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Abstract: Extracellular vesicles (EVs) are microparticles released from cells in both physiological and pathological conditions and
could be used to monitor the progression of various pathological states, including neoplastic diseases. In various EVs, tumor-derived
extracellular vesicles (TEVs) are secreted by different tumor cells and are abundant in many molecular components, such as proteins,
nucleic acids, lipids, and carbohydrates. TEVs play a crucial role in forming and advancing various cancer processes. Therefore, TEVs
are regarded as promising biomarkers for the early detection of cancer in liquid biopsy. However, the currently developed TEV
detection methods still face several key scientific problems that need to be solved, such as low sensitivity, poor specificity, and poor
accuracy. To overcome these limitations, DNA walkers have emerged as one of the most popular nanodevices that exhibit better signal
amplification capability and enable highly sensitive and specific detection of the analytes. Due to their unique properties of high
directionality, flexibility, and efficiency, DNA walkers hold great potential for detecting TEVs. This paper provides an introduction to
EVs and DNA walker, additionally, it summarizes recent advances in DNA walker-based detection of TEVs (2018-2024). The review
highlights the close relationship between TEVs and DNA walkers, aims to offer valuable insights into TEV detection and to inspire the
development of reliable, efficient, simple, and innovative methods for detecting TEVs based on DNA walker in the future.
Keywords: EVs, TEVs, DNA walker, detection

Introduction
Cancer is a serious disease that is often diagnosed in later stages, so early detection is crucial to improving survival rates.
Scientists are now interested in using extracellular vesicles (EVs) as biomarkers in non-invasive liquid biopsy tests to detect
various cancers. EVs are tiny particles released by cells and can be found in body fluids. And these EVs carry important
biological components from their parent cells,"* including tumor-derived extracellular vesicles (TEVs) that contribute to
cancer progression. However, detecting TEVs in the early stages of cancer can be challenging due to their low levels.
Developing sensitive and accurate detection methods for TEVs is essential for improving early cancer diagnosis and treatment.

DNA walkers, a novel artificial nanomachine that consists of tracks, walking feet and driving forces, have emerged as
a rapidly growing area of research biology.> This is primarily attributed to their ability to be specifically designed and
programmed, as well as their excellent controllability and exquisite predictability. DNA walkers move progressively and
autonomously at the designing nanometre scale, making them highly suitable for various applications such as biosensing,
material assembly and synthesis, and early cancer diagnosis.*

Previous reviews have summarized research developments on EVs and methods for their detection.”® Here, this
review combines EVs, tumor and DNA walkers, providing a comprehensive summary of these DNA walker-based
nanoplatforms for detecting TEVs, to assist in the accurate tumors diagnosis. These advancements are expected to have
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DNA walkers

a profound impact on clinical TEV detection and offer valuable guidance for the development of more reliable, efficient,
simple, and groundbreaking DNA walkers in the future.

Extracellular Vesicles

EVs are particles released from cells that are bounded by a lipid bilayer and cannot replicate on their own.” EVs are
generally split into three subtypes on the basis of their mechanism of biogenesis-exosomes, shed microvesicles, and
apoptotic bodies.® And they are often categorized based on their size into small, medium, and large EVs due to the
difficulty of isolating EV subtypes. EVs play a crucial role in regulating intercellular communication by transporting
various bioactive molecules, including DNAs, RNAs, lipids, metabolites, cytosolic and cell-surface proteins among cells.
Tumor cells, unlike normal cells, often exhibit a higher level of EVs production, resulting in the accumulation of TEVs
that carry valuable information about the tumors.” Hence, TEVs have emerged as promising biomarkers for diagnosing

various human diseases.

Extracellular Vesicles Biogenesis

The regulation of EVs biogenesis involves the coordination of molecular pathways and the influence of environmental
stimuli, resulting in changes in the quantity, content, and eventually the dynamics of EVs inside a biological system.
Therefore, it is crucial to understand the process of EVs biogenesis. This understanding will not only contribute to our
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knowledge of cellular communication but also aid in the development of novel assays and therapeutic strategies for
various diseases.

Although the general term “EVs” is commonly used to refer to all secreted membrane vesicles, they exhibit
significant heterogeneity.'® Below we focus on the biogenesis of microvesicles and exosomes. First, cargo destined for
secretion within EVs must be targeted to the site of production, either at the plasma membrane (for microvesicles), or at
the limiting membrane of the multivesicular endosome (MVE) (for exosomes) containing intraluminal vesicles (ILVs)."!
Second, the cargo is enriched in the formed vesicles through a stepwise mechanism of clustering and budding followed
by division and vesicle release (Figure 1)."' Although the generation of microvesicles and exosomes occurs at different
sites within the cell, the biogenesis of both entities involves common intracellular and sorting mechanisms.'?

The Contents of the Extracellular Vesicles
EVs carry various biologically active molecules derived from their parental cells, such as RNAs, DNAs, proteins, lipids,
and metabolites (Figure 2). Next, we focus on RNAs and proteins found in EVs and their relationship with malignancies.

RNA
Within the EVs, different types RNAs are present, mainly including microRNAs (miRNAs), messenger RNAs (mRNAs),
and further studies discovered additional types of non-coding RNAs (ncRNAs), piwi-interacting RNAs (piRNAs) and
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Figure | The biogenesis of extracellular vesicles. Reprinted from Nat Rev Mol Cell Biol, volume 19(4); Van Niel G, d’Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. . 213-228, Copyright 2018, with permission from Springer Nature."'

Figure 2 The contents of extracellular vesicles.
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transfer RNAs (tRNAs)."*'* The Vesiclepedia database (http://microvesicle.org) currently contains 3533 EVs studies. In
addition, the Vesiclepedia database also integrates from 50,550 RNA entries, which provides a broader platform to obtain

information on vesicle composition.'”> RNAs in EVs have always attracted the attention of researchers, especially
regarding TEVs. Since the first report of exosomal miRNA in 2007,'® numerous studies have unveiled the significance
of tumor exosomal miRNAs in cancer biology. These miRNAs have been found to regulate tumor development through
multiple pathways. For example, certain gastric cancer exosomes with a higher metastatic potential can inhibit tumor
growth by releasing let-7 family miRNAs that transmit signals leading to tumor metastasis.'’ Researchers have also
explored the diagnostic potential of exosomal miRNAs. Madhavan et al identified highly expressed miRNAs (miR-4306,
miR-4644, miR-3976, and miR-1246) within exosomes of pancreatic cancer patients compared to normal control
tissues.'® In recent years, research on tumor-related ncRNAs has become a boom. Paramanantham et al discuss the
function of exosomal ncRNA in lung tumor pathophysiology and also discuss the future clinical applications of
exosomal-ncRNA as lung cancer biomarkers and therapeutic targets.'’

Protein
The EVs are tiny vesicles that encapsulate a diverse array of molecules, including proteins among other constituents. The
Vesiclepedia database (http://microvesicle.org) also integrates 566,911 protein entries.'> Proteomics research techniques

have helped uncover the protein composition and functions of EVs originating from various sources. At the same time,
they also have revealed various mechanisms action of TEVs in tumorigenesis and development. For example, Annexin II
protein found in malignant tumor exosomes creates a favorable microenvironment for tumor metastasis.”® High expres-
sion of human epidermal growth factor receptor (EGFR), epithelial cell adhesion molecule (EpCAM) and Alix has been
observed in serum exosomes derived from individuals diagnosed with non-small cell lung cancer.?’ CD97 has shown
potential as a diagnostic marker for gastric cancer, while human epidermal growth factor receptor 2 (HER-2) has been
seen to have significant expression in the serum exosomes of gastric cancer patients.”** In addition, studies have shown
that when breast cancer exosomes interacted with the human submandibular gland cell line human salivary gland (HSG)
in vitro, the exosomal proteins and mRNA secreted by HSG were altered.”*

Extracellular Vesicles and Tumor Development
Tumor cells present in the tumor microenvironment have the ability to secrete EVs.”> Studies have shown that TEVs
participate in and affect many hallmarks of cancer,”® and also play a significant role in several aspects of cancer
progression, including the formation of the tumor microenvironment, the growth of new blood vessels, the invasion and
spread of cancer cells and resistance to drugs.”’” Among them, the relationship between TEVs and the tumor micro-
environment has attracted the focus of researchers, which can be observed from two important aspects: (1) Tumor
microenvironment promotes TEVs generation. Such as hypoxia and alteration in pH levels, may stimulate the production
and release of TEVs. (2) TEVs modulate the tumor microenvironment: TEVs carry various bioactive molecules can be
taken up by neighboring distant cells within the tumor microenvironment. This process can lead to changes in the
surrounding tumor microenvironment, promoting the transformation of target cells into cancerous cells and exhibiting
tumor characteristics. For example, Wang et al found that Glioblastomas (GBMs) EVs significantly affected normal brain
cells constituting the tumor microenvironment. EVs from different GBM induce brain cells to alter secretomes with pro-
inflammatory or tumor microenvironment-modifying effects.*®

It is also important to note that cancer cells have the ability to release EVs into the tumor microenvironment, which
impacts many cells such as cancer-associated fibroblasts (CAF), cancer stem cells and other stromal cells. This
interaction influences inter- and intracellular signaling, promoting cancer cell survival, proliferation, invasion, metabolic
reorganization and tumor angiogenesis. Overall, TEVs have a significant impact on tumorigenesis,'’ metastasis,”’

31 31

progression,”® immune activation,>’ immune escape,>' and even tumor diagnosis.>> For example, Chen et al reported

that EVs secreted by metastatic melanoma carry PD-L1, which inhibits the function of CD8 T cells to promote tumor
growth. Circulating exosomal PD-L1 levels in patients with metastatic melanoma show varying degrees of change during
anti-PD-1 treatment. It is also found that a substantial increases in exosomal PD-L1 early in treatment differentiate

clinical responders from non-responders.*’
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DNA Walkers

The field of DNA nanotechnology has witnessed continuous advancements in the development of DNA molecular

machines. Researchers have been increasingly interested in utilizing DNA molecules with various structural and
functional properties to construct nanomachines. Among these, the DNA walker stands out as a particularly fascinating
molecular machine, known for its specificity, stability, biocompatibility and functionality.” DNA walkers are a highly
promising biological strategy for biosensing, often referred to as a “fourth-generation sensor”.** A typical artificially-
engineered DNA walker consists of three main elements: the walking strand, the walking track and the driving force
(Figure 3).* The driving force disrupts the initial equilibrium to convert light or chemical energy into mechanical energy,
propelling the walking strand along the walking track. Then, by consuming fuel molecules, the reaction equilibrium is
restored, thereby generating a signal. This cycle of breaking and restoring equilibrium leads to the amplification of
sensing signals, which can detect the analytes with high sensitivity, thus being widely used in the field of biosensor-based
detection. The following describes a detailed design principle of DNA walkers as well as summarizes their respective
merits and demerits (Table 1), and its application in the field of biosensors is also discussed.

Design Principle of DNA Walkers

Walking Track

The walking track of the DNA walker is carefully planned, and it follows designed rules for the arrangement of substrate
molecules and formation by immobilized substrate molecules. The walking track must be durable and have stable stators
to ensure a secure connection between the walking strand and track. Additionally, it needs to possess precise mechanical,
electrochemical, or optical properties for designing walker systems. The tracks can be categorized based on the move-
ment way and range of the walking strand into one-dimensional (1D) tracks, two-dimensional (2D) tracks, and three-
dimensional (3D) tracks.

In the 1D tracks, there are DNA double helix short tracks and carbon nanotubes. The short DNA double helix tracks
have low thermodynamic stability when in solution. Due to the limited amount of substrate molecules attached to the
track, the walking distance and frequency are restricted.*> Carbon nanotubes offer distinct advantages over the DNA
double helix short track owing to their longer distance and the sufficient area they allow for walking without the need for
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Figure 3 The design principle diagram of DNA walkers.
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Table | Merits and Demerits of Different DNA Walkers

Composition Classification Merits Demerits Ref.
Walking track | One-dimensional (1D) Extremely simple structure; high level of directionality Low processivity; limited signal [35]
and controllability amplification
Two-dimensional (2D) Simple structure; simple operation; higher degree of Limited number of detection [35]
freedom; ability to continuously synthesize targets; limited signal output
Three-dimensional Unique cellular compatibility; stronger amplification High application cost [36]
(3D) performance
Walking stand Unipedal High moving speed; easy to design Unstable; prone to derailment [3]
Bipedal Higher stability; longer moving distance Difficult to design [37]
Multipedal Higher stability; more sensitive; wider range of application Limited carrying capacity [37]
Driving force Strand displacement Stable structure; highly controllable Long response time [38]
reactions
Enzyme High response efficiency; good amplification power; Unstable; easy to inactivate [4]
excellent design flexibility (enzyme)
Environmental stimuli Simple; programmable; environmentally friendly Limited drive capability [3]

precise control of the beginning location. For example, Cha et al used RNA-modified carbon nanotubes as linear walking
tracks for the DNA walker, allowing the walking strand to move longer.*”

Compared to 1D DNA walkers, 2D DNA walkers are superior signal amplifiers due to their planar structure and their
rigid backbone and extensible directions that allows for greater freedom of movement on the DNA track. 2D DNA
origami, gold electrode, and glassy carbon electrode are commonly used as flat surfaces to directly generate and boost
electrochemical signals using DNA walking. For example, Yang et al utilized different DNA origami structures to
directly see the photoinduced motions of individual molecules.*® This DNA walker is propelled by light and can go along
a linear path on a single 2D DNA tile.

As researchers further study, the introduction of 3D DNA walkers by Ellington et al in 2015 has greatly influenced the
advancement of new analytical methods for biomolecular analysis.*' 3D DNA walkers usually rely on 3D DNA origami,
gold nanoparticle, magnetic microparticle, composite material and cell membrane, which offer an increased specific
surface area and enhanced enrichment effect.’*® By expanding the area available for movement and increasing the speed
at which reactions occur, this method surpasses the effectiveness of 1D and 2D DNA walkers that are built on flat
structures like electrodes, DNA origami, and biochips. Therefore, they are an ideal tool for signal transduction and
amplification and have been widely used in biological detection. Qi et al described a flexible single magnetic nanopar-
ticle-constrained, click chemistry-driven digital 3D DNA walker for microRNA detection, where a DNA walking leg was
attached to a single magnetic nanoparticle.*” The 3D DNA walker demonstrated a walking efficiency of less than 100
rounds for each swing arm, leading to the successful retrieval of an adequate amount of fluorophores on the magnetic
nanoparticle, enabling precise quantification of digital microRNA.

Walking Strand
During the movement of the DNA walkers, the direct or indirect involvement of a target causes a change in the
thermodynamic and kinetic equilibrium of the process, which affects the conversion of its energy into mechanical
energy within a particular DNA strand, allowing it to move along the stable pathway. This is the travel paths of the DNA
walker, and this is what defines of walking stand (also referred to ‘legs’). It can be categorized into unipedal, bipedal, and
multipedal based on the number of free-moving walking stand. Therefore, the choice of DNA walker type should be
based on the specific needs of the application and each type of DNA walker has unique advantages. In the case of
unipedal DNA walkers, their use only one leg for its walking process. For example, Bath et al constructed a unipedal
DNA walker that can walks directly on one leg.*’

However, as the study progressed it was found bipedal and multipedal DNA walkers exhibit higher stability and
higher velocity.*” For example, Wang et al designed an electrochemical biosensor based on a bipedal DNA walker, which
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ultimately contributes nearly 5-fold synergistic enhancement of the current signal compared to a unipedal walker, and
successfully realizing the highly sensitive detection of target.** In addition, Mao et al developed a multipedal DNA
walker for the first time to achieve ultra-sensitive analysis of circulating tumor cell (CTCs).*> This gold nanoparticles
based multipedal DNA walker also enables rapid analysis of CTCs and shows great potential in early clinical diagnosis
and treatment of cancer.

Driving Force

The driving force categories are often chosen based on the characteristics of the targets. In order to enhance performance,
a variety of driving forces are raised. Currently, the primary factors propelling DNA walkers are enzymatic (protein
enzyme or DNAzyme) reactions, strand displacement reactions and environmental stimulus reactions. Next, we introduce
these driving forces respectively.

A category of DNA walkers exists that are powered by enzymatic reactions resulting from the hydrolysis of covalent
bonds in DNA substrates situated along their designated tracks. Enzyme-assisted DNA amplification methods exhibit
enhanced efficiency and effectiveness in the detection of low-abundance targets. DNA walkers are often moved by
enzymes like endonuclease, exonuclease, and DNAzyme as they cleave DNA substrates along designated tracks. For
example, based on the “burning bridge mechanism”, Fan et al used exonuclease III (Exo III) to recognize the DNA
hybridization track and gradually catalyze the removal of the single nucleotide at its blunt 3’ end to release the walking
chain and completing the DNA walker.*®

DNA strand displacement reaction refers to a reaction process in which a long single-stranded DNA replaces a short
single-stranded DNA. Strand displacement reaction eliminate the need for enzymes, offering several benefits, including
simplicity, stability, and cost-effectiveness. Common examples include catalytic hairpin assembly (CHA), hybridization
chain reactions (HCR), and entropy-driven amplification (EDC), etc. Strand displacement reactions are crucial for
propelling DNA walkers and enabling behaviors that rely on strand displacement reactions.”® Yang et al developed
proximity-shifting DNA walkers induced by aptamer/target binding to detect thrombin.*” This reaction does not require
the participation of enzymes but leads to the release and recycling of aptamer/protein complexes and the function of
molecular machines through strand displacement, ultimately sensitively detecting thrombin.

In addition, conformational changes induced by environmental stimuli such as chemical stimulus*® and light,** can
also provide energy for DNA walkers to facilitate the interaction between walking chains and tracks. For example, Yao
et al developed a DNA walker controlled by alternating changes in pH.*® The start and stop of the walker, as well as its
attachment and detachment from particles, can also be dynamically controlled by pH, with simple, programmable
characteristics.

Applications of DNA Walkers

In order to further improve the detection sensitivity of various biological and chemical samples, various signal
amplification methods have been used in biosensors in recent years, including nanomaterials, enzymatic reactions,
DNA nanotechnology, etc.’>>' DNA walkers have opened up new and exciting opportunities for target detection and
bioanalysis in modern life sciences and are considered very promising and have huge application potential in various
fields.® The evolution of DNA walkers from inception to the present day is of great existential significance. As illustrated
in Figure 4, the concept of DNA walkers was first introduced by Seeman’s group in 2004, and soon after, the Pierce
group demonstrated first DNA walker.> Since then, DNA walkers have continued to evolve. Scientists have effectively
utilized biosensors based on DNA walkers for biological detection over the past decade. In 2015, Wang et al designed
a novel microRNA-responsive DNA walker biosensor based on strand displacement cascade reaction and enzyme cycle
cleavage strategy to detect nucleic acids.>® Xu et al proposed a highly sensitive ferrocene-switched electrochemilumi-
nescence sensor for protein (cardiac troponin I) detection using target transduction and DNA walking machine in 2015.%
In 2018, Qing et al designed a highly sensitive and efficient method for ultrasensitive electrochemical detection of copper
ions (Cu”") using a click chemical reaction to trigger a 3D DNA walker.’® Furthermore, in the same year, DNA walkers
were successfully applied for detecting TEVs, demonstrating the versatility and potential of this technology. Dong et al
propose a novel strategy for exosome detection based on aptamer recognition-induced multiple DNA release and
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The DNA walker for tumor-derived extracellular
vesicle detection was designed (2018)
The first DNA walker -
was designed (2004)

The DNA walker for protein
detection was designed (2015) The DNA walker for bacteria
- detection was designed (2020)

DNA walker Nucleig acid Protein Ign TEV Cgll Bacteria

The DNA walker for ion
detection was designed (2018)

The DNA walker for nucleic acid The DNA walker for tumor circulating
detection was designed (2015) cell detection was designed (2019)

Figure 4 A timeline that marks key milestones in the development of synthetic DNA walkers for the purpose of testing biological samples.

followed by cyclic enzymatic amplification.>” In 2019, Mao et al developed for the first time a multipedal DNA walker
for ultrasensitive detection of tumor circulating cells, which enables ultrahigh sensitivity of its analysis.*> In 2020, Li
et al proposed a simple, sensitive, and efficient electrochemical biological detection method for bacteria using a multiplex
amplification strategy of simultaneous amplification of 3D DNA walkers, RCA, and HCR.’® The journey of using DNA
walkers to detect biological samples has been evolving, and using DNA walkers to detect low-abundance targets has
always been on the minds of researchers. Different from previous reviews, this article mainly introduces the application
of DNA walkers in the field of biosensors from the aspect of detecting TEVs. It is worth mentioning that we summarize
the construction of universal biosensors for detecting TEVs through several DNA walker patterns and provide some key
directions and trends.

DNA Walkers for Detection of Tumor-Derived Extracellular Vesicles
Traditional detection methods for detection of EVs, including Western blotting,> tracking and analysis of nanoparticles,*
flow cytometry,®' and enzyme-linked immunosorbent assay,®* have significant advantages but also have certain limitations.
These limitations include the need for a substantial quantity of samples, expensive instruments, and limited sensitivity.
Despite the use of optimization strategies such as signal amplification technology, the successful utilization of these
techniques still requires complex sequence design, fine surface modification, and tedious sample preparation steps.®®
These limitations hinder the effectiveness of EVs assays, especially for TEVs. Furthermore, TEVs are present in very low
abundance in biofluids, and their signals are often masked by heterogeneous foreign bodies. Therefore, it is essential to come
up with innovative approaches for the detection of TEVs that may capable of overcome these challenges.

Recently, new detection methods have been proposed for sensitive and effective TEV detection.®*®° There is a type of
detection methods based on DNA walker that we cannot ignore, and this section introduces the application of innovative
DNA walker-based techniques and reviews and summarizes the utilization of DNA walker signal amplification methods
in detecting TEVs (Table 2). Since the researchers (example below) mentioned that these EVs (the term “exosomes” also
refers to EVs) are associated with tumor cells, we abbreviate them as “TEVs”.

DNA Walkers Based on Exosomal Protein Recognition

To accurately detect TEVs, the strategy of studying recognition probes for TEVs surface protein markers is highly
effective. The most widely used probes are protein-specific and rely on immunoaffinity reaction of antibodies and nucleic
acid aptamers. In the following sections, we will briefly introduce these two specific recognition probes combined with
DNA walkers for the detection of TEVs.
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Table 2 Summary of DNA Walker in the Detection of Tumor-Derived Extracellular Vesicles

Tumor Types Targets Detection Methods LOD Merits Ref.
Liver cancer CDé63 Electrochemistry 1.72x10* particles/mL High efficiency [66]
Lung cancer SAAI; FVY Fluorescence 30.00 pg/mL; 200.00 pg/mL Highly specific; ideally accurate [67]
Bladder cancer CDé63 Fluorescence 9.9x10° particles/mL Excellent accuracy [68]
Breast cancer CDé63; EpCAM Electrochemistry 1.3x10* particles/mL Excellent selectivity [69]
Breast cancer MUCI; HER2 Electrochemistry 3.63 x 10* particles/mL Excellent accuracy; no cumbersome modification steps [70]
Liver cancer; cervical cancer CDé63 Electrochemistry 60 particles /pL Highly sensitive; easy to build [71]
Prostate cancer Prostate-specific membrane Electrochemistry 70 particles/pL High sensitivity [57]
antigen
Bladder cancer microRNA-133b; microRNA- Fluorescence 10 fM High sensitivity and specificity [72]
135b
Lung cancer microRNA-155 Electrochemistry 0.28 fM Highly sensitive; low background; good anti-interference | [73]
ability

Liver cancer N-glycoprotein Fluorescence | particles /L Design innovation; ultra-high sensitivity [74]
Pancreatic cancer microRNA-10b Sers I aM High accuracy and sensitivity [75]
Breast cancer CDé63 Electrochemistry 1.6x10* particles/mL High accuracy [76]
Human acute lymphoblastic PTK7 Fluorescence | particles /puL Simple; cost-effective; ultra-high sensitivity [77]
leukemia

Liver cancer CDé63 Fluorescence 33 particles/pL High sensitivity; phenotyping of circulating exosomes [78]
Breast cancer CDé63; EpCAM Electrochemistry 40 particles /pL High recognition ability of aptamer; high sensitivity [79]
Breast cancer CDé63 Fluorescence 8.2 particles /uL Wide detection range; ultra-high sensitivity [80]
Breast cancer microRNA-21| Electrochemistry 67 aM High accuracy and sensitivity [81]
Cervical cancer CDé63 Electrochemistry 6 particles/pL Ultra-high sensitivity [82]
Breast cancer EpCAM Electrochemiluminescence 185 particles/pL As-designed ingenious; high-performance [83]
Breast cancer microRNA-2 1| Fluorescence 0.57 pM Simple; integrated; higher recognition accuracy [84]

aro(q

239 nr|


https://www.dovepress.com
https://www.dovepress.com

Liu et al Dove

Antibody Recognition-Based DNA Walkers

Using antibodies as recognition elements and using immune recognition of proteins to detect EVs is currently one of the
most commonly used methods and is also the most mature protein analysis method.*>*¢ To measure EVs, a sandwich
structure between the EVs, the capture antibody, and the target antibody by binding them to a solid-phase carrier. Then
a series of experiments were performed to achieve quantitative analysis of EVs. Researchers combine immunoaffinity

M 8990 surface-enhanced Raman scattering

reactions with electrochemical analysis, chromatographic analysis,
(SERS),”" and microfluidic detection platforms to establish a variety of EVs analysis method.”**> At the same time,
the application of antibodies as recognition elements combined with DNA walkers has been used to detect TEVs. As
illustrated in Figure 5A, Cao et al enriched target exosomes using anti-CD63 functionalized immunobeads and identified
them using DNA strands containing the CD63 aptamer region.® First, dibenzocyclooctyne functionalized gold electrode
(DBCO/GE) was prepared according to the previous method. Exosomes are first enriched on the surface of anti-CD63
antibody functionalized immunomagnetic beads (Anti-CD63/IMBs) through immune recognition. The inherent CD63
aptamer region is then used to bind to exosomes. After magnetic separation, probe a on the exosomes serves as a trigger
to initiate cascade toehold-mediated strand displacement reaction (CTSDR)-dependent catalytic molecular machinery.
The CTSDR process is roughly that probe a reacts with the toehold of azido-bl, thereby releasing b2 from the azido-bl
/b2 duplex. The newly formed a/azido-b1 exposes an additional toehold that is partially complementary to the signaling
probe MB-c, thereby probe a to be displaced and generating a new double-stranded azide-b1/MB-c. The released probe
a then triggers a new cycle of b2 displacement from the azido-b1/b2 duplex. After multiple CTSDR cycles, a large
number of azido-b1/MB-c¢ duplexes are generated and can be transferred onto DBCO/GE to generate amplified
electrochemical signals. The molecular machine demonstrates exceptional efficiency, with a linear range of 1x10° to
5x107 particles/mL when targeting exosomes. Its limit of detection (LOD) is 1.72x10* particles/mL surpasses that of
most existing detection methods. While this example is based on the recognition of TEVs using a one antibody, the use of
two antibodies for recognition of TEVs provides even greater selectivity. Ding et al proposed a novel strategy for the
simultaneous determination of exosomal proteins, serum amyloid A-1 protein (SAA1) and coagulation factor V (FV)
using DNAzyme walkers-triggered CRISPR-Cas12a/Cas13a.°” As illustrated in Figure 5B, first, antibody-walkers will be
prepared, which can bind the captured SAA1 and FV to form a sandwich complex. Then, magnetic beads 2 (MBs2)
orbitals obtained by coupling two orbitals (T1 and T2) to streptavidin modified MBs2 were added to the sandwich
complex. In the presence of coenzyme Mg”*, DNAzyme walkers can specifically cleave tracks and release multiple P1
and P2. In addition, P1 and P2 can hybridize with crRNA to activate Cas 13a and Cas 12a, resulting in obvious
fluorescent (FL) signals. The detection approach exhibits exceptional sensitivity, with a LOD as low as 30.00 pg/mL for
SAAT and 200.00 pg/mL for FV. More importantly, a deep learning (DL) model based on SAA1 and FV concentrations
in plasma exosomes was also developed and applied to tumor diagnosis.
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Figure 5 (A) Schematic representation of amplified electrochemical detection of exosomes based on antibody recognition and DNAzyme walkers. Reprinted from Biosens
Bioelectron, volume 141, Cao Y, Li L, Han B, Wang Y, Dai Y, Zhao J. A catalytic molecule machine-driven biosensing method for amplified electrochemical detection of exosomes.
111397, Copyright 2019, with permission from Elsevier.®® (B) Schematic representation of the two antibodies recognition-DNAzyme walkers and CRISPR-Cas | 2a/Cas | 3a bioassay
for plasma exosomes detection. Reprinted from Biosens Bioelectron, volume 219, Ding L, Wu Y, L-e L, et al. Universal DNAzyme walkers-triggered CRISPR-Cas|2a/Cas|3a
biocassay for the synchronous detection of two exosomal proteins and its application in intelligent diagnosis of cancer. | 14827, copyright 2023, with permission from Elsevier.®”
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Aptamer Recognition-Based DNA Walkers

Given the problems of high antibody cost and harsh storage conditions in immunoaffinity reactions, exploring an
antibody substitute with strong specificity, high stability and clinical application is crucial. Nucleic acid aptamers, as
a new type of molecular recognition tool, are single-stranded oligonucleotide DNA or RNA fragments with a length of
about 25 to 60, obtained from random single-stranded nucleic acid libraries by in vitro screening technology. It can
specifically recognize ions, proteins, bacteria and cells and other target molecules.”*® This in vitro screening technology
was originally proposed by Gold’s research group in 1990.°° It is a kind of exponential enrichment ligand system
evolution technology. Compared to antibodies, aptamers have the advantages of high specificity, strong affinity, good
stability, low cost, and a wide range of target molecules. Therefore, as a promising molecular recognition tool, aptamers
have been widely used in the field of biochemical analysis.”’

Since there are many similar proteins on the surface of TEVs and tumor cells, many aptamers that target tumor cells can
also be used for specific recognition studies of cell-derived exosomes. Moreover, DNA walker-based aptamer recognition can
also be used to study the specific recognition of TEVs. For example, Wu et al developed a feasible and affordable methodology
involving recognition of exosomes by single aptamer and a ratiometric DNA walker machine for ultrasensitive detection of
TEVs in the urinary system and accurate classification of early urinary diseases.®® As illustrated in Figure 6A, this design

introduces a cascade amplification strategy that combines DNA walking and rolling circle amplification (RCA) to construct
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Figure 6 (A) Schematic representation of the EV detection and profiling EV proteins and multidisease classification based on single aptamer recognition and Exo lll-assisted
DNA machine. Reprinted from Wu N, Zhang X-Y, Xia }, Li X, Yang T, Wang J-H. Ratiometric 3D DNA machine combined with machine learning algorithm for ultrasensitive
and high-precision screening of early urinary diseases. Acs Nano. 202 1;15(12):19522—19534. Copyright © 2021 American Chemical Society.®® (B) Schematic representation of
the tumor exosome detection based on two aptamer recognition and Exo lll-assisted ratiometric electrochemical DNA walker. Reprinted from Zhao L, Sun R, He P, Zhang
X. Ultrasensitive detection of exosomes by target-triggered three-dimensional DNA walking machine and exonuclease lll-assisted electrochemical ratiometric biosensing.
Anal Chem. 2019;91(22):14773-14779. Copyright © 2019 American Chemical Society.®” (C) Schematic representation of a homogeneous electrochemical sensing platform
based on two aptamer recognition and DNAzyme walker for accurate exosomes detection. Reprinted from Sensors and Actuat B Chem, volume 404, Zhang M, Zhang T, Mei
W, et al. A homogeneous electrochemical sensing platform based on DNAzyme walker for accurate detection of breast cancer exosomes. 135252, Copyright 2024, with
permission from Elsevier.”
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a ratiometric 3D DNA machine based on AS-modified MNPs. uEV competitively binds to the CD63 aptamer, and with the
assistance of Exo I1I, releases large amounts of walkers from the aptamer-walker hybrid complex. The released walkers trigger
the 3D DNA machine to generate ratiometric fluorescence intensity as a signal output. This biosensor achieved a LOD of
9.9x10? particles/mL, exhibiting a linear range of 10*-10® particles/mL.

Using two nucleic acid aptamers that recognize TEVs can significantly improve the accuracy and sensitivity of TEV
detection.”® For example, Zhao et al constructed a method using CD63 aptamer and EpCAM aptamer to recognize tumor
exosomes and combined them with DNA walker to achieve an ultra-sensitive electrochemical detection method of tumor
exosomes.” As illustrated in Figure 6B, when exosomes are present, the binding of CD63 aptamer on the magnetic bead (MB)
and the EpCAM aptamer on the swing arm helps the recognition process. Then, the Mg>" cofactor triggers the catalytic
activity of DNAzyme, resulting in the release of P1 strands. Hairpin-DNA with methylene blue modification at the 3’-end
(MB-DNA) is bound to the gold electrode surface through AuS bonds, where mercaptohexanol (MCH) was used to block
unbound sites. When the P1 strands are introduced, a blunt end is formed at the 3’-end due to the hybridization of P1 strands
with the MB-DNA on the electrode. Then, digestion of Exo III is triggered, which results in the release of MB molecules and
recycling of P1 strands. After cyclic shearing, a large number of short chains are left on the electrode, and these short chains
can hybridize with ferrocene-modified Fc-DNA. Therefore, electrochemical ratiometric determination based on the decrease
in the oxidation peak current of MB accompanied by the increase in the differential pulse voltammetry value of Fc was
achieved. Under optimal conditions, this method achieved a LOD of 1.3x10* particles/mL with high selectivity. Another
recent example, Zhang et al improved the accuracy of DNA walker detection of tumor exosomes through double recognition
of MUC protein and HER2 protein in breast cancer exosomes.’® As illustrated in Figure 6C, the aptamer sensor induces
enzymatic cleavage through double recognition, while the DNA walker’s continuous movement leads to the cleavage of
a large number of substrate strands. This results in the release of large amounts of DNA fragments containing enzymes that
catalyze the production of hydrogen peroxide (H,O,) by oxidizing excess glucose. The screen-printed carbon electrode
(SPCE) is used to cause the redox reaction of H,O,, and the detection of exosomes can be achieved by reading the changes in
the current signal. Under optimal conditions, this method achieved a LOD of 3.63x10* particles/mL with high accuracy.

DNA Walkers Based on Multiple Dimensional Tracks

To detect TEVs, we will introduce the use of 2D and 3D DNA walkers, which have greater potential for application
compared to 1D DNA walkers due to their low processivity. This will result in improved signal amplification and more
accurate bioanalysis.

Two-Dimensional (2D) DNA Walkers

2D DNA walkers have more mobility on the DNA track than 1D DNA walkers because of their planar structure. This
technique is highly effective for detecting TEVs, as demonstrated by Feng et al who utilized 2D DNA walker to develop
an innovative electrochemiluminescence (ECL) aptasensor.”' The purpose of this aptasensor was to enable the highly-
sensitive detection of TEVs. As illustrated in Figure 7A, in this design, two types of DNA were covalently bonded-
together on the surface of an electrode surface modified with RuSi NPs through amide bonds. Upon the addition of
exosomes, the free swing arm that was removed from the double-stranded DNA by the conjugation of CD63 aptamer and
CD63 protein on the exosome surface hybridized with anchor DNA and formed the cleavage site for Nb.BbvClI.
Simultaneously, the released swing arm hybridized independently with another anchor DNA, generating a new cleavage
site. This process triggered the continuous movement of the swing arm through the nicking reaction of Nb.BbvClI,
resulting in the accumulation of numerous single-stranded DNAs on the electrode surface. Finally, a noticeable quench-

ing effect on ECL reactions was obtained after the addition of glucose oxidase (GOD) and a Ru(bpy)**"

-TPrA system.
The LOD for this aptasensor was determined to be 60 particles/uL of exosomes. Similarly, Dong et al also described
a methodological approach based on 2D DNA walker for the detection of tumor exosomes.’’ As illustrated in Figure 7B,
initially, the capture of exosomes was achieved using aptamer-magnetic bead bioconjugates, resulting in the release of
three types of messenger DNAs (mDNAs). Following a magnetic separation, the mDNAs that were provided were able to

form hybrid complexes with probe DNAs that were immobilized on a gold electrode. The outcome of the Exo III
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Figure 7 (A) Schematic representation of the 2D DNA walking machine for ECL detection of tumor exosomes. Reprinted from Feng QM, Ma P, Cao QH, Guo YH, Xu JJ. An aptamer-
binding DNA walking machine for sensitive electrochemiluminescence detection of tumor exosomes. Chem Commun. 2019;56(2):269-272.”" (B) Schematic representation of the tumor
exosome detection based on 2D DNA walker and Exo lll-assisted amplification technology. Reprinted from Dong H, Chen H, Jiang J, Zhang H, Cai C, Shen Q. Highly sensitive
electrochemical detection of tumor exosomes based on aptamer recognition-induced multi-DNA release and cyclic enzymatic amplification. Anal Chem. 2018;90(7):4507—4513.
Copyright © 2018 American Chemical Society.®” (C) Schematic representation of the DNAzyme-assisted APCD biosensors based on 3D DNA walker for simultaneous detection of
exosomal microRNAs. Reprinted from Zhang X, Wei X, Qi}, et al. Simultaneous detection of bladder cancer exosomal MicroRNAs based on inorganic nanoflare and DNAzyme walker.
Anal Chem. 2022;94(| 1):4787-4793. Copyright © 2022 American Chemical Society.72 (D) Schematic representation of homogeneous electrochemical strategy for exosomal microRNA
detection based on Pt—S bond-mediated 3D DNA nanomachine. Reprinted from Yang L, Guo H, Gao Q, et al. Integrating reliable Pt—S bond-mediated 3D DNA nanomachine with
magnetic separation in a homogeneous electrochemical strategy for exosomal MicroRNA detection with low background and high sensitivity. Anal Chem. 2023;95(48):17834—17842.
Copyright © 2023 American Chemical Society.” (E) Schematic representation of self-serviced-track 3D DNA walker for sensitive and wash-free detection of tumor Exos via
glycoprotein profiling. Reprinted from Wang H, Zeng J, Huang J, et al. A self-serviced-track 3D DNA walker for ultrasensitive detection of tumor exosomes by glycoprotein profiling.
Angew Chem. 2022;134(19):1. © 2022 Wiley-VCH GmbH.”*

digestion led to the “turn off” of the electrochemical signal. The methodology successfully achieved a detection limit of
up to 70 particles/uL under optimal conditions, which is below the LOD of most currently available methods.

Three-Dimensional (3D) DNA Walkers

Compared with 1D DNA walkers and 2D DNA walkers, 3D walkers can assemble more tracks on the surface and exhibit
higher walking efficiency, which has now attracted the attention of more researchers. The following section describes the use
of a 3D DNA walker for the detection of TEVs. For example, Zhang et al introduced a fluorescent biosensor based on 3D DNA
walker that uses inorganic nanoflowers and walkers propelled by DNAzyme for simultaneous detection of microRNAs
associated with tumor exosomes.”? As illustrated in Figure 7C, the biosensor was constructed using carbon dot (CD)-labelled
substrates and DNAzyme strand-modified Au nanoparticles (AuNP) (referred to as APCD). Upon the presence of a target
microRNA, the DNAzyme is activated, leading to cleavage of the CD-labelled substrate and subsequent movement along the
AuNP, resulting in fluorescence recovery. The APCD biosensor exhibits high sensitivity and specificity, reaches the LOD of
single microRNAs at femtomolar levels (10 fM), and has a broad linear range from 50 fM to 10 nM. The biosensor was also
used for simultaneous analysis of bladder cancer-associated exosomal microRNA-133b and microRNA-135b in clinical
serum samples, showing consistent results with gQRT-PCR and suggesting its potential for diagnosing bladder cancer and other
cancers. Also, Yang et al used Pt-S bond-mediated 3D DNA nanomachines in an electrochemical strategy to detect exosomal
microRNA." As illustrated in Figure 7D and 3D3 DNA nanomachines were prepared by simultaneously anchoring protected
DNA/walker DNA (Ppna/Wpna) and DNA1/DNA2 duplexes on the Fe;O4@Pt surface via Pt—S bonds. When the target and
Exo III are present, target microRNA and Wpyna are released and hybridize with another Ppnys and DNA2, respectively,
realizing the circulation of target DNA and walker DNA, ultimately leading to more single strands DNA1 existing on the
surface of Fe;04@Pt. To increase the detection signal, methylene blue (MB) was encapsulated in liposomes and functiona-
lized with DNA3 to obtain MB-loaded liposome (liposome-MB-DNA3) nanocarriers. Therefore, in the presence of target
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microRNA, a large amount of liposome-MBDNA3 will be captured on the Fe;0,@Pt surface. After incubation with TritonX-
100, a large number of MB molecules in the liposomes were released, resulting in a significant enhancement of the
electrochemical signal, successfully achieving highly sensitive detection of exosomal microRNA-155 with a LOD was 0.28
fM. Moreover, Wang et al used target exosomes as a 3D platform to build a self-serviced-track DNA walker (STDW) for the
wash-free detection of tumor exosomes.”* This detection method relied on the utilization of exosomal glycoprotein and was
made possible by the implementation of split aptamer-recognition-initiated autonomous running. As illustrated in Figure 7E,
the hairpin H1 and H2 are anchored to the exosome surface via cholesterol-lipid interactions. When probes a and b are added,
targeting the exosome surface proteins with their cleaved aptamer sequences, the result is the aggregation and recombination
of these two probes. This aggregation induces the cleaved CHA trigger sequence to come close and form the complete trigger
sequence (T). Through toehold-mediated strand displacement, the T sequence then opens the adjacent hairpin H1, exposing
a new toehold region. The resulting new toehold region continues to open the neighboring hairpin H2 strand, forming an
intermediate hybridization product (T-H1-H2) through the process of strand migration. As the DNA strand displacement
reaction continues, the subtable T-H1-H2 product eventually generates a thermodynamically stable double-stranded hybrid
(H1-H2), in which the Cy3 of the hairpin H1 and the Cy5 of the hairpin H2 come into close proximity to each other, generating
a fluorescence resonance energy transfer (FRET) signal. At the same time, the released T participates in the next cycle and
generates a large number of FRET signals after several rounds of the “binding and competing” mode, ultimately realizing the
sensitive detection of the target exosome. The LOD of the STDW was determined to be 1 particle/uL in buffer, owing to its
advantageous characteristics of high selectivity and sensitivity.

DNA Walkers Based on Different Types of Driving Forces

Driving force is an indispensable part of DNA walker. And common driving force of DNA walker is introduced in detail
above. This section mainly discusses DNA walkers driven by enzymatic reaction and strand displacement reaction for the
detection of TEVs.

Enzymatic Based DNA Walkers

Enzyme based DNA walker methods exhibit enhanced efficiency and effectiveness in the detection of TEVs. For example,
Pang et al developed a dual-SERS biosensor for the detection of microRNA-10b in exosomes.” As illustrated in Figure 8A,
the biosensor was assisted by duplex-specific nuclease (DSN) and utilized Fe;0,@Ag-DNA-Au@Ag@DTNB (SERS tag)
conjugates. DSN is the abbreviation for thermostable nuclease. This enzyme can selectively degrade DNA in double-
stranded DNA and DNA-RNA hybrids but has little effect on single-stranded nucleic acid molecules. In the presence of
target microRNA, it can form a hybrid with the complementary DNA probes. DSN was then introduced to cleave the DNA
probe of the DNA-microRNA duplex selectively. This causes the release of SERS tags from the Fe;O4,@Ag composition,
thus initiating a reduction in SERS intensity. Subsequently, the microRNA that has been released has the capability to enter
the cycle and declutter other DNA and SERS tags. By virtue of the dual-SERS enhancement shown by the Fe;O4@Ag-
SERS tag conjugates, together with the capability for signal amplification by recycling, it is possible to attain a detection
limit of 1 aM. In addition, this capability holds promise for point-of-care clinical cancer diagnosis. Furthermore, Guo et al
developed a regenerable electrochemical biosensor assisted by DNAzymes for exosomes detection.”® DNAzymes are
specific DNA sequences that possess catalytic activity similar to nuclease, allowing them to cleave specific substrates in
the presence of cofactors.” As illustrated in Figure 8B, the biosensor employed two probes: one with cholesterol at the 5°
terminal for binding to the lipid bilayer of exosomes, and the other with CD63 aptamer at the 5’ terminal for specific
recognition of the CD63 protein. The two probes exhibited 3’ terminal ends with a Pb?"-dependent DNAzyme tail
sequence. In the presence of Pb>*, the DNAzyme that is reliant on Pb®" exhibited a continuous cleavage of the track
DNA, resulting in the release of intermediate DNA strands (T). Following this, a large number of T strands that are
dependent on exosomes were generated. Utilizing the aforementioned T strands, the stem-loop structure of H-MB was
initiated, resulting in a rod-like structure with double-stranded S:H-MB:T. This sequestered MB from the electrode surface
resulted in a significant decrease in the current response (referred to as the “off” state), enabling the detection of exosomes.
This method allows for the quantitative detection of exosomes in a broad concentration range, spanning from 5.0x10* to
1x10® particles/mL. Additionally, it achieves a LOD of 1.6x10* particles/mL.
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Figure 8 (A) Schematic representation of SERS based on DSN-assisted DNA walker for exosomal microRNA detection. Reprinted from Biosens Bioelectron, volume 130,
Pang Y, Wang C, Lu L, Wang C, Sun Z, Xiao R. Dual-SERS biosensor for one-step detection of microRNAs in exosome and residual plasma of blood samples for diagnosing
pancreatic cancer. 204-213, Copyright 2019, with permission from Elsevier.” (B) Schematic representation of the DNAzyme-assisted DNA walker regenerable electro-
chemical biosensor for highly sensitive detection of tumor exosomes. Reprinted from Sensors and Actuat B Chem, volume 349, Guo Y, Liu S, Yang H, Wang P, Feng Q.
Regenerable electrochemical biosensor for exosomes detection based on the dual-recognition proximity binding-induced DNA walker. 130765, Copyright 2021, with
permission from Elsevier.”® (C) Schematic representation based on aptamer recognition powered by CHA for ultrasensitive detection of tumor exosomes. Reprinted from
Wang H, Wan K, Zhou Y, et al. A three-dimensional multipedal DNA walker for the ultrasensitive detection of tumor exosomes. Chem Commun. 2020;56(85):12949—
12952.”7 (D) Schematic representation of the aptamer-recognized DNA molecular machines powered by EDC for the sensitive detection of tumor exosomes. Reprinted
from Jin D, Peng -X-X, Qin Y, et al. Multivalence-actuated DNA nanomachines enable bicolor exosomal phenotyping and PD-LI-guided therapy monitoring. Anal Chem.
2020;92(14):9877-9886. Copyright © 2020 American Chemical Society.”®

Strand Displacement Reactions Based DNA Walkers

To enhance the detection performance of TEVs, a promising approach, a combined detection involving DNA walkers and
strand displacement reaction amplification technology, comes to the fore. As mentioned earlier, common strand
displacement reactions include CHA, HCR and EDC. Currently, CHA-driven DNA walkers and EDC-driven DNA
walkers are the most widely used for TEV detection.

For example, Wang et al demonstrated the construction of a CHA-driven DNA walker designed for ultrasensitive
detection of tumor exosomes.”” As illustrated in Figure 8C, micro meter-scale sepharose beads (MB) are first captured by
partial hybridization with anchored DNA (aDNA). MB is used here to capture a large number of PTK7 aptamers. After
adding the target tumor-derived exosomes (EXs), a “spider”-like multipedal DNA walker was constructed through the
stable binding between the PTK7 receptor and the PTK7 aptamer. This design enables the DNA walker to easily attach
more DNA “legs” through aptamer recognition, eliminating the need for multiple isolation and washing steps, as well as
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tedious chemical modifications and subsequent release processes. In addition, powered by CHA, a multipedal DNA
walker can activate directed autonomous motion, generating a large number of signaling molecules and providing
a strong amplified signal. By harnessing the properties of the multipedal DNA walker, this method achieved ultrasensitive
detection of exosomes with the LOD of 1 particle pL™". It is approximately 66-fold more sensitive than non-catalyzed
reactions. Furthermore, it establishes that this approach is exceeding practical and dependable for use in clinical
diagnosis. As a low-background, high-efficiency DNA signal amplification technique, the EDC reaction has attracted
much attention in the field of TEVs research. For example, Jin et al introduce a bioinspired exosome-activated DNA
molecular machine (ExoADM) which utilizes EDC-driven multivalent cyclic amplification to facilitate the detection and
phenotyping of circulating exosomes with exceptional sensitivity.”® As illustrated in Figure 8D, in this work, the initiator
(purple sequence) is first enclosed by the CD63 aptamer (green sequence). When the target exosome is present, CD63
aptamer specifically recognizes CD63 protein and releases the initiator, which then initiates branch migration through
two sticky ends (toehold 1 and toehold 2), and ultimately achieves signal amplification. The results showed that this self-
supplied ExoADM has high detection sensitivity, with a detection limit of 33 particles/uL for the target. At the same
time, ExoADM can be utilized for two-color phenotyping by integrating it with another DNA molecular machine,
allowing for the concurrent monitoring of exosomal PD-L1 and CD-63. Additionally, the ExoADM method can
effectively differentiate between cancer patients and healthy individuals.

DNA Walkers Based on Different Numbers of Legs

As mentioned earlier, DNA walkers can be classified into unipedal, bipedal and multipedal DNA walkers. In the
following sections, we introduce these types of DNA walkers, which are useful for detecting TEVs.

Unipedal DNA Walkers

Unipedal DNA walkers are capable of walking with one leg (refers to the walking strand of DNA walker) and are widely used
in TEV detection due to the simplest formation. For example, Guo et al constructed a multi-signal amplified electrochemical
sensing platform for based on a unipedal DNA walker for the detection of tumor exosome.”” As illustrated in Figure 9A, in this
method, exosomes are enriched on CD63 aptamer-functionalized magnetic beads and then recognized by the EpCAM
aptamer. Next, the P chain reacts with the S:M:W complex, triggering entropy-driven DNA assembly and releasing a large
number of signal transduction probes (W). Powered by the CHA, the DNA walker is activated, introducing a significant
amount of electroactive methylene blue (MB) onto the electrode (GCE) surface. Thus, the detection of exosomes is translated
into the measurement of MB currents with good linearity in the range of 100~75,000 particles pL ' and the LOD was 40
particles/pL. In fact, considerable research efforts on single-foot walking devices have been devoted to the development from
a 2D track to 3D track. For example, Yu et al developed a unipedal-3D DNA motor (it refers to DNA walker) powered by Nt.
BbvCIL*¥ As illustrated in Figure 9B, the design involved a 3D DNA motor constructed with gold nanoparticle (GNP) tracks.
These tracks contained substrate strands labeled with fluorescein and engine strands bound by aptamers and aptamer-bound
motor strands. The motor strand, locked by the aptamer, would be unlocked upon recognition of the target protein on
exosomes, initiating the activation of the DNA motor. Driven by Nt.BbvClI, the motor strands autonomously traversed the
GNP track. During the operation of the DNA motor, DNA strands labeled with fluorescein were cleaved off, resulting in the
restoration of fluorescence. The suggested method for the high-sensitivity detection of exosomes achieved a LOD of around
8.2 particles/uL with a wide dynamic range including five orders of magnitude.

Bipedal and Multipedal DNA Walkers

Bipedal DNA walkers consist of two legs and multipedal DNA walkers consist of more free legs that can walk alternately. In
theory, they have the potential to walk along DNA tracks for longer periods, resulting in higher signal amplification efficiency.
For example, Zhang et al designed a biosensor employing a bipedal DNA walker to detect exosomal microRNA-21 from
tumor exosomes at attomolar levels.*! As illustrated in Figure 9C, the bipedal DNA walker is released through a terminal-
mediated strand displacement reaction when the target is present. The DNA walker driven by CHA then continuously walks
along the surface of the electrode, resulting in the generation of a large number of H1-H2 duplexes. This leads to the close
proximity of ferrocene (FC) and methylene blue (MB) to each other leading to the generation of a ratiometric electrochemical
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signal. The sensor demonstrated a notable level of sensitivity, as shown by a LOD of 67 aM when using microRNA-21 within
the breast cancer cell-derived exosome as a target model. Also, researchers have studied many forms of multipedal DNA
walkers. For example, Miao et al have developed a highly sensitive and selective method based on multipedal DNA walkers
for detecting tumor exosomes.*® As illustrated in Figure 9D, Fe;0,@AuNPs (a synthetic nanomaterial) were subjected to
modification using probe A, which contains CD63 aptamer for the purpose of capturing exosomes. Subsequently, the walker
chain of probe B, which also included the CD63 aptamer sequence, was introduced to facilitate the specific binding with the
exosomes. Upon the introduction of probe C and Nb.BbvClI nicking endonuclease (NEase), probe A underwent cleavage and
was released as a linker between exosomes and Fe;O4@AuNPs. Simultaneously, probe C was liberated to aid in the cleavage
of probe A catalyzed by NEase. The surface of the electrode was subjected to functionalization using probe D which was
modified with MB at 5° end. The probes B, D and E were designed with partial complementary sequences, enabling
hybridization and formation of three-way junction structures between the exosomes and the electrode. Ultimately,

a substantial quantity of probe D was released from the electrode surface via NEase-catalyzed digestion, resulting in
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a substantial attenuation of MB’s electrochemical signal. The quantification of exosomes was analyzed in the linear range of
10 to 2000 particles/mL, with a LOD of 6 particles/mL.

Other DNA Walkers

With the development of DNA walker, its use in TEV detection is constantly being updated, and many novel, stable, and
excellent-sensitivity DNA walker biosensors have surfaced. For example, Guo et al proposed a strategy for exosome
detection based on intramolecular electrochemiluminescence resonance energy transfer (ECL-RET) and DNA tetrahedral
nanostructure (DTN)-corbelled DNA walker.®® As illustrated in Figure 10A, the design based on the combination of Zr,-
adb nanoplates (NPs) and Ru(bpy)s>" into one nanostructure with high ECL-RET efficiency significantly enhances the
ECL response. When target exosomes are introduced, they can bind to aptamers on DTNs, and then the swing arms are
released and hybridize to the orbital strands. The formed Mg*'-dependent DNAzyme promotes the cleavage of orbital
DNA, releases short DNA fragments labeled with Fc, and achieves the recovery of ECL intensity, thereby enabling the
detection of exosomes. Impressively, the DNA walker with six orbital strands supported by DTN exhibits enhanced
walking speed and high response efficiency, and the LOD was 185 particles/uL for the biosensor, exhibiting excellent
sensing performance for exosome detection. In addition, Chen et al designed an endogenous gated DNA walker (E-DNA
walker) nanoprobe for precise detection of TEV microRNAs while enabling imaging of sensitizing microRNAs in
TEVs.® As illustrated in Figure 10B, it prepares E-DNA walker nanoprobes by affixing fluorophore (FAM)-labeled
chimeric substrates and DNAzyme preprobe (E-Dz) onto AuNPs. First, it needs to be mentioned that APEL is an
important DNA repair enzyme that is reported to be secreted into the TEVs, targeting and cleaving the phosphodiester
bond of the flipped AP site.'*>'°! This design utilizes endogenous APE1 as an endogenous activator. Upon entry into the
TEVs, secreted APE1 cleaves the short-stranded fragment, and the short-stranded fragment of the cleavage is then
dissociated from the parental E-Dz preprobe, followed by the formation of an accessible DNAzyme probe (T-Dz). After
the catalytic core of the T-Dz probe is split into two parts by introducing a target-binding sequence, it is hybridized with
microRNA, the split T-Dz is linked into an active conformation, and the chimeric substrate is cleaved with the help of the
cofactor Mg”*. Afterwards, the FAM-labeled fragment was detached from the walking system and the fluorescence was
restored, thus achieving the LOD of the microRNA-21 is 0.57pM. It is worth mentioning that the strict dual activation of
this experiment ensures the accurate identification of TEVs.
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Figure 10 (A) Schematic representation of tumor exosome detection using DNA tetrahedral nanostructure-corbelled DNA walker. Reprinted from Sensors and Actuat B
Chem, volume 410, Guo L, Zhou Y, Feng Q, Yin H. DNA tetrahedral nanostructure-corbelled DNA walker for intramolecular electrochemiluminescence resonance energy
transfer sensing of tumor exosomes. 135735, copyright 2022, with permission from Elsevier.®* (B) Schematic representation of prescreening microRNA detection in EVs
based on endogenous gated DNA walker. Reprinted from Chen W, Sun |, Mao Y, Tang Y, Wang J, Liu Z. Endogenously Gated DNA walking machine for prescreened
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Conclusions and Perspectives

This review extensively covers the introduction of EVs, their association with tumors, and highlights the utility of DNA
walkers in detecting TEVs. DNA walkers, known for their programmability and versatility, provide a powerful tool for
sensitive TEV detection. It could help TEVs with liquid biopsies while providing a bright path for clinical detection and
monitoring of cancer. Despite the existence of potential, challenges still persist, particularly in detecting low levels of
TEVs at early cancer stages and addressing heterogeneity within populations of TEVs. To improve DNA walker design
for enhanced detection, focus on: (1) Enhancing recognition using multiple aptamers to address heterogeneity of TEVs.
(2) Improving accuracy and walking efficiency by refining nanostructures, more walking legs, or optimizing driving
force. (3) Integrating DNA walkers with portable devices like thermal readers and smartphones for user-friendly, fast, and
real-time clinical testing.

The integration of tumor diagnostic techniques using TEVs into clinical practice is not yet mature and still has a long way
to go. Several issues still require consideration: (1) Current limitations in molecular protein profiling diversity hinder its use as
a guide in routine clinical practice. (2) Understanding composition networks like proteins and RNAs within TEVs is crucial for
identifying related functional mechanisms. (3) The role of TEVs as primitive particles in generating the first protocell remains
uncertain. (4) Faster, more sensitive TEV detection methods and standardization are essential for seamless integration into
clinical diagnostic workflows. Therefore, machine learning integrated with clinical sample quantification is crucial for
analyzing a large number of clinical samples in cancer research. It simplifies vast TEVs databases to accelerate data analysis,
leading to a deeper understanding of TEVs variations. Utilizing machine learning models trained on vast TEVs data can lead to
more precise predictions in clinical settings, potentially becoming a dominant trend in the future.

In summary, we expect advancements in TEV detection research and look forward to new breakthroughs in DNA
walker from principle to the application of TEVs.
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