CRISPR/Cas12a to detect exosomes, realizing early clinical diag
nosis of non-small cell lung cancer (NSCLC). The combination of DNA 
tetrahedron significantly improves the capture efficiency of exosomes. 
Moreover, FTDN finds applications in ensuring food safety by detecting 
contaminants like mycotoxins and agents, thereby facilitating quality 
control. A recent proposal introduced FTDN nanotweezer combined 
with streptavidin magnetic nanoparticles for mycotoxins detection in 
cornmeal and rice, showcasing its potential for food safety monitoring 
[12]. Furthermore, it contributes to environmental monitoring by 
detecting pollutants such as metal ions and monitoring ecological 
health. Pei’s group developed a TDN-functionalized microarray capable 
of simultaneously detecting Hg2+, Ag+, Pb2+ within just 5 min [13]. This 
innovative approach successfully identified these metal ions in 
contaminated river water samples.

Since the first proposal of electrochemical biosensors by Fan’s team 
in 2010 [14], FTDN-based biosensing platforms have been developed. 
These platforms offer promising capabilities for the synchronous 
detection of multiple biomarkers, which paves the way for compre
hensive diagnostic applications. This review offers an in-depth overview 
of FTDN-based biosensors, emphasizing their effectiveness in detecting 
multi-biomarkers. It discusses the various strategies employed in the 
design and optimization of these biosensors to enhance their perfor
mance and reliability. Furthermore, the review highlights the current 

challenges and future prospects of FTDN in biosensing and other 
biomedical fields, thus enhancing the functionality and expanding the 
practical applications.

2. Biosensing applications

2.1. Nucleic acid detection

Nucleic acids, including DNA and RNA, are nucleotide-based bio
polymers responsible for storing and expressing genetic information, 
playing pivotal roles in cellular functions and diseases. Sensitive analysis 
of nucleic acids, including DNA, microRNA, and mRNA, is crucial for 
biomedical research and disease diagnosis. Currently, various tech
niques, such as northern blotting, microarrays, and quantitative reverse 
transcription PCR, are widely used for nucleic acid detection [15]. 
However, these traditional methods often face limitations due to the 
need for sophisticated equipment, intricate procedures, and high costs. 
Moreover, effective dynamic monitoring and regulation of intracellular 
nucleic acids demand strategies with improved biocompatibility. The 
rapid advancements in nanotechnology have unlocked new opportu
nities for biosensor construction [16]. Among these, TDN stand out as an 
excellent option, offering advantages such as rapid processing, 
cost-effectiveness, and compatibility with real-time imaging in living 
cells [17,18]. To date, numerous TDN-based nanosensors have been 
developed for sensitive bioanalysis of DNA, miRNA, and mRNA 
(Table 1).

2.1.1. DNA detection
Sequence-specific DNA is associated with genotypic and structural 

abnormalities. Sensitive and accurate specific DNA detection is crucial 
for genomic mutation analysis and early disease diagnosis [19–21]. TDN 

Fig. 1. The development of TDN over the past two decades.

Fig. 2. Schematic diagram of self-assemble TDN.
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is often combined with electrochemical technique for the detection of 
DNA [22]. Various nucleic acid amplification techniques, such as rolling 
circle amplification (RCA) and hybridization chain reaction (HCR), have 
been combined with TDN to enhance sensitivity [23]. Methylated DNA 
is a crucial epigenetic modification associated with genetic diseases and 
cancers. Zheng et al. [24] introduced an electrochemical strategy uti
lizing HCR and TDN for the detection of methylated DNA (Fig. 4A). In 
this approach, the TDN was integrated with a capture probe at one 
vertex. Two HCR hairpins were modified with biotin. The presence of 
methylated DNA triggered the production of numerous HCR products 
with the aid of HpaII endonucleases. Subsequently, horseradish peroxi
dase (HRP) induced a redox reaction to generate electrochemical sig
nals. The incorporation of TDN enhanced the capture efficiency of 
methylated DNA while reducing nonspecific target adsorption. This 
electrochemical platform demonstrated a limit of detection (LOD) of 
0.93 aM for DNA methylation. Moreover, the size of TDN can signifi
cantly influence the efficiency of DNA detection. Yuan’s group devel
oped a TDN electrochemical biosensor for the detection of p53 DNA 
based on enzyme cascade reactions [25] (Fig. 4B). In this study, the TDN 
was precisely designed to regulate the distance between the enzymes 
HRP and glucose oxidase (GOx). The TDN containing 30 base pairs was 
optimized to achieve the highest enzymatic catalytic efficiency. When 
p53 DNA was present, it initiated an exonuclease III (Exo III)-assisted 
cycling amplification strategy, resulting in the release of numerous 

DNAzyme strands (DNA2). The DNA2 subsequently cleaved the TDN 
substrate in the presence of Pb2+, releasing enzyme-modified segments. 
Upon the addition of glucose, a significant electrochemical response was 
observed. This TDN scaffold provided valuable insights into enhancing 
the efficiency of enzyme cascade reactions through controlled TDN 
design. In another study, the red blood cells with good biocompatibility 
were utilized to attached with TDN, realizing efficient capture of 
circulating tumor DNA (ctDNA) [26] (Fig. 4C). Four TDN were designed 
with different DNA2 chains, while the red blood cells were integrated 
with DNA1. The ctDNA was recognized by both TDNs and red blood 
cells, enabling the formation of a DNA sandwich through complemen
tary base pairing. Upon the addition of signal tags (methylene Blue), 
electrochemical signals were generated. This biocompatible biosensor 
demonstrated a LOD of 0.66 fM for ctDNA. Furthermore, the successful 
detection of serum ctDNA highlighted its potential for early cancer 
diagnosis. In addition to electrochemical biosensors, the use of carbon 
nanotube (CNT) transistors has emerged as a promising approach for 
ctDNA detection, offering exceptional sensitivity and selectivity. For the 
first time, a CNT thin-film transistor (CNT TFT) sensor was developed for 
the detection of AKT2 DNA [27]. The AKT2 DNA was hybridized with 
TDN, resulting in an increased drain current. The incorporation of TDN 
significantly improved the capture efficiency, achieving up to 98 % 
enhancement compared to single-stranded DNA probes. This nanosensor 
achieved an impressive LOD of 0.2 fM for AKT2 DNA, demonstrating 

Fig. 3. Schematic diagram of FTDN for multi-biomarker detection.
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Table 1 
FTDN-based biosensors for DNA detection.

Target Method Signal labeling Detection Range LOD Publish year Ref.

DNA methylation Electrochemical Hemin/G-quadruplex HRP-mimicking DNAzyme 10 pM to 10 nM 0.1 fM 2018 [23]
DNA methylation Electrochemical TMB/HRP 1 aM to 100 nM 0.93aM 2019 [24]
P53 gene Electrochemical TMB/HRP and GOx 0. 01 pM to 10 nM 3 fM 2019 [25]
ctDNA Electrochemical Methylene blue 1 fM to 100 pM 0.66 fM 2023 [26]
AKT2 gene All-CNT TFT CNT/N-(1-pyrenyl) maleimide 1 pM to 1 μM 2 fM 2022 [27]
COVID DNA ECL PEI-Ru@Ti3C2@AuNPs-S7 10 aM to 10 pM 7. 8 aM 2022 [32]

(The detection range: The concentration range within which a method can accurately identify and quantify a target, reflecting the method’s effective operation with 
precision and reliability. LOD: The limit of detection, the lowest concentration reliably detectable under defined conditions, representing the smallest signal distin
guishable from background noise with statistical significance.)

Fig. 4. Schematic illustration of TDN based electrochemical biosensors for DNA detection. (A) An electrochemical biosensor combined with TDN and HCR for 
determination of DNA methylation. Reprinted from Ref. [24]. Copyright 2019, American Chemical Society. (B) A TDN based electrochemical biosensor for p53 DNA 
identification through precise regulation of inter-enzyme reactions. Reprinted from Ref. [25]. Copyright 2019, American Chemical Society. (C) A biocompatibility 
electrochemical biosensing platform integrating TDN and red blood cells for ctDNA detection. Reprinted from Ref. [26]. Copyright 2022, Elsevier. (D) An ECL 
strategy involving TDN for sensitive RdRp-COVID DNA analysis. Reprinted from Ref. [33]. Copyright 2021, Elsevier.
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considerable potential for the diagnosis of triple-negative breast cancer.
Bioanalysis of nucleic acids is essential for virus-related diseases 

diagnosis, including coronavirus disease 2019 (COVID-19) [28], ac
quired immune deficiency syndrome (AIDS) [29], as well as cervical 
cancer [30]. Developing portable, fast, and cost-efficient nucleic acid 
analysis platforms is crucial. Various techniques, such as field-effect 
transist (FET) and Electrochemiluminescence (ECL), have been applied 
to develop TDN-based biosensing platforms for the detection of viral 
nucleic acids [31,32]. ECL is an emerging biosensing technology that 
combines luminescence and electrochemical methods for nucleic 
acid-based sensors. Zhang’s group developed an ECL strategy utilizing 
TDN for the sensitive profiling of RNA-dependent RNA polymerase 
(RdRp)-COVID DNA [33] (Fig. 4D). The presence of RdRp-COVID DNA 
initiated an entropy-driven reaction that enabled the signal tag 
(Ru)-labeled S3 to connect with the linear single-stranded DNA at the 
vertex of the TDN. The proximity of Ru to the gold electrode triggered an 
ECL "signal-on" state, facilitating signal amplification through cycles of 
released RdRp-COVID DNA. The use of TDN prevented cross-reactivity 
among single-stranded DNA, thereby enhancing the ECL intensity. 
This method successfully detected RdRp-COVID in human serum sam
ples, providing a reliable and feasible sensing platform for clinical 
bioanalysis.

2.1.2. microRNA detection
MicroRNAs (miRNAs), as the most studied non-coding RNA mole

cules, are critical for regulating target gene expression and influencing 
cellular signaling pathways. Abnormal miRNA regulation is linked to 
various diseases, including cancer, cardiovascular conditions, inflam
mation, and neurological disorders [34]. Sensitive miRNA detection 
plays a vital role in early disease diagnosis and prognosis, particularly in 
cancer [35]. However, challenges such as low miRNA abundance and 
complex biological systems can lead to false positives. Research shows 
that TDN-supported biosensing platforms offer high sensitivity and 
anti-interference for miRNA quantification [36–38]. Herein, we provide 
an overview of TDN for detecting extracellular (Table 2) and intracel
lular miRNAs (Table 3).

2.1.2.1. Extracellular detection. Numerous biosensing platforms utiliz
ing fluorescent, electrochemical, and ratiometric technologies have 
been developed for the sensitive detection of miRNAs, offering prom
ising prospects for cancer diagnosis. To overcome the challenges of 
nuclease degradation, an anti-interference TDN-based fluorescent 
biosensor was proposed for the detection of miRNA-21 [39] (Fig. 5A). 
Unlike single-stranded DNA, the TDN’s with structural stability trans
formed the nuclease into a catalyst. This nanodevice showed strong 
resistance to degradation in the absence of miRNA-21, minimizing false 

positives. When miRNA-21 is present, the TDN underwent conforma
tional changes, facilitating catalysis and releasing a FAM-labeled strand 
that generated a fluorescent signal. This stabilized nanodevice achieved 
a 700 % signal enhancement within 2 h at room temperature and nearly 
a 10-fold reduction in LOD under biomimetic conditions. Its successful 
application in detecting serum miRNA-21 in colorectal cancer patients 
underscored the potential of TDN biosensors for early cancer diagnosis. 
Exosomal microRNAs (exo-miRNAs) are released at high levels by 
various tumor cells, making their detection vital for cancer diagnosis 
and treatment. Recently, a ratiometric sensor incorporating a TDN and 
CHA was developed for the visual detection of exo-microRNA-150-5p 
[40] (Fig. 5B). The lateral flow test strip provided a promising plat
form for miRNA identification by forming visual lines or spots. The TDNs 
were distributed at the strip as capture probes. Exo-microRNA-150-5p 
facilitated the formation of stable double-strands, initiating CHA as
sembly and hybridizing with barcoded TDNs, which then attached to 
streptavidin-coated gold nanoparticles (SA-AuNPs). This resulted in a 
red line, while unbound SA-AuNPs were captured on the control line, 
thereby producing a ratiometric response. TDNs prevented the 
displacement during flow and enhancing detection reliability with a 
LOD of 58.90 fM for exo-microRNA-150-5p. The electrochemical tech
nique is widely employed for miRNA detection due to its rapid signal 
readout capability. Qiu et al. [41] proposed an electrochemical 
biosensor combining TDN and CHA for exo-miRNA profiling (Fig. 5C). In 
the presence of exo-miRNA, two TDNs (T1 and T2) incorporated CHA 
hairpin structures, inducing intramolecular CHA (intra-CHA). This 
resulted in the loading of RuHex onto the TDNs, achieving the amplified 
detection of exo-miRNA with a LOD of 7.2 aM within 30 min. The 
platform exhibited 90.5 % sensitivity for breast cancer diagnosis by 
detecting four exo-miRNA-1246, exo-miRNA-221, exo-miRNA-375, and 
exo-miRNA-21. CRISPR/Cas13a, a novel endonuclease with 
trans-cleavage capability, is widely employed in nucleic acid biosensing. 
Mi et al. [42] introduced an electrochemical biosensor combining TDN 
with the CRISPR/Cas13a system for detecting microRNA-19b (miR
NA-19b) (Fig. 5D). This configuration featured TDN integrated with an 
RNA reporter and avidin-HRP as the signal reporter. The hybridization 
of miRNA-19b with Cas13a activated its trans-cleavage capability, 
which led to the readout signal and eventually achieved a LOD of 10 pM 
in mimic serum. In addition to the classic single-readout method, the 
dual-output signal demonstrates significant superiority in enhancing 
detection capabilities, particularly in resisting environmental interfer
ence [43]. Herein, a dual-signal readout technology was developed for 
the ultrasensitive analysis of miRNA-21 [44]. The TDN was employed to 
enhance the loading capacity and binding efficiency of the miRNA. The 
TDN with a stem-loop structure hybridized with the miRNA-21, trig
gering HCR with hairpins labeled with Fc and MB. This dual-signal 

Table 2 
FTDN-based biosensors for miRNA detection.

Target Method Signal labeling Detection Range LOD Publish year Ref.

miRNA-21 Fluorescent Fluorophore / 100 aM 2023 [39]
miRNA-21 Electrochemical Ferrocene and methylene blue 50 fM to 100 pM 1.92 fM/3.74 fM 2022 [44]
miRNA-21 Electrochemical Hemin/G-quadruplex HRP-mimicking DNAzyme 0.5 fM to 100 nM 0.04 fM 2019 [45]
miRNA-21 Electrochemical Ferrocene 0.01 fM to 100 aM 0.25 fM 2020 [46]
miRNA-21 Electrochemical Methylene blue 50 nM to 2 μM 19.8 aM 2023 [47]
Exo-miRNA-150-5p Ratiometric AuNPs 10 pM to 10 nM 58.90 fM 2023 [40]
Exo-miRNAs Electrochemical RuHex 10 aM to 100 μM 7.2 aM 2021 [41]
Exo-miRNA-21 Electrochemical RuHex 100 aM to 1 nM 34 aM 2022 [48]
miRNA-19b Electrochemical TMB/HRP 0.01 pM to 10 fM 10 aM 2021 [42]
miRNA-155 ECL/AdsSV g-C3N4@AgNPs 0.01 to 10 pM/0.05 to 10 pM 50 fM/100 fM 2021 [49]
miRNA-155 Plasmonic C═O bond 100 fM to 10 nM 0.1 pM 2021 [50]
mRNA-155 ICP-MS AuNPs 0 to 20 nmol/L 1.15 pM 2021 [51]
miRNA-155 ECL CuNCs 100 aM to 100 pM 36 aM 2018 [56]
miRNA-122 SERS TB and AuNPs 0.01 aM to 10 fM 0.009 aM 2020 [52]
Hsa-miR-193a-3p Electrochemical TMB/HRP 0.1 fM to 1 nM 0.1 fM 2020 [53]
miRNA-141 Electrochemical Methylene blue 10 aM to 100 pM 4.9 aM 2022 [54]
miRNA-182-5p PEC TiO2/MIL-125-NH2/Au/PWE 0.1 fM to 100 pM 0.09 fM 2023 [55]
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strategy improved the reliability and accuracy of serum miRNA-21 
detection. More information on TDN biosensing platforms for miRNAs 
detection is briefly listed in Table 1 [45–55].

2.1.2.2. Intracellular detection. Real-time monitoring of miRNAs plays a 
pivotal role in revealing their dynamic changes and intracellular dis
tribution, which enhances our knowledge of their physiological roles 
[57,58]. Fluorescent methods are extensively employed for this purpose 
due to their high sensitivity and operational simplicity [59,60]. TDN can 
enter cells through caveolin-mediated endocytosis, enabling its use in 
monitoring intracellular targets. Until now, a variety of TDN-based 
fluorescent biosensors have been proposed for sensitive and accurate 
miRNAs identification at the subcellular level [61,62]. According to 
researches, the majority of TDN-based nanoprobes for intracellular 
miRNAs rely on fluorescence resonance energy transfer (FRET) [63–65]. 
AuNPs have been incorporated into fluorescent biosensing platforms 
due to their exceptional fluorescence quenching ability and large surface 
area. For example, a FRET-based fluorescent biosensor based on TDN 
and AuNPs was developed for the monitoring of miRNA-21 [66] 
(Fig. 6A). When the miRNA-21 is present, the fluorophore-modified 
strand dissociated from AuNPs, generating a strong fluorescence 
signal. This method successfully visualized miRNA-21 in cancer cells. 
The assembly of polymeric TDNs triggered by miRNAs offered an 
optimal approach for amplified miRNA imaging [67]. Lin’ group 
developed a TDN nanoprobe based on HCR for rapid monitoring of 
miRNA-21 and nucleolin [68] (Fig. 6B). When these TDNs encountered 
cancer cells, the overexpressed miR-21 initiated the intra-HCR process 
and resulted in the formation of polymeric TDNs. The HCR-TDN nano
sensor exhibited detection rates three times faster than free HCR reac
tion. More importantly, this system showcased in vivo fluorescence 
signals within 15 s post tumor injection. The probe’s successful appli
cation for in situ tumor imaging underscoring its potential for clinical 
cancer diagnosis. In addition to the AuNPs and fluorophore, 
near-infrared (NIR) light provides a new option for powering the miRNA 
imaging. Pang et al. [69] proposed a novel strategy to track miRNA-21 in 
live cells using TDN-based nanomachines powered by 808 nm NIR light. 
This system converted NIR photons into ultraviolet photons, activating a 
toehold strand displacement reaction that restored fluorescence due to a 
"FRET off" state. This NIR-powered nanomachine effectively monitored 
miRNA-21 fluctuations in cancer cells.

The simultaneous determination and regulation of miRNA plays an 
important role in early cancer diagnosis and treatment but poses sig
nificant challenges. Zhang’s team developed a DNA tetrahedral nano
machine, featuring an allosteric DNAzyme controlled by miRNA-21 
inhibitors [70] (Fig. 6C). This nanomachine enabled sensitive intracel
lular detection and negative feedback regulation of miRNA-21. With the 
aid of miRNA-21, the locked tetrahedral DNAzyme underwent confor
mational changes to its active form, cleaving the specific site rA and 
increasing spatial separation between FAM and BHQ-1, thus restoring 
the fluorescent signal. This tool effectively regulated intracellular 
miRNA-21 levels by inhibiting miRNA-mRNA interactions, offering a 
novel platform for miRNA analysis and regulation.

2.1.3. mRNA detection
Messenger RNA (mRNA), a single-stranded RNA produced during 

DNA transcription, acts as a template for protein translation and is vital 
in various biological processes. Differential mRNA level in cells is linked 
to cellular proliferation and tumor progression [71]. Due to the excellent 
biocompatibility and biostability of TDN, various TDN-based biosensors 
have been developed for the detection of endogenous mRNAs [72–74] 
(Table 4). In one study, a novel intra-CHA-TDN nanoprobe was devised 
for the imaging of MnSOD mRNA in living cells [75] (Fig. 7A). The TDN 
served as a structural scaffold for two hairpin structures that incorpo
rated fluorophores. Upon the presence of MnSOD mRNA, the CHA 
mechanism was activated, resulting in the reduction of the distance 
between the two fluorophores to a level conducive for efficient FRET, 
thereby producing a fluorescent signal. Notably, when compared to 
traditional free-CHA methodologies, the intra-CHA-TDN system 
exhibited a remarkable 15.6-fold enhancement in signal generation rate. 
Advancements in mRNA detection have provided a powerful tool for 
cancer diagnosis. Sun et al. developed a TDN-based thermophoretic 
strategy for imaging prostate-specific antigen (PSA) mRNA in extracel
lular vesicles (EVs) [76] (Fig. 7B). The TDN, modified with two 
fluorophore-labeled strands, took advantage of its efficient internaliza
tion by EVs. In the presence of PSA mRNA, the two fluorophore-labeled 
probes of TDN bound to the mRNA, resulting in an increased FRET signal 
due to the close proximity of Cy3 and Cy5. Additionally, to further 
enhance the FRET signal, infrared laser-based thermophoretic accumu
lation was applied to EVs encapsulating TDN. This thermophoretic assay 
enabled ultrasensitive detection of serum PSA mRNA with a LOD of 14 
aM. More importantly, it was capable of distinguishing between prostate 
cancer and benign prostatic hyperplasia.

2.2. Protein detection

The detection of cancer is significantly enhanced by identifying 
overexpressed proteins, which act as biomarkers indicative of malignant 
transformation, thereby facilitating targeted diagnostic approaches [77,
78]. Notable examples include glycoproteins such as glycoproteins such 
as mucin 1 (MUC1), HER2, carcinoembryonic antigen (CEA), and 
prostate-specific antigen (PSA). The levels of these proteins are often 
significantly elevated in cancerous tissues or the bloodstream compared 
to normal physiological conditions [79]. As a result, the sensitive and 
convenient detection of these cancer biomarkers is essential for effective 
cancer monitoring and early diagnosis. Western blotting and 
enzyme-linked immunosorbent assay are widely used methods for pro
tein quantification [80]. However, their complex procedures and mod
erate sensitivity limit their effectiveness for precise disease diagnosis. 
Recently, the extensive application of DNA nanomaterials in biomarker 
detection has highlighted TDN as a promising tool for protein assays 
[81]. TDNs facilitate the functional modification of antibodies, aptam
ers, and specific recognition sites, significantly improving protein cap
ture efficiency. Furthermore, the integration of TDNs with various 
analytical techniques enhances detection sensitivity. In this section, we 
discuss the application of TDN-based biosensors for the identification of 
antigens (Table 5), cancer cells (Table 6), and enzymes (Table 7).

Table 3 
FTDN-based biosensors for intracellular miRNA detection.

Target Method Fluorophore Detection Range LOD Living cells Publish year Ref.

miRNA-21 Fluorescent FAM 1 pM to 200 nM 0.8 pM MCF-7/HeLa/MRC-5 cells 2022 [63]
miRNA-21 Fluorescent FAM 1 nM to 100 nM 2 pM L02/HeLa/MCF-7 cells 2021 [64]
miRNA-let 7a Fluorescent FAM and TAMRA 0.5 to 25 nM 22.35 pM MCF-7 cells 2021 [65]
miRNA-21 Fluorescent FAM 1 nM to 100 nM / MCF-7/HepG2 cells 2018 [66]
miRNA-155 Fluorescent Cy3 and Cy5 100 pM to 60 nM 120 pM MCF-7/HeLa/MRC-5 cells 2022 [67]
miRNA-21 Fluorescent Cy5 and FAM / / A549/MCF-7/A375 2022 [68]
miRNA-21 Fluorescent Cy3 30 pM to 50 nM 17.8 pM MCF-7 cells 2019 [69]
miRNA-21 Fluorescent FAM 1 pM to 1 μM 0.77 pM L02/HepG2 cells 2022 [70]
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2.2.1. Antibody based approaches
Based on antigen-antibody interactions, TDN immunosensors have 

been developed for protein detection [82,83]. Dai et al. designed a 
molybdenum disulfide (MoS2) FET biosensor utilizing TDN for the ul
trasensitive detection of PSA [84] (Fig. 8A). The TDN was integrated 

with biotin, streptavidin, and anti-PSA, providing a stable platform for 
capturing PSA. In the presence of PSA, a TDN-involved PSA 
antibody-PSA nanostructure was formed. This study achieved a LOD of 
1.0 fg/mL in phosphate-buffered saline, marking a 100-fold and 10, 
000-fold enhancement compared to previous studies.

Fig. 5. Schematic illustration of TDN based nanosensor for extracellular miRNAs detection. (A) An anti-interference TDN-based fluorescent biosensor for miRNA 
biosensing by turning nuclease into a catalyst. Reprinted from Ref. [39], Copyright 2023, Elsevier. (B) A ratiometric strategy based on the TDN and CHA for the visual 
detection of exo-microRNA-150-5p. Reprinted from Ref. [40], Copyright 2023, Elsevier. (C) An electrochemical biosensor assisted with TDN and CHA for 
exo-microRNA-150-5p detection. Reprinted from Ref. [41]. Copyright 2021, Elsevier. (D) TDN and the CRISPR/Cas13a system involved electrochemical strategy for 
miRNA-19b detection. Reprinted from Ref. [42]. Copyright 2022, Elsevier.
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Fig. 6. Schematic illustration of TDN-based fluorescent biosensor for intracellular miRNAs detection. (A) A FRET-based fluorescent biosensor integrating AuNPs and 
TDN for miRNA-21 visualization. Reprinted from Ref. [66]. Copyright 2018, Ivyspring international publisher. (B) The assembly of polymeric TDN triggered by HCR 
for miRNA-21 imaging. Reprinted from Ref. [68]. Copyright 2022, John Wiley and Sons. (C) An allosteric DNAzyme controlled by miRNA-21 inhibitors for 
simultaneous imaging and regulation of miRNA-21. Reprinted from Ref. [70]. Copyright 2022, Elsevier.
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Table 4 
FTDN-based biosensors for mRNA detection.

Target Method Fluorophore Detection Range LOD Living cells Publish year Ref.

TK1 mRNA Fluorescence Cy3 and Cy5 2 nM to 100 nM 0.33 nM HepG2/HL7702 cells 2017 [72]
MnSOD mRNA Fluorescence Cy3 and Cy5 0.5 nM to 20 nM 3.5 pM HeLa/MCF-7 cells 2020 [73]
MnSOD mRNA Fluorescence Cy3 and Cy5 0 to 100 nM 0.15 nM L02/MDA-MB-231/MCF-7 cells 2019 [75]
Dll4 mRNA Fluorescence 6-FAM and TEX615 0 to 1 μM 30 pM MCF7 cells 2020 [74]
PSA mRNA Fluorescence Cy3 and Cy5 10 pM to 100 nM 14 aM / 2021 [76]

Fig. 7. Schematic illustration of TDN-based fluorescent biosensing platform for intracellular mRNAs detection. (A) An intra-CHA based TDN nanoprobe for MnSOD 
mRNA imaging. Reprinted from Ref. [75]. Copyright 2020, Royal Society of Chemistry. (B) A TDN-based thermophoretic assay for EVs PSA mRNA monitoring in situ. 
Reprinted from Ref. [76]. Copyright 2021, Elsevier.
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2.2.2. Aptamer based approaches
Aptamers are RNA or DNA molecules that specifically bind to pro

teins. Aptamer-functionalized biosensors (aptasensors) are used for 
biomarker capture, offering advantages like high selectivity, rapid 
response, and low cost. TDN-based aptasensors exhibit higher sensitivity 
than single-stranded aptamer sensors for their structural rigidity [85,
86]. For instance, a dual-aptamer biosensor based on TDN was devel
oped for the electrochemical analysis of HER2 [87] (Fig. 8B). The TDN 
was functionalized with the HB5 aptamer for specific recognition. The 
gold nanorod served as a platform for signal tags (Pd, HRP), and the HB5 
aptamer. It facilitated the formation of the Gold Nanorods@Pd-Apt-HRP 
nanoprobe as both a capture and a signal probe. In the presence of HER2, 
a sandwich-type structure of TDN-HER2-nanoprobes was established on 
the gold electrode surface. This aptasensor demonstrated significant 
diagnostic potential with a detection limit of 0.15 ng/mL for HER2. 
Reduced graphene oxide (rGO), a derivative of graphene, is distin
guished by its exceptional electrical and mechanical properties, as well 
as a high specific surface area. Furthermore, it offers superior biosafety 
compared to GO, making it an efficient and biocompatible material for 
electrochemical biosensor construction [88]. By immobilizing TDN on 

an rGO-modified electrode, Wang’s group developed a thrombin apta
sensor that integrated TDN with HCR signal amplification strategy [89] 
(Fig. 8C). In this study, researchers introduced sulfur and 
nitrogen-doped reduced graphene oxide (SN-rGO), which significantly 
enhanced the catalytic activity of rGO. Thrombin was competitively 
captured by the aptamer, allowing the cDNA to hybridize with the TDN. 
Subsequently, in the presence of HCR hairpins, HCR was initiated on the 
TDN, resulting in a significant current response through the catalytic 
reaction. The biosensor demonstrated a low LOD for thrombin at 11.6 
fM. Traditional TDN biosensors usually utilize a single signal input. 
Developing ratiometric methods has become a smart approach to 
enhance the reproducibility of biosensing [90]. Hu et al. [91] developed 
a ratiometric aptasensor based on metal-organic frameworks (MOFs) for 
the detection of MUC1 (Fig. 8D). MOFs are considered excellent signal 
tags due to the high surface areas and abundant metal ions. This study 
employed novel Co-MOFs to provide strong and stable electrochemical 
signals. In the presence of MUC1, a TDN-MUC1-DNA sandwich structure 
was formed on the electrode. Signal amplification was triggered by 
Co-MOFs-labeled HCR hairpins. The current signal from Co-MOFs was 
detected, while thionine was used as a reference upon the addition of 

Table 5 
FTDN-based biosensors for protein detection.

Target Method Signal labeling Detection Range LOD Publish 
year

Ref.

PSA Electrochemical TMB/HRP 1 ng/mL to 100 ng/ 
mL

0.2 ng/mL 2021 [83]

PSA FET MoS2 1 fg/mL to 100 ng/mL 1 fg/mL 2021 [84]
PSA Electrochemical Methylene blue 0.5 pg/mL to 50 ng/ 

ml
0.15 pg/mL 2018 [85]

PSA Electrochemical AgNPs 1 pg/mL to 800 ng/ml 0.11 pg/mL 2018 [86]
HER2 Electrochemical HRP 10 to 200 ng/mL 0.15 ng/mL 2019 [87]
Thrombin Electrochemical HRP 0.1 fM to 100 pM 35 fM 2020 [88]
Thrombin Electrochemical HRP 0.1 pM to 10 nM 11.6 fM 2018 [89]
Thrombin Ratiometric 

electrochemical
[Fe(CN)]6

3− /4− /Fe- 
MOFs

0.1 ng/mL to 50 ng/ 
mL

59.6 fM 2020 [90]

Mucin 1 Electrochemical Co-MOFs/thionine 4 fM to 400 pM 1.34 fM 2022 [91]
Exosomes Electrochemical Polydopamine 102 to 107 particles/ 

mL
1.39×102 particles/mL (EIS) and 6.27×101 particles/mL 
(DPV)

2024 [92]

Table 6 
FTDN-based biosensors for cancer cell detection.

Target Method Signal labeling Detection Range LOD Publish year Ref.

MCF-7 cells Electrochemical HRP 0 to 105 cells 1 cell 2021 [93]
MCF-7 cells Fluorescence AgNR 1 to 100 cells 1 cell 2022 [95]
MCF-7 cells Electrochemical Methylene blue 50 to 106 cells/mL 5 cells 2020 [96]
MCF-7 cells Electrochemical Hemin/G-quadruplex 100 to 50000 cell/mL 23 cell/mL 2022 [97]
MCF-7 cells Electrochemical HRP-mimicking GQH DNAzymes 20 to 107 cells/mL 6 cells/mL 2019 [99]
MCF-7 cells Microfluidic chip / 10 to 103 cells / 2022 [100]
Hela cells Electrochemical CdTe QDs 0 to 105 cell/mL 7 cell/mL 2022 [98]
HepG2 cells Electrochemical / 0 to 106 cells / 2020 [94]

Table 7 
FTDN-based biosensors for enzyme detection.

Target Method Signal labeling Detection Range LOD Living cells Publish year Ref.

Dam MTase Fluorescent FAM 0.1 to 90 U/mL 0.045 U/mL / 2017 [105]
Dam MTase Fluorescent FAM 0.002 to 100 U/mL 0.00036 U/mL / 2021 [115]
APE1 Fluorescent FAM 0. 01 to 100 U/mL 0. 00554 U/mL Hela/MCF-7/MCF-10A cells 2022 [107]
APE1 Fluorescent Cy3 5 to 80 pM 5 pM A549/HEK-293 cells 2019 [108]
APE1 Fluorescent FAM 0.01 to 40 U/mL 0.01 U/mL Hela cell 2020 [114]
APE1 Fluorescent Cy5 0.01 to 60 U/mL 0.0026 U/mL Hela/HEK-293 cells 2022 [117]
8-OG DNA glycosylase Fluorescent Cy5 0.5 to 100 U/mL 0. 2443 U/mL MCF-7 cell 2023 [109]
8-OG DNA glycosylase Fluorescent FAM 1 to 200 U/mL 0. 52 U/mL A549 cell 2024 [116]
Telomerase Fluorescent Cy5 500 to 100000 cells 39 cells Hela/MCF-7/HL-7702/HCT cells 2022 [110]
Telomerase Fluorescent AgNCs 50 to 1000 cells 1 cell / 2022 [112]
RNAase H Fluorescent FAM 0. 075 to 15 U/mL 0. 01 U/mL HepG2 cell 2021 [113]
RNAase A Fluorescent FAM 0.05 to 10 pg/μL 0.09 pg/μL HepG2 cell 2020 [118]
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Fig. 8. Schematic illustration of TDN-based biosensors for protein detection. (A) MoS2 FET biosensor based on TDN for ultrasensitive detection of PSA. Reprinted 
from Ref. [84]. Copyright 2021, Elsevier. (B) An electrochemical biosensor based on TDN with dual aptamers for HER2 bioanalysis. Reprinted from Ref. [87]. 
Copyright 2019, Elsevier. (C) A TDN aptasensor that integrated with HCR for thrombin detection. Reprinted from Ref. [89]. Copyright 2017, Elsevier. (D) A 
ratiometric TDN aptasensor based on MOFs for the detection of MUC1. Reprinted from Ref. [91]. Copyright 2022, Elsevier. (E) A PDA coated TDN aptasensor for the 
electrochemical identification of exosomes. Reprinted from Ref. [92]. Copyright 2024, Springer nature.
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MUC1. This dual-signal ratiometric strategy achieved highly sensitive 
detection of MUC1 with a LOD of 1.34 fM. More importantly, the current 
ratio remained stable across ten different working electrodes, demon
strating the excellent stability of this ratiometric aptasensor.

Exosomes, carrying a wealth of biomolecules derived from tumors, 
are considered crucial cancer biomarkers. The highly sensitive analysis 
of exosomes shows significant potential for early cancer diagnosis. As 
the abundant membrane protein CD63 present on exosomes, researchers 
developed an electrochemical strategy that integrated TDN with a CD63 
aptamer for the identification of exosomes [92] (Fig. 8E). The biosensor 
was coated with polydopamine (PDA), a semiconducting material for 
signal amplification. The presence of exosomes facilitated the formation 
of a TDN-aptamer-exosome complex. Under the catalysis of HRP, the 
biosensing platform generated enhanced PDA signals for the exosomes. 
Consequently, the biosensor was capable of quantifying A549-derived 
exosomes at the single-molecule level.

Certain proteins, including nucleolin, EpCAM, and MUC1, are spe
cifically localized on the membranes of cancer cells. TDN-based cyto
sensors can effectively detect cancer cells by integrating aptamers as 
recognition elements [93–97] (Table 7). Various techniques, including 
fluorescent, electrochemical, and microfluidic technologies, have been 
employed for the identification of cancer cells. Fluorescent technology 
based on TDN has been developed for the detection of cancer cells. 
Unlike traditional dyes, semiconductor quantum dots (QDs) provide 
superior brightness and high quantum yields, making them ideal for 
efficient signal amplification. Wang et al. [98] proposed a 3D multipedal 
DNA walker (Fig. 9A), in which TDN was functionalized with the 
AS1411 aptamer to enable the precise recognition of HeLa cells. Upon 
encountering HeLa cells, the TDN interacted with nucleolin present on 
the cell membrane surface, leading to the dissociation of AS1411 from 
the capture probe. Subsequently, bipedal fuel DNA hybridized with the 
TDN, exposing two catalytic regions and forming a walker probe. As the 
TDN rolled along polystyrene microspheres (PS), the walker probe 
achieved autonomous multipedal motion. This innovative walking 
mechanism facilitated signal amplification through the fluorescence 
recovery of CdTe QDs located on the PS surface.

To achieve efficient cancer cell recognition, Chen et al. [99] pro
posed a dual-aptamer electrochemical strategy based on TDN and MOFs 
for the identification of MCF-7 cells (Fig. 9B). In this approach, TDN was 
combined with dual aptamers (AS1411 and MUC1). The novel MOFs 
(PCN-224) were used as nanocarriers for the cytosensor. The 
MOFs/HRP/Aptamer/Hemin nanoprobe served both as a recognition 
element and a signal tag. When MCF-7 cells were present, a 
TDN/cell/nanoprobe structure was formed on the electrode. Thereby, 
an enhanced electrochemical signal was produced through the catalysis 
of hydroquinone oxidation. This electrochemical cytosensor provided a 
significant diagnostic technique for MCF-7 cell analysis with a LOD of 6 
cells/mL.

The microfluidic chip has emerged as a promising platform for 
capturing tumor cells due to its advantages, including high throughput 
and automated operation. Mi et al. [100] developed a microfluidic 
system that leveraged TDNs and aptamer-induced HCR for the efficient 
capture of MCF-7 cells (Fig. 9C). In this system, TDNs served as scaffolds 
on the chip. When MCF-7 cells were present, they specifically recognized 
and bound to the aptamer-HCR products. The apt-HCR/MCF-7 cell 
complexes were subsequently hybridized with the TDN scaffolds. The 
nuclease was applied to specifically cleaved TDN/apt-HCR structures, 
allowing the release of MCF-7 cells without causing damage. This 
microfluidic chip demonstrated high efficiency in both capturing and 
releasing MCF-7 cells from whole blood samples. This research un
derscores the broad application potential of microfluidic chips for tumor 
liquid biopsy, offering a valuable tool for cancer diagnostics and 
research.

2.2.3. Specific recognition sites based approaches
Multiple enzymes in cells maintain homeostatic balance, and 

dysregulated enzyme expression is linked to cancers; for instance, telo
merase is upregulated in more than 90 % of tumor cells [101]. Moni
toring enzyme expression levels in vivo has emerged as a vital 
component of cancer diagnosis and medical research [102]. The com
bination of DNA nanomaterials with fluorescent techniques has 
advanced the mapping of intracellular biomarkers [103]. TDN has 

Fig. 9. Schematic illustration of TDN cytosensor for cancer cell identification. 
(A) A fluorescent strategy based on 3D multipedal DNA walker for Hela cells 
identification. Reprinted from Ref. [98]. Copyright 2022, Elsevier. (B) A 
dual-aptamer electrochemical strategy integrating MOFs with TDN for the 
detection of MCF-7 cells. Reprinted from Ref. [99]. Copyright 2019, Elsevier. 
(C) TDNs and aptamer-induced HCR based microfluid chip for the efficient 
capture and release of MCF-7 cells. Reprinted from Ref. [100]. Copyright 
2022, Elsevier.
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become an ideal tool for enzyme assays because of the merits, such as 
efficient cellular internalization and numerous modification sites [104]. 
A widely adopted strategy for constructing enzyme biosensors involves 
modifying TDN with specific recognition sites tailored to the distinct 
characteristics of each enzyme.

Given the potential of DNA methyltransferase (DNA MTase) as a 
target for anticancer therapy, a fluorescence biosensing approach based 
on TDN was developed for sensitive DNA-adenine-methyltransferase 
(Dam MTase) detection [105] (Fig. 10A). The two edges of the TDN 
were modified with recognition sites for Dam MTase. Initially, the TDN 
was in a "signal off" state due to the close proximity of the fluorophores 

and quenchers. When Dam MTase was present, it methylated the 
adenosine residues with the help of S-adenosyl methionine (SAM). In the 
presence of the restriction endonuclease DpnI, the TDN structure 
collapsed. This resulted in the release of fluorescent dyes and thereby 
switching the TDN to a "signal on" state. This biosensor achieved a LOD 
of 0.045 U/mL and was successfully applied for screening methylation 
inhibitors.

DNA repair enzymes, such as human apurinic/apyrimidinic endo
nuclease 1 (APE1) and 8-oxoguanine DNA glycosylase (8-oxoG DNA 
glycosylase), are fundamentally important for genetic integrity, with 
abnormal expression linked to various cancers [106]. TDN nanoprobes 

Fig. 10. Schematic illustration of TDN nanoprobes for intracellular enzymes imaging. (A) A fluorescent method based on collapse of TDN for “off-on” Dam MTase 
detection. Reprinted from Ref. [105]. Copyright 2017, American Chemical Society. (B) A fast-walking TDN walker for intracellular imaging of APE1. Reprinted from 
Ref. [107]. Copyright 2022, American Chemical Society. (C) CHA-TDN assisted nanoprobe for amplified intracellular imaging of 8-oxoG DNA glycosylase. Reprinted 
from Ref. [109]. Copyright 2023, Elsevier. (D) A lighting-up multicolor probe based on TDN for intracellular telomerase analysis. Reprinted from Ref. [111]. 
Copyright 2021, Royal Society of Chemistry. (E) A radar-like biosensor for natural compounds screening and RNase H imaging. Reprinted from Ref. [113]. Copyright 
2021, Royal Society of Chemistry.
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demonstrated significant potential as a promising tool for evaluating 
enzyme activity and screening drugs. Recently, dynamic functional DNA 
materials, such as DNA walkers, have emerged as promising molecular 
devices in the field of biosensing. Chai et al. innovatively proposed a 
four-armed 3D walker based on TDN for APE1 imaging [107] (Fig. 10B). 
The introduction of the TDN framework significantly enhanced the 
walking efficiency and nuclease resistance of the walker. The TDN with 
four arms hybridized with hairpins H1 modified on gold nanoparticles. 
Once entering the cells, the H2 hairpin, labeled with an AP site, FAM, 
and BHQ1, was recognized and cleaved by APE1, exposing the toehold 
area. Subsequently, H2 with an exposed toehold completely hybridized 
with H1, rapidly propelling the TDN. Meanwhile, the formation of the 
H1-H2 complex separated FAM from the quencher BHQ1, generating a 
fluorescence signal and enabling the imaging of APE1. Remarkably, the 
initial rate of the 3D TDN walker demonstrated a 4.54-fold increase 
compared to the free DNA walker, highlighting the potential of DNA 
walkers for efficient enzyme assays. Additionally, TDN can function as 
both an imaging and regulatory tool for cellular APE1 [108]. The 
specially designed TDN bound efficiently to APE1, inhibiting its activity 
with a half-maximal inhibitory concentration of 14.8 nM. The 8-oxoG 
DNA glycosylase was detected by combining an CHA and 
TDN-mediated sensing probe [109] (Fig. 10C). The TDN was integrated 
with a DNA strand (modified with 8-oxoG sites and a trigger strand), and 
two hairpin structures containing fluorophores. Endogenous 8-oxoG 
DNA glycosylase effectively recognized the 8-oxoG sites, enabling the 
release of the trigger strand. Later, intra-CHA reaction was initiated to 
produce a fluorescent signal. Compared to free CHA, this nano-system 
exhibited superior cell permeability for intracellular imaging of 
8-oxoG DNA glycosylase.

Telomerase, consisting of telomerase RNA and reverse transcriptase, 
adds telomere repeat sequences (TTAGGG)n to telomeres [110]. Its 
overexpression in most cancers is associated with unlimited cell prolif
eration, highlighting the importance of telomerase detection for cancer 
diagnostics and therapies. Xu’s research team developed a multicolor 
probe for intracellular telomerase analysis [111] (Fig. 10D). This inno
vative probe involved the hybridization of a TDN with a DNA strand 
(LD). The LD contained specialized regions for three molecular beacons 
(MBs) and a telomerase substrate (TS). Under the action of telomerase, 
the TS domain produced repeats of the TTAGGG sequence. As the 
number of repeat units increased, the fluorophores of all three MBs were 
restored, yielding a pronounced fluorescent signal. Besides fluo
rophores, silver nanoclusters (AgNCs) were used in a TDN-supported 
biosensing platform [112]. TDN was enriched with cytosine-rich DNA 
probes, and telomerase introduced a single-strand TTAGGG extension, 
activating AgNC fluorescence through proximity to guanine-rich se
quences. This method achieved highly sensitive telomerase quantifica
tion with a low LOD of 1 cell, effectively distinguishing healthy 
individuals from cancer patients.

Ribonuclease H (RNase H) is crucial in the HIV-1 reverse transcrip
tase pathway, and inhibiting its activity can disrupt viral replication, 
making RNase H inhibitors potential therapeutic agents against HIV/ 
AIDS. Wang et al. [113] developed a radar-like nanostructure for 
screening natural compounds targeting RNase H and imaging RNase H 
(Fig. 10E). In this system, TDN was linked to a quencher-labeled long 
strand. In the absence of RNase H, a fluorophore-labeled RNA strand was 
hybridized with the long strand, resulting the quenched fluorescence. 
The presence of RNase H led to hydrolysis of the RNA chain, enabling the 
recovery of fluorescence signal. This radar-like monitor exhibited a LOD 
of 0.01 U/mL for RNase H. And three RNase H inhibitors were identified 
from 35 compounds of Panax japonicus. More information on TDN bio
sensing systems for detecting the different enzymes is briefly listed in 
Table 7 [114–118].

2.3. Metal ion detection

Heavy metal ions are identified as contaminants threatening human 

health and environmental safety. Various spectrometry technologies, 
such as atomic absorption spectrometry and inductively coupled plasma 
mass spectrometry, have been employed for the effective analysis of 
metal ions [119]. Nevertheless, these current methodologies demand 
expensive equipment and specialized expertise, posing challenges for 
the rapid monitoring of these pollutants. Thus, there is an urgent need to 
develop a robust and accessible platform for sensing metal ions. Owing 
to their highly specific recognition abilities, DNAzyme-based biosensors 
present an ideal alternative for metal ion detection [120]. When inte
grated with TDN, metal-dependent DNAzymes can be shielded from 
nucleic acid degradation and interference from other ions. Herein, a 
DNAzyme-based electrochemical sensor was developed for Pb2+ detec
tion [121]. The DNAzyme was precisely designed at one edge of the 
TDN. Upon the presence of Pb2+, the DNAzyme was activated to cleave 
the substrate, releasing the electrochemical group (methylene blue) on 
the electrode to produce a signal. This TDN sensor facilitated the 
detection of Pb2+ in tap and river water. In another study, a Pb2+-sen
sitive DNAzyme/cleavage duplex was assembled at one vertex of TDN 
[122] (Fig. 11A). With the assistance of Pb2+, the active DNAzyme 
cleaved the substrate, generating a fluorescent signal from FAM release. 
This sensor exhibited enhanced nuclease resistance compared to free 
DNAzymes in human serum. Signal amplification strategies, including 
HCR and CHA, have been utilized to enhance the sensitivity and speed of 
metal ion detection. Zhang et al. [123] introduced an electrochemical 
sensing platform for detecting serum copper (Cu2+) by integrating TDN 
with CHA and HCR. In this setup, TDN acted as a scaffold to minimize 
nonspecific binding. The use of magnetic beads facilitated the extraction 
of targets from complex samples and reduced background signals. This 
platform achieved a LOD of 0.33 fM for Cu2+. In addition to electro
chemical methods, the fluorescent sensing strategy has been employed 
for metal ion assays. Kong et al. developed a tetrahedral sensing plat
form based on hyper-branched HCR (hHCR) for Pb2+ detection [124]. 
The absence of Pb2+ initiated the TDN-hHCR aggregation, resulting in 
an amplified FRET signal. By combining TDN with HCR, the controlla
bility of HCR was improved, significantly accelerating its reaction ki
netics. This fluorescent biosensor enabled rapid detection of Pb2+ within 
20 min and was successfully applied for accurate detection in real 
samples, including river water, fruits, vegetables, and grains. In addition 
to metal ion-dependent DNAzymes, aptamers provide an alternative 
approach for metal ion recognition. Chen et al. developed a colorimetric 
paper chip for mercury ion (Hg2+) analysis, valued for its simplicity, 
visual clarity, and user-friendliness [125] (Fig. 11B). In this design, TDN 
served as a platform for anchoring aptamers to enhance target capture 
efficiency. In the presence of Hg2+, the aptamer bound to the ion, 
causing it to detach from the TDN. As a result, streptavidin-labeled HRP 
cannot bind to the TDN. Upon adding the TMB-H2O2 solution, a reduced 
color intensity was observed in the detection zone, enabling visual 
monitoring of Hg2+. This paper chip also holds the potential for 
detecting other targets by simply changing the aptamers.

2.4. Mycotoxins and small molecule detection

Small molecules, typically under 1000 Da, include therapeutic 
agents, mycotoxins and metabolic compounds essential for biological 
functions. Monitoring of these small molecules in animal-derived foods 
and agricultural products is vital for ensuring food safety. Recent con
cerns about antibiotic residues and mycotoxins in agriculture have 
spurred research into various detection methods, including fluorescent 
and electrochemical biosensing platforms [126].Various nanomaterials, 
like MBs, AuNPs, Fe3O4NPs, and rGO, endow with the merits of high 
specific surface area and excellent electrical conductivity, making them 
the ideal materials for TDN-based biosensor construction. Herein, 
aptamers are often used as target recognition elements for agents and 
mycotoxins. In one study, Cai et al. [127] developed a fluorescent 
biosensor based on magnetic beads (MBs) and TDN for detecting tetra
cycline (TET). The aptamer was modified to TDN to capture TET, while 
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MBs provided a large surface area for TDN loading. The presence of TET 
triggered the release of the primer strand, which subsequently initiated 
RCA for signal enhancement. This probe enabled the quantification of 
TET in fish and honey samples (Fig. 12A). Similarly, another fluorescent 

method combining AuNPs and TDNs was established for detecting 
Ochratoxin A (OTA) in corn, effectively preventing aptamer crowding 
[128]. In both of these examples, the use of MBs and AuNPs served as 
signal amplifiers by providing a large surface area for TDNs. The 

Fig. 11. Schematic illustration of TDN aptasensors for metal ions detection. (A) Pb2+-sensitive DNAzyme based on TDN for the analysis of Pb2+. Reprinted from 
Ref. [122]. Copyright 2021, Elsevier. (B) TDN-functionalized colorimetric paper for Hg2+ visual monitoring. Reprinted from Ref. [125]. Copyright 2022, Elsevier.
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integration of nanomaterials with TDN also enhanced the amplified 
electrochemical sensing of agents and mycotoxins. He et al. [129] 
innovatively developed a TDN-based electrochemical biosensor based 
on Fe3O4NPs and rGO for the detection of patulin (PAT) (Fig. 12B). 
Fe3O4NPs are recognized as effective electrochemical catalysts, while 
rGO serves as an ideal substrate material that improves the dispersion of 
Fe3O4NPs. Therefore, the combination of Fe3O4NPs and rGO synergis
tically enhanced the electrochemical signal. TDNs were integrated with 
an aptamer for the effective binding of PAT. When PAT is present, the 

aptamer bound to it and was subsequently released from the TDN. 
Meanwhile, Thi-labeled Fe3O4NPs/rGO nanocomposites can integrate 
with TDNs, resulting in an increased Thi current signal. This aptasensor 
achieved a LOD of 30.4 fg/mL for PAT and was successfully applied to 
detect PAT in apple juice samples. AuNPs also facilitated the detection of 
theophylline in serum, generating significant electrochemical responses 
[130].

Abnormal levels of small molecules like adenosine, adenosine 
triphosphate (ATP), and vitamin D are related to diseases including 

Fig. 12. Schematic illustration of TDN aptasensors for mycotoxins and small molecules detection. (A) A fluorescent TDN aptasensor based on MBs and RCA for TET 
detection. Reprinted from Ref. [127]. Copyright 2021, American Chemical Society. (B) A TDN-based electrochemical biosensing platform based on Fe3O4NPs/rGO 
nanocomposite for the detection of patulin. Reprinted from Ref. [129]. Copyright 2020, Elsevier. (C) An ECL biosensor based on the HCR and DNA-templated silver 
nanoclusters for amplified detecting ATP. Reprinted from Ref. [133]. Copyright 2022, Elsevier. (D) An electrochemical strategy involving CHA and TDN for the 
amplified assay of 25(OH)D3. Reprinted from Ref. [135]. Copyright 2021, Elsevier.
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Alzheimer’s, Parkinson’s, and skeletal disorders. Adenosine influences 
various cellular functions, including neuronal activity and vascular 
function. Researchers have advanced a range of TDN aptasensors uti
lizing techniques such as electrochemistry, fluorescence, and ECL. By 
integrating aptamers with DNAzymes, they have enhanced the ampli
fication efficiency for analyzing adenosine and ATP. In one study, an 
electrochemical biosensor, incorporating AuNPs and TDN, was devel
oped specifically for the detection of adenosine [131]. AuNPs acted as 
rolling motors, enhanced with polyadenine blocks, rA sites, and ferro
cene tags. An aptamer-regulated DNAzyme (aptazyme) connected the 
TDN to the rolling motor. When adenosine is present, the aptazyme 
activated and cleaved the rA site, releasing ferrocene for electrochemical 
signaling. The biosensor performed a LOD of 0.17 nM for rapid adeno
sine sensing. Chang’s group developed another electrochemical 
biosensor using a configuration-switchable TDN and G-quadruplex for 
ATP detection, a key energy substrate in biological processes [132]. The 
aptamer at the TDN’s edge reconfigured upon ATP presence, forming a 
G-quadruplex and producing a dynamic electrochemical response with a 
LOD of 50 pM. The ECL biosensing platform demonstrated outstanding 
analytical performance for ATP detection. In a separate study, an ECL 
biosensor utilizing HCR and TDN was designed to achieve amplified 
detection of ATP [133] (Fig. 12C). The aptazyme recognized ATP and 
regulated DNAzyme activity, inducing HCR and forming long 
double-stranded DNA on the electrode. These pre-programmed dou
ble-stranded DNA sequences, rich in cytosine, were synthesized with 
silver nanoclusters for ECL signal amplification with a limit detection of 
38.2 fM for ATP. This ECL biosensor was also adapted for quinine 
detection by using a quinine aptamer. Real-time monitoring of ATP is 
crucial for unveiling the dynamic changes within intracellular ATP, 
thereby aiding in the diagnosis of related diseases. Researchers devel
oped a fluorescent biosensor utilizing TDN for imaging intracellular ATP 
[134]. The TDN acted as both an aptamer module and a carrier for 
fluorescent dyes, amplifying signals upon ATP interaction. This system 
differentiated between tumor cells and normal cells according to ATP 
levels.

25-Hydroxyvitamin D3 (25(OH)D3) serves as a crucial biomarker for 
evaluating vitamin D levels in the human body. A CHA-TDN was pro
posed for 25(OH)D3 determination [135] (Fig. 12D). In this approach, 
TDN was anchored on the electrode surface, allowing for the assembly of 
a hairpin aptamer/25(OH)D3 complex (HP1-D). This complex could 
then be displaced by HP2 hairpin, triggering CHA cycles. The sensor was 
effectively used for serum 25(OH)D3 evaluation, highlighting its po
tential in diagnosing vitamin D deficiency. The aforementioned TDN 
aptasensors for metal ion and other molecule detection are summarized 
in Table 8.

2.5. Multiple biomarkers detection

The development and progression of diseases are often associated 
with multiple biomarkers. However, to date, DNA biosensors have pri
marily been utilized for single biomarker detection due to their limited 
capacity for multi-target assays [136]. Owing to the abundant modifi
cation sites of TDN, it allows for the integration of various nucleic acid 
probes and functional units, thereby enhancing detection efficiency 
[137–140]. Consequently, numerous TDN-based biosensing platforms 
have been developed for the simultaneous detection of nucleic acids, 
proteins, and enzymes associated with cancer, paving the way for more 
precise diagnostic approaches (Table 9). Due to the low intracellular 
levels of nucleic acid markers, signal amplification strategies such as 
HCR and CHA are utilized in TDN-based biosensing platforms to enable 
sensitive miRNA quantification [141]. For instance, 3D HCR based on 
TDN enabled the synchronous imaging of miRNA-21 and miRNA-203 in 
living cells [142] (Fig. 13A). The TDN was designed with four HCR 
probes positioned at its four vertices. Upon entering cancer cells, the 
overexpressed miRNA-21 and miRNA-203 triggered two HCR amplifi
cation reactions, leading to the formation of the 3D TDN assembly. This 
process, characterized by the separation of the fluorophore and 
quencher, generated significant fluorescent signals. Consequently, this 
nanoprobe achieved enhanced sensitivity for detecting miRNAs down to 
pM levels, while also enabling dual-color imaging. Simultaneous 
real-time detection of enzymes and nucleic acid biomarker is essential 
for tumor cell identification [143]. Zhang’s team developed a 3D DNA 
nanofirework incorporating of double TDNs for the simultaneous im
aging of miRNA-21 and telomerase [144] (Fig. 13B). These TDN probes 
could enter cells via endocytosis. miRNA-21 was captured by DNA 
strands on two vertices of the P-TDN, generating a Cy3 fluorescent signal 
as the quencher was released. Meanwhile, the presence of telomerase led 
to the recovery of a Cy5 fluorescent signal. With the introduction of the 
T-TDN, a self-assembled 3D DNA superstructure was formed through a 
strand displacement reaction, significantly amplifying the dual 
biomarker signals. This innovation enabled accurate in situ differenti
ation between non-tumorous and malignant cells.

Many cancer biomarkers have distinct spatial locations within tumor 
cells, such as glycoproteins on the membrane and nucleic acids in the 
cytoplasm [145], necessitating multiplexed monitoring for accurate in
formation on cell types and cancer progression. The integration of 
aptamers and TDNs facilitated precise identification of cancer cells [146,
147]. Recently, Dai et al. [148] designed an innovative logic nanodevice 
combining TDNs and DNAzymes for simultaneous imaging of nucleolin 
and miRNA-21 (Fig. 13C). The TDN was functionalized with a 
linker-blocker-DNAzyme-substrate unit, where the blocker strand 
served to prevent false-positive signals. The AS1411 aptamer was 
pre-anchored to nucleolin proteins on the cancer cell membrane. 

Table 8 
FTDN-based biosensors for metal ion and chemical compound detection.

Target Method Signal labeling Detection Range LOD Publish year Ref.

Lead ions Fluorescence FAM 10 to 100 nM 0.9125 nM 2022 [119]
Lead ions Electrochemical Methylene blue 0.01 to 100 μM 0.01 μM 2019 [121]
Lead ions Fluorescence FAM 1 nM to 1000 nM 1 nM 2021 [122]
Lead ions Fluorescence Cy3 and Cy5 0 to 100 nM 0. 25 pM 2021 [124]
Serum copper Electrochemical Methylene blue 0.001 to 2000 pM 0.33 fM 2021 [123]
Mercury detection Colorimetric TMB/HRP 0.1 pM to 100 nM 30 fM 2022 [125]
Tetracycline Fluorescence 6-carboxy-X-rhodamine 0.01 to 50 ng/mL 0.006 ng/mL 2020 [126]
Tetracycline Fluorescence SYBR Green I 0.001 to 10 ng/mL 0.724 pg/mL 2021 [127]
Ochratoxin A Fluorescence Cy5 0.01 to 10 ng/mL 0.005 ng/mL 2022 [128]
Patulin Electrochemical Fe3O4 NPs/rGO 0.5 μg/mL to 50 ng/mL 30.4 fg/mL 2020 [129]
Theophylline Electrochemical Methylene blue 0.1 μM to 500 μM 0.07 mM 2018 [130]
Adenosine Electrochemical AuNPs 0.5 to 1500 nM 0.17 nM 2020 [131]
ATP Electrochemical G-quadruplex-Hemin 0.1 nM to 1 μM 50 pM 2020 [132]
ATP Fluorescence FAM and BHQ1 1 pM to 10 nM 0.40 pM 2023 [134]
ATP and quinine ECL AgNC 0 to 100 nM/0 to 10 nM 38.2 fM/3.7 pM 2022 [133]
25-hydroxyvitamin D3 Electrochemical Au 0.1 nM to 1 μM 0.026 nM 2022 [135]
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Table 9 
FTDN-based biosensors for simultaneous detection of multiple biomarkers.

Target Method Signal labeling Detection Range LOD Living cells Publish 
year

Ref.

miRNA-21/miRNA-155 Electrochemical Fc and MB 0.1 fM to 10 nM 18.9 aM and 39.6 aM / 2020 [140]
miRNA-217/miRNA- 

196a
Fluorescent FAM and Cy5 0.1 pM to 1 nM 21 fM/32 fM HPNE/BxPC-3 cells 2023 [141]

miRNA-21/miRNA-203 Fluorescent FAM and Cy3 0.1 to 200 nM 1.4 pM and 2.0 pM MCF-7/MCF-10A cells 2023 [142]
Telomerase/miRNA-21 Fluorescent Cy3 and Cy5 0 to 16000 cell/μL and 0 to 

100 nM
34 pM/100 cells/μL HeLa/HepG2/MCF-7/MCF- 

10A/MCR-5 cells
2023 [144]

MUC1/miRNA-21 Fluorescent Cy3 and Cy5 0 to 400 nM/0 to 200 nM 201 pM/28.3 pM MCF-7/HeLa/HepG2/L02 
cells

2022 [146]

miRNA-21/miRNA-155 Fluorescent Cy3 and Cy5 0 to 50 nM/0 to 100 nM 26 pM/85 pM MDA-MB-231/MCF-7/ 
A549/LO2 cells

2022 [147]

Nucleolin/miRNA-21 Fluorescent Cy5 100 nM/0 to 100 nM 0.81 nM (miRNA-21) MCF-7/MCF-10A cells 2023 [148]
miR-let-7a/miR-375/ 

miR-21
Electrochemical Au 0.2 to 500 fM/0.01 to 700 

pM/0.04 to 100 nM
0.2 fM/10 fM/40 pM / 2020 [150]

Myc/TK1/GalNAc-T 
mRNA

Fluorescent FAM, Cy3 and 
Cy5

10 nM to 150 nM 3.1 nM/1.2 nM/3.2 
nM

MCF-7/MCF-10A cells 2017 [151]

miRNA-21/miRNA-221/ 
miRNA-155

Fluorescent FAM, ROX and 
Cy5

/ 1 nM MCF-7/HepG2/MCF-10A 
cells

2020 [152]

miRNA-21/miRNA-122/ 
miRNA 223

Fluorescent Cy3, Cy3.5 and 
Cy5

0.2 to 10 nM / / 2020 [153]

MUC1/EpCAM/PTK7 Fluorescent FAM, TAMRA, 
Cy5

/ / Hela/MCF-7/MDA-MB-468 
cells

2024 [154]

HPV-16/HPV-18/HPV- 
52

ICP-MS Au NPs/Ag NPs/ 
Pt NPs

0.1 pM to 50 pM 0.218 pM/ 0.491 
pM/0.268 pM

/ 2023 [156]

Fig. 13. Schematic illustration of TDN-based fluorescent biosensors for duplex biomarkers detection. (A) 3D HCR-based TDN for simultaneous monitoring of miRNA- 
21 and miRNA-203. Reprinted from Ref. [142]. Copyright 2022, Elsevier. (B) 3D DNA nanofirework involving double TDNs for simultaneous imaging of miRNA-21 
and telomerase. Reprinted from Ref. [144]. Copyright 2023, American Chemical Society. (C) AND logic nanodevice integrating TDN with DNAzyme for imaging 
nucleolin and intracellular miRNA-21. Reprinted from Ref. [148]. Copyright 2023, American Chemical Society.
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Initially, the TDN remained in a "signal-off" state due to the tight binding 
of the blocker strand. Upon encountering a cancer cell, the AS1411 
aptamer (input 1) interacted with the blocker strand. Concurrently, 
miRNA-21 activated the DNAzyme-assisted reaction, leading to the 
generation of a fluorescent signal (input 2). This biosensing system 
achieved dual-biomarker detection, spanning from the cell membrane to 
the cytoplasm, offering a promising platform for the simultaneous 
detection of multiple biomarkers.

Except for dual detection strategies, TDN-based sensing platforms 
have also been employed for the simultaneous analysis of three bio
markers, including miRNA, cell membrane proteins, and HPV-DNA. This 
approach offers a promising solution for the precise identification of 
tumor cells and the accurate diagnosis of diseases [149–152]. For 
example, Chen et al. [153] developed a fluorescent biosensor based on 
TDNs for the simultaneous detection of miRNA-21, miRNA-122, and 
miRNA-223, which are overexpressed in the early stages of liver cancer 
(Fig. 14A). This TDN system was designed to incorporate three adaptor 
strands, with TOTO-1 serving as the fluorescence donor and 
fluorophore-functionalized strands (FRET strands) acting as receptors. 
In the presence of miRNA-21, miRNA-122, and miRNA-223, these target 
miRNAs hybridized with the FRET strands and adaptor strands posi
tioned at the vertices of the TDN. Consequently, efficient FRET occurred 
between TOTO-1 and the three fluorophores. The biosensor demon
strated effective multiplex detection in 10 % human serum, providing 
valuable assistance in liver cancer staging. In addition to cellular bio
markers detection, TDN-based aptasensors have also been utilized for 

the detection and imaging of multiple cell membrane proteins. Ouyang 
et al. developed a logic gate TDN nanoplatform for imaging three spe
cific cell membrane glycoproteins: MUC1, EpCAM, and PTK7 [154] 
(Fig. 14B). The TDN was functionalized with three aptamers and 
streptavidin (SA). Initially, the fluorescence of each aptamer was 
quenched by complementary DNA oligos. Upon encountering cancer 
cells, the corresponding DNA oligos were removed from two aptamers, 
allowing SA to anchor the TDN to the cell membrane for internalization 
prevention. Subsequently, a second-order logic gate was activated, 
releasing the aptamers and restoring fluorescence. This logic gate-based 
system provided a multi-color sensing platform capable of distinguish
ing cancer cells from normal cells, facilitating the construction of a cell 
recognition library. The integration of quantitative single-molecule 
counting significantly enhanced the potential of this approach for the 
precise diagnosis of cancer cells.

Accurate quantification of HPV-DNA is critical for the diagnosis of 
cervical cancer [155]. Leveraging the CRISPR-Cas self-amplification 
strategy, Wu’s team developed an innovative inductively coupled 
plasma mass spectrometry (ICP-MS) biosensor based on TDN and metal 
nanoparticle for the simultaneous detection of HPV-16, HPV-18, and 
HPV-52 [156] (Fig. 14C). The presence of the three target DNA se
quences activated the trans-cleavage activity of the Cas12a/crRNA 
complex, leading to the release of short DNA fragments. These released 
DNA fragments were unable to anchor the metal-nanoparticle probes 
onto TDN-modified magnetic bead probes (TDN-MBs), resulting in a 
significant ICP-MS signal. This biosensor was successfully applied to 

Fig. 14. Schematic illustration of TDN-based biosensing platforms for triple biomarkers detection. (A) TOTO-1 embedded TDN aptasensor for simultaneously 
miRNA-21, miRNA-122, and miRNA-223 detection. Reprinted from Ref. [153]. Copyright 2019, Elsevier. (B) A logic gate-based TDN nanoplatform for the simul
taneous imaging of MUC1, EpCAM, and PTK7 on cancer cell membrane. Reprinted from Ref. [154]. Copyright 2023, Elsevier. (C) An ICP-MS biosensor integrating 
TDN with CRISPR technology for the simultaneous detection of HPV-16, HPV-18, and HPV-52. Reprinted from Ref. [156]. Copyright 2023, Elsevier.
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detect HPV-DNA in cervical swab samples. Notably, the TDN-MBs 
exhibited superior sensitivity for HPV-DNA compared to ssDNA-MBs, 
highlighting the potential of CRISPR-based technologies for the detec
tion of multiple biomarkers.

3. Biosensing-treatment platforms

In recent years, theranostics has garnered significant attention in 
both research and clinical fields. Due to its unique structural and 
biomedical properties, TDN provides an excellent three-dimensional 
carrier for a variety of therapeutic agents, effectively bridging the gap 
between cancer diagnostics and drug delivery [157]. Wang et al. [158] 
developed a nano-theranostics platform utilizing TDN and AuNCs for 
tumor imaging and therapy (Fig. 15A). This system involved two 
sequential disassembly processes culminating in drug release. Upon 
entering tumor cells, legumain induced ligand hydrolysis on AuNCs, 
releasing the fluorophore Cy5 for cancer imaging. Subsequently, TDN 
collapse was triggered by GSH/TK1 mRNA, facilitating DOX release and 
gene silencing at the tumor site. The TDN/AuNCs nanocomplex notably 
enhanced stability and therapeutic efficacy against breast cancer 
compared to bare TDN. miRNAs are vital cancer biomarkers and ther
apeutic targets that play a significant role in cancer treatment. One study 
proposed a dual-miRNA-guided nanotheranostic system based on TDN 
[159] (Fig. 15B). The TDN was preloaded with the tumor suppressor 
miRNA-122. Upon entering hepatocellular carcinoma (HCC) cells, the 
oncogenic miRNA-155 induced an entropy-driven reaction, leading to 
TDN aggregate assembly for HCC imaging. Concurrently, miRNA-122 
was released from TDN, synergistically suppressing HCC cells. This 
innovative platform demonstrated effective in vivo theranostics for HCC 
and could be adapted for broader theranostic applications by incorpo
rating other nucleic acids.

4. Conclusions and prospects

DNA nanostructures-based biosensors are extensively applied in 
disease diagnosis, food safety, and environmental monitoring. This re
view emphasizes recent advancements in the FTDN biosensing plat
forms. According to our comprehensive illustration, FTDN-based 
biosensors serve as multifunctional sensing tools capable of detecting 
diverse biomarkers, encompassing nucleic acid, protein, mycotoxin, 
agents, and metal ion. Notably, TDN characterized by three vertices 
function as the fundamental components of the biosensing platform, 
enabling integration with various signal transduction modes, including 
fluorescence, electrochemical, ECL, and SERS, thereby facilitating the 
simultaneous determination of multiple biomarkers. This review dem
onstrates the innovative applications of advanced technologies and 
cutting-edge nanomaterials, such as CRISPR technology, metal nano
particles, DNA walkers, MOFs, and rGO, in accelerating detection speed 
and improving sensitivity. Additionally, FTDN is recognized as an 
effective tool for monitoring tumor-associated biomarkers within living 
cells and even in vivo in consideration of its numerous advantages, such 
as excellent cell permeability and non-cytotoxic properties. Further
more, TDN also serves as an efficient carrier for drug delivery, 
expanding its applications beyond diagnosis to therapeutic treatments.

FTDN-based biosensors have achieved significant advancements in 
multi-biomarker detection. However, several challenges remain to be 
addressed. (1) The structure of FTDN can be influenced by the complex 
components and interfering substances in some samples, which affects 
detection stability and limits its application in clinical sample bioassays. 
(2) FTDN-based fluorescent biosensors are widely applied in imaging 
intracellular biomarkers, such as miRNA, mRNA, and protein. However, 
these biosensors may encounter challenges, including false positive 
signals and an "always active" state. For instance, signals can be trig
gered by biomarkers before reaching the specific organelle within the 
cell. Therefore, the development of FTDN biosensors capable of pre
cisely controlling biomarker imaging within cells is urgently needed. (3) 

Most reported FTDN-based biosensors are designed for detecting a single 
metal ion or mycotoxin, which limits their broader application in 
environmental monitoring and food safety. Consequently, the develop
ment of novel FTDN-based biosensors with the capability to simulta
neously detect multiple metal ions or mycotoxins is highly desirable. (4) 
The detection of multiple biomarkers requires the integration of addi
tional probes. The design of FTDN plays a crucial role in achieving ac
curate and simultaneous detection. Factors such as the probe sequence 
and the size of the FTDN may significantly impact the efficiency of target 
signal conversion. Thus, systematic guidelines, such as TDN-based DNA 
computation, are urgently needed to improve the design and function
ality of these biosensors. On the other hand, existing FTDN biosensors 
are typically designed for the simultaneous detection of multiple bio
markers of a single specific type. However, the progression of diseases is 
often associated with various biomarkers, such as RNA and proteins. 
Therefore, developing FTDN biosensing platforms capable of simulta
neously detecting different types of biomarkers holds significant value 
for advancing precision medicine.

Fortunately, advancements in nanotechnology have continually 
driven progress in the development of DNA nanostructure probes, har
nessing the exceptional robustness of FTDN. (1) Significant efforts have 
been made to prevent the nonspecific elimination of TDNs through 
chemical and physical modifications. For instance, TDNs coated with 
polyethyleneimine (PEI) demonstrated a prolonged metabolic duration 
in vivo compared to the unmodified TDN group [160]. Additionally, the 
incorporation of a nuclear localization signal (NLS) peptide onto the 
TDN vertex via click chemistry enhanced the lysosomal escape capa
bility of TDNs, enabling effective biosensing in both the cytoplasm and 
the nucleus [161]. (2) Organelle-specific photoactivation biosensing 
strategy presents an excellent solution for avoiding the "always active" 
state. For instance, Li et al. [162] developed a photoactivatable engi
neered DNA sensor designed for APE1 imaging within intracellular or
ganelles, including mitochondria and the nucleus. By utilizing 
deep-tissue penetrable NIR light as a trigger, this approach enabled 
spatially controlled monitoring of APE1 in vivo. Additionally, the 
incorporation of TPP and TAT peptides facilitated precise targeting of 
mitochondria and the nucleus. Therefore, the integration of photo
activation with organelle-specific targeting represents a promising 
strategy for the precise mapping of subcellular biomarkers in vivo. (3) 
To address the growing demand for environmental monitoring and food 
analysis, group-targeting aptamers have garnered significant attention 
from researchers. Unlike traditional aptamers, group-targeting aptamers 
have the unique ability to simultaneously identify multiple targets 
[163]. By integrating these multifunctional aptamers with TDN, the 
practicability of detecting metal ions and mycotoxins can be signifi
cantly enhanced. (4) Computer simulation techniques have become 
indispensable tools for predicting and simulating the reaction processes 
between probes and targets, greatly aiding in the design and optimiza
tion of FTDN. Molecular modeling is commonly employed to predict the 
bonding interactions between probes and targets, such as hydrophobic 
interactions [164]. Furthermore, molecular dynamics simulations 
enable the investigation of conformational changes during the interac
tion between FTDN and targets. It can facilitate the investigation of 
structural modifications and sequence variations to improve the func
tionality of TDN biosensors. For example, Su’s group utilized simulation 
software to assess the distance between different fluorescent groups on 
TDN, effectively minimizing fluorophore crosstalk [165]. Overall, 
computer simulations offer a powerful approach to uncovering the un
derlying mechanisms of TDN-target interactions, which is essential for 
enhancing the selectivity and specificity of FTDN biosensors. (5) DNA 
classifiers have emerged as a significant advancement in the field of 
biosensing. Fan’s group innovatively introduced a TDN-based DNA 
classifier for multidimensional molecular classification [166]. Unlike 
conventional analyses that rely on single-dimensional molecules, this 
TDN-based classifier enabled the integration and translation of multi
dimensional molecular information into a unified sensing signal. 
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Fig. 15. Schematic illustration of TDN-based theranostics platforms for biomarkers imaging and cancer treatment. (A) A nano-theranostics platform based on TDN 
and AuNCs for breast cancer imaging and therapy. Reprinted from Ref. [158]. Copyright 2022, Elsevier. (B) A dual-miRNA-guided nanotheranostic system based on 
TDN for HCC cancer imaging and treatment combination. Reprinted from Ref. [159]. Copyright 2023, John Wiley and Sons.
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Remarkably, the TDN classifier demonstrated success in bioanalyzing six 
biomarkers across three different molecular datatypes, including miR
NAs, mRNA, and proteins, achieving highly precise prostate cancer 
(PCa) diagnosis with an AUC of 100 %. The combination of TDN and 
classifier offers valuable insights for advancing precise diagnosis and 
targeted therapy.

In summary, the emergence of three-dimensional nanostructure TDN 
has paved a new pathway for advancing DNA nanotechnology. 
Compared to other nanomaterials, such as DNA origami and DNA 
hydrogels, TDN offers distinct advantages and broader applications due 
to their unique structural and biomedical properties. For instance, the 
self-assembly process of DNA origami is intricate and demands high 
concentrations of metal ions in solution [167]. The stability of DNA 
hydrogels requires further improvement for effective application in 
complex matrices [168]. In comparison, TDN can be efficiently syn
thesized through a straightforward single-step process involving the 
assembly of four equimolar ssDNAs. Furthermore, TDNs provide 
remarkable advantages, including controllable structures, enhanced 
stability, well-defined spatial confinement, and rapid penetration ca
pabilities. And the abundant modification sites of TDN allow the inte
gration of various functional molecules. These features make TDN a 
highly promising carrier for delivering both nanoprobes and therapeu
tics to targeted tissues [169,170]. Moreover, TDN itself can act as a 
biologically functional regulator, demonstrating abilities such as pro
moting cell proliferation, migration, osteogenic differentiation, as well 
as exhibiting anti-inflammatory and antioxidant effects [171,172]. 
Consequently, TDN has been utilized across various biological fields, 
including biosensing, antitumor and antibacterial therapies, bone repair 
and regenerative medicine [173,174]. Additionally, the application of 
FTDN in the simultaneous diagnosis and treatment of diseases further 
establishes it as a versatile and multifunctional tool for clinical appli
cations [175]. Looking ahead, the integration of multifunctional mate
rials and advanced transduction technologies with FTDN holds great 
promise for the development of highly sensitive FTDN-based biosensors. 
Additionally, combining FTDN with microsystems, such as microneedle 
arrays and microfluidic chips, could pave the way for the creation of 
wearable and implantable sensors, offering innovative solutions for 
real-time monitoring and diagnostics. We firmly believe that further 
advancements can be achieved to broaden the biomedical applications 
of the FTDN-based biosensors.
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